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Microalgae with a high growth rate and a carbon fixation rate present a promising potential to produce diverse renewable energy products and reduce greenhouse gas emissions. However, some microalgal species may have limited light-use efficiency and specific growth rate. To alleviate these issues, Nannochloropsis oceanica was subjected to 137Cs–γ radiation to obtain the desired mutant with enhanced light-use efficiency and increased biomass productivity. The N. oceanica mutant ZJU700 showed a 26.7% increase in biomass productivity after nuclear irradiation at a 700 GY dosage. It was found that the mutant had a 30.2% higher oxygen evolution rate than the wild type cells. High-throughput transcriptome sequencing showed that expression of photosynthetic related genes in the mutant were much higher than in wild type cells. Expression of the psbO gene increased by 455% in mutant ZJU700, contributing to an increased oxygen evolution rate by splitting water. Three up-regulated genes, namely petC, petF, and petH, resulted in enhanced electron transport during the photoreaction process. Up-regulation of many genes involved in the Calvin cycle indicated that CO2 fixation rate was likely to be increased to produce more carbohydrates in mutant, thereby contributing to the increased biomass productivity in mutant ZJU700.
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INTRODUCTION

Human activities, such as combustion of fossil fuels have created a large amount of carbon dioxide (CO2), which can cause the greenhouse effect (Huang et al., 2015). Besides, the rapidly growing population of the world has increased the energy demand significantly (Khan et al., 2018). Among the numerous approaches to reduce the quantity of CO2 in the atmosphere, biotechnological methods employing microalgae have the exceptional advantages because of their natural negative carbon emission characters and the potential for producing highly valued byproducts (Sivakumar et al., 2014). Microalgae can be the feedstock for biofuels and value-added nutritional products with renewable, sustainable and economical characters (Khan et al., 2018). Microalgae may play a significant role in circular cascading biofuel systems (Wall et al., 2017). Among the microalgae strains, Nannochloropsis has been identified as a promising microalgal strain for its high lipid content and carbon fixation ability (Ma et al., 2013; Perin et al., 2015). The photosynthetic efficiency of microalgae converting light into biomass substantially influences the overall biomass productivity, which counts for the competitiveness of microalgae (Perin et al., 2015). Therefore, to make Nannochloropsis a competitive product on the market, biomass production needs to be optimized for its light use efficiency (Simionato et al., 2013; Moody et al., 2014). Among the optimization methods, microalgal strain mutation with nuclear radiation is a highly effective approach to improve their light-use efficiency.

Biological technologies have been widely used to improve targeted phenotypes of microalgae. At present, several studies have successfully improved Nannochloropsis characteristics through mutation. Ma et al. (2013) obtained a HP-1 mutant with increased biomass and enhanced light-use efficiency using heavy-ion radiation mutagenesis, however, the analytical methods were carried out at the macro level with no supporting information at the genetic level. Similarly, Perin et al. (2015) induced random mutagenesis using ethyl methane sulfonate, obtained a mutant with a higher biomass productivity by improving its photosynthetic ability, but again, no insights were given at the genetic level. Ermavitalini et al. (2017) studied the effects of 60Co-γ rays on Nannochloropsis and concluded that moderate dosage of γ rays could improve its biomass productivity and lipid content; however, the highest radiation dosage was 10 GY, which was too low to attain the best mutagenic results. Moreover, no further research was performed to determine the cause of this improvement. Liang et al. (2017) induced mutagenesis of Nannochloropsis by a chemical method and obtained fast-growing mutants. General gene expression analysis was carried out, but this research lacked photosynthetic analysis, such as oxygen evolution, which is the most relevant characterization of cell growth.

The researches above affirmed the feasibility of improving the light-use efficiency and biomass productivity of microalgae by mutagenesis. However, these researches lacked the interactive analysis between micro-level and macro-level. To improve light-use efficiency and biomass productivity, N. oceanica was mutated with 137Cs-γ radiation. The mutant strain ZJU700 showed a higher biomass productivity and oxygen evolution rate than the wild type. High-throughput transcriptome sequencing results showed that expression of photosynthesis-related genes were much higher in mutant ZJU700. Photosystem I (PSI), photosystem II (PSII) and electron transport processes were enhanced in the photoreaction. The Calvin cycle (dark reaction) was also enhanced and promoted CO2 fixation into carbohydrates. Moreover, the improved light-use efficiency induced by γ radiation contributed to higher biomass productivity in the mutant.



MATERIALS AND METHODS


Microalgal Strain and Cultural Conditions

Nannochloropsis oceanica was obtained from Leadingtec biotechnology company, Shanghai, China. The F/2 seawater culture medium was used in the experiment as described elsewhere (Cheng et al., 2016), with the specific contents of NaNO3 and NaH2PO4 H2O adjusted to 2.64 and 0.20 mmol L−1, respectively.

The algal species were cultivated at 27°C in a 300 mL column glass bioreactor with 160 mm height, 56 mm inner diameter (ID) and 62 mm outer diameter (OD) in an artificial greenhouse, with the light intensity controlled at 7,000 Lux. A 1% CO2 mixture in nitrogen was bubbled into the bioreactor at a flow rate of 30 mL min−1. The bioreactor parameters and biomass measurements are described in our previous work (Cheng et al., 2016). All growth and oxygen evolution experiments were done in duplicate.



Mutation and Screening of Microalgae

Solutions of N. oceanica with initial OD750 of 1.5 were placed in fifteen 50 mL triangle bottles (three bottles for each radiation dosage) and irradiated with 137Cs-γ rays at dosages of 200, 300, 500, 700, and 900 Gy and a dose rate of 1 Gy min−1. Experiments were performed at the Academy of Agricultural Sciences, Zhejiang Province, China. The nuclear radiation generator was the same as described in the previous work (Cheng et al., 2016). After radiation, microalgal cells were placed in an incubator for 1 month for self-healing at 20°C and under an illumination of 1,000 Lux. The survival recovery percentage at each irradiation dosage was calculated as follows:
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The survival recovery percentage was defined as 100% for the wild type, because no cells were died when there was no radiation.

Afterwards, 0.2 μL of microalgae from each triangle bottle treatment was injected into agar plates made of F/2 seawater medium described above with 1.5% agar, which was irradiated at different dosages, for purification of a single strain. After purifying thousands of mutants on agar plates, single colonies were picked into 96-well plate with F/2 seawater medium and cultivating in 96-well plate for 7 days, three strains exhibiting the highest biomass concentration at each radiation dosage [reflected by the optical density value from microplate reader (Tecan Infinite 200, Switzerland), OD405 was used as instructed] were screened and incubated for 8 days in 20 mL test tubes containing 5 mL of culture medium. During the large-scale cultivation, cell concentrations were measured by the spectrophotometer with a wavelength at 750 nm (Griffiths et al., 2011) and the strains with the fastest growth rate were further screened.

The relationship between dried weight of microalgal biomass and optical density of 750 nm is as follows:
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Instrumental Analysis of N. oceanica and the Mutant

Oxygen evolution was measured in duplicate by Oxygraph (Hansatech, UK). For each treatment, a 1 mL culture sample was taken into the center column for the oxygen evolution test. The center column was illuminated at 350 μmol (m2·s)−1 using a red-light source. The oxygen evolution rate was calculated using the accumulated oxygen concentration and the time of the steady increase phase as following:
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where Ct1 is the accumulated O2 concentration at time t1 and Ct0 is the accumulated O2 concentration at time t0, t1 = t0 + 60 s. The oxygen concentration was measured every second, while the data points shown in the figures represent every 5 s.

Main components (protein, carbohydrates, and lipids) in N. oceanica and the mutant were measured on the 4th day of 1% CO2 bubbling cultivation. The measurement methods of total carbohydrates content in N. oceanica biomass were determined by modified Anthrone method (Carrieri et al., 2010). The measurement methods of proteins and lipids contents in N. oceanica biomass were same as described in a previous work (Su et al., 2010).



Gene Expression Analysis of Mutant ZJU700

On the 4th day of cultivation, two duplicate samples of wild type and mutant ZJU700 were filtered, quick-frozen in liquid nitrogen, collected and stored at −80 °C, which were sent to Shanghai OE Biotech Co., Ltd for further analysis. High-throughput transcriptome sequencing was conducted on both the wild type and mutant ZJU700 samples. The manufacturer's protocols were followed when using the mirVana miRNA kit (Thermofisher) for RNA extraction; the Truseq stranded mRNA LT sample prep kit (Illumina) for sequencing library preparation; and the Bioanalyzer's High Sensitivity DNA kit (Agilent) for quality control of the libraries. Gene expression levels were compared between the wild type and mutant ZJU700.



Significance Test

The P-value analysis was conducted by the software “IBM SPSS Statistics 20,” which could give significance test result (P-value) when there were two replicates or more. This test could tell if the difference between two samples was significant.

(1) Input the two FPKM values of the first sample (two replicates) in “Column VAR00001,” input the two FPKM values of the second sample (two replicates) in “Column VAR00002.”

(2) Click “Analyze-Compare Means-Paired-Samples T Test.”

(3) Choose “VAR00001” in “Variable1” and choose “VAR00002” in “Variable2.” Click “OK” for analyze.

(4) Read the number in “Sig. (2-tailed)” of “Paired Samples Test” as the result of P-value for the significance test.

(5) P-value < 0.05 means the difference between the two samples was significant.




RESULTS AND DISCUSSION


Mutating and Screening Nannochloropsis With Nuclear Radiation

Figure 1A shows the survival recovery percentage of N. oceanica after self-healed for 30 days from the irradiation with various dosages of γ rays. The survival recovery percentage decreased with the increasing γ radiation dosages, indicating that microalgae had a higher mortality rate under higher radiation intensity. This was because γ rays from nuclear radiation generate oxidative stress on thylakoid structures in microalgal cells, thereby impacting the PSII and Calvin cycle, or even causing death (Fuma et al., 2009).


[image: Figure 1]
FIGURE 1. Survival recovery percentage and growth curves of Nannochloropsis mutants after various nuclear radiation dosages. (A) Survival recovery percentage on the 30th day after nuclear radiation and OD 750 value of the best three screened mutants at each radiation dosage (scatter dots). (B) Growth curves of screened Nannochloropsis mutants.


Meanwhile, photosynthesis of the remaining cells was more likely to be affected under higher radiation intensity, thus generating more phenotypes. After 8 days of large-scale cultivation in test tubes, the average cell concentration of the three best screened strains (reflected by OD750 value) were shown in Figure 1A. These three strains showed various growth phenotypes, which might have led to a large error bar. Little effect was observed on the screened mutant under the lowest irradiation (200 GY) as the cell concentration was nearly identical to the wild type. The biomass concentration of screened mutants increased with increasing radiation dosages, peaking at 700 GY, and then decreased at the irradiation of 900 GY. This might because genes in Nannochloropsis mutant cells were destructured and recombined to a greater extent under a higher radiation intensity, with the survived cells undergoing greater changes via acute evolutionary processes. After 700 GY radiation dosage, the average biomass concentration of the screened mutants increased by 84.2% compared with the wild type; however, the biomass concentration (OD750 value) decreased to 0.80 when the radiation dosage further increased to 900 GY, which might due to the extensive damage to the mutant cells caused by the excessive radiation.

Wild type Nannochloropsis and mutant strains with the highest concentrations at radiation dosages of 300, 500, and 700 GY were then cultivated in the column photobioreactors. Growth curves were shown in Figure 1B. The dried biomass weight of all mutants were higher than the wild type. The mutant strain irradiated at 700 GY showed the highest biomass productivity, which was 26.7% higher than that of the wild type. This mutant strain showed the best growth phenotype after several rounds of screening; thus, it was designated as Nannochloropsis ZJU700 and used for the subsequent experiments. The mutant strain ZJU700 had been cultivated for tens of generations in the lab and showed similar growth phenotype among each generation, which proved the stability of this mutant. On the 4th day of the 1% CO2 bubbling cultivation, the carbohydrates content of the mutant (30%) was higher than the wild type N. oceanica (23%), whereas proteins and lipids content of the mutant (27 and 32%, respectively) were a little lower than the wild type (30 and 35%, respectively). The following two pathways were among the KEGG enrichment top 20 of wild type N. oceanica and the mutant: carbon fixation in photosynthetic organisms and citrate cycle, which were the most important pathways for carbon and biomass accumulation (Figure 2). This result indicated that the carbon fixation process changed greatly in the mutant ZJU700 cells, and finally led to its higher biomass productivity.


[image: Figure 2]
FIGURE 2. The KEGG enrichment top 20 of wild type N. oceanica and the mutant.


Interestingly, N. oceanica reached its highest biomass productivity at a radiation dosage of 700 GY, which was the same dosage at which Chlorella sp. peaked in our previous study (Cheng et al., 2016). Conversely, Spirulina (a prokaryotic organism) grew fastest after irradiation at 9,000 GY (Cheng et al., 2017). Therefore, the “best intensity” of Spirulina was 10 times higher than that of Nannochloropsis and Chlorella (eukaryotic microalgal strains). These results indicated that eukaryotic strains were more sensitive to γ rays from nuclear radiation and were more likely to attain the best following irradiation at around 700 GY, whereas prokaryotic strains, such as Spirulina would achieve the best phenotype at a much higher radiation intensity.



Higher Oxygen Evolution Rate in Mutant ZJU700

To further explore the reason for the improved growth phenotype of Nannochloropsis mutant ZJU700, oxygen evolution rates of mutant ZJU700 and the wild type were measured (Figure 3). On the 4th day, the oxygen evolution rate of mutant ZJU700 was 44.63 nmol/mg/min, which was 2.7% higher than the wild type (Figure 3B). When taking the biomass concentration into account, the oxygen evolution rate of mutant ZJU700 was 41.95 nmol/mL/min, which was 30.4% higher than the wild type (Figure 3b). This result shows that mutant ZJU700 produces oxygen much faster than the wild type.
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FIGURE 3. Oxygen evolution rate of microalgal cells of Nannochloropsis mutant ZJU700. Normalized to dried biomass weight: (A) Day 2, (B) Day 4, (C) Day 6. Normalized to culture volume: (a) Day 2, (b) Day 4, (c) Day 6.


Given the steady increase of accumulated oxygen (over 3 min) during the oxygen evolution measurement, constant oxygen evolution rates were obtained in both the wild type and mutant ZJU700, indicating steady downstream carbon assimilation during the Calvin cycle to pull the photosynthetic oxygen evolution by consuming its products. A higher carbon fixation rate could be inferred from the higher oxygen evolution rate, thereby contributing to the higher growth rate in the mutant. On the 6th day, the oxygen evolution rates of mutant ZJU700 and the wild type both decreased when compared with those on the 4th day, indicating that the carbon fixation rates decreased and the growth of the microalgae shifted from the logarithmic to the stationary phase.



Enhanced Photoreaction in Mutant ZJU700

The O2 evolution was significantly affected by photosynthetic and respiration processes. Gene expression levels between the wild type Nannochloropsis and mutant ZJU700 were analyzed, expression levels of photosynthesis related genes were much higher in the mutant than the wild type, while the respiration related genes were not found differently expressed.

A photoreaction splits water into oxygen, synthesizes NADPH and ATP, and provides energy and materials for carbon fixation in cells. After nuclear radiation mutagenesis, mutant ZJU700 showed not only a faster oxygen evolution rate at the macro level, but also a higher expression of photoreaction-related genes at the genetic level (Figure 4).


[image: Figure 4]
FIGURE 4. Up-regulation of photoreaction-related genes in the Nannochloropsis mutant ZJU700 after nuclear radiation. Yellow ovals represent protein complexes with up-regulated genes. One red upward arrow means that log2 (fold change of up-regulated gene expression) is higher than 1, two red upward arrows means that log2 (fold change of up-regulated gene expression) is higher than 2, etc. (A) Photosystem II complex; (B) Cytochrome b6/f complex; (C) Photosystem I complex; (D)ferredoxin and ferredoxin-NADP+reductase; (E) ATP synthase complex.



Up-Regulation of Genes Involved in Photosystems II and I

Photosystem II is a key system found in the thylakoid membranes of oxygenic photosynthetic organisms (Cady et al., 2008). In mutant ZJU700, genes of two PSII subunits genes, psbO and psbP, were expressed 4.55 and 2.02 times higher than the wild type (Table 1). The psbO gene is the most important enzyme complex in PSII, which catalyses oxygen evolution by splitting water (De Las Rivas and Barber, 2004; Rumpho et al., 2008). The psbP gene is required for PSII stability. Higher psbP expression has been attributed to a marked increase in the fluorescence quantum yield (Fv/Fm) (Ifuku et al., 2005; Yi et al., 2007). The up-regulation of PSII-related genes might well enhance the water splitting process and produced oxygen faster in mutant ZJU700.


Table 1. Annotation and regulation of differentially expressed genes related to the photoreaction and Calvin cycle in the Nannochlorpsis mutant ZJU700.

[image: Table 1]

PSI is a pigment-protein complex embedded in the thylakoid membrane and catalyses the photoreduction of ferredoxin and transfers electrons (Reilly and Nelson, 1988). Similar to PSII, four nuclear-encoded subunits of PSI were up-regulated in mutant ZJU700 (Table 1), thus promoting electron transport processes in PSI. The up-regulation of PSI-related genes was likely to contribute to the enhanced light absorption and electron transportation abilities.



Up-Regulation of Genes Involved in Photosynthetic Electron Transport

The petC, petF, and petH genes, which transport electrons at different sites during the photoreaction, were expressed 709, 223, and 2,109% times higher in mutant ZJU700 (Table 1). The petC gene encodes an iron-sulfur protein, which is an electron carrier and plays important roles in vital activities (Zusman et al., 2004). Overexpression of petF could distribute photosynthetic electrons to a variety of essential metabolic pathways and also increase the efficiency of scavenging reactive oxygen species, thereby alleviating damage to organelles (Floß et al., 1997; Lin et al., 2013). The petH gene is a flavoenzyme that catalyses the terminal step in PSI-associated electron transport, converting NADP+ and H+ into NADPH (Martínez-Júlvez et al., 1996). γ radiation led to the up-regulation of the above genes, thereby enhancing photosynthetic electron transportation in the PSI and provided more NADPH substrate for the dark reaction.



Up-Regulation of Genes Involved in ATP Synthase

ATP synthase is the most important enzyme that catalyses the formation of ATP during the photoreaction, and is driven by the energy provided from downstream proton transport along the proton gradient across membranes (Yoshida et al., 2001) (Equation 2).

[image: image]

Three subunit genes (atpF, atpG, and atpH) in this large protein complex were up-regulated after γ radiation (Table 1), which more efficiently catalyzed the conversion from ADP to ATP, thus providing more energy (ATP) for the dark reaction.




Enhanced Calvin Cycle in Mutant ZJU700

The Calvin cycle, an energy-consuming process that converts CO2 into organic carbon, is an open system connected to light photosynthetic reactions and plays a central role in algal metabolism (Jablonsky et al., 2011; Yang et al., 2017).

Results of transcriptome sequencing showed that most Calvin cycle-related genes were up-regulated in mutant ZJU700 (Figure 5). The rbcL and rbcS genes, which catalyse the primary carboxylation of ribulose 1,5-bisphosphate to yield two 3-phosphoglycerate molecules (Hügler and Sievert, 2011), were expressed 9.38 and 5.18 times higher, respectively, than the wild type (Table 1). The expression of gapdh, which catalyses the conversion of 1,3-bisphosphoglycerate into glyceraldehyde-3-phosphate (Michelet et al., 2013), increased by 2,024%. The prk gene catalyses phosphorylation of ribulose-5-phosphate to ribulose-1,5-bisphophate using ATP generated by thylakoid ATP synthase (Michelet et al., 2013). In mutant ZJU700, prk gene was expressed 2.30 times higher than in the wild type.
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FIGURE 5. Up-regulation of Calvin cycle-related genes in the Nannochloropsis mutant ZJU700 after nuclear radiation. Yellow ovals represent enhanced enzymes with up-regulated genes. One red upward arrow means that log2 (fold change of up-regulated gene expression) is higher than 1, two red upward arrows means that log2 (fold change of up-regulated gene expression) is higher than 2, etc.


γ radiation led to the up-regulation of Calvin cycle-related genes and was likely to accelerate biomass accumulation while consuming more ATP generated from upstream photoreactions. This was echoed by the enhanced upstream processes, such as the higher oxygen evolution rate.




CONCLUSION

Nannochloropsis oceanica was mutated with 137Cs-γ radiation. The mutant strain ZJU700 showed a 26.7% increase in biomass productivity. Macro level results indicated that the oxygen evolution rate of the mutant was 30.2% higher than the wild type. Gene analysis via high-throughput transcriptome sequencing showed that expression of photosynthesis-related genes in both the photoreaction and Calvin cycle (dark reaction) of mutant ZJU700 were much higher than that of the wild type. Results at both the macro and genetic levels consistently suggest that mutant ZJU700 might have an improved light-use efficiency induced by γ radiation, which contributed to its higher biomass productivity.
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Genename  KO®_definition Pathway involved FPKM® P-value
Wild type Mutant ZJU700
psbO Enhancer protein 1 Photosystem Il 1.21£0.04 673+ 1.11 0.038°
oxygen-evolving
psbP Enhancer protein 2 2.40 +0.03 725021 0.002*
petC Cytochrome b6-f complex iron-sulfur subunit Photosynthetic electron transport 100 % 0.09 8.10+0.19 0.001*
petF Ferredoxin 1.68+0.24 542403 0.010*
petH Ferredoxin-NADP* reductase 027 +0.04 587 %047 0.007*
psaD Subunit I Photosystem | 2.83+024 8.40 % 0.49 0.009"
psaE Subunit IV 0314003 481£0.14 0.001*
psaF Subunit I 1.60 +0.09 4.67 039 0.016*
psal. Subunit XI 483026 15.21 001 0.001*
atpF Subunit b F-type H*-transporting ATPase 031005 275%0 0.000
atpG Subunit gamma 0.44 0,07 439%0.11 0.001*
atpH Subunit delta 022 +0.01 297 £0.06 0.001*
prk Phosphoribulokinase Calvin cycle 1.52 £0.05 502+0.73 0.041*
rbel. Ribulose-bisphosphate carboxylase large chain 021002 247023 0.013*
tbeS Ribulose-bisphosphate carboxylase small chain 1.97 £0.03 1248+ 1.16 0.013*
pok Phosphoglycerate kinase 0.13+0.02 48602 0.000*
gapdh Glyceraldehyde 3-phosphate dehydrogenase 0.88 +0.06 18.60 + 1.09 0.004**
gapa Glyceraldehyde-3-phosphate dehydrogenase (NADP*) 0.42 +0.01 10.60 022 0.000"
tht Transketolase 0.40 0,06 468002 0.000

2Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology.
bFragments Per Kilobase Of Exon Per Millon Fragments Mapped.
" represents P < 0.05 and ** represents P < 0.01. The difference of FPKM values between wild type and the mutant was significant.
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