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NaHSO3 addition greatly increases the yield of H2 photoproduction in a unicellular green alga Chlamydomonas reinhardtii through removing O2 and activating hydrogenase but significantly impairs the activity of PSII, an electron source for H2 photoproduction. Here, a stepwise addition mode of total 13 mM NaHSO3, an optimal concentration for H2 photoproduction of C. reinhardtii identified in a previous one step addition method, significantly improved H2 photoproduction. Such improvement was believed to be the result of increased residual PSII activity in an anaerobic background, but was at least independent of two alternative electron sinks for H2 photoproduction, cyclic electron transport around PSI and CO2 assimilation. Based on the above results, we propose that increased residual PSII activity in an anaerobic environment is an efficient strategy to enhance H2 photoproduction in C. reinhardtii, and the stepwise NaHSO3 addition mode is a case study in the strategy.
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INTRODUCTION

With the increasing awareness of fossil fuel depletion and global warming, efforts have been undertaken to develop clean and sustainable energy sources (McKendry, 2002). Molecular hydrogen (H2) is one of the potential future energy sources (Hansel and Lindblad, 1998; Momirlan and Veziroglu, 2002). C. reinhardtii, a unicellular green alga, has been recognized as an ideal system for sustainable H2 photoproduction under anaerobic conditions; however, this alga cannot efficiently and continuously produce H2 in an aerobic environment because its H2ase is extremely sensitive to O2 (Ghirardi et al., 1997). To activate H2ase for sustainable and efficient H2 photoproduction in C. reinhardtii, therefore, numerous strategies have been extensively developed mainly through engineering O2 tolerance in H2ase (Flynn et al., 2002; Liebgott et al., 2011; Wu et al., 2011) or decreasing O2 content around H2ase (Melis et al., 2000; Kruse et al., 2005; Surzycki et al., 2007; Wu et al., 2010; Xu et al., 2011; Jurado-Oller et al., 2015; Xiong et al., 2015; Shu et al., 2018). Meanwhile, our studies demonstrate that NaHSO3 addition strategy is capable of decreased the O2 content around H2ase, thereby activating the enzyme activity and promoting H2 photoproduction (Wang et al., 2010; Ma et al., 2011; Wei et al., 2017). This strategy can result in an approximately 10-fold or 200-fold increase in H2 photoproduction in the nitrogen-fixing cyanobacterium Anabaena sp. strain PCC 7120 (Wang et al., 2010) or the unicellular green alga C. reinhardtii (Ma et al., 2011; Wei et al., 2017), respectively. Despite these increases, this yield is still not sufficient to meet the requirements of industrial applications. Thus, extensive optimization of this NaHSO3 addition strategy is necessary to increase H2 photoproduction in C. reinhardtii further.

The yield of H2 photoproduction caused by sulfur deprivation is also not sufficient to meet the requirements of industrial applications. Under sulfur deprivation conditions, therefore, many strategies have been developed to improve the yield of H2 photoproduction in C. reinhardtii via metabolic and genetic engineering (for review, see Esquível et al., 2011; Dubini and Ghirardi, 2015). Among them, increased residual photosystem II (PSII) activity was found to play a vital role in efficient H2 photoproduction (Zhang et al., 2002; Kosourov et al., 2005; Kim et al., 2010; Volgusheva et al., 2013; Grewe et al., 2014; Steinbeck et al., 2015; Chen et al., 2016), since the PSII activity is significantly impaired by sulfur deprivation (Melis et al., 2000). Similarly, in the NaHSO3 addition background, the PSII activity is also significantly impaired (Wang et al., 2010). To test whether increased residual PSII activity in the NaHSO3 addition background can also enhance H2 photoproduction, we monitored the accumulated H2 level and residual PSII activity in the stepwise mode of total 13 mM NaHSO3, an optimal concentration for H2 production of C. reinhardtii identified in a previous one step addition method (Ma et al., 2011). We also measured the content of dissolved O2 and activities of two alternative electron sinks for H2 photoproduction, CET and CO2 assimilation, in the stepwise NaHSO3 addition mode. Our results demonstrate that the stepwise NaHSO3 addition mode evidently enhances the yield of H2 photoproduction in C. reinhardtii; such enhancement is mostly the result of increased residual PSII activity in an anaerobic environment, but is at least independent of two alternative electron sinks for H2 photoproduction.

MATERIALS AND METHODS

Culture Conditions

Cells of C. reinhardtii (CC-503 strain) were cultured at 25°C in TAP medium (Harris, 1989). The medium was buffered with Tris–HCl (20 mM; pH 7.3), bubbled with air under continuous illumination with cool-white fluorescent lamps (40 μmol photons m-2s-1), and inoculated with approximately 8.1 × 104 cells mL-1 of C. reinhardtii (inoculum size, 1%).

Sample Preparation and NaHSO3 Addition

Cells of C. reinhardtii were continuously illuminated by growth light of 40 μmol photons m-2s-1 and were cultured in 0.5 L of TAP medium for 2 days with bubble aeration (A750 = 0.8–1.0), after which a fixed volume of cells containing 300 μg of Chl was transferred to 60 mL serum bottles (30 mL head space and 30 mL cells) with rubber seals. After cells were statically pre-cultured under continuous illumination of 200 μmol photons m-2s-1 for 36 h, total 13 mM of NaHSO3 was directly or step by step added to the serum bottles, as indicated in Figures 1, 2, Supplementary Figure S1, and described in Table 1, with Lin of 5 mM (final concentration) or AA of 10 μM (final concentration) or GA of 2 mM (final concentration) or DCMU of 20 μM (final concentration) or not. Subsequently, the cells were still illuminated at 200 μmol photons m-2s-1 or were incubated in the dark to induce the production of H2.
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FIGURE 1. A stepwise NaHSO3 addition mode significantly increases (A) H2 photoproduction, and (B) in vivo and (C) in vitro H2ase activity in C. reinhardtii. After cells were statically pre-cultured under continuous illumination of 200 μmol photons m-2s-1 for 36 h, total 13 mM of NaHSO3 was directly or step by step added to the serum bottles, as indicated by arrows 1–3 and described in Table 1. Values are means ± SD (n = 5).
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FIGURE 2. A stepwise NaHSO3 addition mode influences the content of dissolved oxygen (DO) in C. reinhardtii. Pre-culture conditions of cells and addition modes of NaHSO3 are shown in the legend of Figure 1. Values are means ± SD (n = 5).



TABLE 1. A table schematically represents one step method and stepwise mode of total 13 mM NaHSO3.
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Monitoring H2 Photoproduction

At predetermined time intervals, 200 μL of gas samples were withdrawn from the bottles using a gas-tight syringe and injected into a gas chromatograph (Agilent 7890A; Agilent Technologies Inc., United States) with a thermal conductivity detector for determining the concentrations of H2, O2, and N2 simultaneously. The column of the gas chromatograph was a molecular sieve column (type 5Å; 2 m × 1/8 mm), and argon was used as the carrier gas.

H2ase Activity Assay

In vivo and in vitro H2ase activity was monitored as described earlier (Ma et al., 2011; Wei et al., 2013, 2017) with some modifications. In brief, 1 mL cell suspension samples upon exposure to 200 μmol photons m-2s-1 were anaerobically withdrawn from the 60 mL serum bottles at designated time points (see Figures 1B,C) and then injected into 10 mL glass vials. To measure in vivo H2ase activity, the cell suspension samples were immediately purged with argon gas for 1 min to eliminate the inhibitory effect of O2 on the H2ase activity. The cell suspension samples were then placed in a 25°C water bath for 1 h and shaken continuously (150 rpm) whilst exposed to a constant light of 200 μmol photons m-2s-1. To measure in vitro H2ase activity, we used vials containing 1 mL of 10 mM oxidized MV prepared in O2-free 50 mM Tris buffer (for pH 7.1–9.0) and 0.2% (w/v) Triton X-100. The reaction was started when MV was reduced by the addition of 100 μL of 100 mM anaerobic sodium dithionite in 0.03 N NaOH. This assay was performed at 37°C in the dark for 20 min. We determined the amount of H2 produced in the headspace of the glass vial by gas chromatography, and the rate of H2 production was calculated on the basis of the total Chl content in the glass vial, unless otherwise indicated.

Dissolved Oxygen Measurement

Dissolved oxygen was monitored as described earlier (Wei et al., 2017). In brief, a DO meter (Orion Star A213, Thermo Scientific, Untied States) was used to monitor the DO attenuation process after the addition of NaHSO3 to the cell suspension cultures of C. reinhardtii. The DO meter was corrected before each measurement. The DO meter probe was placed in the middle of the cell suspension cultures and the data were recorded at several designated time points.

Chl Fluorescence and P700 Analysis

The yields of Chl fluorescence at a steady-state of electron transport were measured at room temperature using a Dual-PAM-100 monitoring system (Walz, Effeltrich, Germany) equipped with an ED-101US/MD unit (Schreiber et al., 1986; Ma et al., 2008; Wei et al., 2013, 2017). Minimal fluorescence at open PSII centers in the dark-adapted state (Fo) was excited by a weak measuring light (650 nm) at a photon flux density of 0.05–0.15 μmol photons m-2s-1. A saturating pulse of red light (600 ms, 10,000 μmol photons m-2s-1) was applied to determine the maximal fluorescence at closed PSII centers in the dark-adapted state (Fm). Fv/Fm was evaluated as (Fm-Fo)/Fm (Kitajima and Butler, 1975; Wei et al., 2013, 2017).

The reduction of P700+ in darkness was measured with the aforementioned Dual-PAM-100 fluorometer by monitoring absorbance changes at 830 nm and using 875 nm as a reference. Cells were kept in the dark for 2 min, and 10 μM of DCMU was added to the cell suspension cultures prior to the measurement. The P700 was oxidized by far-red light with a maximum at 720 nm from a light-emitting diode lamp for 30 s, and the subsequent re-reduction of P700+ in the dark was monitored and its half-time was calculated.

Oxygen Evolution Activity

Oxygen production in intact C. reinhardtii cells by photosynthesis was determined at 25°C by monitoring the changes in O2 levels with a Clark-type oxygen electrode (Hansatech Instruments, King’s Lynn, United Kingdom). Prior to the measurements, 10 mM of NaHCO3 was added to the cell suspension cultures. The intensity of light used for the measurements was 1,000 μmol photons m-2s-1.

RESULTS

A Stepwise NaHSO3 Addition Mode Significantly Increases the Yield of H2 Photoproduction in C. reinhardtii

To test whether a stepwise NaHSO3 addition mode can enhance the yield of H2 photoproduction, we monitored accumulated H2 amounts in the one step addition method and stepwise mode of total 13 mM NaHSO3 (hereafter one step method and stepwise mode, respectively; see Table 1), an optimal concentration for H2 photoproduction of C. reinhardtii identified in a previous one step method (Ma et al., 2011). Compared to the one step method, stepwise mode evidently enhanced the yield of H2 photoproduction (Figure 1A and Table 2). The H2 level in stepwise mode was approximately 1.5 times greater than that in one step method and, approximately 350 times greater than that in untreated cells (Figure 1A and Table 2). This was confirmed by the results of in vivo (Figure 1B) and in vitro (Figure 1C) H2ase activity. We therefore conclude that the stepwise mode considerably improves H2 photoproduction in the green alga C. reinhardtii.

TABLE 2. Comparison of H2 photoproduction characteristics in C. reinhardtii between one step method and stepwise mode.
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The Stepwise Mode Can Also Establish an Anaerobic Environment

To elucidate the mechanism underlying the increase in the H2 yield under stepwise mode, we monitored the dissolved O2 (DO) content in the cell suspension cultures of C. reinhardtii. The results indicated that addition of total 13 mM NaHSO3 to the cell suspension cultures in both the one step method and stepwise mode can similarly create an anaerobic environment (Figure 2), although the stepwise mode was slightly slow to generate an anaerobic environment when compared to the one step method (insert in Figure 2). It is worthy of note that, when an initial concentration of NaHSO3 in stepwise mode was less than or equal to 7 mM, the cell suspension cultures did not enter or maintain an anaerobic environment, which evidently suppressed the increase of H2 photoproduction in the stepwise mode (data not shown). Based on the above results, we propose that the stepwise mode is necessary to operate in an anaerobic environment as an efficient strategy for H2 photoproduction in C. reinhardtii.

The Stepwise Mode Maintains a Relatively High Residual Activity of Electron Source for H2 Photoproduction

To understand why the stepwise mode can increase the yield of H2 photoproduction, we measured the activity of PSII, an electron source for H2 photoproduction. After the addition of total 13 mM NaHSO3 to the cell suspension cultures, the residual activity of PSII was much higher in stepwise mode than that in one step method, as evaluated by the Fv/Fm values (Figure 3). This was supported by the results that the stepwise mode maintained a slightly high DO content at an efficient H2 production stage when compared to the one step method (Figure 2). This implies that the relatively high PSII activity under anaerobic conditions is an important reason for improved H2 photoproduction in the stepwise mode.


[image: image]

FIGURE 3. A stepwise addition mode alleviates the inhibitory effects of NaHSO3 on PSII activity in C. reinhardtii. The Chl concentration was adjusted to 10 μg mL-1 before measurement. PSII activity was evaluated by the Fv/Fm values. Values are means ± SD (n = 5).



The Stepwise Mode Slightly Enhances the Activities of Two Alternative Electron Sinks for H2 Photoproduction

We also measured the activities of CET and CO2 assimilation, two alternative electron sinks for H2 photoproduction. The rates of CET and CO2 assimilation were slightly faster in the stepwise mode than those in the one step method, as estimated by the rate of re-reduction of P700+ (Figure 4), and photosynthetic production of O2 with NaHCO3 as an artificial electron acceptor (Figure 5), respectively. It appears plausible that at least the two alternative electron sinks for H2 photoproduction do not contribute to enhance the photoproduction of H2 in the stepwise mode. If this possibility is true, an increase in H2 photoproduction caused by impaired the activity of either CET or CO2 assimilation will be higher in the stepwise mode than that in the one step method. The results shown in Figure 6 support our hypothesis that the increase in H2 photoproduction was slightly higher in the stepwise mode than that in the one step method in the presence of either AA that specifically inhibits the CET activity (Tagawa et al., 1963) or GA that disrupts the Calvin–Benson cycle activity via inhibiting the phosphoribulokinase (Rühle et al., 2008). Taking all these results together, we may conclude that in the anaerobic background, increased residual PSII activity can significantly enhance the yield of H2 photoproduction in C. reinhardtii.
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FIGURE 4. A stepwise addition mode slightly alleviates the inhibitory effects of NaHSO3 on cyclic electron transport around PSI in C. reinhardtii. The rate of cyclic electron transport around PSI was judged by half-time of P700+ dark reduction. Values are means ± SD (n = 5).
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FIGURE 5. A stepwise addition mode slightly alleviates the inhibitory effects of NaHSO3 on CO2 assimilation in C. reinhardtii. Activity of CO2 assimilation was assessed by photosynthetic production of O2 with NaHCO3 as an artificial electron acceptor. Values are means ± SD (n = 5).
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FIGURE 6. Comparison of the H2 photoproduction in C. reinhardtii between one step method and stepwise mode with multiple inhibitors. After cells were statically pre-cultured under continuous illumination of 200 μmol photons m-2s-1 for 36 h, NaHSO3 was added as described in the legend for Figure 1, as well as several inhibitors, lincomycin (Lin; 5 mM), antimycin A (AA; 10 μM), and glycolaldehyde (GA; 2 mM) were also added to the serum bottles, respectively. Values are means ± SD (n = 5).



If this conclusion is true, impaired PSII activity in an anaerobic environment created by NaHSO3 addition will inevitably decrease the yield of H2 photoproduction in C. reinhardtii at a significant level. As expected, the H2 photoproduction rate was significantly decreased in the presence of Lin, which impairs the PSII activity via inhibiting the D1 protein synthesis (Vavilin et al., 1995), regardless of either one step method or stepwise mode (Figure 6). This consolidates our conclusion that increased residual PSII activity in an anaerobic environment is an efficient strategy to improve H2 photoproduction in C. reinhardtii and the stepwise NaHSO3 addition mode is a case study in this strategy.

DISCUSSION

Whether NaHSO3 addition promotes photosynthesis or H2 photoproduction depends on its concentrations: NaHSO3 in a low amount improves photosynthesis (Wang et al., 2003) but in a moderate amount can enhance H2 photoproduction (Wang et al., 2010; Ma et al., 2011). Wang et al. (2003) demonstrate that a low amount (100 μM) of NaHSO3 increases cyclic photophosphorylation and consequently improves photosynthesis via optimizing the ATP/NADPH ratio. By contrast, Wei et al. (2017) demonstrate that a moderate amount (13 mM) of NaHSO3 can remove O2 efficiently through the reaction of bisulfite with superoxide anion produced at the acceptor side of PSI, especially under sufficient light conditions, consequently activates H2ase and promotes H2 photoproduction. The results of this study indicate that a moderate amount of NaHSO3 under a stepwise addition mode can quickly establish an anaerobic environment (Figure 2) and significantly improves H2 photoproduction in a unicellular green alga C. reinhardtii (Table 1 and Figure 1). Such improvement is at least independent of two alternative electron sinks for H2 photoproduction, CET (Figures 4, 6), and CO2 assimilation (Figures 5, 6) and, most likely the result of maintained a relatively high electron source for H2 photoproduction, PSII activity (Figures 3, 6).

Under a photon flux density of 200 μmol photons m-2s-1, the Mehler reaction is usually considered to also be an important alternative electron sink for H2 photoproduction. However, we found that the Mehler reaction is almost absent in NaHSO3 addition strategy, regardless of either one step method or stepwise mode (data not shown), possibly because addition of NaHSO3 to the cell suspension cultures quickly results in entering of cells to an anaerobic environment (less than 800 s) (Figure 2). Therefore, the improvement of H2 photoproduction in C. reinhardtii by a moderate amount of NaHSO3 under a stepwise addition mode is also independent of a third alternative electron sink for H2 photoproduction, Mehler reaction, and consolidating the above mentioned possibility that such improvement is the result of increased residual PSII activity, an electron source for H2 photoproduction.

Based on different sources of electrons to H2ase, three pathways for H2 production have been identified in C. reinhardtii. Their sources of electrons to H2ase come from water photolysis via PSII (Melis et al., 2000; Kosourov et al., 2003), NADPH through type II NAD(P)H dehydrogenase (Baltz et al., 2014) and the fermentative degradation of endogenous compounds (Gfeller and Gibbs, 1985), respectively. We observed that production of H2 under photon flux densities of 200 μmol photons m-2s-1 by NaHSO3 addition was almost completely suppressed in cells incubated in the dark (Supplementary Figures S1A,B) or treated with DCMU (Supplementary Figures S1A,C). A quick establishment of anaerobic environment by NaHSO3 addition (Figure 2) suppresses the acetate uptake (Jurado-Oller et al., 2015) and impairs the mitochondrial respiratory electron transport chain function. Taking all these results together, we propose that in the NaHSO3 addition strategy, the source of electrons for H2 production predominantly, if not totally, comes from water photolysis via PSII, regardless of either the one step method or the stepwise mode.

The results of this study further indicate that the stepwise mode increased the maximum accumulated H2 levels, produced a higher maximum velocity of H2 photoproduction, and prolonged the time length of H2 photoproduction when compared to the one step method (Table 2). We thus propose that the stepwise mode developed in this study is an efficient and sustained strategy for improving H2 photoproduction in the green alga C. reinhardtii.

Although a moderate amount of NaHSO3 can remove efficiently O2, the activity of PSII, an electron source for H2 photoproduction, is also significantly impaired (Wang et al., 2010; Ma et al., 2011; Wei et al., 2017). The results of this study observe that in the anaerobic background, a stepwise mode maintains a relatively high PSII activity (Figure 3) and consequently promotes H2 photoproduction (Figure 1). The cause and effect of PSII activity and H2 photoproduction is also present in the sulfur-deprived strategy (Zhang et al., 2002; Kosourov et al., 2005; Kim et al., 2010; Volgusheva et al., 2013; Grewe et al., 2014; Steinbeck et al., 2015; Chen et al., 2016) but the reasons why H2 photoproduction is terminated in sulfur deprivation and NaHSO3 addition strategies are distinctly different. It is known that H2 photoproduction is terminated in the sulfur deprivation strategy because of cell death (Nguyen et al., 2008) and in the NaHSO3 addition strategy because of conversion of too much bisulfite to sulfate (Wei et al., 2017). It is worthy of note that the relationship between H2 production and biomass accumulation in sulfur deprivation and NaHSO3 addition strategies is also distinctly different. Regardless of either one step method or stepwise mode, the simultaneous production of H2 and biomass is present in NaHSO3 addition strategy, as observed in mixotrophic nutrient-replete cultures under low light conditions (Jurado-Oller et al., 2015), but is absent in sulfur deprivation strategy. Therefore, it appears reasonable that improved PSII activity in the NaHSO3 background is considered to be a better strategy to meet future application requirements in comparison with that in the sulfur-deprived background.
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Cyanobacteria possess an atypical tricarboxylic acid (TCA) cycle with various bypasses. Previous studies have suggested that a cyclic flow through the TCA cycle is not essential for cyanobacteria under normal growth conditions. The cyanobacterial TCA cycle is, thus, different from that in other bacteria, and the biochemical properties of enzymes in this TCA cycle are less understood. In this study, we reveal the biochemical characteristics of malate dehydrogenase (MDH) from Synechocystis sp. PCC 6803 MDH (SyMDH). The optimal temperature of SyMDH activity was 45–50°C and SyMDH was more thermostable than MDHs from other mesophilic microorganisms. The optimal pH of SyMDH varied with the direction of the reaction: pH 8.0 for the oxidative reaction and pH 6.5 for the reductive reaction. The reductive reaction catalysed by SyMDH was activated by magnesium ions and fumarate, indicating that SyMDH is regulated by a positive feedback mechanism. The Km-value of SyMDH for malate was approximately 210-fold higher than that for oxaloacetate and the Km-value for NAD+ was approximately 19-fold higher than that for NADH. The catalytic efficiency of SyMDH for the reductive reaction, deduced from kcat-values, was also higher than that for the oxidative reaction. These results indicate that SyMDH is more efficient in the reductive reaction in the TCA cycle, and it plays key roles in determining the direction of the TCA cycle in this cyanobacterium.
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INTRODUCTION

Cyanobacteria performing oxygenic photosynthesis synthesise various compounds from carbon dioxide using light energy. Cyanobacteria are widely used as hosts in metabolic engineering to produce renewable resources. Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803) is one of the most highly studied cyanobacteria because it has many advantageous features, such as rapid proliferation and ease of transformation. Besides genetics, biochemical analyses of enzymes related to oxaloacetate metabolism proceed using Synechocystis 6803 enzymes (Ito et al., 2017; Takeya et al., 2017), and thus this cyanobacterium is widely used for basic studies of primary carbon metabolism.

The tricarboxylic acid (TCA) cycle is one of the most important biochemical reactions in aerobic energy production, and is common among most respiring organisms. Reductants are generated by oxidation of metabolites through the TCA cycle, leading to ATP production through the process of respiration, which uses these reductants. Metabolites in the TCA cycle, such as oxaloacetate and 2-oxoglutarate, are precursors of various metabolites, including amino acids, sugars, and lipids (Owen et al., 2002). The cyanobacterial TCA cycle is also involved in various metabolic systems, which can lead to the production of useful materials, such as succinate (Osanai et al., 2015), amino acids (Matsunaga et al., 1991), ethylene (Xiong et al., 2015) via acetyl-CoA, and TCA cycle derivatives from fixing carbon dioxide by oxygenic photosynthesis using light energy.

Compared to studies on enzymes in the Calvin cycle, biochemical analysis of enzymes of the TCA cycle in cyanobacteria is limited. The cyanobacterial TCA cycle was once thought to be an incomplete cycle owing to the lack of 2-oxoglutarate dehydrogenase (OGDH); however, it has been demonstrated that 2-oxoglutarate decarboxylase and succinate semialdehyde dehydrogenase produce succinate from 2-oxoglutarate (Zhang and Bryant, 2011; Steinhauser et al., 2012). In addition, the γ-aminobutyric acid (GABA) shunt produces succinate from glutamate in Synechocystis 6803 (Xiong et al., 2014), and the glyoxylic acid shunt is found in the cyanobacterium Chlorogloeopsis fritschii strain PCC 9212 (Zhang and Bryant, 2015). Thus, the cyanobacterial TCA cycles are potentially closed with these alternative shunts. However, these studies only analysed the first half of the TCA cycle, from citrate to succinate. The latter half of the TCA cycle has been studied by in silico analysis (Knoop et al., 2013; Rubin et al., 2015). Kinetic values, such as kcat and Km, of cyanobacterial TCA cycle enzymes have not been determined, except for isocitrate dehydrogenase (Muro-Pastor and Florencio, 1992, 1994). Biochemical analysis of phosphoenolpyruvate carboxylase (PEPC), which produces oxaloacetate from phosphoenolpyruvate, reveals that Synechocystis 6803 PEPC is uniquely tolerant to feedback inhibition by malate and aspartate (Takeya et al., 2017). In addition to the oxidative cycle, the cyanobacterial TCA cycle reverses to a reductive reaction (called the reductive branch of the TCA cycle) under dark, anaerobic conditions (Hasunuma et al., 2016).

Malate dehydrogenase (MDH) is an enzyme that catalyses the interconversion between malate and oxaloacetate using NAD(P)H. MDHs are largely conserved in most species, irrespective of variation in the TCA cycle (Huynen et al., 1999; Minárik et al., 2002). MDH catalyses the oxidative reaction in the TCA cycle (malate to oxaloacetate) in vivo, although MDH thermodynamically prefers the reductive reaction (oxaloacetate to malate) in vitro (Molenaar et al., 1998). Thus, MDH is a unique enzyme that prefers the reductive reaction in the TCA cycle; however, the biochemical parameters of Synechocystis 6803 MDH (SyMDH) have not been determined. MDH functions to protect against oxidative stress in Escherichia coli (Wu et al., 2007; Singh et al., 2008), also suggesting the physiological importance of MDHs in bacteria. In this study, SyMDH was purified, and its biochemical functions were demonstrated for the first time, revealing unique regulatory mechanisms of SyMDH.

MATERIALS AND METHODS

Construction of Cloning Vectors for Recombinant Protein Expression

A BamHI-XhoI DNA fragment of the citH (sll0891) ORF from the Synechocystis 6803 genome was amplified by PCR using KOD Plus Neo polymerase (Toyobo, Osaka, Japan) with the primers: forward, GAAGGTCGTGGGATCATGAATATTTTGGAGTATGCTC and reverse, GATGCGGCCGCTCGAGTTAACCGTCGCTAACCAT. The resultant fragments were excised with BamHI-XhoI (Takara Bio, Shiga Japan) and cloned into the BamHI-XhoI site of pGEX5X-1 (GE Healthcare Japan, Tokyo, Japan) using the In-Fusion HD Cloning Kit (Takara Bio, Shiga, Japan). Sequence integrity was confirmed by sequencing.

Affinity Purification of Recombinant Proteins

Expression vectors were transformed into E. coli BL21 (DH5α, Takara Bio). Two litres of E. coli containing the vectors were cultivated at 30°C with shaking (150 rpm), and protein expression was induced overnight by adding 0.01 mM isopropyl β-D-1-thiogalactopyranoside (Wako Chemicals, Osaka, Japan).

Affinity chromatography was performed for protein purification as described in a previous study (Osanai et al., 2009). Two litres of E. coli cell culture were disrupted by sonication VC-750 (EYELA, Tokyo, Japan) for 5 min with 30% intensity and centrifuged at 5,800 ×g for 2 min at 4°C. The supernatant was transferred to a new 50-mL plastic tube on ice and 640 μL of glutathione-Sepharose 4B resin (GE Healthcare Japan) was mixed into the supernatant. After gentle rotating for 30 min, 1 mM ATP and 1 mM MgSO4⋅7H2O were added and samples were incubated with gentle shaking for 30 min to remove intracellular chaperons. After centrifugation (5,800 ×g for 2 min at 4°C), the supernatant was removed and resins were re-suspended in 700 μL of PBS-T (1.37 M NaCl, 27 mM KCl, 81 mM Na2HPO4⋅12H2O, 14.7 mM KH2PO4, 0.05% Tween-20) with 1 mM ATP/1 mM MgSO4⋅7H2O. The resin was washed with 500 μL of PBS-T (1.37 M NaCl, 27 mM KCl, 81 mM Na2HPO4⋅12H2O, 14.7 mM KH2PO4, 0.05% Tween-20) and eluted three times with 500 μL of GST elution buffer (50 mM Tris–HCl, pH 8.0, 10 mM reduced glutathione). Proteins were concentrated with VivaSpin 500 MWCO 50,000 spin columns (Sartorius, Göttingen, Germany) and protein concentration was measured with a PIERCE BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL, United States). Protein purification was validated by SDS-PAGE, including staining using InstantBlue (Expedion Protein Solutions, San Diego, CA, United States).

Enzyme Assays

7.8 μg or 10 μg of SyMDHs were used to measure oxidative or reductive reactions, respectively. The purified protein was mixed with 1 mL of assay solution (100 mM potassium phosphate buffer [pH 8.0 or pH 6.5], 0.1–32 mM nicotinamide adenine dinucleotide (NAD+), 0.01–0.64 mM nicotinamide adenine dinucleotide hydride (NADH), 0.2–32 mM malate, 0.02–0.4 mM oxaloacetate). The optimal temperature and the optimal pH were measured at the concentration exhibiting maximum activity (NAD+: 8.0 mM, NADH: 0.1 mM, malate: 4.0 mM, oxaloacetate: 0.1 mM). For the cell extract assay, cells from 1 L culture were collected by centrifugation and resuspend in 100 mM potassium phosphate buffer (pH7.0). The cells were disrupted by sonication and centrifuged at 5,800 × g for 30 min at 4°C. The protein concentration was quantified with BCA Protein Assay Kit (Thermo) and 420 μg of total proteins was added to 1 mL assay solution. Absorbance was measured at 340 nm using a UV-1850 spectrophotometer (Shimadzu, Tokyo, Japan). Vmax and Km-values were determined using a Lineweaver–Burk double reciprocal plot. Results were plotted as a graph of the rate of reaction against the concentration of substrate and coenzyme using Kaleida Graph ver. 4.5 software. When the data did not show substrate inhibition, we performed curve fitting used the Michaelis–Menten equation (Eq. 1). When the data exhibited substrate inhibition, we performed curve fitting using the modified Michaelis–Menten equation (Eq. 2) (Eszes et al., 1996).
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v and Vmax indicate reaction velocity and maximum reaction velocity, respectively. [S], Km, and Ki indicate substrate concentration, the half-maximum concentration giving rise to 50% Vmax and an inhibition constant, respectively.

RESULTS

Measurement of Kinetic Parameters

To determine the kinetic parameters of SyMDH, glutathione S-transferase (GST)-tagged SyMDH (GST-SyMDH) proteins were expressed in E. coli and purified by affinity chromatography (Figure 1A). SyMDH activity in the oxidative reaction (malate to oxaloacetate) was the highest at pH 8.0 and at a temperature of 50°C (Figures 1B,C). SyMDH activity in the reductive reaction (oxaloacetate to malate) was the highest at pH 6.5 and at 45°C (Figures 1B,C). Kinetic parameters of SyMDH were determined by a Lineweaver–Burk double reciprocal plot using the specific activity values in Figures 2, 3. These results are summarised in Tables 1, 2. SyMDH displayed approximately 1.7-fold (kcat) and 350-fold (kcat/Km) preferences for oxaloacetate reduction over malate oxidation and approximately 4.7-fold (kcat) and 89.5-fold (kcat/Km) preferences for NADH oxidation over NAD+ reduction (Table 1). The catalytic efficiency of the reductive reaction was higher than that of the oxidation reaction for both the substrate and the coenzyme. The Km-value for malate was approximately 210-fold higher than that for oxaloacetate, and the Km-value for NAD+ was approximately 19-fold higher than that for NADH (Table 2). SyMDH appeared to prefer oxaloacetate and NADH as substrate and coenzyme, respectively, in vitro. SyMDH had enzymatic activity toward NAD+ and NADH, but no activity toward NADP+ and NADPH both in vitro and in vivo (Supplementary Figures S1, S2). We also determined kinetic parameters of SyMDH using the Michaelis–Menten equation. These results are summarised in Supplementary Tables S1, S2. These calculations showed that SyMDH prefers oxaloacetate and NADH as substrate and coenzyme, respectively; the Km-value for malate was approximately 84.4-fold higher than that for oxaloacetate, and the Km-value for NAD+ was approximately 71.4-fold higher than that for NADH (Supplementary Table S2). SyMDH exhibited substrate inhibition by NAD+ (Figure 2B), and the value of Ki was 14.5 mM (Supplementary Table S1).
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FIGURE 1. (A) Purification of GST-tagged SyMDH. Proteins were electrophoresed on a 12% SDS-PAGE gel. The gel was stained with InstantBlue. Arrowheads indicate the molecular weight. (B) The effect of pH on SyMDH activity. Red square represents the specific activity in the oxidative reaction (malate to oxaloacetate). Blue triangle represents the specific activity in the reductive reaction (oxaloacetate to malate). Data represent the relative values of the mean from three independent experiments. (C) The effect of temperature on SyMDH activity. Red square represents the specific activity in the oxidative reaction (malate to oxaloacetate). Blue triangle represents the specific activity in the reductive reaction (oxaloacetate to malate). Data represent the relative values of the mean from three independent experiments.
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FIGURE 2. Enzyme assay of SyMDH in the oxidative reaction in vitro. (A) Activity was measured by varying the malate concentration at a fixed NAD+ concentration (8.0 mM). The graphs show the mean ± SD obtained from three independent experiments. (B) Activity was measured by varying the NAD+ concentration at a fixed malate concentration (4.0 mM). The graphs show the mean ± SD obtained from three independent experiments.




[image: image]

FIGURE 3. Enzyme assay of SyMDH in the reductive reaction in vitro. (A) Activity was measured by varying the oxaloacetate concentration at a fixed NADH concentration (0.1 mM). The graphs show the mean ± SD obtained from three independent experiments. (B) Activity was measured by varying the NADH concentration at a fixed oxaloacetate concentration (0.1 mM). The graphs show the mean ± SD obtained from three independent experiments.



TABLE 1. Comparison of Km-values of MDHs in various microorganisms.
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TABLE 2. Kinetic parameters of SyMDH.
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Effect of Various Effectors on SyMDH Activity

The reductive reaction catalysed by bacterial MDHs is inhibited by TCA cycle metabolites, such as excess oxaloacetate and divalent metal ions (Takahashi-Íñiguez et al., 2016). Therefore, we measured the activity of SyMDH in the reductive reaction in the presence of various effectors. SyMDH was inhibited by excess NAD+ in the reductive reaction (Figure 2B). With the exception of cobalt, magnesium, and copper ions, all other metal ions showed little effect on SyMDH (Figure 4). SyMDH activity increased approximately 140 and 160% with the addition of 1 mM Co(NO3)2⋅6H2O and 1 mM MgCl2, respectively (Figure 4). In the presence of 10 mM MgCl2, the activity of SyMDH increased to approximately 190% (Figure 4). Among the metal ions tested, only copper ions reduced the activity of SyMDH. In the presence of 1 mM CuSO4⋅5H2O, SyMDH activity decreased to approximately 40% of normal activity (Figure 4). SyMDH activity could not be measured in the presence of 10 mM calcium, manganese, cobalt, zinc, or copper ions due to the formation of a precipitate (Figure 4). SyMDH activity rose approximately 170 and 190% with the addition of 1 and 10 mM fumarate, respectively (Figure 4). SyMDH activity with oxaloacetate at a concentration of 0.01–0.6 mM was measured in the presence of 10 mM magnesium and fumarate, and the kinetic parameters were calculated by Lineweaver–Burk plots (Figure 5A). Both the Km and Vmax-values of this substrate and reaction, respectively, increased with the addition of 10 mM MgCl2 and fumarate (Figures 5B,C). To strengthen the validity of our results, we also performed biochemical assays using cell extracts (Supplementary Figure S3a). Unlike in vitro, the Km-value did not change in vivo in the presence of 10 mM MgCl2 and fumarate (Supplementary Figure S3b). The Vmax-value increased in vivo similar to in vitro in the presence of 10 mM MgCl2 and fumarate (Supplementary Figure S3c).


[image: image]

FIGURE 4. Effects of various metal ions and compounds on the SyMDH in the reductive reaction in vitro. 10 μg of SyMDH was pre-incubated with 100 mM potassium phosphate (pH 6.5), 0.1 mM NADH, 0.1 mM oxaloacetate and effectors, at 45°C. The graphs show the mean ± SD obtained from three independent experiments. Activity of SyMDH in the absence of effectors was set at 100%. Ca, CaCl2; Mn, MnCl2⋅4H2O; Co, Co(NO3)2⋅6H2O; Zn, ZnSO4⋅7H2O; Cu, CuSO4⋅5H2O; K, KCl; Na, NaCl; Mg, MgCl2; Asp, L-Aspartate; Cit, Citrate; Mal, L-Malate; Suc, Succinate; Lac, L-lactate; Fum, Fumarate; Pyr, Pyruvate; Pep, Phosphoenolpyruvate.
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FIGURE 5. The Km and Vmax-values for oxaloacetate in the presence of 10 mM fumarate and 10 mM magnesium ion in vitro. (A) Saturation curves of the activity of SyMDH. Blue line indicates mock, green line indicates presence of fumarate, and red line indicates the presence of magnesium. The graph shows the mean of three independent experiments. (B) Km (mean ± SD) (units/mg protein) values in the presence of 10 mM fumarate and 10 mM magnesium ion, obtained from three independent experiments. (C) Vmax (mean ± SD) values for oxaloacetate, obtained from three independent experiments. Mock indicates the enzymatic activity in the absence of additional compounds.



Thermal Properties of SyMDH Activity

Synechocystis 6803 MDH activity was measured by varying temperature (20–50°C). The Km and the Vmax were calculated by both a Lineweaver–Burk double reciprocal plot (Figures 5, 6) and curve fitting used the Michaelis–Menten equation (Supplementary Figures S4, S5). The Km and the Vmax-values for malate tend to decrease as the temperature rise, although the Vmax-values less dependent on the temperature (Figure 6 and Supplementary Figure S4). On the contrary, the Km and the Vmax-values for oxaloacetate increased as the temperature rise (Figure 7 and Supplementary Figure S5). The Km and the Vmax for malate at 20°C were approximately 2.7-fold and 1.9-fold higher than that at 50°C, respectively (Figure 6). The Km and Vmax for oxaloacetate at 20°C were approximately 0.19- and 0.13-fold higher than that at 50°C, respectively (Figure 7). The Km and Vmax of SyMDH demonstrated its temperature dependency.


[image: image]

FIGURE 6. Thermal profiles of SyMDH in the oxidative reaction in vitro. (A) Lineweaver–Burk plot of the SyMDH activity in the oxidative reaction at 20–50°C. Blue, red, green, and purple lines indicate condition at 20, 30, 40, and 50°C, respectively. The graph shows the mean of three independent experiments. (B) Km (mean ± SD) values for malate were obtained from three independent experiments by varying the temperature (20–50°C). (C) Vmax (mean ± SD) (units/mg protein) values for malate were obtained from three independent experiments by varying the temperature (20–50°C).
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FIGURE 7. Thermal profiles of SyMDH in the reductive reaction in vitro. (A) Lineweaver–Burk plot of the SyMDH activity in the reductive reaction at 20–50°C. Blue, red, green, and purple lines indicate condition at 20, 30, 40, and 50°C, respectively. The graph shows the mean of three independent experiments. (B) Km (mean ± SD) values for oxaloacetate were obtained from three independent experiments by varying the temperature (20–50°C). (C) Vmax (mean ± SD) (units/mg protein) values for oxaloacetate were obtained from three independent experiments by varying the temperature (20–50°C).



DISCUSSION

We purified recombinant SyMDH protein and revealed the biochemical properties of cyanobacterial MDH for the first time. The optimal pH of SyMDH was different for the oxidative reaction and the reductive reaction (Figure 1B). Cyanobacteria utilise a reductive branch of TCA cycle and excrete succinate under dark anaerobic conditions (Hasunuma et al., 2016). The intracellular pH of cyanobacteria decreases during the transition from light to dark conditions (Coleman and Coleman, 1981; Mangan et al., 2016). Therefore, to adapt to the drastic changes in primary metabolism during the light and dark cycle, SyMDH is thought to shift its substrate affinity according to the intracellular pH. SyMDH was stable at a wide range of temperature, being particularly tolerant to high temperatures (Figure 1C). Among the mesophilic microorganisms, MDHs from Streptomyces avermitilis, Streptomyces coelicolor, and Nitrosomonas europaea maintain their activity at 50°C (Mikulášová et al., 1998; Ge et al., 2010; Deutch, 2013), but these MDHs are completely inactivated at 60–70°C (Mikulášová et al., 1998; Ge et al., 2010; Deutch, 2013). SyMDH maintains its activity in both oxidative and reductive reactions at 60–70°C (Figure 1C). Therefore, SyMDH is the most thermostable enzyme among MDHs from the mesophilic microorganisms investigated thus far. The optimal temperatures of SyMDH were 50 and 45°C, for the oxidative and reductive reaction, respectively (Figure 1C). Thus, optimal temperature of SyMDH (45–50°C) and optimal growth temperature of Synechocystis 6803 (30–35°C) were different. Generally, an enzymatic reaction is promoted by increasing temperature, because the kinetic energy of the reactants increases. However, an enzyme denature at high temperatures. Since SyMDH is a heat-stable enzyme (Figure 1B), the enzyme activity became the highest at around 50°C, which is higher than the optimal growth temperature in Synechocystis 6803. Besides Synechocystis 6803, microorganisms having the MDHs with the optimal temperature much higher than the optimal growth temperature are S. avermitilis and S. coelicolor, N. europaea (Mikulášová et al., 1998; Ge et al., 2010; Deutch, 2013). SyMDH activity was suppressed by copper (Figure 4), as was observed for the MDH from Pseudomonas stutzeri (Labrou and Clonis, 1997). P. stutzeri MDH is also inhibited by citrate (Labrou and Clonis, 1997), but SyMDH was slightly activated by citrate (Figure 4). The only reported activators of bacterial MDHs are >0.18 mM malate and 3 M NaCl (Cendrin et al., 1997; Labrou and Clonis, 1997), but SyMDH was significantly activated by magnesium ions and fumarate (Figure 5 and Supplementary Figure S3), suggesting that SyMDH is regulated by a positive feedback mechanism. These results are indicative of the diversity of regulation among MDHs. Intracellular concentrations of malate and fumarate in E. coli cells are 1.7 and 0.11 mM, respectively (Bennett et al., 2009). Since SyMDH showed maximum activity at 5 mM malate (Figure 2) and was activated with 1 mM fumarate (Figure 4), it is plausible that SyMDH activity was regulated by the TCA cycle metabolites. Excess NAD+ (>4 mM) caused substrate inhibition in SyMDH (Figure 2B). MDHs from Methanobacterium thermoautotrophicum and P. stutzeri are also inhibited by excess NAD+ (>0.5 mM) and NAD+ (>250 mM), respectively (Labrou and Clonis, 1997; Thompson et al., 1997). Intracellular concentrations of NAD+ in E. coli cells is 2.6 mM (Bennett et al., 2009), thus, SyMDH activity is thought to inhibited by NAD+ present in Synechocystis 6803.

The affinity of oxaloacetate and NADH for SyMDH was higher than the affinity of malate and NAD+, respectively (Table 1). Generally, bacterial MDHs show higher affinity for oxaloacetate than malate (Takahashi-Íñiguez et al., 2016), and SyMDH was consistent with this. When comparing the substrate affinity among bacterial MDHs, the Km (malate)/Km (oxaloacetate) ratio in descending order is as follows: N. europaea (250), Synechocystis 6803 (210), Syntrophic propionate-oxidising bacterium strain MPOB (80.0), and Methanobacterium thermoautotrophicum (13.3) (Table 2). The previous study demonstrated that the NAD+ concentration is approximately 500 times higher than NADH concentration in Synechocystis 6803 (Osanai et al., 2014). Therefore, although our biochemical analysis showed that SyMDH has higher coenzyme specificity toward NADH than NAD+, SyMDH can catalyse both reductive and oxidative reactions in vivo. The Km (NAD+)/Km (NADH) ratio in descending order is as follows: Syntrophic propionate-oxidising bacterium strain MPOB (36.7), Methanothermus fervidus (28.0), and Synechocystis 6803 (19.0). These aforementioned microorganisms are thought to have low MDH activity in the oxidation reaction. This is because N. europaea is deficient in 2-oxoglutarate dehydrogenase (Beyer et al., 2009) and succinyl-CoA is formed via phosphoenolpyruvate and oxaloacetate using a reductive branch of TCA cycle (Deutch, 2013). In addition, syntrophic propionate-oxidising bacterium strain MPOB, Methanobacterium thermoautotrophicum, and Methanothermus fervidus are anaerobic microorganisms (Harmsen et al., 1996; Thompson et al., 1997; Stetter et al., 1981), and therefore, their oxidative TCA cycles are barely functioning. As with microorganisms in which the oxidative TCA cycle does not appear to function, the Km (for malate)/Km (for oxaloacetate) ratio and the Km (NAD+)/Km (NADH) ratio of SyMDH were very high. Therefore, SyMDH is likely to have low activity in the oxidative reaction. This conclusion is supported by flux analyses. Previous studies measured metabolic flow by estimating the flux rates of metabolites per dry cell weight (DCW) per unit hour in Synechocystis 6803 under mixotrophic conditions and found that all fluxes in TCA cycle reactions were clockwise (0.02–0.11 mmol gDCW-1 h-1), except for the interconversion between malate and oxaloacetate, which was anticlockwise (0.13 mmol gDCW-1 h-1; Nakajima et al., 2014). Similar results were observed under photoheterotrophic, nitrogen-limited, and dark conditions (Nakajima et al., 2014, 2017; Wan et al., 2017). In vivo studies have shown that many genes of the cyanobacterial TCA cycle are unnecessary for normal growth (Broddrick et al., 2016). Even if expression of fumarase, which catalyses the reversible hydration/dehydration of fumarate to malate, is blocked, growth of cyanobacteria under continuous light is not affected (Rubin et al., 2015). Therefore, the oxidative reaction of SyMDH is also thought to be unnecessary in cyanobacteria, because fumarase-deficient cyanobacteria grow normally. These studies support our biochemical studies suggesting that the oxidative reaction of SyMDH is very weak and almost non-functional. The kinetic parameters of SyMDH were affected by temperature (Figures 6, 7 and Supplementary Figures S4, S5). Km-value for oxaloacetate was always lower than that for malate in range of 20–50°C, thus, it is considered that SyMDH always show higher affinity for oxaloacetate than malate within 20–50°C and the reaction direction of SyMDH tends to flow from oxaloacetate to malate within the growth temperature of Synechocystis 6803.

Our study revealed that SyMDH shows a higher affinity for substances produced through the reductive reaction than those produced through the oxidative reaction, similar to MDHs derived from anaerobic microorganisms in which the oxidative TCA cycle seems to be barely functioning. Cyanobacteria have been found to close the TCA cycle using various bypasses (Zhang and Bryant, 2011; Steinhauser et al., 2012; Xiong et al., 2014). However, the results in this study indicate that the oxidative TCA cycle of Synechocystis 6803 may be functionally linear, and not cyclic in nature, because SyMDH preferentially undergoes a reductive reaction rather than an oxidative reaction and turns off the cyclic process of the oxidative TCA cycle.
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An apt for the current issue, the book consists of 14 chapters that provide interesting scientific insights into the vastly rich algal resource. While the book is unstructured, we have divided the review into four scientifically relevant sections (i) Cytoprotectants, (ii) pigments/therapeutics, (iii) bioproducts, and (iv) biomass production.

Chapter one introduces algal osmoprotectants, highlighting the diverse research performed with salinity and its impact on photosynthetic organisms; it specifically focuses on saccharides, glycine betaine, glycerols and dimethylsulfoniopropionate and the accumulation of the last three molecules under abiotic stress. For glycine betaine, the emphasis is on gene expression and enzymatic regulation, while for dimethylsulfoniopropionate the “omics” approach to identify biosynthetic enzymes is elaborated. Further, it expands on the role of Mycosporines and Mycosporine-like amino acids (MAAs) as sunscreen, osmoprotectant, and antioxidants. In chapter two, UV-induced effects on various organisms and the search for algal photoprotectants is discussed. It emphasizes on the role, occurrence, genetic/environmental regulation, and biosynthesis of algal sun protectants (glycosylated MAAs and Scytonemins); further focusing on MAAs that is again described in chapter five. Among cyanobacterial MAAs, the chapter emphasizes upon asterina-330, palythine, palythinol, euhalothece-362, and mycosporine-2-glycine and explains the novel MAAs that exist in algae. It concludes with how UV photoprotectants from nature remain a key exploration area.

Chapter five deals with natural antioxidants with a therapeutic perspective. It begins by highlighting the effect of ROS accumulation on biomolecules; discussing further on oxidative stress-induced mitochondrial irregularities. The occurrence, structure, mode of action, and putative roles in therapeutics of algae-based antioxidants such as phycobiliproteins, phlorotannins, carotenoids, sulfated polysaccharides, Scytonemins, and MAAs is justified. The authors suggest the need for further research to identify high bioactivity molecules. Chapter four deals with the emerging area of nutraceuticals. While microalgae have been a research area for decades, it has only recently served as source of chemicals/pharmaceuticals. It focuses on a variety of nutrients in algae including polyunsaturated fatty acids, vitamins, polysaccharides, and proteins; but, expands on the various categories of polyunsaturated fatty acids, structural chemistry, algal sources, and particularly the health benefits of Omega-3 fatty acids. The authors highlight the types, structural chemistry, algal sources and nutraceutical/biotechnological applications of β-carotene, astaxanthin, and lutein, with a brief mention of the industrial and health applications of algal pigments, vitamins, polysaccharides, Mycosporine and MAAs and bioactive peptides. It concludes with the benefits of nutritionally important algae such as Haematococcus pluvialis, Chlorella, Spirulina, Nannochloropsis. In chapter seven, the authors expand on the factors that influence carotenogenesis like light intensity, temperature, salinity, and nutrient limitation and a description of pigment extraction, applications, and future prospects. In chapter nine, the authors organized the chemical structures, absorbance maxima, and distribution of pigments in a tabular format. It also covers commercialized algal pigments used as skin ointments and cosmetics; however, the application of these pigments in dye/textile industry and as food colorants remains unaddressed. Chapter eight describes the synthesis and catabolism of γ-amino butyric acid and polyamines that accumulate in stress-exposed cells. Accumulation of γ-amino butyric acid in cyanobacteria can be correlated with the nitrogen/carbon source and also supplementation with polyamines (putrescine and spermidine) in the growth medium; the latter accumulate with stress. Variations in the enzymes that synthesize polyamines in cyanobacteria have been observed. Chapter 12 summarizes the occurrence, metabolism and biological significance of polyamines in microalgae and sea grasses. It compiles the investigation of molecular mechanisms of polyamines of macroalgae under stress. However, a comparison between polyamines in macroalgae and higher plants could have been more insightful.

Chapter six discusses several routes ranging from the direct or derivative-based use of microalgal biomass or engineering microalgae to make bioplastics. While the challenge lies in the field of harvesting, innovative cultivation techniques have contributed to its scientific progress. An excellent compilation of the ratios that make use of microalgae producing PHAs blended with petrochemical plastics is provided as a ready-reckoner. Chapter 10 deals with the application of algal species as a biofertilizer that are capable of reclaiming sodic soils and improving the soil microflora. Engineered cyanobacteria have been developed with novel transgenes for upgrading biofertilizer technology. However, translating from lab to field is challenging but worth investing. Chapter 14 deals with algal biofilms that have been visualized as a stress-responsive physiology and a nuisance to the environment. These are now exploited for waste water treatment, nutrient sequestration, as biofertilizers, in the form of biological soil crusts and in the production of biofuels. The authors admit that a thorough understanding of algal biofilms is imminent, a lot needs to be done. Bioenergy derived from algal biomass has been an intensively pursued field and chapter 11 provides an exhaustive overview. It describes ways of optimizing the reactor parameters for increased biomass production. Before standardizing, mathematical simulations are a good starting point. In particular, three models have been put forth for light availability. Added to this issue is, the removal of spent medium and O2 which inhibit algal growth. Several downstream processes have been provided using single/mixed algal cultures and the challenge in harvesting and extracting the bio-oil remains. It gives the reader a comprehensive account of bio-oil production. Chapter three deals with the proteome-based approach in Spirulina for bioproducts production. The authors depict the use of multidiscipline for the implementation of knowledge-to-process implying the need for basic knowledge in biochemical synthesis and regulation in understanding cellular functioning.

Finally, chapter 13 concerns the strategies used in the production of microalgal biomass. Considering their diverse forms, and the potential they exhibit, the nutrients required, growth conditions and the use of appropriate strain is proportionate to the production of biomass; this being equally diverse and heterogeneous.

The research areas covered in this book are rapidly expanding. The authors have comprehensively compiled literature on algal compounds and their applications with depth and clarity. It is handy for students, researchers and industrialists working in the field of algal bioactive compounds. It highlights both recent and past advances in the field presenting the challenges and prospects of translating laboratory research for commercial application.
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The occurrence of algal blooms in drinking water sources and recreational water bodies have been increasing and causing severe environmental problems worldwide, particularly when blooms dominated by Microcystis spp. Bloom prediction and early warning mechanisms are becoming increasingly important for preventing harmful algal blooms in freshwater ecosystems. Chlorophyll fluorescence parameters (CFpars) have been widely used to evaluate growth scope and photosynthetic efficiency of phytoplankton. According to our 2-year monthly monitor datasets in Lake Erhai, a simple but convenient method was established to predict Microcystis blooms and algal cell densities based on a CFpar representing maximal photochemical quantum yield of Photosystems II (PSII) of algae. Generalized linear mixed models, used to identify the key factors related to the phytoplankton biomass in Lake Erhai, showed significant correlations between Chl a concentration and both the light attenuation coefficient and water temperature. We fitted seasonal trends of CFpars (Fv/Fm and ΔF/Fm′) and algal cell densities into the trigonometric regression to predict their seasonal variations and the autocorrelation function was applied to calculate the time lag between them. We found that the time lag only existed between Fv/Fm from blue channel and algal cell densities even both Fv/Fm and ΔF/Fm′ show the significant non-linear dynamics relationships with algal cell densities. The peak values of total algal cell density, cyanobacteria density and Microcystis density followed the foregoing peak value of Fv/Fm from blue channel with a time lagged around 40 days. Therefore, we could predict the possibilities of Microcystis bloom and estimate the algal cell densities in Lake Erhai ahead of 40 days based on the trends of Fv/Fm values from blue channel. The results from our study implies that the corresponding critical thresholds between Fv/Fm value and bloom occurrence, which might give new insight into prediction of cyanobacteria blooms and provide a convenient and efficient way for establishment of early warning of cyanobacteria bloom in eutrophic aquatic ecosystems.

Keywords: chlorophyll fluorescence, Microcystis bloom, generalized linear mixed models, trigonometric regression, Phyto-PAM, algal density, the time lag

INTRODUCTION

Harmful algal blooms (HABs) in freshwater ecosystems are subject of serious concern for ecosystems and human health because they reduce the quality and quantity of habitat for plants and animals, disrupt food web dynamics, create hypoxic zones, and produce toxins (Paerl et al., 2001; Miller et al., 2017). Changing environmental conditions like drought, increased water temperature and low water levels (Paerl et al., 2001; de Figueiredo et al., 2004; Qin et al., 2010; Watson et al., 2017), can increase the intensity and frequency of algal blooms. Further, through its effects on regional and local climatic patterns, climate change is also modifying patterns of HAB (Michalak et al., 2013). Therefore, predicting the HABs has become increasingly important for environmental and public health management.

Many efforts and resources have been devoted to forecasting algal blooms using mathematical modeling through quantitive indicators and environmental drivers. One of the most extensively applied models of predicting blooms are the parametric models (Wong et al., 2007; Gill et al., 2017). For example, the Baltic Operational Oceanographic System (BOOS) is a real-time oceanic observation system combining ecological forecast models for algal bloom in Baltic sea with annual water forecasts for the Baltic sea1. Artificial neural networks (ANNs) provide an alternative to parametric forecast models, where several environmental factors act as input variables to estimate the evolution of algal bloom and predict cell densities of freshwater phytoplankton species (Recknagel et al., 1997; Lee et al., 2003; Muttil and Chau, 2006). Statistical methods such as cross-correlation (Trimbee and Prepas, 1987), and generalized additive model (Lamon et al., 1996; Tao et al., 2012), as well as the development of satellite remote sensing forecasting techniques (Stumpf, 2001; Kutser, 2004), are also other possible options for predicting the occurrence of HAB. Despite having good predictive accuracy, all these methods have the major drawback of being time and labor consuming as well as complex in their calculation. Accuracy of these methods also rely on selecting a suitable set of parameters and models according to different lake conditions, nutrient status, and different local meteorological and hydrological conditions. Hence, previous studies have highlighted the need for simple, rapid, and geographically non-restricted approaches to predict algae blooms.

All the methods mentioned above are based on the relationships between algal growth and environmental factors, but rarely use physiological parameters of algae for bloom prediction. Chlorophyll fluorescence parameters (CFpars), Fv/Fm and ΔF/Fm′, can be considered as the main indicators for assessment of the photosystem II efficiency and for the photosynthetic capacity of algae (Misra et al., 2012). The fluorescence ratio Fv/Fm refers to the photosynthetic activity and is taken as an algae viability assessment. Similarly,ΔF/Fm′ reflects the actual physiological activity of PS II (Genty et al., 1990). Previous studies have shown that both Fv/Fm and ΔF/Fm′ respond to changes of environmental factors such as nutrients and light intensity and are directly related to the growth of algae (Boyd et al., 1999; Misra et al., 2012; Shi et al., 2016). Therefore, the use of these CFpars may be suitable candidates for simple predictions of algal blooms. To this end, pulse amplitude modulated (PAM) fluorometry is a promising analytical technique that measures the photochemical efficiency of photosystem II in phytoplankton; one of the most common, non-invasive and rapid existing indicators of the viability condition of phytoplankton in a sample irrespective of their size (Schreiber et al., 1995b; White et al., 2011; Kalaji et al., 2014, 2017). Furthermore, Phyto-PAM fluorometry procedure can distinguish the ratios of fluorescence yields of cyanobacteria, green algae and diatoms/dinoflagellates and output as different channels (blue channel, green channel and brown channel, respectively) (Dorigo and Leboulanger, 2001; Schmitt-Jansen and Altenburger, 2008). In the case of cyanobacteria (blue channel), almost no Chl fluorescence is excited by blue light (470 nm), while excitation at 645 nm is particularly strong due to phycocyanin and allophycocyanin absorption.

Highland lakes are distinctive unique ecosystems because they are subjected to extreme environmental conditions, such as strong radiation, low water temperature, relatively low nutrient conditions, and relatively simple food webs with low species abundance (Tolotti et al., 2006). As a result, these lakes have low buffering capacity and are very sensitive to climate change and other anthropogenic influences (Psenner and Schmidt, 1992; Psenner, 2002). Therefore, this sensitivity and responsiveness of the phytoplankton community in plateau lakes to external environmental stress makes them an ideal system for the purpose of this study. Highland lakes are also increasingly exposed to human activity globally. Common impacts include wastewater discharge from farmlands and households, fish introduction, transport and tourism pollution. These impacts are generating increased eutrophication, disappearance of aquatic vegetation, and algae blooms highland aquatic ecosystems (Tolotti et al., 2006; Huang et al., 2014). Notwithstanding these unfolding environmental problems, few studies have examined bloom forecast in highland lakes.

Lake Erhai, a typical high altitude lake in the Chinese Yunnan Province, has suffered increasingly frequent cyanobacterial blooms despite the relative lower nutrients and higher illumination characteristic of highland lakes compared to lowland lakes (Xu, 1996; Paerl et al., 2011). These responses are difficult to model explicitly according to conventional models based on quantitive indicators and environmental drivers. Before 1970s, Lake Erhai was an oligotrophic lake (Jin et al., 2005). Since the 80s, however, the lake has been affected by man-made eutrophication resulting from the growing resident population (Jin et al., 2005). This situation exacerbated after the 90s, as district population and human activities continued to increase, resulting in frequent cyanobacterial blooms (Wu and Wang, 1999). Large scale Anabaena-dominated cyanobacterial bloom firstly appeared during the summer of 1996 (Dong, 1999). However, the dominant cyanobacterial species during summer shifted to Microcystis after 2008 (Wen and Ma, 2011; Wei et al., 2012), coincident with an increase in bloom frequency and intensity. Here, we explore the potential for using multiwavelength Phyto-PAM fluorometry as a simple early warning forecast method for Microcystis blooms based on field data collected monthly over 2 years, with a focus on predictive performance and methodological constraints. Our research should give new insight into prediction of cyanobacteria blooms and provide a convenient and efficient way for the establishment of early warning systems of cyanobacterial blooms in eutrophic aquatic ecosystems.

MATERIALS AND METHODS

Study Site and Sampling Method

Data presented in this study correspond to a 2-year (June 2013–May 2015) field survey conducted in Lake Erhai (25°36′–25°58′ N, 100°05′–100°17′ E), the second largest high-altitude freshwater lake of the Yunnan Highlands in China with the normal elevation is 1974 m, to trace algal dynamics and Microcystis bloom. Water samples were taken monthly from three water depths (surface, middle, and bottom) at seven sites (Figure 1), then pooled for the measurement of physicochemical parameters, physiological indicators, and algal densities at each site. The water samples were stored in transparent glass bottles of 2.5 L and kept bottles half full. After sampling was completed (within 5 h), we measured the CFpars and physicochemical parameters immediately in the laboratory.
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FIGURE 1. A map of Lake Erhai with the location of the sampling sites.



Identification of Phytoplankton

One-L water samples were immobilized by 1% Lugol’s iodine solution and concentrated to 50 ml by a siphon after sedimentation for 48 h in Utermhol chambers to analyze the phytoplankton composition (Huang et al., 1999). Concentrated samples (0.1 ml) were thereafter counted and measured under 400× magnification using an Olympus microscope (Olympus BX21, Tokyo, Japan) after mixing. Colonial Microcystis cells were separated using an ultrasonic device (JY88-II, Scientiz, Ningbo, Zhejiang, China) and their constituent cells counted. Taxonomic identification of the phytoplankton species was performed according to Hu and Wei (Hu, 2006).

Measurements of Physicochemical Parameters

All samples for nutrient and chlorophyll a determination were stored in the portable refrigerator (0°C) in the field and analyzed immediately upon returning to the laboratory. Samples for total phosphorus (TP), dissolved total phosphorus (DTP), dissolved inorganic phosphorus (DIP), total nitrogen (TN), nitrate ([image: image]), ammonium ([image: image]), and chlorophyll a (Chl a) concentrations were analyzed following standard preservation and analytical procedures of the Water Environment Federation (Association et al., 1915). The concentrations of Chl a was determined by spectroradiometer (SHIMADZU UV-2550, Japan) after appropriate aliquots (200–1000 ml) were filtered through Whatman GF-C glass microfiber filters and 24 h extraction in 90% acetone at 4°C in the dark. The absorbance of the processed samples was recorded at two different wavelengths (665 and 750 nm) following the protocol of Lorenzen (1967) for calculating Chl a concentration. Water temperature (T), pH value, dissolved oxygen (DO), and conductivity (COND) were measured onsite at 0.5 m below the water surface with a YSI ProPlus multiparameter water quality meter (Yellow Springs, OH, United States). The Secchi depth (SD) was assessed with a black and white Secchi disk (20 cm in diameter) to determine water transparency. PAR was measured at water depths of 0, 0.5, 1.0, 1.5, and 2.0 m using an underwater radiation sensor (UWQ-8342) connected to a data logger (Li-1400; Li-Cor Company, Lincoln, NE, United States). Light attenuation coefficient of water column (K) was calculated based on the equation: Id = Is(1-K)/K, where Id and Is are irradiance at the corresponding water depth and water surface, respectively (Duarte et al., 1986).

Measurements Chlorophyll Fluorescence Parameters

A Phyto-PAM (PHYTO-PAM Phytoplankton Analyzer, Heinz Walz GMBH, Effeltrich, Germany) was used to measure the maximum quantum yield [Fv/Fm = (Fm – F0)/Fm] and the effective quantum yield [ΔF/Fm′ = (Fm′ – F0′)/Fm′] (Kühl et al., 2001). PAM fluorometry sensors estimate photosynthetic activity by comparing fluorescence yield of PSII under ambient irradiance (F) and after application of a saturating pulse (Fm) (Bilger et al., 1995; Schreiber et al., 1995a; Schreiber, 2004). F0 and Fm are the minimum and maximum fluorescence of a dark-adapted sample during a saturating light pulse, respectively. Similarly, F0′ and Fm′ are the minimum and maximum fluorescence of a light-adapted sample during a saturating light pulse. Because emission wavelengths (peaking at 470, 520, 645, and 665 nm) do not correspond to the peak wavelengths of absorption of the relevant pigments, the deconvolution procedure requires the ratios of fluorescence yields of cyanobacteria, green algae, and diatoms/dinoflagellates to show pronounced differences upon excitation with these wavelengths.

Statistics and Inferences

The analytical process is schematically shown in Figure 2. Generalized linear mixed models (GLMMs) (Bolker et al., 2009) were used to detect the key environment drivers (i.e., light, temperature, and nutrient) correlated to phytoplankton biomass (Chl a) during the period of field monitoring. In present study, we used Chl a as a measure of algal biomass according to previous studies in both freshwater and marine ecosystems (Carlson, 1977; Barlow et al., 1993; Schlüter et al., 2000; Chen et al., 2003). Sampling site within the lake was introduced as a random effect in the model to avoid pseudoreplication by introducing correlation among species (Hurlbert, 1984). The random effects might also account for some unknown factors that influence the phytoplankton biomass in the lake, such as differences in flow velocity and nutrient concentration among sampling sites. Variables of environment drivers were transformed using square root to normalize the data for analysis.
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FIGURE 2. Technique flow diagram of the application of method early warning the algal cell density and Microcystis bloom by measuring chlorophyll fluorescence Fv/Fm (BC).



Generalized linear mixed models (Bolker et al., 2009) was also used to test whether CFpars can predict algae density or biomass. The total phytoplankton cell density (Ct), cyanobacteria cell density (Cc), and Microcystis cell density (Cm) were used as response variables. The Fv/Fm from total channel [Fv/Fm (TC)], Fv/Fm from blue channel [Fv/Fm (BC)], ΔF/Fm′ from total channel [ΔF/Fm′ (TC)] and ΔF/Fm′ from blue channel [ΔF/Fm′ (BC)] were used as predictor variables. Site effects were also incorporated as random effect in these models.

Informed by the results from the GLMMs, we built a bloom prediction model by fitting a seasonal trigonometric regression to each cell density parameter (Ct, Cc, and Cm) and the values of Fv/Fm and ΔF/Fm′ according to the following equation (Pollock, 2000):
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Where y is cell densities (Ct, Cc, or Cm) or Fv/Fm or ΔF/Fm′, x is time (month), β0 is the intercept and β1 is the slope of the regression, which represent stochastic local trend components; β2 and β3 are the coefficients of the trigonometric (cyclical) seasonal components [sin(2πx) and cos(2πx)]. The error term is represented by ε. The values of x and y were selected at random for running the trigonometric regressions and Each model ran 9999 times for re-randomization tests and the cross correlations between cell density and CFpars were calculated by the autocorrelation function (ACF) with associated confidence intervals at the 0.05 level. Cross-correlation values can be considered as the time lag between cell density and CFpars, which are reported as mean and standard deviation.

All statistical analyses were conducted in R 3.1.0 (R Core Team, 2014) using the packages reshape2 (Wickham, 2007), lme4 (Bates et al., 2011), and ggplot2 (Wickham, 2009).

RESULTS

Phytoplankton Cell Densities

Our sampling campaign lasted 2 years and included two cyanobacteria bloom phases. Cyanophyta was the major phylum of phytoplankton during the whole year with 50% of total phytoplankton cell density, and Microcystis was the overwhelming dominant genus during the periods of cyanobacterial blooms with 78% of total cyanobacterial cell density (Figure 3). At specific bloom phases Microcystis reached up to 80% of all cyanobacterial cell density with the cell densities exceeding 1 × 107 cells L-1, while those of cyanobacterial exceeded 1.5 × 107 cells L-1 comprising 60% of all phytoplankton cell density (Figures 3A,B).
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FIGURE 3. Cell density successions (A) and composition successions (B) of Microcystis, Non- Microcystis Cyanophyta and Non-Cyanophyta phytoplankton cell density.



Driving Factors of Phytoplankton Cell Densities

The mean concentration of Chl a during the sampling period (June 2013 to May 2015) was 13.33 ug/L, with a peak value exceeding 30 ug/L. Water temperature and light attenuation coefficient followed similar seasonal variations (Figure 4). The maximum level of water temperature encountered in Lake Erhai was 25.7°C, and the mean water temperature during sampling period was of 18.0°C (Figure 4C). Light attenuation coefficient showed a mean of 0.83 and a maximum of 2.49 (Figure 4D). The results from GLMMs model showed a highly significant relationship (p < 0.0001) of both water temperature and light attenuation coefficient to Chl a concentration (Figure 5). In contrast, all nutrient parameters, pH, DO, SD, and COND showed lower non-significant correlations with Chl a concentration (data not shown). The annual change of water temperature and the light attenuation coefficient in Lake Erhai, characteristic of a highland lake, and their close relationship to Chl a, suggest a potential relationship between algal cell densities, photosynthetic activity and the seasonal succession of algae, which can be predicted directly/indirectly by measuring the fluorescence parameters.
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FIGURE 4. Monthly time series of Chlorophyll a (A), dissolved inorganic phosphorus (B), water temperature (C), and light attenuation coefficient (D). The mean value and associated standard deviation among sites is shown in each panel.
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FIGURE 5. Fitted light attenuation coefficient (A), dissolved inorganic phosphorus (B), and water temperature (C) for Chlorophyll a by using GLMMs analysis.



Testing Parameters of GLMMs

To test the practicability of using the CFpars for determining the algal cell density in water columns, we used Fv/Fm (TC), Fv/Fm (BC), ΔF/Fm′ (TC), ΔF/Fm′ (BC), Ct, Cc, and Cm fitting time cycle changes of GLMMs. All parameters were significantly correlated with seasonality (p < 0.05). Further, Fv/Fm (TC), Fv/Fm (BC), and Cm were highly significantly correlated with seasonal variation (p < 0.001) (Table 1). As a result, all these parameters could be potentially selected for model creation to estimate phytoplankton cell density by fluorescence, where model prediction of algal cell density is a function of its Chlorophyll light response.

TABLE 1. Values (mean ± SD, ranges in parentheses) of Fv/Fm (TC), Fv/Fm (BC), ΔF/Fm′ (TC), ΔF/Fm′ (BC), Ct, Cc, and Cm using GLMMs with two stochastic (intercept β0 and slope β1) local trend components and two trigonometric (cyclical) seasonal components (sin β2 and cos β3 pairs).
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Time Lag Between Algal Cell Density and Fluorescence Parameters

The relationship between the algal cell density and Fv/Fm or ΔF/Fm′ value was also first identified by GLMMs, then fitted using trigonometric regression. We found significant positive non-linear correlations between fluorescence parameters and cell density (Figures 6–8).
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FIGURE 6. Trigonometric regression of the total phytoplankton cell density ( × 107 cells L-1) (a) and fluorescence measurements [Fv/Fm (TC) (b), Fv/Fm (BC) (c), ΔF/Fm′ (TC) (d), and ΔF/Fm′ (BC) (e)]. We fitted these seasonal trends with a time-lag analysis [Fv/Fm (TC) (f), Fv/Fm (BC) (g), ΔF/Fm′ (TC) (h), and ΔF/Fm′ (BC) (i)]. The legged days and associated standard deviation among sites is shown in each panel.
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FIGURE 7. Trigonometric regression of the cyanobacteria cell density (a) and fluorescence measurements [Fv/Fm (TC) (b), Fv/Fm (BC) (c), ΔF/Fm′ (TC) (d), and ΔF/Fm′ (BC) (e)]. We fitted these seasonal trends with a time-lag analysis [Fv/Fm (TC) (f), Fv/Fm (BC) (g), ΔF/Fm′ (TC) (h), and ΔF/Fm′ (BC) (i)]. The legged days and associated standard deviation among sites is shown in each panel.
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FIGURE 8. Trigonometric regression of the Microcystis cell density (a) and fluorescence measurements [Fv/Fm (TC) (b), Fv/Fm (BC) (c), ΔF/Fm′ (TC) (d), and ΔF/Fm′ (BC) (e)]. We fitted these seasonal trends with a time-lag analysis [Fv/Fm (TC) (f), Fv/Fm (BC) (g), ΔF/Fm′ (TC) (h), and ΔF/Fm′ (BC) (i)]. The legged days and associated standard deviation among sites is shown in each panel.



No apparent time lag was found between Fv/Fm (TC) and Ct (Figures 6b,f) or Cc (Figures 7b,f) or Cm (Figures 8b,f). However, the time lag between Fv/Fm (BC) and Ct (Figures 6b,f) or Cc (Figures 7b,f) or Cm (Figures 8b,f) was almost 40 days. Fv/Fm (BC) lead on average Ct by 38.9 ± 5.3 days (Figures 4C,D). Fv/Fm (BC) lead Cc by 37.8 ± 5.6 days (Figures 7c,g). Fv/Fm (BC) forward lead Cm by 39.1 ± 5.5 (Figures 8c,g). Similarly, no time lag was found betweenΔF/Fm′ (TC) and neither Ct (Figures 6d,h), Cc (Figures 7d,h), or Cm (Figures 8d,h). Time lags were found in the other parameters, with the ΔF/Fm′ (BC) leading total phytoplankton cell density by 0.2 ± 0.9 days (Figures 6e,i); ΔF/Fm′ (BC) leading Cc by 0.1 ± 0.6 days (Figures 7e,i); andΔF/Fm′ (BC) leading Cm by 0.5 ± 1.3 days (Figures 8e,i).

Application of Fv/Fm (BC) to Early Warning of Microcystis Blooms

According to the strong time lag between Fv/Fm and cell density, forecasting Microcystis bloom and the cell density in Lake Erhai should be possible by in lake monitoring of the Fv/Fm (BC) value (Figure 9). The trigonometric regression (Figure 9A) shows that the likelihood of a cyanobacteria bloom can increase when the value of Fv/Fm reach 0.28 and the trend keeps upward. But if the trend decreases, the possibility of cyanobacteria bloom can become low even if the value of Fv/Fm remains higher than 0.28. If the trend of Fv/Fm declines and the Fv/Fm value is lower than 0.28, a cyanobacteria bloom seems unlikely. Here, we define 107 cells L-1 as the threshold value for a cyanobacteria bloom. The peak value of Fv/Fm (BC) is usually followed by a peak value of phytoplankton after approximately 40 days.
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FIGURE 9. The early warning of algal cell density and Microcystis bloom by simulating the time lag between Fv/Fm (BC) and algal cell density. (A) Total phytoplankton, (B) Cyanobacteria, (C) Microcystis.



DISCUSSION

In present study, we developed a novel method to predict Microcystis bloom via physiological parameters of algae and provided a rapid and simple way of early warning for blooms. Compare to the common approaches (direct physicochemical measurements combined with regular monitoring) of bloom forecast (Trimbee and Prepas, 1987; Recknagel et al., 1997; Wong et al., 2007; Winder and Sommer, 2012; Ruiz-de la Torre et al., 2013; Gill et al., 2017), our method could save both time and labor by handling just one forecast factor through a single operation. Compare to the remote sensing approaches, the effective ways which widely used for short-term bloom forecast by using satellite and airborne measurements of spectral reflectance of water color (Wynne et al., 2013; Gill et al., 2017) even sometimes they were limited to the use of cloudless remote-sensing images and constrained by pixels, our method emphasized on chlorophyll fluorescent parameters (Fv/Fm) instead of monitoring Chl a concentrations. A similar method for bloom prediction has not been reported so far. Both abiotic environmental factors (O’neil et al., 2012; Paerl and Paul, 2012; Winder and Sommer, 2012; Ruiz-de la Torre et al., 2013) and biotic factors (Provasoli, 1958; González et al., 2000; Chattopadhayay et al., 2002) could affect the concentrations of Chl a and trigger cyanobacterial blooms. Unlike the effects of environmental factors on phytoplankton, the maximum quantum yield (Fv/Fm) indicates directly photosynthetic activity of phytoplankton (Schreiber et al., 1995b; Shi et al., 2016). Fv/Fm can drop significantly when algae in response to changing environmental conditions (Shen and Song, 2007; Shi et al., 2016). Therefore, Fv/Fm can be considered as a sensitive indicator that can reflect algae viability assessment (Genty et al., 1990; Oxborough and Baker, 1997; Boyd et al., 2000).

The GLMMs, trigonometric regression and ACF are the main analytical models used in our method for prediction of time lag responses in dynamics of phytoplankton. GLMMs model are a popular and widely used method for selecting driving factors in fisheries research (Venables and Dichmont, 2004) and plant litter decomposition (Veen et al., 2015), and seemed to successfully determine the dominant factors in our study. The trigonometric regression can effectively reflect and forecast the time series changes and seasonal trends of electricity demand (Harvey and Koopman, 1993; Zhou et al., 2006), but has not been applied before to algal bloom forecasting. Again, our results show that it can fit to the purpose of reconstructing seasonal patterns of cell density, Fv/Fm and ΔF/Fm′. The combination of results from the GLMMs and trigonometric regressions allowed in turn for the estimation of time lags between algal cell density and the fluorescence parameter using the ACF, and the random error was examined by Permutation test. Given light intensity play an important role in the dynamics of phytoplankton of Lake Erhai, the fluorescence parameters could capture the physiological characteristics of algae. The model created by fluorescence parameters had considerable predictive capacity of early bloom warning.

Our method should be applicable to algal bloom forecasting in other eutrophic lakes, but it might be not suitable for lakes where the diversity of phytoplankton is too high. Due to the complex pigment composition of chloroplast, each species of algae has its own excitation and emission wavelength, resulting in species-specific channel in different water environments through the fluorescence method (Schreiber, 2004). In the present study, cyanophyta was the clear dominant phylum and Microcystis the overwhelming dominant genus of cyanophyta. Thus, the blue channel value of Fv/Fm can reflect the PSII function of Microcystis and infer the possible cell density. The forecasting ability of a model for early warning of algal blooms depends also on the quantity of data and the frequency of sampling (Andersen and Bollerslev, 1998; Ghysels et al., 2006). Whether monthly or higher sampling frequencies (e.g., fortnightly, weekly, or daily) are most appropriate for early warning by time lag analysis deserves further research. At the same time, an in situ measurement might be more helpful for accurate prediction.

CONCLUSION

We have established a rapid, simple and convenient novel method to estimate the algal cell density in a plateau lake by measuring chlorophyll fluorescence Fv/Fm; a sensitive physiological parameter which directly reflects growth potentiality of algal and forecasts algal further growth rather than early warning of contamination. The traits of Fv/Fm make it more efficient for prediction of algal bloom than using physicochemical parameters. Our study implies that in addition to the parameters of chlorophyll fluorescence, other physiological parameters of algal might also can be applied to the prediction of algal bloom. These results suggest using critical thresholds between Fv/Fm value and bloom occurrence might give new insight into prediction of cyanobacteria blooms and provide a convenient and efficient way for establishment of early warning of cyanobacteria bloom in eutrophic aquatic ecosystems.
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The green algae, Chlamydomonas reinhardtii, is one of the model species used to study lipid production, although research has focused on nitrogen-deficient cultures, that inhibit the development of biomass by C. reinhardtii and limit lipid production. In this study, Azotobacter chroococcum was added to the algal culture to improve lipid accumulation and productivity of C. reinhardtii. The maximum lipid content and production of C. reinhardtii in the co-culture were 65.85% and 387.76 mg/L, respectively, which were 2.3 and 5.9 times the control's levels of 29.11% and 65.99 mg/L, respectively. The maximum lipid productivity of C. reinhardtii in the co-culture was 141.86 mg/(L·day), which was 19.4 times the control's levels of 7.33 mg/(L·day). These increases were attributed to the enhanced growth and biomass and the change in the activity of enzymes related to lipid regulation (ACCase, DGAT, and PDAT). Compared to the conventional strategy of nitrogen deprivation, A. chroococcum added to the culture of C. reinhardtii resulted in higher lipid accumulation and activity, greater efficiency in the conversion of proteins to lipids, higher biomass, and increased growth of C. reinhardtii. Therefore, using A. chroococcum to improve the growth and biomass of C. reinhardtii is an efficient, rapid, and economically viable strategy for enhancing lipid production in C. reinhardtii.

Keywords: Chlamydomonas reinhardtii, Azotobacter chroococcum, co-culture, lipid production, biomass

INTRODUCTION

The global supply of traditional fossil fuels is limited and the combustion of fossil fuels produces CO2 and other greenhouse gases that cause climate change (Hui et al., 2016). There is an urgent need for new types of renewable, clean energy resources. Biodiesel is a renewable and biodegradable fuel that is considered environmentally friendly because it is produced from unprocessed or recycled vegetable oils and animal fats through various chemical reactions (Ho et al., 2014). The–supply and price of raw materials are the key limiting factors of biodiesel applications; thus, cheap and renewable raw materials for biodiesel production are required for the large-scale utilization of biodiesel.

Through photosynthesis, algae can convert CO2 and water to O2 and macromolecular organic matter in the form of carbohydrates and lipids (Hu et al., 2008; Scott et al., 2010). Under certain stress conditions, such as high light intensity or nutrient deficiency, some algae can accumulate large amounts of lipids, such as triacylglycerides. Because of their fast growth, high lipid content, and optimized lipid composition, microalgae are ideal materials for biodiesel production (Hu et al., 2008; Wang et al., 2009; Siaut et al., 2011). Chlamydomonas reinhardtii (C. reinhardtii) is a unicellular green algae species, whose genome has been fully sequenced. It grows quickly, costs little to cultivate, and can produce lipids under nitrogen-deficient conditions; thus, it has been widely used for lipid production (Park et al., 2015). As with other microalgae, the growth of C. reinhardtii is repressed by nitrogen deficiency. Algal biomass and lipid accumulation showed a negative correlation with nitrogen deficiency (Park et al., 2013, 2015; Fan et al., 2014). This has resulted in lower lipid accumulation and productivity than its theoretical capacity. The ideal model involves increasing lipid accumulation using green algae by removing nitrogen from the medium without limiting the algal biomass. In order to improve the lipid accumulation by C. reinhardtii, we need to identify an effective way to increase the biomass of C. reinhardtii in the absence of nitrogen.

In natural environments, bacteria and algae share a complex ecological relationship. Some bacteria can promote the growth and biomass of algae by metabolic complementarity. Ietswaart et al. (1994) found that two obligate aerobic bacteria, Pseudomonas diminuta and P. vesicularis, could promote the growth of Scnedesmus obliquus and Chlorella sp. Bell et al. (1974) reported that Skeletonema costatum cultivated alongside Pseudomonas strain grew faster than in its absence and did not survive without Pseudomonas. Riquelm et al. (1988) suggested that the glycoprotein secreted by Pseudomonas promoted the growth of A. glacialis. Some marine microalgae and heterotrophic bacteria, when co-grown, can secrete extracellular enzymes or specific growth factors that promote each other's growth. These include Bacillus halmapalus and Alexandrium tamarense (Zheng et al., 2002). Azotobacter chroococcum (A. chroococcum) is a nitrogen-fixing aerobic bacteria species that can draw nitrogen from the air (Walker and Yater, 1978). It is widely used in the study of biochemical processes, electron transport, and iron storage (Krakow and Ochoa, 1963). Great progress has been made in understanding the biochemistry and genetics of hydrogen metabolism and nitrogen fixation by studying A. chroococcum. These studies determined the ability of A. chroococcum to stimulate plant growth through the production of plant growth substances and fixed nitrogen, and other factors (Rubenchik, 1963).

In this work, to increase the biomass and lipid accumulation of C. reinhardtii, we co-cultured C. reinhardtii cc849 with A. chroococcum under nitrogen-deficient conditions and investigated the underlying mechanism of the resulting increased lipid content. The lipid content and lipid productivity of C. reinhardtii, when mixed with A. chroococcum were monitored. The growth, biomass, cellular biochemical components and fatty acid of C. reinhardtii in the co-culture and pure algal culture were compared in this study. Finally, the transcription levels of the genes related to the lipid production of algae and its co-culture with A. chroococcum were analyzed. The special ecological relationship between green algae and bacteria was used to improve the biomass and lipid content of C. reinhardtii, which is a clean and sustainable way to produce biofuel. This research provides a novel and useful strategy to enhance the lipid accumulation and productivity of C. reinhardtii for treatment by the co-culture with bacteria.

MATERIALS AND METHODS

Algal and Bacterial Strains and Culture Conditions

Chlamydomonas reinhardtii cc849 was purchased from the Chlamy Center. It is a type of cell deficient strain. The algae grew in the Tris-acetate-phosphate (TAP) medium (pH = 7.0) under light conditions of 100 μE·m−2·s−1 at 25 ± 1°C (Harris, 2009). The cell density was determined by absorbance at 750 nm (OD750). Chlorophyll of C. reinhardtii was extracted with alcohol. Cells (1 mL) were extracted and centrifuged at 12,000 g for 1 min at room temperature and the supernatant was removed. Then, 1 mL of 95% alcohol was added to the tube and the pellet was resuspended and centrifuged at 12,000 g for 1 min at room temperature (Harris, 2009). The supernatant was extracted and absorbance was measured at 665 nm and 649 nm (Wu et al., 2011).

[image: image]

Azotobacter chroococcum No 1.0233 was purchased from China General Microbiological Culture Collection Center (CGMCC) and cultured in a nitrogen fixation medium (pH = 7.0) at 28 ± 1°C. The cell density is expressed as the absorbance at 600 nm (OD 600) (Winogradski, 1935). The cell density of A. chroococcum in the co-culture was obtained by OD600 of the mixture minus the OD600 of pure algal culture.
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Co-culture of Algae and Bacteria for Lipid Production

The algal cells in the culture flask were harvested by centrifugation at 4,500 g and 25°C for 5 min when they grew to saturation. The algal pellet was washed gently with the TAP-N medium three times to remove nitrogen thoroughly (Wan et al., 2013). The bacterial medium was also harvested by centrifugation at 5,000 g and 25°C for 5 min when it is grown to saturation then resuspended with the TAP-N medium three times. The bacterial pellet was resuspended with a suitable volume of the TAP-N medium so that OD600 = 1.0. Then, 10 mL of the resuspended bacterial sample was added to a 500 mL flask followed by the addition of 0.5 mg algae. Finally, the TAP-N medium was replenished in the flask. The sample in the flask was shaken gently so that bacteria and algae are mixed well. The flask was placed under 200 μE·m−2·s−1.

Samples were dried in an oven at 80°C for 24 h until the weight ceased to decrease (dry weight is designated as DW here). Ten microliter of the bacterial culture broth was mixed with 990 μl water and spreaded on a solid plate medium, then the number of colonies were counted after culturing in 28°C for 48 h. The cells number/mL of algae was obtain through the microscope observation. The linear relationship between cells number/mL and biomass of C. reinhardtii and A. chroococcum were determined. The cells number/mL of algae and bacteria in the co-culture could obtain by microscopy and plate medium coating, respectively. The biomass of bacteria and algae in the co-culture medium were obtained by the following equation:
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Observation of C. reinhardtii and A. chroococcum by Microscopy

In this experiment, 1 mL of the cells of the culture was stained with Nile Red (Sigma) by adding the dye to a final concentration of 1 mg/mL and running the reaction for 15 min. The bright-field images of C. reinhardtii cells grown in the TAP-N media were captured using a confocal laser scanning microscope (Nikon Eclipse 80i) equipped with a digital camera (Nikon DS-Ri1), respectively. Subsequently, the corresponding fluorescence images of the Nile Red signal were captured by the excitation line at 488 nm (Chen et al., 2009; Boyle et al., 2012).

Extraction and Detection of Lipid Content

Total lipids were extracted using a modified version of the protocol reported by Bligh and Dyer (1959). Here, 400 mL of algal cells were harvested by centrifuging at 7,500 g for 10 min and the sediment was washed with fresh TAP-N medium three times. Solid samples were placed in dry weighing bottles and dried in an oven at 80°C for 24 h until the weight ceased to decrease. Then, 0.2 g (weight is designated W0) of dry cells were transferred into the centrifugal tube. Subsequently, 5 mL mixture of chloroform and methyl alcohol at a volume ratio of 1:1 were added to the centrifugal tube. The cells in the centrifugal tube were shaken for 30 min, placed in a centrifuge tube, and centrifuged at 8,000 g for 10 min. All the steps were repeated until the supernatant was colorless. The supernatant was collected (weight is designated W1) and transferred, to a dry rotary evaporator, of known weight, and evaporated to dryness (weight was designated W2).

Biomass (mg) = DW;

Unit biomass (mg/L) = DW/0.5;

Lipid content = (W2 – W1)/ W0 × 100%;

Lipid production (mg/L) = W2;

Lipid productivity (mg/(L·day)) = W2/day.

Fatty Acid Analysis of Lipid of Algae and A. chroococcum

Fatty acids in algae were analyzed using a previously described method (Wang et al., 2013) with some modifications. First, 0.1 g dry sample was added to a 15 mL glass vial and then it was dissolved in a 2 mL methanolic HCl and 3 mL chloroform-methanol solution (volume ratio 1:1). Finally, 1 mL heptane containing 50 μg heptadecanoic acid methyl ester (C18H37-COOCH3) as the internal standard was added to the glass vial. The reaction proceeded at 85°C for 1 h, after which 1 mL hexane was added to the vial. The solution was left to stand for 1 h to obtain the supernatant, which was used for FAME analysis. Samples were detected by GC-MS (Thermo, Fisher, ISQ) equipped with a flame ionization detector (FID) and Agilent HP-5 GC Capillary Column (30 m × 0.25 mm × 0.25 μm). Nitrogen was used as a carrier gas. The injector temperature was set at 290°C with an injection volume of 2 μL under split mode (10:1). The detector temperature was set at 280°C. The individual FAMEs were identified by comparing their retention time with those of the authentic standards.

Determination of Protein Content and Carbohydrate Content

The protein content of C. reinhardtii was measured using the BCA method (Hu et al., 2008). Algal cells (5 mL) were harvested and centrifuged at 7,500 g for 10 min. The supernatant was discarded. Subsequently, 1 mL of 15 mM KH2PO4 (pH 4.5) and 2 mL of 20% NaOH were added to the tube and shaken for 30 s. The tube was put into boiling water for 10 min, and then centrifuged at 7,500 g for 10 min. The supernatant was collected and used to assay the protein content using Pierce BCA protein assay kit (Thermo). Bovine serum albumin was used as the standard sample to obtain a standard curve. Subsequently, the protein content was calculated from the absorbance measured using the microplate reader at 560 nm and the standard curve. Carbohydrate content of C. reinhardtii was detected by anthrone colorimetry (Dubois et al., 1956). First, 10 mg of algal powder was put into a tube and synchronously, 0.5 N H2SO4 was added. Then the tube was incubated in a bath at 80°C for 1 h. Finally, the reactant was centrifuged at 8,000 g for 5 min to collect the supernatant and the steps were repeated once. The supernatant was extracted and the absorbance was measured at 625 nm (Dubois et al., 1956).

RNA Extraction and Real-Time Quantitative PCR

Two milliliters of cells were collected from the samples on days 0, 1, 5, and 9 in the TAP-N medium and RNA was extracted using a QIAGEN Plant Mini Kit. The concentration and purity of the extracted RNA were measured using a UV spectrophotometer. Single stranded cDNA was synthesized from 2 μg of DNA-digested total RNA following the reverse transcription protocol provided by the manufacturer (Promega™). Transcriptional levels of genes related to lipid accumulation were detected using real-time quantitative PCR. Primers for quantitative real-time RT-PCR were designed using the Primer 5 software and are shown in Table 1. Real-time quantitative PCR was performed as stipulated by the manufacturer of the SYBR Green real-time PCR Master Mix Kit (TOYOBO™, Japan). The actin gene from C. reinhardtii was used as an internal control to normalize the differences between the loading amounts of the template (Makarova et al., 2007). Each PCR reaction contained 1 μL (8 ng) of cDNA, 10 μL of SYBR Green 2 × Master Mix, and 1 μL of each gene-specific primer pair (10 mM) to a final volume of 20 μL. PCR was performed as follows: 95°C for 10 min followed by 40 cycles at 95°C for 10 s, 60°C for 1 min, and 72°C for 30 s. PCR products were analyzed using the Dissociation Curves Software of ABI. The 2−ΔΔct method was used to calculate the fold changes of differentially expressed genes.


Table 1. Primers used for real-time quantitative PCR.
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Statistical Analysis

All experiments were repeated three times independently, and data were recorded as the mean with SD. Statistical analyses were conducted using SPSS 19.0. Spearman correlation coefficients were computed. The results with a P-value < 0.05 was considered statistically significant. “*” indicates a significant differences between the experimental and control groups.

RESULTS AND DISCUSSION

After A. chroococcum was added to the algal culture, the maximum lipid production of C. reinhardtii in the co-culture was 387.76 mg/L, which was 65.85% of the composition of the algal cell. The maximum lipid productivity of C. reinhardtii in the co-culture was 141.86 mg/(L·day), which was 19.4 times the control's value of 7.33 mg/(L·day). These were attributed to enhanced growth and biomass. Furthermore, compared with the controls, the activity of enzymes related to lipid regulation, ACCase, DGAT, and PDAT was changed.

Growth and Biomass of Algae Co-cultured With A. chroococcum

Lipid production was directly related to algal biomass; thus, the growth and biomass of algae and the algae co-cultured with A. chroococcum were detected under nitrogen deprived conditions. The initial OD750 value of both pure algae and the algae co-cultured with A. chroococcum was 1.42. After nitrogen deprivation, OD750 of pure algae gradually decreased and reached a minimum value of 0.91, while OD750 of algae co-cultured with A. chroococcum increased sharply, especially after day 3. It peaked at 3.75, which was 4.1 times the control value, on day 9 (Figure 1A). Consistent with the change in OD750, the initial chlorophyll content of both pure algae and algae co-cultured with A. chroococcum was 9.95 mg/mL. After nitrogen starvation chlorophyll content of pure algae decreased slightly and reached the minimum value of 4.85 mg/mL on day 9. Conversely, the chlorophyll content of algae co-cultured with A. chroococcum increased significantly after day 3. It peaked at 39.13 mg/mL, which was 8.1 times that of pure algae on day 9 (Figure 1B). A significant difference in the growth of algae co-cultured with A. chroococcum and pure algal culture was detected by t-test on days 3, 5, 7, and 9 (p < 0.05).
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FIGURE 1. OD750 (A) and chlorophyll content (B) of algae in the co-culture were measured on days 0, 1, 3, 5, 7, and 9 after incubation in a nitrogen-deprived medium. Pure algae culture was used as the control. Light intensity was 200 μE·m−2·s−1 and the volume ratio of bacteria (OD600 = 1.0) and (OD750 = 1.0) was 1:40. *significant difference between the experimental and control groups. The vertical bars indicate standard errors calculated from at least three independent experiments.



The growth of A. chroococcum co-cultured with algae in TAP-N was monitored and the results are shown in Figure 2. Pure algae cells in TAP and TAP-N media were used as controls. The results indicated that the initial OD600 value of both pure A. chroococcum and A. chroococcum co-cultured with algae was 0.006. The OD600 value of pure A. chroococcum in both media increased slightly from day 1 to day 9 and reached the maximum value of 0.15 and 0.07 on day 9, respectively. The OD600 value of A. chroococcum co-cultured with algae in both media increased significantly and reached the maximum value of 1.27 and 1.16 on day 9 and day 7, respectively. A significant difference between the growth of A. chroococcum co-cultured with algae and pure algae in the TAP and TAP-N media was detected by t-test on days 1, 3, 5, 7, and 9 (p < 0.05).
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FIGURE 2. The growth of A. chroococcum co-cultured with algae were measured in TAP and TAP-N media. Pure bacterial culture in both media was used as controls. Light intensity was 200 μE·m−2·s−1. The same condition as the algae in the co-culture produced lipids. The volume ratio of bacteria (OD600 = 1.0) and algae (OD750 = 1.0) was 1:40. *significant difference between the experimental and control groups. The vertical bars indicate standard errors calculated from at least three independent experiments.



The biomass of algae co-cultured with A. chroococcum was also monitored and the results are shown in Figure 3. Pure algae and bacteria were used as controls. Biomass of pure algae and pure bacteria was labeled by the dry weight (DW) of algal and bacterial cells. Biomass of algae co-cultured with A. chroococcum was calculated by reducing the weight of the pure bacteria cells (Figure 3). The results indicated that nitrogen deprivation caused a decline in the biomass of pure algae. However, the biomass of algae co-cultured with A. chroococcum increased (Figure 3). The total biomass of the pure algae decreased from 95.00 mg to the minimum value of 90.01 mg on day 9 (Figure 3). Total biomass of the algae mixed with A. chroococcum dramatically increased and reached the maximum value of 265 mg, 2.9 times the control. As with the change in total biomass, the initial unit biomass of pure algae and samples mixed with A. chroococcum was 211 mg. The unit biomass of pure algae decreased slightly to the minimum value of 200.00 mg on day 9, while the total biomass of algae mixed with A. chroococcum increased to the maximum value of 588 mg, also 2.9 times the control. A significant difference between the biomass of algae co-cultured with A. chroococcum and pure algal culture was observed by t-test on 3, 5, 7, and 9 days (p < 0.05). The number of bacteria added to the algal culture was mostly small. Total biomass and unit biomass of pure A. chroococcum slightly increased from the initial value of 0.006 mg and 0.015 mg/L to the maximum value of 0.010 mg and 0.025 mg/L, respectively (Figure 3).
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FIGURE 3. Unit biomass (mg/L) and total biomass (mg) of algae in the co-culture were measured on days 0, 1, 3, 5, 7, and 9 after incubation in a nitrogen-deprived medium. Pure algae culture was used as the controls. Unit biomass is shown with bars and total biomass is shown with dashed and solid lines, respectively. *significant difference between the experimental and control groups. The vertical bars indicate standard errors calculated from at least three independent experiments.



Nitrogen is essential to the growth of micro-algae; thus, the growth and biomass of micro-algae are commonly repressed (Fan et al., 2014). In this study, the growth and biomass of C. reinhardtii exhibited little inhibition after 3 days, while the growth and biomass of C. reinhardtii co-cultured with A. chroococcum increased sharply, this resulted in the nitrogen reservoir could sustain the cell growth for a few days. This suggests that the nitrogen reservoir could sustain cell growth for a few days; thus, there were no differences in the growth on the first 3 days of nitrogen deficiency (Fan et al., 2014). With the consumption of stored nitrogen, the growth and biomass of C. reinhardtii were repressed. Conversely, the growth and biomass of C. reinhardtii co-cultured with A. chroococcum increased significantly (Figures 1, 3). A. chroococcum is a type of nitrogen-fixing aerobic bacteria that can draw nitrogen from the air (Walker and Yater, 1978); therefore, the nitrogen in the medium is not needed. In our research, the growth of pure A. chroococcum both in TAP and TAP-N media was similar, while the growth of A. chroococcum increased after it was co-cultured with algae in both media (Figure 2). This result indicated that nitrogen is not a limiting factor for the growth of A. chroococcum. Algae and bacteria exhibit mutually beneficial complex symbiotic relationships. Bacteria release a lot of extracellular metabolites, such as amino acids, enzymes, vitamins, carbohydrates, and lipids into the surrounding environment, which promote the growth of algae. Algal and bacterial growth is also promoted through metabolic regulations and materials exchange. The growth of S. obliquus and Chlorella increased by their exposure to P. diminuta and P. vesicularis (Ietswaart et al., 1994); the growth of Pseudomonas cultivated alongside Skeletonema costatum was more pronounced than that of Pseudomonas cultivated alone (Bell et al., 1974); Pseudomonas could secrete glycoprotein to A. glacialis, which led to their further growth (Riquelm et al., 1988). In our previous work, Bradyrhizobium japonicum improved the biomass and hydrogen production of C. reinhardtii (Wu et al., 2012; Xu et al., 2016). Similarly, microalgae were always observed near the surface of one type of nitrogen-fixing bacteria by Gyurjan et al. (1984); during the process, algae and bacteria underwent exosymbiotic action by complementary metabolism. In our research, A. chroococcum gathered around C. reinhardtii and formed a specific “algae-bacteria aggregate” observable under a microscope (Figure S1). In this composite system, algae and bacteria could enhance the growth and biomass of each other through materials exchange; algae supplied carbohydrates and O2 by photosynthesis, while A. chroococcum could supply nitrogen and CO2 to algae by nitrogen fixation (Gyurjan et al., 1984) (Figure 4).
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FIGURE 4. Schematic illustration of the co-cultivation of the algae-bacterial system to improve biomass of and lipid production by algae. In this co-system, algae and bacteria could enhance the growth and biomass of each other through material exchange; algae supply carbohydrates and O2 by photosynthesis meanwhile A. chroococcum supply the nitrogen source and CO2 to algae by nitrogen fixation.



Total Lipid Content, Lipid Production, and Lipid Productivity of Algae Co-cultured With A. chroococcum

To analyze the effect of A. chroococcum on lipid production of C. reinhardtii in the nitrogen-deficient medium, the algal cells were pre-cultured to saturation and transferred into the nitrogen-deficient medium containing A. chroococcum (OD600 = 1.0). The pure algal culture served as the control. Samples were extracted at specific points in time to assess the lipid content, lipid production, and lipid productivity. Nitrogen starvation enhances lipid accumulation in microalgae. Consistent with the findings of previous studies, lipid content, lipid production, and lipid productivity of pure algae increased gradually after nitrogen starvation, and those of algae co-cultured with A. chroococcum increased profoundly (Figure 5). The lipid content of A. chroococcum was not monitored. The maximum lipid content of algae co-cultured with A. chroococcum increased from the initial 28.00% to a maximum of 65.85% on day 9, which was 2.3 times that of the pure algae, 29.11% (Figure 5A). Correspondingly, the maximum lipid production and productivity of algae co-cultured with A. chroococcum were 387.76 mg/L and 141.86 mg/(L·day), which were 5.9 and 19.4 times the control values, (65.99 mg/(L·day) and 7.33 mg/L, respectively) on day 9 (Figure 5B). A significant difference between lipid production of algae co-cultured with A. chroococcum and pure algal culture was observed by the t-test on days 3, 5, 7, and 9 (p < 0.05). Additionally, algal cells were examined by fluorescent microscopy after staining with the lipid fluorophore Nile Red (Chen et al., 2009). As indicated by Nile Red fluorescence, lipid granules of algae in the co-culture and the lipid body were larger and more numerous than those of pure algae in the nitrogen-rich medium on days 1, 3, 5, 7 and 9 (Figure S2).
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FIGURE 5. (A) Lipid content (B) lipid production and lipid productivity of algae in the co-culture were measured on days 0, 1, 3, 5, 7, and 9 after incubation in a nitrogen-deprived medium. Pure algae culture was used as the controls. Lipid content and lipid production are shown with bars and lipid productivity of algae in the co-culture are shown with solid and dashed lines, respectively. *significant difference between the experimental and control groups. The vertical bars indicate standard errors calculated from at least three independent experiments.



C. reinhardtii can accumulate lipid even in the absence of certain nutrients, such as nitrogen (Hu et al., 2008; Yeesang and Cheirsilp, 2011; Fan et al., 2014; Park et al., 2015). Therefore, in this study, samples were transferred to a nitrogen-deficient medium when cultured to saturation to induce the lipid accumulation. However, nutrient limitation stimulates lipid accumulation but does so at the expense of growth (Rodolfi et al., 2009; Li et al., 2011). Biomass productivity and lipid content are inversely correlated (Hu et al., 2008; Rodolfi et al., 2009). Similarly, in our study, the biomass of pure C. reinhardtii was lower in the nitrogen-deficient medium, but it increased significantly after it was co-cultured with A. chroococcum (Figure 3). Consistent with the increased growth and biomass of C. reinhardtii, the lipid content, lipid production, and lipid productivity of C. reinhardtii in the co-cultures also increased. The increased growth and biomass of C. reinhardtii co-cultured with A. chroococcum causes the increased lipid content, lipid production, and lipid productivity of C. reinhardtii in the co-culture. Because of the number of bacteria added to the algal culture was mostly small, total biomass of pure bacteria slightly increased from the initial value of 0.006 mg to the maximum value of 0.010 mg (Figure 3), the lipid content of A. chroococcum was not monitored.

Fatty Acid Analysis of Algae and A. chroococcum

To evaluate the quality and suppliers of lipids from the mixture, the fatty acid profile of lipids in the mixture was analyzed. Pure algae and pure bacteria were used as controls. The FAME composition of algae co-cultured with bacteria and the controls (pure algae and pure bacteria) were determined by GC-MS (Table 2). The fatty acid carbon chain composition of the samples ranged from C8 to C20. The saturated fatty acid in algae, bacteria, and the mixture were C16:0, C18:0, and C19:0. The contents of C16:0 in algae and the mixture were 12.79 and 12.89%, respectively, while C16:0 of bacteria was only 8.15%. The most abundant fatty acid in bacteria was C18:0 and its content was 47.16%, which was 2.39 and 21.05 times its content in algae and bacteria. The contents of C19:0 in algae and the mixture were similar, 3.67% and 4.57%, respectively. The C19:0 content in bacteria was higher than that of them, with a value of 10.97%. The unsaturated fatty acid in algae, bacteria, and the mixture were polyunsaturated fatty acids, mainly C18:2, C18:3. The C18:2 content in algae, bacteria, and the mixture was very low, only the polyunsaturated fatty acids C18:2 in algae and the mixture could be monitored; their values were 2.24% and 1.28%, the polyunsaturated fatty acids C18:2 were not detected in bacteria. Interestingly, C18:3 of algae was 49.53%, which was almost half the ratio of total fatty acids. Inversely, there was almost no C18:3 in bacteria (0.01%) and the amount of the C18:3 of the mixture was 17.43%.


Table 2. Fatty acid analysis of algae co-cultured with bacteria, pure algae, and pure bacteria.
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The results of the fatty acid analysis indicated that the composition and content of fatty acids in algae, bacteria, and the mixture were different. The highest contents of fatty acids in the three types of samples were C18:3, C16:1, and C18:0, respectively. In our study, the minimum and maximum values of bacterial biomass in the co-culture were 0.002 mg and 0.010 mg (Figure 3); therefore, the proportion of bacteria in the mixture was low and the lipid yield in the mixture was mainly supported from C. reinhardtii. Nonetheless, the contents of C19:0 in the mixture was 4.57%. As we all know, algae do not produce any odd number fatty aicds in general, therefore, all the odd number fatty aicds in mixture may supported by the biomass of bacteria. The change in the fatty acid content of the mixture is not caused by the contribution of fatty acids in bacteria but by metabolic regulations and materials exchange between algae and bacteria (Gyurjan et al., 1984) (Figure 4 and Figure S1).

Effect of A. chroococcum on Cellular Biochemical Components of C. reinhardtii Under Nitrogen-Deprived Conditions

The components of algal cells were analyzed after nitrogen depletion and the results are shown in Figure 6. Total cellular composition analysis indicated that the pure algal cells consisted of 15% lipids, 11% carbohydrate, and 59% protein in the TAP medium on day 0 (Figure 6A). Nitrogen depletion caused the lipid content of pure C. reinhardtii to increase from 15 to 24% (Figure 6B), while the lipid content of C. reinhardtii in the co-culture increased significantly, peaking at 57% on day 9 (Figure 6C), which was 2.2 times that of pure C. reinhardtii. Inversely, the protein content of pure C. reinhardtii decreased from an initial value of 59% to 40% (Figure 6B), and the protein content of C. reinhardtii in the co-culture decreased to 13% on day 9, a change of 4.5 folds (Figure 6C). The carbohydrate content in pure C. reinhardtii increased from the initial value of 11–22% (Figure 6B)and the lipid content of C. reinhardtii in the co-culture increased to 25% (Figure 6C), which was 1.1 times that in pure C. reinhardtii. In summary, the lipid and carbohydrate content of pure algae and algae in the co-culture gradually increased while the protein content decreased after the onset of nitrogen deficiency; thus, it is likely that nitrogen deficiency causes the protein in algae to transform into lipid or carbohydrates. After the addition of A. chroococcum, the lipid and carbohydrate content in algae became much higher than in pure algae, while the protein content was lower than that of in pure algae. These changes were pronounced on day 9. This indicated that A. chroococcum facilitated the transformation of proteins in algae to lipids or carbohydrates. Nitrogen deficiency can cause significant increase in the lipid content of microalgae and a drop in protein content. Ho et al. (2014) found that nitrogen deficiency could dramatically increase the lipid content in algae but has little effect on carbohydrate accumulation, similar to our results. Yen et al. (2013) and Siaut et al. (2011) also found that C. reinhardtii could transform protein or peptides to lipids or carbohydrates.
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FIGURE 6. Biochemical composition of pure algae in (A) TAP medium before incubation in the nitrogen-deprived medium; (B) pure algae; and (C) algae in the co-culture after 9 d of incubation in the TAP-N medium. Pure algae in the TAP medium and pure algae incubated for 9 d in the TAP-N medium were used as controls. Light intensity was 200 μE·m−2·s−1 and the volume ratio of bacteria (OD600 = 1.0) and (OD750 = 1.0) was 1:40. All the data are the means of three independent experiments with triplicates performed for each experiment.



Expression of Lipid Biosynthesis Genes in C. reinhardtii Co-cultured With A. chroococcum Under Nitrogen-Deprived Conditions

To explore the reasons for the increased lipid production by C. reinhardtii upon addition of A. chroococcum, we compared the transcription levels of key genes that dominate the lipid metabolism on day 0 (in TAP medium), day 1 (starting point), day 5 (exponential growth phase), and day 9 (stationary phase) (Figure 7). The results were assessed using Spearman correlation analysis (using SPSS 19.0) to determine the quantitative relationship between the expression level of these genes and lipid content under nutrient-deficient conditions. The results provide an overall perspective for the mechanisms of improved lipid accumulation in response to nutrient stress. The actin gene from C. reinhardtii was used as an internal control and three biological repetitions were completed; the average CT value of actin was 20.3.
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FIGURE 7. Expression levels of lipid synthesis genes of C. reinhardtii in the co-culture on day 0 (in TAP medium), 1 (the initial stage of lipid production), 5 (logarithmic growth period of lipid production), and 9 (the stable growth period of lipid production) in the TAP-N medium. Examined genes included those encoding diacylglycerol: acetal-CoA carboxylase (ACCase); acyl-CoA aceyltransferases type 1 (DGAT1); and type 2 (DGTT1, DGTT2, DGTT3, and DGTT4); phosphoenolpyruvate carboxylase (PEPC); Phospholipid: diacylglycerol acyitransferase (PDAT). Algae cells were used as controls. The vertical bars indicate standard errors calculated from at least three independent experiments.



Acetyl-CoA carboxylase (ACCase) is a key rate-limiting enzyme that catalyzes the first step in the synthesis of fatty acids and plays an important role in fatty-acid biosynthetic synthesis and catabolism (Cronan and Waldrop, 2002). The levels of expression of the ACC gene in C. reinhardtii in the co-culture and in the control were analyzed. The results indicated that levels of expression of both C. reinhardtii in the co-culture and pure C. reinhardtii increased with the increased lipid production and the expression of ACC in C. reinhardtii in the co-culture was higher than that of the control. A significant difference between the levels of expression of the ACC gene in algae co-cultured with A. chroococcum and in pure algal culture was observed by the t-test on days 5 and 9 (p < 0.05). Adding A. chroococcum into the algal culture led to a significant increase in the nitrogen deprived medium relative to the control values and the peak level of expression of C. reinhardtii in the co-culture was 1.5 times control levels. The lipid content, lipid production, and lipid productivity peaked on day 9 (Figure 5). Carbon from fatty acids is made available from the pool of acetyl-Coenzyme A (CoA) present in the plastid and acts as a precursor for the fatty acid synthesis pathway. An ACCase can catalyze the first reaction of the fatty acid biosynthetic pathway and transform acetyl CoA and CO2 into malonyl CoA (Hu et al., 2008). The pattern of ACCase in fatty acid biosynthesis has been thoroughly investigated and it has been proposed that increased ACCase activity is an effective method of stimulating the accumulation of lipids in Chlorella (Hsieh and Wu, 2009). Another study showed that lipid accumulation increased with the increased ACCase activity of Chlorella sorokiniana (Wan et al., 2011). Similarly, Fan et al. (Fan et al., 2014) reported that the ACCase activity of Chlorella pyrenoidosa exhibited a large increase when it was subjected to nitrogen starvation. The role of the ACCase gene expression in Crypthecodinium cohnii was studied by Liu et al. and the results indicated that the growth and lipid accumulation were higher in a C. cohnii mutant with high ACCase activity (Liu et al., 2017). In our study, the levels of expression in both C. reinhardtii in the co-culture and pure C. reinhardtii were higher than those in pure C. reinhardtii cultured in a nutrient-rich medium. The levels of expression in C. reinhardtii co-cultured with A. chroococcum were higher than those in the controls. Our results were consistent with those of previous studies.

Diacylglycerol acyltransferase (DGAT) catalyzes the biosynthesis of triacylglycerol (TAG) by the reaction of diacylglycerol with acyl-CoA, and it is the only catalyzing enzyme in the Kennedy pathway that participates solely in the biosynthesis of TAG. The enzyme is an important regulator of lipid biosynthesis, involved in lipid metabolism and lipid deposition. There are two isoforms of DGAT, of which DGAT1 acts extensively on the metabolism of triglycerides and DGAT2 on the accumulation of TAG under nitrogen-limited conditions. In C. reinhardtii, the DGAT2 are encoded by five genes in C. reinhardtii, DATT1, DATT2, DATT3, DATT4, DATT5 (Sugimoto et al., 1989; Miller et al., 2010). The levels of expression of each gene of C. reinhardtii in the co-culture and pure algae were assessed under nitrogen deficient conditions. The results showed large differences between the sample in the co-culture and the control. The results of the real-time quantitative PCR indicated that the level of expression of DGAT1 in C. reinhardtii in the co-culture and pure algae decreased during day 1, then increased through day 5. Addition of A. chroococcum led to an increase of the expression level of DGAT1 on day 9. The expression level of DGTT1 increased dramatically on day 1, then gradually decreased from day 1 through day 9 and reached a minimum on day 9. The levels of expression levels of DGTT2 and DGTT4 in C. reinhardtii in the co-culture and pure algae decreased from day 1 to day 9 and reached a minimum on day 9, while those of C. reinhardtii in the co-culture were higher than those of the control, (1.5 and 1.3 times the control levels, respectively) on day 1. Inversely, the levels of expression of DGTT3 and DGTT5 in both co-cultured C. reinhardtii increased from day 1 to day 9, peaking on day 9. The levels of expression of all six DGAT genes in C. reinhardtii in the co-culture were higher than those of the controls. It is likely that adding A. chroococcum led to an increase in the level of expression of DGAT genes. A significant difference between the levels of expression of the DGAT1 gene in algae co-cultured with A. chroococcum and pure algal culture was observed by t-test on days 1 and 9 (p < 0.05); the levels of expression of the DGTT1, DGTT2, and DGTT5 genes showed significant differences on days 1, 5, and 9 (p < 0.05); the levels of expression of the DGTT3 gene showed significant difference on days 5 and 9 (p < 0.05); and the levels of expression of the DGTT4 gene showed significant difference on days 1 and 5 (p < 0.05). Miller et al. (2010) investigated the transcriptomic analysis of photoheterotrophic C. reinhardtii under nitrogen-deprived conditions. In their research, DGTT1 showed a significant increase and the expression of other DGAT genes changed little or not at all. In a study by Msanne et al. (Msanne et al., 2012), DGTT1 and DGTT3 displayed a large increase as a response to nitrogen starvation. Unlike in the current work, DGTT4 was also expressed at a high level. Adding A. chroococcum to the algal culture resulted in a large increase in the expression levels of DGAT1, DATT1, DATT2, DATT3, DATT4, and DATT5, which suggests that the increased expression level of DGAT genes may contribute to lipid synthesis of C. reinhardtii co-cultured with A. chroococcum subjected to nitrogen starvation. This is another important reason for the increased lipid accumulation of C. reinhardtii after addition of A. chroococcum to the culture.

The enzyme phosphoenolpyruvate carboxylase (PEPC) is involved in the regulation of photosynthesis and photorespiration. It is also involved in the replenishment of amino acid metabolism. It catalyzes the formation of oxaloacetate into pyruvate and then enters the protein metabolism pathway. As shown in the results of PEPC2 gene expression, we also detected gene encoding in C. reinhardtii, PEPC2. In our work, the levels of expression of PEPC2 were determined under nutrient-deficient conditions. The results showed that the level of expression of C. reinhardtii co-cultured with A. chroococcum and pure algae decreased from day 1 to day 9 under nutrient-deficient conditions. The levels of the genes expression of C. reinhardtii co-cultured with A. chroococcum declined much faster than those of the pure algae. The levels of expression of the PEPC gene showed significant differences on days 1, 5, and 9 (p < 0.05). This demonstrated that nitrogen depletion leads to the inhibition of the expression of PEPC2. After the addition of A. chroococcum, the expression of PEPC2 was more severely inhibited. In theory, when PEPC expression is inhibited, more pyruvate will become acetyl-CoA through a process catalyzed by pyruvate dehydrogenase, which facilitates lipid synthesis. Nitrogen as a signal molecule can be induced and regulated by the expression of genes. PEPC gene expression, protein content and PEPC gene activity were highly positive (Sugimoto et al., 1989; Chen et al., 1998). Therefore, PEPC plays a negative regulatory role in lipid production. Blocking the PEPC gene can increase lipid accumulation in many species (Sugimoto et al., 1989; Chen et al., 1998). Lipid content increases dramatically with decreased expression of the PEPC2 gene in C. reinhardtii under nitrogen-deficient conditions (Deng et al., 2011). This is consistent with our results.

Phospholipid diacylglycerol acyltransferase (PDAT) is an acyl-CoA independent enzyme that transfers the acyl group from the sn-2 position of a phospholipid to the sn-3 position of a diacylglycerol (Boyle et al., 2012). Boyle et al. (2012) reported lipid accumulation by a C. reinhardtii mutant lacking the PDAT1 gene at 25% of wild algae, indicating that PDAT1 plays an important role in the lipid synthesis of C. reinhardtii. In our research, the levels of expression of both C. reinhardtii in the co-culture and pure C. reinhardtii increased with the increased lipid production. The expression levels of C. reinhardtii in the co-culture were higher than those of the control; i.e., adding A. chroococcum to the algal culture led to a significant increase in the expression level of the PDAT1 gene in the depletion of the nitrogen medium. The levels of expression of the PDAT1 gene showed significant differences on days 1, 5 and 9 (p < 0.05). Especially, the lowest level of expression of the PDAT1 gene in C. reinhardtii in the co-culture was 1.5 times the control levels on day 9, which is when the lipid content, lipid production, and lipid productivity were the greatest (Figure 3).

CONCLUSIONS

In this study, we co-cultured C. reinhardtii with A. chroococcum to enhance lipid accumulation of C. reinhardtii by increasing the growth and biomass of C. reinhardtii under nitrogen-deprived conditions. After the addition of A. chroococcum, the growth and biomass of C. reinhardtii increased, as well as lipid accumulation, lipid content, and lipid productivity. In summary, A. chroococcum improved the lipid accumulation and the activity of C. reinhardtii by enhancing the growth, biomass, and levels of expression of genes that positively regulate lipid metabolism and by decreasing the expression levels of genes that negatively regulate lipid metabolism. This study provides an effective method for increasing the lipid production of C. reinhardtii by increasing its biomass and through its ecological relationship with A. chroococcum.
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To verify the function of malic enzyme (ME1), the ME1 gene was endogenously overexpressed in Phaeodactylum tricornutum. Overexpression of ME1 increased neutral and total lipid content and significantly increased saturated fatty acids (SFAs) and polyunsaturated fatty acids (PUFAs) in transformants, which varied between 23.19 and 25.32% in SFAs and between 49.02 and 54.04% in PUFAs, respectively. Additionally, increased ME1 activity was accompanied by elevated NADPH content in all three transformants, indicating that increased ME1 activity produced additional NADPH comparing with that of WT. These results indicated that ME1 activity is NADP-dependent and plays an important role in the NADPH levels required for lipid synthesis and fatty acid desaturation in P. tricornutum. Furthermore, our findings suggested that overexpression of endogenous ME1 represents a valid method for boosting neutral-lipid yield in diatom.
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INTRODUCTION

Malic enzyme (ME) is widespread in all kinds of organisms and catalyzes the reversible oxidative decarboxylation of malate to pyruvate, CO2, and NAD(P)H in the presence of a divalent metal ion (Drincovich et al., 2001). Malic enzymes are divided into three categories on the basis of the substrate specificity and coenzyme preference: NAD+(EC 1.1.1.38-39), NADP+-dependent (EC1.1.1.40), or dependent upon both cofactors. These enzymes localize to the cytoplasm, mitochondria or chloroplasts in eukaryotes (Tang et al., 2010); however, little is known about the molecular basis for cofactor selectivity of these enzymes (Chang and Tong, 2003).

In spite of decades of research, the physiological function of ME remains poorly understood, and its role might vary from organism to organism (Kendrick and Ratledge, 1992). ME plays a crucial part in the provision of NADPH to promote desaturation and elongation reactions leading to the formation of polyunsaturated fatty acids (PUFAs) in some oleaginous organisms (Kendrick and Ratledge, 1992; Ren et al., 2013; Ratledge, 2014; Lv et al., 2016). Previous studies also reported novel physiological functions associated with this enzyme, including renovating UV-induced damage in maize seedlings (Drincovich et al., 1998; Casati et al., 1998), affecting the development of chloroplasts by generating excessive reducing power in transgenic C3 plants (Takeuchi et al., 2000), lengthening the lifespan of Drosophila during the larval stage (Kim et al., 2015), keeping stable levels of TCA-cycle intermediates in the bacterium Sinorhizobium meliloti (Zhang et al., 2016), and acting as a potential target of cancer chemotherapy (Chang and Tong, 2003) and as an anaplerotic enzyme in Saccharomyces cerevisiae (Zelle et al., 2011) and Streptomyces coelicolor (Rodriguez et al., 2012).

Few studies have centered on the role of MEs in lipid accumulation, with those undertaken focusing mainly in plants and mammals; however, little is known about the role of these enzymes in microalgae. An NADP-dependent ME was proposed for diatoms, with possible function as a decarboxylase of releasing CO2 in chloroplasts of diatoms, similar to that in C4 plants (Granum et al., 2005). The gene encoding ME in Dunaliella parva was cloned and characterized, but further research on the function of this gene was not conducted (Shang et al., 2012). Kroth et al. (2008) reported that Phaeodactylum tricornutum appears to contain two mitochondrial ME that are either NAD- or NADP-dependent. One of the ME-encoding genes was overexpressed endogenously in P. tricornutum (PtME), revealing its predominant localization to the mitochondria, as well as its significant impact on promoting lipid accumulation; however no further studies were performed on the role of ME in increasing lipid content (Xue et al., 2015).

The marine diatom P. tricornutum represents a potential producer of biodiesel because of its rapid growth, lipid-accumulation capability, and the availability of genetic tools (Zaslavskaia et al., 2000). Therefore, it is possible to genetically manipulate the key genes involved in fatty acid synthesis in this alga to enhance characters to gain both high lipid and high biomass levels necessary for industrial production.

To verify ME function, the ME1 gene from P. tricornutum (different from that studied by Xue et al., 2015), which possesses a mitochondria presequence and might have a dinucleotide-binding site given for NADP (Kroth et al., 2008), was overexpressed in Escherichia coli (Lv et al., 2016) and in P. tricornutum (this study). The results of this study, as well as those previously published (Lv et al., 2016), indicated that ME1 from P. tricornutum is NADP-dependent and can supply enough NADPH for both fatty acid biosynthesis and desaturation in E. coli (Lv et al., 2016) and P. tricornutum (this study).

MATERIALS AND METHODS

Strains and the Growth Conditions

Wild-type (WT) P. tricornutum Bohlin (LAMB118), provided by Institute of Hydrobiology, Chinese Academy of Sciences, and zeocin-resistant colonies (named as PtME1-1, PtME1-2, and PtME1-3) were cultured in f/2 medium (Guillard, 1975) prepared with sterile seawater at 20 ± 1°C and under 37.50 μmol photons m-2 s-1, following a 12:12 photoperiod. Three cultures for every transformant and the WT strain (300-mL each) were cultivated axenically to monitor their growth. To set up growth curves, the optical density (OD) was measured at 750 nm every 2 days using a UV-3310 spectrophotometer (Hitachi, Tokyo, Japan) (Griffiths et al., 2011).

Construction of the Plasmid Containing the ME1 Gene and Particle Bombardment Transformation

The ME1 gene was amplified by polymerase chain reaction (PCR) using cDNA from P. tricornutum (GenBank accession: XP_002177890.1) as the template and the primers PtME1-F (GGGGTACCATGATATCATCGGCGTGTCG) and PtME1-R (GCTCTAGACTAGTGGTGGTGGTGGTGGTGGATTGATATTTCTCGTTTTTCC). To generate the pPha-T1-ME1 recombinant plasmid, the amplified gene was inserted into the pPha-T1 (Zaslavskaia et al., 2000) plasmid using an fcpA promoter driving the ME1 gene, and the resistant strains were selected with ZeocinTM (Invitrogen, Carlsbad, CA, United States).

The recombinant plasmid (pPha-T1-ME1) was introduced into P. tricornutum by a Bio-Rad Biolistic PDS-1000/He particle-delivery system (Bio-Rad, Hercules, CA, United States), according to the methods described by Zaslavskaia et al. (2000) and Zhu et al. (2016). It should be pointed out that seawater f/2 medium was used for culturing in this study.

Genomic DNA Extraction and Molecular Identification

Total genomic DNA was isolated in the light of the method described by Watanabe et al. (1998). Transformants were screened by PCR using the gene-specific Sh-ble and PtME1-ble primers (Table 1), respectively. To prepare a digoxigenin-labeled probe for Southern blot analysis (Falciatore et al., 1999), the ble fragment was used as the template and genomic DNA was digested with EcoR I and KpnI, respectively. For western blot (Poulsen and Kröger, 2005), an anti-His-tag antibody (Bioss, Woburn, MA, United States) was used to detect the ME1 protein, and actin was served as the internal control. Cells were harvested by centrifugation at late exponential stage for assays.

TABLE 1. Primers used in this study.

[image: image]

RNA Extraction and Quantitative Real-Time (qPCR)

RNA extraction and qPCR were performed as previously described (Zhu et al., 2016) using primers shown in Table 1. The histone H4 gene was served as the internal reference (Siaut et al., 2007). The 2-ΔΔCt method (Livak and Schmittgen, 2001) was used to analyze the ME1 expression and calculate relative ME1-transcript abundance.

Analytical Methods for Measuring Total and Neutral-Lipid Contents

Total lipids were extracted according to the method as described previously (Zhu et al., 2016). To detect cellular neutral-lipid content in P. tricornutum, BODIPY505/515 (Invitrogen) staining was carried out according to the protocol described by Cooper et al. (2010). Algal cells (106 cells/mL) were first treated with 2% dimethyl sulfoxide (DMSO) for 10 min at room temperature. A stock solution of 100 μg/mL BODIPY505/515 was prepared using anhydrous DMSO and added directly to algal solution to obtain a final BODIPY 505/515-labeling concentration of 0.87 μg/mL, followed by incubation in darkness for 10 min at room temperature. Stained cells were detected by their fluorescence intensity with flow cytometry (BD FACSVantage SE; BD Biosciences, Franklin Lakes, NJ, United States). Excitation and emission wavelengths were 485 nm and 535 nm, respectively. Quantitative comparison of neutral-lipid content between samples was obtained according to relative fluorescence-intensity values.

Determination of Fatty Acid Composition

Fatty acid methyl esters were analyzed using gas chromatography (Agilent 6890 Series GC System; US10251016; Agilent, Santa Clara, CA, United States) as previously described (Zhu et al., 2014) after transmethylation according to a method described by Lepage and Roy (1984). Mixed external standards of fatty acids (Supelco 37, United States) were used to detect and determine the Fatty acid composition.

Measurement of ME Enzyme Activity

Malic enzyme activity in P. tricornutum was measured using an NADPH-ME kit (Solarbio, Beijing, China) according to manufacturer instructions. The optimum reaction system was prepared as followed: 50 mM, pH 7.5 Tris–HCl, 1 mM MgCl2, 0.5 mM NADP+, 10 mM L-malate. Soluble protein concentration was quantified using a Bradford assay kit (Genmed Scientifics, Shanghai, China). ME activity was determined by monitoring the change in absorbance at 1-min intervals continuously at 340 nm using a UV-3310 spectrophotometer (Hitachi). One unit of ME activity was defined as 1 μM NADPH generated by 1 mg protein per minute in the reaction system:

[image: image]

where A1 is the initial absorbance, A2 is the absorbance after the reaction, 6.22 represents the extinction coefficient per mM NADPH, t is the reaction time (1 min), l is the path length of the cuvette (1 cm), V1 is the total reaction volume (900 μL), V2 is the volume of ME solution (30 μL), and C is the concentration of protein (mg/mL).

NADPH-Content Analysis

NADPH content in P. tricornutum was analyzed with the Amplite Fluorimetric NADP/NADPH ratio assay kit (AAT Bioquest, Sunnyvale, CA, United States) according to manufacturer instructions. After lysis and ultrasonication extraction, microalgal samples were centrifuged at 8000 × g for 10 min at 4°C, and the supernatant was prepared for testing. Traditional NADPH assays are performed by monitoring the changes in NADPH absorption at 340 nm using a Synergy microplate reader (BioTek, Winooski, VT, United States). The excitation and emission wavelengths used were 540 nm and 590 nm, respectively. The concentration of NADPH was determined from the standard curve of NADPH.

Statistical Analysis

One-way analysis of variance was used at a level of significance of P < 0.05 to calculate significant differences between treatments using SPSS 17.0 software (IBM, Armonk, NY, United States), and all data are reported as the mean ± standard deviation (three replicates were used, n = 3).

RESULTS AND DISCUSSION

Effect of the Transgene on P. tricornutum Growth

Similar growth curves were shown in Figure 1 for both the WT strain and transformants although all the resistant strains showed a slightly increased growth rate and did not differ significantly from that of the WT strain, which suggested that the transgene exerted a temperate influence on the growth of the transformants. In contrast to this study, Jiang et al. (2013) reported that depletion of ME1 or ME2 strongly impaired tumor-cell growth, and overexpression of these genes enhanced tumor-cell growth. By contrast, growth reductions in transgenic strains were reported by other studies (Li et al., 2010; Radakovits et al., 2011). Therefore, further research is needed to understand the underlying mechanism.
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FIGURE 1. Growth curves of transgenic clones and the WT strain. Values represent averages of three replicates (n = 3).



Transgene Detection via Molecular Approaches

Resistant clones were first selected by growth on f/2 solid medium (1% agar) with 100 μg/mL Zeocin. Further screening was conducted by PCR using the gene-specific Sh-ble and ME1-ble primers (Table 1). As shown in Figures 2A,B, all resistant clones presented the expected fragment sizes, but no DNA band was seen in the WT strain. To further verify gene integration, Southern blot analysis was performed in all three resistant strains and the WT strain. As shown in Figure 2C, all three resistant strains showed two or more hybridized bands detected with the ble probe digested using different restriction enzymes, indicating that exogenous sh-ble and endogenous ME1 had been integrated into the P. tricornutum genome, and that these clones were undoubted transformants. To detect target protein levels translated from the introduced ME1 gene in all the resistant strains, western blot was conducted with an anti-His-tag antibody. A cross-reacting band, the same size as expected, was shown in all the resistant strains, whereas this was not observed in the WT strain (Figure 2D).
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FIGURE 2. Molecular analysis of resistant clones. (A) PCR of the resistant gene Sh-ble in selected clones and the WT strain. M: DNA-size marker. (B) PCR performed using primers designed from tandem ME1 and ble sequences in the recombinant plasmid pPha-T1-ME1. The reference band is 1126 bp. M: DNA-size marker. (C) Southern blot analysis of EcoR I-digested products (lane 1: positive control represents the plasmid, pPha-T1; lanes 2–4: PtME1-1, PtME1-2, and PtME1-3) and Kpn I-digested products (lanes 5–7: PtME1-1, PtME1-2, and PtME1-3) from genomic DNA with a ble fragment used as a digoxigenin-labeled probe. (D) Western blot analysis using an anti-His-tag antibody. Actin was used as an internal control (lanes 2–4: PtME1-1, PtME1-2, and PtME1-3).



The impact of ME1 overexpression on ME1 mRNA levels was investigated by qPCR analysis in three resistant clones and the WT strain. As shown in Figure 3A, all transformants displayed elevated ME1-transcript abundance as compared with the WT strain. Additionally, the relative ME1-transcript abundance of the transformants was 6.09–11.87 time higher than that of the WT strain. Furthermore, the increase in ME1-transcript abundance was accompanied by enhanced ME1 activity (Figure 3B), which increased 1.52–1.81 fold relative to that observed in the WT strain. These results validated these resistant colonies as the expected transformants.
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FIGURE 3. Molecular characterization of resistant clones. (A) Relative quantification of ME1 transcripts in the WT strain and the three Phaeodactylum tricornutum resistant clones. ME1-transcript abundance in the resistant clones was quantified with WT cells as the standard and normalized to endogenous histone H4 expression (n = 6). (B) NADP-ME activity (U/106 cells) in the WT strain and the three P. tricornutum transformants. Activity assays were performed on samples from the same experiments. Values represent averages of at least three replicates. Error bars indicate standard deviations. Values with different letters (a,b,c,d) indicate a significant difference between them (p < 0.05).



ME1 Overexpression Increases Neutral and Total Lipid Contents

As shown in Figure 4A, the neutral-lipid content of all three transformants (PtME1-1, PtME1-2, and PtME1-3) increased significantly (P < 0.05; 33.33, 20.25, and 29.63%, respectively) as compared with that in the WT strain. Additionally, total lipid content of the three resistant clones was enhanced significantly, and that of the PtME1-1 transformant increased by 48.42% as compared with that of the WT strain (Figure 4B). These findings suggested that PtME1 overexpression induced the accumulation of neutral- and total lipids in P. tricornutum. Similarly, overexpression of two exogenous ME genes in M. circinelloides led to a 2.5-fold increase in lipid accumulation (Zhang et al., 2007). Moreover, PtME expressed in the green microalga Chlorella pyrenoidosa resulted in a 3.2-fold increase in neutral-lipid content relative to that observed in the WT strain, with total lipid content reaching 40.9% (dry cell weight) (Xue et al., 2016).
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FIGURE 4. Neutral-lipid accumulation and total lipid contents. (A) Neutral-lipid and (B) total lipid contents in the WT strain and the three Phaeodactylum tricornutum transformants. Values represent averages of three replicates (n = 3). Values with different letters (a,b,c) indicate a significant difference between them (p < 0.05).



A previous study reported that overexpressing ME in E. coli led to a 4-fold increase in intracellular lipids by providing a high level of NADPH (Meng et al., 2011). In a previous study with different methods (the recombinant plasmid pHY-PtME instead of pPha-T1-ME1, transformation by electroporation rather than Biolistic PDS-1000/He particle-delivery system) to the present study, PtME overexpressed endogenously in P. tricornutum, resulting in a marked increase (2.5-fold) in total lipid content in transgenic strains, reaching a 57.8% dry cell weight and a similar growth rate to that observed in the WT strain (Xue et al., 2015). However, in that study, the authors did not confirm the NADP+-dependence of the ME-encoding gene, suggesting that it would not necessarily have produced NADPH. Therefore, the mechanisms associated with the increases in lipids remains unclear.

The Effects of ME1 Overexpression on Fatty Acid Composition

As shown in Table 2, Significant decreases in monounsaturated fatty acids (MUFAs) from 24.61 to 19.96% were detected in transgenic microalgae. With regard to saturated fatty acids (SFAs) and PUFAs, marked increases in the transgenic lines, from 23.19 to 25.32% and from 49.02 to 54.04%, respectively, were observed, revealing that overexpression of endogenous ME1 facilitated SFA and PUFA biosynthesis. In contrast to the present study, other PtMEs different from those in this study were overexpressed endogenously in P. tricornutum, resulting in an increase in MUFAs and a slight decrease in PUFAs in transgenic microalgae (Xue et al., 2015). Wynn and Ratledge (1997) reported that enhanced ME activity leads increases in the cytosolic NADPH pool, and that ME plays a vital role in the provision of NADPH for storage lipids synthesis by Aspergillus nidulans. These findings indicated that the function of ME in lipid biosynthesis involves supplying NADPH for fatty acid desaturation (Liang and Jiang, 2013).

TABLE 2. Fatty acid composition of the WT strain and the three transformants (% of total fatty acids).
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It is likely that the elevated ME activity generated NADPH for fatty acid desaturases and also increased fatty acid desaturase activity. (Zhang et al., 2007). The present study showed a 1.52- to 1.81-fold increase in ME1 activity (Figure 3B) as compared with that in the WT strain, which led to an increase in fatty acid desaturase activity and induced further accumulation of PUFAs in transgenic microalgae. A previous study showed that docosahexaenoic acid content increased significantly by adding ME based on the resulting elevation in ME activity and NADPH supply during a specific fermentation stage in Schizochytrium sp. HX-308 (Ren et al., 2009). Exogenously overexpressing ME in the green microalga C. pyrenoidosa results in a 34% increase in PUFAs in the transformed line, with the content of C16:3 and C18:3 lipids in the transgenic lines also elevated by 68.5 and 42.9%, respectively (Xue et al., 2016). Overexpressing ME1 in E. coli showed that C14:0, C16:0, C18:1, and total fatty acid contents were increased by 34.8, 69.9, 54.2, and 50.2%, respectively, and that the content of C16:1 lipids was elevated 5.6-fold as compared with that of controls (Lv et al., 2016). These findings suggested that PtME influenced fatty acid composition by regulating lipogenesis (Xue et al., 2016).

The Role of ME1 in NADPH Generation in P. tricornutum

To verify whether ME1 overexpression can promote NADPH production, NADPH content was measured in the three transformants and the WT strain during cultivation on days 3, 6, and 9. As shown in Figure 5, the NADPH content of all algal strains increased markedly on day 6 and decreased significantly on day 9, indicating that NADPH could be used to produce other compounds, such as lipids, and expended during the late exponential-growth phase. However, the NADPH content of three transformants was clearly enhanced relative to that observed in the WT strain during the cultivation stage, increasing by 40.6, 17.8, and 30.0% on day 3, 49.3, 28.4, and 46.7% on day 6, and 80.3, 33.2, and 68.2% on day 9 for PtME1-1, PtME1-2, and PtME1-3, respectively, suggesting that ME1 overexpressing significantly improved NADPH biosynthesis in P. tricornutum. Furthermore, the increase in ME1 activity was accompanied by elevated NADPH content, indicating that increased ME1 activity produced additional NADPH.


[image: image]

FIGURE 5. NADPH content in the WT strain and the three Phaeodactylum tricornutum transformants. Values represent averages of three replicates (n = 3). Values with different letters (a,b,c,d) indicate a significant difference between them (p < 0.05).



NADPH plays a crucial part in fatty acid accumulation in oleaginous organisms, with these organisms exhibiting a unique mechanism involving NADPH supply. Wynn et al. (1999) reported that ME was important for providing sufficient NADPH for lipid biosynthesis in the fungi, hypothesizing that lipid production was controlled by ME-mediated NADPH generation to fatty acid synthase activity, given that no other enzyme activity has displayed such a strong link with the content of lipid accumulation. A previous report indicated that ME represents the only NADPH source for fatty acid biosynthesis in the yeast Rhodosporidium toruloides (Evans and Ratledge, 1985). Furthermore, ME overexpression in E. coli resulted in increased lipid accumulation in engineered strains relative to controls due to two potentially linked results: increased NADPH and pyruvate levels (Meng et al., 2011).

Until now, no study reported whether ME was capable of providing NADPH in eukaryotic microalgae. Xue et al. (2015) reported that PtME overexpression significantly impacted the promotion of lipid accumulation, attaining a 57.8% increase in dry cell weight, along with a similar growth rate to that of the WT strain in P. tricornutum. That study also showed that PtME was predominantly localized to the mitochondria, although no further studies were performed on the role of ME in accumulating lipid content. The data obtained from this study along with our previously published work (Lv et al., 2016) suggested that ME1 plays an important role in NADPH supply for lipid synthesis and fatty acid desaturation in P. tricornutum (Wynn et al., 1999).

However, the role of ME in the provision of NADPH for lipid biosynthesis remains incompletely understood (Ratledge, 2014; Liang and Jiang, 2015). Ren et al. (2013) reported that the main source of NADPH might be from glucose-6-phosphate dehydrogenase at the early stage of fermentation, whereas ME was the main provider during the late stage in the oleaginous fungi Schizochytrium sp. HX-308.

Malic enzyme can promote NADPH production in oleaginous organisms; however, other some studies indicated that the enzyme cannot provide all of the NADPH required. In animal cells, although ME is important for generating NADPH for fatty acid biosynthesis (Ceddia et al., 2000), it is not the sole supplier, as 50% of the NADPH is from both glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase (Shimomura et al., 1998; Zhang et al., 2007). Pentose phosphate pathway related reactions seem to be the most likely way, in spite of a possibility that a cytosolic isocitrate dehydrogenase (ICDH) reaction with a mitochondrial ICDH function might also produce some NADPH in the reverse reaction (Ratledge, 2014).

NADPH production was not affected in the strain Saccharomyces cerevisiae overexpressing ME gene (lacking the mitochondria-target sequence) and exhibiting ME localization to the mitochondria due to transfer of NADPH across the mitochondrial membrane (Moreira dos Santos et al., 2004). The ME shunt proved to be diversified in this respect because of the possibility of outputting additional NADPH to the cytosol (Moreira dos Santos et al., 2004). Therefore, it is difficult to identify the correct ME gene involved in producing NADPH particularly for fatty acid biosynthesis (Zhang et al., 2007).

Two additional decarboxylating enzymes, which belong to the ME family, have been identified (27477 and 56501 represent NCBI predicted ME protein sequences), with both possessing mitochondria presequences in P. tricornutum (Kroth et al., 2008), suggesting that ME likely localizes to the mitochondria (Valenzuela et al., 2012). One of these enzymes (56501) has a dinucleotide-binding site given for NAD rather than NADP. Therefore, P. tricornutum appears to have two mitochondrial MEs that are either NAD- or NADP-dependent (Kroth et al., 2008). Further research is needed to determine ME1 localization.

These results along with those from other studies (Kroth et al., 2008; Xue et al., 2015) indicated that P. tricornutum possesses two MEs, one being an NAD cofactor (Xue et al., 2015) and the other NADP-dependent (this study).

CONCLUSION

In this study, endogenous ME1 was succeed in overexpressing in P. tricornutum, resulting in a significant increase in total lipid and PUFA content, and producing additional NADPH, thereby demonstrating that ME1 is NADP-dependent and plays a vital role in the supply of NADPH for lipid biosynthesis and desaturation of fatty acids in P. tricornutum. These findings suggested that overexpression of endogenous ME1 represents a valid method for boosting neutral-lipid yield in diatom.
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Microalgae with a high content of the omega-3 polyunsaturated fatty acids (PUFAs), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) are of great demand for microalgae-based technologies. An Arctic strain of the diatom Attheya septentrionalis was shown in previous experiments to increase its EPA content from 3.0 to 4.6% of dry weight (DW) in the nutrient-replete exponential phase and nutrient-depleted stationary phase, respectively. In the present study, a factorial-design experiment was used, to investigate this effect in more detail and in combination with varying salinities and irradiances. A mathematical model revealed that both growth phase and salinity, alone and in combination, influenced the EPA content significantly. Maximum EPA values of 7.1% DW were obtained at a salinity of 22 and after 5 days in stationary phase, and might be related to a decreased silica content, an accumulation of storage lipids containing EPA, or both. However, growth rates were lower for low salinity (0.54 and 0.57 d−1) than high salinity (0.77 and 0.98 d−1) cultures.

Keywords: eicosapentaenoic acid (EPA), arctic diatom, factorial design, salinity, growth phase, interactive effects, microalgal biotechnology

INTRODUCTION

The omega-3 polyunsaturated fatty acids (PUFAs), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) are known to contribute significantly to human health (Martins et al., 2013). The current major source for the two fatty acids (FA) is fish oil from marine wild fish. The fish obtain and accumulate these PUFAs themselves predominantly via the marine food chain from EPA- and DHA-synthesizing microalgae (Spolaore et al., 2006). As EPA and DHA are also essential for farmed fish (Khozin-Goldberg et al., 2016), fish oil is an important additive in aquaculture feed. The increasing demand for EPA and DHA, particularly from the growing aquaculture industries, but also increasingly from the health and food sectors, necessitates other sustainable production sources. Many marine microalgae naturally produce EPA and DHA, and are therefore considered a promising alternative (Patil et al., 2005; Chauton et al., 2015). Although there has been intensive research in this field, the costs associated with microalgae large-scale cultivation and processing for FAs are still greater than in fish oil production. Improvements at the different parts of the production chain are therefore essential in order to reduce production costs. The selection of suitable species that are superior to existing cultures in terms of growth and EPA and DHA content, and the optimization of cultivation conditions are important contributions to the ongoing improvement of microalgae-based technologies (Adarme-Vega et al., 2012).

In previous research, we searched for new and fast growing microalgal strains from North Atlantic habitats with high growth rates and high EPA and DHA contents (Steinrücken et al., 2017). A strain of the diatom Attheya septentrionalis, isolated from Arctic Waters, demonstrated rapid growth at temperatures of 10°C (0.7 d−1) and a high EPA content, which increased from 3.0 to 4.6% of the dry weight (DW) from exponential phase to Day 3 of the stationary phase. This EPA content under nutrient-depleted conditions was higher than typically found in industrially applied microalgae and this strain was therefore suggested to be a potential candidate for future large-scale cultivation and EPA production. A high growth rate and EPA content in stationary phase in A. septentrionalis were also found by Knuckey et al. (2002) who suggested this diatom to be a promising feed source for oyster hatcheries. However, only few studies on Attheya species exist (Aizdaicher and Markina, 2011; Stonik et al., 2017), and more explicit investigations are needed in order to assess the potential of this diatom for microalgae-based technologies.

It is well-known that microalgae modify their biochemical composition and FA content in response to environmental factors, including nutrient availability, irradiance, temperature, and salinity (Dunstan et al., 1993; Renaud and Parry, 1994; Tatsuzawa and Takizawa, 1995; Xu and Beardall, 1997; Van Wagenen et al., 2012; Boelen et al., 2013; Cepák et al., 2013). To investigate the impact of the different factors, traditional methods vary one condition at a time, while keeping all other factors constant. However, FA composition and content in microalgae are dependent on synergistic and antagonistic interactions of cultivation conditions. Factorial designs are based on a multivariate approach, in which the variation in different factors are tested simultaneously (Duarte et al., 2001). These yield a predictive model which provides information on the magnitude of the effects of both individual factors and combinations of factors, and on their statistical significance (Chen et al., 2012).

In this study, we aimed to elucidate additional information on the dynamics of the EPA content and relative FA composition in A. septentrionalis, and to determine the experimental conditions that might lead to a further increase in the EPA content. A factorial-design experiment was used to investigate the impact of nutrient starvation in greater detail, together with the effects of salinity and irradiance, and their respective interactions. Both salinity and irradiance are known to affect the FA composition in microalgae (Xu and Beardall, 1997; Lu et al., 2001; Chen et al., 2008), and are highly variable in Arctic environments due to melting and freezing sea ice, and strong variations in photoperiod. Hence, microalgae from these environments are expected to be promising in this context, and possess the necessary adaptations to cope with these changing conditions.

METHODS

Stock Cultures and Inoculum

Attheya septentrionalis is a single celled diatom with four long setae, and is broadly distributed in Arctic and Temperate Waters (Rampen et al., 2009; Stonik et al., 2017). The strain used in this experiment was isolated from Arctic Waters north-west of Spitzbergen (N 79° 25.14′ E 08° 18.84′) in May 2014 (3.5°C water temperature, salinity of 35, and 24 h daylight). For strain characterization, a region of the 28S ribosomal RNA (rRNA) gene was sequenced and compared with previously published sequences from diatoms at GenBank (Steinrücken et al., 2017). Partial sequence of the 28S rRNA gene have been deposited in GenBank (http://www.ncbi.nlm.nih.gov/) with accession number MH020639. Stock cultures were maintained in 50 mL Erlenmeyer flasks at 10°C and 50 μmol photons m−2 s−1, in nutrient-enriched (Walne, 1970) 80% seawater (SW) by monthly dilution. Eighty percent SW was obtained by dilution of filtered and autoclaved fjord-SW (from 90 m depth, salinity of 35) with distilled water (80:20, v:v), giving a salinity of 29. For the inoculum, biomass was harvested from exponential phase stock cultures by centrifugation (2,264 × g, 5 min), washed twice with fresh medium and re-inoculated into 10 mL fresh medium.

Experimental Design

Factorial design was used to investigate the effects of salinity, irradiance, and growth phase and their interactions on the EPA and total fatty acid (TFA) content, and the FA composition in the diatom A. septentrionalis, by growth of batch cultures at different conditions. The effects of salinity and irradiance were assessed at two levels (22 and 35, and 50 and 200 μmol photons m−2 s−1, respectively), and the growth phase at three levels; exponential phase (e), Day 3 of stationary phase (first stationary phase, s1), and Day 5 of stationary phase (second stationary phase, s2), resulting in 12 treatment groups. Salinity and irradiance levels were selected as being representative of those occurring under natural conditions in the Arctic and additionally, so as to induce different responses but not to impair the cultures. Before the start of the batch experiment, pre-cultures (one biological replicate for each condition) were grown semi-continuously for 14 d at either low or high salinity and low or high irradiance (LSLI, HSLI, LSHI, and HSHI), to acclimate the cultures to their respective conditions. Two sterile and nutrient enriched media (Walne, 1970) were prepared with aged SW (salinity of 35) and respective dilutions with distilled water (salinity of 22). Pre-cultures were prepared in glass tubes (300 mL, 3.5 cm inner diameter), by adding 1 mL inoculum to 60 mL fresh medium of the respective salinity, and placed into temperature-controlled water tanks (10°C). Continuous illumination with 50 or 200 μmol photons m−2 s−1 (measured with 4π quantum scalar irradiance sensor [QSL-100, Biospherical Instruments, San Diego, CA, USA], inside the empty glass cylinder) was provided by banks of six white fluorescent tubes (Philips MASTER, TL-D 90 Graphica, 58W/95) in the back of the water tanks, running perpendicular to the glass tubes. To ensure adequate mixing and carbon supply, 0.2 μm-filtered and 1% CO2-enriched air was bubbled through glass capillaries into the bottom of each glass tube. Pre-cultures were kept in exponential phase by maintaining an optical density (OD750) between 0.15 and 0.50, by the addition of fresh medium, successively added until volumes reached 260 mL. Thereafter, half of the culture volume was replaced with fresh medium daily or every other day. After the 2-week acclimation period, the batch experiment was started. Biomass from each pre-culture was distributed into two sterile glass tubes to obtain two biological replicates, and each diluted with fresh medium to yield a starting OD and volume of ~0.15 and 260 mL, respectively. Cultures were then grown until Day 5 of the stationary phase, and all cultures were sampled daily for OD and maximum quantum yield (QY), and on Day 1 in exponential phase (e) and Days 3 and 5 in stationary phase (s1 and s2, respectively) for DW and FA analysis. Additionally, cultures were sampled for nutrient analysis of the media at the start of the experiment, and on the DW and FA sampling days.

Analytical Procedures

Relative growth rates between repeated dilutions during pre-cultivation were calculated according to the changes in attenuation with Equation (1). Nx0 and Nx are OD750 after dilution (tx0) and before the subsequent dilution (tx), respectively.
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Optical density measurements were performed using a spectrophotometer (UV1800, Shimadzu Corporation, Kyoto, Japan) at 750 nm and if required, samples were diluted to give an attenuation between 0.2 and 0.8. The QY was measured with AquaPen (AquaPen-C, AP-C 100, Photon System Instruments, Brno, Czech Republic) after initial dark incubation between 10 and 60 min. DWs (expressed as weight of the dried biomass [g] per volume [L]) were determined in triplicates as described by Zhu and Lee (1997), with 0.5 M ammonium formate as a washing buffer.

For FA analysis, triplicate 10 mL microalgal cultures were harvested by centrifugation (6 min at 2,264 × g) into glass tubes (PYREX), the supernatant discarded, and the pellet covered in nitrogen atmosphere and stored at −20°C until analysis. FAs were extracted and derivatized to fatty acid methyl esters (FAME) by direct esterification (Meier et al., 2006). The pellet was dried in the 10 mL tube by evaporating the remaining water under a nitrogen stream, and 18 or 34 μg internal standard (23:0 FAME dissolved in isooctane) was added to exponential or stationary phase samples, respectively. The solvent was evaporated under nitrogen stream and 0.5 mL methylation reagent (2M HCl in methanol) was added. Samples were covered with nitrogen gas, sealed and incubated at 90°C for 2 h. After cooling to room temperature, half of the methylation reagent was evaporated, 0.5 mL water was added, and the samples were extracted twice with 1 mL isooctane. The combined extracts of stationary phase samples were diluted with isooctane (1:1, v:v) to yield a final internal standard concentration of approximately 18 μg mL−1 (Steinrücken et al., 2017). FAMEs were analyzed by GC (7890 gas chromatograph, Agilent, Santa Clara, CA, USA) equipped with an autosampler, split-splitless injector, flame ionization detector (FID), and a 60 m BPX70 capillary column (SGE, Ringwood, Australia) with internal diameter of 0.25 mm and film thickness of 0.25 μm. One microliters of sample volumes were injected splitless at 60°C. This temperature was maintained for 3 min before raised by 40°C min−1 to 150°C and by 1.5°C min−1 to 230°C. Helium, with an estimated average velocity of 30 cm s−1 was used as carrier gas in constant flow mode. Injector and detector temperatures were 250 and 300°C, respectively (Prestegard et al., 2015). The FAMEs were identified by analysis on gas chromatography coupled to mass spectrometry (GC-MS) as described in Wasta and Mjøs (2013), and by using libraries of mass spectra and retention indices available at www.chrombox.org/data.

For nutrient measurements of the media, 20 mL GF/F filtrates were collected in white plastic vials, 100 μl chloroform added and stored at 4°C before analysis. Dissolved inorganic nitrate, nitrite, orthophosphate, and silicate were analyzed at the Institute of Marine Research, Bergen, which offers accredited and standardized service for nutrient analyses, using colorimetric absorption measurements on an Alpkem-Lab analyzer (Alpkem Corporation, Oregon USA) according to Parsons et al. (1992).

Regression Models

The model for growth rate as a function of salinity, irradiance and their interactions, and models for TFA and EPA content as functions of salinity, irradiance, growth phase, and their interactions were calculated by multiple least squares regression. The models reported in the paper are based on the coded factor levels, where the low values are assigned −1 and the high values are assigned +1. For the growth phase, there are three levels; exponential phase, and first and second stationary phase. Exponential and second stationary phase were assigned the levels −1 and +1, respectively. The level for first stationary phase was set to 0.74. This level was found by iteratively testing values from −1 to 1 with increments of 0.01, and selecting the value that minimized the sum of squared residuals of the model. Models and model statistics were calculated by the fitlm function in the Statistics and Machine Learning Toolbox running under Matlab R2017a (Mathworks, Natick, MA, USA).

Statistics

The batch experiment was performed with two individual cultures (biological replicates) for each treatment, which is sufficient for solid statistics when using regression analysis and factorial design. One measurement replicate was taken for OD and QY measurements, whereas FA and DW were analyzed in triplicates for each biological replicate. The FA content and the DW were analyzed from individual subsamples, and the standard deviation (SD) for FA content relative to the DW was calculated using Equation (2).
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Euclidean dendrograms and Principal Component Analysis (PCA) of treatment groups and their FA composition were calculated using Sirius 10.0 (Pattern Recognition Systems AS, Bergen, Norway) and edited in GraphPad Prism 6.

RESULTS

Pre-cultivation—Growth Rates

Pre-cultures were grown for 2 weeks to allow for cells to acclimate to the respective salinities and irradiances. After three dilutions, growth rates for each condition became more constant although they still varied slightly between the repeated dilutions. Only growth rates from the final seven dilutions prior to the batch experiment were used for analyses (Table S1). Average values, together with the estimates provided by the mathematical model, are shown in Figure 1A. Lower growth rates (0.54 d−1 for low irradiance [LI] and 0.57 d−1 for high irradiance [HI]) were observed for low salinity (LS) cultures, compared to high salinity (HS) cultures (0.77 d−1 for LI and 0.98 d−1 for HI), together with increased values for HI cultures. High irradiance had a stronger positive effect on the growth rate at HS. The mathematical model representing the growth rate as a function of salinity (X1), irradiance (X2), and their combination (X1X2) in the experimental setup is expressed by Equation (3). Positive coefficients in the equations indicate that increasing values increase the growth rate and bold numbers indicate a high statistical significance (black: p < 0.05 and red: p < 0.01). According to the model, salinity had the strongest positive influence on the growth rate, with high significance (0.163, p-value 1.4*10−09), while irradiance (0.062, p = 0.001) and the combination of salinity and irradiance (0.043, p = 0.016) had lower, but still significant, impacts. A strong and significant correlation (R2 = 0.8484) between the estimated values of the model and the measured values indicates a good fit between the model and the experimental data (Figure 1B). Details on the measured and estimated growth rates can be found in the Supplementary Material (Table S1).
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FIGURE 1. Growth rates (μ) during pre-cultivation. (A) Average growth rates of repeated dilutions (bars, n = 7) and estimated growth rates by the model (dots) of the diatom Attheya septentrionalis grown at four different cultivation conditions (combinations of low or high salinity [22 and 35] and irradiance [50 and 200 μmol photons m−2 s−1]. (B) Average and standard deviation (n = 7) of measured growth rates, plotted against the estimated growth rates by the model, with linear regression.



Batch Experiment—Growth and Maximum Quantum Yield (QY)

Growth curves and QY during the batch experiment were very similar for the biological replicates, but there were differences between the cultivation conditions, especially between low and high salinities (Figures 2A,B). Cultures grown at LS, revealed a declined slope of the growth curves and reached stationary phase 1 day later (Day 4) than cultures grown at HS (Day 3). During exponential growth, the QY was slightly lower for the LS cultures (replicate averages of 0.64 at Day 1, both for low and high irradiances) than for the HS cultures (replicate averages of 0.69 and 0.68 at Day 1, for low and high irradiance, respectively). During stationary phase, the QY decreased in all cultures. In HS cultures, QY dropped by 10% (LI) and 30% (HI) after entering stationary phase, and by 23 and 32%, respectively, at the end of cultivation period. A lower reduction was observed for the LS cultures, where QY was reduced by 6 and 8% (low and high irradiance, respectively) after entering stationary phase, and by 14 and 17% at the end of cultivation.
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FIGURE 2. Growth during batch experiment. Batch cultures of the diatom Attheya septentrionalis grown at four conditions (combinations of low and high salinity [22 and 35] and irradiance [50 and 200 μmol photons m−2 s−1] with two biological replicates for each condition). (A,B) Optical density (OD750) based growth curves and maximum quantum yields (QY, Φmax) for low and high salinities, respectively. Circles indicate sampling time points (e, exponential phase; s1, first stationary phase; s2, second stationary phase). LI, low irradiance; HI, high irradiance. (C,D) Superimposed nutrient concentration in the media at the start of the experiment and during exponential (e) and stationary (s1 and s2) sampling time points for low and high salinities, respectively. Values are the averages and standard deviations from samples of the respective salinity.



The nitrate, silicate, and phosphate concentrations of the media decreased from the start of the experiment to the first day of exponential phase by 14, 39, and 27% for low salinity cultures and by 23, 45, and 38% for high salinity cultures, respectively (Figures 2C,D). At the first stationary phase (Day 3), all nutrients had been consumed in all cultures (nitrate 99%, silicate 99%, and phosphate 97%).

Batch Experiment—Dry Weights (DW), Total Fatty Acids (TFA), and EPA

DW together with TFA and EPA contents (% DW) for the 12 different treatment groups, each with two biological replicates are shown in Figure 3. The DW (average of the biological replicates) increased from the exponential phase to the first stationary phase by 0.13, 0.12, 0.13, and 0.11 g L−1 and further by 0.04, 0.03, 0.01, 0.02 g L−1 to the second stationary phase, giving a total increase of 0.17, 0.15, 0.14, and 0.13, g L−1 for low salinity-low irradiance (LSLI), high salinity-low irradiance (HSLI), low salinity-high irradiance (LSHI), and high salinity-high irradiance (HSHI) conditions, respectively (Figure 3A).
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FIGURE 3. Dry weights (DW) and fatty acid content during factorial-design batch experiment. Average DW (A), and total fatty acid (TFA) and EPA contents (B,C respectively) of Attheya septentrionalis cultures at 12 different treatments (two biological replicates per treatment, a and b). Values are average of three measurement replicates. Detailed values with standard deviations can be found in Table S2. e, exponential phase; s1, first stationary phase (Day3); s2, second stationary phase (Day 5).



The TFA and EPA contents (Figures 3B,C respectively) increased from the exponential to the stationary phase at all growth conditions, but to different extents. In exponential phase, EPA contents (average of replicates) were 2.8, 3.2, 2.4, and 3.1% DW for LSLI, HSLI, LSHI, and HSHI conditions, respectively, and increased to 6.8, 5.7, 5.8, and 5.5% DW, respectively, in the first stationary phase. For LSLI, LSHI, and HSHI cultures, EPA content increased further to 7.2, 7.1, and 5.8% DW, respectively, in the second stationary phase, while it decreased in the HSLI conditions to 5.2% DW. A similar pattern with increase from the exponential phase to the first stationary phase in all cultures and further increase to the second stationary phase in LSLI, LSHI and HSHI cultures, and decrease from the first to the second stationary phase in HSLI cultures was found for the TFA content. Corresponding values with standard deviation can be found in the Supplementary Material (Table S2). In exponential phase, TFA and EPA contents were higher in HS cultures, while after 5 days of stationary phase, levels were higher for LS cultures. EPA and TFA contents (% DW), estimated by the model, are shown in Figure S1 in the Supplementary Material.

The mathematical models, representing the EPA and the TFA content as a function of salinity (X1), irradiance (X2), growth phase (X3), and their combinations (X1X2, X1X3, X2X3) are expressed by Equations (4, 5), respectively. A positive term for the combinations in the equations indicates a synergistic effect (increasing values increase the content), whereas negative terms indicate an antagonistic effect (increasing values decrease the content; Chen et al., 2012). Coefficients in bold indicate statistical significance for the corresponding coefficients (black: p < 0.05 and red p < 0.01). For the EPA content, coefficients for growth phase, salinity, and the combination of salinity and growth phase were statistically significant whilst the other factors were not. The most significant variable with highest impact on EPA content was the growth phase with a positive estimated effect of 1.74 (p = 2.0*10−13). The combined effect of salinity and growth phase was lower (−0.48, p = 0.00003) and negative, while salinity had a less negative effect on EPA content (−0.19, p = 0.0241). The TFA content was also significantly influenced by growth phase (8.34, p = 1.1*10−15), salinity (−0.77, p = 0.0116), and the combination of salinity and growth phase (−1.43, p = 0.0002), and additionally, by the combination of salinity and irradiance (0.73, p = 0.0126). A high correlation (R2 = 0.9651 and 0.9802 for EPA and TFA content, respectively) of estimated values by the model and measured values indicates a good fit between the model and the experimental data (Figure S2). More details on measured and estimated values can be found in the Supplementary Material (Table S2).
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Batch Experiment—Relative Fatty Acid (FA) Composition

In total 36 FAs were detected in the GC for A. septentrionalis, from which 11 (14:0, 16:0, 16:1 n−7, 16:2 n−4, 16:3 n−4, 16:4 n−1, 18:1 n−7, 18:4 n−3, 20:4 n−3, 20:5 n−3, and 22:6 n−3) constituted more than 1% TFA (Figure 4). C16-FA were the most abundant, whereas C18-FA were present in only low amounts. In all treatments, palmitoleic acid (16:1 n−7), and EPA (20:5 n−3) were the two major FA, together accounting for between 45 and 52% TFA, followed by myristic acid (14:0) with 10–18% TFA, palmitic acid (16:0) with 6–16% TFA, and DHA (22:6 n−3) with 3–6% TFA. However, small variations in the relative FA content between the different treatment groups were apparent. These differences became more distinct by means of a principal component analysis (PCA, Figure 5A). The distribution of the 12 different treatment groups (objects) represents their similarities and differences in the relative FA composition (% TFA), and the distribution of the FAs (vectors) indicate their contribution to the grouping of the objects.
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FIGURE 4. Relative fatty acid (FA) composition during factorial-design batch experiment. Effect of the 12 different treatments on the relative FA composition (% of total fatty acids [TFA]) of the diatom Attheya septentrionalis (each with two biological replicates, a and b). Treatments were altering combinations of the three factors salinity (22 and 35), irradiance (50 and 200 μmol photons m−2 s−1) and growth phase (exponential [e], 3 days stationary phase [s1], and 5 days stationary phase [s2]). Values are average of three measurement replicates.
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FIGURE 5. Similarities and differences in relative fatty acids (FA) composition (% of total fatty acids [TFA]) of Attheya septentrionalis cultures at 12 treatments during the factorial-design batch experiment (each with two biological replicates). Treatments were altering combinations of the three factors salinity (22 and 35), irradiance (50 and 200 μmol photons m−2 s−1) and growth phase (e, s1, s2). (A) Principal component analysis (PCA). Twenty-four objects representing the 12 treatment groups, and eight variables, representing the FAs with highest impact on the distributions. Values are average of three measurement replicates. e, exponential phase; s1, first stationary phase (Day 3); s2, second stationary phase (Day 5). (B) Euclidean Dendrogram showing dissimilarities between the treatment groups. LSLI, low salinity and low irradiance; HSLI, high salinity and low irradiance; LSHI, low salinity and high irradiance; HSHI, high salinity and high irradiance.



Objects were arranged along component 1 and component 2 according to the growth phases and salinities, respectively. The exponential phase objects, grouping on the left side of component 1, were clearly separated from the stationary phase objects, which clustered on the right side, and objects were shifted further to the right along component 1 with increasing nutrient starvation (stationary phases). Palmitic and palmitoleic acids were correlated positively with stationary phase samples while the PUFAs were correlated with exponential phase samples. Except for the treatment HSLI_e (high-salinity, low-irradiance, and exponential phase), treatments of the same salinity were grouped together, with LS samples on the upper region along component 2, and HS samples arranged on the lower part of component 2. Myristic acid, and to a lesser extent hexadecatetraenoic acid (16:4 n-1) were correlated positively with HS treatments, while hexadecadienoic acid (16:2 n-4) was correlated positively with LS samples. Irradiance had only small effect on the FA composition.

The Euclidean Dendrogram illustrates the distinct grouping of the treatments (Figure 5B). Exponential phase samples were separated from stationary phase samples and both groups were then further divided according to the salinity treatment. For stationary phase samples, all LS samples grouped separately from the HS samples, followed by grouping according to their growth phase (s1 and s2) and finally by irradiance. Within exponential phase samples, HSHI samples grouped between HSLI and the LS samples, and separation was followed by irradiance, where replicates of LI were separated from the HI replicates. The two biological replicates of each treatment group were very similar.

DISCUSSION

Impact of Culture Conditions on Growth

Growth rates during the pre-cultivation were strongly dependent on the salinity, followed by irradiance and the interaction of both factors. Growth rates were 43% (LI) and 72% higher (HI) at HS compared to LS, and 5% (LS) and 27% (HS) higher when grown at HI compared to LI. The negligible effect of HI on the growth rate at LS, and the much stronger effect it caused at HS conditions, reveals the combined effect of salinity and irradiance and emphasizes the importance of investigating combinatory effects of different growth factors.

These growth characteristics during the pre-cultivation also became evident when considering the growth curves during the batch experiment. The transition from exponential to stationary phase was defined by the decline of the growth curve with a concomitant decrease in the QY and was one day earlier for HS than for LS cultures. The QY reflects the photosynthetic performance of photosystem II and is used as a vitality indicator for cultures, as decreasing values are associated with stressful growth conditions (Maxwell and Johnson, 2000; Kräbs and Büchel, 2011). During exponential growth, QYs were slightly lower for LS cultures, but decreased to a lesser extent in stationary phase than they did for HS cultures. The strongest decrease in QY was observed for cultures grown at HS and HI. Hence, while the combination HSHI appeared most advantageous during nutrient replete conditions as it caused the highest growth rates in exponential phase, it was also most stressful for the cultures during nutrient starvation.

After the transition from exponential to stationary phase, cell division was assumed to have stopped due to nutrient depletion. Although all nutrients had been consumed on Day 3 in stationary phase, silicate most likely became the major limiting nutrient, as almost half of the silicate was consumed after one day in exponential phase, whereas nitrate and phosphate were both consumed to a lesser extent. When one element becomes limiting, other elements, that are more abundant, may be accumulated in the cell (Reynolds, 2006). Therefore, nitrate and phosphate, whilst not necessarily limiting, might have been taken up by the microalgae cells after silicate was depleted. In contrast to other elements that are essential for survival, diatoms rarely take up more silicon than is required for cell division (Reynolds, 2006). When silicon becomes scarce, its uptake depends on special silicic transport proteins (SITs); however, when silicon is abundant, its uptake is by diffusion (Shrestha and Hildebrand, 2015).

EPA Content During Batch Experiment

Within the range of experimental variables considered, three factors were identified by the model as having affected the EPA content in the present A. septentrionalis strain significantly; the growth phase, salinity, and the interaction of both. Growth phase had the greatest impact, with increasing nutrient starvation leading to a higher EPA content relative to DW. The effect of salinity and the combined effects of both salinity and growth phase were lower and negative. Irradiances used in this experimental set-up did not affect the EPA content significantly. The mathematical model reflected the measured EPA values very accurately, with one exception: during the experiment, the EPA content decreased slightly from first to second stationary phase under HSLI conditions, while the model predicted a further increase, similar to under the other conditions. Both the measured data and the model emphasized, that combining LS with 5 days' nutrient starvation yielded a maximum EPA content of 7.1% DW on average. This DW-based EPA content is, to our knowledge, higher than previously reported for microalgae (Sukenik et al., 1991; Lu et al., 2001; Jiang and Gao, 2004; Hu and Gao, 2006; Patil et al., 2006).

The EPA dynamics revealed the same pattern as for the TFA, suggesting that they were triggered by the same processes. Following exponential growth, the DW continued to increase between 5 and 20% from the first to the second stationary phase, although nutrients were depleted, and accordingly cell division inhibited. When cell division is hampered due to an insufficient nutrient supply, microalgae often produce carbonaceous storage compounds like carbohydrates and lipids. Many diatoms accumulate neutral storage lipids in the form of triacylglycerol (TAG), causing the lipid content to increase up to 50% of DW (Hu et al., 2008). Total FA content increased in all cultures from on average 10% in exponential phase, to 25 and 27% DW in the two stationary phases. Storage lipids consist predominantly of saturated and monounsaturated FAs, while PUFAs are generally present in polar membrane lipids (Olofsson et al., 2012). Therefore, TAG accumulation is typically accompanied by a noticeable increase of both palmitic (16:0) and palmitoleic acids (16:1 n-7), which often constitute the predominant FA in the TAG. Yet, PUFAs have also been reported to accumulate in TAG in different microalgae species (Tonon et al., 2002; Sharma et al., 2012). The relative FA compositions (% TFA) observed during the experiment revealed a slight increase of the palmitic and palmitoleic acid fractions, together with a weak decrease of PUFAs after cultures progressed from exponential to stationary phase in all conditions. However, these shifts toward palmitic and palmitoleic acids were lower than typically observed during TAG accumulation, and revealed a concurrent increase of all major FA. This might indicate that TAG accumulated in the cells during stationary phase, containing PUFAs such as EPA, alongside palmitic, and palmitoleic acids.

Another reason for the increase of the FA fraction in stationary phase might be a decrease of silica in the cells. As a result of the silicified cell walls of diatoms, silicate availability in the medium is a key factor regulating their growth, as cells can only divide when new valves can be synthesized (Martin-Jézéquel et al., 2000). Studies have shown that in silicate-limited diatom cultures, uptake is restricted to the SITs (Shrestha and Hildebrand, 2015), and silicification is reduced, resulting in thinner cell walls and a decreased silica content per cell (Martin-Jézéquel et al., 2000; Javaheri et al., 2015). Knuckey et al. (2002) found comparable results to our findings in an A. septentrionalis isolate from coastal waters in Tasmania, with an EPA content increasing from 1.3 to 4.2% DW from exponential to stationary phase. Concomitantly, the ash content fell sharply from 26.1 to 8.8% DW resulting in a corresponding increase of the other major organic fractions; proteins, carbohydrates, and lipids. The decreased ash content was most likely related to a diminished silica content of the DW, due to silicate limitation in the stationary phase. The same effect might have contributed to the observed increase in TFA and EPA contents relative to DW in the stationary phase in our study. The typical ash content of microalgae contributes between 5 and 12% DW, but these values are higher in silicified diatoms, between 20 and 55% DW (Nalewajko, 1966; Renaud and Parry, 1994), where much of it is attributable to the extent of silicon in the cell walls. Hildebrand et al. (2012) stated that expressing the FA content as percentage of DW might underestimate the actual amount of FA in diatoms in terms of a per cell carbon basis, when compared with other microalgae, due to their high silica content. Expressing the FA content relative to the ash-free DW might preclude such an underestimation and furthermore might give a better understanding of the FA content and dynamics during silicate-replete and silicate-depleted conditions.

Salinity also affected the TFA and EPA content, especially in combination with the growth phase. Interestingly, TFA and EPA contents were higher for HS cultures in exponential phase, but in contrast were higher for LS cultures in stationary phase. Hence, a greater increase in TFA and EPA from exponential to stationary phase occurred in the LS cultures. These observations might also be linked to differences in the FA accumulation and silica content of cells grown at different salinities, but might also be related to the changing FA composition of membrane lipids, as an adaptation to variable salt concentrations and the resultant osmotic stress, as has been reported in several studies (Chen et al., 2008; Kumari et al., 2013). Microalgae grown at higher salinities might also reveal an increased ash content, due to an increased ion concentration (Renaud and Parry, 1994).

Determining the ash and silicon contents of the cells and differentiating between polar (membrane) and neutral (storage) lipids, and their FA compositions in future experiments, might contribute to a better understanding of the reasons we observe different EPA and TFA contents relative to DW under different salinities and growth phases, and furthermore, might reveal in which lipid fraction the increased EPA levels are located.

Relative Fatty Acid (FA) Composition During Batch Experiment

Interestingly, irradiance did not significantly affect the EPA content relative to DW, although irradiances have been shown to affect photosynthetic membranes. Generally, photosynthetic membranes increase at low irradiance and are reduced at high irradiances and hence, increasing irradiance has been reported to result in a decrease in EPA and other PUFAs in different microalgae species (Adlerstein et al., 1997; Fábregas et al., 2004). However, irradiance did affect the FA profile in this study, although only to a minor degree. The relative amounts of the main FAs (% TFA) were for the most part affected by nutrient availability primarily, followed by salinity, time of nutrient starvation (days in stationary phase) and irradiance. The differences between the growth phases were mainly due to palmitic and palmitoleic acids and therefore might be related to an accumulation of TAG in stationary phase. The effects of the growth conditions (salinity and irradiance) were less distinct and are more difficult to explain, but might be related to reconstructions of cellular membranes as an adaptation to the cultivation conditions.

Potential for Microalgae-Based Technologies

The low salinity of 22 was more effective in increasing EPA content in the stationary phase in the prevalent A. septentrionalis strain, but at the same time, it considerably decreased growth rates compared to a HS of 35. In future large-scale cultivations, EPA productivity would be dependent on both the growth rates and the EPA content in the cells. Calculating the EPA productivities from exponential phase until Day 5 of the stationary phase revealed 0.97 mg L−1 d−1 for LS cultures and 0.72 mg L−1 d−1 for HS cultures. Thus, under the prevailing conditions, higher productivities were obtained for the LS cultures, although these productivities are much lower than those seen in commercial production due to the much lower biomass concentrations used in this experimental setup. Whether our results can be successfully repeated in up-scaled systems needs to be evaluated further. Higher nutrient concentrations would be necessary in order to achieve higher cell densities and productivities before cultures reach the stationary phase. Furthermore, other growth conditions such as irradiance, temperature and pH might change considerably when moving from small-scale to large-scale systems, and can thereby affect the EPA content of the cells. The strain used in the current study was isolated from an Arctic habitat and adapted to low temperatures, and therefore temperatures in the experiment were maintained at 10°C. Several studies have shown that low temperatures can increase the PUFA content to maintain membrane fluidity (Boelen et al., 2013). EPA values in the present experiments were higher than values recorded for the A. septentrionalis strain by Knuckey et al. (2002) grown at 20°C. However, at the same time, growth rates of their strain were twice as high as the ones observed in this study. Hence, changing temperatures could additionally affect both the EPA content and growth rates. This should also be evaluated with further work.

 Knuckey et al. (2002) suggested A. septentrionalis to be an excellent feed species for juvenile bivalve molluscs and other filter feeders. Its cell size is within the range that is suitable for ingestion by filter feeders and its protein level (32% DW) remained stable from exponential to stationary phase, while carbohydrate and lipid fractions increased. As shown in our study, EPA contents can be further increased in stationary phase, by changing growth conditions. This could make this diatom strain a promising EPA source for the North Atlantic fish aquaculture industry or for other application areas, such as the health and food sectors.

CONCLUSION

The effect of growth phase, salinity and irradiance, and their interactions on the EPA content in an Arctic A. septentrionalis strain was investigated by means of a factorial design experiment. The highest EPA values of 7.1% DW were achieved at a salinity of 22 and Day 5 of the stationary phase. However, at the same time, growth rates during exponential phase were reduced considerably at low salinities. Mathematical models revealed interactive effects of salinity and irradiance on growth and of salinity and growth phase on the EPA content, emphasizing the importance of investigating the additive effects of different growth factors.
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Mychonastes afer HSO-3-1 is a potential producer of nervonic acid, which could be accumulated to 2–3% of dry cell weight. Improving the productivity of nervonic acid is critical to promote the commercialization of this product. In this study, 1-naphthylacetic acid (NAA) and tea polyphenol (TP) were selected as bioactive additives to stimulate the growth of M. afer. Supplementing NAA in the early growth stage and TP in the middle and late growth stage led to improved lipid accumulation in M. afer. The cultures supplemented with TP at the late growth stage maintained higher photosynthetic efficiency than the control groups without TP. Furthermore, the intracellular reactive oxygen species (ROS) accumulations in M. afer supplemented with 500 mg/L of TP was 63% lower than the control group. A linear relationship (R2 = 0.899) between the values of Fv/Fm and ROS accumulation was established. We hypothesize supplement of bioactive additives at different growth stage could promote the cell growth rate and nervonic acid productivity of M. afer by retrieving intracellular ROS level. Further analysis of photosynthetic system II (PSII) protein in M. afer cultured in presence of NAA and TP indicated the levels of D1 and D2 proteins, the core skeleton proteins of PSII, showed 33.3 and 25.6% higher than the control group. CP43 protein, a critical module in PSII repair cycle, decreased significantly. These implied that TP possesses the function of slowing down the damage of PSII by scavenging excess intracellular ROS.

Keywords: Mychonastes afer, photosynthetic efficiency, reactive oxygen species, photosynthetic system II, CP43, bioactive additive

INTRODUCTION

As a promising feed-stock of biodiesel or jet fuel, microalgae have received extensive attention in recent years due to its ability of producing substantial amounts of triacylglycerols (TAGs) under stress conditions (Hu et al., 2008). The concept of using microalgae as an alternative and renewable source of lipid-rich biomass feed-stock for biodiesel has been explored over the past few decades, while technical and economic barriers still limit the development of the whole industry chain (Williams and Laurens, 2010). Outstanding strains with high lipid yield and effective culture technology are main challenges for commercialization of microalgal biodiesel (Chisti, 2007).

Mychonastes afer HSO-3-1 is a promising candidate for biodiesel production, because of its high lipid content (50% dry cell weight) and fast growth rate. Furthermore, nervonic acid (NA, C24:1 Δ15, cis-tetracos-15-enoic acid, ω-9) could account for more than 5% of the neutral fatty acids in M. afer. NA, a very long chain monounsaturated fatty acid (VLMFA), is essential for brain development (Sandhir et al., 1998; Yuan et al., 2011; Fan et al., 2018b). It could be used to treat genetic disorders of the lipid metabolism, such as Zellweger syndrome or adrenoleukodystrophy (Coupland and Langley, 1993; Fan et al., 2018a). An impairment in the provision of NA in demyelinating diseases (like multiple sclerosis) suggests that a diet rich with NA could improve the treatment (Sargent et al., 1994).

In order to increase the productivity of NA in M. afer, optimization of the culture conditions should be developed firstly. Phytohormones are found not only in higher plants but also in algae, and the biological activities of hormones in algae are similar to the functions of hormones in higher plant (Lu and Xu, 2015). Exogenous IAA (0.1–10 μM) increased Chlamydomonas reinhardtii biomass production by 54–69% (Park et al., 2013). The supplement of IAA (0.1 μM) or 1-naphthylacetic acid (NAA) (1 μM) induced a significant increase in cell number by 53 and 24% in Chlorella vulgaris, and it would increase the amount of monosaccharides, photosynthetic pigments, and soluble enzymes in C. vulgaris (Piotrowska-Niczyporuk and Bajguz, 2014).

Compound additives will be a trend in the cultivation process, and the combination of additives needs to be analyzed and tried unceasingly. According to our previous research, intracellular reactive oxygen species (ROS) level is another key factor that influences the growth of microalgae. Plants maintain complex systems of overlapping antioxidants to balance the oxidative state in vivo (Munne-Bosch, 2005), while microalgal antioxidant system may not deal with the over-oxidation stress efficiently due to its simple cell structure (Cavas and Yurdakoc, 2005). Reactive oxygen species can function as signaling molecules that control the cellular basal metabolism such as induced cell re-programming toward programmed cell death or many other developmental processes. Unbalanced oxidative state will cause abiotic stress responses in plants, and excess ROS accumulation is toxic to cells (Mittler, 2002). Antioxidants can prevent cells from ROS accumulation by scavenging the excessive ROS (Wolf, 2005). In addition, algal antioxidant system plays crucial roles in stress tolerance, like heavy metal, salinity and heat stress (Geider et al., 1993; Pinto et al., 2003; Liu and Pang, 2010). In our previous work, varieties of potential candidate additives were selected from phytohormones and antioxidants, like NAA, indole-3-acetic acid, gibberellic acid, kinetin, abscisic acid, tocopherol, epigallocatechin-3-gallate (EGCG), and tea polyphenol (TP) (Frei and Higdon, 2003). In consideration of solubility, stability, and photo-sensitivity, one phytohormone (NAA) and two antioxidants (EGCG and TP) were finally selected for further investigation of the effects on the growth and lipid accumulation of M. afer. We hypothesize that the supplement of bioactive additives at different growth stages could promote the cell growth rate and nervonic acid productivity of M. afer. Orthogonal experiments were used to analyze the additive doses, and it was further confirmed by single factor experiment analysis. We found that the supplement of these additives at different growth stages led to different effects on microalgal growth. Interestingly, supplement of TP increases the tolerance to ROS in M. afer at later growth stage. Photosynthetic efficiency of the cells cultured in presence of NAA and TP was analyzed.

MATERIALS AND METHODS

Strains and Culture Conditions

Mychonastes afer was stored in the China General Microbiological Culture Collection Center with the identifying code CGMCC No. 4654. It was cultured in a column photobioreactor (20 cm high, 4 cm diameter, 100 mL culture volume) under continuous illumination at light intensity of 120 μmol photons m-2⋅s-1. Culture mixing and aerating was provided by aeration with filter-sterilized air containing 2% CO2 (Yuan et al., 2017). The initial OD750 of algal culture was 1.0. All strains were cultured at room temperature (25 ± 2°C) for 12 days. The cells were grown in a modified BG-11 medium with 0.374 g/L NaNO3 (Li et al., 2011). The other compositions of the BG-11 medium are as follows: 0.03 g/L K2HPO4, 0.075 g/L MgSO4⋅7H2O, 0.036 g/L CaCl2⋅2H2O, 0.006 g/L citric acid, 0.006 g/L ferric ammonium citrate, 0.001 g/L EDTA, 0.02 g/L Na2CO3. And 1 ml of trace metal solution per liter medium, which content: 2.86 g/L H3BO3, 1.81 g/L MnCl2⋅4H2O, 0.222 g/L ZnSO4⋅7H2O, 0.39 g/L NaMoO4⋅5H2O, 0.079 g/L CuSO4⋅5H2O, 0.0494 g/L Co(NO3)2⋅6H2O. The culture medium was sterilized in an autoclave at 121°C for 20 min. TP (Food grade, Xitang Biological Technology, Co., Ltd., China), EGCG and NAA (TCI Development, Co., Ltd., Shanghai, China) were sterilized by filtration.

In the first step, orthogonal experiments were carried out with four levels as follows: 0 mg/L (A1), 0.5 mg/L (A2), 1.5 mg/L (A3), and 5 mg/L (A4) for NAA dosage, 0 mg/L (B1), 0.5 mg/L EGCG (B2), 2 mg/L TP (B3), and 20 mg/L TP (B4) for antioxidants dosage. And 120 μmol photons m-2⋅s-1 of light intensity was used as low-light level (LL, C1/C2), 400 μmol photons m-2⋅s-1 was used as high-light level (HL, C3/C4). Three-factors-four-levels experiments were conducted by the orthogonal list L16 (45). NAA was added at the early growth stage when the OD750 of algal culture was about 3.0 at day 2. EGCG and TP were added at the middle growth stage when the OD750 of algal culture was about 6.0 at day 6. Experimental scheme and results were shown in Supplementary Table 1. All data were analyzed by SPSS Statistics (Version 19, IBM, Armonk, NY, United States).

To confirm the effects of the candidate factors selected by orthogonal experiments, single factor experimental scheme was conducted with a wider gradient of the additive concentration. A new range of NAA concentrations (0, 0.1, and 10 mg/L) and TP concentrations (0, 50, and 500 mg/L) were chosen. Nine experimental groups were as follows: CT, 0.1 NAA, 10 NAA, 50 TP, 500 TP, 0.1 NAA+50 TP, 0.1 NAA+500 TP, 10 NAA+50 TP, and 10 NAA+500 TP. An additive combination of NAA (0.1 mg/L) and TP (500 mg/L) in the medium was expressed as 0.1 NAA+500 TP. CT was the control group without additives.

Algal Biomass and Chlorophyll Fluorescence Measurements

Algal samples (10 mL) were filtered through the pre-weighed filter paper (0.22 mm, Whatman International, Ltd., Maidstone, United Kingdom) and dried at 105°C for 8 h. The difference between the final weight and initial weight of the filter paper was the dry weight of the samples.

Algal cells suspension was transferred to the 96-well plates and analyzed by Imaging-PAM Chlorophyll Fluorometer (Walz, Effeltrich, Germany). The chlorophyll fluorescence was measured and calculated, the data of photosynthetic efficiency were determined, including the data of Fv/Fm, non-photochemical quenching (NPQ) and quantum yield of photochemical energy conversion in PSII (YII) (Klughammer and Schreiber, 2008; Hu et al., 2013).

Lipid Extraction, Quantification, and Composition Analysis

Nile red staining was carried out for measurement of neutral lipids in microalgae (Chen et al., 2009). Freeze-dried biomass was further used for total lipid extraction (Bigogno et al., 2002). Following procedures: 30 mg dry algae powder was resuspended with the chloroform-methanol (4 vs. 2 ml) to extract the lipid by shaking with a speed of 200 rpm at 37°C for 2 h. After centrifuging at 3200 g for 10 min, the supernatant was transferred to a new tube and mixed with 2 ml methanol and 3.6 ml 5% NaCl. The remaining lipid was dissolved in chloroform phase by centrifuging at 3200 g for 5 min, then the chloroform phase was transferred into pre-weight vials. The residuals were weighed after removing chloroform by nitrogen evaporator.

Total lipid composition was analyzed after methyl esterification processing by reacting with 2% H2SO4 in methanol at 85°C for 3 h. Gas chromatography analysis was carried out with a GC system (7890A, Agilent Technologies, Inc., Santa Clara, CA, United States). HP-5 (30 m × 320 μm × 0.25 μm, Agilent, United States) was selected as the chromatographic column. Gas heating process was as follows: rise the column temperature to 190°C with a heat rate of 10°C/min, and maintain 1 min. Then rise the temperature to 207°C with a heat rate of 0.8°C/min, and maintain 1 min. N2 was used as carrying gas with a speed (28.5 mL/min) and split ratio (10:1, v/v). Heptadecanoic acid (C17:0, 3 mg/mL) was used as an internal standard.

Intracellular ROS Level, Lipid Peroxidation, and ROS Scavenging Enzyme (Catalase) Activity Analysis

Intracellular ROS analysis was performed by using a Reactive Oxygen Species Assay Kit (Beijing Solarbio Science & Technology, Co., Ltd., China; code: CA1410-100T) according to the manufacturer’s instructions. This kit used 2,7-Dichlorodi-hydrofluorescein diacetate (DCFH-DA) as probe. This non-fluorescence probe could be oxidized by intracellular ROS, including hydrogen peroxide (H2O2) and hydroxyl radicals (OH∙), to the fluorescence probe of DCF. This fluorescence was most sensitive to the level of H2O2 and could be used to compare the levels of this ROS in different conditions of the cells. Culture samples of M. afer were collected and adjusted to a final cell concentration of 1 × 107 cells per milliliter with culture medium which collected from the culture system. Then cells were incubated with 1 μM DCFH-DA for 20 min under culture condition (same light intensity and temperature). DCF fluorescence was measured with 488 nm excitation wavelength and 525 nm emission wavelength by a multi-mode microplate reader (SynergyTM HT, BioTek, Winooski, VT, United States).

Malondialdehyde (MDA, the by product of lipid peroxidation) content and Catalase (CAT) activities were measured according to Shi et al. (2009). MDA and CAT kits were purchased from Nanjing Bioengineering Institute, China.

Thylakoid Membrane Preparation and Protein Level Analysis

Microalgae cells were harvested by centrifugation at 4000 g for 10 min and resuspended in 10 ml of Hepes-OH buffer (20 mM, pH 7.5). After centrifuged at 3200 g for 5 min, the pellets were suspended with 5 ml of extraction buffer (300 mM sorbitol; 50 mM Hepes-OH, pH 7.5; 2 mM Na2EDTA, pH 8.0; 1 mM MgCl2⋅6H2O and 1% BSA). The microalgae cells were homogenized by grinding in liquid nitrogen and the extraction were performed in triplicates. All subsequent steps were carried out on ice. The supernatant was collected in centrifuge tube by centrifugation at 4000 g for 10 min. Following centrifugation at 13000 g for 30 min with the collected supernatant, the precipitated thylakoid membranes were resuspended in extraction buffer.

For the qualification of chlorophyll and protein content in thylakoid, thylakoid membrane was soaked with 80% acetone at 60°C for 2 h, then separate the chlorophyll and protein by centrifugation at 13000 g for 15 min. Chlorophyll content in thylakoid was determined by the method published (Wellburn, 1994). And the total protein content was determined by BCA Protein Assay Kit (by protein reduction chromogenic reaction) following the manufacturer’s instructions (Beijing Solarbio Science & Technology, Co., Ltd., China).

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to the protocol (Ikeuchi and Inoue, 1988), and thylakoid membrane proteins were used as testing samples. For semi-quantification analysis, the gray scale of each band was measured by Image J software. Target bands which had significant differences were excised and decolorized using decolor-buffer (100 mM NH4CO3/30% acetonitrile) at 4°C for 2 h. This step was repeated two times until the spot gels were totally clean. After centrifugation at 13800 g for 5 min, the pellets of gels were lyophilized and then transferred in 5 μl Trypsin solution (12.5 ng/μl in 50 mM NH4HCO3) at 4°C for 60 min, followed by adding 20 μl 50 mM NH4HCO3 at 37°C for 20 h. The enzymatic hydrolysate was transferred to another tube, and the supernatant was used for LC–MS/MS analysis.

Samples were analyzed on a Surveyer plus a LC-LTQ XL (Thermo Fisher Scientific, Inc., Waltham, MA, United States). The electrospray voltage of 2.2 kV was carried out with the ion transfer tube temperature at 220°C. Digested peptides were analyzed by using data-dependent acquisition of a MS scan (600–2000 m/z), and then MS/MS scans were performed for the three most abundant ions in each MS scan. Normalized collision energy for MS/MS was set to 35% with an isolation width of 1.5 amu. From raw files, MS/MS spectra were exported to individual files in data format according to the following setup: peptide mass range, 350–5000 Da; minimal total ion intensity threshold, 1000; minimal number of fragment ions, 15; precursor mass tolerance, 1.4 amu; group scan, 1; minimum group count, 1.

Extracted MS/MS spectra were converted to a Mascot genetic format file (mgf) and searched against a C. reinhardtii database [from the National Center for Biotechnology Information (NCBI), updated November 17, 2017, containing 33,220 entries] or Swiss_Prot (updated November 17, 2017, containing 560,836 entries) by Mascot (Version 2.4, Matrix Science, Ltd., London, United Kingdom).

For western-blot analysis, thylakoid membrane proteins of M. afer were used as total protein samples. Primary antibodies [D1 protein of photosynthetic system II (PSII), C-terminal, rabbit antibody, code: AS05_084] were purchased from Agrisera, Co., Ltd., Sweden. Western-blotting was performed by probing with specific antibodies after electroblotting onto nitrocellulose membranes (GE Healthcare, Co., Ltd., Chicago, IL, United States) (Liu et al., 2012b). Primary antibody was diluted 10000-fold (antibody against D1), and signals from horseradish peroxidase-conjugated goat anti-rabbit IgG (H+L) were visualized using Clarity Western ECL substrate (MDBio, Inc., Qingdao, China) and the blotting-spots were analyzed using ImageJ software (National Institutes of Health, United States) (Liu et al., 2012a).

Statistical Analysis

All the experiments were repeated three times. Unless otherwise stated, all data were expressed as mean standard deviation (SD). Statistical significance and determination coefficients of the values obtained from each experiment was evaluated by variance (ANOVA) using the software SPSS (version 19.0, IBM, Chicago, IL, United States). Significant differences were considered when p < 0.05.

RESULTS

Growth and Lipid Content of M. afer After NAA and Antioxidants Supplement

Experimental scheme and results of the orthogonal experiments were shown in Supplementary Table 1. Light intensity, NAA and antioxidants all had significant (p < 0.05) influence on M. afer photosynthetic efficiency (Supplementary Table 3), while the growth was only significantly (p = 0.001) affected by light intensity (Supplementary Table 2). No significant effect on lipid content was observed from all of these factors (Supplementary Table 4). Microalgal photosynthetic efficiencies were significantly influenced by NAA (p = 0.046) and antioxidants (p = 0.033), while these effects were not reflected by the growth of M. afer (Figure 1).
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FIGURE 1. Orthogonal effect curves of NAA, antioxidants, and light intensity on growth (OD750), photosynthetic efficiency (YII), and lipid accumulation of Mychonastes afer. NAA (A), antioxidant (B), light intensity (C) and the interactions between the light intensity and antioxidants (B × C) were the factors investigated here with four levels, and NULL is for the error assessment. The four levels of these factors were as follows: 0 mg/L (A1), 0.5 mg/L (A2), 1.5 mg/L (A3), and 5 mg/L (A4) for NAA dosage, 0 mg/L (B1), 0.5 mg/L EGCG (B2), 2 mg/L TP (B3), and 20 mg/L TP (B4) for antioxidants dosage. And 120 μmol photons m-2⋅s-1 of light intensity was used as low-light level (LL, C1/C2), 400 μmol photons m-2⋅s-1 was used as high-light level (HL, C3/C4).



Based on the relationship between photosynthetic efficiency of M. afer and additives, new experimental scheme was conducted with a wider gradient of the additive concentration to further verify the orthogonal experiment results. The algal growth rate increased with an addition of 0.1 mg/L NAA on the 2nd day of cultivation, and this promotion was amplified when TP was added on the 6th day of cultivation. After the supplement of NAA (0.1 mg/L) and TP (500 mg/L) in the medium, the maximum algal biomass was 3.69 g/L, which was 18.76% higher (p = 0.002) than control (Figure 2A).
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FIGURE 2. Growth and lipid content of M. afer supplemented with NAA and TP. (A) Growth curves of M. afer that grew under different treatment of additive combinations. CT is the control group without additives. NAA and TP were added at day 2 and day 6, respectively. (B) Final algal biomass (dry weight), lipid content (% dry weight), and lipid yield of M. afer under different culture conditions. Values are means ± SE (n = 3). Asterisks indicate statistically significant differences compared with the control group (∗p < 0.05; ANOVA).



Total lipid content of M. afer was increased with the supplementary of 0.1 mg/L NAA and TP. The maximum algal total lipid content and lipid yield was 17.6 and 39.6% higher than control without additives, respectively. It appeared in the experimental group with the supplement of NAA (0.1 mg/L) and TP (500 mg/L) in the medium (Figure 2B). However, no significant difference of fatty acids composition was observed under different culture conditions, according to the GC analysis data (Supplementary Table 5).

Effects of NAA and TP on Photosynthetic Efficiency of M. afer

Microalgae utilize light energy to maintain the energy requirements for life activities and growth. In order to elucidate the mechanism for the higher growth rate and lipid content of M. afer after adding NAA and TP, the photosynthetic efficiency of M. afer under different culture conditions were measured. Fv/Fm was the potential maximum photosynthetic activity of the photosynthetic organisms. Fv/Fm could also reflect the activity of the PSII complex. YII stands for the actual quantum yield (actual photosynthetic efficiency) of PSII in any light state and can reflect the activity of linear electron transport (Klughammer and Schreiber, 2008). NPQ reflects the ability of photosynthetic organisms to dissipate excess light to heat. The Fv/Fm and YII of M. afer decreased in the later stage of culture, while some groups which added TP at day 6 showed higher Fv/Fm than control group (p = 0.002). Consequently, the NPQ of M. afer increased in the later stage of culture, while the groups added with TP would lead a lower NPQ, indicating a lesser light energy dissipation in the cells with TP supplement (Figure 3). These results suggested that TP could maintain higher photosynthesis efficiency of M. afer at later growth stage compared with the control group.


[image: image]

FIGURE 3. Effects of NAA and TP on photosynthetic efficiency of M. afer. Photosynthetic parameters Fv/Fm (A), YII (B), and NPQ (C) were detected. NAA and TP were added at day 2 and day 6, respectively. Values are means ± SE (n = 3). Asterisks indicate statistically significant differences compared with the control group (∗p < 0.05; ANOVA).



Intracellular Reactive Oxygen Species (ROS), Lipid Peroxidation, and ROS Scavenging Enzyme (CAT) Activity Analysis

At the late growth stage, algae grew under stress conditions due to deplete of nutrition in medium, which in general led to decreased energy converting efficiency (Kolber et al., 1988). Excess light energy would lead to sustained increases in intracellular ROS level, which would have detrimental effects on algal growth (Choo et al., 2004). The observation that cells of M. afer could maintain high photosynthetic efficiency at later growth stage after TP supplement, implying that TP might regulate the photosynthesis efficiency of M. afer by alleviating its intracellular ROS. We selected day 8 as the time point to analyze the relationship between photosynthetic efficiency of M. afer and its intracellular ROS level, because the photosynthetic efficiency of M. afer showed the most significant difference between the control group and the cells cultured with 0.1 mg/L NAA and 500 mg/L TP at this time point (p = 0.0004). A linear relationship was observed between Fv/Fm values and intracellular ROS levels, which suggested that TP could promote the photosynthesis efficiency of M. afer by alleviating its intracellular ROS at later growth stage (Figures 4A,B). Base on the method, the species of these reactive oxygen were mainly H2O2. The cells of two experimental groups (0.1 NAA+50 TP and 0.1 NAA+500 TP) which had the highest lipid yield were harvested for further MDA content and CAT activities analysis. MDA is the by product of lipid peroxidation. MDA content was analyzed as the indicator for lipid peroxidation, and the excess ROS accumulation in cells can be represented by their lipid peroxidation (Zhang et al., 2013). CAT is a key enzyme which is located in peroxisomes and mitochondria in ROS scavenging system (Kato et al., 1997). CAT became more abundant in the later stage of the cell culture, and higher CAT activity reflected a later stage of the cell culture. Over-expression of CAT in cytosolic or mitochondrial compartment protects cells against oxidant injury (Bai et al., 1999). Intracellular ROS level (DCF fluorescence) of M. afer cultured with NAA (0.1 mg/L) and TP (500 mg/L) were significantly lower than the control group, which decreased 53% (Figure 4C). Correspondingly, MDA content and CAT activity of M. afer cultured with NAA (0.1 mg/L) and TP (500 mg/L) were about 88.4 and 50% compared with control group, respectively (Figures 4D,E). The lower intracellular ROS level and MDA content indicated that the cells of M. afer cultured with TP supplement were under lower oxidant stress than the control group. Meanwhile, a lower CAT activity was enough for excessive ROS neutralization in TP supplemented cultures.
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FIGURE 4. Intracellular ROS analysis of M. afer and their relationship with the Fv/Fm values under different culture conditions. (A) False-color images showed Fv/Fm variations of M. afer under different culture conditions. Algal cells suspension was added to the 96-well plates. After 10 min of dark adaptation, Fv/Fm was determined following a saturating pulse of light, and chlorophyll fluorescence images of algal cells suspension were obtained at this time point. (B) Linear fit of ROS and Fv/Fm. DCF fluorescence was used to semi-quantitative analyze the accumulation of H2O2 in M. afer. Quantification analysis of intracellular ROS level (C), MDA content (D), and CAT activity (E) of M. afer under different culture conditions. M. afer cells were harvested and analyzed immediately at day 8. Values are means ± SE (n = 3). Asterisks indicate statistically significant differences compared with the control group (∗p < 0.05; ANOVA).



Western-Blot Analysis of Photosynthetic Proteins

The cells of two experimental groups (0.1 NAA+50 TP and 0.1 NAA+500 TP) which had the highest lipid yield were harvested for further quantification analysis of photosynthetic proteins. As the core photosynthetic apparatus of PSII, the abundance of chloroplast photosynthetic protein D1 could represent the amount of functional PSII in algal cells (Schnettger et al., 1994). According to the western-blot result, D1 content in the cells that cultured with 0.1 mg/L NAA and 500 mg/L TP supplement was 33.3% higher than control (Figures 5A,B). Dilutions of control group were used to proving the accuracy of western-blotting process. Combined with the ROS level results, it is speculated that the cells with higher TP supplement were suffered less oxidant damage on the PSII.
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FIGURE 5. Quantification analysis of photosynthetic proteins of M. afer under different culture conditions. (A) Western-blot analyses of D1 protein under different culture conditions. Thylakoid membrane proteins were separated by 12% SDS-PAGE and subsequently probed with D1 antibody. Thylakoid samples were loaded on the basis of equivalent total protein content (15 μg) in each lane. 1/4 CT and 1/2 CT: a fourfold and twofold dilution of extract of control group. (B) The amounts of D1 in M. afer harvested from different culture conditions were calculated based on the gray analysis of western-blot by Image J software. (C) Isolated thylakoid membrane proteins under different culture conditions on SDS-PAGE. Thylakoid samples were loaded on the basis of equivalent total protein content (15 μg) in each lane. (D) Semi-quantification analysis of two target bands (27 and 50 kDa) according to their gray scale. Values are means ± SE (n = 3). The insert table showed the protein predicted by LC–MS/MS. Asterisks indicate statistically significant differences compared with the control group (∗p < 0.05; ANOVA).



In order to get more clues about how TP induced the high robust of PSII to response to high ROS stress, thylakoid membrane proteins were analyzed by SDS-PAGE. Four bands at 24, 25, 27, and 50 kDa were chosen for further composition and semi-quantification analysis (Supplementary Figure 1). Based on our western-blotting experience of D1 protein (two bands with close dimensions at 25 kDa), bands at 24 and 25 kDa are D1 and pD1 proteins (precursor D1 protein), respectively. Two bands at 50 and 27 kDa exhibit significant differences between the treatment samples and control by the gray scale analysis of blue Coomassie-stained gel (Figure 5D). Further LC–MS/MS analysis predicted these are the protein bands of CP43 (PSBC_CHLEU) and D2 (PSBD_BIGNA), respectively (Figure 5D and Supplementary Table 6). With TP supplement, the amount of D2 protein was 25.6% higher than control, while the amount of CP43 was 84.2% lower than control (Figures 5C,D).

DISCUSSION AND CONCLUSION

Auxins play a particular role in higher plant development by affecting several physiological processes (Perrot-Rechenmann, 2010). Nowadays, the presence of auxins in algal lineages were also demonstrated, and parts of their effects on cell growth and development were uncovered (Lu and Xu, 2015). Microalgae might have similar auxin signal and response system of plants (Lau et al., 2009). Auxin signaling, like transport inhibitor response1-auxin signaling F-box protein (TIR1-AFB), auxin response factor (ARF) and auxin-indole-3-acetic acid proteins (AUX-IAA), has been studied (Gray et al., 2001; Tiwari et al., 2003; Parry et al., 2009). Evidence for phytohormone function in microalgae is rare but beginning to accumulate. For instance, auxin was demonstrated to induce cell division in the unicellular desmid Micrasterias thomasiana (Charophyta) and Chlorella pyrenoidosa (Chlorophyta) (Wood and Berliner, 1979; Vance, 1987). Two AUX-IAAs were presented in C. reinhardtii (Palenik et al., 2007). As exogenous synthetic auxin, effects of NAA on the growth and lipid accumulation of M. afer were investigated in this study. According to the orthogonal experiments, the cell growth of M. afer would be promoted by NAA at the concentration below 1 mg/L, further it was confirmed by the single factor analysis with 0.1 mg/L NAA treatment. This concentration brought the most significant effect to the growth of M. afer at the 2nd day after supplement, which may be due to the regulatory effect of NAA in cell division (Palenik et al., 2007). Furthermore, NAA was stable in the culture system, and had a better growth promoting effect when combined with TP supplement in the later growth stage of M. afer.

The growth and lipid accumulation of M. afer were promoted with antioxidant supplement in our study. TP includes catechins, theaflavins, tannins, and flavonoids. Catechins are the main component of TP (60–80%), and are mainly composed of EGCG (50%), epicatechin-3-gallate (ECG, 20%), epigallocatechin (EGC, 20%), epicatechin (EC), catechin, and gallocatechin (GC) (Lin et al., 1996; Frei and Higdon, 2003). TP and EGCG were investigated as antioxidant additives in this study, and showed similar effects on M. afer growth. Due to the consideration of large-scale production application, TP would be more economical and it was selected for further investigation in this work. With the addition of 0.1 mg/L NAA and 500 mg/L TP, the final lipid yield of M. afer was 2.15 g/L, which was 39.6% higher than control. The extra fee for additives addition mainly comes from TP, whose price is 60–80 CNY per kilogram for large-scale food grade raw material procurement. It only additional accounted for 15–20 CNY to harvest 1 kg of algae oil with high NA content (5%).

With the supplement of NAA and TP, the variation of intracellular ROS level was observed, the changes of photosynthetic efficiency were also significant. As a photosynthetic organism, algae converted light energy into chemical energy for life activities or stored in the form of biochemical compounds. However, the excess light energy could lead to excess ROS accumulation and photo-oxidative damage to the photosynthetic apparatus (Mullineaux and Karpinski, 2002). Photosynthetic organisms need to alleviate the detrimental effects of high ROS stress, especially under stressful conditions (Kolber et al., 1988). In this work, there was an obvious linear relationship between the photosynthetic efficiency and intracellular ROS level. As expected, M. afer cultured with TP was detected a lower ROS level, MDA content, and CAT activity than the control. These indicated that the cells of M. afer cultured with TP supplement were under lower oxidant stress (Zhang et al., 2013). The variation of CAT activity was due to the ROS quenching effort of TP, lower activity of CAT is enough for the ROS neutralization. Further analysis of thylakoid membrane proteins by SDS-PAGE and western-blot analysis, the amounts of D1 and D2 proteins in cells cultured with TP were higher than the control, while the amounts of CP43 protein decreased 84.2% compared with the control. We speculated that TP possesses the function of slowing down the damage of PSII by scavenging excess intracellular ROS and resulting the higher amount of D1 and D2 in the cells. Photo-oxidative damages of PS II are frequently generated by breaking its reaction center and damaging the thylakoid membranes. Organisms maintain the photosynthetic ability through an intricate repair mechanism involving degradation of the damaged D1 reaction center protein and re-assembly by fresh core skeleton proteins into the photosynthetic system (Andersson and Aro, 2001). Under stress conditions, the rate of photo-oxidative damage exceeds the capacity of self-repair, which leads to a decrease of D1 and D2 abundance in photosynthetic system (Krieger-Liszkay et al., 2008). The higher amounts of D1 and D2 proteins might indicated a less degradation of PSII (Erickson et al., 2015). Moreover, instead of the previously known function of CP43, which acted as one of the core PSII antenna proteins. It was also demonstrated the Loop E of CP43 played a crucial role in the assembly of the water oxidizing center during PSII biosynthesis. The structural dynamics of the luminal domain of CP43 determined its role in the assembly of functional PSII centers (Liu et al., 2013). The reduction of CP43 could be associated with the retard of PSII assembly. Based on these, we hypothesis that the ROS level could play a role on the expression of CP43. This was confirmed by our results of ROS analysis. When cells were supplemented with TP, they had a lower ROS level, which lead to a less PSII degradation. Furthermore, the lower ROS level would cause the down-regulation of CP43 protein and less re-assembly of PSII. The regulation pathway from ROS to CP43 is interesting and will be analyzed by future research. In summary, supplement of TP enhanced ROS quenching, therefore the amount of ROS targeted to PSII damage and PSII repair signaling was decreased, which leaded to a less PSII damage (Figure 6). As a result, TP could reduce the damage of PSII by scavenging intracellular excess ROS at later growth stage. The cells supplied with NAA and TP could get higher growth rate, the energy and reducing power could accumulated in the form of fatty acids.
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FIGURE 6. Schematic diagram of the PSII repair cycle under the supplement of TP. With TP supplement, ROS quenching was enhanced and lead to the decrease of ROS for damage and signaling processes. As the result of less ROS damaging, PSII degradation was reduced and performed as the increasing of D1 and D2 content. For ROS signaling, a less amount of CP43 gives the hint that PSII re-assembly process was decelerated. Colored squares are core protein components (D1, D2, CP43, CP47, LHC, and OEC) of PSII. LHC, light harvesting complex; OEC, oxygen evolving complex.
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Plastid engineering offers an important tool to fill the gap between the technical and the enormous potential of microalgal photosynthetic cell factory. However, to date, few reports on plastid engineering in industrial microalgae have been documented. This is largely due to the small cell sizes and complex cell-wall structures which make these species intractable to current plastid transformation methods (i.e., biolistic transformation and polyethylene glycol-mediated transformation). Here, employing the industrial oleaginous microalga Nannochloropsis oceanica as a model, an electroporation-mediated chloroplast transformation approach was established. Fluorescent microscopy and laser confocal scanning microscopy confirmed the expression of the green fluorescence protein, driven by the endogenous plastid promoter and terminator. Zeocin-resistance selection led to an acquisition of homoplasmic strains of which a stable and site-specific recombination within the chloroplast genome was revealed by sequencing and DNA gel blotting. This demonstration of electroporation-mediated chloroplast transformation opens many doors for plastid genome editing in industrial microalgae, particularly species of which the chloroplasts are recalcitrant to chemical and microparticle bombardment transformation.

Keywords: Nannochloropsis, plastid transformation, oleaginous microalga, green fluorescent protein, photosynthetic cell factory

INTRODUCTION

Microalga-based biochemical factory is regarded as an ideal strategy for sequestering greenhouse gas and producing valuable molecules ranging from therapeutic proteins to biofuels (Tran et al., 2013; Moody et al., 2014). However, few natural strains exhibit the demanding traits as feedstock for biofuel production which have led to a quest for more specific genomic and biological models (Scott et al., 2010; Ge et al., 2014). Nannochloropsis spp. have attracted sustained interest from algal biofuels researchers owing to their rapid growth, high amounts of triacylglycerol (TAG) and high-value polyunsaturated fatty acid (FA) and their successful cultivation at large scale using natural sunlight by multiple institutes and companies (Radakovits et al., 2012; Vieler et al., 2012; Wang et al., 2012, 2014; Corteggiani Carpinelli et al., 2014; Lu et al., 2014a,b; Moody et al., 2014; Lu and Xu, 2015; Ajjawi et al., 2017; Wei H. et al., 2017; Zienkiewicz et al., 2017).

Genetic engineering of industrial microalgae provides a viable way to optimize crucial traits for commercial feedstock development (Gimpel et al., 2013; Zhang and Hu, 2014; Wang et al., 2016; Cui et al., 2018). A nuclear transformation method has been developed for Nannochloropsis sp. (Kilian et al., 2011; Vieler et al., 2012; Li et al., 2014; Iwai et al., 2015; Kang et al., 2015; Poliner et al., 2017; Xin et al., 2017), which facilitates the manipulation of crucial nodes in oil biosynthesis and the development of the RNA interference (RNAi) (Wei L. et al., 2017) and CRISPR/Cas9 methods (Wang et al., 2016). However, the plastome genetic engineering tools are not yet avaiable for Nannochloropsis spp. There are considerable attractions associated with placing transgenes into the plastid genome rather than the nuclear genome (Bock, 2014; Doron et al., 2016), particularly where plastid genomes are engineered to express valuable proteins (e.g., therapeutics proteins) (Tran et al., 2013): (i) high transgene expression levels; (ii) capacity for expressing multigene in artificial operons; (iii) devoid of gene silencing and other epigenetic mechanisms; (iv) higher precise insertion site than nuclear expression (which normally integrate foreign DNA into their nuclear genomes by non-homologous recombination).

Besides the manipulation of plastid genes (with a number of ~100) (Wei et al., 2013), transplastomic technology may utilized to express heterologous genes or gene clusters with economic values (e.g., pharmaceutical proteins) (Mayfield et al., 2007; Rasala et al., 2010). Moreover, ~10% of the nuclear gene products (mainly FA biosynthetic enzymes and photosynthesis related proteins which determine the key features of oleaginous microalgae for biofuel production) are targeted to plastids (Leister, 2003). This further expands the plastome engineering gene repertoire. Thus, transplastomic technology provided fundamental opportunities for rational trait-improvement of microalgae (Bock, 2014).

Although progresses have been made for several reference plants, plastid transformation is still restricted to a relatively small number of species (Bock, 2014). This is mainly due to the fastidious requirements in cell handling to match the methods currently available for plastid transformation (Maliga, 2004). For instance, although microparticle bombardment is a rountine pratice to delivery exogenous DNA into plant or microalgal plastids, it has a rigid requirement to cell diameters of target species (Cui et al., 2014). Genetic manipulation of chloroplasts of small-size microalgal species is intractable due to the limitation of availablity of golden particles (of which the smallest diameter is 0.6 μm). Therefore, biolistic plastid transformation have only been developed for a few micoalgal species (exclusively for species with relatively large cell sizes and huge chloroplasts), e.g., Chlamydomonas reinhardtii (with a diameter of ~10 μm) (Boynton et al., 1988), red alga Porphyridium sp. (with a diameter of ~15 μm) (Lapidot et al., 2002) and green alga Platymonas subcordiformis (with a diameter of ~15 μm) (Cui et al., 2014). However, as for most industrial microalgal species of which the diameters are approximately a few microns (e.g., Nannochloropsis sp. and Chlorella sp., both with a diameter of ~2 μm), plastome genetic engineering tools have not yet been developed. Polyethylene glycol (PEG) treatment of protoplasts provides an alternative way for chloroplast transformation (Golds et al., 1993). However, as all protoplast-based methods, PEG-mediated protoplast transformation requires removal of the cell wall prior to transformation (or, alternatively, use of cell wall-deficient mutant strains), which makes the procedures technically demanding, labor intensive, and time consuming (Bock, 2015). Even worse, protoplast preparation is always intractable to most microalgal species of which the cell wall is complex (Maliga and Bock, 2011). Therefore, research and development of plastid biotechnology remain challenge for most industrial microalgae.

During the creation of nuclear mutagenesis library for industrial oleaginous microalga Nannochloropsis oceanica, we found that antibiotic constructs were inserted into the plastid genome by electroporation. A similar phenomenon has also been documented in C. reinhardtii (Zhang et al., 2014; Li et al., 2016). Therefore, to probe the potential of applying electroporation in chloroplast transformation, employing N. oceanica as a model, a simple and rapid approach for chloroplast transformation was developed for N. oceanica.

MATERIALS AND METHODS

Gene Cloning and Vector Construction

Genomic DNA was extracted using Plant Genomic DNA Extraction Kit (Omega, China) following a described procedure (Lu et al., 2009, 2010). N. oceanica endogenous chlL gene fragments, rbcL promoter and psbA terminator were amplified using sequence specific primers (Supplementary Table 1). The upstream and downstream fragments of chlL gene were subcloned into pBluescript SK vector (Stratagene, USA) using KpnI, XhoI and SacI, BamHI sites, respectively. The rbcL promoter and psbA terminator were subsequently ligated into the resulting vector between the XhoI, HindIII and EcoRV, EcoRI sites, respectively. The codon optimized gfp gene was synthesized by Sangon Biotech (Shanghai, China) and was ligated into the above vector with a HindIII restriction site at the 5′ end and an EcoRV site at the 3′ end of the coding region. All enzymes were commercially available from New England BioLabs (NEB, UK). The obtained vector was nominated as pMEMc1. The zeosin resistance (BLE) gene was amplified from vector pSP124 using primers BLE-F and BLE-R (Supplementary Table 1). The gfp gene of pMEMc1 was substituted by the BLE gene and generated vector pMEMc2.

Strains, Transformation, and Growth Conditions

N. oceanica was inoculated into modified f/2 liquid medium, which was prepared as early description (Gan et al., 2017). The cells were grown in liquid cultures under continuous light (~50 μmol photons m−2 s−1) at 25°C. Transformation was conducted as description with minor modification (Wang et al., 2016; Xin et al., 2017). Vectors were linearized by restriction digestion, and purified and concentrated by ethanol precipitation. Microalgal cells at early log phase were harvested by centrifugation at 5,000 g for 5 min at 4°C. Cells were washed with sorbitol at 4°C. For each transformation reaction, 4 × 108 cells were mixed with 1 μg transforming cassette DNA. The mixture was added into a cuvette (Bio-Rad, 2 mm) and pulsed using GenePulse XcellTM (BioRad) apparatus with 12 kV cm−1 field strength, 50 μF capacitance, and 600 Ohm shunt resistance. The cells were immediately transferred into fresh f/2 medium and recovered under dim light for 48 h. For pMEMc1 transformants, GFP fluorescence was observed at indicated intervals while for pMEMc2 transformants, cells were plated on solid f/2 with 2.5 μg ml−1 zeosin (Solarbio, China) and colonies appeared after ~4 weeks.

GFP Expression Detection of pMEMc1 Transformants

An Olympus BX51 microscope (Olympus, Japan), fitted with epifluorescence and differential interference contrast (DIC) optics, was used to visualize pMEMc1 transformants grown in liquid. Images were generated by either DIC or epifluorescence (excitation, 488 nm; emission, 520 nm) optics. An Olympus FluoViewTM FV1000 system was used to obtain laser confocal scanning microscope (LSCM) images of pMEMc1 transformants. Excitation at 488 and 559 nm were used for GFP and chlorophyll autofluorescence, respectively.

Genotyping of pMEMc2 Transformants

Approximately 10 mL cultures of wild-type and pMEMc2-transformed cells were harvested by centrifugation (7,000 rpm, 3 min at 4°C). The cell pellet was washed twice, and then genomic DNA was extracted. Genomic PCR was used to confirm the homoplasmic integration of the vector into the plastid genome of transgenic lines. With the primers crossing chlL gene regions (c2-F and c2-R; Supplementary Table 1 and Figure 1), 0.6 and 1.9 kb PCR products were expected to be detected for wild type and homoplasmic transformed cells (all copies of the chloroplast genome contained the ble gene), respectively. By contrast, for cells harboring heterogeneous chloroplast genomes, PCR amplification should generate both of the two bands (i.e., 0.6 and 1.9 kb DNA bands). All PCR fragments were purified (Cycle-Pure Kit, Omega, China) and sequenced (Sangon, China). Integration events were further analyzed by DNA gel blotting using non-radioactive DIG-containing ble gene probes (PCR DIG probe synthesis kit; Roche Diagnostics). The ble gene probes were labeled with DIG-dUTP using a pair of primer (BLE-F and BLE-R; Supplementary Table 1). Genomic DNA was digested with restriction enzyme HindIII or PstI, separated on 0.8% agarose gels, blotted, hybridized, and visualized.
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FIGURE 1. Construct map of homologous recombinant vector in N. oceanica chloroplast. PrbcL, promoter of large subunit of RuBisCO gene (rbcL); TpsbA, 3′ flanking sequence of gene encoding the D1 protein of Photosystem II (psbA); gfp, green florescence protein gene; chlL, light-independent protochlorophyllide reductase subunit; ble, zeosin resistance gene. Primers designed to examine the homoplasmic integration of the transforming cassette is indicated (c2-F and c2-R; Supplementary Table 1).



RESULTS

Design and Construction of Destination Vectors

To facilitate visualization of protein expression, the green florescence protein gene (gfp) was used as a reporter (Figure 1) and codon-optimized based on the featured codon bias and a high AT content (66.4%) of the N. oceanica chloroplast genome (Wei et al., 2013). The GFP gene was driven by an endogenous promoter (large subunit of RuBisCO, rbcL) and terminated by an endogenous terminator (3′ flanking sequence of gene encoding the D1 protein of Photosystem II, psbA) (Figure 1 and Supplementary Dataset 1). This expression cassette contains homology to the chlorophyll synthetic gene light-independent protochlorophyllide reductase subunit (chlL) region of the N. oceanica chloroplast genome. Transforming cassette will insert into the chlL locus by homologous recombination in expected transformants (Figure 1). Transformation construct harboring gfp gene (chlL-rbcL-gfp-psbA-chlL) were cloned into the plasmid pBluescript SK(-) and nominated as pMEMc1. The coding sequence of GFP in the vector was substituted with that of BLE gene and the resulting vector was designated as pMEMc2 (chlL-rbcL-ble-psbA-chlL; Figure 1 and Supplementary Dataset 2).

Introduction of Reporter Genes Into the Chloroplast Genome

To probe the proper in vivo functioning of selected plastid promoters and terminators in N. oceanica, we started by transforming pMEMc1 cassette into N. oceanica wild-type strain by electroporation. Fluorescence microscopy of representative cells revealed that GFP protein was delivered into and expressed in N. oceanica (excitation: 488 nm, emission: 500–545 nm; Figure 2A and Supplementary Video 1). The number of transformants expressing GFP increased, and reached the highest levels 3 days after pulse. Laser confocal microscopy further confirmed the in vivo GFP expression in N. oceanica (Figure 2B). Despite of a low possibility of functioning in nuclear expression of these utilized plastid promoter and terminator, we cannot exclude the possibility that GFP expressed in nuclear instead of chloroplast.
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FIGURE 2. Exogenous gene expression in the N. oceanica chloroplast. (A) Microscopy images of GFP signals from representative microalgal cells transformed by pMEMc1. The fluorescent micrographs show the GFP expressing cells with green color (excitation: 488 nm, emission: 500–545 nm) and wild type cells with auto red fluorescence of chlorophyll (excitation: 559 nm, emission: 570–650 nm). (B) Laser confocal microscopic observation of N. oceanica pMEMc1 transformants. Left, chlorophyll fluorescence; middle, GFP fluorescence; right, merged image. (C) PCR amplification of wild-type cells and pMEMc2 transformants genomic DNA using c2-F and c2-R primers. PCR product of wild type cells generates a single 0.6 kb DNA band. Homoplasmic cells harbors a 1.3 kb transforming constructs (rbcL-ble-psbA) and was expected to generate a single 1.9 kb DNA band. (D) DNA gel blot of pMEMc2 transformants. Wild-type cells was used as a control. Genomic DNA was digested with restriction enzyme HindIII or PstI and blotted with DIG-dUTP labeled ble gene probes. W, Wild-type cells; T, pMEMc2 transformants; -PstI, genomic DNA digested PstI; -HindIII, genomic DNA digested HindIII.



Site-Specific Integration of Transgenes Into the Chloroplast Genomes

To validate the homologous recombination of the exogenous constructs into chloroplast genomes, pMEMc2 was transformed into the wild-type N. oceanica. Appropriately 4 × 108 N. oceanica cells were used for each pulse with 1 μg transforming cassette DNA. The cells were recovered under dim light for 48 h before being plated on f/2 plates containing zeocin (2.5 μg/ml). Approximately eight transformed colonies appeared on the selective plates which translated to a transformation frequency of about 2 × 10−8 μg−1 DNA. Two transformants were selected and analyzed for integration and homoplasmicity after multiple rounds of streaking of single colonies under zeocin-resistance selection (no less than four rounds each of which took approximately a month). Genomic PCR and sequencing confirmed that homoplasmic strains (all copies of the chloroplast genome contained the ble gene) were obtained and the rbcL-ble-psbA constructs (~1.3 kb) were integrated into all chloroplast genomes through homologous recombination of chlL regions (Figure 2C and Supplementary Dataset 3). Control reactions using genomic DNA from wild type as templates yield PCR products with a length of ~0.6 kb because they did not contain the vector sequences (Figure 2C and Supplementary Dataset 4). It is not clear whether a single insertion occurred in transformed cells (or whether random insertions happened in transformant genome). Further analysis of integration events was performed by DNA gel blot where a single band was observed by using ble probe in either HindIII or PstI digested genomic DNA of transformants (Figure 2D). Altogether, a stable and targeted transgene integration within the plastid genome was mediated by electroporation.

DISCUSSION AND CONCLUSION

Chloroplast transformation was generally achieved by the biolistic process and ocassionally by PEG-mediated method (Maliga, 2004). However, neither of them is competent for most industrial microalgae. The major bottleneck is the inaccessibility of competent methods for DNA delivery into various microalgae with myriad cell size, complex, and largely unknown cell wall components. Thus, microalgae amenable to plastid transformation have been confined to limited species (Doron et al., 2016). Electroporation, which is normally used for nuclear transformation, was found to be capable of delivering exogenous DNA into plastid genome of N. oceanica (Supplementary Dataset 5) and C. reinhardtii (Zhang et al., 2014; Li et al., 2016).

Therefore, the aim of this study is to demonstrate the capacity of electroporation-mediated method in the development of transplastomic technology for species with small cell size and unknown cell-wall components. Using a plastid gene encoding chlorophyll biosynthetic enzyme CHLL as knock-in sites, the gfp gene was delivered into and expressed properly in N. oceanica by electroporation. Moreover, the antibiotic construct harboring the ble gene was utilized to validate the chloroplast integration of transformants. Genotyping of the homoplasmic cells showed a site-specific recombination of the transforming cassette into chloroplast genomes.

Restrictively, herein presented proof-of principle represents a starting point of plastome engineering for N. oceanica where the transformation frequency remains to be improved. To ensure the frequency, a standard practice should be developed and more recombination sites and more selectable marker genes should be tested. With a streamlined practice, electroporation should facilitate plastid engineering of relevant species with relative small cell sizes or unknown cell structure of which the chlroroplast manipultion is intractable by using microparticle bombardment or PEG-mediated transformation methods. Given that FA biosynthesis and photosynthesis processes predominantly take place in chloroplasts, transplastomic technology can be utilized to created engineered microalgal strains with optimized oil production and robust photosynthetic efficiency. Moreover, the incorporation of transgenes into the plastid genome for containment and high-level expression of recombinant proteins holds great promise for pharmaceutical and industrial applications.
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Concentrating algal cells by flocculation as a prelude to centrifugation could significantly reduce the energy and cost of harvesting the algae. However, how variation in phenotypic traits such as cell surface features, cell size and motility alter the efficiency of metal cation and pH-induced flocculation is not well understood. Our results demonstrate that both wild-type and cell wall-deficient strains of the green unicellular alga Chlamydomonas reinhardtii efficiently flocculate (>90%) at an elevated pH of the medium (pH 11) upon the addition of divalent cations such as calcium and magnesium (>5 mM). The trivalent ferric cation (at 10 mM) proved to be essential for promoting flocculation under weak alkaline conditions (pH ∼8.5), with a maximum efficiency that exceeded 95 and 85% for wild-type CC1690 and the cell wall-deficient sta6 mutant, respectively. Near complete flocculation could be achieved using a combination of 5 mM calcium and a pH >11, while the medium recovered following cell removal could be re-cycled without affecting algal growth rates. Moreover, the absence of starch in the cell had little overall impact on flocculation efficiency. These findings contribute to our understanding of flocculation in different Chlamydomonas strains and have implications with respect to inexpensive methods for harvesting algae with different phenotypic traits. Additional research on the conditions (e.g., pH and metal ions) used for efficient flocculation of diverse algal groups with diverse characteristics, at both small and large scale, will help establish inexpensive procedures for harvesting cell biomass.

Keywords: flocculation, cell wall deficient, Chlamydomonas, multivalent metal ions, microalgae, pH, algal biotechnology

INTRODUCTION

Over the past decade there has been an increasing interest in microalgae as a promising feedstock for sustainable, large-scale production of commodities such as food, feed, chemicals, materials and fuels (Abomohra et al., 2016; Waghmare et al., 2016). For all of the products that could potentially be developed, overcoming technical issues and reducing production costs will be the primary determinants of feasibility for achieving sustainable algal biomass production (Laurens et al., 2017). Among key technical issues, a major challenge for commercial-scale applications is the ability to inexpensively harvest large quantities of microalgal biomass from dilute cultures. Conventional methods like centrifugation are fast and effective, but also costly and energy intensive, making it only suitable for the production of high-value biomass or metabolites (Demirbas, 2017). The various other techniques that have been used to harvest microalgae include membrane filtration (Lorente et al., 2017), foam fractionation (Ndikubwimana et al., 2016a), chemical/biological flocculation (Chatsungnoen and Chisti, 2016; Ndikubwimana et al., 2016b), electrolytic coagulation (Fayad et al., 2017), ultrasonic aggregation (Wang et al., 2015), magnetic separation (Safarik et al., 2017) and gravity sedimentation (Griffiths et al., 2012). Each of these methods has been reported, with some promising results under specific production conditions.

To generate algal biomass in an economically feasible, environmentally friendly way requires selection of appropriate harvesting technologies. Several factors must be considered when selecting the harvesting strategy, including strain phenotype, ionic strength and pH conditions of the culture medium, recycling of spent medium, and the final quality of harvested biomass. Chemical flocculation with polyvalent metal ions or polymeric flocculants is widely used in water treatment and has been shown to efficiently separate microalgal cells from its growth medium (Chatsungnoen and Chisti, 2016). For some species, flocculation can also be stimulated by changing the pH of the medium. However, increasing the pH can lead to precipitation of magnesium, calcium, phosphate and carbonate salts along with the algal cells (Vandamme et al., 2012; Wu et al., 2012). In contrast, decreasing the pH neutralizes negative charges on the cell surface, which decreases dispersal forces among the cells thereby promoting flocculation; the flocculated material can then be collected in a much smaller total culture volume (Liu et al., 2013) and be further concentrated by centrifugation. It was recently shown that the power consumption during the harvesting of microalgae by coagulation flocculation was much lower relative to the power consumption of conventional centrifugation [only 2.1 kWh/kg for Chlorella vulgaris and 0.2 kWh/kg for Phaeodactylum tricornutum (Vandamme et al., 2011) compared to ∼16 kWh/kg when assuming a microalga biomass concentration of 0.5 kg/m3 in open ponds (Danquah et al., 2009)]. In sum, algal cell flocculation prior to harvesting by centrifugation could significantly reduce the energy ‘cost’ of the collection procedure (Xu et al., 2011).

Although it appears from previous studies that flocculation is an efficient technique to pre-harvest microalgal cells, there is still uncertainty about how general the procedure is for different species and for diverse strains of a single species that are phenotypically distinct, which would include differences in cell size, surface charge properties and motility. It would also be valuable to explore how cation and pH triggered flocculation is impacted when the production strains are lacking or deficient in a cell wall; such strains may be more amenable to molecular and genetic engineering as well as cell disruption.

To further develop simple, inexpensive methods to facilitate algal cell harvesting by flocculation, we evaluated flocculation of the green unicellular algae Chlamydomonas reinhardtii (hereafter Chlamydomonas) using a combination of metal cations in addition to medium of different pHs. Different strains with different physical and biological properties (cell wall, size, motility, etc.) were examined in these studies to determine if specific physical characteristics impact the extent or efficiency of flocculation. We therefore analyzed several Chlamydomonas strains with different properties including two wild-type strains, CC124 and CC1690 (also known as 21gr+), that are widely used in the laboratory, and the cell wall deficient (cw-) strain cw15 sta6 (BAFJ5, lack flagella), which was derived from strain CC330 by random insertional mutagenesis with the ARG7-containing plasmid (Zabawinski et al., 2001); cw15 sta6 is unable to synthesize starch as a consequence of the STA6 gene deletion and lacks motility as it does not have a flagellum (Wang et al., 2009). Since the sta6 mutant displays normal growth rates (relative to wild-type cells) in acetate-supplemented medium but does not synthesize starch, many studies over the last two decades have explored carbon partitioning in this strain and its potential to synthesize high levels of lipids for the production of sustainable, renewable liquid fuels (Siaut et al., 2011; Blaby et al., 2013; Goodenough et al., 2014). In addition, we examined CC400, which is a cw- strain that synthesizes starch, and a sta6 strain (CC4567) genetically rescued for the starchless phenotype by transformation with a wild-type copy of the STA6 gene [sta6::STA6, hereafter designated C6 (Li et al., 2010)]; these latter strains help distinguish the impact of starch accumulation and cell wall synthesis on flocculation. Overall, our findings challenge the idea that immobile strains that lack flagella and/or cell walls more readily flocculate, while at the same time furthering our understanding of flocculation in distinct Chlamydomonas strains. Similar experiments can now be performed with a range of microalgae that show promise for industrial applications.

MATERIALS AND METHODS

Microalgae Cultivation

Chlamydomonas reinhardtii cells were cultured in sterile Tris-Acetate-Phosphate (TAP) (Chlamydomonas Resource Center1) and high salt (HS) medium (Sueoka, 1960) adjusted to pH 7.2. For all experiments the cells were grown in triplicate in Erlenmeyer Flasks at 25°C with shaking. The C. reinhardtii strains (Supplementary Table S1) used in these experiments were standard parental strains CC124 (137c mt- nit1 nit2) and CC1690 (mt+ NIT1 NIT2), the cell wall deficient strain CC400 (cw15), the cell wall-deficient mutant with a lesion at the STA6 locus CC4348 (cw15 arg7-7 nit1 nit2 sta6-1::ARG7) that is generally denoted sta6, and the sta6 rescued strain CC4567, generally denoted sta6-C6, which was generated by transformating sta6 with the plasmid pSL-STA6; this plasmid carries a genomic copy of the wild-type STA6 gene (cw15 arg7-7 nit1 nit2 sta6-1::ARG7 STA6). These strains were obtained from the Chlamydomonas Resource Center. Before use in flocculation experiments, 5 mL of cells grown photoautotrophically in HS medium were inoculated into 100 mL of TAP medium in a 250-mL Erlenmeyer flask that was exposed to continuous light (100 μmol photons m-2s-1) with agitation (150 rpm) at 25°C for 8 days.

Flocculation Experiments

Flocculation experiments were performed at an algal density of ∼0.7 g dry weight per liter. The effects of pH were examined for algal suspensions by either increasing or decreasing the pH with the addition of sodium hydroxide (NaOH) and hydrochloric acid (HCl) from 2 M stock solutions. Experiments were performed in 100-mL beakers that were magnetically stirred and mixed vigorously for 2 min during and immediately after pH adjustments. For metal cation treatments, 5 M stock solutions of ferric chloride (FeCl3), calcium chloride (CaCl2), and magnesium chloride (MgCl2) were prepared and each was added to the medium to generate final concentrations of 0, 1, 2.5, 5, 10, and 30 mM.

To evaluate flocculation, 20 mL aliquots of the cultures were collected from the beakers, transferred to disposable test tubes and incubated without agitation for 15 min. Following this potential ‘flocculation period,’ an aliquot of culture was withdrawn (from the middle of the ‘clarified zone’) and used to determine both OD750 and the absolute number of cells per mL. The flocculation efficiency was calculated according to the equation: flocculation efficiency (%) = (1-A/B) × 100 (where A represents cell number in the clarified zone and B the cell number of the reference, untreated control).

Measuring Methods

Cell numbers were determined by counting intact cells using Countess II FL (Life Technology, United States). Microscopic snapshots were taken on a Leica optical microscope (LEITZ DMRB, Germany) which also enabled determination of cell diameter. A Malvern Zetasizer 2000HSA (Malvern, United Kingdom) was used to measure the zeta potential of the algal cultures in deionized water (cells were collected from the growth medium by centrifugation and resuspended in deionized water) (Liu et al., 2013), which relates to the surface charge of individual cells. For dry cell weight, the algal cells were collected by centrifugation at 12,000 g for 5 min, washed twice with distilled water, dried at 105°C for 24 h, and weighed to obtain total dry biomass. The dried cell powder was extracted with a solvent mixture of chloroform and methanol (2:1, v/v) to calculate the lipid content (Fan et al., 2014). The starch content was analyzed using a commercial enzymatic Starch Assay Kit (SA-20, Sigma–Aldrich). The concentrations of the metal cations in the spent medium were measured using inductively coupled-atomic emission spectrometry (ICP-AES). The operating conditions for ICP-AES instrument were as previously described (Matsuura et al., 2001). The measuring wavelength and atomic/ionic lines were as follows, Fe (259.9 nm, II), Ca (317.9 nm, II) and Mg (279.0 nm, II).

Reuse of the Liquid Phase as Growth Medium

Following 30 min of coagulation-flocculation, spent supernatants were tested for their ability to support algal growth (media recyclability). The pH value of the spent medium was adjusted to approximately neutral by adding HCl, while macronutrients and micronutrients were added according to the TAP medium recipe, except that we did not include acetate and added CaCl2 to 50% of the level present in TAP medium. The adjusted supernatants were tested for their ability to sustain photoautotrophic growth of Chlamydomonas (25°C, 100 μmol photons m-2s-1, bubbled with 1% CO2).

Statistical Analysis

All experiments were performed in triplicate (biological) and the data, presented as a mean ± standard deviation (SD), were further analyzed by Student’s t-test (n = 3). Asterisks indicate a significant difference from the control.

RESULTS AND DISCUSSION

The Role of pH in Self-Flocculation for Different Chlamydomonas Strains

We first examined three different Chlamydomonas strains to determine whether different phenotypic characteristics [difference in cell wall, flagella and size (Zabawinski et al., 2001; Siaut et al., 2011); Table 1] impact the tendency of the cells to flocculate in response to various pHs and metal cations. The strains used were the ‘wild-type’ strains CC124 and CC1690, which contain a cell wall and flagella, but significantly differ in their genetic background (Gallaher et al., 2015), the starchless mutant, sta6, which has neither a cell wall nor a flagella (Zabawinski et al., 2001; Wang et al., 2009; Siaut et al., 2011) and its complemented strain, C6, as well as CC400 (Table 1). Eight days following inoculation, the cell densities of all of the cultures increased from 5 × 105 to between 4 × 107 and 9 × 107 cell mL-1 (Supplementary Figure S1). All strains were spherical, although the average diameter of the sta6 mutant was much smaller than those of the other strains; 6.29 ± 0.37 μm (CC124), 6.88 ± 0.43 μm (CC1690), and 2.29 ± 0.20 μm (sta6) (Table 1 and Supplementary Figure S2). The maximal dry cell weight ranged from 0.63 g/L (for sta6, which attained a density of 8.81 × 107) to 0.78 g/L (for CC1690, which attained a density of 4.53 × 107); similar biomass yields of 0.5–1 g/L are considered typical for photoautotrophic cultivation of oleaginous algae in open raceway ponds (Rawat et al., 2013).

TABLE 1. Cell properties and flocculation characteristics using calcium ions at pH ∼11.5.
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The efficiency of cell flocculation in culture was first investigated as a function of pH (Figure 1A). Since an increase in metal precipitates would occur at the higher pH values and impact the OD measurements, the flocculation efficiency was calculated according to the absolute cell number. Less than 10% of flocculation effect on cell were observed when the pH of the cultures was varied between 5 and 9 for all measured strains. In this pH range, the flocculation efficiency was less than 10% for all five of the Chlamydomonas strains. However, the flocculating efficiency increased for CC124 and CC1690 in both the acidic and alkaline pH range. In the pH range of 11–13, the flocculation efficiency was highest for the cell wall-containing strains (45–70% for CC1690 and CC124) but relatively low (∼15–30%) with significant difference for the cell wall-deficient strains (CC400, sta6 and sta6-C6). In the acidic range the flocculation efficiency was maximal at pH 4.0 for CC124 (32%) and pH 2.5 for CC1690 (26%). Overall, these results demonstrate that the highest flocculation efficiencies are obtained at high pH, although the efficiency values can be markedly different for the strains, probably a consequence differences in phenotypic characteristics, including the presence/absence of the cell wall (Table 1 and Figure 1A).


[image: image]

FIGURE 1. Flocculation efficiency and charge characteristics (Zeta potential) as a function of pH in three Chlamydomonas reinhardtii strains. (A) flocculation efficiency; (B) zeta potential. Sometimes the data points are not aligned, as it is quite difficult to adjust the same pH values in the solution for each strain. The data was analyzed for significant differences using the Student’s t-test (n = 3) (all mutants in comparison with the two wild-types). Asterisks indicate a significant difference from the control (∗p < 0.05, ∗∗p < 0.01).



Similar to the flocculation efficiencies, the zeta potential, which is widely used for quantification of the cell surface charge, was also pH dependent (Figure 1B). Over an 8.5-1.5 pH interval, the zeta potential showed a sharp increase from -24 to ∼0 mV. The profile of the zeta potential may have some link to flocculation efficiency; at pH 3–4, when the flocculation efficiency peaked, the cells were electrically near neutral. The zeta potential in the acidic region appeared unaffected by the presence/absence of a cell wall or by differences in cell size among the strains. However, at pH 10–13, the zeta potentials of both of wild-type strains moderately rose from ∼-25 to ∼-15 mV. In the three cell wall deficient mutants the zeta potential remained approximately the same (Figure 1B).

Several self-flocculation studies of microalgae involving pH adjustment of the growth medium have been performed (Wu et al., 2012; Liu et al., 2013). Increasing or decreasing the pH of the medium can increase the flocculation efficiency by up to 90% for green microalgae, suggesting an effective strategy for harvesting the cells. In our studies the cells were also subjected to a range of pH conditions, however, self-flocculation for wild-type cells was only relatively efficient at elevated pH (more than 10), and was never very high for cell wall deficient and starchless mutant cells (Figure 1A).

Cation-Induced Flocculation

Tris-Acetate-Phosphate medium has high ionic strength with initial metal concentrations of Fe (∼1.0 mg/L), Ca (∼18.2 mg/L), and Mg (∼9.7 mg/L); after growth and pH adjustment, most of the metal salts were taken up and utilized by the algal cells. The background concentrations after flocculation were about 0.11, 1.83, and 0.94 mg/L for Fe, Ca, and Mg, respectively. Hence, it is likely that some of the flocculation elicited at high pH in the absence of additional metals (Figure 1A) is due to the presence of low concentrations of metal ions still present in the TAP media.

We selected the divalent (Ca2+ and Mg2+) and trivalent (Fe3+) cation metals for further investigating the potential for harvesting Chlamydomonas cells by flocculation. We first used cells cultured in TAP medium and grown to stationary phase, with the pH of the medium for all of the cultures reaching ∼8.5. As shown in Figure 2, divalent cations (Ca2+, Mg2+) alone did not appear to impact flocculation efficiency beyond what was observed in the absence of supplementing cations (less than 10% after 10 min for the wild-type CC1690 (Figure 2A) and the various mutants (Figures 2B–D). The monovalent cation (K+) showed similar flocculation efficiencies as that of the divalent cations, although the resulting flocculants appeared more susceptible to disaggregation (data not shown). Although flocculation efficiencies following treatment with divalent cations were relatively low, the flocculation yields were somewhat higher in wild-type cells than in the mutant (5–6% for CC1690 compared to 2–3% for sta6; compare panel a to panel b in Figure 2); this could be explained by phenotypic differences such as cell size and/or motility (Table 1). In contrast, the trivalent ferric ion elicited strong flocculation, with efficiencies at 10 mM Fe3+ exceeding 95 and 85% for CC1690 and sta6, respectively. A further increase in the Fe3+ concentration to 30 mM caused a marked drop in flocculation efficiency to ∼18 and 50% for CC1690 and sta6, respectively (Figures 2A,B).
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FIGURE 2. Flocculation efficiency as a function of different metal cations and their concentrations in wild-type and cell wall-deficient Chlamydomonas reinhardtii strain at near neutral pH conditions. (A) Wild-type CC1690; (B) cell wall deficient mutant sta6; (C) CC400; (D) sta6-C6. Cells were grown to stationary phase and the pH of the medium was ∼8.5. The data was analyzed for significant differences using the Student’s t-test (n = 3) (each mutant in comparison with wild-type). Asterisks indicate a significant difference from the control (wild-type) (∗p < 0.05, ∗∗p < 0.01).



Since the pH adjustment and some cations were effective in eliciting self-flocculation for wild-type cells (Figures 1A, 2), we further explored flocculation using different metal cations at a range of pH conditions and quantified the levels of cations in the medium before and after flocculation at three different pHs (Table 2). The concentrations of Fe3+, Ca2+, and Mg2+ in the medium remained almost unchanged before and after cell flocculation at pH 4.0. However, following flocculation at pH 8.5, ∼25% of the Fe3+ and 72–84% of the Ca2+ and Mg2+ remained in the medium. Finally, cell flocculation at pH 12.0 resulted in precipitation of the majority of the metal ions from the medium, i.e., only 9.6–11.2%, 1.5–2.3%, and 18.2–29.3% of Fe3+, Ca2+, and Mg2+ remained in the medium, respectively. These results suggest that precipitation of the metal ions during flocculation occurred when the conditions were alkaline and possibly explain the relatively high flocculation efficiencies when such conditions are applied. Moreover, while precipitation of multivalent metal cations may co-occur with cells during flocculation at high pH, flocculation at low pH does not appear to be accompanied by metal ion precipitation and as a consequence, the low pH medium after flocculation still contains high cation levels and could not be used for the initiation of new cultures (Liu et al., 2013). Furthermore, metal cation precipitation during flocculation of three cell wall deficient mutants (sta6, CC400, and sta6-C6), all of which are also lacking flagella (Table 1), was generally no significant difference (Student’s t-test, p > 0.05) with what was observed for CC1690 and CC124, under any of the conditions examined (Table 2).

TABLE 2. Metal cation concentrations (5 mM of chlorides addition to the medium) before (C1) and after (C2) flocculation for wild-type and cell wall deficient Chlamydomonas reinhardtii strains at different pH level.
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Using Coagulation-Flocculation Induced by High pH for Harvesting

Since the flocculation efficiencies and charge characteristics as a function of pH were similar between CC1690 and CC124 (both are CW+), we analyzed CC1690 as a ‘wild-type’ representative for additional experiments. Since the highest flocculation efficiencies were observed at a high pH (Figure 1A), we evaluated the impact of metal cation concentrations at pH 11.5 on the flocculation efficiencies of both CC1690 and sta6. The flocculation efficiencies of CC1690 and sta6 peaked at 5–10 mM Ca2+ and Mg2+ (Figures 3A,B), with the highest flocculating activities resulting in aggregation of 90–95% of the cells (Table 1). For all divalent cations used in our study, the flocculation efficiencies either declined to some extent or remained the same when the ion concentration was elevated to 30 mM. Furthermore, Mg2+ was slightly less effective at eliciting aggregation than Ca2+ (Figure 3 and Supplementary Figure S2), and the highest flocculation efficiencies, when using Mg2+, were 89.1 and 81.9% for CC1690 and sta6, respectively. In contrast, at pH 11.5 the ferric ions generally caused some increase in flocculation at 1–5 mM, with a negative impact at higher concentrations (10 and 30 mM); at 1 mM Fe3+, the maximal flocculation efficiencies were 69.2 and 39.3%, for CC1690 and sta6, respectively. Additionally, as a consequence of flocculation with Fe3+, both the cells and supernatant turned sandy beige, while for the cultures that were subjected to Ca2+- and Mg2+-stimulated flocculation, a change in medium color did not occur (Supplementary Figure S3).
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FIGURE 3. Flocculation efficiency as a function of different metal cations and their concentrations in wild-type and cell wall deficient Chlamydomonas reinhardtii strains at pH 11.5. (A) Wild-type CC1690; (B) cell wall deficient mutant sta6; (C) CC400; (D) sta6-C6. Cells were grown to stationary phase and the pH of the medium was ∼11.5. The data was analyzed for significant differences using the Student’s t-test (n = 3) (each mutant in comparison with wild-type). Asterisks indicate a significant difference from the control (wild-type) (∗p < 0.05, ∗∗p < 0.01).



Previous studies have demonstrated that flocculation elicited by lowering the pH is likely the result of neutralizing of the negative surface charges of the cells by protonation of carboxyl and/or sulfate groups (Wyatt et al., 2012; Liu et al., 2013). However, in this work we demonstrated that cell flocculation occurs at high pH using Ca2+ and Mg2+ ions, and therefore the flocculation reaction is likely to result from a chemical precipitation of the calcium and/or magnesium salts (Vandamme et al., 2012; Beuckels et al., 2013). Indeed, self-flocculation greatly reduced the level of metal cations in the medium (Table 2). Hence, our results confirm that coagulation-flocculation could be induced by the addition of metal salts (Figure 3 and Supplementary Figure S2), and that high pH (greater than 10) is required for this process to occur (Table 1).

A recent study showed that 83% of the cell wall deficient Chlamydomonas cw15 cells that were nitrogen deprived flocculated when supplemented with Ca2+ under slightly alkaline conditions (Scholz et al., 2011). Moreover, Scholz et al. (2011) demonstrated that fresh TAP medium was less active in eliciting cell flocculation than nitrogen-free TAP medium. These results suggest that a flocculation inhibitory component of the medium was consumed during growth and/or that a metabolic byproduct released into the medium by nitrogen starved cells promotes flocculation (Scholz et al., 2011).

The Impact of Starch Accumulation on Flocculation

Since we compared the ‘wild-type’ cw+ (CC1690) with the sta6 cw- starchless mutant, we sought to clarify whether or not cellular starch impacts flocculation efficiency. To address this issue we compared sta6 to two cw- strains, CC400 (widely used wall-deficient mutant) and CC4567 (sta6-C6) (complemented sta6 created by transformation of BAFJ5 with the plasmid pSL-STA6 harboring a genomic copy of the wild-type STA6 gene) that are not impaired in starch production (Li et al., 2010). Importantly, the average size of sta6 was smaller than CC400 and sta6-C6 (Supplementary Figure S2) and the cellular components, such as total lipids and starch contents among the strains varied from 11–45% to 0–39%, respectively (Table 1), with the highest lipid and no detectible starch in sta6. Despite differences in cells size and content of organic polymers, no substantial difference of Zeta potential was observed among the different strains (Table 1). Cation content in the medium derived from flocculated cells from each strain at a given pH exhibited similar levels (Table 2), although the level of cation in the medium was highly dependent on the pH value.

Flocculation efficiency at different divalent cation concentrations (pH 11.5) showed no significant difference between CC1690, CC400, sta6-C6, and sta6; all peaked at 5–10 mM Ca2+ and Mg2+ (with highest flocculating efficiencies of around 94 and 80%, respectively) (Figures 3C,D). These results suggest that cellular starch content has little overall impact on Chlamydomonas flocculation.

In this study, differences in flocculation efficiencies observed for wild-type and mutant cells are probably explained by the absence/presence of a cell wall and/or flagella. Intuitively, cells such as sta6, which lack flagella, might be thought to be more amenable to aggregation than motile cells since they might be more susceptible to the metal salt coagulants formed under strong alkali conditions. In addition, the loss of starch synthesis in sta6 does not cause re-direction of fixed carbon to the synthesis of more protein or lipid; the sta6 culture appears to accumulate ∼20% less biomass (because the cells are smaller) when grown in nutrient-replete medium (Krishnan et al., 2015), even though the cell density is higher. However, it was also shown that following growth under some stress conditions, sta6 cells could accumulate more lipids, which makes them float to the surface of the culture (Goodenough et al., 2014). Based on the flocculation features of sta6 reported here, we suggest that this strain can be effectively used for future biofuel research and production.

Reuse of Growth Medium

A highly important consideration in a large scale industrial application is the capacity to reuse the spent growth medium. The metal cation concentrations that remain in the medium following cell flocculation can have a marked and direct impact on media re-cycling capabilities. We therefore assessed the recyclability of the spent medium following photoautotrophic cultivation. Using 5–10 mM calcium with cultures of CC1690 and sta6 we achieved efficient flocculation (>90%; Figure 3) and then determined whether the used medium affected the growth of new cultures. To address this, we compared the CC1690 and sta6 growth rates over a period of 10 days in fresh and recycled medium. At any given time point the growth rate (for both CC1690 and sta6) was similar regardless of whether the cells were cultured in fresh or recycled medium (Figure 4). Moreover, both strains maintained their ability to flocculate with the addition of Ca2+ to the medium as long as there was a near neutral or alkaline environment during cultivation. Thus, residual Ca2+ or coagulant does not appear to be an obstacle to medium reuse. We also observed that cells grown in the spent supernatant, which contained a small quantity of residual Ca2+, required less Ca2+ to flocculate. However, the amount of Ca2+ salts that precipitate was likely higher in the flocculated biomass; further analysis is required to evaluate whether the Ca2+ that precipitates with the flocculated cells interferes with specific microalgal biomass applications, e.g., biofuels production or bio-refinery.
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FIGURE 4. Comparison of cell growth as a function of fresh and recycled medium.



CONCLUSION

Our experiments demonstrated that self-flocculation by direct pH adjustment does not work well for Chlamydomonas and that it depends on the presence of sufficiently high metal salts (>5 mM). The highest flocculation efficiency was achieved using a combination of added Ca2+ with elevated pH (>10). Slightly more metal cation appears to be needed to flocculate sta6 (cell wall deficient, starchless mutant) potentially owing to the lack of motility, the different surface structure or the smaller cell size (Sathe and Durand, 2016). We also confirmed that cellular starch content has little overall impact on flocculation of Chlamydomonas, and importantly, the flocculated medium could be re-reused. Further examination of the flocculation mechanism would entail examining additional differences in flocculation characteristics among cells with different phenotypes, the impact of metal salts on flocculation when the culture is scaled up and whether or not the findings apply to other algal groups.

Additional research on the conditions (e.g., pH and metal ions) used for efficient flocculation of diverse algal groups with diverse characteristics, at both small and large scale, would help establish inexpensive procedures for harvesting cell biomass.
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FIGURE S1 | Cell growth of different Chlamydomonas strains.

FIGURE S2 | Light Microscopy of Chlamydomonas cells. (a) CC1690; (b) CC124; (c) sta6; (d) CC400; (e) sta6-C6. Scale bars: 10 μm.

FIGURE S3 | Microscopic images of Chlamydomonas cells flocculated by metal cations and elevated pH (11.5). (a) Wild-type CC1690 before treatment; (b) wild-type CC1690 after treated with 5 mM FeCl3; (c) wild-type CC1690 after treated with 5 mM CaCl2; (d) wild-type CC1690 after treated with 5 mM MgCl2; (e) cell wall deficient sta6 mutant before treatment; (f) sta6 mutant after treatment with 5 mM FeCl3; (g) sta6 mutant after treated with 5 mM CaCl2; (h) sta6 mutant after treated with 5 mM MgCl2. Scale bars: 10 μm.

FOOTNOTES

1 https://www.chlamycollection.org/methods/media-recipes/tap-and-tris-minimal/
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Microalgae represent a third generation biofuel feedstock due to their high triacylglycerol (TAG) content under adverse environmental conditions. Microalgal TAG resides in a single cell and serves as a lipid class mixed with complicated compositions. We previously showed that TAG possessed characteristic fatty acids (CFAs) for quantification and was linearly correlated with the relative abundance of CFA within certain limits in microalgae. Here, we defined the application range of the linear correlation between TAG and CFA in the oleaginous microalgae Chlamydomonas reinhardtii and Phaeodactylum tricornutum. In addition, TAG quantification was further expanded to a wide range of levels and the absolute amounts of saturated or monounsaturated CFAs, 16:0 and 18:1n9 of C. reinhardtii and 16:0 and 16:1n7 of P. tricornutum, instead of polyunsaturated CFAs, were verified to be linearly correlated to TAG levels throughout the entire period of nitrogen stress. This approach utilizes a single fatty acid to quantify TAG mixtures, and is rapid, simple and precise, which provides a useful tool for monitoring TAG accumulation of distinct microalgal species and facilitating high-throughput mutant screening for microalgae.

Keywords: microalgae, triacylglycerol, quantification, characteristic fatty acid, linear correlation

INTRODUCTION

Microalgae have emerged as a promising renewable resource for producing triacylglycerols (TAGs), which can be used as biofuel feedstocks (Wijffels and Barbosa, 2010). Nitrogen starvation is the most effective manner to induce microalgal TAG biosynthesis (Zienkiewicz et al., 2016). It is necessary to investigate performance of TAG accumulation under distinct levels of nitrogen stress in microalgae to screen potential candidates for oleaginous species. However, microalgae are different from other oleaginous feedstocks, such as plant seeds, of which the lipids are dominated by TAG. In particular, microalgae exist in form of a single cell and contain various lipids with different polarities. In most microalgal cells, the chloroplast serves as the largest organelle and contains many complicated and hydrophobic components, which makes TAG quantification more intricate. Therefore, it is desirable to develop an approach to efficiently quantify TAG content of microalgal biomass under various growth conditions.

There are several methods to determine the TAG content of microalgal biomass. The gravimetric method of Bligh and Dyer (1959) is widely used to evaluate the lipid content in microalgae. Using this method, many other liposoluble components, including pigments and other hydrophobic compounds, can be co-extracted. With the aid of solid phase extraction (SPE) column, neutral lipids that are mainly composed of TAG can be separated from polar lipids (Li et al., 2010; Danielewicz et al., 2011). However, the two extraction methods are both dependent on the similarity-intermiscibility theory and lead to overestimation of microalgal TAG levels (Na et al., 2011). Another commonly used approach is based on thin layer chromatography (TLC) separation followed by gas chromatography-flame ionization detection (GC-FID) or a TLC scanner in terms of densitometry quantification (Siaut et al., 2011), which is time and labor consuming or requires specialized expensive equipment, as well as not applicable for assessing TAG phenotypes in real-time. TAG can also be quantified by high performance liquid chromatography (HPLC) (Kobayashi et al., 2013), direct mass spectrometry (MS) (Danielewicz et al., 2011) and liquid chromatography-mass spectrometry (LC-MS) (Goold et al., 2016), but these methods are complicated due to the requirement of a lipid extraction pre-treatment and their complex molecule compositions accompanied with intricate data treatment. A specific quantification method (Allen et al., 2014) is also developed for algal TAG using LC-MS/MS in multiple reaction monitor mode and the incorporation of catalytic hydrogenation reduces complexity of targeted TAG pool; however, the relevant pre-treatment together with relatively complex data analysis are still of multiple steps, to a certain extent. Raman microspectroscopy (Wang T. et al., 2014), spontaneous Raman spectroscopy and coherent anti-Stokes Raman scattering (CARS) microscopy (He et al., 2012), Fourier transform infrared (FT-IR) spectroscopy (Miglio et al., 2013) and thermogravimetric analyses (Na et al., 2011) have also been used to monitor TAG production. Although there is no need to extract lipids from microalgal biomass using these methods, non-TAG molecules with similar biochemical bonds or thermal features can easily cause interference, which leads to inaccurate quantification.

To date, it has been reported that microalgal oils can be determined by direct transesterification of fresh or dry algal samples (Patil et al., 2013; Liu et al., 2015), which is rapid and precise, and has minor sample demands. Based on this technique, the specific fatty acids, 18:1 and 18:4, were identified as potential biomarkers of neutral lipids in Isochrysis zhangjiangensis and linear fits existed between the relative abundances of the specific fatty acids and the neutral lipid content as reported by our previous study (Wang H. et al., 2014). As the major components of neutral lipids, TAGs are mainly comprised of saturated or monounsaturated fatty acyl groups (Siaut et al., 2011), which are considered as the potential feedstocks for biodiesel production. Thus, quantifying TAG is indispensable for microalgal studies in terms of their use as renewable resources. Our recent study further showed that TAG could be quantified using the relative abundance of characteristic fatty acids (CFA) and an excellent linear correlation existed between them, which has been verified in three microalgal strains, including Phaeodactylum tricornutum, Nannochloropsis oceanica and Chlorella pyrenoidosa (Shen et al., 2016). Additionally, Liu et al. (2013) reported that, in Chlamydomonas reinhardtii, the 16:0-to-16:4 ratio in fatty acid methyl esters (FAMEs) was strongly correlated with the TAG-to-total acyl group ratio, which serves as an internal standard for TAG estimation. However, TAG quantification using fatty acids in these studies are only available within certain limits, usually when TAG accumulation is at a moderate or relatively low level, and the application range still remains unknown.

Based on these studies, the TAG has been validated to possess CFAs for quantification in microalgae. Many algal strains, including oleaginous and non-oleaginous species, present significant alterations in the fatty acyl profile in response to nitrogen deprivation along with an increase of TAG level (Breuer et al., 2012). This stage for TAG assembly is named Stage I. However, after that, the fatty acid profile is unaltered and TAG continues to accumulate (Breuer et al., 2012). At this point, the quantitative approach for TAG based on the relative abundance of CFA in our previous work (Shen et al., 2016) is no more available, and this period for TAG synthesis is named Stage II. Thus, it is crucial to evaluate TAG accumulation performance using CFAs in an expanding coverage, so that the TAG levels of microagal cells during distinct stages (Stage I and II) of TAG accumulation can be rapidly and accurately quantified.

Currently, C. reinhardtii has emerged as the leading organism to investigate algae-based biofuel production due to its most available and multiple genetic tools and techniques (Merchant et al., 2007; Scranton et al., 2015). Moreover, starchless mutants deficient in ADP-glucose pyrophosphorylase harbor a unique feature of hyper-accumulating TAG (Li et al., 2010). The model marine diatom P. tricornutum serves as a potential producer for biodiesel due to its high TAG accumulation capability and robust environmental adaptation (Breuer et al., 2012). The available genetic tools and genome engineering techniques have empowered this oleaginous microalgal strain for industrial biofuel production (Daboussi et al., 2014).

In this study, the two model microalgal strains C. reinhardtii and P. tricornutum were used to correlate the TAG content with the fatty acyl composition under distinct levels of nitrogen stress. During the entire period of nitrogen starvation, different relationships between the TAG levels and fatty acid components were explored, and the respective CFAs were confirmed to rapidly quantify the TAG amounts in these two algae. This extended approach to quantify distinct levels of TAG using CFAs was successfully applied to these two reference species and could serve as a useful tool for monitoring TAG accumulation of multiple microalgal species and facilitating high-throughput mutant screening for microalgae.

MATERIALS AND METHODS

Microalgal Cultivation

The C. reinhardtii cell wall-less strain, starchless mutant BAFJ5 (cw15 sta6, CC4348) was obtained from the Chlamydomonas Resource Center1. The P. tricornutum strain CCAP1055/1 was provided by the Culture Collection of Algae and Protozoa2. These two strains were maintained in a 500-mL Erlenmeyer flask with 200 mL of Tris-acetate-phosphate (TAP) medium (Harris, 2009) under orbital shaking (80 rpm) and in a 1000-mL Erlenmeyer flask with 400 mL of f/2 medium containing 1 M sodium silicate (Guillard, 1975), respectively. They were both sub-cultured under a 12 h light/12 h dark cycle at 25°C with an illumination of 50 μmol photons m-2 s-1, and the illumination intensity was determined by a photosynthetically active radiation (PAR) detector (Optometer P9710, Gigahertz Optik Corporation, Germany).

Two-stage cultivations, including the first nitrogen repletion phase and the subsequent nitrogen-deprived phase, were used to induce TAG accumulation. Illumination was set as 50 μmol photons m-2 s-1 during N-replete cultivation. C. reinhardtii was cultured in TAP medium for 48 h under continuous illumination and P. tricornutum was cultured in 3 × f/2 medium containing 3 M sodium silicate (Feng et al., 2011) for 48 h under a 12 h light/12 h dark cycle. The batch culture mode was performed in a glass air bubble column photobioreactor (50 mm diameter, 450 mm height, 600 mL for a culture volume) with air (120 mL min-1) containing 2% CO2. When two algal cell populations grew to 1–2 × 107 cells mL-1 under N-replete conditions, C. reinhardtii and P. tricornutum were washed once with TAP-N and 3 × f/2-N medium, respectively, and inoculated at 1 × 107 cells mL-1 in the corresponding medium. During N-deprived cultivation for C. reinhardtii and P. tricornutum, the illuminations provided from one side rose to 100 and 500 μmol photons m-2 s-1 to enhance TAG accumulation, respectively, and the light cycles were the same as that used under the N-replete conditions.

One independent batch culture that included two biological replicates for C. reinhardtii and P. tricornutum was conducted. C. reinhardtii was sampled at a total of 30 time points over 120 h of N-deficiency. P. tricornutum was sampled at 21 time points during the light period over 336 h of N-starvation. The samples were first centrifuged at 4000 rpm for 5 min, and the pellets were immediately frozen at -80°C, followed by lyophilization for 4 h. In particular, pellets of P. tricornutum were rinsed with ammonium bicarbonate (0.5 M) to remove extracellular salt before lyophilization. After grinding cells into powder, the algal biomass was stored at -80°C for subsequent lipid and element analysis.

Lipid Analysis

The lyophilized algal powders were used to detect the fatty acid profiles or contents, and TAG contents. For the fatty acid profiles, algal biomass was converted to FAMEs through direct transesterification, followed by GC determination as previously reported (Liu et al., 2015). Briefly, approximately 5 mg of lyophilized cells were weighed using an analytical balance (MSE125P-1CE-DI, Sartorius, Germany). Five milliliters of 2% H2SO4 in methanol were added, and the mixture was heated at 70°C for 1 h. FAMEs were extracted by hexane and quantified using an Agilent GC 7890A fitted with FID and a DB-23 column (Agilent Technologies, United States). Glycerol triheptadecanoate (TAG 51:0, 17:0/17:0/17:0, Sigma–Aldrich, United States) was used as an internal standard to determine fatty acid recovery for quantification.

Unlike detection of fatty acid profiles or contents, TAG quantification required additional two steps beyond transesterification, including total lipid extraction from biomass (Bligh and Dyer, 1959) and lipid separation by TLC. Methanol:chloroform:water (1:1:0.9) was used as the extraction solvent. A 950 μL extraction solvent composed of methanol:chloroform:water (1:2:0.8) was first added to pre-weighed lyophilized cells with a pre-addition of the lipid standard TAG 51:0 followed by a 15-min sonication. After a complete mixing, an additional addition of 250 μL chloroform was mixed into the solvent, followed by a subsequent addition of 250 μL H2O. The samples were vortexed and centrifuged for 2 min at 12,000 rpm. The organic phase of the lower layer was then transferred to a 2 mL glass vial. The lipid extraction process was repeated two more times and the extracted lipids were pooled and dried under a gentle stream of N2. Next, 100 μL chloroform were added to redissolve the total lipids, and the lipid extracts were deposited onto a TLC plate (10 cm × 10 cm, TLC silica gel 60 F254, Merck KGA, Germany). The TLC plate was developed with hexane/diethyl ether/acetic acid (85:15:1, v/v/v), and the lipids were revealed by spraying with 0.05% (m/v) primuline (Sigma–Aldrich, United States) in acetone/water (80/20, v/v). The silica-containing TAG was scrapped off, followed by transesterification and GC detection.

The individual fatty acid percentage of the cellular total acyl groups and, the individual fatty acid and TAG contents based on the cellular dry weight (DW) were calculated as follows:
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where Pi, Mi and MTAG were the individual fatty acid percentage of total fatty acids, fatty acid content and TAG content, respectively. Ai and ΣAi in Equation 1 were the peak area of the individual fatty acid and that of cellular total fatty acids, respectively. ΣAi in Equation 3 was the peak area of total fatty acyls of TAG. As, Ms and Ma in Equations 2 and 3 were the peak area of the internal standard TAG 51:0, the addition amount of TAG 51:0 and the accurate algal biomass, respectively.

Elemental Analysis

Quantification of carbon and nitrogen of the algal biomass was performed using a vario EL cube elemental analyzer (Elementar, Germany). Two to four milligrams of lyophilized algal cells were accurately weighed using an automatic analytical balance (Mettler Toledo XP6, Switzerland).

Statistical Analysis

Correlation coefficients between CFAs and TAG contents were calculated using SPSS 19.0. Statistical significance of the result of each time point was evaluated by the Two-tailed t-test using SPSS 19.0, where the significance P < 0.05.

RESULTS

Variation of Fatty Acid Profiles and TAG Contents of C. reinhardtii and P. tricornutum under Distinct Levels of Nitrogen Stress

Microalgal cells underwent different levels of stress during an extended period of nitrogen deprivation. Elemental analyses indicated that the cellular nitrogen contents decreased by 68%, from 11.1 to 3.6% of DW, in C. reinhardtii and 64%, from 8.4 to 3.0% of DW, in P. tricornutum. The carbon contents of both C. reinhardtii and P. tricornutum increased by 1.2-fold following N-starvation (Figure 1). In both algae, as the stress levels gradually rose, a sustaining accumulation of TAG occurred.
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FIGURE 1. Elemental analyses and TAG contents in C. reinhardtii (A) and P. tricornutum (B) under nitrogen deprivation. The sampling time points were 30 for C. reinhardtii (A) and 21 for P. tricornutum (B). Each time point was derived from two biological replicates of a single cultivation, and each data point was drawn from an individual result rather than the mean of the two biological replicates (n = 60, A; n = 42, B).



During normal growth of C. reinhardtii and P. tricornutum, the primary fatty acyl groups of the former consisted of 16:0, 16:4n3 and 18:3n3, and those of the latter consisted of 16:0, 16:1n7, 16:3n4 and 20:5n3 (eicosapentaenoic acid, EPA). Each of the fatty acids accounted for more than 10% of the total lipids (Figures 2A,B). During Stage I of TAG accumulation (less than 24 h for C. reinhardtii and 72 h for P. tricornutum in this study), the fatty acid compositions of the two algal cells varied notably as the nitrogen stress levels grew (Figures 2A,B). At the end of Stage I, the relative abundances of 16:0, 18:1n9, 18:1n7 and 18:2n6 increased by 1.3-, 2.3-, 1.7- and 1.8-fold in C. reinhardtii, respectively. Inversely, 16:4n3 and 18:3n3 decreased to 40 and 70% of the initial levels, respectively. In P. tricornutum, both 16:0 and 16:1n7 rose up to 1.6-fold of the initial levels and 16:3n4 and EPA sharply declined to 20 and 30% after 72 h of N-depletion, respectively. At this point, these two microalgae accumulated TAGs up to 17% for C. reinhardtii and 20% for P. tricornutum based on DW (Figures 2A,B). During Stage II (longer than 24 h for C. reinhardtii and 72 h for P. tricornutum in this study), the relative fatty acid percentages of these two algae were almost unaltered; however, TAG substantially accumulated up to 43% for C. reinhardtii and 32% for P. tricornutum based on DW (Figures 2A,B).
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FIGURE 2. Changes in the fatty acid profiles and TAG contents of C. reinhardtii (A) and P. tricornutum (B) under N-deprived conditions. Data are means of two biological replicates with two technical replicates (n = 4) from one independent cultivation.



Quantification of TAG Using the Relative Abundance of CFA in C. reinhardtii and P. tricornutum

To obtain quantitative models of TAG during the two stages, the relative abundances of fatty acids and TAG levels were first correlated in C. reinhardtii and P. tricornutum that were subjected to nitrogen stress. During Stage I, linear fits were observed between the relative percentages of 16:0, 16:4n3, 18:1n9 as well as 18:3n3 and the TAG contents in C. reinhardtii, and the relevance coefficients r2 were 0.93, 0.92, 0.91, and 0.96, respectively (Figure 3A). 16:0 and 18:1n9 were found to be positively correlated with the amounts of TAG and 16:4n3 and 18:3n3 were on the contrary (Figure 3A). During stage II, the TAG level exceeded 17% of DW and the proportions of the four fatty acids of total lipids were maintained at 28 ± 1%, 4 ± 0%, 13 ± 1% and 13 ± 1%, respectively (Figure 3A). Obviously, the above linear models were no longer applicable. Similarly, in P. tricornutum, four fatty acids, 16:0, 16:1n7, 16:3n4 and EPA, were shown to be linearly related to the TAG contents (Figure 3B) and the r2 values were all more than 0.90 during Stage I. A positive relationship existed between 16:0 as well as 16:1n7, and TAG, and there was a negative correlation between 16:3n4 as well as EPA, and TAG in P. tricornutum (Figure 3B). Beyond these limitations, the four fatty acyl groups were stable at 39 ± 1%, 40 ± 1%, 1 ± 0% and 6 ± 0%, respectively (Figure 3B). These linear correlations indicated that 16:0, 16:4n3, 18:1n9 as well as 18:3n3 of C. reinhardtii, and 16:0, 16:1n7, 16:3n4 as well as EPA of P. tricornutum were CFAs to quantify TAG, but it was only limited to Stage I of nitrogen stress in both two algae.
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FIGURE 3. Correlation analyses of the relative abundances of fatty acids and TAG contents in C. reinhardtii (A) and P. tricornutum (B) under nitrogen deprivation. The sampling time points were 30 for C. reinhardtii (A) and 21 for P. tricornutum (B). Solid lines indicated the linear fits between TAG contents and the relative abundances of CFAs at Stage I and dashed lines indicated the boundary of Stage I and Stage II. In the linear equations, the variable “x” is the TAG content, “y” is the relative fatty acid percentage, and “r2” is the correlation coefficient of x and y. The linear equations were derived from individual results of 19 time points (n = 38) within 24 h of nitrogen starvation for C. reinhardtii and 7 time points (n = 14) within 72 h of nitrogen starvation for P. tricornutum. Each time point was derived from two biological replicates of a single cultivation, and each data point was drawn from an individual result rather than the mean of the two biological replicates (n = 60, A; n = 42, B).



Quantification of TAG Using the Absolute Amount of CFA in C. reinhardtii and P. tricornutum

To further rapidly quantify TAG also using CFA during Stage II in nitrogen-deprived C. reinhardtii and P. tricornutum, the individual CFA content based on DW was correlated with the TAG content. The individual CFA identified for Stage I was quantified in terms of the internal standard and the accurate microalgal biomass, which was calculated according to Equation 2 (see Materials and Methods). The absolute amounts of 16:0 and 18:1n9 of C. reinhardtii and 16:0 and 16:1n7 of P. tricornutum all showed linear fits with the increased TAG levels during both Stage I and II (Figures 4A,B). The relevance coefficients of 16:0 and 18:1n9 with TAG for C. reinhardtii were 0.94 and 0.97 (Figure 4A), and the coefficients for 16:0 and 16:1n7 with TAG for P. tricornutum were both 0.98 (Figure 4B). However, by contrast, the polyunsaturated CFAs of Stage I, including 16:4n3 and 18:3n3 of C. reinhardtii as well as 16:3n4 and EPA of P. tricornutum, exhibited no such fits with TAG. Therefore, using the linear equations in Figure 4, the TAG contents (x) could only be determined quickly and precisely by the continuously increasing saturated or monounsaturated CFAs (y).
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FIGURE 4. Correlation analyses of the fatty acid contents and TAG contents in C. reinhardtii (A) and P. tricornutum (B) under nitrogen deprivation. The sampling time points were 30 for C. reinhardtii (A) and 21 for P. tricornutum (B). Solid lines indicated the linear fits between TAG contents and the absolute amounts of CFAs during the entire phase of nitrogen starvation, including Stage I and Stage II, and dashed lines indicated the boundary of Stage I and Stage II. In the linear equations, the variable “x” is the TAG content, “y” is the CFA content, and “r2” is the correlation coefficient of x and y. The linear equations were derived from individual results of 30 time points (n = 60) for C. reinhardtii and 21 time points (n = 42) for P. tricornutum. Each time point was derived from two biological replicates of a single cultivation, and each data point was drawn from an individual result rather than the mean of the two biological replicates (n = 60, A; n = 42, B).



DISCUSSION

Linear Correlation between TAG and CFA during Distinct Stages of Nitrogen Stress in Microalgae

In microalgae, the neutral lipid, TAG, has been verified to possess CFA for quantification and the relative abundance of CFA can be used to linearly quantify TAG within certain limits under stress conditions (Shen et al., 2016). However, TAG consecutively accumulates as stress level increases, and it is inconsistent with the variation of fatty acid profile, i.e., gradual alteration followed by invariability, in stress-induced microalgae (Breuer et al., 2012). Thus, it is necessary to define applicability and expand coverage of the CFA-based TAG quantification method established in our previous work (Shen et al., 2016). To expand its application range, the correlations between TAG and CFA were further explored over the entire period of nitrogen stress in two oleaginous microalgae C. reinhardtii and P. tricornutum.

Under stress condition, microalgae usually encompasses gradual chloroplast degradation and remodeling of the lipidome, accompanied by substantial accumulation of TAG (Zienkiewicz et al., 2016); all these alterations affect the fatty acid compositions of microalgae prominently. In this study, the fatty acid profile of algal biomass changed gradually and then remained constant upon nitrogen starvation, i.e., Stage I and Stage II, which agreed with the previous report (Breuer et al., 2012). Thus, TAG accumulation underwent two stages in terms of the fatty acid profile and the constant fatty acid profile became the determinant to distinguish Stage I and Stage II of nitrogen stress. At the turning point, the TAG levels of C. reinhardtii and P. tricornutum reached up to 17 and 20% of DW, respectively (Figure 3). The results in this study confirmed that the TAG quantification method based on the relative abundance of CFA (Shen et al., 2016) was only applied to Stage I. More importantly, it was the absolute amount of saturated or monounsaturated CFA, e.g., 16:0 and 18:1n9 of C. reinhardtii and 16:0 and 16:1n7 of P. tricornutum, instead of the relative abundance, to be linearly correlated to TAG content over the entire period of nitrogen deprivation. In addition, the polyunsaturated CFA could be used to quantify TAG only at Stage I and only when the relative abundance was available.

In this study, the proportions of TAG in total lipids exhibited gradual increases from 6 to 81% for C. reinhardtii and from 4 to 83% for P. tricornutum in response to nitrogen starvation (Supplementary Figure S1). In these two microalgae, TAGs were mainly composed of saturated and monounsaturated fatty acyls (Supplementary Tables S1, S2), which were presumed to be de novo synthesized (Liu et al., 2013). These newly synthesized fatty acids were mostly diverted into TAG following N-depletion. Thus, the concurrent increases of the absolute amounts of 16:0 and 18:1n9 of C. reinhardtii and 16:0 and 16:1n7 of P. tricornutum as well as the respective TAG contents based on dry biomass led to the formation of the linear correlations during the entire stage of nitrogen stress. It also demonstrated that the quantitative saturated or monounsaturated CFA was the authentic CFA, which could be utilized to quantify TAG at any levels.

Apart from a slight increase of 18:3n3 of C. reinhardtii, the contents of all of the polyunsaturated CFAs, 16:4n3 of C. reinhardtii and 16:3n4 and EPA of P. tricornutum, based on DW were almost invariable (Figure 4), which agreed well with previously reported results (Boyle et al., 2012; Remmers et al., 2017). These polyunsaturated CFAs were primarily located in photosynthetic membranes and played crucial roles in stabilizing photosystems (Petroutsos et al., 2014). A portion of polyunsaturated fatty acids was transferred from polar lipids to TAG when subjected to adverse conditions (Remmers et al., 2017), which could protect them from peroxidation. These factors contributed to stabilizing the amount of polyunsaturated fatty acids following nitrogen stress, yet they were no longer qualified to be CFAs for TAG quantification during Stage II.

Normally, de novo fatty acid synthesis together with various membrane lipids turnover contributes to TAG biosynthesis (Goold et al., 2016). In this study, no obvious alterations in acyl compositions of the major lipids, MGDG, DGDG and DGTS, were found during Stage I and Stage II of TAG accumulation in nitrogen-deprived C. reinhardtii as a whole (Supplementary Figure S2). However, in contrast to the greatly increased TAG, the levels of the three major lipids varied slightly (Supplementary Figure S3) in stress-induced C. reinhardtii. At the turning point of TAG accumulation (24 h of nitrogen deprivation), TAG levels of C. reinhardtii were almost equal to the polar lipid levels. During Stage I, TAG accumulation appeared to be intimately correlated with contribution of various polar lipids, especially the newly synthesized DGDG and DGTS (Supplementary Figure S3). It is likely that more than one pathway involving distinct membrane lipids differentially participated in TAG assembly during Stage I, which resulted in a notable variation in the lipid profile. As TAG level was further elevated, TAG accumulation entered into Stage II and the fatty acid profile was no longer altered. During Stage II, TAG dramatically accumulated up to the level that was much more than that of polar lipids, and thus TAG formation was mainly attributed to the de novo biosynthesis, instead of turnover of membrane lipids. These findings suggested that the TAG biosynthesis pathways reached equilibrium. Therefore, Stage II was a period of lipid homeostasis for microalgae, which implied a balanced status of multiple TAG biosynthetic pathways. Overall, the turnover of membrane lipids together with the de novo biosynthesis pathway differentially contributes to TAG biosynthesis during different stages of TAG accumulation in microalgae. This could help understand the origin of CFAs and the distinct TAG biosynthesis mechanisms, which provides insights into their linear correlation with TAG content in the algal cell.

Principle of the CFA-Based Method to Quantify TAG in Microalgae

The current study validated two sets of correlations between CFA and TAG levels, and the correlations were applied to two stages of TAG accumulation for two model microalgae C. reinhardtii and P. tricornutum. First, it was necessary to identify the TAG accumulation stage based on the microalgal fatty acid profiles, which just required direct transesterification. Or, it could be judged in terms of the known stress time, i.e., short or long-term stress. Subsequently, the appropriate method for TAG quantification was confirmed to rapidly evaluate TAG accumulation in microalgae. If the fatty acid profile was coincided with that of Stage I, there was just a need to calculate TAG content using linear equation of that and the relative abundance of any CFA in Figure 3. If the fatty acid profile matched with that of Stage II, it was required to perform the transesterification process again and additional operations, including the accurate additions of fresh or dry algal biomass and internal standard of known weight, were necessary to calculate TAG content using linear equation of that and the absolute amount of any CFA in Figure 4. Alternatively, the absolute amount of the saturated or monounsaturated CFA, i.e., 16:0 and 18:1n9 of C. reinhardtii and 16:0 and 16:1n7 of P. tricornutum, can always be used to quantify TAG during both Stage I and Stage II of nitrogen stress. In this case, the relative abundance of CFA can be neglected, but the accurate additions of algal biomass and internal standard of known weight is necessary for each determination.

No matter which linear equation is used, TAG content can be rapidly determined without either prior lipid extraction or succeeding lipid separation using SPE column or TLC plate and it only needs one-step transesterification and GC-FID analysis, which is in favor of the algal lipid researchers to monitor TAG accumulation in real-time. This approach requires less than 1.5 h for one determination. If one wishes to track the TAG contents over a period of time, it is feasible to perform direct transesterification using fresh cells and GC-FID analysis in the meantime. Additionally, the algal samples for TAG quantification can be fresh or dry cells and a minimum of biomass equivalent to 30 μg lipids can meet demands as reported by our previous study (Liu et al., 2015), which is much less than the classical TLC versus GC-FID method. As to the emerging LC-MS method, TAG is a mixture of various components and it is both time-consuming and expensive to separate and detect many molecular species of TAG using HPLC and MS; the accurate quantification of the mixture also needs complicated data treatment even a quality control correction in terms of TLC-GC analysis (Jouhet et al., 2017). In comparison, direct transesterification coupled with GC detection of certain fatty acids is quicker and simpler. Overall, this extended CFA approach utilizes a single fatty acid to quantify TAG mixtures and can facilitate high-throughput mutant screening for algae to a certain extent, which not only simplifies the process but also ensures its accuracy.

It is worth noting that the fatty acyl profiles of microalgae from distinct labs are probably different, and thus, the TAG amounts quantified using CFAs might be somewhat different due to distinct culture conditions and microalgal species specificities. Therefore, it is preferable to establish the corresponding quantitative relationships between CFA and TAG for the targeted strains cultured under the designated conditions, which is convenient for researchers to quickly assess the TAG levels and facilitate relevant biochemical or physiological studies.

As a whole, the present work is to establish distinct linear equations of TAG and CFA across distinct stages of TAG accumulation with emphasis on extensive application, though our previous work is to identify CFAs for TAG quantification and confirm correlation between CFA and TAG content with emphasis on the concept of “CFA.” This study not only expands coverage of TAG quantification based on distinct linear equations, but also applies to an alga mutant that enhances oil biosynthesis, i.e., sta6 of a starchless C. reinhardtii mutant, which both increase impact of the CFA approach. The successful application of this method on the mutant shows its usefulness for the potential forward genetics study, which could also be expanded to other mutant algal species.

To further increase impact of the CFA approach for TAG quantification, we checked the correlations of TAG and CFA under phosphate deprivation for Nannochloropsis oceanica and high salt stress conditions (HS medium, photoautotraphic conditions) for sta6 of C. reinhardtii. The results revealed that the excellent linear relationships also existed between TAG and CFA and the linear correlation coefficients were all more than 0.90 under both the two stress conditions (Supplementary Figures S4, S5), which further confirmed validity and wide use of the CFA method. While these linear correlations were consistent with that under nitrogen stress, they were not completely the same due to the fact that TAG accumulation mechanisms differed among various stress conditions. Beyond that, the linear correlations of TAG contents and the absolute amounts of CFAs (16:0 and 18:1) were also verified in the reported studies of Lohman et al. (2014) and Wase et al. (2017). Thus, the CFA method works not only for the nitrogen induced TAG production, but also for other stress conditions, e.g., high salt, phosphate starvation, different inorganic carbon regimes (Lohman et al., 2014) and even the various chemical activators (Wase et al., 2017). Based on our present study and the published data, the linear correlation of TAG and CFA is proved to be available for more than one stress condition, although the corresponding linear equation for TAG quantification is case by case under distinct stress conditions.

CONCLUSION

An extended approach to quantify distinct levels of TAG using CFA was successfully applied to two oleaginous microalgae, C. reinhardtii and P. tricornutum. It not only defines the application range of the linear correlation between TAG and the relative abundance of CFA, but also expands coverage of TAG quantification in microalgae. The absolute amount of saturated or monounsaturated CFA is verified to be linearly correlated with TAG content over the entire period of nitrogen stress. This approach utilizes a single fatty acid to quantify TAG mixtures, and is rapid, simple and precise. Moreover, it can be widely applied to various microalgal species with variable TAG levels, monitor TAG accumulation in real-time and facilitate high-throughput mutant screening for microalgae.
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FIGURE S1 | Time course alterations of the fatty acyl contents, TAG contents and the proportions of TAG in total lipids of C. reinhardtii (A,B) and P. tricornutum (C,D) following nitrogen starvation. The average values of duplicate culture replicates are shown. A total of 30 time points are shown for C. reinhardtii (A) and 21 time points for P. tricornutum (B).

FIGURE S2 | Variations of acyl compositions of the major lipids, MGDG (A), DGDG (B), DGTS (C), and TAG (D), in nitrogen-deprived C. reinhardtii. MGDG, DGDG and DGTS denote monogalactosyldiacylglycerol, digalactosyldiacylglycerol and diacylglycerol-N, N, N-trimethylhomoserine, respectively. The sampling time points are set as 0, 4, 6, 24, 48, and 72 h, respectively.

FIGURE S3 | Variations of the major lipids contents in nitrogen-deprived C. reinhardtii. MGDG, DGDG and DGTS denote monogalactosyldiacylglycerol, digalactosyldiacylglycerol and diacylglycerol-N, N, N-trimethylhomoserine, respectively. The sampling time points are set as 0, 4, 6, 24, 48, and 72 h, respectively.

FIGURE S4 | Correlation analyses of the relative abundances (A) and the absolute contents (B) of CFAs and TAG contents in C. reinhardtii under high salt stress conditions. The HS medium under high salt stress conditions refers to Li et al. (2010). The other parameters are the same as that of nitrogen-deprived C. reinhadtii. The sampling time points are set as 0, 24, 48, and 72 h, respectively.

FIGURE S5 | Correlation analyses of the relative abundances (A) and the absolute contents (B) of CFAs and TAG contents in Nannochloropsis oceanica under phosphate deprivation conditions. The culture conditions under phosphate deprivation for N. oceanica are the same as that under nitrogen stress for P. tricornutum. The sampling time points are set as 0, 7, and 14 days following phosphate starvation, and 7 days following phosphate recovery (after 14 days of phosphate starvation), respectively.

FOOTNOTES

1 http://www.chlamycollection.org/

2 https://www.ccap.ac.uk/
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This study showed the new potential of using soluble contents and heavy metals in swine wastewater as nutrient supplements for the algae Chlorella pyrenoidosa with biofilm attached method. Algae with biofilm attached cultivation grew well in unpasteurized wastewater reaching a biomass productivity of 5.03 g m−2 d−1, lipid content of 35.9% and lipid productivity of 1.80 g m−2 d−1. Chlorella grew in BG11 medium delivered lower values for each of the aforementioned parameters. The FAMEs compositions in the algae paste were mainly consisted of C16:0, C18:2, and C18:3. Algae removed NH4+–N, total phosphorus (TP), and COD by 75.9, 68.4, and 74.8%, respectively. Notably, Zn2+, Cu+, and Fe2+ were removed from wastewater with a ratio of 65.71, 53.64, and 58.89%, respectively. Biofilm attached cultivation of C. pyrenoidosa in swine wastewater containing heavy metals could accumulate considerable biomass and lipid, and the removal ratio of NH4+–N, TP, COD, and as well as heavy metal were high. Treatment of wastewater with biofilm attached cultivation showed an increasingly popular for the concentration of microalgae and environmental sustainability.

Keywords: Chlorella pyrenoidosa, swine wastewater, biofilm attached cultivation, heavy metals, lipid

INTRODUCTION

Large quantities of waste continuously produced from the intensive livestock industries worldwide represent an increasingly concerning threat to the environment, especially when they were not treated properly. Excessive nutrients in the piggery wastewater, such as, nitrogen and phosphorus, will cause eutrophication in natural water bodies (Cai et al., 2013; Ayre et al., 2017). Compared with municipal domestic sewage-based wastewater, swine wastewater, which is often derived from manure, may contain very high amounts of N and P and may also contain toxic metals (Sturm and Lamer, 2011; Zhou et al., 2012). The principle in wastewater treatment is the reduction of nutrient and toxic metal to acceptable limits prior to discharge and reuse (Miranda et al., 2017). The majority of examples for wastewater treatment technologies were based on chemical or physical methods that were not economical for livestock wastewater treatment (Xu et al., 2015; Li et al., 2016).

As we known, microalgae are considered promising for production of biofuels and higher value products, but require a lot of nutrients in their growth, resulting in high operation costs and possibly adverse environmental effects due to nutrient leakage into the environment (Mata et al., 2010; Borowitzka and Moheimani, 2013; Shah et al., 2016). Therefore, application of wastewater rich in nutrients, such as, nitrogen and phosphorus, for fertilizer-driven microalgal cultivation is a promising approach to enhance economic and environmental sustainability (Mulbry et al., 2008). In particular, the genus Chlorella is commonly used in the wastewater treatment system due to their high tolerance to soluble organic compounds.

Nitrogen and phosphorus are removed from wastewater in two separate processes in conventional wastewater treatment. Nitrogen is usually converted into N2 gas through coupled nitrification–denitrification, whereas phosphorus is precipitated with metal salts. By contrast, nitrogen and phosphorus could be removed from wastewater in a single process with the use of microalgae (Christenson and Sims, 2011; Abdelaziz et al., 2013; Beuckels et al., 2015). Microalgae absorb nitrogen and phosphorus from swine wastewater and convert these nutrients into biomass. Kothari et al. (2012) found that Chlorella pyrenoidosa could remove about 80–85% total phosphorus (TP) and 60–80% of total nitrogen (TN) from dairy wastewater. Markou et al. (2012) also found that the maximum removal of chemical oxygen demand (COD) was 73.18%, while phenols, phosphorus, and nitrates in some runs were completely removed when cultivating Arthrospira platensis in olive-oil mill wastewater.

However, studies of microalgae-based wastewater treatment were generally based on commercial microalgae cultivation systems, such as, open ponds or closed photobioreactors (PBRs), which exhibited relatively low biomass productivity, high water requirements and high liquid transportation and cumbersome and higher costs in harvesting (Ozkan et al., 2012; Berner et al., 2015). This research, we introduced a novel cultivation system, which was called “biofilm attached cultivation” by Liu et al. (2013). Unlike traditional cultivation methods based on suspended cultures of cells in aqua-medium, the biofilm attached cultivation is a different technology in which the algal cells are immobilized and settled on artificial supporting materials in high density. In brief, microalgal cells are attached to a supporting structure to form an artificial “leaf” and multiple of these leaves are vertically inserted into a glass chamber in this system (Cheng et al., 2013; Liu et al., 2013). Biofilm attached cultivation of microalgae in wastewater separated algae cells from wastewater instead of concentrating or filtering, and the treated wastewater can be recycled immediately. However, there were rarely reports that investigated the feasibility of using wastewater as nutrient supplements for biofilm attached cultivation of microalgae.

In this study, an integrated approach which combined freshwater microalgae C. pyrenoidosa biofilm attached cultivation with heavy metals rich swine wastewater treatment was investigated. The objectives of our study were: (1) to determine a feasibility study with undiluted piggery wastewater for algal cultivation, (2) to specify the productivities of biomass, lipids, and FAMEs, and (3) to reveal relevant nutrient and heavy metals removal abilities.

MATERIALS AND METHODS

Algal Strain and Inoculum Preparation

The microalgae strain C. pyrenoidosa which was acclimated in poultry wastewater, was obtained from Hubei University of Technology. As we mentioned before, in preparing the inoculum for biofilm attached bioreactors, the alga was first cultivated in glass bubbling columns (diameter = 0.05 m) until the exponential growth phase was reached (approximately 5 days). The glass columns contained 0.6 L of algal broth and were continuously illuminated by cold-white fluorescent lamps (NFL28-T5, NVC, China) with a light intensity of 100 ± 10 μmol m−2s−1. The broth temperature was 20 ± 2°C. CO2 enriched air (1% v/v) was continuously injected into the bottom of the columns with a speed of 1 vvm (0.7 L/min for each column) to agitate the algal broth as well as supply carbon (Cheng et al., 2013).

Culture Medium and Photobioreactor

In this research, the algae cultivated in glass bubbling columns and biofilm attached cultivation system (control) was grown in a BG11 medium (Chiu et al., 2015), each liter of which contains 1.5 g NaNO3, 0.075 g MgSO4·7H2O, 0.036 g CaCl2·2H2O, 0.04 g KH2PO4·H2O, 0.02 g Na2CO3, 6.0 × 10−3 g citric acid, 1.0 × 10−3 g Na2EDTA, 6.0 × 10−3 g ferric ammonium citrate, 2.22 × 10−4 g ZnSO4·7H2O, 6.9 × 10−5 g CuSO4·5H2O, 1.81 × 10−3 g MnCl2·4H2O, 3.9 × 10−4 g Na2MoO4·2H2O, 4.94 × 10−5 g Co(NO3)2·6H2O, and 2.86 × 10−3 g H3BO3.

The biofilm attached cultivation system applied in this research was similar to the type 1 reactor used by Liu et al. (2013) and to that described by Cheng et al. (2014) (Figure 1). In brief, a glass chamber comprising a glass plate and attached algal biofilm disks was placed on an iron rack with a certain tilt angle against the horizontal plane. The medium was propelled (1.2 L in total, approximately 10 ml min−1) by a peristaltic pump (TP12DC 12V, Guangzhou JU PlasFitting Technology Co., Ltd., China) to facilitate circulation inside the system. Cold-white fluorescent lamps provided illumination at 100 ± 10 μmol m−2s−1 as measured inside the chamber at the position of the cultivated algae cells. Continuous air was injected into the glass chamber with a speed of 0.1 vvm and the temperature inside the glass chamber was 20 ± 2°C during the experiments. The culture time of 8 days for C. pyrenoidosa with biofilm attached culture was proved well in our trial test.


[image: image]

FIGURE 1. The schematic diagrams of attached cultivation devices. (A) Attached cultivation module of the photobioreactor, the residual medium was recycling. The medium was propelled to the system by a peristaltic pump when it flowed through the chamber during the cultivation. (B) The detailed structure of the cultivation surface of the attached photobioreactor. Permission to use and adapted from Cheng et al. (2014).



Culture of Chlorella pyrenoidosa with Swine Wastewater

Swine wastewater from a private farm in Wuhan of Hubei province, China, was used as a medium to cultivate C. pyrenoidosa. Pre-treatment was carried out by sedimentation and filtration with a filter cloth to remove large and non-soluble particulates. After filtration, the wastewater was not autoclaved and undiluted but used directly as a medium for algal cultivation in the biofilm attached PBR. The culture conditions for control group (BG11 medium) and the raw swine wastewater were identical to those described the above section of biofilm attached cultivation system. The characteristics of the raw swine wastewater are summarized in Table 1. Remarkably, the wastewater contained heavy metals of Zn2+, Cu+, and Fe2+.


Table 1. The characteristics and features of the raw piggery wastewater.
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Analytical Procedures

Biomass Estimation

The biomass was determined with the gravimetric method (Liu et al., 2013). During the experiments, two algae disks would be collected every 2 days; cells from the filter membrane were flushed with distilled water and then filtered to a pre-weighed 0.45 μm GF/C filter membrane (Whatman, England; DW0). The membrane was oven dried at 80°C for about 24 h and then cooled down to room temperature to measure dry weight (DW1). Finally, their average was used. The DW was calculated as follows:

[image: image]

where 0.001 represented the footprint area of the “algal disk” (m2).

Nutrients Analysis in Wastewater

A volume of 5 mL of recirculating medium was collected every 2 days from the attached PBRs for nutrient removal analysis. The samples were first centrifuged at 1,500 g for 10 min, and then the supernatants were filtered using a 0.45 mm nylon membrane filter. The filtrates were appropriately diluted and analyzed for COD, NH4+–N, and TP, parallel sample was made. The COD was measured using the standard potassium dichromate method based on the Chinese National Standard GB11914-1989 with a Speed Digester (Yao et al., 2015). Potentiometric analysis using a selective electrode method was used to measure ammonia (N–NH3) (APHA, 2012). TP were measured according to Standard Methods (Eaton et al., 2005; Hach, 2008).

Heavy Metal Elements Alterations

A volume of 50 mL of culture medium was gathered, respectively, at the second day, the fourth day, the sixth day, and the last day according to the limiting of the broth, and was examined the concentration of heavy metal of copper, zinc, iron with atom absorption spectrographic methods (PinAAcle 900T, USA).

Lipid Extraction

The attached algal cells were harvested by washing down with de-ionized water and centrifugation at 3,800 g for 10 min (Allegra X-22R, Beckman coulter, USA). The algal pellets were washed three times with de-ionized water to remove any attached salt. Then the total lipid was measured according to Bligh and Dyer's method (Bligh and Dyer, 1959) and Cheng et al. (2013).

FAMEs Content Analysis of Algae Biodiesel

FAMEs content analysis was according to Chen et al. (2012) and Wang et al. (2016). Briefly, algae powder was suspended in 2 mL 0.4 M KOH methanol solution, and was then heated at 70°C for 30 min in a water bath. After cooling, 2 mL 0.6 M H2SO4-methanol solution and 1 mL 14% BF3-methanol solution (Sigma-Aldrich, USA) were added, the mixture was heated in water bath at 70°C for 30 min again. After cooling, the fatty acid methyl esters (FAMEs) were extracted with 2 mL n-hexane, then centrifuged at 4,000 rpm for 5 min. The n-hexane layer was transferred to a vial. The prepared sample was (0.5 mg) was dissolved in heptane (1 mL) containing heptadecanoic acid methyl ester (C18H37COOCH3, 50 μg) as internal standard for FAMEs analysis on a Varian 450GC (Varian Inc., USA) equipped with a flame ionization detector (FID) and Agilent HP-5 GC Capillary Column (30 m × 0.25 mm × 0.25 μm). Nitrogen was used as carrier gas. The injector temperature was set at 280°C with an injection volume of 2 μL under split mode (10:1). The detector temperature was set at 280°C. The individual FAMEs were identified by chromatographic comparison with authentic standards (Sigma).

All experiments were performed in duplicate, and average values were reported. Results were analyzed with EXCEL (Microsoft Office Enterprise, 2010) and SPSS 11.5 for Windows (SPSS Inc., 2007); ANOVA was performed when applicable.

RESULTS

Accumulation of Biomass of Chlorella pyrenoidosa with Biofilm Attached Cultivation

The growth curves of C. pyrenoidosa in swine wastewater for 8 days were showed in Figure 2. For the first 2 days, the growth was almost identical with that in BG11. After that, C. pyrenoidosa grew faster in swine wastewater. By the end of experiment, biomass and biomass productivity were 48.02 g m−2 and 5.03 g m−2 d−1, respectively, for the wastewater treatment. They were higher than that of control treatment (BG11). A smaller yet still statistically significant increase was also found under the swine wastewater for biomass productivity (repeated measures one-way ANOVA) corresponding to a mean increase of 7.3% of control.
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FIGURE 2. The accumulation of biomass of Chiarella pyrenoidosa in BG 11 (control), piggery wastewater with biofilm attached cultivation. The algal cells were cultivated in attached culture for 8 days under continuous illumination of 1 00 ± 10 μmol m−2 s−1. *Indicates significant differences among treatments (P < 0.05), Error bars are standard deviations.



Conventionally, in the lag state, algal cells need to adapt to the new environment since the nutrients contained in the wastewater are different from those found inside the BG11 medium. In this study, the microalgae cultivated in the biofilm attached PBR with the COD concentration of 601 mg L−1 had a short lag time and could quickly adapt to the environment.

Lipid Productivity and Analysis of the Fatty Acid Profile

The lipid content of C. pyrenoidosa in the two treatments was shown in Figure 3. The lipid content of the algae in the treatment with BG11 and swine wastewater was similar, reaching 34.6 and 35.9% and corresponded to a lipid productivity of 1.69 and 1.80 g m−2 d−1, respectively. So, there were no statistically different between the two treatments.
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FIGURE 3. The lipid content and lipid productivity of Chlorella pyrenoidosa in the treatment of BG 11 (control) and piggery wastewater with biofilm attached cultivation. The algal cells were cultivated in biofihn attached culture for 8 days under continuous illumination of 100 ± 10 μmol m−2 s−1. Error bars are means ± standard deviations of three replicates.



The compositional distribution of fatty acids extracted from the microalgae is shown in Table 2. In the present study, the FAMEs compositions of C. pyrenoidosa mainly consisted of C16:0 (palmitic acid methyl ester), C18:2 (octadecadienoic acid methyl ester), and C18:3 (octadecatrienoic acid methyl ester). The highest overall FAMEs yield was obtained in piggery wastewater with C18:3 (43.39% of the total fatty acids) as the most abundant fatty acid, which was higher than in BG11 medium (32.14% of the total fatty acids). Linoleic acid (C18:2) content reached 37.38% of the total fatty acids in wastewater, only 25.47% in BG11 medium. Nevertheless, the fraction of oleic acid was higher with BG11 (27.22% of the total fatty acids) than when using swine wastewater as a source of nutrients (4.43% of the total fatty acids). The fraction of palmitic acid methyl ester (C16:0) in the two treatments was similar, corresponding to 8.63% in wastewater and 9.30% in BG11. When the algae cells cultivated in BG11 media were transferred to the swine wastewater, polyunsaturated fatty acid content increased from 57.61 to 81.17%, however, the amount of monounsaturated fatty acids decreased from 27.82 to 5.08%. The unsaturated FAMEs for C16:1, C18:2, and C18:3 in biofilm attached cultures with piggery wastewater were predominant in the FAMEs profile.


Table 2. Effect of piggery wastewater and BG11 medium on the fatty acids composition as % of total fatty acids of Chlorella Pyrenoidosa with biofilm attached cultivation for 8 days.
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Nitrogen, Phosphorus, and COD Removal Capability

Figures 4, 5 describe the removals of NH4+–N, TP, and COD achieved with treatment of piggery wastewater by microalgae cultivation. In this study, the cultivation of C. pyrenoidosa in the form of a biofilm receiving wastewater as a source of nutrients decreased the initial NH4+–N concentration from 409 to 98 mg L−1, and TP concentration from 35 to 10 mg L−1, and the initial COD concentration from 601 to 152 mg L−1. This corresponded to a removal ratio of NH4+–N, TP, and COD of 75.9, 68.4, and 74.8%, respectively.
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FIGURE 4. The changes of concentrations of NH4+–N (A), TP (B), and COD (C) of cultivation broth by Chiarella pyrenoidosa with biofilm attached cultivation. The algal cells were cultivated in biofilm attached culture for 8 days under continuous illumination of 100 ± 10 μmol m−2 s−1. Error bars are means ± standard deviations of three replicates.
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FIGURE 5. The removal ratio ofNH4+–N, TP, and COD with treatment ofpiggery wastewater by Chiarella pyrenoidosa biofilm attached cultivation. The algal cells were cultivated in biofilm attached culture for 8 days under continuous illumination of 100 ± 10 μmol m−2 s−1. Error bars are means ± standard deviations of three replicates.



The typical N/P ratio for optimal conditions for microalgae biomass production was 8:1 (US DOE, 2008); however, the N/P ratios in our swine wastewater were higher than that of values (Table 1). Current literature has reported that algae can assimilate NH4+–N, nitrate, and simple organic nitrogen such as, urea, acetic acid, and amino acids in wastewater; however, the concentration of NH4+–N of <300 mg L−1 in the accessible paper (Beuckels et al., 2015).

Heavy Metal Elements Disposal Ratio

The swine wastewater in this study was detected some of high concentration of heavy metals ions. Table 1 showed that the concentration of Zn2+ in swine wastewater reached 2.8 mg L−1, followed by Cu+ and Fe2+ (2.2 and 1.8 mg L−1, respectively). Heavy metals removal from swine wastewater by microalgae with attached culture has been tested (Figure 6). As shown in Figure 6A, the metal concentrations (Zn2+, Cu+, and Fe2+) decreased sharply after only 2 days of cultivation. The reduction rate greatly decreased in the following days. By the end of experiment, residual quantity of Zn2+, Cu+ and Fe2+ were still detected reaching concentrations of 0.96, 1.02, and 0.74 mg L−1, respectively (Figure 6A).
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FIGURE 6. Heavy metals ions removal from piggery wastewater by biofihn attached culture (A) The changes of concentrations of Zn2+, Cu+, and Fe2+ of cultivation broth by Chlorella pyrenoidosa with biofilm attached cultivation. (B) The removal ratio of Zn2+, Cu+, and Fe2+ with treatment of piggery wastewater by Chlorella pyrenoidosa biofilm attached cultivation. The algal cells were cultivated in biofilm attached culture for 8 days under continuous illumination of 100 ± 10 μmol m−2 s−1. Error bars are means ± standard deviations of three replicates.



This result indicated the high removal ratio of Zn2+ (65.71%), Cu+ (53.64%), and Fe2+ (58.89%) with the attached cultivation of Chlorella (Figure 6B). Our results are supported from Carrilho and Gilbert (2000) who revealed that biosorption of algae was rapid and accumulation of metals happened within short time (Figure 6A).

DISCUSSION

Ayre et al. (2017) reported that many microalgae species can grow in diluted digested piggery wastewater, and they utilize the abundant N, P, and other organic carbon in the water. Chlorella sp. was the dominant algae species in a wastewater treatment study. However, nearly all experiments were performed on piggery wastewater diluted with either synthetic media or water to reduce the toxicity of organic components (Min et al., 2011; Zhu et al., 2011). Min et al. (2011) and Zhu et al. (2011) also cultivated Chlorella sp. in swine wastewater with relatively high COD in a pilot-scale PBR, however, in their experiment the biomass productivity and initial NH4+–N concentration of wastewater were lower than our experiment (Figure 2). Flynn (1991) reported that ammonium assimilation causes a rapid and reversible inactivation of nitrate transport which influences growth of microalgae.

The dilution of swine wastewater for microalgae growth would be limited by the high cost of clean water consumption, sewage volume, need for artificial nutrients, and other inconvenient operations. Therefore, developing an efficient process that allow algae to grow well under undiluted piggery slurry is very important, rendering the application of microalgae-based technology feasible and economical for full-scale wastewater treatment and biodiesel production. This study aimed at investigating the feasibility of tested microalgae in undiluted slurry of piggery wastewater, and the microalgae treated with the biofilm attached culture method grew well in undiluted slurry.

Feng et al. (2012) and Rodolfi et al. (2009) proved that lipid accumulation can be raised through increasing light intensity. The wastewater had a darker color than the BG11; however, lipid accumulation for the swine wastewater treatment was not inhibited in biofilm attached cultivation. This might be because the algal cells cultivated with attached PBR are generally immobilized and fixed onto supporting materials in high density and separated with swine wastewater. Chlorella sp. are known to have high content of lipids, which have the potential to be converted to biofuels that can be used mixed to—or in substitution to traditional fossil fuels. Beal et al. (2012) reported the cost of algal biofuel production was mainly related to algal culture (77%), harvesting (12%), and lipid extraction phases (7.9%). It was obvious that the utilization of wastewater as a substitute for algae nutrients would significantly reduce the operational cost of algae cultivation (Cai et al., 2013).

The environmental and cultural conditions have been reported by previous research to have an effect on lipid content and fatty acid (Petkov and Garcia, 2007; Li et al., 2011). So, it was not surprising to observe the different FAMEs profiles in our study (Table 2). Not all lipids can be converted to FAMEs, such as, glycolipids and phospholipids and long-chain carbon (Li et al., 2011). However, C. pyrenoidosa cultivated in swine wastewater was found to have shorter carbon chains for fatty acids in our study. The degree of unsaturation of fatty acids is due to the metals toxicity more than to favoritism of piggery wastewater. They mainly contained 16–18 carbons (Table 2), which were ideal for biodiesel conversion (Huang et al., 2010). Integration of microalgal cultivation with wastewater for biodiesel production is a promising choice and could enhance the economic and environmental sustainability (Lee and Lee, 2002).

The high NH4+–N content in wastewater represents a growth inhibitory factor for microalgae because it may contribute to changes in pH value of the culture medium. Tam and Wong (1996) showed that the growth of Chlorella sp. was reduced at NH4+–N concentrations higher than 700 mg L−1 with a pH level below 7. Chiu et al. (2015) reported that the TP concentration for biomass productivity was lower than 100 mg L−1. The consumed phosphorus of swine wastewater was mainly assimilated by algal cells. The effects of NH4+–N and TP concentrations in wastewater on the Chlorella biomass production and productivity are similar (Chiu et al., 2015). The consumed COD in this study with attached cultivation of Chlorella were higher than the reported that of 73.18% COD removal ratio with Arthrospira (Spirulina) platensis cultivated in 25% olive oil mill wastewater (Markou et al., 2012).

The main physicochemical approaches to remove heavy metal ions from wastewaters include ion exchange, chemical precipitation, electrokinetic, membrane processing, and adsorption (Lee and Pandey, 2012; Goharshadi and Moghaddam, 2015). The incomplete removal of heavy metal ions and high costs of chemicals are the main limiting factors in the development of physicochemical approaches. However, biosorption of heavy metal ions in wastewater with proper microalgae species could offer an ecologically safer, cheaper, and more efficient means. Indeed, algae could be used to absorb toxic and radioactive metal ions and to recover precious metals (Pohl and Schimmack, 2006). And polysaccharides and proteins present in algae cell walls contain the most number of metal binding sites (Schiewer and Volesky, 2000). However, factors including concentration of metal ions, algae biomass, pH, temperature, and presence of competing ions affect the biosorption of heavy metals ions by algae. Algal cell walls are the first barrier against biosorption of heavy metal ions. Given the different distribution and abundance of cell wall compositions in different algal strains, the biosorption capacity for metal ions would vary depend on the considered algal strain.

Chlorella can effectively grow and utilize nutrients in swine wastewater, reducing the content of metal ions in this research. Table 3 compared of the growth, lipid production, and cultivation parameters of microalgae in wastewater for different cultivation methods. It could be observed that most of study concerned of algae-based treatment diluted wastewater (Ji et al., 2013), which would increase cost in practice. In addition, few papers focused on the question of heavy metal pollution of piggery wastewater, which recently has attracted growing attention to agricultural pollution (Zeraatkar et al., 2016). The cultivation scale of most recent studies was limited to the laboratory bench—or pilot plant scale. The significant question to consider is what kind of cultivation system could be more economically viable and environmental-friendly for large scale production of microalgal biomass. As a result of the difficulty of construction and the condition of vast land area, most of the PBRs and ponds used in recent studies are not economically convenient for large-scale microalgal biomass production. Therefore, the efforts on novel cultivation system are very important in the future research (Wang et al., 2015).


Table 3. Comparison of growth, lipid production and cultivation parameters of microalgae in wastewater for different cultivation methods.

[image: image]



In summary, C. pyrenoidosa could accumulate considerable biomass and lipid in swine wastewater with biofilm attached culture. A major portion of FAMEs compositions were ideal for biodiesel conversion. The removal of NH4+–N, TP, COD and, as well as heavy metal pollution of wastewater with C. pyrenoidosa by biofilm attached culture can be a remarkable solution for swine wastewater resource utilization.
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The protein superfamily of short-chain dehydrogenases/reductases (SDR), including members of the atypical type (aSDR), covers a huge range of catalyzed reactions and in vivo substrates. This superfamily also comprises isoflavone reductase-like (IRL) proteins, which are aSDRs highly homologous to isoflavone reductases from leguminous plants. The molecular function of IRLs in non-leguminous plants and green microalgae has not been identified as yet, but several lines of evidence point at their implication in reactive oxygen species homeostasis. The Chlamydomonas reinhardtii IRL protein IFR1 was identified in a previous study, analyzing the transcriptomic changes occurring during the acclimation to sulfur deprivation and anaerobiosis, a condition that triggers photobiological hydrogen production in this microalgae. Accumulation of the cytosolic IFR1 protein is induced by sulfur limitation as well as by the exposure of C. reinhardtii cells to reactive electrophile species (RES) such as reactive carbonyls. The latter has not been described for IRL proteins before. Over-accumulation of IFR1 in the singlet oxygen response 1 (sor1) mutant together with the presence of an electrophile response element, known to be required for SOR1-dependent gene activation as a response to RES, in the promoter of IFR1, indicate that IFR1 expression is controlled by the SOR1-dependent pathway. An implication of IFR1 into RES homeostasis, is further implied by a knock-down of IFR1, which results in a diminished tolerance toward RES. Intriguingly, IFR1 knock-down has a positive effect on photosystem II (PSII) stability under sulfur-deprived conditions used to trigger photobiological hydrogen production, by reducing PSII-dependent oxygen evolution, in C. reinhardtii. Reduced PSII photoinhibition in IFR1 knock-down strains prolongs the hydrogen production phase resulting in an almost doubled final hydrogen yield compared to the parental strain. Finally, IFR1 knock-down could be successfully used to further increase hydrogen yields of the high hydrogen-producing mutant stm6, demonstrating that IFR1 is a promising target for genetic engineering approaches aiming at an increased hydrogen production capacity of C. reinhardtii cells.

Keywords: Chlamydomonas reinhardtii, photobiological hydrogen production, isoflavone reductase-like proteins, short-chain dehydrogenases/reductases, reactive electrophile species, singlet oxygen response 1 (sor1)

INTRODUCTION

Among the most urgent challenges of our society today, are those associated to global warming, depletion of fossil fuels and a steady increase of the energy demand, which can pose a threat to economic and political stability (Organisation for Economic Co-operation and Development [OECD]/International Energy Agency [IEA], 2011). Photosynthesis-driven H2 production by photosynthetic microbes, such as cyanobacteria and microalgae, has a perfect carbon footprint, because of its zero CO2 emission. Within photobiological hydrogen production electrons and protons from water splitting are directed via photosynthesis toward specific H2-evolving enzymes, the hydrogenases (Gaffron and Rubin, 1942). Microalgae exploit Fe–Fe hydrogenases, which compared to other hydrogenases are highly efficient because of their extraordinarily high turnover number (Volgusheva et al., 2013; Lubitz et al., 2014). However, due to its oxygen sensitivity (Ghirardi et al., 1997), oxygenic photosynthesis cannot be directly coupled to hydrogen production in green microalgae. Therefore, photobiological hydrogen production has to be split into a two-stage process, which can be achieved by the experimental protocol proposed by Melis et al. (2000). This protocol relies on biomass generation under sulfur-replete conditions in the first stage and subsequent withdrawal of sulfur to trigger photoinhibition of photosystem II, resulting in a continuous decline of photosynthetic oxygen evolution, while mitochondrial respiration remains relatively unaffected by the lack of sulfur in the medium. In sealed culture flasks, this cultivation regime helps establishing anaerobic conditions, which are a prerequisite for the induction of the hydrogenase pathway (Ghysels and Franck, 2010). In Chlamydomonas reinhardtii, sulfur deprivation results in a strong down-regulation of the Calvin cycle and photosynthetic light reactions, based on a rapid decrease of Rubisco levels (Zhang et al., 2002) and an impaired PSII repair cycle, which relies on the de novo synthesis of the PSII subunit D1, which is restricted by the limited availability of sulfur-containing amino acids under these conditions (Wykoff et al., 1998). Although a massive decline in water-splitting activity is a prerequisite for the establishment of anaerobic conditions, which enable hydrogen production via the oxygen-sensitive hydrogenase enzyme, several studies clearly demonstrated that residual PSII activity and linear electron transport toward the hydrogenase are indispensable for efficient hydrogen production in C. reinhardtii (Antal et al., 2003; Volgusheva et al., 2013; Baltz et al., 2014; Steinbeck et al., 2015). The C. reinhardtii mutant stm6 (Schönfeld et al., 2004) displays an enhanced hydrogen production capacity (Kruse et al., 2005) and its increased rate of mitochondrial oxygen consumption (Uhmeyer et al., 2017), was proposed to protect PSII during sulfur deprivation by accelerating the establishment of anaerobic conditions (Volgusheva et al., 2013), where irreversible, oxygen-dependent photoinhibition (Vass et al., 1992) cannot occur. Besides the PSII-dependent pathway of hydrogen production, starch degradation and subsequent glycolysis can provide NADH, which can be used to feed electrons into the photosynthetic electron transport chain without the need for water-splitting at PSII (Chochois et al., 2009; Baltz et al., 2014). Therefore, larger starch reserves present in stm6 compared to wild type strains also contribute to the higher hydrogen production capacity seen for this mutant (Kruse et al., 2005; Doebbe et al., 2010). Cyclic electron flow (CEF) around photosystem I competes with electron delivery to the hydrogenase and a reduced CEF activity of stm6 is another important aspect of its phenotype, which should significantly contribute to the elevated hydrogen production potential (Kruse et al., 2005). In addition to its photobiological production, hydrogen can also be produced under dark fermentative conditions in C. reinhardtii (Grossman et al., 2011).

With the aim to generate C. reinhardtii strains producing increased amounts of hydrogen upon exposure to sulfur limitation, several strategies have already been applied, which mainly targeted the oxygen sensitivity of the hydrogenase, the competition between CEF and hydrogen production, the efficiency of light conversion in the antenna and cellular starch contents (for review see Dubini and Ghirardi, 2015). Transcriptomics conducted with C. reinhardtii cells subjected to hydrogen production conditions could be another strategy to identify novel gene targets for the optimization of hydrogen production via genetic engineering (Nguyen et al., 2011; Toepel et al., 2013).

In a previous study (Nguyen et al., 2011), a transcript encoding the protein IFR1 (Cre11.g477200; NmrA-like) accumulated strongly in hydrogen-producing cells of C. reinhardtii. NmrA-like proteins belong to the protein superfamily of atypical short-chain dehydrogenases/reductases (aSDRs), which also contains isoflavone reductase-like (IRL) proteins (Moummou et al., 2012). IRL proteins from higher plants such as OsIRL from rice, were proposed to be implicated in ROS homeostasis, as OsIRL expression is induced by ROS and an overexpression confers enhanced ROS tolerance (Kim et al., 2010). SDRs and aSDRs including IRL proteins remain poorly characterized in microalgae thus far (Moummou et al., 2012). Therefore, we analyzed the function of IFR1 by applying a forward genetics strategy based on the use of artificial microRNA (amiRNA)-mediated knock-down of IFR1 in two distinct C. reinhardtii strains and subsequent analysis of the resulting phenotype, with a special focus on photosynthetic hydrogen production.

MATERIALS AND METHODS

Chemicals

3-(3,4-Dichlorophenyl)-1,1-dimethylurea (DCMU), 2,5-Dibromo-6-isopropyl-3-methyl-1,4-Benzoquinone (DBMIB), 2E-Hexenal, Hydrogen peroxide (H2O2), Methyl Viologen (MV), Neutral red (NR), and Rose Bengal (RB) were purchased from Sigma-Aldrich.

Strains and Growth Conditions

Chlamydomonas reinhardtii wild type CC124 (137c mt-), 4A+ (137c background) and mutant CC4604- sor1 (mt+) (Fischer et al., 2012) were obtained from the Chlamydomonas Center. UVM4, a UV mutant derived from CC4350 (cw15 arg7-8 mt+) known to efficiently express nuclear transgenes (Neupert et al., 2009) was kindly provided by R. Bock (MPI for Molecular Plant Physiology, Potsdam-Golm). The MOC1 knock-out mutant stm6 was generated via random insertion of plasmid pArg7.8 (Debuchy et al., 1989), carrying the Arg7 gene, into the nuclear genome of the arginine auxotrophic strain, CC1618. The MOC1-complemented strain B13 (Schönfeld et al., 2004) was generated by co-transforming stm6 with a 37-kb Moc1-containing cosmid isolated from a cosmid library and the Cry1 gene as a dominant selectable marker conferring resistance to emetine (plasmid p613; Nelson et al., 1994). All strains were grown photoheterotrophically in TAP (tris acetate phosphate) medium (Harris, 1989) at 25°C with continuous white light of 100 μmol m-2 s-1. Experiments were performed by using the cells from mid-log phase. For hydrogen production, cells were harvested and washed three times with TAP-S medium. The cells were finally suspended in TAP-S to the tune of ∼25 μg/ml of chlorophyll. Hydrogen setup and gas measurement was carried out as described previously (Doebbe et al., 2010). After 20 h of anaerobic conditions, the effect of DCMU on H2 production was assessed by adding 20 μM DCMU to the sealed bioreactors. Quantitative analysis of RES and ROS stress tolerance was evaluated by growing 2 × 106 cells/ml in TAP at 100 μmol m-2 s-1 with following chemicals: 5 μM DBMIB, 500 μM 2E-Hexenal, 4 μM RB, 15 μM NR, 0.5 μM MV and 7 mM H2O2. Cell growth was determined by analyzing OD680 and cell count (Z2 cell and particle counter, Beckman Coulter) at 0 and 24 h and 10 μl of culture was spotted on TAP agar plate for recovery.

Generation of IRL Knock-Down Strains

The artificial microRNA sequence for generating IRL knock-down was designed with a web based tool WMD31. The amiRNA sequences were generated to target exons 2 (forward: ctagtCAGGTCCAGGAGATTGATATAtctcgctgatcggcaccatg ggggtggtggtgatcagcgcaTATAACAATCTCCTGGACCTGg; reverse: ctagcCAGGTCCAG GAGATTGTTATAtagcgctgatcaccaccacccccatggtgccgatcagcgagaTATATCAATCTCCTGGACCTGa) and 4 (forward: ctagtGAGCACGCTATTAAGGTCGTAtctcgctgatcggcaccatgg gggtggtggtgatcagcgctaTACGGTCTTA-ATAGCGTGCTCg and reverse: ctagcGAGCACGC TATTAAGACCGTAtagcgctgatcaccaccacccccatggtgccgatcagcgagaTACGACCTTAATAG GTGCTCa) of the coding region and cloned into vector pChlamiRNAi3int (Molnar et al., 2009). CC124 was transformed by electroporation (Jaeger et al., 2017) and stm6 was transformed via glass beads as mentioned previously (Kindle, 1990). Transformants were selected on paromomycin (10 μg/ml) TAP agar plates and transferred to sulfur depleted medium for screening.

Antibody and Recombinant Protein Production

The polyclonal antiserum directed against a 17 aa polypeptide IFR1 was raised in rabbit (Agrisera, Sweden). To heterologously express IFR1 in Escherichia coli, a codon optimized full length IFR1 coding sequence (phytozome: Transcript Cre11.g477200.t1.2) was synthesized de novo (Genscript, United States) and cloned between the NdeI and XhoI restriction sites of expression vector pET-24a(+) (Novagen), enabling streptag-based affinity purification.

RNA Extraction and Quantitative Real Time PCR

Real-time RT-PCR was performed with DNaseI (RQ1 RNase-free DNase, Promega)-digested total RNA samples which was subjected to reverse transcription and PCR amplification using the SensiFASTTM SYBR No-ROX One-Step Kit (BIOLINE, Germany). SYBR Green I fluorescence was recorded on a DNA Engine Opticon (Bio-RAD, Germany). Per sample 100 ng total RNA were used and RPL13 (Gene ID: 5718254) as well as RACK1 (GeneID: 5723548) served as housekeeping genes. The following primers were used within the study: IFR1 (5′-ATGGCGACTAAGAAGCACAC-3′ and 5′-CGAAGCCTGCTCATTGTAGT-3′), RPL13 (5′-ATTCTTGCCGGGCAGCAGATTGTG-3′ and 5′-TTGCGCAGGAAG CGGTCATACTTC-3′) and RACK1 (5′-TCAACATCACCAGCAAGAAGG-3′ and 5′-CTGGGCATTTACAGGGAGTG-3′). Relative mRNA expression levels were calculated according to Pfaffl (Pfaffl, 2001).

SDS-PAGE and Immunoblotting

Cells were pelleted (3000 × g, 3 min) and suspended in lysis buffer (60 mM Tris pH 6.8, 2% SDS, 10% glycerol and freshly added 1 mM Pefabloc). Total proteins were extracted via freeze-thaw cycle in liquid N2 and quantified by Lowry assay (BioRAD). The proteins were separated by a 12% Tris-glycine SDS-PAGE and blotted on to a nitrocellulose membrane. After overnight blocking (5% Milk powder in TBST with 0.1% Tween), the membrane was incubated at room temperature for 1.5 h with IFR1-specific antiserum (1:2500), washed and then incubated for 1 h with a peroxidase-conjugated anti-rabbit antibody (Agrisera, Sweden) for chemiluminescence detection (ECL: GE Healthcare). Signals were visualized using the FUSION-FX7 detection system (Peqlab, Germany). Protein bands were quantified with MyImageAnalysis software (ThermoFisher Scientific).

Chlorophyll Fluorescence Analyses

To determine the maximum quantum yield (Fv/Fm), 2 ml samples of a culture were incubated in the dark and aerated for 20 min. Chlorophyll fluorescence changes were recorded during a 10 min induction curve with actinic light (800 μmol photons m-2 s-1) using a Mini PAM (Waltz) and Fv/Fm calculated according to the following equation (Maxwell and Johnson, 2000):
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Construction of Fusion Protein and Confocal Microscopy

The IFR1 coding sequence, codon-optimized for the nuclear codon bias of C. reinhardtii was cloned into vector pOpt-mVenus_Paro (Lauersen et al., 2015) by using the NdeI::BglII and EcoRV::EcoRI restriction sites to obtain C-terminal and N-terminal fusions, respectively. Fluorescence imaging was accomplished with a confocal laser scanning microscope (LSM780, Carl Zeiss GmbH, Germany) with specific filters for chlorophyll and mVenus as described before (Lauersen et al., 2015).

Statistical Analysis

The significance of results was evaluated with a student’s two-tailed t-test for independent samples. The significance threshold was set between p < 0.05 to p < 0.1. Error bars represent standard error (SE) and in case of box plots the whiskers represent variability within the first and third quartile.

RESULTS

IFR1 Is an Atypical Short-Chain Dehydrogenase that Accumulates in the Cytosol of C. reinhardtii as a Response to Abiotic Stress

A previous study (Nguyen et al., 2011), demonstrated that a transcript encoding a putative isoflavone reductase (IFR1) accumulated significantly in hydrogen-producing cells of C. reinhardtii. An NCBI-BLAST search using the amino acid sequence of IFR1 (Phytozome locus name Cre11.g477200; C. reinhardtii v5.5) revealed that this protein contains a conserved phenylcoumaran benzylic ether reductase (PCBER) like domain (specific hit/e-value 1.55e-68). PCBERs are NADPH-dependent aromatic alcohol reductases, and are described as atypical members of the short-chain dehydrogenase/reductase (SDR) family (Min et al., 2003). Atypical SDRs possess an N-terminus characteristic of NAD(P)-binding proteins and a small C-terminal domain presumed to be involved in substrate binding (Filling et al., 2002; Persson et al., 2003; Kavanagh et al., 2008). In contrast to classical SDRs, they do not have the conserved active site tyrosine residue typically found in SDRs and contain an atypical glycine-rich NADP-binding motif reading GXGXXG or G[GA]XGXXG (Supplementary Figure S1). The amino acid sequence of IFR1 shows identities to other members of the protein family in the range of 20–30% (Supplementary Table S1), with the highest similarity found for isoflavone reductases (Babiychuk et al., 1995) and IRL proteins (Petrucco et al., 1996) (Supplementary Figure S1 and Table S1).

The C. reinhardtii IFR1 gene encodes a 32 kDa protein whose localization was predicted to be cytosolic by the in silico prediction tool PredAlgo (Tardif et al., 2012). To confirm that IFR1 indeed resides in the cytosol, IFR1 was C- and N- terminally fused with YFP (mVenus variant; Kremers et al., 2006) and expressed in the C. reinhardtii cell line UVM4 (Neupert et al., 2009). Two strains, stably expressing either full length IFR1-YFP (C) or IFR1-YFP (N) were identified via immunoblots (Supplementary Figure S2; C and N). YFP fluorescence could be detected in both strains expressing YFP, either N- or C- terminally fused to IFR1 (Figure 1; N and C), while the parental control strain (PCS) only emitted red chlorophyll auto-fluorescence from the cup-shaped structure representing the chloroplast. Superimposition of the chlorophyll and YFP fluorescence demonstrated that the YFP-tagged IFR1 variants displayed a distribution of the YFP signal identical to that observed in the control strain (Cyto), expressing YFP in the cytosol (Lauersen et al., 2015). YFP-tagging of IFR1 in conjunction with confocal laser-scanning microscopy demonstrated that the localization of IFR1 is indeed cytosolic.
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FIGURE 1. IFR1 localizes to the cytosol in Chlamydomonas reinhardtii cells. Laser scanning confocal microscopy detection of subcellular localization of the mVenus (yellow) fluorescent reporter fused to N- or C-terminus of IFR1 (N/C). A cell line expressing mVenus in the cytosol (Cyto, Lauersen et al., 2015) and the parental strain (PCS) served as controls. Individual imaging channels are presented, YFP: mVenus reporter signal in the yellow range, Chlorophyll: autofluorescence of chlorophyll visualized in the red range and used to orient the cells, Overlay: YFP and Chloro channel overlay, DIC: differential interference contrast. Scale bars represent 5 μm.



In a previous study (Nguyen et al., 2011) we compared the transcriptomes of the C. reinhardtii wild type (wt) cc406 and the high hydrogen production mutant stm6glc4 (Doebbe et al., 2007) [derived from stm6 (Kruse et al., 2005)] during photosynthetic hydrogen production triggered by sulfur deprivation (Melis et al., 2000). The transcriptome data revealed that within the peak hydrogen production phase, IFR1 transcripts accumulated to a high extent (∼10–40-fold compared to sulfur-replete condition) in both strains. In order to confirm that the accumulation of IFR1 transcript is indeed translated into elevated protein amounts, we analyzed protein samples taken at distinct points from a hydrogen-producing culture of a C. reinhardtii wild type (Figure 2A). A strong induction of IFR1 protein expression was observed in the wild type under S-deprived anaerobic H2 production conditions. IFR1 accumulation started before the onset of anaerobiosis and H2 production conditions (from 24 h onward), indicating that sulfur deprivation rather than anaerobiosis is required for IFR1 induction. An inspection of published RNAseq data sets using AlgaePath (Zheng et al., 2014) revealed that sulfur deprivation alone triggers IFR1 mRNA accumulation [∼8-fold induction 6 h after withdrawal of sulfur; González-Ballester et al., 2010; gene expression omnibus (GEO) series GSE17970]. An even stronger induction was observed within a transcriptome study analyzing the modulation of the C. reinhardtii transcriptome in response to nitrogen depletion (∼46-fold after 48 h; Miller et al., 2010; GSE24367), but IFR1 protein expression could not be detected under nitrogen-deplete conditions (data not shown), demonstrating that IFR1 accumulation is not generally observed as a response to macronutrient limitation. While effects of carbon dioxide limitation on IFR1 transcript accumulation were comparably small (∼2-fold; Fang et al., 2012; GSE33927), exposure of wild type C. reinhardtii cells to hydrogen peroxide led to a rapid accumulation of IFR1 transcript (∼19-fold within 1 h; Blaby et al., 2015; GSE34826). In addition, a previous transcriptome study indicated that IFR1 belongs to the set of genes overexpressed in the mutant singlet oxygen resistant 1 (sor1), which shows a constitutively higher expression of genes implicated in the detoxification of reactive oxygen and electrophile species [9.8 in sor1 vs. 0 in parental (4A+); Fischer et al., 2012; GSE33548]. Overexpression of IFR1 mRNA in sor1 vs. its parental strain (4A+) could be confirmed by RTqPCR experiments [median 17.8; lower quartile (Q1) 13.9; upper quartile (Q3) 25.4; IFR1 mRNA level in 4A+ set to 1; Figure 2B]. The higher mRNA level was also translated into higher IFR1 protein amounts found in sor1 (Figure 2C; 48 and 72 h; sor1 vs. 4A+). Analysis of the IFR1 promoter region led to the identification of an 8 bp palindromic motif (CAACGTTG) (Figure 2D) which was identified as an electrophile response element (ERE) in nuclear promoters of C. reinhardtii genes overexpressed in the mutant sor1 and whose expression is activated by reactive electrophile species (RES) (Fischer et al., 2012).
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FIGURE 2. IFR1 accumulation is triggered by the SOR1-dependent pathway. (A) Samples were taken before (0 h, +S) and during the course of hydrogen production induced by sulfur deprivation of a wild type cell line (16–48 h; –S). IFR1 accumulation was analyzed with an IFR1-specific antiserum (αIFR1) and equal protein loading confirmed by colloidal Coomassie staining (CBB). (B) Comparison of IFR1 mRNA levels in the sor1 mutant (Fischer et al., 2012) and its parental strain (4A+) with samples taken in the late exponential phase. mRNA levels were determined by RTqPCR and the IFR1 transcript level in 4A+ was set to 1. Median and interquartile range shown in the box-and-whisker diagram are derived from two biological replicates, each including nine technical replicates (n = 18). (C) Representative immunoblot (αIFR1) showing IFR1 accumulation during growth of mutant sor1 and its parental strain (4A+) in nutrient-replete TAP medium for 3 days. Relative band intensities (Dens.) determined by densitometric scanning of immunblot signals are given relative to the band intensity of the 4A+ sample at t48 h (set to 1). (D) Position of the octanucleotide motif CAACGTTG described to represent an electrophile response element (ERE; Fischer et al., 2012) implicated in the genetic response to reactive electrophile species (RES) and SOR1-dependent signaling relative to the start codon (ATG) of the 4.87 kbp IFR1 gene, comprising exons, introns and untranslated regions (UTRs). (E) IFR1 mRNA levels determined by RTqPCR following dark treatment of WT cell cultures with DBMIB (5 μM) and 2-(E)-hexenal (500 μM) for 24 h. The mRNA level of the solvent control sample was set to 1. Median and interquartile range shown in the box-and-whisker diagram are derived from two biological replicates, each including six technical replicates (n = 12). (F) Immunoblot (αIFR1) showing IFR1 accumulation distinct time points (6–24 h) after the addition of DBMIB (5 μM) or only solvent (Control) to a liquid TAP culture of the C. reinhardtii wild type CC124 and subsequent dark incubation for 24 h.



Indeed, treatment of C. reinhardtii WT cultures with the RES-compounds DBMIB (2,5-Dibromo-6-isopropyl-3-methyl-1,4-benzoquinone) and 2-(E)-hexenal triggered a strong accumulation of IFR1 mRNA [median fold-induction vs. control: 250.5 for DBMIB and 403.5 for 2-(E)-hexenal; Figure 2E]. In contrast to DBMIB, 2-(E)-hexenal is a RES (oxylipin) that occurs naturally in high light-stressed cells of C. reinhardtii (Roach et al., 2017) and is formed from polyunsaturated fatty acids via peroxidation and subsequent enzymatic cleavage (Mosblech et al., 2009). Addition of DBMIB to sulfur-replete cultures of a C. reinhardtii WT in the dark induced a strong accumulation of IFR1 protein (Figure 2F). However, IFR1 protein expression could not be observed (data not shown) in TAP grown cultures supplemented with DCMU [3-(3,4-Dichlorophenyl)-1,1-dimethylurea; PSII forward electron inhibitor; Metz et al., 1986], indicating that inhibition of photosynthetic electron transport by DCMU or DBMIB can be excluded and noted effects can be mainly attributed to DBMIB’s action as a reactive electrophile.

A Knock-Down of IFR1 Causes Diminished RES-Tolerance

To functionally characterize IFR1 of C. reinhardtii, we applied a reverse genetics approach, employing a nuclear expression vector for the expression of artificial microRNAs (amiRNA) (Molnar et al., 2009). Screening of transformants based on immunoblots with the IFR1-specific antiserum led to the identification of two knock-down strains. When grown in S-deplete medium, IFR1_1 and IFR1_6 accumulated ∼65 and ∼95% less IFR1 protein, respectively as compared to the parental strain (Figure 3A).
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FIGURE 3. IFR1 knock-down causes diminished tolerance toward RES in C. reinhardtii. (A) Immunodetection of IFR1 protein (αIFR1) in the parental strain (PCS; wild type CC124) and IFR1 knock-down strains (IFR1_1 and IFR1_6) detected after 48 h of cultivation in sulfur deplete medium. A colloidal Coomassie stained gel (CBB) served as loading control. Different amounts of proteins were used and band intensities (lower bar diagram) determined by densitometric analysis (1x PCS set to 100%). (B,C) IFR1 accumulation in PCS and IFR1 knock-down strains grown for 24 h in TAP supplemented with DBMIB (5 μM) or 2-(E)-hexenal (500 μM). (D) Growth inhibition by reactive oxygen species determined for the PCS and the two IFR1 knock-down strains during 24 h of growth in TAP supplemented with 4 μM rose Bengal (RB), 15 μM neutral red (NR), or 0.5 μM methyl viologen (MV). Optical densities (determined at 680 and 750 nm) and cell counts are given relative to the untreated/solvent-control sample (set to 1). Error bars indicate standard errors derived from three biological replicates including technical replicates (n = 3). Asterisks indicate significant differences between PCS and knock-down strains according to a two-tailed Student’s t-test (p < 0.05). (E,F) Growth inhibition following treatment of PCS and IFR1 knock-down strains with 5 μM DBMIB and 500 μM 2-(E)-hexenal for 9 or 24 h in TAP medium. Standard errors are derived from three biological replicates, including technical replicates (n = 3). Except for the data indicated by asterisks (p > 0.05) differences between PCS and knock-down strains were significant according to a two-tailed Student’s t-test (p < 0.05).



Diminished accumulation of IFR1 in both knock-down strains was also observed, when cells were treated with the RES compound DBMIB (Figure 3B). In line with the strong IFR1 transcript accumulation observed after treatment with 2-(E)-hexenal (Figure 2E), addition of this compound to liquid cultures triggered a strong accumulation of IFR1 protein in the parental strain, which was diminished in knock-down strains (Figure 3C). Prompted by the finding that IFR1 protein accumulates following the exposure of C. reinhardtii cells to RES and the reported requirement of IRL proteins for oxidative stress tolerance in higher plants (Babiychuk et al., 1995; Kim et al., 2010), we analyzed the tolerance of IFR1 knock-down strains toward various compounds which either act as reactive oxygen/electrophile species (ROS/RES) or induce their cellular accumulation (Figures 3D–F). To this end, compounds inducing ROS-stress [rose bengal (RB); neutral red (NR), and methyl viologen (MV)] or acting as RES [DBMIB and 2-(E)-hexenal] were added to the cultures and the growth retarding-effect was quantified after 24 h via measurement of optical densities (oD680 nm/750 nm) and cell densities based on cell counting. The cultures were also spotted on TAP agar plates for recovery (Supplementary Figure S3). Significant differences reflected by all growth parameters applied could not be observed regarding the susceptibility of knock-down strains vs. parental strain toward methyl viologen, which triggers superoxide formation in vivo (Babbs et al., 1989) (Figure 3D; MV). Although neutral red and rose bengal, which act as photosensitizers and trigger the formation of singlet oxygen in live cells (Fischer et al., 2004), exerted a greater growth-inhibiting effect on both knock-down strains (Figure 3D), differences between the parental and IFR1 knock-down strains were not statistically significant according to a two-tailed Student’s t-test (p < 0.05). In contrast, statistically robust (p < 0.05; two-tailed Student’s t-test) differences could be seen when cells were treated for 24 h with DBMIB or 2-(E)-hexenal (Figures 3E,F), which caused a more pronounced growth inhibition in the knock-down strains. At least when cell counts were used as a growth parameter, a significantly higher susceptibility of knock-down strains toward RES could already be seen 9 h after the addition of DBMIB or 2-(E)-hexenal. A diminished availability of IFR1 in C. reinhardtii therefore reduces the tolerance toward RES.

Prolonged Hydrogen Production by IFR1 Knock-Down Mutants

IFR1 protein accumulates strongly in hydrogen producing cultures following sulfur-depletion (Figure 2A), indicating a potential role of this protein during the acclimation to sulfur depletion or anaerobiosis. The effect of IFR1 knock-down was assessed by measuring H2 production of the knock-down strains (Figure 4A). Parental strain, IFR1_1 and IFR1_6 were grown in sulfur-replete TAP medium to a mid-log phase and transferred to sulfur-deplete TAP medium by adjusting them to the same starting chlorophyll concentration (∼25 μg/ml). Hydrogen production was first notable 48 h after the onset of sulfur depletion and at the beginning hydrogen yields in the PCS exceeded those of the knock-down strains by ∼35–40%. During the course of H2 production, production rates declined in the PCS from 48 h onward, while rates in the knock-down strains increased toward t72 h and started declining notably beyond the time point t120 h (Figure 4B). The H2 production phase in PCS ceased at 96 h with a production phase (time between the first detection and the end of H2 production) of 3 days as compared to 5 days by IFR1 knock-down strains. Although the highest rate of hydrogen production (2.98 ± 0.25 ml L-1 h-1) was reached in the PCS strain, the prolonged hydrogen production in the knock-down strains eventually led to final hydrogen yields that were about 68 ± 10% (SE) (IFR1-1) and 93 ± 12% (IFR1-6) higher than the yield from the wild type.
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FIGURE 4. Prolonged hydrogen production in IFR1 knock-down strains compared to the wild type. (A) Time course of hydrogen production for the parental strain (PCS) and IFR1 knock-down strains. Hydrogen yields in the knock-down strains are given relative to the final yield of the parental strain (set to 100%). Each data curve represents an average of three biological replicates including three technical triplicates (n = 9) with error bars representing the standard error. (B) H2 production rates during the course of hydrogen production. Error bars indicate the standard error (n = 9) and asterisks indicate differences between PCS and knock-down strains which are significant according to a two-tailed Student’s t-test (∗p < 0.05).



Prolonged H2 Production in IFR1 Knock-Down Strains Results from a Sustained PSII Activity

One of the reasons for a prolonged hydrogen production in the course of sulfur starvation, could be a high residual PSII activity, which is required for efficient hydrogen production (Volgusheva et al., 2013; Steinbeck et al., 2015). Indeed, both IFR1 knock-down strains displayed a higher residual activity of PSII, measured as the maximum quantum yield of dark-adapted cells (Fv/Fm), following the exposure to sulfur limitation under aerobic conditions (Figure 5A; -S/+O2; Fv/Fm; t72-168 h). The knock-down strain IFR1_6 was then selected for more detailed analyses regarding differences in PSII stability between knock-down and parental strain under hydrogen production conditions (sulfur deprivation under anaerobic conditions). Also during the course of hydrogen production, the knock-down of IFR1 causes an increased stability of PSII, as seen by higher Fv/Fm values from time point t29 h onward (Figure 5B; -S/-O2; left y-axis; PCS vs. IFR1_6). The lowered susceptibility of PSII toward photoinhibition in the IFR1_6 was also reflected by a lower relative decrease in the cellular chlorophyll content (∼30% vs. 50% in PCS; Figure 5B; right y-axis; green curves). In good agreement with the higher residual PSII activity found in IFR1 knock-down strains (Figures 5A,B), the cellular content of the PSII core subunit D1 declined more slowly within the course of hydrogen production in knock-down strain IFR1_6 compared to its parental strain (Figure 5C).
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FIGURE 5. Contribution of PSII and photosynthetic/respiration (P/R) rates on hydrogen production. (A) Maximum quantum yield (Fv/Fm) of dark-adapted cells of the parental strain (PCS) and IFR1 knock-down strains (IFR1_1/IFR1_6) before (t0) and after exposure to sulfur limitation (t24–t168 h) and aerobic conditions. Error bars indicate the standard error from three biological replicates (n = 3). (B) Time course of the maximum quantum yield (Fv/Fm; left y-axis) and the cellular chlorophyll content (right y-axis) during photosynthetic hydrogen production of the parental strain (PCS) and one of the IFR1 knock-down strains (IFR1_6). Chlorophyll data were normalized to the chlorophyll content of PCS at t0 (set to 100%). Standard errors derived from three biological replicates (n = 3) are indicated as error bars. Except for t0, the differences between PCS and IFR1_6 in regard to Fv/Fm were significant according to a two-tailed Student’s t-test (p < 0.05). (C) Representative immunoblot showing the immunodetection of PSII subunit D1 (upper left panel; αD1) in samples of the parental strain (PCS) and IFR1_6 taken at indicated times during a hydrogen production experiment. A colloidal Coomassie stain (lower left panel; CBB) served as a loading control. Results from densitometric scanning (right panel) of blot signals are given relative to the D1 signal intensity determined for t0 (set to 100%). Error bars indicate standard errors (three biological replicates; n = 3). (D) Relative H2 yields obtained with the parental control strain (PCS) (black bars) and knock-down strain IFR1_6 (gray bars) in the absence or presence of 20 μM DCMU. Hydrogen yields determined for the untreated PCS were set to 100%. Error bars represent standard error (n = 6).



Specific inhibition of PSII with DCMU was used to confirm if the electrons for prolonged H2 production indeed originated from residual PSII activity. DCMU was added directly into the H2 bioreactors 30 h after the onset of sulfur deprivation. DCMU blocks the PSII-dependent pathway of hydrogen production based on residual water-splitting activity and linear electron transport toward the hydrogenase enzyme and inhibits H2 production substantially, as reported before (Kruse et al., 2005; Volgusheva et al., 2007; Scoma et al., 2014). H2 production dropped in both strains upon addition of DCMU (Figure 5D), but the relative effect of DCMU on hydrogen production was much stronger in the IFR1 knock-down strain (73% reduction in PCS vs. 163% reduction in IFR1_6). Furthermore total hydrogen production in strain IFR1_6 (16.6 ± 3.2%) was lower than the production observed for the parental strain (27.1 ± 9.4%), when DCMU was added to inhibit PSII. It can thus be concluded that the increased hydrogen production capacity caused by a knock-down of IFR1 mainly results from an enhanced activity of the PSII-dependent pathway, especially during the later stages of the hydrogen production pathway, when PSII activity in IFR1 knock-down strains exceeds the respective activity seen in the parental strain (Figures 5A–C).

IFR1 Knock-Down Can Be Applied as a Tool to Further Enhance Hydrogen Production in a Strain with a High Starting Capacity

To test whether the knock-down of IFR1 can be applied as a tool to improve the hydrogen production capacity in various C. reinhardtii strains, we selected the strain stm6, known to produce high amounts of hydrogen (Kruse et al., 2005; Doebbe et al., 2010; Nguyen et al., 2011). One of the created IFR1 knock-down strains, stm6_IFR1kd, displayed an IFR1 accumulation diminished to ∼20% of the IFR1 level found in the parental strain stm6 (Figure 6A; αIFR1; 1X stm6 vs. 1X stm6_IFRkd). Confirming the results obtained with knock-down strains derived from a wild type cell line (Figure 4), an IFR1 knock-down in the background of strain stm6 also had a tremendous impact on the time course of hydrogen production and the overall production capacity (Figure 6B). The onset of hydrogen production in strain stm6_IFRkd (Figure 6B; gray curve) was delayed by ∼20 h compared to the parental strain (black curve), but hydrogen production in the knock-down strain reached a plateau phase only at time point 168 h, while the parental strain reached this phase already before t120 h. A prolonged hydrogen production phase together with an increased H2 productivity rate (up to 3.07 ml⋅ L-1⋅h-1 at t72 h), indicated by a steeper slope of the stm6_IFRkd curve, resulted in a final hydrogen yield of the knock-down strain which was 70% higher than the respective yield obtained with the parental strain.
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FIGURE 6. Knock-down of IFR1 in the boosts hydrogen production in the high hydrogen producer mutant stm6. (A) Immunoblot analysis of IFR1 accumulation in stm6 and stm6_IFR1kd cultivated under sulfur-limiting conditions. Different amounts of total protein (1X; 1.5X; and 2X) were used for immunodetection of IFR1 (αIFR1) with a colloidal Coomassie stain (CBB) serving as a loading control. Results from densitometric signal analysis (dens.) are indicated. (B) Relative time-dependent H2 yields of the stm6 parental strain (black curve) and stm6_IFR1kd (gray curve) with the final yield in stm6 set to 100%. Error bars represent the standard error (three biological replicates including technical triplicates, n = 9). (C) Maximum quantum yield of PSII determined after dark incubation (Fv/Fm) determined in cultures of stm6 (black bars) and stm6_IFR1kd (gray bars) exposed to sulfur starvation. Standard errors, shown as error bars are derived from three biological replicates including technical duplicates (n = 6). Except for t0, differences between stm6 and stm6_IFR1kd were significant according to a two-tailed Student’s t-test (p < 0.05).



In analogy to what has been observed for the IFR1 knock-down strains derived from a wild type, PSII activity (Fv/Fm; Figure 6C) declined more slowly in stm6_IFRkd vs. stm6 when cells were cultivated under aerobic sulfur-limiting conditions (0.48 + 0.01 in stm6_IFRkd vs. 0.35 + 0.02 in stm6 at t96 h). In summary, these results demonstrate again that a diminished IFR1 level boosts hydrogen production in C. reinhardtii and that this effect is based on a sustained residual PSII activity which extends the hydrogen production phase significantly. The correlation between cellular amounts of IFR1 and hydrogen production capacity is further underscored by the diminished hydrogen yields obtained with the sor1 mutant (Supplementary Figure S4), which overexpresses IFR1 (Figures 2B,C), in comparison to its parental strain (4A+).

DISCUSSION

In silico analyses performed with the amino acid sequence of IFR1 revealed that this protein represents an atypical member of the short-chain dehydrogenase/reductase (SDR) superfamily. Several SDRs including IFR1 from C. reinhardtii have been suggested to be referred to as NmrA-like family proteins (family designation SDR48A) according to a nomenclature initiative of Persson et al. (2009). Most of these SDRs including IFR1, however, share significantly higher percent identities with isoflavone reductases (Arabidopsis thaliana IFR; ∼29% identity to IFR1), IRL proteins (Zea mays IRL; ∼29%), phenylcoumaran benzylic ether reductases (PCBER; ∼28%) or eugenol synthases (EGS; ∼24%) from higher plants than with the N metabolite repression protein A (NmrA; ∼20%) from Aspergillus (Emericella) nidulans (Supplementary Figure S1 and Table S1). A wide-scale bioinformatics study on SDRs in plant genomes suggested a distinct SDR family for IFR, PCBER and eugenol synthase (family designation SDR460A) and although IFR1 was 1 of 15 C. reinhardtii proteins that could not be assigned to any SDR family during that study, a high homology of IFR1 to members of the SDR460A family was claimed, however (Moummou et al., 2012).

In the legume alfalfa (Medicago sativa), isoflavone reductase (IFR) catalyzes the stereospecific reduction of 2′-hydroxyformononetin to yield (3R)-vestitone (Dewick, 1977; Paiva et al., 1991) as part of the biosynthesis pathway for the isoflavonoid (-)-medicarpin (Guo and Paiva, 1995). Isoflavonoids and IFRs are almost entirely confined to legumes and, although flavonoids have been identified as sex pheromones in Chlamydomonas eugamentos (Birch et al., 1953), no isoflavonoids or IFRs have been reported in C. reinhardtii (May et al., 2008; Annamalai and Nallamuthu, 2014). Several IFR-like (IRL) proteins have been cloned from non-leguminous plants (Babiychuk et al., 1995; Petrucco et al., 1996; Shoji et al., 2002; Kim et al., 2003; Hua et al., 2013). Despite their high homology toward IFR proteins, IRL proteins do not accept 2′-hydroxyformononetin as a substrate (Petrucco et al., 1996) and for several higher plant IRLs their specific induction by abiotic stresses such as exposure to reactive oxygen species (Kim et al., 2010) or UV light (Lers et al., 1998) has been demonstrated. For the IRL proteins from maize and rice, a strong negative correlation between cellular glutathione (GSH) levels and the expression level of IRLs was shown (Petrucco et al., 1996). Sulfur depletion, which triggers the accumulation of maize IRL, is a condition known to cause a strong decline of GSH levels in green algae (Salbitani et al., 2015) and higher plants (Kopriva and Rennenberg, 2004). As observed within the present study, C. reinhardtii IFR1 also accumulates upon sulfur limitation, whereas its expression is low under stress-free conditions (Figure 2A).

In further analogy to IRL proteins from maize and rice, expression of the C. reinhardtii IFR1 gene is also induced by reactive oxygen species such as hydrogen peroxide (Blaby et al., 2015). Molecular details on the expression regulation of higher plant IRL genes have thus far remained obscure, whereas for IFR1 the present study provides strong evidence for the function of an ERE (Fischer et al., 2012) as a cis-regulatory IFR1 promoter sequence required for the accumulation of IFR1 following exposure to reactive electrophiles (Figures 2B–F, 3C). The ERE cis-regulatory element (CAACGTTG) was identified as a palindromic sequence overrepresented in the -70 to -340 bp promoter region of genes overexpressed in the singlet oxygen resistant 1 (sor1) mutant and the ERE of IFR1 lies within this region (-249 bp; Figure 2D). It was shown to be required for the induction and overexpression of ROS/RES-defense genes (glutathione-S-transferase 1; GSTS1) by the lipophilic RES-compound DBMIB in mutant sor1. Reporter constructs containing the ERE responded more strongly and much faster to lipophilic RES than to hydrophilic chemicals producing ROS. From this and other results it was therefore concluded that ERE activation via ROS is indirect and based on lipid peroxidation triggered by ROS and generating lipophilic RES such as malondialdehyde (Fischer et al., 2012). Among a variety of ROS- and RES-generating chemicals tested, GSTS1 reporter constructs containing ERE elements responded most strongly to DBMIB and 2-(E)-hexenal (Fischer et al., 2012), and IFR1 transcript (Figure 2E) and protein (Figures 2F, 3B,C) accumulates upon treatment of C. reinhardtii cells with these compounds. Furthermore, IFR1 mRNA and protein over-accumulate in the sor1 mutant (Figures 2B,C).

In addition to their strong effects on IFR1 expression, the growth-retarding effect of DBMIB and 2-(E)-hexenal is more prominent in IFR1 knock-down strains than in their parental strain (Figures 3E,F). It is therefore tempting to speculate, that the short-chain dehydrogenase/reductase (SDR) IFR1 might be involved in the detoxification of these compounds, since (SDRs) have already been shown to act as cytosolic aldehyde reductases (CytADRs) in A. thaliana (Yamauchi et al., 2011). In principle, highly reactive 2-alkenals from lipid peroxidation can be detoxified either by reduction of the aldehyde group or by reduction of the α, β-unsaturated bond (Mano et al., 2005; Yamauchi et al., 2011). CytADRs catalyze the latter reaction and represent typical SDRs while IFR1 is an atypical SDR (aSDR) according to its NAD(P)H binding motif of the G-X-X-G-X-X-G type (Supplementary Figure S1). Alignment of the IFR1 amino sequence with those of CytADRs from A. thaliana revealed percent identities in the range of 19–21%, whereas a C. reinhardtii SDR (Cre12.g549852) whose expression is induced by 2-(E)-hexenal (Fischer et al., 2012) shows a higher degree of identity to CytADRs (23–25% identity; Supplementary Table S1). In A. thalinana, enzymes reducing reactive carbonyls have been identified within the medium-chain dehydrogenase/reductase (MDR) superfamily, NADB_Rossmann (SDR) superfamily and aldo-keto reductase (AKR) superfamily (Yamauchi et al., 2011), but aSDRs implicated in the detoxification of reactive carbonyls have not been identified so far. In vitro assays based on NADPH consumption monitored via absorbance change at 340 nm with recombinant IFR1 and 2-(E)-hexenal (data not shown) did not indicate that this compound could represent a substrate in vivo.

Apart from the treatment of cell cultures with lipophilic RES, sulfur deprivation is a condition that is associated with IFR1 accumulation (Figure 2A). In microalgae sulfur limitation is known to cause the formation of reactive oxygen species (Salbitani et al., 2015), which could in turn trigger lipid peroxidation resulting in the production of reactive carbonyls/RES (Mosblech et al., 2009; Roach et al., 2017). At the same time, the withdrawal of sulfur diminishes the glutathione pool size (Salbitani et al., 2015) and a large pool of reduced glutathione (GSH) protects cellular components (e.g., amino groups from DNA bases or within proteins) against modification by RES via scavenging as GSH-conjugates and subsequent detoxification (Mueller and Berger, 2009). It is therefore possible that IFR1 induction under sulfur-deplete conditions proceeds via the accumulation of RES, originating from -S-triggered ROS formation and simultaneous impairment of GSH-dependent scavenging, and an activation of the SOR1-dependent pathway. This could also provide an explanation for the finding that nitrogen limitation does not induce IFR1 accumulation, because at least in higher plants, effects of nitrogen deficiency on foliar GSH levels are rather small compared to those exerted by sulfur withdrawal (Koprivova et al., 2000).

Although IFR1 does not seem to be involved in the direct detoxification of RES, a diminished amount of IFR1 reduces RES tolerance in C. reinhardtii (Figures 3E,F), indicating that IFR1 is somehow implicated in the regulation of RES homeostasis. The precise in vivo function of IFR1 within the context of RES homeostasis in C. reinhardtii can, however, not be depicted at the moment. Since in vivo substrate identification based on in silico analyses of SDRs and aSDRs is not feasible, future research on IFR1 will have to comprise the cumbersome screening of compound libraries (Bhatia et al., 2015).

Intriguingly, a knock-down of IFR1 in C. reinhardtii boosts hydrogen production (Figures 4, 6). In C. reinhardtii, the production of hydrogen can be triggered by sulfur deprivation in air-tight cultures (Melis et al., 2000). A strong down-regulation of the Calvin–Benson cycle is thought to over-reduce the photosynthetic electron transport chain, a condition which promotes the formation of ROS. ROS damage the photosynthetic apparatus, especially photosystem II, and a diminished activity of the PSII repair cycle in the absence of sulfur further contributes to a strong decline in PSII activity, which in turn gradually decreases the oxygen content of cultures, because mitochondrial respiration is less affected by sulfur deprivation (Ghysels and Franck, 2010). A strong decline of PSII activity could also be noted under sulfur limitation in the present study (Figures 5A,B, 6C) and remarkable differences were seen between parental strains and IFR1 knock-down mutants. Interestingly, in strains expressing lower amounts of IFR1, PSII was less susceptible to -S-induced photoinhibition, as could be seen as higher Fv/Fm values (Figures 5A,B, 6C) and a slower decline in the levels of D1 protein (Figure 5C), constituting the PSII core complex. The increased stability of PSII in knock-down strains caused a prolonged hydrogen production phase in strains with diminished IFR1 levels. Therefore, the data from the present study nicely underscore the importance of residual water-splitting activity for -S-induced hydrogen production, which was also observed in previous studies (Volgusheva et al., 2013).

The simultaneous occurrence of a higher RES sensitivity and increased stability of PSII as important phenotypic characteristics of IFR1 knock-strains first seems counterintuitive. In this context, however, it must be emphasized that RES should not be merely viewed as cytotoxic compounds that need be rapidly removed from the cellular metabolism in order to prevent cell damage. Numerous studies indicate a role of RES as important signaling molecules which represent a central component of abiotic stress responses (Yamauchi et al., 2015; Muench et al., 2016). For instance, 2-(E)-hexenal has been shown to be a strong inducer of genetic programs activated as part of abiotic stress responses (Copolovici et al., 2012; Yamauchi et al., 2015) and this compound is formed under photooxidative stress conditions [e.g., as experienced by plants devoid of non-photochemical quenching mechanisms (Loreto et al., 2006)]. The PSII-damaging effect of 2-(E)-hexenal was found to be rather subtle in higher plants (Yamauchi et al., 2015). Therefore, the more pronounced growth retarding effect of 2-(E)-hexenal seen for IFR1 knock-down strains might be based on mechanisms other than PSII inhibition. Overall, it seems feasible that perturbation of RES-dependent signaling could also result in a higher stress tolerance of cells (e.g., by a diminished threshold for the activation of stress response mechanisms or even their constitutive activation).

As a novel finding, manipulation of RES homeostasis in C. reinhardtii can be used to increase photosynthetic hydrogen production. Although the precise molecular function of IFR1 in Chlamydomonas is difficult to depict at the moment, the regulation of IFR1 expression via a characterized ERE, its strong over-accumulation in the sor1 mutant and the lowered RES tolerance indicate that IFR1 is a factor required for RES-dependent signaling or RES handling in this microalga (Figures 2B–D, 3E,F). IFR1 will thus represent an important tool for future studies regarding the role of RES in abiotic stress responses of C. reinhardtii.
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Primer name Primer sequence (5’-3)

PtMET-FGGGGTACCATGATATCATCGGCGTGTCG
PtMET-RGCTCTAGACTAGTGGTGGTGGTGGTGGTGGATTGATATTTCTCGC
TTTTTCC

Sh ble-FCCAACAGCATCACCCAGAT

Sh ble-RGGTAGAACTCGTCGCTCAGG

ME1- ble-FGGGCTGGGAGCATCAGTTTG
MET1-ble-RACCCAGGCCAGGGTGTTGTC

RT-PtME1-F GTGTCGTGGCAGCCTGAAATC
RT-PtME1-R CGGACCGAAATCCTTATTGGTATCA
RT-H4-F GTGGTAAAGGAGGCAAGGGTC
RT-H4-R CACGGGTCTCTTCGTAAATC

Underlined bases and double underlines indicate the nucleotide sequences
recognized by and digested by restriction endonucleases and encoding the His
tags, respectively.
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Malate 0.412 1.58 x 10° 0.618 x 10°
OAA 0.685 2.63 x 10° 216 x 10°
NAD+ 0.199 0.765 x 10° 1.33 x 10°
NADH 0.931 3.58 x 10° 119 x 10°

The oxidative reaction (malate to oxaloacetate) was assayed in 100 mM potassium
phosphate buffer (pH 8.0) by varying the malate concentration at a fixed
NAD* concentration (8.0 mM) or by varying the NAD* concentration at a fixed
malate concentration (4.0 mM). The reductive reaction (oxaloacetate to malate)
was assayed in 100 mM potassium phosphate buffer (pH 6.5) by varying the
oxaloacetate concentration at a fixed NADH concentration (0.1 mM) or by varying
the NADH concentration at a fixed oxaloacetate concentration (0.1 mM). The kinetic
parameters were calculated by the Lineweaver-Burk plot.
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