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Microalgae are most versatile organisms having ability to grow under diverse conditions and utilize both organic and inorganic carbon sources. Microalgal photosynthesis can be employed to transform carbon dioxide (CO2) into essential bioactives and photofuels. In this study, microalgal growth under modified headspace gas compositions which are CO2 + H2 (1:1), CO2, H2 and Air was evaluated to determine the photosynthetic efficiency and bioactives production. A marked enhancement was observed in quantum yield (Fv/Fm: 0.77) and CO2 biosequestration rate (0.39 g.L.-1d−1) under CO2 + H2 headspace gas condition as compared to the other experimental variations. The chemoselective functioning of Rubisco under varying gas concentrations was determined, where elevated CO2 conditions negate the oxygenase activity under a high CO2/O2 ratio which enabled higher CO2 sequestration. The enhanced CO2 sequestration and altered redox conditions through H2 addition under the monophasic operation have also led to a higher average degree of unsaturation (DU) and carbon chain length (CCL) of the fatty acids produced. This study provides an approach to augment photosynthetic efficiency and lipogenesis through non-genetic modifications along with the feasibility to cultivate microalgae in integration with industrial flue gases. Exploiting the true potential of microalgae would provide sustenance from climatic changes and environmental pollution concurrently producing biobased products analogous to the fossil-derived products.
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INTRODUCTION

Continuously converting the fossilized carbon into atmospheric CO2 through expeditious extraction and consumption has left the carbon loop unbalancd leading to adverse climate changes and a dearth of raw material (fossils) (Hoornweg et al., 2013; Dowson and Styring, 2017). With substantial increase in the world population, need for sustainable feedstocks has also increased. In the lookout for alternative feedstocks, CO2 has gained ground as a virtuous feedstock for the production of chemicals, fuels, and energy (Venkata Mohan et al., 2016a). Utilizing CO2 as feedstock through biotechnological routes has the potential to sustainably solve the problem of global climate change primarily occuring due to increase in atmospheric CO2 levels (Butti and Mohan, 2017; Kant, 2017). Increase in the atmospheric CO2 concentration has a harmful influence on the environment like acidification of oceans which develops a higher homeostasis stress on the phytoplaktons to maintain their redox conditions, acidification of soil, and acid rains (Rodrigues et al., 2016). Photosynthesis provides a possible solution with its natural ability to biocapture CO2 using solar energy and produce valuable chemicals along with several other advantages to mitigate environmental pollution (Benemann et al., 1977; Demars et al., 2016; Keenan et al., 2016).

Amongst the photosynthetic organisms microalgae have achieved higher significance as the primary responders to the climate change with their efficient carbon assimilation mechanism, high growth rate, bioactive, and biofuels production and the ability to grow on non-arable lands. Microalgae can grow under different trophic modes of nutrition and hence can be cultivated using both inorganic and organic carbon in light and dark conditions under photoautotrophic, mixotrophic, and heterotrophic modes (Venkata Mohan et al., 2014; Rohit and Mohan, 2015). Understanding these resourceful abilities several researchers have progressed toward microalgal photo-biotechnology encompassing biosequestration of CO2, wastewater treatment and biobased products synthesis. Different microalgal strains have robust capabilities to overcome climatic changes by CO2 sequestration and production of diverse products owing to their competent metabolism. However, through an integrated approach or genetic modifications the spectrum of products synthesized can be expanded like biocrude through hydrothermal liquefaction, bioalcohols through anaerobic digestion, bioelectricity through microbial electrochemical technologies, biohydrogen/biomethane through acidogenic fermentation, biofertilizers through pyrolysis (Perez-Garcia et al., 2011; Ooms et al., 2016; Venkata Mohan et al., 2016b). Under autotrophic mode of nutrition, substrate (CO2) availability governs the photosynthetic efficiency and biomass productivity at optimum operational parameters. The incidence of a positive influence on the biomass growth and lipogenesis under higher CO2 for different microalgal strains like Chlorella, Scenedesmus, Nannochloropsis, Dunaliella, Botryococcus, and plants has been previously discussed in different studies (Riebesell et al., 1993; Hein and Sand-Jensen, 1997; Chiu et al., 2009; Yoo et al., 2010; Price and Howitt, 2014; Peng et al., 2016a; Watson-Lazowski et al., 2016). Improving the energy conversion efficiency in photosynthesis is a multivariable problem, where, it is greatly influenced by an array of operational and physiological parameters like phases of operation, nutrients/substrate availability, photosynthetically active radiation (PAR) exposure, temperature, pH, the source of essential compounds and gases (industrial exhausts; Stewart et al., 2015; Chiranjeevi and Mohan, 2016).

We hypothesize that microalgae can be optimized to selectively enhance the carbon dioxide uptake and the photo-biocommodities productivity at an economic scale under photoautotrophic cultivation by regulating the inlet gas concentrations (10% CO2 + 10% H2, 20% CO2, 20% H2, 0.04% CO2) at an elevated pressure. The varying headspace gas concentrations would ensure controlled compartmentalization of essential metabolites and determine the possibility of selective photo-products synthesis. Also, in this study a monophasic cultivation strategy with a synergistic role of CO2 and H2 was incorporated taking lead from Gaffron who suggested the possibility of CO2 reduction by molecular hydrogen in microalgae (Gaffron, 1940). While most of the preceding studies in this domain have largely focused on varying the inlet concentrations of CO2 and operating in two phases with growth and stress phase separately. The present study has the potential to provide a holistic solution to the climate change and feedstock limitation through microalgal CO2 biosequestration and pave a sustainable path for the future generation.

MATERIALS AND METHODS

Microalgal Isolation and Cultivation

The freshwater microalgae Chlorella sp. was isolated from a local ecological water body (Hussain Sagar, Hyderabad, 17.4239°N, 78.4738°E—India). Water samples were collected from five different locations around the banks of the lake, each sample was filtered through a 0.2 μm hydrophilic nylon membrane filter (Spin-pure, India), and the leftover residue was washed to remove non-biological components and it was suspended into BG11 culture media. Equal aliquots of the grown culture were sub-cultured in tapered opening glass screw-cap bottles (2 l, Borosil) tightly sealed to prevent contamination. The cultures were domesticated by providing a periodic input of sterile CO2 enriched air (0.4 l.min−1) at atmospheric pressure for 4 weeks enabling the adaptive evolution at the laboratory scale. Effective illumination was continuously provided by non-heating fluorescent white lights (95 μmol.m−2.s−1) measured by photon density lux meter (Extech LT-300 Light meter) with a photoperiod of 12 h. The reactors were operated in an open top reciprocal shaker (120 rpm) maintained at 25 ± 2°C and initial pH 8, this culture was labeled as pre-culture. A total of 10 ml pre-culture from suspension in log phase was added into autoclaved screw cap glass bioreactors (500 ml, Borosil) prefilled with modified BG11 growth medium which has the concentrations of nitrates (1.1 g.L−1), phosphates (0.03 g.L−1), and sulfates (0.060 g.L−1) with the other components same as the BG11 media. Pre-filled bioreactors were operated at the same operational conditions with a stepping increase in CO2 enriched air input (0.03–20% V/V) monitored by gas flow meter to acclimatize the pre-culture for high CO2 tolerance and uptake conditions for 4 weeks (only for CO2 and CO2 + H2 conditions). Homogeneity of species was confirmed microscopically (Nikon Eclipse-80i) and the images were captured on digital camera (YIM-smt, 5 MP) using NIS-elements (D3.0) software, primary observations suggest the occurrence of Chlorella sp.

Experimental Setup and Operational Parameters

The specifically designed photobioreactor (height 25 cm, base diameter 11 cm, opening diameter 5 cm, glass thickness 3 mm, equipped with separate sampling and gas exchange ports i.d/o.d-−0.9/1.1 and 0.4/0.64 mm, respectively) with the ability to sustain pressures of upto 2 bar and having maximum light penetration. The working volume of the reactor was 400 ml with an effective headspace of 100 ml. Four identical reactor setups were evaluated with specific sterile gases; CO2 (20% v/v), H2 (20% v/v), CO2 + H2 (20% v/v + 20% v/v), and Air (as control with 0.03% CO2 v/v) input with initial pH 8 (Table 1). The gas inputs were provided from GC grade gas cylinders through pneumatic pressure and flow control values to maintain constant pressure and flowrate in the reactors. The different inlet CO2, H2, and N2 gases concentrations in the reactors were monitored using gas chromatography with a thermal conductivity detector (Nucon-5765, Centurion Scientific, India) operated under specific conditions: packed (1/8″ × 2 m Heysep Q) column, injection volume 0.5 ml, argon as a carrier gas (47 ml.min−1), the injector and detector temperatures were maintained at 60°C and the oven was operated at 40°C isothermally. Culture and gas sampling were done through specifically provided ports using sterile needles on alternate days to determine the exponential growth, cellular components, carbon dioxide fixation, and occurrence of contamination was preventively monitored.


Table 1. Experimental setups with the operational parameters in batch mode.
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Dry Weight and Growth Kinetics

Microalgal samples were collected at every 48 h interval to evaluate growth by measuring optical density at 750 nm using a UV-Vis Spectrophotometer (Thermo Electron). Dry cell weight (g.L−1) was determined after the biomass was centrifuged twice at 10,000 rpm at 4°C for 5 min (XT/XF centrifuge, Thermo Scientific) the resulting pellet was washed twice with Milli-Q water and dried in hot air oven at 65°C for 24 h. The resulting biomass dry cell weight was used to calculate growth rate μ (g.L−1.d−1) as mentioned in Equation (1) (Cabanelas et al., 2016).
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Where, DWtf and DWto represent dry cell weight of biomass (g.L−1), at time tf (the final sample time) and to (the initial sample time) in days respectively. Mean of the biomass concentrations was considered for measurement at specific time intervals.

Photosynthetic Efficiency

The microalgal photosynthetic efficiency was evaluated using pulse-amplitude modulated fluorometry employing AquaPen-C (AP-C 100, Photon System Instruments, Czech Republic) which was monitored and controlled through PC using FluorPen software (PSI, Czech Republic). Chlorophyll fluorescence of PSII Quantum yield (Fv/Fm) was evaluated for samples directly withdrawn from the reactors after the biomass density was adjusted to 0.025 g.L−1 using MilliQ water and placed in a closed chamber for dark adaptation (10 min). The maximum quantum yield was calculated using Equation (2),
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Where, the minimum fluorescence (F0) and maximum fluorescence (Fm) were determined after the samples were dark adapted and variable fluorescence (Fv) was determined according to calculation Fv = Fm – F0 which gives the fluorescence difference between the closed and open reaction centers in PSII under real time photosynthetic active radiation (PAR) (de Mooij et al., 2016).

Carbon Dioxide Fixation Rate

The biomass at the end of the cycle was collected (10 ml), washed with MilliQ water twice and left overnight for drying in a glass crucible. The carbon content in the biomass was determined by the CHNS analyser (vario MICRO cube, Elementar). The relation between biomass productivity and carbon fixation rates (g.d−1.L−1), when cultivated under different CO2 concentrations, was determined by the Equation (3), average biomass productivities were considered (Gonçalves et al., 2016).
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Where CC was the carbon content of the microalgal cells (% w/w), Pmax was the maximum biomass productivity (g.L−1.d−1), MCO2 was the molar mass of CO2 (44 g.mol−1), and MC was the molar mass of carbon (12 g.mol−1).

Cellular Components Analysis

Lipids and Fatty Acids Composition

The total lipid content in the dry algal biomass was determined by the modified Bligh and Dyer method (Bligh and Dyer, 1959), where, 10 ml of 2:1 chloroform: methanol was added to 100 mg of dry biomass and sonicated at 40 KHz using probe Sonicator (Qsonica, Q55) for 2 min. Later, the solution is centrifuged at 8,000 rpm for 10 min and the supernatant was transferred into pre-weighed tubes and left overnight at 50°C in hot air oven. The neutral lipid content was determined using the same method with n-Hexane as the solvent (Venkata Mohan and Prathima Devi, 2012). The percentage gain in weight determined by the gravimetric means was used to conventionally quantify the total and neutral lipid content in the biomass. The lipid productivity in the batch culture was calculated using Equation (4) (Han et al., 2013).
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Where, T was the culture time in days, Ct and Lt were the biomass concentration and lipid content at T and C0 and L0 were the initial biomass concentration and initial lipid content. Fatty acid composition was determined by acidic transesterification of the lipids using acid saturated methanol. The dried lipid was refluxed with acidified methanol for 2 h in hot water bath at 80°C. The esterified mixture was washed with ethyl acetate and water until the solution became alkaline. Later, it was filtered through an anhydrous Na2SO3 impregnated filter paper to remove moisture. The solvent recovery is done using rotary evaporator (Hei-VAP, Heidolph) and the pooled fame mix obtained is dissolved in chloroform and injected into GC for compositional analysis. The quantification of fatty acid methyl esters is done by GC-FID (Nucon-5765) with a capillary wax column (Valcobond 30 mm) using hydrogen as fuel and nitrogen as carrier gas. The oven temperature was initially maintained at 140°C later ramped to 240°C with 4°C/min increase, the detector and injector were maintained at 300 and 280°C, respectively with a split ratio of 1:10. Obtained FAME composition was compared to the standard FAME mix (C8-C22; LB66766, SUPELCO; Rohit and Mohan, 2015). The average carbon chain length (CCL) and average degree of unsaturation (DU) observed in the fatty acid profile were calculated using the equations
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Where, CCL and DU represent the CCL and DU observed in the fatty acids synthesized, Ci and Di are the chain lengths and unsaturation of the particular fatty acid and FAi is the fatty acid abundance (Hoekman et al., 2012).

Carbohydrates Estimation

The carbohydrate content was determined by a phenol-sulfuric acid method where the pelleted biomass after centrifugation was powdered and dried (DuBois et al., 1956). The dry powder (10 mg) was acid hydrolyzed with 5 ml 2.5N HCl in a boiling water bath for 30 min. The solution volume is made upto 10 ml with distil-water, then centrifuged at 5,000 rpm for 5 min. To 0.2 ml of supernatant 1 ml 5% phenol solution and 5 ml 96% sulfuric acid is added. The contents are vortexed and placed in water bath for 20 min at 30°C later optical density was measured at 490 nm to determine the carbohydrate concentration.

Proteins, Nitrates, and Chlorophyll Estimation

Proteins were extracted from the microalgal cells using 0.5N NaOH for 24 h followed by heating upto 40°C followed by lysis buffer (Rausch, 1981; Fernández-Reiriz et al., 1989). Quantitative estimation of protein content in the biomass is determined by the Lowry's method (Lowry et al., 1951) and the nitrate removal is determined by the standard APHA methods (Chandra et al., 2015). Chlorophyll was estimated using spectrophotometry, the 10 ml of cell biomass was pelleted using a centrifuge at 5,000 rpm for 5 min. To the pellet 10 ml of acetone and ethanol (in 1:1 ratio) were added and sonicated at 40 kHz for 2 min using probes sonicator (Qsonica, Q55). The cell debris was separated by centrifugation at 8,000 rpm for 5 min, the resulting supernatant was used to quantify chlorophyll a and chlorophyll b by measuring the OD at 647 and 664 nm respectively using Equations (7–9) (Chiranjeevi and Mohan, 2016).
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Bioprocess Monitoring Redox Conditions

Redox conditions (pH) was continuously monitored (Eutech, Thermo Scientific) to determine the effective CO2 uptake and the dissolved inorganic carbon fraction in the media under elevated pressure and gas inputs.

RESULTS AND DISCUSSION

The different experimental conditions are given codes for ease of understanding and are uniformly followed throughout the manuscript. Where, experimental variations with Air, CO2, CO2 + H2, and H2 are coded as AI, CC, CH, and HY, respectively based on the gas provided in the headspace. Correlative analysis of the photosynthetic activity and the cellular metabolite synthesis are delineated to understand the functional role of the specific gas inlets.

Photosynthetic Efficiency vs. CO2 Biofixation

Biomass growth, quantum yield, CO2 fixation rate and chlorophyll pigment were monitored for all the experimental variations to assess the photosynthetic efficiency and understand the influence of controlled gas composition. CH condition has resulted in relatively higher biomass productivity of 2.5 g.L−1 with a positive growth rate of 0.3 g.[image: image]d−1 on the 2nd day of cultivation. The maximum biomass growth was followed by CC, AI and HY with 2.3 g.L−1 (0.27 g.[image: image]d−1), 1.9 g.L−1 (0.21 g.[image: image]d−1), and 1.5 g.L−1 (0.17 g.[image: image]d−1), respectively (Figure 1).
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FIGURE 1. Influence of specific gas inlet in the headspace on biomass concentration (g.L−1) and biomass productivity (g.L−1.d−1) of the microalgal cultures.



Biosequestration of CO2 was evaluated in correlation with the quantum yield for all the experimental conditions. Rate of CO2 sequestration was observed to be higher in the CH condition with 0.39 g.[image: image]d−1 followed by CC (0.37 g.L−1d−1), AI (0.33 g.L−1d−1), and HY (0.30 g.L−1d−1) conditions respectively. The rate of CO2 sequestration is well in correlation with the biomass growth were higher CO2 uptake under the photoautotrophic conditions has led to higher biomass productivity. Efficiency of the photosynthetic machinery responsible for light energy harvestation is quantified by monitoring the quantum yield (Fv/Fm). Higher quantum yield was observed in CH- 0.77 followed by CC (0.75), AI (0.66), and HY (0.61) which supports the higher biomass growth and CO2 fixation rate (Figure 2). The marked increment in biomass productivity with CH condition might be attributed to the enhanced photosynthetic activity with the function of key photoautotrophic enzymes (carbonic anhydrase and Rubisco) associated with light reactions (Sun et al., 2016b). Enzymatic catalysis of CO2 into usable form is catalyzed by carbonic anhydrase which increases the dissolved inorganic carbon, augmenting its accessibility for the cellular metabolism under CH condition followed by CC, AI, and HY (Moroney and Ynalvez, 2007). Calvin cycle operates by utilizing the reducing energy generated during the light reactions (in form of NADH and ATP) for the reduction of CO2 catalyzed by Rubisco to form carbohydrates (Blankenship, 2002). Maintaining elevated CO2 gas concentrations in the CH and CC conditions, the CO2/O2 ratio gets escalated (compared to the ambient condition) thereby negating the oxygenase activity which has a detrimental effect on the CO2 uptake (Kitaya et al., 2003; Lohman et al., 2015; Mortensen and Gislerod, 2015). The improved uptake of CO2 through photocatalytic carbon fixation releases ADP and NAD+ rapidly making them readily available for accepting inorganic phosphorous and electrons by the electron transport chain thereby increasing the photosynthetic efficiency (correlating well with the quantum yields). The addition of H2 gas along with elevated CO2 maintains the cellular redox conditions with abundant proton concentrations that reduce the reactive oxygen species thereby increasing the photosynthetic efficiency as observed in CH condition. The increment in biomass productivity with elevated CO2 gas has been reported in different studies (Bowes, 1991; Hu and Gao, 2006; Mohammadi, 2016; Sun et al., 2016a). The supplementation of hydrogen along with higher CO2 also has a governing influence on higher biomass productivity and photosynthetic efficiency where hydrogen could be acting as an energy source as reported by Gaffron (1940). Apart from being an energy source it also maintains cellular redox conditions which allows the effective availability of dissolved inorganic carbon for uptake and reduces the reactive oxygen species (Gaffron, 1940; Cuellar-Bermudez et al., 2015). On the contrary, much higher levels of CO2 or H2 causes acidification below the optimal level thus causing decrement in microalgal growth. However, in the HY conditions the non-availability of carbon as compared to other conditions has resulted in lower biomass yields.
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FIGURE 2. Quantum yield (Fv/Fm) of the dark adapted samples along with the chronological CO2 biofixation rate (g.l−1.d−1) for all the experimental conditions AI, CC, HY, and CH represent clockwise from top left.



Chlorophyll content (both a and b) was estimated for all the experimental variations, as the primary light harvesting pigment it correlates with the photosynthetic efficiency. The total chlorophyll quantified was observed to be higher in CH followed by CC, AI, and HY conditions (Figure 3). High chlorophyll a concentration was observed in CH conditions during the eighth day of operation with 5.1 μ.mg−1 followed by CC, AI, and HY with 4.1, 2.9, and 0.66 μ.mg−1 respectively. Similar trends were observed in the case of chlorophyll b where CH (1.8 μ.mg−1) was quantified to be higher followed by CC (1.5 μ.mg−1), AI (1.3 μ.mg−1), and HY (0.58 μ.mg−1). Based on the mode of operation and nutrient availability the concentration of chlorophyll varies. Hence, the chlorophyll content showed a decremental trend toward the end of the cycle as the result of nitrate limitation and lower pH (Matich et al., 2016). The photosynthetic efficiency also correlates with the Chl a/b ratio as the chlorophyll a is the primary light harvesting pigment and chlorophyll b is the accessory pigment. Positive and higher chl a/b ratio symbolizes the effective photosynthetic activity and light conversion efficiency (Karpagam et al., 2015; Li et al., 2015). CH and CC showed ratio above 2, whereas, AI and HY showed ratio in between 1 and 2 correlating to the biomass productivity and quantum yields.
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FIGURE 3. Chlorophyll estimation under different gas conditions determining the photosynthetic activity. Chlorophyll a (μg.mg−1), chlorophyll b (μg.mg−1), Chlorophyll a/b ratio, and total chlorophyll (μg.mg−1) are depicted clockwise from the top left.



Lipogenesis Under Nutrient and Redox Stress Conditions

To understand the role of varying gas conditions (CH, AI, CC, and HY) on lipid biosynthesis. Total lipids, neutral lipids, and lipid productivity are evaluated in correlation with nitrate utilization and pH variation. The elevated CO2 levels enhanced the overall lipogenesis, possibly thorough the upregulated activities of acetyl CoA carboxylase and the fatty acid synthase complexes (Yasmin Anum Mohd Yusof et al., 2011; Yu et al., 2011; Peng et al., 2016b). The total lipid content was observed to be higher in CH condition with 26% followed by CC, AI, and HY with 21, 19, and 13%, respectively. The trend of higher total lipids positively correlated with sufficient carbon supply and nitrate stress in the case of CH and CC compared to AI and HY. Single stage non-replete nitrogen conditions were employed in all the experimental conditions where, lower nitrogen (120 mg/l) was provided which enables simultaneous biomass growth and lipogenesis (Klok et al., 2013; Benavente-Valdés et al., 2016). The maximum lipid productivity of 29, 19, 12, and 9 mg.g−1.d−1 were observed in CH, CC, AI, and HY conditions, respectively. The nitrate removal showed a steady decremental trend in the CH, CC, and AI conditions compared to HY condition where the nitrate utilization was relatively lower (Velmurugan et al., 2014). The nitrates concentrations dropped from 120 mg/l at the initial day of operation to 10 ± 1 mg/l at the end of operation in CH, CC, and AI conditions, whereas in the HY condition the concentration has only dropped to 70 mg/l which explains the lower biomass as well as lipid productivity. Carbon availability has played the major role in lipid synthesis under CH condition followed by CC and AI as the nitrate utilization trend is similar (Figure 4). Initial pH was setup at 8.0 to increase the system buffering at elevated CO2 and H2 conditions. The pH was observed to drop in all the conditions from 8 to 6.89, 6.99, 7.09, and 7.38 in HY, CH, CC, and AI, respectively (Figure 4). The nutrient stress in the form nitrogen limitation and pH variations governed the lipogenesis along with carbon availability.
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FIGURE 4. The total lipid and neutral lipid contents in the dry biomass at the end of the cycle along with specific lipid productivity (mg.g−1.d−1) under nutrient and redox stress are depicted for the varied gas concentrations in the headspace.



The elevated CO2 gas concentrations have a governing influence on the lipogenic enzymes (phosphoenolpyruvate carboxylase, carbamoyl-phosphate synthase, and pyruvate carboxylase) along with anaplerotic carbon assimilation reactions which could have catalyzed the enhanced lipid synthesis (Peng et al., 2016b). The intracellular and extracellular redox conditions have a marked influence on the neutral lipids synthesis which are primarily storage lipids (TAGs and esters; Juneja et al., 2013). The neutral lipids were dominant under the CH condition followed by CC, AI, and HY condition with 14, 11, 9, and 6%, respectively. Under acidic conditions, to limit the proton gradient across the cell membrane, the microalgal cells discontinue the membrane polar lipid synthesis, and surge the storage lipid synthesis which are primarily neutral lipids (Juneja et al., 2013). The role of pH apart from governing the lipogenesis is also to regulate the carbonaceous species availability for cellular metabolism, where at high alkaline pH the carbon is in the inaccessible form of carbonates (Azov, 1982).

Photofuels and Bioactives

Transesterified fatty acid profile of the lipids produced in all the experimental conditions were quantified to determine the photofuels and bioactive compounds production under each experimental variation. The Fatty Acid Methyl Esters (FAME) composition showed synthesis of fatty acids with CCL ranging from C10 to C20 and having unsaturation (mono/poly). Polyunsaturated fatty acids (PUFA; C18:3 and C18:2) were observed with relative abundance of 17 and 15%, 14 and 13%, 10 and 14%, and 8 and 9% in CH, CC, AI, and HY conditions, respectively (Figure 5). PUFA have a multitude of applications as bioactive compounds that are of high nutrient value, edible oil supplements, pharmaceutical precursors which help in lowering cardiovascular diseases apart from being used as a intermediates for various industrial chemicals. Monounsaturated Fatty Acids (MUFA; C18:1, C16:1, and C15:1) were observed, amongst which C18:1 was quantitatively higher in the case of CH and AI (11%) followed by HY (10%) and lowest was observed in CC (8%). C18:1 fatty acids has a property of being used as a food and dietary supplement and pharmaceutical ingredient. C16:1 and C15:1 were observed to have relative abundance of 11 and 5%, 7 and 3%, 6 and 2%, and 5 and 2% in the case of CH, AI, CC, and HY, respectively which have fuel properties and is applied in detergent industries as emulsifiers and also as a cosmetics for topical application. Saturated Fatty Acids (SFA; C18:0, C16:0, and C20:0) are relatively higher along with low concentrations of fatty acids like C14:0, C13:0, C12:0, and C10:0. The quantitative variations in C18:0, C16:0, and C20:0 are 11, 16, and 15% in the case of CC, 13, 16, and 11% in the case of HY, 10, 15, and 17% in the case of CH and 11, 17, and 8% in the case of AI, respectively. SFAs find application as biofuels, soaps, medicines, military lubricants and photographic plates. The lipogenic potential of microalgae is observed to be regulated through CO2 and H2 variation enabling the selective production of photofuels and bioactive compounds which have a significant role in developing a sustainable future analogous to the petroleum based precursor chemicals.
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FIGURE 5. Fatty acid methyl esters profile showing the variations in the photofuels and bioactive compounds synthesis abundance with the function of varying gas compositions is presented for all experimental variations.



Fatty Acid Chain Length and Saturation

The average CCL was observed to be higher in the case of CH condition with 17.58 followed by CC with 17.33, HY with 17 and AI with 16.84. Along with the variations in chain length the additional CO2 and H2 influenced the DU observed in the fatty acids. Average DU was quantified, which portrayed higher unsaturation in the case of CH (0.99) followed by CC (0.88), AI (0.85), and HY (0.73). Though the variations in the average CCL is modest, a noteworthy influence of elevated CO2 and H2 was observed on the DU. The supplementation of CO2 influenced the shift of saturated fatty acids toward unsaturation which could be to maintain the membrane fluidity allowing efficient CO2 uptake. Most of the unsaturated fatty acids are membrane bound lipids and hence the increase in unsaturation could be observed in the CH, HY, and CC conditions sequentially as compared to AI. The predominant shifts of saturated fatty acid to unsaturated fatty acids was observed in C18:0 fatty acid to C18:1, C18:2, and C18:3 fatty acids (Table 2). Similar trends of unsaturation under elevated CO2 conditions were reported in different studies with microalgae, which suggested the upregulation of desaturase enzymes catalytic activity that results in more of unsaturation (Tsuzuki et al., 1990; Nagaich et al., 2014; Cuellar-Bermudez et al., 2015). However, the lowering of pH has shown an increase in the saturated fatty acids that is specifically observed in the change of C18 and C16 fatty acids which could protect the cells from the extracellular low pH (Santos et al., 2014). Total SFA:MUFA:PUFA was observed to be 47:18:32 in the case of CH, 49:21:17 in the case of HY, 51:16:27 in the case of CC and 47:14:24 in the case of AI depicting an increased chain length and unsaturation of fatty acids in the case of CH (Yasmin Anum Mohd Yusof et al., 2011; Yu et al., 2011).


Table 2. FAME compositional distribution with desaturation, average carbon chain length, average degree of unsaturation for lipids extracted from samples grown under different headspace gas concentrations.
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Essential Cellular Metabolites Synthesis

Under photoautotrophy the primary metabolites synthesized are carbohydrates and proteins which serve as the energy source for cellular metabolism in dark/stress conditions. The carbohydrate synthesis has shown a linear increase with time correlating to the photosynthetic activity, as the energy for CO2 hydrogenation catalyzed by Rubisco is drawn from the light reactions and supplemented hydrogen. Relatively higher carbohydrates synthesis was observed in CH conditions (274 mg.g−1; 8th day) followed by CC (243 mg.g−1; 9th day), AI (197 mg.g−1; 9th day), and HY (120 mg.g−1; 8th day) which has correlating trends with photosynthetic activities and CO2 fixation. Post the maximum productivity carbohydrate concentration showed a decremental trend in all the conditions with 231, 180, 174, and 101 mg.g−1 in CH, CC, AI, and HY conditions, respectively. The decrease in carbohydrate concentration maybe due to its consumption for lipids synthesis under stress conditions correlating with nutrient uptake and lowering of pH conditions (Figure 6). Proteins are synthesized during biomass growth most of which are essential enzymes, membrane bound electron shuttlers and redox mediators required for the cellular functioning. The higher protein levels were observed in CH followed by AI, CC, and HY conditions with 48, 46, 45, and 26 mg.g−1, respectively. Owing to the reduced biomass growth during the nutrient stress conditions the protein concentrations have also shown a decrement in concentrations toward the end of the operation reaching 24, 37, 43, and 44 mg.g−1 in HY, CC, AI, and CH conditions, respectively.
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FIGURE 6. Cellular biochemicals carbohydrates (mg.g−1) and proteins (mg.g−1) synthesis under different gas concentrations is depicted for all the experimental variations.



Elemental Distribution in Biomass

The dry algal biomass at the end of the experiment was analyzed to determine the carbon, hydrogen, nitrogen, and sulfur distribution for all the experimental conditions (Figure 7). The carbon and hydrogen distribution correlates with the carbohydrate synthesis and CO2 fixation as the reactors are operated in photoautotrophic mode of nutrition amounting to 85 ± 1% of the total elemental composition in all the experimental conditions. The distribution of nitrogen was modestly varying in CH (12.82%) compared to the other CC, AI, and HY (11 ± 0.5%) conditions which could be the result of enhanced protein synthesis in CH condition supporting the hypothesis that elevated CO2 inlets under photoautotrophic mode resemble the heterotrophic mode of nutrition. The sulfur content showed similar distribution (1.5 ± 0.2%) amongst all the experimental variations (Gonçalves et al., 2016). The increase in CO2 uptake had the influence on the carbon accumulation along with the protein synthesis which govern the C:N distribution of the biomass.
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FIGURE 7. Determining the relative abundance of CHNS influenced by photosynthetic activity and CO2 sequestration trough elemental composition analysis for individual specific gas inlet variations.



CONCLUSIONS

Present study shows the possibilities of selectively producing microalgal based bioactives and photofuels from industrial effluent gasses. The influence of elevated CO2 and H2 gas concentrations on both biomass growth and lipogenesis was specifically evident from the fatty acids compositions and the quantum yield. This study unwraps the possibility of cultivating microalgae in integration with industrial effluent treatment by utilizing the flue gases with low investments and also help in generating additional revenue, making the process economically feasible. However, deeper insights for growth and metabolite regulation in photosynthesis can be determined through molecular level quantification and transcriptomics of the targeted proteins/enzymes. The recent advances in photosynthetic research provide a ray of hope to overcome climate change and progress toward sustainable development with the multifaceted applications of microalgae.
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