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Editorial on the Research Topic 
Microalgae for Metabolite Production Under Stress Conditions

Microalgae are found in marine and freshwater environments and convert carbon dioxide into potential biofuels (carbohydrates, lipids), foods and high-value products such as lutein, chlorophyll, and zeaxanthin driven by solar energy, normally under certain stressful cultivation conditions. The past 20 years have seen a flood of patents related to microalgal biofuels as shown in the article by Li et al. Briefly, the majority of patents are related to strains and their cultivation under different conditions, especially some stress conditions, the introduction of regulating reagents, the combination of different downstream treatments and bio-refinery methods or processes. In general, there are no natural microalgae suitable for high value-added production directly. Therefore, in the last 2 decades, the artificial modification of natural strains is concerning, especially with the development of gene engineering.
In most instances, the accumulation of high value-added products occurs under stress conditions, which adversely affects the growth of microalgae. Thus, the industrial production of microalgae may have been limited by biomass supply. Therefore, studying the mechanism of accumulation of high additive products under stress conditions may solve this problem. In this field of research, several articles reported the molecular mechanism of microalgae from different aspects. Xi et al. reported that reactive oxygen species may serve as mediators or second messengers to trigger the fine-tuning of key genes that are involved in photosynthesis and β-carotene biosynthesis in Dunaliella salina under stress conditions. The changes in photosynthesis efficiency and energy metabolism will be useful for β-carotene accumulation in D. salina under stress conditions. Wang et al. examined six transcription factors (TFs) belonging to the MYB, MYB_related, NF-YC, Nin-like, and C3H families involved in the transcription regulation of 27 astaxanthin synthesis-related genes according to the regulatory network which will help to understand the transcription regulatory mechanism of astaxanthin synthesis in Haematococcus pluvialis under stress conditions. These TFs could affect astaxanthin synthesis by directly regulating the β-carotene ketolase gene (CrtO) which is the key gene involved in astaxanthin biosynthesis. Polyunsaturated fatty acids (PUFAs) compositions in serine/threonine kinases (STKs) gene spkD and spkG knockout mutant Synechocystis sp. PCC6803 are lower than those in the wild-type, which showed that STKs play important roles in regulating PUFA biosynthesis in Synechocystis sp. PCC6803 (Chen et al.). These results may also have implications for other algae.
In the past decades, various cultivation strategies including heterotrophic cultivation, photoautotrophy-to-heterotrophy cultivation and heterotrophy-to-photoautotrophy cultivation modes in addition to photoautotrophic cultivation have emerged to enhance microalgal lipid production in order to balance the costs. Heterotrophy-to-photoautotrophy cultivation takes advantages of both cultivation modes, which produce high-quality biomass via heterotrophy and induce biosynthesis of particular end-products under photoautotrophic conditions. Hu Zhang et al. studied the mechanisms underlying the enhanced biomass and lipid production of Scenedesmus acuminatus during trophic transition from heterotrophy to photoautotrophy under stress conditions (high light and N limited conditions). Carbon metabolism was deduced to provide sufficient energy to sustain vigorous growth of S. acuminatus cells under stress. Enhanced lipid production may be attributable to the upregulation of acetyl-CoA carboxylase (ACCase) and diacylglycerol acyltransferase 2(DGAT2)at the gene expression level.
Microalgae-bacteria co-cultivation systems are another new avenue that can be investigated to improve the mass production of microalgae. Ouyang et al. employed metabolomics to gain a better understanding of the underlying causes of improvements in growth and paramylon production in Euglena gracilis when co-cultivated with Vibrio natriegens. Some differential metabolites including economically important metabolites such as choline, ectoine, 4R-aminopentanoic acid, methyl N-methylanthranilate and methyl carbamate were found in the co-cultivation group which may provide clues for the industrial application of E. gracilis.
More knowledge on the molecular mechanisms of high-value products in microalgae can guide utilization of key molecules to solve the problems that limit the commercial application of microalgae. In this area of research, the chloroplast glyceraldehyde-3-phosphate dehydrogenase (cGAPDH) overexpressed strain Chlamydomonas reinhardtii P3-GAPDH reported in the article (Zhu et al.) demonstrated higher carbon fixation and PUFA synthesis efficiency. The overexpression of chloroplast GAPDH gene enabled the P3-GAPDH to maintain high photosynthetic activity and promote biomass production, i.e., the carbohydrate and lipid content increased by 96.6 and 93.4%, respectively, under normal cultivation conditions. Thus, it is hoped that this will lead to simultaneous high production of biomass and energy storage compounds.
Microalgae are also good organisms for bioremediation applications due to their strong acclimation to changing metal ion concentrations in the environment via metal homeostasis. Metabolomics and proteomic analysis were used in two studies (He et al. and Zhen et al.), to examine the mechanism of acclimatization of microalgae to metal ions. The results showed that in order to meet the intracellular requirements of ions, metals can be transferred into the cell via the uptake system and macromolecular metabolites such as proteins, pigments, and lipids were regulated to adapt to stress conditions.
Microalgae have great application potential as they can accumulate high-value products under stress conditions. However, stress conditions usually suppress the growth of microalgae which limit their commercial application. The information on this topic will provide clues to achieve two-win between the production of high microalgal biomass and high value compounds.
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Microalgae is a promising organism as the feedstock of the next generation biofuels, as well as high value nature products, such as astaxanthin, normally under certain stress cultivation conditions. With the clear industrialization targets, there have been two waves of microalgae R&D from the last century and showed obvious energy-driven trends. The overall R&D came into a valley now, however, the promising is still there. So here, from the industrialization point of view, the patent evolution concerning the microalgae for biofuels in the second wave were reviewed and summarized. These technology information will help the scientists to join together with industry to drive the next boost.
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INTRODUCTION

Microalgae are found in both marine and freshwater environments and convert carbon dioxide to potential biofuels (carbohydrates, lipids), foods and high-value products, driven by solar energy, as well as are good organisms for bioremediation applications (Sheehan et al., 1998; Chisti, 2007; Hu et al., 2008; Mata et al., 2010; Wijffels and Barbosa, 2010; Chen et al., 2018; Khan et al., 2018; Shuba and Kifle, 2018). With the afraid of fossil fuel crisis, it’s officially considered as a solution at 1978 under the program funded by the US Department of Energy’s Office of Fuels Development, known as the Aquatic Species Program (or ASP), which main focus was the production of biodiesel from high lipid-content algae grown in ponds, utilizing waste CO2 from coal fire power plants (Sheehan et al., 1998). Over the nearly two decades (from 1978 to 1996), ASP stopped far from the industrialization of microalgae as fuels stocks, one reason for which was the high life-span cost comparing with the relative low price of the fuels. However, ASP promoted the R&D of microalgae from the collection and evaluation of thousand species, the science of manipulating the genes and metabolism, to the engineering of production systems. The detailed contributions of ASP was well-documented Sheehan et al. (1998).

While the oil price dramatically increased from the beginning of the twenty-first century, microalgae come back the visual field again with the support from governments, the industries and the venture capitals all over the world, but cooled down after 2015 till now, indicated by the takeover of Solazyme by TerraVia in US and retreat of ENN in China. The rise and fall of it was the result of multi factors, which was not only the affair of science and technology. As one of the key components of the innovation, the patent bridges the lab and the factory. Here, after the second wave of microalgae R&D, the patent evolution during the last 20 years were quickly reviewed for the reference to the next boost of microalgae industrialization.



THE ANALYSIS OF MICROALGAE BIOFUELS RELATED PATENTS FROM LAST 20 YEARS


Patents Collection and Refinement

The patents data used here were mainly from Patsnap® patent database and Derwent World Patents Index was used as an amendment. The keywords used for index were provided in Supplementary Data File. More than ten thousand patents were further refined, considering the fact that microalgae biofuels production is the process to convert solar energy to chemical energy by photosynthesis in a direct or indirect manner, the photosynthesis related information should be shown in the claims, such as autotrophic growth, or with light, etc.

Differing to normal research publications, the patent is a kind of legal documents and a collection of patent applications covering the same or similar technical content were defined as a family, which can help us to focus on the technical part of patents, other than the different legal status. After refine, 3,393 items from 730 families were extracted for the further analysis. To verify the coverage of the index, 11 patents from authors were used as a reference, which covers the strain screening and application to the downstream bio-refinery to biofuels, and all of them were included by above index.



The Patent Application Amount Change With Crude Oil Price

The aim of the development of biofuels is the makeup or replacement of traditional fossil fuels, especially the oil, for the reason of the final products of the biofuels. So the difference between the cost of biofuels to oil should be a driving force of the R&D development of microalgae.

The crude oil prices per barrel of West Texas Intermediate (WTI) with the adjustment for inflation using the headline CPI were collected from Macrotrends database1. For simplification, the average price of January of each were used to compared with the yearly patent application status. In Figure 1, the overall correlation of oil price to the number of patent application is about 0.86 before 2015 and 0.84 till now.
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FIGURE 1. The patent application changes in last 30 years. The upper figure is the application in terms of single patent and patent family. The bottom figure is the application changes with the crude oil prices. The timeline in the middle marks some milestones for microalgae biofuel R&D development.


Although only a little changes in the correlation factors shown in the last 5 years, serious effects on the direction of microalgae R&D existed. It will detailed discussed in the “Discussion” section.



Global and Technical Distributions

Nearly 25% patents were held by United States (975) followed by Japan (541), China (289), Australia (164), Canada (155), and South Korea (119). The validated patent number was shown in Supplementary Figure 1, briefly, more than half of them are validated till the end of June, 2020.

As an intellectual property (IP) tools, it’s reasonable that most top player of patent applications were companies, such as Solazyme Inc. (now is acquired by Corbion) with 313 items and nearly 10% of the patent pool analyzed (see Supplementary Table 1). However, the Scripps Research Institute also holds 46 items and ranked first among research institutes.

To obtain an overall technical view of these patent, International Patent Classification (IPC2) information was used to classify and summarize the patents in the pool. The top related IPC classes were listed in Supplementary Table 2 and the IPC class distribution in different countries or organizations were shown in Supplementary Figure 1. The yearly distribution of major IPC was shown in Supplementary Figure 2. Briefly, the majority of patents are related to strains and their cultivation under different condition, especially some stress conditions, the introduction of some regulating reagents, the combination of different downstream treatment and bio-refinery methods or processes.

The most related class is C12N, which is directly related to microalgae itself, including compositions, propagating, preserving, or maintaining, and also including mutation or genetic engineering of microalgae as well as novel culture media. In the patent pool, 58% patents were concerned with this class. The second hot class is C12P, which relates to the processes to synthesis a desired chemical compound or composition or to separate optical isomers from a racemic mixture. It consisted with the aim of these patent to produce biofuels, which are mostly in the form of fatty acids or lipids, or carbohydrates. Among them, some multifunctional compounds, other than the feedstock to biofuels, such as special carbohydrates, pigments or medium chain fatty acids, were drawing more attentions.

After more than thousands of strains, there was no natural microalga suitable for the biofuel production directly. So in the last two decades, the artificial modification of natural strains was also concerned, especially with the development of gene engineering, such as CRISPR technology in US20160208243A1 family. So the IPC A01H reached the third rank in the second wave.



Core Techniques Within Patents for Microalgae Biofuels Based on Citation Relationships

The citation of the patent usually represented the core techniques in the field and direction of the knowledge flow (Alcácer and Gittelman, 2006). The citation in the patent is not as strict as scientific publications, however, the core techniques cannot be ignored due to their potential legal risks. In the patent pool, the citation relationship were summarized by using Cytoscape (version 3.8.0). Some important knots were significantly shown with concentrated links (Supplementary Figure 3).

The most cited validated patents, with cited number over 100, were listed in the Table 1. Among them, only US20160208243A1 was applied in 2015, and other are almost older than 10 years and close to the edge of patent term. In this 16 top cited patents, five of them were about the gene manipulation of microalgae, eight of them were about the cultivation to promote the biofuel production and three of them were concerned with the downstream bio-refinery. Bio-refinery has the advantages of high atomic economy and was expected as an integrated solution for energy, wastewater treatment, food and nutrient supply (Suganya et al., 2016). However, maybe limited by the biomass supply, except on the health-related approaches, there was few reports on the stable industrialization of bio-refinery or co-production established.


TABLE 1. Valid patents with more than 100 cites.
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DISCUSSION


The Driving Force for the Future Microalgae R&D Changes

As shown in Figure 1, at the beginning, the afraid of depletion of fossil fuels drove the first wave of microalgae R&D, mostly under the support of ASP by the US DOE and more likely a pure scientific affair to produce bio hydrogen or bio transportation fuels. The higher cost of microalgae cultivation and relative low oil price caused the cease of the first wave in 1995 (Sheehan et al., 1998). But, the accumulation on strains and numerous technologies helps the form of the second wave while the crude oil price dramatically increased in the early of 21 century.

The stress condition cultivation became the sign of the second wave, mostly started by Illman et al.’s (2000) work on the low nitrogen cultivation for high calorific value biomass to develop renewable energy resource. Differed to the first wave, with the increase of oil price, the microalgae biofuel R&D became a move by both scientists and venture capitals (VCs), which was marked by the launch of the beta test of CO2 and NOx emission reduction system by Greenfuel in MIT in 2004. Following Chisti and Hu et al.’s direction in 2007–08 (Chisti, 2007; Hu et al., 2008), around the stressed cultivation of microalgae, a large amount patents were applied and covered the whole processes of microalgae biofuel production. The driving force of this period was still the high crude oil price.

Things changed from 2012, when commercial shale gas realized and Tesla Model S electric car came into the market, which caused the energy production and consuming structure reformed. With less progress in the cut of production cost or significant increase in production efficiency, the VCs and big companies turned their focus. Without enough support, the patent application decrease rapidly.

After 2015, although the oil price increased a little bit, the popularization of electric car and the development of other renewable energy resources caused the traditional driving force of microalgae R&D lost.



New Driving Force From Synthetic Biology and Customized Natural Products Production

The development of biotechnology brings the hope to meet the next wave of microalgae R&D. Due to its fast growth, unicellular form, high photosynthesis capacity and diverse secondary metabolisms, the microalgae based CO2 and NOx capture will be a new driving force for the innovation of a new gene manipulation, cell or organelle factory building, non-meat protein production, medium length chain fatty acids synthesis. And above targets also consisted with the major technical classes, including C12N15, C12P7, and C12N1.
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The stressed cultivations are widely used in microalgae R&D for the biofuel production with the repress on growth to a certain degree, which limits the overall productivity. The balance between the growth and energy storage compounds accumulation is a target needing the combination of both strain selection or construction and culture optimization. Here, an engineered strain of Chlamydomonas reinhardtii, in which the chloroplast type glyceraldehyde-3-phosphate dehydrogenase (cGAPDH) was overexpressed and named as P3-GAPDH, was cultured on the Algal Station platform. Compared with wild type (WT), C. reinhardtii CC137c, in Tris-acetate-phosphate (TAP) medium, the highest density of WT and P3-GAPDH were 1.23 ± 0.13 and 1.74 ± 0.09 g L–1 within 96 h, and the maximum biomass productivity was 24.30 ± 1.65 and 28.54 ± 1.43 mg L–1 h–1, respectively. In terms of the energy storage compounds, both carbohydrate and fatty acids content doubled in P3-GAPDH, from 0.13 ± 0.02 to 0.26 ± 0.04 g L–1 for carbohydrate and from 0.08 ± 0.01 to 0.16 ± 0.01 g L–1 for fatty acids, among which poly unsaturated fatty acids increased by 65.8%. Together with the continuous monitor of the chlorophyll fluorescence dynamics parameters Fv/Fm and Fv’/Fm’ and pH of culture, enhanced Calvin cycle by overexpressed cGAPDH promoted the carbon conversion and subsequent energy storage compounds accumulation. C. reinhardtii P3-GAPDH strain showed the potential as a good chassis with high carbon conversion ability.

Keywords: biofuel, Chlamydomonas reinhardtii, nitrogen depletion, carbon fixation, photosynthesis, algal station, fatty acids


INTRODUCTION

The green algae Chlamydomonas reinhardtii is a model organism that has been systematically studied for more than 50 years (Fields et al., 2018). It has the most abundant physiological and biological information among microalgae with well-annotated genome information, and its genome of chloroplasts and mitochondria has also been sequenced (Harris, 2001). It’s a good candidate for biohydrogen and biofuels development under certain stressed conditions, such as sulfur or nitrogen depletion condition (Faraloni et al., 2011; Gargouri et al., 2017). As a photosynthetic unicellular model organism, it has the advantage of both plant and microbial expression systems, providing the most abundant gene engineering operation possibilities in synthetic biology (Merchant et al., 2007).

As a single cell photosynthetic organism, C. reinhardtii provides a platform for the production of a wide range of complex proteins, pigments, and energy storage compounds, and is increasingly recognized as a cheap, scalable, and safe “cell factory” of high-value products as well as bioenergy (Carrera Pacheco et al., 2018). Till now, on the bioenergy and carbon sequestration aspect, C. reinhardtii has been investigated on the mechanism and application in hydrogen production (Degrenne et al., 2010; Scoma et al., 2012; Chen et al., 2014), biodiesel production (Fan and Zheng, 2017; Yang et al., 2018) and wastewater treatment (Faraloni et al., 2011), etc.

Like other microalgae, nitrogen depletion stress is a popular method to improve the carbohydrate and triacylglycerols (TAG) content of C. reinhardtii. However, the overall biomass productivity was limited due to the inhibition of the growth under stress conditions. Aiming the carbon sequestration and biofuel production, it is necessary to formulate cultivate strategies to balance the energy storage compounds and cell growth to achieve sustainable production with the maximum time-space yield (Moon et al., 2013). By selecting the appropriate cultivation mode and medium, the synchronized proteins, starch, and oils production with cell growth were also achieved in microalgae (Duong et al., 2015a,b; Wang et al., 2015; Zhang et al., 2019; Kim et al., 2020). Besides optimization of the cultivation, screening, or constructing new strains, which are more suitable for guided production under the controlled conditions is a fundamental solution. Because some intrinsic metabolism consumption for stress response is not necessary furthermore in the controlled cultivation and the recycle of this part of carbon and energy could provide the biomass accumulation 20–50% more, such as shift the carbon of photorespiration to carbon fixation in tobacco resulting a 40% increase in biomass productivity (South, 2019). In our previous work, by overexpression of chloroplast glyceraldehyde-3-phosphate dehydrogenase (cGAPDH) in C. reinhardtii, the continuous energy storage compounds accumulation was achieved in the flask cultivation (Zhu et al., 2019). cGAPDH is the key enzyme in the Calvin cycle and the joint of carbon fixation and carbon metabolism in the chloroplast. However, the mechanism underlying is unknown. Especially, the previous evaluations were carried out in the flasks with seldom shakes, in which the CO2 supply was mostly based on the diffusion from the air and the performance under CO2 sufficient conditions was unknown.

Here, the above C. reinhardtii strain, P3-GAPDH, was investigated by continuously monitoring its chlorophyll fluorescence dynamics, together with the fatty acids profiling changes to make a deeper understanding of physiological and biochemical aspects. Briefly, the C. reinhardtii CC137c (WT) and the dominant P3-GAPDH were parallelly evaluated by self-developed the Algal Station (AS) platform (Cao et al., 2019) in 1.5 L bubbling flat-plate bioreactors under the mixotrophic cultivation modes in TAP medium. AS platform was developed by the Dalian Institute of Chemical Physics, Chinese Academy of Sciences, and it’s the first commercial system to use the maximum quantum yield of photosynthesis II, Fv/Fm, as an online control parameter for microalgae cultivation together with light intensity, optical density (OD), pH, etc., and meets the requirement from lab to industry by South China University of Technology, Clean Energy Development Center of ENN Group and Microalgae Biotechnology Center of SDIC. The online monitoring of chlorophyll fluorescence dynamics, pH and OD, together with offline measurement of fatty acids profile were carried out to make a detailed evaluation.



MATERIALS AND METHODS


Microalgal Strains and Medium

Microalgal strain C. reinhardtii CC137c (wild type, WT) was provided by the Chlamydomonas Resource Center at Duke University. The chloroplast Glyceraldehyde-3-phosphate dehydrogenase (cGAPDH) overexpressed strain C. reinhardtii P3-GAPDH was obtained in our previous work (Zhu et al., 2019). Both strains were cultured in TAP media (Kosourov et al., 2007). The seed cells were first cultured in 100 mL conical flasks with 50 mL media. After 3 days, the cells were transferred into 3 L conical flasks with 1 L medium, respectively, under a 14/10 h light/dark cycle with the illumination of the white fluorescent lights at 50 μmol m–2 s–1 as seeds for bioreactor culture. The temperature was maintained at 25 ± 1°C.



Cultivation and Sampling

Both WT and P3-GAPDH were cultured for 96 h in a 1.5 L flat-plate poly (polymethyl methacrylate) (PMMA) photobioreactor (15.2 × 3.5 × 30 cm in length, width, and height) on Algal Station (AS) system, which was aired with 2% CO2 compressed air as described previously (Cao et al., 2019). The aeration rate was 0.4 vvm and supplied throughout the culture. The light intensity on the front surface of the flat-plate was 300 μmol m–2 s–1 under the 14/10 h light/dark cycle, in which the illumination started at 8:00 am and ended at 10:00 pm. The culture temperature was 25 ± 1°C. The inoculation was at 3:00 pm at Day 0 and the samples were taken at 9:00 am and 9:00 pm every day for offline verification of OD and Fv/Fm, as well as for Fv’/Fm’, carbohydrate and fatty acid profile determination after the centrifugation. Three batches experiments were carried out. The online monitoring of OD and Fv/Fm were taken with a 20 min interval.

To make it easily to understand the effect of light cycle during the culture, the time scale used here were based on light/dark cycle, which caused the inoculation started at the point of 7 h relatively, and similarly hereinafter without specification.



Optical Density and Dry Weight

To ensure the OD detection by non-diluted measurement with AS, the offline verification was carried out by a UV/VIS spectrophotometer (Jasco V-650, JASCO Corporation, Japan) at 750 nm. For the detection by Jasco V-650, the samples were diluted to keep a reliable OD750 under 1.0.

The specific growth rate (μ) was calculated in terms of the Equation (1):

[image: image]

The OD1 and OD2 are the absorbances by the AS with a 12 h’s interval at the same time as the offline sampling, respectively.

The dry weight was measured by filtering a certain volume (5–10 mL) of cultures by pre-dried and pre-weighed Whatman GF/C filters dried at 60°C for 24 h as previous report (Meng et al., 2015). The dry weight was calculated in terms of the Equation (2) with three replicates:

[image: image]

where w1 is the weight of pre-dried GF/C filter in g, w2 is the weight of filter with dried algal culture in g, and v is the initial volume of the sample in L.

The productivity was calculated by the equation:

[image: image]

where DW1 and DW2 are the corresponding dry weight in g L–1 with a 12 h’s interval, respectively, and P is the productivity in mg L–1 h–1.



Chlorophyll Fluorescence Dynamics Parameters Detection

The online monitoring of Fv/Fm by AS with 20 min interval showed a continuous change pattern and it was also verified by a chlorophyll fluorometer (Water-PAM Heinz Walz GmbH, Effeltrich, Germany) following the procedure in previous reports (Yao et al., 2012, 2013) during for the offline sampling. The effective photochemical quantum yield, Fv’/Fm’ was simultaneously detected by Water-PAM together with Fv/Fm.



Carbohydrate Analysis

Carbohydrate content was determined by the colorimetric method of anthrone-sulfuric acid as described previously (Zhu et al., 2019). In brief, about 5 mg of dried biomass was weighed and ultrasonic crushing followed by treatment in boiling water for 10 min with pre-prepared anthrone-sulfuric acid (74%). The quantifications were carried out on UV/VIS spectrophotometer mentioned before against the standard curve of “glucose concentration—absorbance,” which was shown in Supplementary Material.



Fatty Acid Analysis

The fatty acid profile based on fatty acid methyl esters (FAMEs) were detected by GC after a quick transesterification with methanol following previous report (Yang et al., 2017). In brief, about 5 mg dried biomass was transesterification in 5 mL methanol with 2% H2SO4 at 70°C for 1 h. Then 2 mL hexane together with 0.75 mL deionized water were used to extract FAMEs and the obtained hexane mixture was further dewatered by about 0.5 g anhydrous Na2SO4. Then the mixture was analyzed on an Agilent 7890 GC with a DB-23 capillary column (30 mm × 0.32 mm × 0.25 μm, Agilent Technology) and a flame ionization detector (FID). The injector temperature was 270°C with a split ratio of 50:1. The column was heated at 130°C for 1 min, then increased to 170°C at a rate of 10°C min–1, and then increased at a rate of 2.8°C min–1 to 215°C where it was maintained for 1 min. After the determination of FA profiling, the group of saturated/monounsaturated/polyunsaturated FAs were summing up and the percentage of them in the total FAs were calculated.



Statistical Analysis

All data were presented as the averages ± SD for three biological replicates from three batches. The One-way ANOVA analyses were performed in Excel (version 2016, Microsoft) to make the significance analysis for the fatty acid content. The P-value was obtained through data analysis in Excel. The level of statistical significance was set to a significant difference (p < 0.05) and an extremely significant difference (p < 0.01).



RESULTS


Growth and Biomass Accumulation

The growth in P3-GAPDH was monitored and compared with WT on the AS platform for 4 days (Figure 1A and Supplementary Table S1). There was no significant difference in the growth during the first 2 days, while P3-GAPDH showed a clear step like day-night change pattern. P3-GAPDH’s OD was almost flat in the dark, whereas increased rapidly with illumination. The maximum OD of WT reached 4.08 at 50 h and there were no difference in OD between WT and P3-GAPDH before it. The WT turned into the steady phase then. However, P3-GAPDH kept growing to 60 h and its maximum OD reached 6.37, which increased more than 50% than that of WT. The maximum specific growth rates (μmax) reached at 30 h for both P3-GAPDH and WT, were 0.13 and 0.09 h–1, respectively. By the way, the data for Figure 1A were collected directly from AS with a 20 min intervals, and the variation between batches were indicated by shadows for each strain.


[image: image]

FIGURE 1. The growth difference between two strains. (A) Growth curve by Algal Station, (B) Dry weight curve, (C) Biomass productivity curve of WT and P3-GAPDH during light-dark cycles. The productivity is the biomass per unit time. Line represents P3-GAPDH, dot line represents WT, and shaded areas (in A) or error bars (in B,C) of each line indicate the standard error of the line values. The gray background marked with a dark moon represents the dark time, while the white background marked with a sun represents illumination during the cultivation. The time scale used here were based on light/dark cycle, which caused the inoculation started at the point of 7 h in the time scale.


The dry weights showed a similar trend to OD and were shown in Figures 1B,C. The maximum DW of WT and P3-GAPDH were 1.23 ± 0.13 and 1.74 ± 0.09 g L–1, respectively, with biomass productivity of 24.30 ± 1.65 and 28.54 ± 1.43 mg L–1 h–1. Compared with previous reports of the mixotrophic cultivation of C. reinhardtii in Table 1, P3-GAPDH had the highest productivity in biomass under similar conditions.


TABLE 1. Comparison of C. reinhardtii mixotrophy cultivation among this study and other reports.

[image: Table 1]


Fv/Fm and Fv’/Fm’ Patterns

The chlorophyll fluorescence dynamics parameters, the maximum quantum of PSII, Fv/Fm, and the effective photochemical quantum yield of PSII, F v’/Fm’, changes were shown in Figure 2 (Supplementary Table S2). The Fv’/Fm’ of P3-GAPDH were higher and more stable than that of WT in almost all the whole cultivation, which indicated the higher photochemical conversion in P3-GAPDH. The Fv’/Fm’ of WT showed a more fluctuation pattern with the light cycle, increasing with the illumination and decreasing in the dark after day 1, and lowed to 0.27 after the second dark period. On the contrary, the Fv’/Fm’ kept above 0.5 throughout the P3-GAPDH’s cultivation and there was less correlation to the light cycle as WT.


[image: image]

FIGURE 2. The Fv’/Fm’ and Fv/Fm change patterns difference. (A) Fv’/Fm’ of WT and P3-GAPDH by water-PAM, (B) Fv/Fm of WT and P3-GAPDH by Algal Station. Line represents P3-GAPDH, dot line represents WT, and shaded areas (in B) or error bars (in A) of each line indicate the standard error of the values. The gray background marked with a dark moon represents the dark time, while the white background marked with a sun represents illumination during the cultivation.


The overall pattern of Fv/Fm in both strains showed obvious light dependent pattern with the help of continuously monitoring by AS in Figure 2B. Without light, the Fv/Fm kept stable in the dark. While the illumination started, it dropped quickly followed by a relatively slow recovery in both two strains except in the third light period. As the OD curves in Figure 1A, the Fv/Fm data were collected by AS and the variations were shown as shadows.

From both Figures 2A,B, the obviously fluctuation happened in the third light period, which may link to the change of mixtrophic cultivation to autotrophic cultivation and will be discussed later.



Carbohydrate Content Changes

The carbohydrate content and production of P3-GAPDH kept higher than those of WT, with a large fluctuation ranges with the illumination cycle (Figure 3). On average, the carbohydrate content in WT was 16.2% of dry weight, with the highest titer of 0.13 ± 0.02 g L–1 and a maximum productivity of 3.58 mg L–1h–1. Comparing to WT, carbohydrate accounted for 25.9% of the dry weight in P3-GAPDH at time point 25 h, and the maximum titer was 0.26 ± 0.04 g L–1, with a maximum productivity of 5.80 mg L–1h–1. The high carbohydrate titer in P3-GAPDH in the bioreactor cultivation was consistent with the previous report in the flask (Zhu et al., 2019). By the overexpression of cGAPDH, the carbohydrate productivity nearly doubled under the light within the third and the forth cycle.
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FIGURE 3. The difference in carbohydrate content and production. (A) Carbohydrate content, (B) carbohydrate yield, (C) carbohydrate productivity of WT and P3-GAPDH. Carbohydrate productivity is the yield per unit time. Line represents P3-GAPDH, dot line represents WT, and error bars indicate the standard error of the values. The gray background marked with a dark moon represents the dark time, while the white background marked with a sun represents illumination during the cultivation.




Fatty Acid Content and Profiling Changes

By the sum of each FA’s content detected by GC (Table 2), both the fatty acid (FA) content and production were compared between WT and P3-GAPDH and shown in Figure 4. Although the total FA (TFA) content of WT was higher than P3-GAPDH at the inoculation, the TFA content in WT decreased from 12.1 to nearby 7.0% in the steady phase. The TFA content maintained a relatively stable level in P3-GAPDH nearby 10.0%, except a drop to 7.3% at time point 25 h (Figure 4A). However, due to more biomass produced in P3-GAPDH, the P3-GAPDH’s TFA yield nearly doubled while compared to that in WT, 0.16 ± 0.01 and 0.08 ± 0.01 g L–1, and with the maximum productivity of 2.58 ± 0.15 and 1.93 ± 0.07 mg L–1 h–1, respectively (Figures 4B,C).


TABLE 2. Fatty acid composition and the proportion of SFA, MUFA, PUFA in TFA of WT and P3-GAPDH grown in TAP medium after 96 h.

[image: Table 2]
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FIGURE 4. The difference in TFA content and production. (A) TFA content, (B) TFA yield, (C) TFA productivity of WT and P3-GAPDH. TFA productivity is the yield per unit time. Line represents P3-GAPDH, dot line represents WT, and error bars indicate the standard error of the values. The gray background marked with a dark moon represents the dark time, while the white background marked with a sun represents illumination during the cultivation.


In C. reinhardtii, polyunsaturated fatty acids (PUFAs), such as C18:3, construct the majority of the membrane of the chloroplast and thylakoid and contribute to the photosynthesis process (Yang et al., 2017). The contents and titers of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and PUFA in WT and P3-GAPDH, which changed significantly different (Figure 5). In P3-GAPDH, more PUFA, such as C16:4, C18:2, C18:3, C18:4, were produced and a stable content were maintained. The maximum titer of SFA and PUFA were 0.02 ± 0.00 and 0.04 ± 0.00 g L–1, respectively, in WT, while the maximum titer of SFA and PUFA were 0.04 ± 0.00 and 0.09 ± 0.01 g L–1 in P3-GAPDH, which was twofold and 2.25-fold to WT, respectively. The percentage of SFA, MUFA, PUFA in TFA was shown in Table 2. It was clear that PUFA was predominant in TFA. The detailed increment of fatty acids in P3-GAPDH compared with WT was summarized in Table 3. The increased in PUFA production was also consisted with the start of the second growth wave of P3-GAPDH after time point 36 h.


[image: image]

FIGURE 5. The difference in FAs composition. (A) FAs content, (B) FAs yield, (C) FAs productivity of WT and P3-GAPDH. FAs productivity is the yield per unit time. These fatty acids were classified into three categories: SFA, MUFA, PUFA, and compared with the content for each kind of fatty acid, respectively. For each point, the mean is given, n = 3. * and ** denote significant difference (p < 0.05) and extremely significant difference (p < 0.01) between WT and P3-GAPDH, respectively.



TABLE 3. Increment of fatty acids in P3-GAPDH compared with WT.

[image: Table 3]


pH Changes of WT and P3-GAPDH During Cultivation

The pH-values of two microalgae were monitored by AS was significantly different (Figure 6). It’s was notable that between time point 48–62 h, the pH-value of WT showed a bigger fluctuation than that in P3-GAPDH. The change of pH here indicated the depletion of acetate in the TAP and the loss of some buffer ability from it.


[image: image]

FIGURE 6. pH changes during the cultivation | pH curve of (A) WT and (B) P3-GAPDH. Three lines represent three batches.




DISCUSSION

GAPDH is the key enzyme in the glycolysis and Calvin cycle. Most studies were focused on the cytoplasm type GAPDH, and the chloroplast GAPDH’s contribution to the carbon metabolism was rarely studied. It has been postulated to play an important role in the supramolecular complexes in the Calvin cycle in the C. reinhardtii based on structure biology studies (Emmanuelle et al., 2004; Erales et al., 2009). In Chlamydomonas, glycolysis is divided into a chloroplastidic and a cytosolic part with the enzymes GAPDH/phosphoglycerate kinase (PGK) being located in the chloroplast stroma and its activity depends onNADPH mediated complex dissociation under the regulation of the light (Wedel and Soll, 1998). After the identification the significant changes of cGAPDH during the nitrogen starvation in C. reinhardtii, the strain with overexpressed cGAPDH in the chloroplast was constructed to evaluate its contribution to carbon fixation previously (Zhu et al., 2019) and results showed a better carbon conversion in the P3-GAPDH strain. However, in the flask cultivation with TAP media, the mixtrophic condition with low CO2 supply limited the understanding of the effect of cGAPDH on the carbon fixation. So, a more detailed comparison of P3-GAPDH with WT was carried out in the bioreactor with enriched CO2 supply, in which both the mixtrophic and autotrophic cultivation existed. Based on the continuously monitoring of OD and pH, the switch of above two cultivation modes happened nearby the time point 50 h (Figures 1A, 6). To simplify, the culture before 50 h was treated as mixtrophic mode (Mix) and the left as autotrophic mode (Auto).

With the existence of acetate, P3-GAPDH only showed a little help in the growth (OD), However, a more than 50% increase in carbohydrate productivity still achieved (Figure 3C) in the Mix mode and resulted in the highest productivity under the similar cultivation conditions (Tables 1, 4). It’s postulated that overexpressed cGAPDH contributed to more carbon fixation from two aspects: (1) Due to cGAPDH converts the products of carbon fixation in the Calvin cycle, the overexpression of it will also help to reduce the energy or electron accumulation in the electron transfer chain of the light reaction part in the photosynthesis, which was indicated by the relative higher and stable Fv’/Fm’ (Figure 2A). The overexpression might break the light regulation of cGAPDH’s activity with extra free enzymes from the GAPDH/PGK complex. It’ll be verified by the proteomics analysis in our further work. (2) The maintenance of the photosynthesis system, and was indicated by the continuously monitoring of Fv/Fm (Figure 2B). As the major components in the thylakoid membrane, where the photosynthesis carries out, glycolipids [monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), and sulphoquinovosyldiacylglycerol (SQDG)], which are mostly formed with PUFAs (Yang et al., 2018), and P3-GAPDH strain was proved to produced more PUFAs (Figure 5 and Table 2; Zhu et al., 2019).


TABLE 4. The comparison among this study and Faraloni et al. (2011).

[image: Table 4]Combined both the physiological and biochemical analysis, cGAPDH is postulated to play an important role in the regulation of carbon fixation in the chloroplast. Here, without the repletion of other nutrients, the overexpression of chloroplast GAPDH gene enables the P3-GAPDH to maintain high photosynthetic activity and promote biomass production, i.e. the carbohydrate and lipid content increased by 96.6 and 93.4%, respectively, which were mostly from the Auto mode cultivation. The results indicated that overexpressed cGAPDH increased the carbon fixation capacity of C. reinhardtii not only by push the carbon to downstream metabolisms, such as carbohydrates and FAs, but also promote the photochemical conversion in the photosynthesis, liking a self-inspiring cycle: overexpressed cGAPDH producing more C3 metabolite for PUFAs synthesis, while more PUFAs maintaining a more robust photosynthesis and resulting more fixed carbon for cGAPDH to use. It brings the hope to achieve the two-win between growth and energy storage compounds production other than traditional nitrogen depletion stress with the suppress of the growth, i.e., to achieve both higher biomass and higher energy storage compounds production simultaneously.

Here only the physiological and content analysis was carried out. Detailed molecular biology studies, such as—omics analysis, were needed to understand the carbon fixation improvement by overexpressing the cGAPDH to aid the future synthetic biology development by using a microalgae cell factory.



CONCLUSION

The cGAPDH overexpressed strain P3-GAPDH was verified in the bioreactor and it higher carbon fixation than previously reported under similar conditions was confirmed. The overexpress cGAPDH not only promoted the carbon conversion from photosynthesis, but also formed a self-inspiring cycle by promoting the PUFAs synthesis, which are important to the maintenance high photosynthesis activity.
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The unicellular alga Dunaliella salina is regarded as a promising cell factory for the commercial production of β-carotene due to its high yield of carotenoids. However, the underlying mechanism of β-carotene accumulation is still unclear. In this study, the regulatory mechanism of β-carotene accumulation in D. salina under stress conditions was investigated. Our results indicated that there is a significant positive correlation between the cellular ROS level and β-carotene content, and the maximum quantum efficiency (Fv/Fm) of PSII is negatively correlated with β-carotene content under stress conditions. The increase of ROS was found to be coupled with the inhibition of Fv/Fm of PSII in D. salina under stress conditions. Furthermore, transcriptomic analysis of the cells cultivated with H2O2 supplementation showed that the major differentially expressed genes involved in β-carotene metabolism were upregulated, whereas the genes involved in photosynthesis were downregulated. These results indicated that ROS induce β-carotene accumulation in D. salina through fine-tuning genes which were involved in photosynthesis and β-carotene biosynthesis. Our study provided a better understanding of the regulatory mechanism involved in β-carotene accumulation in D. salina, which might be useful for overaccumulation of carotenoids and other valuable compounds in other microalgae.
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INTRODUCTION

Carotenoids are light-harvesting pigments that act as antioxidant molecules. Among the carotenoids, β-carotene is a high-value carotenoid that can be produced in many marine animals, higher plants, and microorganisms including microalgae. Due to its strong pigmentation function, powerful antioxidative activity, and broad beneficial effects on human health, β-carotene possesses a wide range of applications in feed, food, and nutraceutical and pharmaceutical industries, which has attracted great attention (Jin and Melis, 2003; Combe et al., 2015; Liang et al., 2019). However, humans cannot synthesize β-carotene and must obtain it through diet. In 2015, the global β-carotene market was approximately estimated to be US$ 432 million with 36% revenues from microalga-derived natural β-carotene (Nethravathy et al., 2019).

Microalgae are a group of photosynthetic microorganisms and are sources of numerous value-added products, such as lipids, carbohydrates, and carotenoids (Chew et al., 2017). The green microalga Dunaliella salina (thereafter D. salina) can synthesize an extremely large amount of β-carotene (up to 10% of the dry weight) (Harvey and Xu, 2019). The high carotene contents in D. salina make it a promising cell factory for the large-scale production of natural β-carotene. Nevertheless, D. salina has inherent limitations such as slow growth rate and low biomass yield. Moreover, the regulatory mechanism of β-carotene production in D. salina is not clear, which hinders the economically feasible production of β-carotene at industrial level.

It has been reported that an increase in intracellular β-carotene content is often accompanied by a high level of reactive oxygen species (ROS) in microalgal cells which are suffering from abiotic stresses, such as high light, high salinity, and nutrient deprivation (Cowan et al., 1992; Lamers et al., 2008; Ye et al., 2008). ROS mainly include hydrogen peroxide (H2O2), superoxide (O2−), and hydroxyl radical (OH·). It was reported that ROS can act as signals to trigger various cellular events, i.e., activation of many metabolic pathways through phosphorylation cascades and the oxidation of key signaling molecules (Shi et al., 2017; Zhang L. et al., 2019). As signaling molecules, the moderate level of ROS is beneficial for the cells to regulate gene expression and initiate self-protective mechanisms in response to environmental changes (Cowan and Rose, 1991; Liu et al., 2012). However, a high level of ROS accumulated during stress will damage DNA, proteins, lipids, and photosynthetic pigments in microalgae (Liu et al., 2012).

ROS are generally generated from chloroplast and mitochondrial electron transport flows due to excitation of O2 by excessive electrons in microalgae. The chloroplast is the primary compartment for β-carotene formation (Cowan et al., 1992; Kamalanathan et al., 2017). ROS were produced accompanied with β-carotene formation under stress conditions, which can alleviate the oxidative damage to the photosynthetic system in microalgae (Henriquez et al., 2016). Shaish et al. (1993) reported that the photosynthetically produced ROS are involved in triggering massive β-carotene accumulation in D. bardawil. However, the molecular mechanism is still not clear. Under abiotic stress conditions, e.g., high light (HL), nitrogen deprivation (N–) and high salinity (HS), and β-carotene overaccumulation accompanied with high level of ROS were found in D. salina, respectively (Liu et al., 2012; Mirshekari et al., 2019; Zhao et al., 2019). However, there is also still a lack of understanding regarding the regulatory mechanism of ROS on β-carotene accumulation in D. salina under these stress conditions. Moreover, the relationship between photosynthesis activity and β-carotene accumulation is still poorly understood.

Here we investigated the relationship between ROS content and β-carotene accumulation in D. salina under different stress conditions (i.e., high light, high salinity, and nitrogen starvation), and the correlation between photosynthesis activity and β-carotene accumulation was also analyzed using Spearman correlation analysis. Additionally, the differential expression of key genes involved in photosynthesis and β-carotene biosynthesis pathways of the cells cultivated with H2O2 supplementation was also examined through transcriptomic analysis. In this work, we found that ROS play an important role in β-carotene metabolism through fine-tuning the key genes that are involved in photosynthesis and β-carotene biosynthesis in D. salina under stress conditions. Our work might shed light on future research aiming to enhance β-carotene accumulation in D. salina and other microalgae.



MATERIALS AND METHODS


Algal Strain and Culture Conditions

Dunaliella salina strain (CCAP 19/18) was purchased from the Culture Collection of Algae and Protozoa (Windermere, United Kingdom). The strain was previously maintained in the medium of modified Artificial Sea Water (ASW), which was composed of 1.5 M NaCl, 5 mM KNO3, 0.45 mM MgCl2·6H2O, 0.05 mM MgSO4·7H2O, 0.3 mM CaCl2·2H2O, 0.13 mM K2HPO4, 0.02 mM FeCl3, 0.02 mM EDTA, and 1 mL of trace element stock containing 50 mM H3BO3, 10 mM MnCl2·4H2O, 0.8 mM ZnSO4·7H2O, 0.8 mM CuSO4·5H2O, 2 mM NaMoO4·2H2O, 1.5 mM NaVO3, and 0.2 mM CoCl2·6H2O, and the pH was adjusted to 7.5 (Doddaiah et al., 2013). This strain was maintained in 500-mL conical flasks at 50 μmol photons·m−2·s−1 light intensity in this study. To test the effect of H2O2 supplementation on β-carotene accumulation in cells, different concentrations of H2O2 (0, 0.5, 1.0, 1.5, and 2.0 mM) were added to algal cultures in ASW medium.

The cells were cultivated in air-lift laboratory-scale flat photobioreactors (0.22 × 0.22 × 0.025 m) filled with 1.0 L of culture medium under the following five different culture conditions: nitrogen starvation (N–, ASW medium without KNO3), high light (HL, 2,000 μmol photons·m−2·s−1), high salinity (HS, 3.0 M NaCl), and optimal growth condition (N+, control). Unless otherwise noted, all the cells were cultured in ASW medium at 25°C aerated with filter-sterilized air at 0.5 vvm and illuminated at 100 μmol photons·m−2·s−1. The different culture conditions were shown in Table 1.


Table 1. The different culture conditions used in this study.
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Biomass and β-Carotene Determination

Dry weight was determined as previously described (Chi et al., 2016). Briefly, 10.0-mL cultures were filtered using pre-weighed Whatman GF/C filters (47 mm diameter) and washed three times with 2.0 mL 0.5 M ammonium bicarbonate and then were dried at 60°C for 16 h in an incubator. The dried biomass (g·L−1) of the microalgal cells was then gravimetrically measured.



β-Carotene Extraction and Determination

β-Carotene was extracted and measured following the method previously described (Zhu et al., 2018, Kleinegris et al., 2010). Briefly, 1.0 mL of cell culture at exponential phase was harvested at 10,000 g for 2 min and resuspended in 3.0 mL dodecane and 9.0 mL of methanol. After centrifugation for 2 min at 10,000 g, the dodecane-containing lipophilic carotenoids (upper layer) were obtained and measured with a spectrophotometer (Jasco V-530, JASCO Corporation, Japan) at 453 and 665 nm with dodecane as a reference. The carotene concentration was calculated as Equation (1):

[image: image]

where (A453-A665/3.91) is the absorbance of β-carotene corrected for chlorophyll contamination, 3.657 is the calibration factor derived from HPLC analysis of β-carotene concentration, 3 is the amount of milliliters of dodecane added for extraction, and X is the dilution factor to measure absorbance on spectrophotometer (Kleinegris et al., 2010, 2011).

The amount of β-carotene in the algal biomass was calculated according to Equation (2).
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where Cβ−car is the β-carotene content (mg·L−1), and DW is the cell dry weight (g·L−1) (Zhu et al., 2018).



Determination of ROS and H2O2 Levels

The ROS levels were determined using the ROS assay kit (Beyotime Institute of Biotechnology, China) as previously reported (Kong et al., 2018). Briefly, 10 μM of 2′,7′-dichlorofluorescein diacetate (DCFH-DA) was added to 1.0 mL samples containing 1.0 × 106 cells and incubated for 20 min in the dark. The samples were washed twice and resuspended in 1.0 mL fresh medium. The fluorescence emission spectra were read at 525 nm (with excitation at 500 nm) using a fluorescence spectrophotometer (F-4500, Hitachi, Japan) (Liu et al., 2012).

The H2O2 content was measured using a commercial H2O2 assay kit (NJJCBIO, China) as previously described (Zhang L. et al., 2019). Briefly, 1.0 × 106 fresh algal cells were homogenized in an ice bath and centrifuged at 10,000 g for 3 min, and H2O2 concentration was measured following the manufacturer's protocols.



Chlorophyll Fluorescence Analysis

The chlorophyll fluorescence was measured by a Dual Pulse Amplitude Modulated Fluorometer (Water-PAM Heinz Walz GmbH, Effeltrich, Germany). Dark adaption was carried out for 10 min before applying a saturating pulse (0.6 s, 1,400 μmol·m−2·s−1) to measure the maximal quantum yield of PS II (Fv/Fm), non-photochemical quenching (NPQ) and actual quantum yield of PS II (F/Fm′) (Chi et al., 2016; Liu et al., 2018).



RNA-Seq and Differentially Expressed Gene Analysis

Total RNAs were, respectively, extracted from three biological replicates of D. salina cells cultivated with or without H2O2 supplementation using a Total RNA Extraction System (Takara, Japan) following the previous method (Liang et al., 2020). The RNA concentration and integrity were assessed using NanoDrop 2000 (Thermo) and an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). The mRNA was purified and fragmented to about 200 nt. These fragments were used as templates to synthesize cDNA. After purification, their sequencing was performed in Novogene Bioinformatics Technology Co. (Beijing, China).

RNA-seq data was analyzed by Novogene Bioinformatics Technology Co. (Beijing, China). Clean reads obtained from editing raw reads were mapped onto unigene sequences using Bowtie2-2.2.3. The expected number of Fragments Per Kilobase of transcript sequence per Millions base pairs sequenced (FPKM) was performed to quantify gene expression levels, and DESeq R package was used to analyze the differentially expressed genes (DEGs) in D. salina cells between control and H2O2-induced samples with a significantly differential expression at p < 0.05 and fold change ≥1. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for DEGs were annotated by KEGG automatic annotation server (Liang et al., 2020).



Statistical Analysis

All the experiments were carried out in three biological replicates, and the data were presented as the mean value ± standard division (SD). Correlation between ROS and β-carotene content was analyzed using Spearman correlation analysis and the statistical analyses were conducted using SPSS 19.0 (SPSS, Chicago, IL, USA).




RESULTS AND DISCUSSION


The β-Carotene Production Was Enhanced Under Stress Conditions in D. salina

To date, several studies have reported the effect of different culture conditions (e.g., HL, HS, and N-) on the β-carotene content in D. salina, respectively (Liu et al., 2012; Mirshekari et al., 2019; Zhao et al., 2019). However, it is difficult to directly compare the exact results of these studies, mainly due to various initial cell numbers inoculated and different illumination techniques applied. To study whether various stress conditions result in the same oxidative stress for carotenoid accumulation, we compared the effect of different stress conditions on β-carotene and biomass production in D. salina. We inoculated the cells with the same initial biomass density (0.11 g·L−1) and cultivated them in photobioreactors that enable well-defined light regimes and remain constant cultivation conditions throughout experiments. The lower biomass concentrations were observed under N- and HS stress conditions compared with optimal growth conditions (N+) (Figure 1A). For example, the biomass concentrations were, respectively, 0.31 and 0.33 g·L−1 under the N– and HS conditions upon 96 h, which were significantly lower than that of the N+ condition (0.42 g·L−1). However, under HL conditions D. salina has a higher biomass concentration (e.g., 0.51 g·L−1 upon 96 h) compared with the N+ condition (Figure 1A). Although the cell growth was arrested under N– and HS conditions, β-carotene accumulation was enhanced under all the stress conditions tested. The maximal β-carotene content was observed under HL (5.18%), followed by 3.55 and 2.04% under N- and HS conditions, which are significantly higher than that under N+ conditions (1.38%) (Figure 1B). These results suggest that the slower growth rate or the higher light intensity can enhance the production level of β-carotene. The increased β-carotene levels might be due to the response to these stress conditions.
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FIGURE 1. Time profiles of the growth and β-carotene accumulation (A,B) of D. salina cells cultivated under different stress conditions. DW, dry weight; N+, optimal growth condition (control); N–, nitrogen starvation; HS, high salinity; HL, high light. Plotted data are the averages ± standard division (SD) of three biological replicates.


In D. salina, β-carotene is largely accumulated under N- conditions (Lamers et al., 2012). β-Carotene accumulation was also enhanced under HL or HS conditions (Lamers et al., 2008, 2010; Einali and Valizadeh, 2015). Indeed, we have also found that the production level of β-carotene is higher in those stress conditions tested (Figure 1). Moreover, our results suggested that the content of β-carotene is higher but the biomass is lower under N- and HS stress conditions (Figure 1A). This could be partially due to large amounts of carbon and ATP being channeled from synthesis of energy compounds for growth to the synthesis of metabolites (e.g., carotenoids) (Liu et al., 2018). Noticeably, the biomass and β-carotene accumulation are both higher in HL conditions compared with other cultivation conditions tested (Figure 1). This could be due to the fact that more energy was transferred to biomass production and β-carotene synthesis under HL conditions in D. salina (Wu et al., 2016; Habiby et al., 2018; Song et al., 2018). It is likely that HL is a more potent inducer of β-carotene overproduction than nitrogen depletion (Figure 1B). However, in terms of energy cost, β-carotene production through nitrogen depletion still appears more promising, since 20 times less light energy was applied than that in the HL condition (Table 1). In contrast to the other stress conditions tested, the intracellular β-carotene content was only increased to 2.04% upon 96 h after high-salinity treatment (Figure 1B). This result indicated that salinity-induced β-carotene accumulation was very limited in D. salina. Recently, it was also reported that high-salinity stress does not significantly promote the accumulation of β-carotene or even has adverse effects in an isolated D. salina strain (GY-H13) (Zhu et al., 2020), which is similar with reports in other microalgae, such as Dunaliella parva (Shang et al., 2018). Taken together, our results indicated that β-carotene production was enhanced under all the stress conditions tested, even though the increased levels of β-carotene and growth rate in response to stimuli derived from different stress are varied.



Correlation Between Photosynthesis Activity and β-Carotene Accumulation

Carotenoids are essential components of photosynthetic organisms including algae. We examined the relationship between photosynthesis activity and β-carotene accumulation. Although under stress conditions (i.e., HL, N–, and HS) the β-carotene content was increased (Figure 1B), the maximal quantum yield of PS II (Fv/Fm) was decreased significantly and the non-photochemical quenching (NPQ) was enhanced (Figures 2A,B).
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FIGURE 2. The profiles of the Fv/Fm and NPQ (A,B) evaluated over time, and the correlation of the Fv/Fm and NPQ with corresponding carotene content (C,D) under different culture conditions, respectively. Fv/Fm, maximum quantum efficiency of PS II; NPQ, non-photochemical quenching; N+, optimal growth condition (control); N-, nitrogen starvation; HS, high salinity; HL, high light. Plotted data are the averages ± SD of three biological replicates.


Furthermore, Spearman correlation analysis was used to investigate the correlation between photosynthesis activity and β-carotene accumulation under stress conditions. The maximal Spearman correlation coefficient (−0.924, p < 0.05) was observed by plotting the Fv/Fm against the corresponding β-carotene content (%) (Figure 2C), while the coefficient of 0.895 (p < 0.05) was obtained when plotting NPQ (Figure 2D). These results show that Fv/Fm were negatively while NPQ were positively correlated with β-carotene accumulation under different stress conditions. It is found that Fv/Fm can be regarded as a stress indicator (Cao et al., 2019); the decrease of Fv/Fm suggested that the photosynthesis activity was arrested under N starvation, HL, and HS stress conditions. NPQ is a protection process that thermally dissipates excessive light energy absorbed by photosynthesis pigment (Wang et al., 2016). It was reported that ROS produced under stress conditions can decrease photosynthetic activity through the peroxidation of lipids in the thylakoids, damage of PSII complex, and decrease in overall activity of the electron transport chain of PSII (Salguero et al., 2003; Zhang L. et al., 2019). Therefore, ROS generation may be one of the major factors accounting for the decrease of photosynthesis efficiency (the effective photochemical efficiency of PSII reaction centers) in D. salina under stresses conditions.



Correlation Between ROS Production and β-Carotene Accumulation

In the photosynthetic microorganisms, the imbalance between light harvesting and energy utilization during stress conditions will result in the production of ROS, due to overexcitation of chlorophyll molecules (Shi et al., 2017). Then, the contents of total ROS and representative ROS (e.g., H2O2) were investigated under the aforementioned stress conditions. We found that the contents of total ROS and H2O2 are significantly higher under all the stress conditions compared with normal condition (N+) (Figures 3A,B). However, the ROS and H2O2 levels are varied among all stress conditions tested with the highest level under the HL condition (Figures 3A,B). The plateau period of ROS and H2O2 contents appeared at 48 and 72 h, respectively (Figures 3A,B), which indicate that other ROS (e.g., O2·- and OH·) are also promptly produced in the cells under stress conditions.
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FIGURE 3. The intracellular contents of ROS and H2O2 (A,B), and relationship of total ROS and H2O2 with corresponding β-carotene content (C,D) under different stress conditions, respectively. N+, optimal growth condition (control); N–, nitrogen starvation; HS, high salinity; HL, high light. The experiments were carried out in triplicate and the data were presented as the mean value ± SD.


Although a simultaneous increase in ROS and β-carotene accumulation under stress conditions was observed in D. salina, the relationship between ROS production and β-carotene accumulation is currently still unclear. In this study, Spearman correlation analysis was used to investigate the correlation between the two events. Here, four stress conditions were evaluated together rather than examining a single condition to avoid false-positive correlations. The maximal Spearman correlation coefficient (0.90, p < 0.01) was observed by plotting the ROS concentration against the corresponding β-carotene content (%) (Figure 3C), while the coefficient of 0.97 (p < 0.01) was obtained when plotting H2O2 (Figure 3D). Generally, if the Spearman correlation coefficient is more than 0.8, it is assumed that there is a strong correlation between two events (Zhang L. et al., 2019). Thus, our results show that intracellular ROS and H2O2 levels were positively correlated with β-carotene accumulation under different stress conditions. The simultaneous increases of ROS and β-carotene contents under stress conditions were also found in other green microalgae such as C. reinhardtii (Sun et al., 2018). Moreover, it was reported that the upregulation of de novo carotenoid synthesis in C. reinhardtii cells under HL conditions is mediated through H2O2 (Chang et al., 2013).

Overall, our data indicated that the stress conditions are likely to cause the decrease of Fv/Fm accompanied with the high level of ROS generated. Subsequently, the ROS trigger the overaccumulation of β-carotene. The elevated β-carotene content under stress conditions might be due to the stimuli caused by ROS in D. salina under stress conditions.



H2O2 Supplementation Results in Lower Biomass and β-Carotene Overaccumulation

To further evaluate the idea that β-carotene overaccumulation observed in D. salina may result from an increased ROS, we determined the β-carotene contents in the cells cultivated with H2O2 supplementation. Considering the dual role of H2O2 on cell physiology and metabolism, the H2O2 concentration used was optimized in this work based on the ratio of H2O2 provided by previous reports (Yilancioglu et al., 2014; Zhang et al., 2016). We found that the biomass was reduced while the β-carotene content was increased when the amount of H2O2 concentration supplemented is increasing (Figures 4A,B). A significant increase in cellular β-carotene concentration (p < 0.05) was observed at 2.0 mM H2O2 upon 96 h (Figure 4B). The β-carotene content was increased to 6.7-fold, and the yield of β-carotene was 3.9-fold higher at 2.0 mM H2O2 than that under optimal growth conditions (Figures 4B,C). These results suggest that β-carotene accumulation can be enhanced by moderate H2O2 supplementation.
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FIGURE 4. Effect of H2O2 supplementation on biomass and β-carotene content in D. salina. Time-course analyses of the biomass (A) and β-carotene content and yield (B,C) when the cells were cultivated with H2O2 supplementation of different concentrations. DW, dry weight. Plotted data are the averages ± SD of three biological replicates.




Transcriptomic Analysis Reveals Key Genes Involved in β-Carotene Overaccumulation Induced by ROS

To explore the transcriptional response induced by H2O2, the differentially expressed genes (DEGs) from D. salina grown with H2O2 supplementation (2.0 mM) were investigated by transcriptomic analysis. A high correlation coefficient was obtained within the same treatment condition, while a low correlation coefficient was observed between the different treatment conditions (Figure 5A). These results indicate that the transcriptome data were reliable. There are 2,252 genes with a change of at least 2-fold that we assumed as DEGs, of which 1,114 genes were upregulated, and 1,138 genes were downregulated (Figure 5B).


[image: Figure 5]
FIGURE 5. Gene ontology classification analysis of unigenes that are involved in the overaccumulation of β-carotene induced by ROS. (A) The correlation plot between different samples. I01, I02, and I03 (2.0 mM H2O2); C01, C02, and C03 (Control, 0 mM H2O2). (B) MA plot of differentially expressed genes (DEGs). Significantly upregulated and downregulated genes are shown as red and green dots, respectively. Genes with no significant changes are shown as blue spots. (C) Gene ontology (GO) classification analysis of DEGs. The X-axis shows the GO function. The Y-axis shows the number of genes detected. Significantly upregulated and downregulated genes are shown as red and green rectangles. BP, biological processes; CC, cellular components; and MF, molecular functions.


Furthermore, the gene ontology (GO) classification was performed according to the gene annotations. Most of DEGs were distributed in three GO terms, among which 526, 197, and 679 of DEGs were assigned in the biological process category, cellular component category, and molecular function category, respectively (Figure 5C). In the biological processes, the most active subcategories were the clusters of the “metabolic process” and “cellular process.” The main subcategories in molecular functions were the clusters of “binding” and “catalytic activity.” In the cellular components, most of the detected DEGs were dominantly located in “cell” and “cell part.” Moreover, the genes involved in the biological processes of “reproduction” and “reproductive processes” were significantly downregulated in D. salina (Figure 5C), which partially account for the reasons of the increased growth of the cells as shown in Figure 1A.

We found that the β-carotene and ROS contents were increased but photosynthesis activity was reduced during cultivation of D. salina (Figures 1, 2) under stress conditions, and therefore, the genes involved in the photosynthesis and β-carotene biosynthesis were analyzed upon H2O2 supplementation. Most of DEGs involved in photosynthesis pathways (e.g., antenna proteins) were significantly downregulated when H2O2 was supplemented (Supplementary Figures 1, 2). This result is consistent with a previous study that the major DEGs involved in photosynthesis pathways (e.g., PSII) exhibited a dramatic downregulation with ROS burst in Dunaliella bardawil under heat stress conditions (Liang et al., 2020). In other microalgae such as Chromochloris zofingiensis, it was also reported that most genes encoding components of PS I, PS II, light-harvesting complexes (LHCs), and Cyt b6/f exhibited dramatic downregulation in response to nitrogen deprivation (Zhang Y. et al., 2019). Furthermore, our results showed that the key genes involved in biosynthesis of carotenoids were upregulated upon H2O2 supplementation (Supplementary Figure 3). For example, phytoene synthase (PSY), phytoene desaturase (PDS), and zeta-carotene desaturase (ZDS), known as the rate-limiting enzymes during carotenoid biosynthesis (Shang et al., 2018; Zhu et al., 2020), were highly overexpressed upon H2O2 supplementation (Supplementary Figure 3). These results are consistent with the previous studies that the expressions of PSY, PDS, and ZDS were upregulated by quantitative RT-PCR validation in D. salina under stress conditions (e.g., high light, nutrient deprivation, high salinity), respectively (Coesel et al., 2008; Lv et al., 2016; Zhu et al., 2020). Similarly, in the H2O2-treated C. reinhardtii cells, the transcripts of both PSY and PDS were also dramatically increased (Chang et al., 2013). The increased expression of these key genes indicated that they might play an important role in the biosynthesis of β-carotene.

The genes involved in starch, sucrose, fatty acids, and amino acid metabolism were also examined. There are 9 genes that are involved in the synthesis of starch and sucrose which were downregulated in D. salina cells when cultivated with H2O2 supplementation (Supplementary Table 1). The expression of 28 genes which are involved in the biosynthesis of amino acids pathway was negatively correlated with H2O2 (Supplementary Table 2). A similar phenomenon was also found in the previous study that the DEGs responsible for the biosynthesis of amino acids was downregulated in D. bardawil under heat stress (Liang et al., 2020). Our transcriptomic data showed that genes such as FabF, FabD, FabG, FabZ, and FabI that are involved in the fatty acid biosynthesis pathway were downregulated (Supplementary Table 3), while the genes such as FDH1, ATO1, ACAT, and ACSL that are involved in the fatty acid degradation were highly expressed when H2O2 was supplemented (Supplementary Table 4). Most of the DEGs involved in fatty acid biosynthesis were also downregulated in D. bardawil under heat stress (Liang et al., 2020) and in C. zofingiensis upon nitrogen deprivation condition (Zhang Y. et al., 2019; Zhang et al., 2020). Overall, our results indicated that the increased expressions of genes involved in fatty acid degradation and the decreased expression of genes involved in the pathways of fatty acid, amino acid, and starch biosynthesis might facilitate β-carotene overaccumulation in D. salina after H2O2 was supplemented. Moreover, the transcriptome data show that the expressions of key genes involved in the synthesis of energy storage compounds (e.g., starch and lipids) and the photosynthesis activity were decreased, respectively, in D. salina cells cultivated with H2O2 supplementation, which might account for the changes of cellular photosynthetic efficiency and energy metabolism (Liska et al., 2004; Li et al., 2010; Zhao et al., 2019).

In this study, the potential relationship between ROS and β-carotene biosynthesis is proposed in D. salina under stress conditions (Figure 6). Our results suggested that the key genes involved in photosynthesis pathways were downregulated in the cells when H2O2 was supplemented (Supplementary Figure 1), which indicated that the photosynthetic activity was reduced. The excessive electrons from the photosynthesis system could lead to ROS generation and overaccumulation (Shaish et al., 1993), which will further result in decreased generation of NADPH and ATP. Therefore, NADPH and ATP might not be sufficient for the synthesis of glyceraldehyde-3-phosphate (G3P, which is the precursor and carbon skeleton for β-carotene biosynthesis) through the Calvin cycle. The downregulated genes for the synthesis of starch and upregulated genes for the fatty acid degradation pathway under H2O2 supplementation in this study indicate that more cellular energy and precursors might be recycled or shuttled for β-carotene biosynthesis. Overaccumulated ROS are proposed to trigger the high expressions of key genes (e.g., PSY, PDS, ZDS, and LcyB) that are involved in β-carotene synthesis (Figure 6) and thus lead to β-carotene overaccumulation in D. salina under stress conditions. Therefore, it is likely that ROS can also serve as mediators or second messengers and play important roles in the regulation of intracellular energy metabolism in response to environmental stress in microalgae D. salina. In this work, we found that β-carotene overaccumulation was induced by ROS through fine-tuning the genes involved in β-carotene biosynthesis. Based on these results, the relationship between ROS and β-carotene accumulation in D. salina under stress conditions was proposed. This study provided a better understanding of the regulatory mechanism involved in β-carotene accumulation in D. salina, which will be useful for overaccumulation of carotenoids and other valuable compounds in other microalgae.


[image: Figure 6]
FIGURE 6. The tentative model of the correlationship between ROS and β-carotene accumulation. G3P, glyceraldehyde-3-phosphate; GGPP, geranylgeranyl diphosphate; LcyB, lycopene β-cyclase; PDS, phytoene desaturase; PSY, phytoene synthase; ZDS, z-Carotene desaturase; PQ, plastoquinone; PC, plastocyanin; ROS, reactive oxygen species; PsbP, photosystem II oxygen-evolving enhancer protein; PsbQ, photosystem II oxygen-evolving enhancer protein; PsbR, photosystem II 10 kDa protein; PsbW, photosystem II reaction center W protein; PsaF, photosystem I reaction center subunit III; PsaG, photosystem I reaction center subunit V. Significantly upregulated and downregulated genes are shown as red and green rectangles.





CONCLUSIONS

In this study, a high positive Spearman correlation coefficient was observed between the cellular ROS level and β-carotene content in D. salina under stress conditions. Moreover, our transcriptome data indicate that most of the DEGs involved in biosynthesis of β-carotene were significantly upregulated, and those of which involved in photosynthesis activity were downregulated when the cells cultivated with H2O2 supplementation. Overall, our results indicated that ROS induce β-carotene biosynthesis caused by changes of photosynthesis efficiency and energy metabolism in D. salina under stress conditions.
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Serine/threonine kinases (STKs) play important roles in prokaryotic cellular functions such as growth, differentiation, and secondary metabolism. When the external environment changes, prokaryotes rely on signal transduction systems, including STKs that quickly sense these changes and alter gene expression to induce the appropriate metabolic changes. In this study, we examined the roles of the STK genes spkD and spkG in fatty acid biosynthesis in the unicellular cyanobacterium Synechocystis sp. PCC6803, using targeted gene knockout. The linoleic acid (C18: 2), γ-linolenic acid (C18: 3n6), α-linolenic acid (C18: 3n3), and stearidonic acid (C18: 4) levels were significantly lower in spkD and spkG gene knockout mutants than in the wild type at a culture temperature of 30°C and a light intensity of 40 μmol⋅m–2⋅s–1. The expression levels of fatty acid desaturases and STK genes differed between the spkD and spkG gene knockout mutants. These observations suggest that spkD and spkG may directly or indirectly affect the fatty acid composition in Synechocystis sp. PCC6803 by regulating the expression of fatty acid desaturases genes. Therefore, the STK genes spkD and spkG play important roles in polyunsaturated fatty acid biosynthesis in Synechocystis sp. PCC6803. These findings could facilitate the development of cyanobacteria germplasm resources that yield high levels of fatty acids. In addition, they provide a theoretical basis for the genetic engineering of cyanobacteria with improved yields of secondary metabolites and increased economic benefits.

Keywords: microalgae, serine/threonine kinase system, polyunsaturated fatty acids, biosynthesis, Synechocystis sp. PCC6803


INTRODUCTION

Polyunsaturated fatty acids (PUFAs) are fatty acids with multiple unsaturated bonds (any number of carbon atoms). Long chain PUFAs has multiple unsaturated bonds and more than 18 carbon atoms in the fatty acid chain. PUFAs are divided into multiple categories based on the position where the unsaturated bond starts relative to the methyl end of the fatty acid carbon chain, using the ω (omega) numbering system. ω-3 and ω-6 PUFAs play important roles in various organisms (Mayra et al., 2020). In addition to having important physiological functions, these PUFAs, including linoleic acid (C18: 2), α-linolenic acid (C18: 3n3), γ-linolenic acid (C18: 3n6), stearidonic acid (C18: 4), arachidonic acid (C20: 4n6), eicosapentaenoic acid (C20: 5), and docosahexaenoic acid (C22: 6), have high nutritional and medicinal value. PUFAs are critical to the function and structure of the nervous system, especially in children. Thus, the demand for PUFAs is increasing. The large-scale industrialization of PUFAs would provide a solution to the PUFA supply and demand (Jan et al., 2010).

PUFAs have traditionally been derived from oils obtained from deep-sea fish and shellfish (Pauly et al., 2005; Hibbeln et al., 2006). However, factors such as seasonal restrictions, increased environmental pollution, overfishing, and residual fishy odor during the purification of PUFAs from fish oil have limited the production of PUFAs (Drexler et al., 2003). Cyanobacteria have been genetically engineered to produce PUFAs that do not have the shortcomings of traditional PUFAs sources (Gong and Miao, 2019; Somayeh et al., 2019). These prokaryotes use sunlight and carbon dioxide to produce a variety of valuable metabolites. Cyanobacteria have beneficial characteristics that make them ideal for large-scale cultivation, including a rapid growth rate and high metabolic yield (Jan et al., 2010). The single-cell cyanobacterium Synechocystis sp. PCC6803, a facultative autotrophic organism that uses light energy, is considered a model organism to study PUFA biosynthesis (Guedes et al., 2011; Sara et al., 2015).

Serine/threonine kinases (STKs) play important roles in the growth, differentiation, and secondary metabolism of prokaryotic cells (Rajagopal et al., 2003). When the external environment changes, prokaryotes such as cyanobacteria rely on signal transduction systems that include STKs to quickly perceive changes, and through the precise regulation of gene expression, alter their metabolic processes accordingly. The mechanism employed by STKs in cyanobacteria is similar to that in eukaryotes. After receiving the signal, STKs become activated through phosphorylation of their serine and threonine residues, and cooperate with other signal molecules. For example, when exposed to ultraviolet radiation, osmotic stress, heat stress, salt stress, or cold stress, STK proteins are activated and phosphorylate their downstream molecules, ultimately allowing these external signals to be transmitted to the nucleus (Zhang et al., 2007). The precise regulation of gene expression (Hasegawa et al., 2000) leads to changes in metabolite levels, allowing the cyanobacterium to withstand various types of adversity (Liu et al., 2015; Piyoosh et al., 2019).

Synechocystis is the first cyanobacterium whose entire genome has been sequenced. Based on its genome sequence, Synechocystis contains seven STK genes, including spkA (sll1574), spkB (slr1697), spkC (slr0599), spkD (sll0776), spkE (slr1443), spkF (slr1225), and spkG (slr0152) (Zhou et al., 2011). spkA and spkB of Synechocystis sp. PCC6803 contribute to cell movement, spkE encodes a protein lacking kinase activity, spkC, spkF, and spkK have been found to be involved in the phosphorylation of the small molecular chaperone protein GroES (Zorina et al., 2011) and PknD of Anabaena sp. PCC7120 is involved in regulating nitrogen metabolism (Zhang and Libs, 1998; Zhou et al., 2015). Therefore, we first constructed spkD and spkG knockout mutant strains, and identified a potential connection between these genes and PUFAs.

The main function of STKs is signal transduction. Several STK genes are involved in cell growth and cell survival, but their roles in unsaturated fatty acid biosynthesis is remaining unknown. We previously performed qRT-PCR of STK genes in Synechocystis sp. PCC6803 at 2, 4, and 6 days of culture, finding that spkD and spkG were expressed at significantly higher levels in strains with high levels of PUFAs compared to the wild type when grown at a temperature of 30°C and a light intensity of 40 μmol⋅m–2⋅s–1. In addition, there have been related reports showing that spkG plays an important role in STKs (Liang et al., 2011), and we obtained two knockout mutants, spkG and spkD. These findings suggest that spkD and spkG play important roles in unsaturated fatty acid biosynthesis in Synechocystis sp. PCC6803.

Most studies of the unsaturated fatty acid biosynthesis pathway conducted in Synechocystis to date have aimed to identify gene functions through analyses of mutants with metabolic deficiencies. However, our knowledge of the genes that function in Synechocystis fatty acid metabolism is incomplete. STKs have a variety of physiological functions in the cyanobacteria Synechocystis sp. PCC6803 and Anabaena sp. PCC7120, such as biological movement, osmotic pressure regulation, and cell survival. For example, the STK genes spkA and spkB are thought to function in cell movement (Kamei et al., 2001); spkH is thought to help maintain osmotic pressure in the cell (Kalyanee et al., 2004); and spkD affects cell survival (Laurent et al., 2008). However, the roles of other STK genes are still being explored, and the roles of STKs in PUFA biosynthesis in cyanobacteria are currently unknown.

Through the screening of STKs genes and the construction of plasmids, we obtained two mutants: spkD and spkG. Preliminary experimental results showed that PUFA accumulation in spkD and spkG deletion mutants was significantly lower than that in the wild type. Therefore, we carried out subsequent experiments using these mutants.

In this study, we further studied the role of spkD and spkG in PUFA biosynthesis in Synechocystis sp. PCC6803. We constructed spkD and spkG deletion mutant strains of Synechocystis sp. PCC6803 (spkD- and spkG-) and measured the expression levels of fatty acid desaturases and STK genes in the mutants at various points throughout the lifecycle. Fatty acid desaturases catalyze the dehydrogenation of carrier-bound fatty acids to form double bonds in the fatty acid chain. Fatty acid desaturases play an important role in the metabolism of fatty acids and in the maintenance of the correct structure and biological function of the membrane in the organism. Therefore, fatty acid desaturases were analyzed in our experiment. The contents of four unsaturated fatty acids were lower in the spkD and spkG deletion mutants than in the wild type, whereas the expression levels of fatty acid desaturases genes were higher in the mutants, indicating that spkD and spkG play important roles in PUFA biosynthesis in Synechocystis sp. PCC6803. This study lays the foundation for further investigating the effects of other STK genes on fatty acid biosynthesis.



RESULTS


Inactivation of spkD and spkG in Synechocystis sp. PCC6803

We constructed spkD and spkG deletion plasmids (Figures 1A,B) by replacing these genes with a kanamycin resistance cassette and spkD and spkG were separated into 0.9 and 1.0 kb fragments, respectively. These plasmids were used to transform into Synechocystis sp. PCC6803 to obtain the spkD Kanr locus and spkG Kanr locus mutants, here after referred to as spkD-and spkG-, respectively. To verify that spkD/spkG were successfully knocked out, we conducted PCR analysis using primer pair 1 (spkD-F and spkD-R) and primer pair 2 (spkG-F and spkG-R; Table 1). Whereas primer pairs 1 and 2 amplified 1.9 kb fragments from wild type genomic DNA, they amplified 3.3 kb fragments from the mutant genomic DNA. All amplification products were of the predicted size (Figures 1C,D). PCR is confirmed that all copies of spkD/spkG in the Synechocystis sp. 6,803 genome were replaced by the deletion cassette. Thus, we successfully knocked out the spkD and spkG genes in Synechocystis, and obtained two deletion mutant strains.
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FIGURE 1. Construction of Synechocystis spkD and spkG gene knockout vectors and PCR detection of mutant strains. (A) Diagram of the spkD gene-directed knockout vector. The gray region (445 bp) shows the unamplified area in the ORF of spkD; (B) Diagram of the spkG gene-directed knockout vector. The gray region (40 bp) shows the unamplified area in the ORF of spkG; (C) PCR detection of spkD gene-directed knockout, M: Trans 2K plus DNA Marker, WT: spkD gene in wild type Synechocystis, Lane 1: spkD gene knockout mutant; (D) PCR detection of spkG gene knockout, M: Trans 2K plus DNA Marker, WT: spkG gene in wild type Synechocystis; Lane 1: spkG gene knockout mutant.



TABLE 1. Primer sequences used in this study.
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Growth Characteristics of Wild Type and Mutant Strains

To determine whether the knockout of spkD and spkG genes would affect the normal growth of Synechocystis, we incubated the cultures for 10 days under normal light intensity (40 μmol⋅m–2⋅s–1) and measured the OD730 value once daily. Based on these OD730 values, we generated growth curves of the wild type and two mutant strains. The growth patterns of all three Synechocystis strains were roughly similar (Figure 2A). The OD730 values of the knockout mutants were slightly higher than that of the wild type under the same conditions; the final OD730 value of the spkG knockout mutant was the highest. Nevertheless, the overall differences among the three strains were small, indicating that the algal cell density and growth rates were approximately the same.
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FIGURE 2. Growth curves and specific growth rates of mutant and wild type cultures under normal light conditions (A) Growth curves of wild type Synechocystis sp. PCC6803 and two knockout mutants; (B) Specific growth rates of wild type Synechocystis sp. PCC6803 and two knockout mutants. WT represents wild type; spkD represents spkD knockout mutant; and spkG represents spkG knockout mutant. The experiment was carried out under a normal light intensity of 40 μmol⋅m–2⋅s–1. △t is the length of the time interval in days. Values are means ± SD (bars) of three independent experiments conducted on different days. The absence of a bar indicates that the SD falls within the symbol.


We generated a standard curve of Synechocystis density and OD730 (y = 32,798x + 6,249, R2 = 0.9896). Using this growth curve, the density of Synechocystis under different OD values could be determined. We conducted a statistical analysis of the growth rates of the two mutant strains and the wild type under normal light conditions (Figure 2B). The growth rates of all three cyanobacterial strains peaked on the second day of culture, began to increase slightly on the fourth day, and reached a second small peak on the sixth day. However, after this stage of culture, the growth rate began to decline until it reached the lowest value and became stable. Overall, there was no significant difference in growth rates between the mutant and wild type strains.



Effects of Knocking Out spkD and spkG Under Normal Light Conditions on STK Gene Expression in Synechocystis

To examine the effect of spkD and spkG gene knockout on the expression of other STK genes, we conducted follow-up experiments investigating differences in the expression levels of these related genes in wild type and mutant Synechocystis sp. PCC6803 under normal light conditions. The STK-related genes were generally expressed at lower levels in the spkD knockout mutant than in the wild type (Figure 3). Except for spkA transcript levels at 24 h of light treatment, the differences in gene expression patterns between the mutant and wild type strains were substantial, with a maximum difference in expression observed at approximately 6 h of light treatment, especially in the case of spkE. Knockout of spkD had the greatest effect on spkE expression, pointing to a possible association between these genes. In addition, the STK-related genes were expressed at higher levels in the mutant than in the wild type Synechocystis sp. PCC6803 before 6 h of light treatment, suggesting that spkD might be involved in regulating the expression of some inhibitors during the early stages of STK biosynthesis.
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FIGURE 3. Changes in serine/threonine kinase (STK) gene expression in wild type and mutant strains detected after different periods of exposure to normal light. WT represents wild type Synechocystis sp. PCC6803; spkD- represents the spkD knockout mutant; spkG- represents the spkG knockout mutant. The experiment was carried out under a normal light intensity of 40 μmol⋅m–2⋅s–1. (A–E) show the relative expression levels of spkA, spkB, spkC, spkF, and spkE, respectively, in the wild type and two mutant strains. (F) Relative expression levels of spkG in the wild type and spkD-. The data correspond to the left vertical axis. The black bars represent the wild type. Synechocystis sp. PCC6803, and the red bars represent the mutation that knocked out spkD. The right vertical axis shows the relative expression levels of spkD in the wild type and spkG-, and the black bar represents the wild type. The blue bar represents the mutation that knocked out spkG. Values are means ± SD (bars) of three independent experiments conducted on different days. The absence of a bar indicates that the SD falls within the symbol.


We also examined the expression of STK-related genes in the spkG knockout mutant under the same conditions. Under normal light conditions, the difference in spkA and spkB gene expression in the spkG knockout mutant vs. the wild type was greatest at 24 h, and the expression of spkC, spkD, spkE, and spkF increased overtime (Figure 3). The difference in gene expression also gradually increased over time. Since the knockout of spkG strongly affected spkC, spkD, spkE, and spkF expression, we speculate that spkG is associated with the expression of these genes in Synechocystis sp. PCC6803.



Effects of Knocking Out spkD and spkG on the Expression of Fatty Acid Desaturases Genes in Synechocystis

Fatty acid desaturases is a key enzyme in the PUFA biosynthesis pathway, catalyzing the formation of double bonds at specific locations on the fatty acid chain. There are four types of fatty acid desaturasess in cyanobacteria: delta 6 fatty acid desaturases, delta 9 fatty acid desaturases, delta 12 fatty acid desaturases and delta 15 fatty acid desaturases. Referred to, respectively, as d6D, d9D, d12D, and d15D, these fatty acid desaturases differ depending on where they form double bonds in fatty acids.

Using qRT-PCR, we compared the expression patterns of the four fatty acid desaturases genes in the wild type and mutant strains at different time points under normal light conditions. The expression of the fatty acid desaturases related genes tended to decrease over time in both mutant strains, but to increase in the wild type. These genes were expressed at higher levels in the spkD knockout mutant than in the spkG knockout mutant. Under normal light conditions, desaturases are expressed at higher levels in the spkD deletion mutants than in the wild type during the early stages of growth, with peak expression at 6 h in the mutant. Because the expression level of the wild type was low in the early stages of culture, the difference between the expression level of the wild type and that of the two mutant strains reached a maximum at 6 h. However, this difference decreased over time, and the genes were ultimately expressed at higher levels in the wild type (Figure 4). These results indicate that spkD and spkG are strongly associated with the expression of fatty acid desaturases genes in Synechocystis sp. PCC6803 (Figure 4).
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FIGURE 4. Changes in fatty acid desaturases gene expression in the wild type, spkD and spkG knockout mutants under normal light conditions. WT represents wild type Synechocystis sp. PCC6803; spkD- represents the spkD knockout mutant; spkG- represents the spkG knockout mutant. The experiment was carried out under a normal light intensity of 40 μmol⋅m–2⋅s–1. (A–D show the relative expression levels of the d6D, d9D, d12D, and d15D fatty acid desaturases genes, respectively, in wild type Synechocystis sp. PCC6803 and the two knockout mutants) Values are means ± SD (bars) of three independent experiments conducted on different days. The absence of a bar indicates that the SD falls within the symbol.


In addition, we compared the expression levels of the four fatty acid desaturases genes in the two mutant strains. In the spkG knockout mutant, the expression of the four fatty acid desaturases genes was maintained at relatively low levels. The expression patterns of all four genes in the spkD knockout mutants were opposite to those of the wild type. These results indicate that knockout of spkG affects the expression of fatty acid desaturases genes and that this gene has a greater influence on fatty acid desaturases gene expression than spkD.

We speculate that, after 6 h of light exposure, the expression level of fatty acid enzymes of the mutant strains transiently increased compared with the wild type. After 24 h of light treatment, the expression level of these genes decreased in the mutants, to levels that were lower than in wild-type Synechocystis sp. PCC6803. After 144 h of light exposure, the knockout of spkD and spkG in the mutant strain further inhibited the expression of fatty acid enzyme genes, leading to further reductions in their expression in the mutants. Thus, deletion of spkD and spkG decreased the expression of the four genes (encoding d6D, d9D, d12D, and d15D).



Changes in Fatty Acid Contents in the spkD and spkG Knockout Mutants

To characterize differences in fatty acid content between the mutant and wild type, we analyzed the fatty acid contents of Synechocystis sp. PCC6803 cultured at 30°C and a light intensity of 40 μmol⋅m–2⋅s–1 by gas chromatography. There was little difference in total fatty acid content in the wild type and mutant strains (Figure 5). However, the contents of C18: 2, C18: 3n6, C18: 3n3, and C18: 4 were slightly lower in the mutants than in the wild type. The contents of other fatty acids were lower in the wild type than in the mutants, and the contents of these fatty acids in the two mutants were similar. The C18: 3n3 and C18: 4 contents were significantly lower in the spkG than in the spkD knockout mutant.
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FIGURE 5. Fatty acid composition and content in spkD and spkG knockout mutants. Data are the mean values of three experiments; the cultivation temperature was 30°C and the light intensity was 40 μmol⋅m–2⋅s–1; WT: Synechocystis sp. PCC6803; spkD-: spkD knockout mutant strain; spkG-: spkG knockout mutant strain. Values are means ± SD (bars) of three independent experiments conducted on different days. The absence of a bar indicates that the SD falls within the symbol. Asterisks mark statistically (t-test) significant differences from the WT value (∗∗p < 0.01; ∗p < 0.05).




DISCUSSION

Genetic engineering to modify metabolic pathways represents an efficient, convenient method for increasing the yields and types of unsaturated fatty acids produced by an organism. The fatty acid biosynthetic pathways in plants and cyanobacteria have been well studied. Synechocystis sp. PCC6803 is a single-cell cyanobacterium, making it an ideal choice for studying fatty acid biosynthetic pathways whose potential as a tool for the commercial production of biofuels and fatty acids has been explored (Ruiz-López et al., 2012). For example, the delta 6 and delta 15 fatty acid desaturases genes were transferred into Synechocystis sp. PCC6803 to produce unsaturated fatty acids (Chen et al., 2014).

Cyanobacteria are the earliest photosynthetic autotrophic organisms. During the long evolutionary process, cyanobacteria developed an efficient adaptive system to cope with the constant changes in the external environment. For example, a complex signal transduction network system in Synechocystis sp. PCC6803 allows it to adapt to a variety of environments (Lei et al., 2014). The prokaryotic cyanobacteria are dominated by a binary signal transduction system. In 1991, eukaryotic protein kinases including STKs were also identified in the prokaryotic organism Myxococcus and shown to play major roles in prokaryotic cells (Zorina et al., 2014).

STKs contain multiple genes, and two mutant strains, spkD and spkG, were successfully obtained by knockout. The genes knocked out in the spkD and spkG strains have been well characterized, but the association between these genes and fatty acids remains to be explored. Based on this, we studied these two genes.

Here, to verify the roles of STKs in unsaturated fatty acid biosynthesis in Synechocystis sp. PCC6803, we knocked out these genes in this cyanobacterium and obtained gene knockout mutants. Gas chromatography analysis revealed that the contents of C18: 2, C18: 3n6, C18: 3n3, and C18: 4 were significantly lower in the two mutant strains than in the wild type. The C18: 3n3 and C18: 4 contents were significantly lower in the spkG than in the spkD knockout mutant, whereas the contents of other unsaturated fatty acids such as C18: 2 and C18: 3n6 in the two mutants were similar.

To verify this finding, we extracted RNA from the cultures and performed qRT-PCR to analyze fatty acid-related gene expression levels. Fatty acid desaturases genes were expressed at higher levels in the two mutant strains vs. the wild type, and the expression levels of these genes in the spkD and spkG knockout mutants significantly differed at different time points and under different light intensities. These findings suggest that spkD and spkG play different roles in unsaturated fatty acid biosynthesis.

We also analyzed the changes in fatty acid desaturases gene expression in the mutants and wild type at different time points under normal light intensity. The expression levels of these genes in the wild type and mutant strains were significantly different. Under normal light conditions (40 μmol⋅m–2⋅s–1), the fatty acid desaturases genes were expressed at higher levels in the spkD- mutant than in the spkG- mutant prior to 144 h of cultivation. Unlike the wild type, these genes were expressed at their highest levels in the mutants at 6 h of light treatment, with the most obvious differences detected in the spkD knockout mutant. After the 6 h time point, the expression levels of these genes in the wild type continued to increase. These results indicate that knockout of spkD and spkG indeed affects the relative fatty acid desaturases contents of Synechocystis sp. PCC6803, indirectly demonstrating that the two genes are closely related to fatty acid biosynthesis.

Subsequently, we detected the changes in expression levels of other STK genes and established that spkD and spkG influence the expression patterns of these genes as well, as the knockout of these genes significantly altered the expression levels of other STK genes. Our findings suggest that in Synechocystis sp. PCC6803, spkD is most closely associated with spkE expression and spkG is somewhat associated with spkC, spkD, spkE, and spkF expression.

In addition, with the extension of light time, in contrast to wild type Synechocystis, the expression of other STKs genes in the spkD knockout mutants initially increased, before decreasing. Perhaps spkD is related to the pre-expression phase of these genes, a process that might involve some inhibitory factors or other genes. Compared to the spkD knockout mutant, other STK genes were significantly down regulated in the spkG knockout mutant, indicating that spkG is more closely associated with the expression of other STK genes than is spkD. The expression levels of the STK genes of these two knockout mutants peaked after approximately 6 h of light exposure. The importance of this time point will be the subject of subsequent experiments.

As we had expected, in the subsequent determination of fatty acid content, we also noticed that several fatty acids were significantly higher in the wild type than in the two knockout mutant strains. This difference has to do with fatty acid desaturases and coincides with the results of STKs obtained previously, further illustrating that spkD and spkG are associated with fatty acid metabolism and are worth further examination.

A previous related study indicated that sll0776 (spkD) is part of the gene cluster (sll0775, sll0776, sll0777, and sll0778). However, the intergenic region of this gene cluster could not be amplified by qRT-PCR, indicating that sll0776 was not organized in an operon with the adjacent genes, and the protein sequences encoded by the other genes had low similarity with the corresponding proteins in the database. Therefore, we chose spkD gene as the research object. spkD is not thought to be an essential gene, but may be associated with the TCA cycle. Deletion of spkD maybe affects cyanobacterial growth, and the growth can be recovered by adding specific metabolites of HCO3– or TCA cycle as auxiliary elements (Laurent et al., 2008). In our research, the STK-related genes were expressed at higher levels in the spkD deletion mutant strains in the first 6 h, and gradually decreased in the later stages. We speculated that this may be due to a lack of a bit substances related to growth (Figure 3). Another study revealed that certain cyanobacterial genes are expressed soon after exposure to light, and their expression gradually decreases or even disappears at later stages (He et al., 2001). This may also explain why spkA, spkB, spkC, spkF, and spkE are expressed at relatively high levels suddenly after exposure to light, however, the specific mechanism remains to be elucidated.

Recent studies of spkG (slr0152) also identified a relationship between spkG kinase and fatty acids. The slr0144–slr0152 gene cluster encodes a protein that was recently annotated as Ferredoxin 5 (Fd5), which appears to be a phosphoprotein. SpkG kinase is involved in the phosphorylation of Ferredoxin 5 (Fd5) (Angeleri et al., 2018). Our study confirms that spkG influences the contents of fatty acids. Furthermore, knockout of spkG (Δslr0152) will not have an obvious effect on the expression of genes that function downstream of genes in the cluster. We are planning to study other genes in the gene cluster to further explore the connection between spkG and fatty acid metabolism. As slr0151 and spkG have similar functions, we speculate that spkG kinase and slr0151 protein may have complementary functions, which would result in the loss of spkD inhibiting cyanobacterial growth to a greater extent than the loss of spkG. This would also explain why other STKs and fatty acid desaturases are altered greater in spkD deletion mutants than in spkG deletion mutants (Figures 3, 4).

In this study, we successfully constructed spkD and spkG gene knockout mutants in Synechocystis sp. PCC6803 via insertional inactivation to study the effects of these genes on fatty acid biosynthesis. Under normal light conditions, the expression levels of fatty acid desaturases genes were significantly higher in the wild type than in the two knockout mutants. Knockout of spkD and spkG also affected the expression of other STK-related genes to different extents, indicating that these genes play different roles in fatty acid biosynthesis. In addition, the contents of several major fatty acids were lower in the mutant strains than in the wild type. Our results indicate that STKs affect fatty acid biosynthesis, and spkD and spkG directly or indirectly participate in the regulation of STK gene expression. In addition, the knockout of these two genes affected fatty acid biosynthesis. However, how specific genes cooperate with each other to regulate fatty acid biosynthesis mechanisms remains to be determined. We plan to conduct more in-depth research to improve the biosynthesis of fatty acids in cyanobacteria. This study lays the foundation for further improving the fatty acid biosynthesis pathway in cyanobacteria and for the efficient production of PUFAs.



MATERIALS AND METHODS


Strains and Growth Conditions

The cyanobacterium Synechocystis sp. PCC6803 was obtained from the Freshwater Algae Culture Collection of the Institute of Hydrobiology, Chinese Academy of Sciences. Synechocystis sp. PCC6803 was cultivated in BG-11 medium at 30°C (Chen et al., 2014). For solid BG-11 medium, 1.5% (w/v) Difco Bacto-agar (Becton Dickinson, Sparks, MD, United States), 0.3% (w/v) sodium thiosulfate, and 10 mM TES 2- [(2-hydroxy-1, 1-bis (hydroxylmethyl) ethyl) amino] ethanesulfonic acid pH 8.2 were added to BG-11 medium. The culture was bubbled with air under a light intensity of 40 μmol⋅m–2⋅s–1 (Teruo and Kaplan, 2003). Transformed strains were selected by adding 50 μg/mL kanamycin (Dingguo Company, Beijing, China) to both liquid and solid BG-11 medium. The mutant and wild type in the logarithmic growth phase were added to the liquid medium without kanamycin. Under a light intensity of 40 μmol⋅m–2⋅s–1, 30°C, after waiting for a period of growth (about 3–5 days), the OD730 value was uniformly adjusted to 1.0. Samples were collected and measured at the same time each day. Cell density was determined by measuring the optical density (OD) of the suspension at 730 nm (OD730) with a spectrophotometer (DU-70, Beckman Coulter, Brea, CA, United States).



Generation of the spkD and spkG Mutants

A 1.9 kb DNA fragment including the spkD coding region (sll0776, GenBank: AB046600) was amplified by PCR from genomic DNA of Synechocystis sp. PCC6803 using the primer pair spkD-F and spkD-R (Table 1). A 1.9 kb DNA fragment including the spkG (slr0152, GenBank: CP028094) coding region was amplified by PCR from genomic DNA of Synechocystis sp. PCC6803 using the primer pair spkG-F and spkG-R (Table 1). The amplified DNA fragments were cloned separately into the pClone007 simple vector (TSINGKE Biological Technology). In our experiments, the EcoRI restriction site was found at position 1,327 bp of the spkD gene, and the BamHI restriction site was found at position 866 bp of the spkG gene. We designed primers for the two gene sequences and inserted Kan fragments using enzyme digestion. The mutant was constructed by inserting a 1.2 kb kanamycin resistance cassette into the restriction site of the amplified DNA fragment. The Synechocystis sp. PCC6803 strain was transformed as described (Kamei et al., 2001). Transformants were selected on standard medium containing 50 μg/mL kanamycin. Complete segregation of the mutant was confirmed by PCR.



RNA Isolation and cDNA Synthesis

Wild type and transformant cell lines were cultured and harvested during the exponential growth phase, and total RNA was isolated from the samples using Trizol Reagent (Invitrogen, Carlsbad, CA, United States) following the manufacturer’s instructions. First-strand cDNA was synthesized using M-MLV reverse transcriptase and modified oligo (dT) following the manufacturer’s instructions (TaKaRa, Dalian, China).



Quantitative Reverse-Transcription PCR

Quantitative reverse-transcription PCR (qRT-PCR) of STK gene expression was carried out RNA Bio-Rad iQ5 real-time PCR system. The resulting cDNA molecules were amplified by PCR using the following gene-specific primers: rnpB-F and rnpB-R to amplify the rnpB gene and 16S rRNA-F and 16S rRNA-R to amplify the 16S rRNA gene, which was used as the loading control. Primers were also designed to amplify the following STK genes (Table 1): spkA (spkB, spkC, spkD, spkG, spkF) -RT-F and spkA (spkB, spkC, spkD, spkG, spkF) -RT-R to amplify spkA (spkB, spkC, spkD, spkG, spkF); d6D (d9D, d12D, d15D) -RT-F and d6D (d9D, d12D, d15D) -RT-R to amplify d6D (d9D, d12D, d15D). Reactions were prepared following the manufacturer’s instructions, and qRT-PCR was performed using a Bio-Rad iQ5 system. Each PCR was repeated four times in a total volume of 20 μL containing 2 × SYBR Green I PCR Master Mix (TaKaRa), 100 nM of each primer, and 1 μL diluted (1:20) template cDNA. Reactions were carried out in 96-well optical-grade PCR plates and a matched optical-grade membrane (TaKaRa). The amplification program was as follows: an initial denaturation step of 1 min at 95°C; 42 cycles of 10 s at 95°C, 30 s at 60°C, and 30 s at 72°C; and then an additional cycle of 10 s at 95°C, 30 s at 58°C, and 5 min at 72°C, followed by 10 s at 95°C for melting curve analysis. The data were analyzed using Bio-Rad iQ5 software. The relative expression levels of STK genes at various developmental stages were calculated using the relative 2–Δ Δ Ct method (Livak and Schmittgen, 2001); the error bars indicate SD (n = 3). Sterile water was used as negative control instead of template in each primer set.



Culture Conditions

Three Synechocystis strains (wild type and mutants) were cultured under normal light conditions (40 μmol⋅m–2⋅s–1) for 10 days at 30°C. After a brief centrifugation (6,000 × g, 10 min at room temperature), the cyanobacteria were added to BG-11 medium to a cell density of 4.578 × 109 ind./L (individual/liter) and cultured under a normal light intensity of 40 μmol⋅m–2⋅s–1 for 6 days. All treatments had four replicate flasks, and cyanobacteria cultured continuously under 40 μmol⋅m–2⋅s–1 served as controls. During the light culture stage, algal growth was estimated each day based on the OD730, as measured with a spectrophotometer. A standard curve relating Synechocystis cell density to OD730 was established using serial dilutions of cyanobacterial culture. Total RNA for subsequent qRT-PCR analysis was isolated from the cyanobacteria at 0, 2, 4, 6, 24, and 144 h.



Calculation of Specific Growth Rate

The specific growth rate of the cyanobacteria was calculated using the following formula: μ = (lnNt–lnN0)/△t, where N0 is the population cell density at the beginning of the time interval, Nt is the cell density at the end of the time interval, and △t is the length of the time interval in days. The growth rate was calculated based on measurements taken from the first 2 days of the experiment onward. Data from the second day was compared with that from the first day, and the rate was calculated by comparison.



Extraction of Total Fatty Acids From Synechocystis

Synechocystis cells were collected in 1,000 mL autoclaved flasks, each containing 400 mL of sterile BG-11 medium, and grown for 10 days at a light intensity of 40 μmol⋅m–2⋅s–1 and a constant temperature of 30°C. When the culture reached OD730 = 2.2, the cyanobacterial fluid was collected by centrifugation (4,500 × g, 10 min at room temperature), and the pellet was washed with distilled water and centrifuged again (4,500 × g, 10 min at room temperature). The washing and centrifugation steps were performed three times (Chen et al., 2017). The cultured cyanobacterial cells were harvested by centrifugation (6,000 × g, 15 min at room temperature) and dried under a vacuum. Each 0.2 g sample of dried cyanobacterial powder was placed in a mortar, repeatedly ground in liquid nitrogen, extracted with 7.0 mL of methanol-chloroform (2:1, v: v), and sonicated for 10 min. After the sample was centrifuged at 6,000 × g for 15 min at room temperature, 1.5 mL of methanol-chloroform (2: 1, v: v) was added to the residue. The sample was centrifuged (6,000 × g, 10 min at room temperature) and the organic phase was retained; this step was repeated once. The organic phase extracts were combined in a separatory funnel. After adding 2.5 mL of chloroform and 3.0 mL of sodium chloride solution (1:100, v: v), the sample was mixed well and allowed to stand for layer separation. The lower layer was recovered, and 2.5 mL of chloroform was added to the original upper and middle layers and extracted again. The lower layers were combined; this step was repeated once. The combined lower layers were placed in a fat-lifting bottle, and the solvent was evaporated to constant weight with nitrogen at 50°C (Sheng et al., 2011; Ryckebosch et al., 2012). The total fatty acids and the total weight of the fat-lifting bottle were measured using an electronic scale.



Analysis of Fatty Acid Composition in Synechocystis

The extracted total fat was dissolved in 4 mL of chloroform in a 10 mL test tube with a stopper, combined with 5 mL of 0.04 M potassium hydroxide-methanol solution, and mixed well. The sample was incubated in a 60°C water bath for 60 min for saponification, with oscillation every 10 min during saponification. The saponified sample was removed from the water bath, cooled, combined with 4.0 mL hydrochloric acid-methanol (1:9) solution, and mixed well. Then 20.0 μL of 1.5 mg/mL non-adecanoic acid (C19: 0) was added to the sample as an internal standard. The sample was methylated in a water bath at 60°C for 20 min with shaking every 10 min during the methylation process (Ichihara and Fukubayashi, 2010). After cooling, the methylated sample was combined with 3.0 mL of saturated saline, followed by 1.0 mL of n-hexane, and shaken thoroughly. After letting the sample stand (at room temperature for about 30 min), the n-hexane layer was subjected to chromatographic analysis. The extracted n-hexane was dehydrated with an appropriate amount of anhydrous sodium sulfate and centrifuged at high speed (13,000 × g, 3 min) at room temperature (about 30°C). The supernatant [Synechocystis sample fatty acid methyl ester (FAME) eluent] was subjected to gas chromatography (GC) using an Elite-wax column in an ASXL instrument (Perkin-Elmer, Waltham, MA, United States) (Kenichi and Yumeto, 2010). The flame ionization detection temperature was 250°C, and the operating temperature was maintained at 220°C. The samples used in the experiment are from the same batch. The value for each sample was averaged over three experiments.



Statistical Analysis

Data are expressed as means ± SD (n = 3). The data were subjected to a t-test to determine significant differences between treatments (∗p < 0.05; ∗∗p < 0.01).
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The microalga Euglena gracilis is utilized in the food, medicinal, and supplement industries. However, its mass production is currently limited by its low production efficiency and high risk of microbial contamination. In this study, physiological and biochemical parameters of E. gracilis co-cultivated with the bacteria Vibrio natriegens were investigated. A previous study reports the benefits of E. gracilis and V. natriegens co-cultivation; however, no bacterium growth and molecular mechanisms were further investigated. Our results show that this co-cultivation positively increased total chlorophyll, microalgal growth, dry weight, and storage sugar paramylon content of E. gracilis compared to the pure culture without V. natriegens. This analysis represents the first comprehensive metabolomic study of microalgae-bacterial co-cultivation, with 339 metabolites identified. This co-cultivation system was shown to have synergistic metabolic interactions between microalgal and bacterial cells, with a significant increase in methyl carbamate, ectoine, choline, methyl N-methylanthranilate, gentiatibetine, 4R-aminopentanoic acid, and glu-val compared to the cultivation of E. gracilis alone. Taken together, these results fill significant gaps in the current understanding of microalgae-bacteria co-cultivation systems and provide novel insights into potential improvements for mass production and industrial applications of E. gracilis.
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INTRODUCTION

Euglena gracilis is a single-celled flagellate alga with characteristics typical of both plants and animals, including the lack of a cell wall. Additionally, E. gracilis possesses two flagella for cell mobility (Zakryś et al., 2017). E. gracilis cells are rich in minerals, amino acids, unsaturated fatty acids, lutein, chlorophyll, zeaxanthin and 59 other essential nutrients for human health. Furthermore, it can be used to produce many valuable products, such as α-tocopherol, wax esters and paramylon (Kottuparambil et al., 2019). However, the low production efficiency in the large-scale cultivation of E. gracilis limits its further development. We therefore sought to determine whether the novel approach of utilizing co-cultivation would improve the efficacy of E. gracilis production.

There are several ecological mechanisms, such as quorum sensing, which occur among microbial communities to facilitate cell-cell communication (Zhou et al., 2016). The microalgae-bacteria co-cultivation system involves a mixture of microalgae and bacteria at specific ratios with the intent to increase the production of microalgae or specific substances by microalgae (Taniguchi and Tanaka, 2004). Such co-cultivation systems have been studied extensively. For instance, it has been found that the microbial interaction between the bacterium Azospirillum brasilense and the microalga Chlorella vulgaris has a significant effect on fatty acid and lipid accumulation in the microalga (Leyva et al., 2014). Additionally enhancement of microalgal growth, lipid and protein content of Chlorella variabilis was shown when the green microalga was co-cultivated with the siderophore-producing bacterium, Idiomarina loihiensis RS14, in an optimized ratio under iron-deficient conditions (Rajapitamahuni et al., 2019). When microalga Chlorella was co-cultured with bacteria Bacillus firmus and Beijerinckia fluminensis to treat wastewater in vinegar production, though algal biomass was slightly decreased, a higher rate of nutrients removal was achieved (Huo et al., 2020). Earlier work in E. gracilis reported that Vibrio natriegens can increase its biomass accumulation (Kim et al., 2019). Previous reports have also indicated that the biomass and paramylon production of E. gracilis is increased when it is co-cultivated with the bacterium Pseudoalteromonas under optimal conditions, the extracellular polymeric substances (EPS) of the bacterium contributed to the results (Jeon et al., 2019, 2020). When co-cultivated with the microalga growth-promoting bacterium Emticicia, E. gracilis was found to have higher biomass and produce more lipids (Toyama et al., 2019). Despite all of the beneficial effects found in these co-cultivation systems, the underlying mechanisms have not been sufficiently studied.

Metabolomics is the study of the physiology of organisms by profiling the changes in metabolites under different conditions. As downstream products biosynthesized after complex transcriptional, translational and regulatory processes, the types and amounts of metabolites vary significantly depending on different conditions (Nicholson et al., 1999). Thus, metabolomics has been applied to obtain a general understanding of the regulatory networks involved in microalgal metabolism. A metabolic profiling technique was developed for the model green microalga, Chlamydomonas reinhardtii, under stress conditions such as nitrogen-, phosphorus-, sulfur- and iron-depletion (Bölling and Fiehn, 2005). A method to assess the metabolism of freshwater microalga C. vulgaris and Scenedesmus obliquus after being exposed to the flame retardant triphenyl phosphate was also recently established (Wang et al., 2019). Furthermore, potential biomarkers of C. reinhardtii grown in photobioreactors in the context of nitrogen starvation were found using metabolomics (Courant et al., 2013).

In this study, we reproduced the previous finding that V. natriegens enhances both growth and paramylon production of E. gracilis (Kim et al., 2019). What’s more, we employed metabolomics in culture medium to gain a better understanding of the underlying causes of the improvements observed in the co-cultivation experiment, which revealed several interesting interactions between the two species since, and the results will be easily applied to large-scale exploitation for E. gracilis in the future. This is the first report utilizing culture medium metabolomics to understand this co-cultivation system, and therefore, fills a gap in the current understanding of microalgae-bacteria symbiosis on a metabolomic level.



MATERIALS AND METHODS


Strains and Culture Conditions

Euglena gracilis CCAP 1224/5Z was purchased from the Culture Collection of Algae and Protozoa1. The microalgal cells were grown under a continuous light at a light intensity of approximately 100 μmol/m2/s in an illuminating incubator at 26°C in EM medium [1.8 g/L NH4Cl, 0.6 g/L KH2PO4, 0.6 g/L MgSO4, 60 mg/L Urea, 0.02g/L CaCl2, 0.48 mg/L Na2EDTA, 2 mg/L Fe2 (SO4)3, 60 μL HCl, 0.01 mg/L Vb1, 0.0005 mg/L Vb12, 20 mg/L CuSO4⋅5H2O, 0.4 g/L ZnSO4⋅7H2O, 1.3 g/L Co (NH3)⋅H2O, and 1.6 g/L MnCl2⋅4H2O] until reaching stationary phase. Subcultures of alga were done every 6 days at a ratio of 10% (Afiukwa and Ogbonna, 2007).

Vibrio natriegens 1H00025 was purchased from the Third Institute of Oceanography, MNR (Xiamen, China). The bacterial cells were grown in sterilized 2216E (CM0471) medium and incubated at 26°C with rotational shaking (120 r/min) in the dark. Subcultures of alga were done every 3 days at a ratio of 1% (Weinstock et al., 2016).



Co-cultivation of E. gracilis and V. natriegens

Euglena gracilis cells were harvested during the stationary phase when the OD750 reached 3.0. The OD750 of each initial inoculum was adjusted to 3.0 after being washed three times in EG medium (Afiukwa and Ogbonna, 2007). V. natriegens cells were harvested during the exponential phase when OD600 reached 1.0. The OD600 of the initial inoculums were adjusted to 1.0 after being washed three times in EG medium. The inoculation volume ratio of E. gracilis to V. natriegens was 10:1 (200 mL: 20 mL). After mixing the two inoculums, additional medium was added to reach a final volume of 1.5 L. After dilution, co-cultivation of E. gracilis and V. natriegens was performed in an illuminating incubator at 26°C in EG medium under a continuous light at a light intensity of approximately 100 μmol/m2/s, no shaking or aeration was used during experiment.



Growth (Cell Number, Chlorophyll Content, Dry Weight) and Paramylon Content of E. gracilis

The growth of E. gracilis was calculated by measuring its cell number, total chlorophyll content, and dry weight. Paramylon content was also calculated. Cell growth was measured by counting cell number with a microscope in a 0.1 mL counting chamber. The total chlorophyll of a 1 mL sample was extracted with 80% acetone and the chlorophyll content was determined using the Arnon method (Arnon, 1949). The dry weight of the 100 mL sample was measured using the oven-drying method (Edmunds, 1966). Paramylon extraction and measurement was carried out as reported previously (Takenaka et al., 1997). Cell number and total chlorophyll were measured daily over the course of 9 days. Dry weight and paramylon content were measured every two days. Three biological replicates were used for each experiment.



The Cell Number of V. natriegens

The cell number of V. natriegens was measured manually with a microscope in a 0.1 mL counting chamber. Samples were first stained with crystal violet (Kannan et al., 2019) at a 9:1 ratio of sample to crystal violet for 15 minutes. Next, 100 μL of the stained sample was added into the counting chamber and completely fixed on the chamber surface after being dried in an oven.



Preparation of Samples for LC-MS/MS Analysis

For LC-MS/MS analysis, samples taken after six days of incubation were first centrifuged at 5,000 g for 5 min at 4°C (Thermo Heraeus Fresco17, United States) to obtain supernatant. After centrifugation, 300 μL aqueous methanol (1 μg/mL of the inner label) was plunged into 100 μL of each supernatant sample, followed by vortexing for 30 s, then 10 min on ice in an ultrasonic disruptor. Samples were then incubated at −40°C for 1 h, followed by centrifugation at 12,000 rpm for 15 min at 4°C. The resulting supernatant was then utilized for LC-MS/MS measurements (Doppler et al., 2016).



LC-MS/MS Analysis

LC-MS/MS analyses were performed using a UHPLC system (1290, Agilent Technologies) with a UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm) coupled to a Q Exactive mass spectrometer (Orbitrap MS, Thermo). The mobile phase A consisted of 0.1% formic acid in water at the positive mode and 5 mmol/L ammonium acetate in water for the negative mode, and the mobile phase B was acetonitrile. The elution gradient was set as follows: 0–1 min, 1% B; 1–8 min, 1%–99% B; 8–10 min, 99% B; 10–10.1 min, 99%–1% B; 10.1–12 min, 1% B. The flow rate was set to 0.5 mL/min, while the injection volume was set to 2 μL. A QE mass spectrometer was utilized to acquire MS/MS spectra, with the collective mode set to information-dependent acquisition (IDA) in the acquisition software (Xcalibur 4.0.27, Thermo). In this mode, the acquisition software continuously evaluates the full scan MS spectrum. The ESI source conditions were set as follows: sheath gas flow rate as 45 Arb, aux gas flow rate as 15 Arb, capillary temperature 400°C, full MS resolution as 70000, MS/MS resolution as 17500, collision energy as 20/40/60 eV in NCE mode, spray Voltage as 4.0 kV (positive) or −3.6 kV (negative), respectively (Periannan, 2003).



Statistical Analyses

The cell number, chlorophyll content, dry weight, and paramylon content of E. gracilis were analyzed using a parametric two-way analysis of variance (ANOVA) with treatment (co-cultivated and axenic) as the source of variations. All data fulfilled the assumptions of the parametric test and no data transformation was needed. The statistical analysis was carried out by SPSS 17.0 for Windows.

For the metabolomic study, after the raw data profiles were preprocessed, Student’s t-tests were utilized for univariate analysis, while principal component analysis (PCA) and orthogonal projections to latent structures discriminant analysis (OPLS-DA) were used for multivariate analysis. Variable importance in projection (VIP) score was combined with P-value to screen significant differential metabolites. In-house database and online databases (HMDB and Metlin) were applied in metabolite identification. Metabolites which were found to be statistically significantly different in different samples were then qualitatively analyzed based on relevant KEGG pathway and literature information (Mangalam et al., 2013).



RESULTS


Effects of Co-cultivation on the Growth (Cell Number, Chlorophyll Content, Dry Weight) and Paramylon Content of E. gracilis

When compared to the E. gracilis control, the co-cultivation group had significantly higher biomass and produced more paramylon. As shown in Figure 1A, the average growth rate of E. gracilis was faster when co-cultivated with V. natriegens, and the co-cultivation group not only entered the exponential phase approximately 24 h earlier than the control but also entered the stationary phase 24 h later. The average division speed of E. gracilis under the co-cultivation system was also much faster than that of the control. When the control entered the stationary phase after 6 days and the cell division slowed, the co-cultivation group continued to divide rapidly. After 9 days of cultivation, the cell number of the co-cultivation group was 23% higher than that of the control group. Interestingly, as shown in Figure 1B, the chlorophyll content of the co-cultivation group (47.73 μg/mL) in the late culture period (D9) increased by 23.75% compared with that of the control (38.57 μg/mL).
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FIGURE 1. Effects of the co-cultivation system on the growth of E. gracilis. (A) Cell number of E. gracilis and V. natriegens. (B) Chlorophyll content. (C) Dry weight. There was an extremely significant effect of the treatment (co-cultivated and axenic) according to ANOVA test at the p < 0.0001 level for the three conditions (F-values are 229.557, 381.066, and 120.642, respectively).


Changes in the number of V. natriegens cells in the co-cultivation system are shown in Figure 1A. V. natriegens grew slowly during D1–D3 of co-cultivation, and the number of bacteria began to increase sharply from D3 onward. On D5, the growth of V. natriegens entered into a stationary phase (7.23 x 105 cells/mL), while the number of V. natriegens was 15.38 times and 1.33 times higher than that on D1 (0.47 x 105 cells/mL) and D9 (5.43 x 105 cells/mL), respectively. The V. natriegens cell count then began to decline, indicating that this species can exist symbiotically with E. gracilis, and its presence is correlated with higher E. gracilis growth rates.

As shown in Figures 1C, 2, both the dry weight and paramylon content increased in the two groups over time, but the dry weight and paramylon content in the co-cultivation group were significantly higher than that of the control group. On D9, dry weight and paramylon content of the co-cultivation group reached their maximum values, 1.42 and 0.76 g/L, respectively, which were approximately 15 and 12% higher than the control (1.24 and 0.68 g/L).
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FIGURE 2. Effects of the co-cultivation system on active substance (paramylon content) accumulation of E. gracilis. There was an extremely significant effect of the treatment (co-cultivated and axenic) according to ANOVA test at the p < 0.0001 level for dry weight (F-value = 63.938).




Comparison of the Metabolic Changes in the Co-cultivation Group and Axenic E. gracilis Group


General Analysis of Metabolites

A total of 5165 metabolites were detected in the samples (Table 1), and 100 metabolites were identified and shown in Supplementary Data. Metabolites with p-values < 0.05 and VIP > 1 were considered differential metabolites between the two groups, and 339 metabolites were identified as passing these criteria. Among these significantly differentially expressed metabolites, 172 were upregulated and 167 were downregulated when comparing the co-cultivation group to the control group.


TABLE 1. The general and differential ion numbers in metabolomic results.

[image: Table 1]


Multivariate Data Analysis

Principal component analysis plots of the metabolomic profiles after 6 days of cultivation between the co-cultivation group and the control were generated, as shown in Figure 3A. All the samples were within the 95% confidence ellipses. Figure 3A indicates that a suitable distance was found between dispersion and aggregation samples when comparing the control and co-cultivation groups, suggesting that the two groups of samples have significant differences in the chemical composition of metabolites. OPLS-DA scatter plots are shown in Figure 3B. The two groups of samples were distinguished significantly and were both within the 95% confidence ellipses. The control and the co-cultivation group were distributed along the first principal component t [1] axis, with no crossover or overlap, indicating that the composition of the metabolites in the two groups was significantly different, and the extracellular metabolites of E. gracilis were affected by V. natriegens. The OPLS-DA permutation plots are shown in Figure 3C. R2Y was used to estimate the matching degree between the structured model and the Y data, and Q2 was utilized to judge the predictive ability of the structured model. The values of R2Y and Q2 were both higher than 0.05, indicating that the original model had a high degree of fit and high explanatory and predictive capabilities. After visualizing the differential metabolites in the form of volcano plots in Figure 3D (VIP > 1 and p-value < 0.05), it can be found that the differences between the control group and the co-cultivation group were significant.
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FIGURE 3. (A) PCA analysis of metabolomic profiles. (B) OPLS-DA scattered plots of metabolomic profiles. (C) OPLS-DA permutation plots of metabolomic profiles. (D) Volcano plots of metabolomic profiles.




Significant Differential Metabolites

Metabolites with p-value < 0.05 were considered significant differential metabolites, and were the driving force of the separation shown in the models constructed previously (Table 2). When compared to the control, the co-cultivation group had significantly higher levels of methyl carbamate, ectoine, choline, methyl N-methylanthranilate, gentiatibetine, 4R-aminopentanoic acid and glu-val, while the levels of 3-butylpyridine, proline, sn-glycero-3-phosphocholine, N-butyl-1H-pyrazolo[3,4-d]pyrimidin-4-amine, and myosmine were lower.


TABLE 2. The differential metabolites and their indexes.
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Correlation Analysis of Significant Differential Metabolites

To investigate the correlation of significantly differential metabolites, heat maps were generated (Figure 4) using the Pearson’s correlation coefficient. Positive R values denote positive correlation while negative R values denote negative correlation. The metabolite 4R-aminopentanoic acid, for example, was positively correlated with methyl carbamate, methyl N-methylanthranilate, ectoine, glu-val, and gentiatibetine, with glu-val and gentiatibetine showing the highest R values. At the same time, this metabolite was negatively correlated with 3-butylpyridine, proline, sn-glycero-3-phosphocholine, N-butyl-1H-pyrazolo[3,4-d]pyrimidin-4-amine and myosmine, with proline and sn-glycero-3-phosphocholine showing the lowest R values.
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FIGURE 4. Heatmaps of correlation analysis plots of differential metabolites.




GO KEGG Analyses

In addition to multivariable analysis, metabolites were mapped to KEGG metabolic pathways for enrichment analysis (Table 3). Pathway enrichment analysis showed that “Glycine, serine and threonine metabolism,” “Glycerophospholipid metabolism,” and “ABC transporters” were statistically significantly enriched.


TABLE 3. The variation trends of differential metabolites in each enriched pathway.
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DISCUSSION


Growth (Cell Number, Chlorophyll, Dry Weight) and Paramylon Content Under Co-cultivation

Under the optimal microalgae-bacteria ratio and co-cultivation conditions, the growth of E. gracilis can be improved significantly by V. natriegens. In the co-cultivation group, E. gracilis entered its exponential phase earlier and the exponential phase lasted longer compared to the control. The co-cultivation group also had values of cell number, chlorophyll content, dry weight and paramylon content which were 123, 124, 115, and 112% of the control, respectively.

Taken together, these results indicate that V. natriegens had a positive influence on E. gracilis under optimum growth conditions, resulting in higher reproductive efficiency, increased biomass and higher production of bioactive materials accumulation in E. gracilis. When the diatom Thalassiosira pseudonana was co-cultivated with the bacteria Dinoroseobacter shibae at a 1:1 ratio, the metabolism of T. pseudonana was altered, but its overall growth rate was unchanged (Paul et al., 2013). When cyanobacteria Microcystis aeruginosa PCC 7806 and microalga Desmodesmus subspicatus were co-cultivated in a designated dialysis tubing, the presence of M. aeruginosa did not influence the growth of the microalga at the early logarithmic growth phase, while the microalga started to out-compete the co-cultivated bacteria during the exponential phase of growth (Omidi et al., 2019). These findings indicate that species, cultivation conditions and co-cultivation ratio can all influence the results of co-cultivation. There’re other ways to optimize the biomass and bioactive materials accumulation in microalgae, different approaches were reported depend on the different purposes (Chew et al., 2017). For instance, optimizing the algal photobioreactor (Cheah et al., 2020) or modifying algal particles (Cheng et al., 2019) for wastewater treatment, many researches were also done to explore sustainable ways to utilize algae in bioenergy production (Chia et al., 2018).

Previous studies have also shown that when E. gracilis was heterotrophically co-cultivated with V. natriegens, significant increases in biomass and paramylon content were found (Kim et al., 2019). Although this previous study found positive results from co-cultivation, it did not explore the possible mechanisms or effects on the metabolites present in the system. In the current study, we not only analyzed the metabolites of the co-cultivation culture system, but also confirmed that bacteria can live in an algae-dominant environment, which may work to exclude the presence of other unwanted bacteria.



V. natriegens in the Co-cultivation System

Under the optimal microalgae-bacteria ratio and cultivation conditions of this study, a balance of oxygen, carbon dioxide and nutrient substances was established between V. natriegens and E. gracilis. Meanwhile, the cell density of V. natriegens increased as E. gracilis’ cell density increased, indicating that the dead cells of V. natriegens (which could have been providing nutrients) were not the main reason why the production of E. gracilis was increased. It is plausible that V. natriegens produced metabolites that positively influenced the growth of E. gracilis. Moreover, V. natriegens entered both the stationary and decline phases earlier than E. gracilis, indicating that V. natriegens had a shorter life cycle than E. gracilis, Therefore, subsequent addition of more bacteria could be considered if this strategy was applied in the actual production process.



Metabolomics of the Co-cultivation Group


General Metabolomic Analysis

Principal component analysis and OPLS-DA plots both revealed that the control and co-cultivation samples broke out into two distinct groups, indicating the two groups had significantly different metabolite profiles. Despite these significant differences, similarities were also found. The main metabolites identified from both groups were of similar types and quantities, including phosphoric acid, 2,5-xylidine, dimethylimidazole and 2-Aminopyridine. Although the existence of V. natriegens changed the composition of metabolites to some extent, the two groups were still cultured in the same medium and laboratory conditions, which led to the existence of similarities between metabolite profiles.

Many active substances were found at high levels in both the control and co-cultivation samples. 2-aminopyridine is an inhibitor of the beta-secretase enzyme and is useful in the treatment of conditions such as Alzheimer’s disease (Coburn et al., 2011). 1-butylamine and 2,5-xylidine are mainly utilized for organic synthesis and are important intermediates for the synthesis of some pesticides and medicines (Cao et al., 2011; Kricka and Vernon, 2011), while 2,5-xylidine can also be used for the synthesis of disazo acid dyes (Dombchik, 1977). Dimethicone is widely used in skincare and hair products (Pellicoro et al., 2013) and is also swallowed prior to upper endoscopy procedures due to its ability to reduce the foam and bubbles in both the stomach and the duodenum to increase visibility. The discovery of these active substances indicates a significant potential for E. gracilis production (Bertoni et al., 1992).



Metabolites Which Are Related to the Proliferation of E. gracilis

The metabolite with the highest fold change (151) was glu-val. Glu-val belongs to the class of organic compounds known as peptides (Maehashi et al., 1999), and it is usually generated from proteolysis, which may be related to the downregulation of sn-glycero-3-phosphocholine and upregulation of choline. Choline is an important substrate involved in the synthesis of phosphatidylcholine (Li and Vance, 2008), which is necessary for the biosynthesis of the eukaryotic cell membrane (Chen et al., 2014). Since V. natriegens is a prokaryotic organism, the upregulation of phosphatidylcholine directly indicates the increase of E. gracilis membrane and further indicates an increase of E. gracilis biomass, which is in keeping with our analysis of biomass during co-cultivation. A higher quantity of E. gracilis cells would result in a higher rate of proteolysis, which may explain the increased level of glu-val in the co-cultivation group, as well as the downregulation of proline content. Interestingly, the mean value of glu-val in the co-cultivation group (0.0593) was much higher than that in the control (0.0004), even though both values were relatively small. This may be due to the generation of excess glu-val directly by V. natriegens or indirectly by E. gracilis under the influence of V. natriegens.

In the co-cultivation group, V. natriegens likely produced a significant amount of ectoine to adapt to the osmotic stress change in the medium (Teixidó et al., 2005). Ectoine is a solute that is accumulated by the halophilic or halotolerant microorganisms to prevent osmotic stress, which can also protect non-halophilic cells (Fallet et al., 2010). Meanwhile, studies have shown that ectoine causes an increase in the expression level of the ABC transporter substrate-binding protein EhuB (Richter et al., 2019). It therefore seems likely that uptake of ectoine by E. gracilis caused the upregulation of metabolites which are imported by ABC transporters.

Ectoine is widely used in the plant industry, due to its ability to accelerate the enzymatic conversion of triglycerides in biodiesel synthesis (Wang and Zhang, 2010). Ectoine can also increase cellular tolerance to high salt concentration, which can block chlorophyll synthesis in plants and microalgae (Pinheiro et al., 2008). The mean value of ectoine in the co-cultivation group (0.0104) was slightly higher than that in the control group (0.0070), likely because ectoine was either generated by V. natriegens or E. gracilis under the influence of V. natriegens.



Metabolites Related to the Value of Large-Scale Exploitation of E. gracilis

4R-aminopentanoic acid content in the co-cultivation group was higher than that in the control group (124-fold). This study represents the first time that 4R-aminopentanoic acid has been found in microalgae. In pharmacology, derivatives of this compound can be used as GABA transaminase and NEP inhibitors, which act as anticonvulsants (Callery et al., 1982). The synthesis of 4-aminopentanoic acid mainly depends on artificial means (Silverman and Levy, 2002), but with the discovery of the ability of E. gracilis to produce 4-aminopentanoic acid opens up new possibilities for producing this important compound. Similar to glu-val, the mean value of 4R-aminopentanoic acid in the co-cultivation group (6.6746) was much higher than that in the control group (0.0537), likely because this metabolite was produced by V. natriegens or E. gracilis under the influence of V. natriegens.

Some of the metabolites identified in this study are of commercial finterest, potentially increasing the value of E. gracilis cultivation. For example, methyl N-methylanthranilate and methyl carbamate were both upregulated in the co-cultivation group. Methyl N-methylanthranilate is a natural fragrance that can be found in flowers and fruit (Mookherjee et al., 1990), which is also added to wine as an aroma constituent (Nelson et al., 1977). Additionally, it appears in several essential oils, such as neroli and bergamot (Taupp et al., 2005). Myosmine is a minor tobacco alkaloid which is downregulated during co-cultivation (Zwickenpflug and Tyroller, 2006). This compound has been shown to be a potential risk factor for the development of esophageal adenocarcinoma (Vogt et al., 2006), and its downregulation could improve the safety of E. gracilis consumption.

In a previous study, it was proposed that V. natriegens increased the production of E. gracilis through the impact of indole-3-acetic acid (IAA) (Kim et al., 2019), but we were unable to confirm this result. This previous study also noted that the IAA produced by V. natriegens played a significant role in the positive growth regulation of E. gracilis, but the IAA concentration in our study was too low to be detected in the differential metabolite analysis.



Pathway Enrichment and KEGG Analyses

Choline and ectoine are known to participate in glycine, serine and threonine metabolism. Choline is a downstream product of serine, which is derived from 3P-D-glycerate, while 3P-D-glycerate is a derivative of glycolysis, and glycine is derived from serine. Threonine can only be synthesized by bacteria and plants, but not by animals (Shaul and Galili, 1993). Threonine is derived from aspartic acid (Szczesiul and Wampler, 2002).

Two metabolites of sn-glycero-3-phosphocholine and choline participate in glycerophospholipid metabolism (Tocher, 1995). These two metabolites are the downstream products of phosphatidylcholine (Li and Vance, 2008), and choline is a precursor for the synthesis of phosphatidylcholine (Vance and Adeli, 2008). Since phosphatidylcholine generally does not exist in prokaryotes (Fagone and Jackowski, 2013), it can be inferred that the change in this pathway is originated in E. gracilis. It is worth noting that, similar to the differential metabolite ectoine, the metabolomic results show that the mean values of choline in the co-cultivation group (0.4197) and in the control group (0.0316) are both low. Therefore, it seems likely that this metabolite was produced by either microalgal or bacterial cells under the influence of V. natriegens, and may have played a role in the increased growth rate of E. gracilis.

ABC transporter activity influences the levels of proline, osmo-protectants and histidine compounds (Boncompagni et al., 2000). These transporters are membrane integral proteins that use the energy generated by hydrolyzing ATP to actively transport carbohydrates, amino acids, peptides, proteins and various cellular metabolites (Rees et al., 2009). They can be found in the cell membranes of both eukaryotes and prokaryotes (Pohl et al., 2005), and the changes to their expression significantly impact the transport capacity of microbial membranes in the co-cultivation system.



CONCLUSION

Effects of E. gracilis and V. natriegens co-cultivation on microalgal physiological characteristics, cellular metabolites and metabolic networks revealed that the biomass and paramylon content of E. gracilis was enhanced by V. natriegens. A total of 339 differential metabolites were found, including economically important metabolites such as choline, ectoine, 4R-aminopentanoic acid, methyl N-methylanthranilate and methyl carbamate. This study represents the first comprehensive metabolomic study of culture medium involving a microalgae-bacteria co-cultivation system. Overall, this study significantly increases the understanding of microalgae-bacteria co-cultivation systems and provides a number of new avenues to explore for improving the mass production of E. gracilis.
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Cyanobacteria can acclimate to changing copper and iron concentrations in the environment via metal homeostasis, but a general mechanism for interpreting their dynamic relationships is sparse. In this study, we assessed growth and chlorophyll fluorescence of Synechocystis sp. PCC 6803 and investigated proteomic responses to copper and iron deductions. Results showed that copper and iron exerted reciprocal effect on the growth and photosynthesis of Synechocystis sp. PCC 6803 at combinations of different concentrations. And some proteins involved in the uptake of copper and iron and the photosynthetic electron transport system exhibit Cu–Fe proteomic association. The protein abundance under copper and iron deduction affected the photosynthetic electronic activity of Synechocystis sp. PCC 6803 and eventually affected the growth and photosynthesis. Based on these results, we hypothesize that the Cu–Fe proteomic association of Synechocystis sp. PCC 6803 can be elucidated via the uptake system of outer membrane-periplasmic space-inner plasma membrane-thylakoid membrane, and this association is mainly required to maintain electron transfer. This study provides a broader view regarding the proteomic association between Cu and Fe in cyanobacteria, which will shed light on the role of these two metal elements in cyanobacterial energy metabolism and biomass accumulation.
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INTRODUCTION

Cyanobacterial metal homeostasis is important for the metal ion-driven photosynthetic machinery, rendering metals the limiting factors for cyanobacteria growth (Huertas et al., 2014; Chandra and Kang, 2016). Both copper and iron are essential metal elements for cyanobacteria. Iron, important trace metal element in the cyanobacterial thylakoid membrane (TM), has been shown to be involved in photosynthetic electron transfer, respiratory electron transfer, light-harvesting pigment synthesis, and various other important metabolic processes (Öquist, 1974; Sedwick et al., 1999). Copper is also an essential micronutrient that plays crucial roles in metal homeostasis and normal plant metabolism during photosynthesis and respiration (Yruela et al., 2000; Bernal et al., 2004).

The mechanism via which copper and iron functioned together has undergone environmental changes during the evolution of cyanobacteria. Notably after the Great Oxidation Event 2.35 billion years ago, the soluble copper content increased significantly, whereas the bioavailability of iron became limited in aquatic environments (Holland, 2002; Anbar et al., 2007). Therefore, cyanobacteria are believed to have gradually evolved different metal-binding proteins to acclimate to the changing environment, and some copper-containing proteins have functionally replaced iron-related proteins, reducing the effect of iron restriction on cell growth (De la Cerda et al., 2007). The appearance of plastocyanin in cyanobacteria probably conferred a selective advantage in iron-limited ecosystems, such as in more oxidizing environments, by releasing O2 via oxygenic photosynthesis (Molina-Heredia et al., 2002; Peers and Price, 2006). These imply an evolutionary association between copper and iron in cyanobacteria.

Cyanobacteria have also developed physiological regulatory mechanisms to acclimate to environmental changes in copper and iron levels. Intracellular copper and iron content must be balanced via mechanisms depending on their aquatic bioavailability. These two essential metal elements work together in some processes. Copper metalloenzymes and iron metalloenzymes can participate in diverse cellular processes, such as energy transduction and oxidative stress response (Huertas et al., 2014), and sometimes Cu-binding and Fe-binding proteins can function interchangeably. For instance, it is well known that the iron-binding cytochrome c6 (Cyt c6) replaces the copper-binding plastocyanin in the absence of copper (Molina-Heredia et al., 2002). In addition, iron and copper act synergistically have unraveled the relationship between iron and copper homeostasis in cyanobacteria (Nicolaisen et al., 2010). On one hand, a cuproenzyme is involved in iron mobilization (Rensing and Grass, 2003; Rademacher and Masepohl, 2012; Huertas et al., 2014). On the other hand, the periplasmic iron-binding protein, FutA2, is related to copper import in Synechocystis sp. PCC 6803 (hereinafter Synechocystis 6803) (Waldron et al., 2007); a TonB-dependent iron transporter (iacT, All4026), located at the outer membrane (OM), affected the rate of copper transport (Nicolaisen et al., 2010). Overall, several studies have elucidated that copper and iron function together and compensate for each other’s levels in cyanobacteria.

Currently, reports regarding Cu–Fe association and its association mechanism are scarce. In mutant strains of Anabaena sp. PCC 7120, Nicolaisen et al. (2010) observed that the iron and copper content is affected by the TonB-dependent iron transporter, which revealed the intracellular homeostasis of copper and iron, although the specific mechanism via which homeostasis is maintained has not been reported. In addition, using proteomics, Castielli et al. (2009) analyzed the protein associations during copper and iron deduction in Synechocystis 6803 and confirmed the substitution reaction of Plastocyanin and Cytochrome c on the electron transfer chain; however, they did not comprehensively analyze other copper-related and iron-related proteins. Therefore, a general mechanism for interpreting their dynamic relationships is sparse, especially when one or both are limited or lacking. Fortunately, many detailed reports regarding the effects of individual iron or copper deduction stress on cyanobacteria are now available. On one hand, many studies regarding cyanobacterial iron deduction stress have showed that iron deficiency can induce remodulation of photosystem complexes (Michel and Pistorius, 2004; Latifi et al., 2005; Allen et al., 2008), and that the expression of iron stress-induced chlorophyll binding protein A (IsiA) (Burnap et al., 1993), iron transporters (Shcolnick et al., 2009), and alternative redox vectors were up-regulated (Wood, 1978; Sandmann, 1985). On the other hand, copper deduction has been shown to reduce synthesis of plastoquinone and disintegration of thylakoid membranes (Hutber et al., 1977; Guikema and Sherman, 1983; Ivanov et al., 2000; Sandström et al., 2002), and upregulate proteins involved in the main metabolic pathways, such as C and N fixation and carbohydrate metabolism (Angeleri et al., 2019). Based on the extensive influence of iron and copper on cell metabolism (Meisch and Bielig, 1975; Verma and Singh, 1990; Shavyrina et al., 2001; Pehlivan, 2018), we speculated that the association of Cu–Fe-related proteins may not only be limited to the electron transport chain, but may have a broader physiological impact to cyanobacteria.

In this study, the growth pattern of Synechocystis 6803 in response to the given copper-iron combination was examined, then followed by comparative proteomic analyses to reveal the proteins associated with copper and iron stress. We anticipate that our study would provide a theoretical basis for understanding the relationship between copper and iron in cyanobacteria at the protein level and shed light on the role of these two metal elements in energy metabolism and biomass accumulation of cyanobacteria.



MATERIALS AND METHODS


Metal-Deduction Treatments and Growth Curve Measurements

To deplete the stored copper and iron in the cells to meet the set concentration gradients, the Synechocystis 6803 were cultured in BG11 medium (with copper sulfate and ferric ammonium citrate removed from the normal recipe) lacking Fe and Cu for 5 days under normal conditions as mentioned below: light intensity = 50 μmol photons m–2 s–1, light/dark period = 12 h/12 h, and supply of filtered air bubbled at 30°C (Rippka et al., 1979; Singh et al., 2003; Georg et al., 2017). The method of determining the abundance of copper and iron refers to other reports (Varga et al., 1999; Li et al., 2011).

To determine the optimum iron and copper concentrations for the growth of Synechocystis 6803, the strain was transferred to normal BG11 medium supplemented with 25 different combinations of copper and iron concentrations for acclimatation and maintained in exponential growth phase for 3 days in advance. Copper and iron concentrations were set to form a 5 × 5 matrix: copper C1−C5 (0, 112.5, 225, 337.5, and 450 nM) and iron F1−F5 (0, 6.25, 12.5, 18.75, and 25 μM). The matrix covers the optimal Cu/Fe concentration combination for Synechocystis growth via beforehand repeated exploratory experiments. The copper concentrations were set below the copper toxic concentration (0.5 μM) to Synechocystis 6803 (Cheloni et al., 2019). And the iron concentrations were set to coordinate with the copper conditions to balance the coverage and precision. The Cu/Fe concentrations of the 25 cultures and their designations were based on the combinations of the two series. For instance, group C2F4 contained 112.5 nM copper (C2) and 18.75 μM iron (F4). Then, cultures were diluted to equal cell densities [OD730 = 0.04 in a 96-well plate (200 μL) using a microplate reader] and were transferred to new medium (with no change in Cu/Fe concentrations and incubation conditions). Finally, the cell densities were measured after every 24 h in a 96-well plate (200 μl) using a microplate reader (Shanpu SuPerMax 3100, Shanghai, China) (the standard curve of optical densities measured with the microplate reader and normal spectrophotometer at 730 nm of Synechocystis 6803 was shown in Supplementary Figure 1). Three replicates were performed for each group.



Chlorophyll Fluorescence Measurements

Chlorophyll fluorescence of the 25 cultures (each group with three replicates) were measured using Diving-PAM (WALZ, Germany) to analyze how Cu/Fe concentrations affected photosynthesis in the strain. During logarithmic growth phase (120 h), cultures were acclimated in dark for at least 15 min, and Fo, Fm, Fm parameters were measured under actinic light (50 μmol photons m–2 s–1) after applying a saturating pulse (3,577 μmol photons m–2 s–1, 800 ms) (Xu et al., 2012). The maximum quantum yield of PSII (Fv/Fm), the actual effective quantum yield of PSII [Y(II)], and the relative electron transfer rate (rETR) were calculated according to Maxwell (Maxwell and Johnson, 2000).



Protein Extraction and TMT Tagging

With the fastest growing cultures (the F4C4 group, see section “Physiological response to copper and iron deduction” in Result) set as the control group, the Fe-deduction group (i.e., F1C4), Cu-deduction group (i.e., F4C1), and Cu–Fe dual deduction group (i.e., F1C1) were set as the experimental groups. Three replicates were performed for each group. These cultures have the same culture conditions and growth status as the cultures used for growth curve measurement and were investigated using TMT quantitative proteomics to determine the effect of Cu/Fe deductions on Synechocystis 6803 protein levels. Cells in logarithmic growth phase were collected for proteomic determination after 120 h of metal-deduction.

Proteins were extracted from cyanobacteria using the SDT [4% w/v sodium dodecul sulfate (SDS), 100 mM Tris/HCl pH 7.6, 0.1 M dithiothreitol (DTT)] cleavage method (Wiśniewski et al., 2009), and total protein levels were quantified using the bicinchoninic acid assay (BCA) method. Each sample was trypsinized using the filter-aided proteome preparation (FASP) method and the peptides were quantified (OD280) (Wiśniewski et al., 2009). The peptides (100 μg) of each sample were labeled according to the instructions of the TMT labeling kit (Thermo, United States).



LC MS/MS Data Collection and Analysis

The TMT-labeled peptides of each group were mixed in equal amounts and fractionated using the high pH reverse phase peptide fractionation kit (Thermo, United States). Each fractionated sample was separated using high performance liquid chromatography (HPLC) (Thermo scientific, United States). Buffer A consisted of 0.1% formic acid solution and buffer B contained 0.1% formic acid-84% acetonitrile solution. The column was equilibrated with 95% buffer A. Samples were separated using a loading column (nanoViper C18, Thermo Scientific Acclaim PepMap100, 100 μm × 2 cm) and an analytical column (Thermo Scientific EASY column, 10 cm, ID75 μm, 3 μm, C18-A2). The flow rate was set to 300 nL/min.

The separated samples were analyzed using Q-Exactive MS under positive ion mode. The scanning range of the precursor ion was 300−1800 m/z, AGC (automatic gain control) target was 1 × 10–6, maximum IT was 50 ms, and dynamic exclusion time was 60.0 s. Several 20 fragment maps (MS2 scan, MS2 activation type: HCD) were collected after each full scan. The isolation window was set to 2 m/z. Normalized collision energy was 30 eV and underfill was 0.1%.

The MS data was identified and quantitatively analyzed using Mascot ver. 2.2 (Matrix Science) and Proteome Discoverer 1.4 (Thermo, United States). The maximum missed cleavage was set to 2; peptide mass tolerance and fragment mass tolerance was set to ±20 ppm and 0.1 Da, respectively. Peptide false discovery rate (FDR) was set at < 0.01. Protein quantification was performed based on the median of only the unique peptides of the protein. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD024873.”



Data Analysis

SPSS ver. 19.0 was used to perform parametric one-way analysis of variance (ANOVA) for analyzing the differences in the growth rate, Fv/Fm, Y(II), and rETR values of the cultures among different groups.

Differentially expressed proteins were filtered using a fold change ≥ 1.2 and ≤0.83, and P-value < 0.05 (paired t-test or one-way ANOVA) (Cox and Mann, 2008). Blast2GO ver. 5.2 (BioBam, Spain) was used to annotate Gene Ontology (GO) function entries for all identified proteins, and Kyoto Encyclopedia of Genes and Genomes (KEGG) Automatic Annotation Server (KAAS) was used to allocate the differentially expressed proteins to the biological pathways. GO function and each KEGG pathway protein were analyzed for the significance of enrichment using Fisher’s exact test.

The paired t-tests were performed on the corrected ratios (the intensity of the fragmented tag in a sample to the intensity of the fragmented tag in the control sample) to identify the proteins and their proteomic associations after Fe or Cu deductions. The Cochran–Mantel–Haenszel tests for repeated 2 × 2 tests of independence were performed to identify the proteins under the conditional association of copper and iron (Rayner and Rippon, 2018). All tests were performed and verified using SPSS ver. 19.0.



RESULTS


Physiological Response to Copper and Iron Deduction

The growth rates of 25 groups of Synechocystis 6803 under different culture conditions in terms of combinations of copper and iron concentrations were continuously monitored for 7 days (Figure 1). As shown in Figure 1, the increase of iron concentration from F1 to F5 tends to promote cell growth (Figures 1A–E), and the growth rates of F1 groups were significantly lower (P < 0.05). The change of copper concentrations has little effect on cell growth rate in the F1–F5 series, but the change of copper concentration affected the optimal iron concentration for growth. The fastest growth rate was observed in the F4C4 group (OD730 = 0.404), followed by that in the F5C3 group (OD730 = 0.393) (Figure 1F).
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FIGURE 1. Growth of Synechocystis sp. PCC 6803 under different Cu and Fe concentrations. (A–E) The growth curve of Synechocystis sp. PCC 6803 in the presence of different combinations of copper and iron concentrations; (F) Growth of Synechocystis sp. PCC 6803 at 120 h. C1∼C5 indicate Cu concentrations of 0, 112.5, 225, 337.5, and 450 nM, respectively; F1∼F5 indicate Fe concentrations of 0, 6.25, 12.5, 18.75, and 25 μM, respectively.


As shown in Figure 2, three parameters related to chlorophyll fluorescence were measured: Fv/Fm (the maximum quantum yield of PSII), Y(II) (the actual effective quantum yield of PSII) and rETR (the relative electron transfer rate). In the C1−C3 series, the fluorescence parameters increased with Fe concentrations (from F1 to F5 series) and peaked in the F5 group. However, for C4 and C5 series, the highest value was not observed in the F5 group. The maximum values of rETR and Y(II) were observed in the F4C4 group, while the maximum value of Fv/Fm was observed in the F5C3 group.
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FIGURE 2. Effects of different copper and iron concentrations on the chlorophyll fluorescence of Synechocystis sp. PCC 6803. (A) Fv/Fm (the maximum quantum yield of PSII); (B) Y(II) (the actual effective quantum yield of PSII); (C) rETR (the relative electron transfer rate).




General Proteomic Analyses

The effects of copper deduction, iron deduction, and copper-iron deduction on the protein profile of Synechocystis 6803 were investigated using TMT quantitative proteomics technology. In total, 1,555 proteins were identified based on 8350 peptides and 8197 unique peptides identified in Synechocystis 6803; proteins with expression ≥ 1.2 times or ≤0.83 times that of the control and p-value < 0.05 were considered significant.

Venn diagrams show (Figures 3A,B) that the number of differentially expressed proteins induced by dual deduction of copper and iron was the largest (up, 329; down, 367), followed by those induced by iron deduction (up, 262; down, 324), while copper deduction induced the least number of differentially expressed proteins (up, 143; down 204).
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FIGURE 3. Venn diagrams showing differential protein abundances and enriched KEGG pathways. (A) Up-regulated proteins (≥1.2-fold); (B) down-regulated proteins (≤0.83-fold); (C) **P < 0.01, *P < 0.05.


The GO functional analysis of all the differentially expressed proteins yielded 139 GO functional annotation entries (P < 0.05) in the Fe-deduction group, 52 GO functional annotation entries (P < 0.05) in the Cu-deduction group and 87 GO functional annotation entries (P < 0.05) in the Cu, Fe dual deduction group. These proteins were further categorized into three groups: biological processes, cellular components, and molecular functions based on functional differences. Table 1 lists the first eight groups of most significant annotations. Some photosynthesis-related and non-photosynthesis-related differentially expressed proteins present in these annotations have been listed in Supplementary Tables 1, 2, respectively.


TABLE 1. Enriched Gene Ontology (GO) term.
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In all three deduction groups, various cellular components of the thylakoid and photosynthetic membrane changed significantly. For example, the significantly down-regulated proteins (P < 0.05) included the chloroplast import-associated channel IAP75, membrane protein PilM and membrane-associated protein Slr1513, while the significantly up-regulated proteins included cyanobacterial orthologs of chloroplast proteins Ycf35 and Ycf23 (P < 0.05) (Supplementary Table 2); Photosynthesis was the most predominant biological process (BP) under all three conditions (Table 1), and various proteins involved in photosynthesis were significantly down-regulated, including photosynthesis assembly proteins (Slr0147, Slr0149, and Slr0151) and proteins related to phycobilisomes, PSII, PSI, Cytochrome b6/f complex, photosynthetic electron transporter, and ATP synthase (Supplementary Table 1). However, individual proteins were up-regulated in response to certain conditions. For example, Cytochrome c6 (18.06-fold) and Plastocyanin (1.44-fold) were significantly up-regulated in the Cu-deduction and Fe-deduction groups, respectively. Psb28 (Fe-deduction group: 1.54-fold; Cu–Fe dual deduction group: 2.51-fold) and IsiA (Fe-deduction group: 4.41-fold; Cu-Fe dual deduction group: 4.52-fold) were only up-regulated in response to iron deduction, but did not respond significantly to copper deduction. In addition, protein metabolism was one of the significantly enriched biological processes in the Fe-deduction group (Supplementary Table 1). Various ribosome-related proteins participated in this process (Supplementary Table 2), most of which were significantly down-regulated and few were significantly up-regulated. In the Cu-deduction group carbohydrate transport, lipid catabolic process, and organic substance transport (P < 0.05) were the significantly affected biological processes, which affected the expression of several metabolic enzymes, such as carbohydrate metabolizing enzymes, including ATP-dependent 6-phosphofructokinase (2.27-fold), Alpha-1,4 glucan phosphorylase (1.32-fold), and Aconitate hydratase B (1.59-fold), and various other carbon or nitrogen metabolism-associated proteins, including Biotin carboxylase (2.07-fold), Nitrate reductase (2.01-fold), Aminopeptidase (1.69-fold), Ribose phosphate isomerase B (1.46-fold), Glucose-6-phosphate 1-dehydrogenase (1.31-fold), and Glutamine synthetase (1.24-fold) (Supplementary Table 2). The molecular functions differed significantly in these three experimental groups (Table 1). Iron deduction and copper deduction alone affected electron transfer activity; however, in the group of Cu, Fe dual-deduction, the main molecular functions affected included structural molecule activity and structural constituent of ribosome (Table 1).

KEGG analysis of differentially expressed proteins showed that these proteins were mainly concentrated in the four signaling pathways of photosynthesis, photosynthetic-antenna proteins, ribosomes, and the cell cycle under the three deduction conditions (Figure 3C). Photosynthesis and photosynthetic-antenna proteins were highly enriched (P < 0.01) in the Cu-deduction and Fe-deduction groups (P < 0.01), while ribosomal proteins were highly enriched (P < 0.01) in the Cu, Fe dual deduction group, in addition to photosynthetic proteins. Furthermore, the cell cycle signaling pathway was also significantly enriched in the Fe-deduction group (P < 0.05) (Figure 3C).



Cu–Fe Proteomic Associations

Cochran–Mantel–Haenszel tests were performed to analyze whether protein expression was affected by the copper-iron reciprocal effect. We observed that the expression of ten proteins showed significant copper-iron proteomic association (P < 0.05) (Table 2), among which five were porins, two were iron transporters, and the remaining three were photosynthetic electron transport-related proteins.


TABLE 2. Reciprocal effect of copper and iron on protein expression.

[image: Table 2]The expression of five putative porins, namely, Slr1841, Slr1908, Slr0042, Sll1550, and Sll1271, mainly involved in ion transport (Qiu et al., 2018), showed significant copper-iron proteomic associations (P < 0.05) (Table 2). Among them, Slr1841, Slr1908, and Slr0042 were significantly down-regulated under copper as well as iron deduction conditions (Supplementary Table 2). However, Sll1550 was only significantly down-regulated under copper deduction (Cu-deduction group: 0.75-fold; Cu, Fe-dual deduction group: 0.68-fold), whereas Sll1271 was not significantly down-regulated under copper deduction and iron deduction conditions (Supplementary Table 2).

The expression of iron uptake-related proteins, ferrichrome-iron receptor (FhuA) and iron uptake protein A2 (FutA2) showed significant Cu–Fe proteomic association (P < 0.05) (Table 2). FhuA is a TonB-dependent OM transporter for iron that can incorporate iron from the extracellular environment and transport them to the periplasmic space (PP). The expression of FhuA in the was significantly up-regulated by 5.86-fold, 1.9-fold, and 6.8-fold in the Fe-deduction group, Cu-deduction group, and Cu, Fe-dual deduction group, respectively (Supplementary Table 2). FutA2 is a periplasmic water-soluble iron importer, which was significantly up-regulated under iron deduction or copper deduction conditions (3.81-fold up-regulation upon Fe deduction, 1.69-fold upon Cu deduction, and 4.18-fold upon Cu, Fe-dual deduction; Supplementary Table 2).

In addition, the expression of proteins related to photosynthetic electron transport, namely, PsbU (Photosystem II 12 kDa extrinsic protein), PsbQ, and Flavodoxin, also showed copper-iron correlation (P < 0.05) (Table 2). Among them, only PsbU was differentially expressed under iron deduction (Fe-deduction group: 0.53-fold; Cu–Fe dual deduction group: 0.4-fold), while no significant differential expression was observed under copper deduction (Supplementary Table 1). PsbQ was significantly down-regulated under these three deduction conditions; it was down-regulated by 0.41-fold in the Fe-deduction group, by 0.81-fold in the Cu-deduction group, and by 0.71-fold in the Cu-Fe dual deduction group (Supplementary Table 1). The expression of the electron carrier, Flavodoxin, was significantly up-regulated in response to copper deduction or iron deduction (Fe-deduction group: 4.29-fold; Cu-deduction group: 2.14-fold; Cu, Fe-dual deduction group: 7.51-fold) (P < 0.05) (Supplementary Table 2).




DISCUSSION


Growth, Photosynthesis, and Cu–Fe Association

The copper or iron deduction affects growth of Synechocystis 6803. As shown in Figure 1, iron played a crucial role in the growth of Synechocystis 6803, which has been confirmed previously (Odom et al., 1993). This might be due to iron which is an important cofactor in photosynthesis, such as cytochrome c6 in the electron transport chain and Fe/S cluster proteins in PSI (Geider and La Roche, 1994). Therefore, severe iron deficiency affected photosynthesis. Copper also plays an important role in the growth of cyanobacteria, and studies have found that severe copper deficiency affects the growth of cyanobacteria (Manahan and Smith, 1973; Sandmann and Böger, 1980). In this study, strict copper starvation was not pursued and different levels of copper deduction were used to testify the effect of small-amount changes of copper on Synechocystis physiology. Result indicated that the effect was weak in the presence of increased iron. One of the most remarkable roles of copper affecting on cyanobacterial growth is as the binding metal element of plastocyanin participating in electron transfer. When copper is deficient, the iron-binding protein cytochrome c6 can be functionally replaced with plastocyanin, which alleviates the impact of copper deprivation on cells (Peers and Price, 2006).

In the measurement of the growth curve, the most important finding is that the growth of Synechocystis 6803 shows Cu-Fe association, for example, among F4 condition (iron concentration: 18.75 μM), cells have the best growth rate among C4 condition (copper concentration: 337.5 nM); while among F5 condition (iron concentration: 25 μM), cells have the best growth rate among C3 condition (copper concentration: 225 nM) (Figure 1). The effect of copper and iron on cyanobacterial growth is consistent with previous reports (Sandmann and Malkin, 1983; Ivanov et al., 2000).

The copper or iron deduction affects the photosynthesis of Synechocystis 6803. Y(II) reflects the actual photosynthetic efficiency of PSII, and rETR reflects the relative electron transfer rate of PSII, both of which are related to the activity of linear electron transfer (Genty et al., 1989; Krause and Weis, 1991; Maxwell and Johnson, 2000), thereby showing the Cu–Fe reciprocal effect. For example, when the copper concentration was increased from C3 to C4, the optimal iron concentration of the two parameters decreased from F5 to F4 (Figures 2B,C). However, the maximum value of Fv/Fm, reflecting the potential photosynthetic activity of the five copper concentrations, was observed in the F5 series, indicating that Fv/Fm of these Synechocystis 6803 is mainly affected by the iron concentration owing to the wide-ranging influence of iron on the photosynthetic system (Figure 2A; Hopkinson et al., 2007). These results are consistent with previous reports (Abdel-Ghany and Pilon, 2008; Fraser et al., 2013; Georg et al., 2017).

The effect of copper and iron deduction on the growth of Synechocystis 6803 will directly affect the biomass accumulation, and the effect on photosynthesis will affect a series of metabolic processes including carbohydrate metabolism, lipid catabolic process and protein metabolism (detailed description in “General proteomic analyses”).



Electron Transport Chain-Related Proteins and Cu–Fe Proteomic Association

Analyzing the Cu–Fe proteome association will help explain the physiologically Cu–Fe association of Synechocystis 6803. The results of proteomic analysis (Table 2) showed that the expression of Flavodoxin, PsbU, and PsbQ, proteins related to the electron transport chain, showed significant Cu–Fe proteomic association. This may be due to the fact that electron transport in the electron transport chain is performed by Plastocyanin and/or Cytochrome c which containing essential Cu or Fe element respectively (Wood, 1978; Ullmann and Kostic, 1995; Cao et al., 2020), hence, some related proteins and physiological reactions (detailed discussion in section “Growth, photosynthesis, and Cu-Fe association”), such as PsbU and PsbQ, showed Cu–Fe proteome association. PsbU and PsbQ, located upstream of the electron transport chain, can protect the electron-donating Mn4CaO5 cluster (Mummadisetti et al., 2014; Kim and Debus, 2019). Flavodoxins, as electron transfer proteins located downstream of the electron transport chain (Sancho, 2006), can be induced by iron or copper deduction and also showed a significant Cu–Fe proteomic association (Table 1; Inda and Peleato, 2002). This may be a feedback regulation of cells to metal deduction.

The influence of copper or iron deduction on the electron transport chain will further affect the expression of a series of proteins involved in photosynthetic electron transport. On one hand, all proteins related to the photosynthetic system show differential expression, including various subunits of PSII, PSI, and the Cytochrome b6f complex (Supplementary Table 1). On the other hand, changes in PSII leads to down-regulation of phycobilisome-related protein expression (Supplementary Table 1). These changes are consistent with previous reports (Allen et al., 2008; Rochaix, 2011; Georg et al., 2017; Angeleri et al., 2019). In addition, the influence of copper or iron limitation on electron transfer will affect the formation of electrochemical gradients of protons inside and outside the TM, which in turn affects the synthesis of ATP by ATP synthase (Ferguson and Sorgato, 1982; Van Walraven et al., 1985; Narayan et al., 2011). The lack of ATP synthesis will trigger a series of differential expression of ATP-dependent proteins and related metabolic changes, including those of ribosomal proteins, various tRNA enzymes, and many other proteins, which are in agreements with the results of protein differential expression identified in this study (Supplementary Table 2) and other reports (Allen et al., 2008; Georg et al., 2017; Angeleri et al., 2019).



Copper and Iron Uptake System and Cu–Fe Proteomic Association

Seven proteins related to copper and iron uptake, distributed in OM, PP, and TM, also showed significant Cu–Fe proteomic association (Table 2), except for the three TM proteins in the electron transport chain. Therefore, significant Cu–Fe proteomic association may also exist during the uptake of copper and iron from OM to PP and that this association was maintained during the transport of copper and iron through IM and TM.

Copper and iron were supposed mainly carried out from OM to PP in two ways. On the one hand, the OM porins of cyanobacteria promote the passive uptake of iron (Nikaido, 2003; Qiu et al., 2018) and may also be related to copper transfer (Speer et al., 2013; Stewart et al., 2019). On the other hand, copper and iron can also be actively transported to the PP via some transporters on the OM, including the TonB-dependence transporter (TBDT) and ABC transporter (Schöffler and Braum, 1989; Köster, 2001; Yue et al., 2003).

We observed that porins Slr1841, Slr1908, and Slr0042 were significantly down-regulated under copper deduction and iron deduction conditions; Sll1550 was only significantly down-regulated under copper deduction conditions, while Sll1271 was not significantly down-regulated under copper deduction and iron deduction conditions (Supplementary Table 2). This is consistent with previous results regarding copper- or iron-related stress (Kowata et al., 2017; Angeleri et al., 2019; Kojima and Okumura, 2020). Studies have shown that the deletion of Sll0772, Sll1271, Sll1550, and Slr0042 retarded the growth of Synechocystis 6803 in iron-deficient media (Qiu et al., 2018), suggesting that these porins are associated with iron uptake. Based on this and combined with the Cu–Fe proteomic association results of this study (Table 1), we speculated that the porins, Slr1841, Slr1908, and Slr0042, may be involved in the uptake of copper and iron from the extracellular environment and their transport to the periplasm, while Sll1550 is only related to copper uptake. Reports show that expression of Sll1550 is induced in the knock outs of its homologs, Slr1908 or Slr1841 (Kowata et al., 2017; Kojima and Okumura, 2020). This suggests that these porins coordinate with each other during copper or iron uptake and possibly maintain the normal transport of iron or the dynamic balance between copper and iron uptake. A significant Cu–Fe reciprocal effect on the expression of Sll1271 was observed (Table 1), although it was not significantly down-regulated under copper or iron deduction conditions. Currently, reports regarding the function of Sll1271 are limited.

In addition to porins, iron or copper can also be actively transported to the periplasm via certain transporters. At present, reports regarding copper OM transfer proteins are limited; however, several iron OM transporters have been discovered, such as iron ABC transporter-FutA1, TonB-dependence transporter-FhuA1, and iron uptake transporter-IutA (Hantke and Braun, 1975; Moeck et al., 1997; Ferguson et al., 1998; Pawelek et al., 2006). Although whether FhuA can directly transport copper is not known, we observed that FhuA1 can respond to copper deduction (up 1.9-fold) or iron deduction (up 5.86-fold) via differential expression (Supplementary Table 2) and significantly responds to the Cu–Fe reciprocal effect (Table 1). Similarly, the TonB-dependent iron transporter, -IacT, in Anabaena can also be significantly up-regulated in response to copper deduction (Nicolaisen et al., 2010). We speculated that the up-regulation of these two TonB-dependent iron transporters under copper deduction conditions may be related to TonB (Nicolaisen et al., 2010), as well as other related periplasmic proteins.

Recent studies have shown that after copper and iron are incorporated from the extracellular environment to the periplasmic space, some periplasmic transporters play important roles in maintaining the balance of copper and iron uptake. For example, the periplasmic protein FutA2 can not only participate in the uptake of Fe3+, but also plays a vital role in copper uptake (Badarau et al., 2008). Absence of FutA2 will lead to insufficient copper supply in the thylakoid cavity, as FutA2 can restrict the abnormal binding of Fe3+ to important binding sites of copper by isolating Fe3+, thereby indirectly assisting in passage of copper from the periplasm through the inner plasma membrane (IM) and TM to the thylakoid cavity. This explains our observation that FutA2 can be significantly up-regulated in response to copper or iron deduction and shows a Cu-Fe proteomic association (Table 1 and Supplementary Table 2), which is reflected in the connection between the TM and OM-PP-IM.

In summary, these Cu–Fe associated proteins play important role in the process of copper and iron uptake from OM to PP and then through IM and TM. Previous studies have only reported Cu–Fe association of individual proteins, and have not been linked to other Cu–Fe associated uptake proteins (Hantke and Braun, 1975; Moeck et al., 1997; Ferguson et al., 1998; Pawelek et al., 2006; Badarau et al., 2008; Speer et al., 2013; Stewart et al., 2019). However, we conducted a systematic analysis of these Cu–Fe associated proteins. And we think that there is a Cu–Fe proteomic association in the process of Synechocystis 6803 uptake of copper and iron from the extracellular environment to the thylakoid cavity via the OM-PP-IM-TM uptake system.



Cu–Fe Proteomic Association With a Hypothetical Uptake System

Based on the above results regarding growth, chlorophyll fluorescence, and expression of certain proteins, as well as the important roles of copper and iron in the photosynthetic electron transport chain, we proposed a hypothesis (Figure 4): during copper or iron deduction, Synechocystis 6803 responds to and regulates intracellular copper and iron content via an OM-PP-IM-TM Cu-Fe uptake system to maintain copper and iron homeostasis. The response of this Cu–Fe uptake system continues to affect the photosynthetic electron transport chain, which ultimately affects photosynthesis and inhibits cell growth. This feedback regulation mechanism involves association within the Cu–Fe proteome, which is mainly affected by the Cu–Fe supply of the electron transport chain.


[image: image]

FIGURE 4. The OM-PP-IM-TM Cu–Fe uptake system and photosynthetic electron transport chain. Proteins shown in blue: the protein expression shows significant Cu–Fe proteomic association; Solid arrow: direct influence; Dashed arrow: indirect influence.


The proposed role of the OM-PP-IM-TM uptake system is supported by numerous evidences regarding membrane connectivity. For example, structural biology evidences have identified a thylakoid convergence region inside the cytoplasmic membrane, which proves that there may be a certain degree of membrane structural continuity between the thylakoid cavity, periplasmic and extracellular environment (Liu and Zhang, 2019; Rast et al., 2019). Studies have also shown that the absence of OM porins such as Slr0042, Slr1841, and Slr1908 induces the release of functional proteins in the thylakoid cavity, including Plastocyanin, Cytochrome c, PsbU, and other photosynthetic electron transport-related proteins (Kojima and Okumura, 2020). This may be related to the connectivity of the membrane system, which will affect the electron transport chain.

The connectivity of the OM-PP-IM-TM membrane system suggests that the copper–iron transport is not limited to a single protein, but is possibly a consequence of the coordination of the entire copper–iron uptake system and the photosynthetic electron transport chain; for example, the synergy between active absorption and diffusion absorption in the OM (Qiu et al., 2018), and the functions of periplasmic proteins during the transfer of copper and iron from the periplasm into the membrane might be coordinated.

However, only few reports on copper uptake and copper-iron homeostasis are currently available, hence, the following questions have not been resolved: (1) what is the specific mechanism underlying the differential expression of several porins in response to copper and iron deduction? (2) can porins directly transport copper or iron? (3) how does the iron TonB-dependent transporter affect copper uptake? We look forward to verification of the hypothesis to address these questions, which needs a lot of future work.



CONCLUSION

Our research shows that the growth of Synechocystis 6803 was restricted during copper or iron deduction and was exhibited a Cu–Fe reciprocal effect under different copper and iron culture concentrations. Similarly, the data of chlorophyll fluorescence parameter Y(II) and rETR related to linear electron transfer activity also showed a Cu–Fe reciprocal effect. The proteomics results revealed that the three proteins (Flavodoxin, PsbU, and PsbQ) related to the electron transport chain showed significant Cu–Fe proteomic association. And many proteins involved in photosynthetic electron transport are also significantly differentially expressed, which will affect the photosynthetic metabolism and in turn affect other energy metabolism, such as carbohydrate metabolism, lipid catabolic process, and protein metabolism. In addition, the Cu–Fe proteomic association of Synechocystis 6803 is also manifested in the process of copper and iron uptake, which involves five porins (Slr1841, Slr1908, Slr0042, Sll1550, and Sll1271) and two iron transporters (FhuA and FutA2).

The above results reveal that in order to meet the intracellular requirements of copper or iron under deduction conditions, especially for the electron transport chain, these metals can be transferred into the cell via the uptake system (the OM-PP-IM-TM uptake system). Due to the functional substitution of copper-binding protein and iron-binding protein in the electron transport chain, some proteins involved in electron transport showed significant Cu-Fe proteomic association. In addition, the effect of copper and/or iron deduction on the photosynthetic electron transport chain will further affect the growth of Synechocystis 6803, and show a significant Cu-Fe association. Our research provides a theoretical basis for the regulatory link between copper and iron homeostasis in cyanobacteria, which will clarify the role of these two metal elements in cyanobacterial energy metabolism and biomass accumulation.
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Microalgal heterotrophic cultivation is an emerging technology that can enable producing high cell-density algal cell cultures, which can be coupled with photoautotrophic cultivation for valuable chemicals such as lipids manufacturing. However, how the heterotrophically grown algal cells respond to the lipid-inducing conditions has not been fully elucidated so far. In this study, when the heterotrophically grown Scenedesmus acuminatus cells were subjected to the high light (HL) and nitrogen-limited (NL) conditions, both the biomass and lipid productivity were enhanced as compared to that of the photoautotrophically grown counterparts. The chlorophyll a fluorometry analysis showed that the Fv/Fm and Y(II) of the heterotrophically grown cells subjected to the HL and NL conditions was recovered to the maximum value of 0.75 and 0.43, respectively, much higher than those of the photoautotrophically grown cells under the same stress conditions. Transcriptomic analysis revealed that heterotrophically grown cells fully expressed the genes coding for the photosystems proteins, including the key photoprotective proteins D1, PsbS, light-harvesting-complex (LHC) I and LHC II. Meanwhile, downregulation of the carotenoid biosynthesis and upregulation of the glycolysis/gluconeogenesis, tricarboxylic acid (TCA) cycle and oxidative phosphorylation pathways were observed when the heterotrophically grown cells were subjected to the HL and N-limited conditions for lipid production. It was deduced that regulation of these pathways not only enhanced the light utilization but also provided the reducing power and ATP by which the biomass accumulation was significantly elevated. Besides, upregulation of the acetyl-CoA carboxylase/biotin carboxylase, digalactosyl diacylglycerol synthase and diacylglycerol acyltransferase 2 encoding genes may be attributable to the enhanced lipid production. Understanding the cellular responses during the trophic transition process could guide improvement of the strength of trophic transition enhancing microalgal biomass and lipid production.

Keywords: Scenedesmus acuminatus, heterotrophically grown cells, lipid production, transcriptomic analysis, stress responses


INTRODUCTION

Microalgae are promising feedstocks for liquid biofuels production because of their high photosynthetic efficiencies, fast growth rates, high lipid contents and no competition with food production for arable land during cultivation (Yin et al., 2020). Production of biofuels from photoautotrophically grown microalgal biomass has already proved to be technically feasible at both lab and pilot-scales (Sajjadi et al., 2018; Yang et al., 2018; Tang et al., 2020). However, commercialization of microalgae-derived biofuels has been limited by the high costs, largely associated with biomass production (Su et al., 2017; Aziz et al., 2020). In the past decades, various cultivation strategies besides photoautotrophic cultivation have been emerging to enhance microalgal lipid production so as to balance the costs, which include heterotrophic cultivation, photoautotrophy-to-heterotrophy cultivation and heterotrophy-to-photoautotrophy cultivation (Xiong et al., 2010; Han et al., 2012; Zheng et al., 2013).

Among these cultivation modes, the heterotrophic cultivation mode offers many advantages that can enable fast growth and high biomass productivity for microalgae (Chen et al., 2020), while photoautotrophic cultivation is essential for producing many compounds of which the synthesis are highly dependent on photosynthesis, such as lipids requiring large amounts of photosynthetically produced reducing equivalent and fatty acids (Li-Beisson et al., 2015). Accordingly, heterotrophy-to-photoautotrophy cultivation takes advantages of both the cultivation modes, which are producing high-quality biomass via heterotrophy and inducing biosynthesis of particular end-products under photoautotrophic conditions. Currently, such a cultivation mode has been adopted for many algal strains for the manufacturing of a wide spectrum of chemicals, which included, but are not restricted to, Chlorella spp. and Scenedesmus acuminatus for lipid production (Han et al., 2012; Jin et al., 2020), Haematococcus pluvialis and Chromochloris zofingiensis for astaxanthin production (Wan et al., 2015; Sun et al., 2019), and Botryococcus braunii for hydrocarbons production (Wan et al., 2019). It is noteworthy that when the coupled cultivation mode was utilized for Chlorella spp. and S. acuminatus, the biomass yield and lipid productivity were significantly enhanced as compared with traditional photoautotrophic cultivation (Han et al., 2012; Jin et al., 2020).

Due to the above-mentioned merits of the heterotrophy-to-photoautotrophy cultivation mode, several studies have already been conducted to dissect the physiological and biochemical changes during the trophic transition of Chlorella pyrenoidosa and Chromochloris zofingiensis (Fan et al., 2015; Roth et al., 2019). However, the biological mechanisms underlying the enhanced microalgal biomass and lipid production under the heterotrophy-to-photoautotrophy cultivation mode has not been fully elucidated so far, especially for how heterotrophically grown algal cells adapt to the lipid-inducing conditions.

Scenedesmus acuminatus is a freshwater green alga capable of accumulating lipids as high as up to 50% of the dry wight under high light (HL) and nitrogen-limited (NL) conditions in photoautotrophic cultivation (Zhang et al., 2018). The alga is also able to grow robustly under heterotrophic conditions, reaching an ultrahigh-cell-density of 286 g L–1 (Jin et al., 2020). Interestingly, both the biomass concentration and lipid content of S. acuminatus cells were much higher under the heterotrophy-to-photoautotrophy cultivation conditions than those under the traditional photoautotrophic cultivation conditions (Jin et al., 2020). Thus, this alga is an ideal model to investigate the impact of the trophic transition from heterotrophy to photoautotrophy on algal cells. In this study, the heterotrophically grown cells (HC) of S. acuminatus and photoautotrophically grown ones (PC) were both subjected to the HL and NL conditions, and the cellular growth, lipid content and photosynthetic efficiency was compared between them, respectively. The responses of the genes involved in photosynthesis, central carbon metabolism, carotenoid biosynthesis and fatty acids biosynthesis were also surveyed by RNA-seq analysis in order to advance our understanding about mechanisms underlying the enhanced biomass and lipid production of S. acuminatus during trophic transition.



MATERIALS AND METHODS


Algal Strains and Culturing Conditions

The green alga S. acuminatus was isolated from South Lake of Guangzhou, China (Jin et al., 2020). For heterotrophic cultivation, algae cells were maintained in the modified Endo growth medium, containing glucose 30 g L–1, KNO3 3 g L–1, KH2PO4 1.2 g L–1, MgSO4⋅7H2O 1.2 g L–1, trisodium citrate 0.2 g L–1, FeSO4⋅7H2O 0.016 g L–1, EDTA-Na2 2.1 mg L–1, CaCl2⋅2H2O 0.03 g L–1, H3BO3 2.86 mg L–1, ZnSO4⋅7H2O 0.222 mg L–1, MnCl2⋅4H2O 1.81 mg L–1, Na2MoO4 0.021 mg L–1, CuSO4⋅2H2O 0.07 mg L–1. Heterotrophic cultivation was performed as described in the previous study (Jin et al., 2020). Briefly, the algal cells cultured in 1 L Erlenmeyer flask containing 300 mL medium on a rotary shaker at 180 rpm in dark was used as inoculum for the heterotrophic cultivation in the 7.5-L fermenter (BIOFLO and CELLIGEN 310, New Brunswick, United States). The initial culture volume of fermenter was 2.8 L, and the airflow rate was 2.8 L min–1. Dissolved oxygen was controlled automatically above 40% (v/v) via being coupled with the stirring speed. The initial glucose and urea concentration were 5 and 0.337 g L–1, respectively, corresponding to the C/N ratio of 12. The feeding medium used during fermentation process was the 25-fold concentrated growth medium used for batch culturing, containing 750 g L–1 of glucose. Stepwise constant feeding strategy was adopted to control the glucose concentration below 5 g L–1 during the cultivation. Besides, the temperature and pH was set at 30°C and 6.0, respectively. Heterotrophically grown algae cells were used as inoculum for lipid induction when cell biomass reached ca. 200 g L–1 after 144 h of fermentation.

The BG-11 growth medium was used for photoautotrophic cultivation of S. acuminatus cells (Rippka et al., 1979). The algal cells were cultured in 800 mL column photobioreactors (PBRs) (i.d. 5 cm) containing 750 mL of BG-11 growth medium, and grown to exponential phase (4–5 days) under continuous light intensity of 90 μmol m–2 s–1 at 25 ± 2.5°C. Mixing and aeration were provided by bubbling air containing 2.0% (v/v) CO2 with a flow rate of 0.2 vvm.

The HC and PC were harvested by centrifugation (3000 g, 5 min) and resuspended in the NL BG-11 growth medium with 0.09375 g L–1 NaNO3, corresponding to 1/16 of the original nitrate concentration of BG-11. The initial chlorophyll concentrations of above two cultures were adjusted to ca. 6.0 mg L–1. The cell cultures were subjected to the continuously HL intensity of 400 μmol m–2 s–1 at 25 ± 2.5°C to induce lipid production.



Growth and Lipid Contents Determination

Cell growth was estimated by measuring the cellular dry weight (DW), cell number and chlorophyll concentration of the algal cell cultures. DW was measured according to the method described by Wen et al. (2016). Cell numbers were counted by using a hemacytometer (Improved Neubauer, United States) under the microscope (BX51, Olympus, Japan). Chlorophyll and carotenoids contents were determined by using the previously described method (Ma et al., 2017). Briefly, an aliquot (10 mL) of culture suspension was centrifuged (4000 × g, 10 min, 4°C) to collect the cell pellets. After discarding the supernatants, the cell pellets were kept at −80°C for 24 h. Methanol (10 mL) was added to the centrifuge tube, which was then placed in a water-bath at 75°C for 20 min in dark, followed by centrifugation (4000 × g, 10 min, 4°C). The supernatants were transferred to a cuvette for measurement of optical density at 653 nm (OD653), 666 nm (OD666) and 470 nm (OD470).
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where VMeOH is the volume of methanol and Valgae is the volume of microalgae suspension used for the extraction of pigments.

The contents of fatty acid methyl esters (FAMEs) were determined according to the method described in our previous study (Jia et al., 2015). Briefly, 25 μL of the 10 mg mL–1 methyl tridecanoate, 200 μL of the chloroform:methanol (2:1, v/v) and 300 μL of the 5% (v/v) HCl:methanol were added to 10 mg sample and was transesterified in tightly sealed vials at 85°C for 1 h. FAMEs were extracted with 1 mL of hexane at room temperature for 1 h. Then the extracted FAMEs with pentadecane as internal standard was analyzed directly by a gas chromatography flame ionization detector (GC-FID) (Agilent, United States). FAMEs were quantified by using a FAME mixture standard (Sigma-Aldrich, United States) with C17:0 as the internal standard. Lipid bodies were observed by using the Olympus BX53 fluorescence microscopy (Olympus, Japan). The algal cells were diluted to a density of 1 × 107 cells mL–1 and then treated with 10% DMSO and stained for 10 min with 50 μM BODIPY 493/503 (Molecular Probes, Invitrogen Corporation, United States). Images were acquired by using the software cellSens DP6000 (Olympus, Japan). The BODIPY 493/503 fluorescence was detected using a 525/50 band-pass filter and the micrograph was taken using 488 nm excitation wavelength.



Chlorophyll a Fluorometry Analysis

Photosynthetic activities were measured by using a pulse amplitude modulated (PAM) fluorometer (Dual-PAM 100, Walz, Effeltrich, Germany). Algal cells were dark-adapted for 15 min to measure the minimum fluorescence (F0). For the measurement of maximal fluorescence (Fm), a saturated pulse light (10,000 mmol photons m–2 s–1, lasting for 0.8 s) was applied to fully close the PSII reaction centers (Genty et al., 1989). Saturating flashes at intervals of 35 s were applied under the different actinic light intensities (0–2004 mmolm–2 s–1). The maximum fluorescence in the light (Fm’) and steady-state value of fluorescence (F) were recorded with saturation pulse analysis. The maximum photochemical efficiency of PSII (Fv/Fm) was calculated as (Fm-F0)/Fm. The quantum yield of PSII [Y(II)] and non-photochemical quenching (NPQ) were calculated as follows: Y(II) = (Fm’-F0)/Fm’, NPQ = (Fm-Fm’)/Fm’ (Maxwell and Johnson, 2000).



RNA Extraction, Library Construction and Sequencing

Algal cells were collected at 6, 12, and 24 hours (h) of cultivation for the heterotrophically grown S. acuminatus cultivated under photoautotrophic lipid-inducing conditions (HL and NL) and heterotrophic conditions. For heterotrophic cultivation, 2 g L–1 of glucose was added into the N-limited BG-11 medium and the cells were grown under darkness. Mixing and aeration were provided by bubbling sterilized air at a flow rate of 0.2 vvm. For each time point, 3 biological replicates were prepared. Total RNA was extracted using TransZol Plant RNA Kit (TransGen, Beijing, China). For mRNA-Seq, the poly(A)-containing mRNA molecules were purified using NEBNext Poly(A) mRNA Magnetic Isolation Module (New England Biolabs). Directional transcriptome libraries were prepared using NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New England Biolabs). Following the manufacturer’s instructions, RNA dissolved in the first strand synthesis reaction buffer and random primer mix were fragmented into 250- to 400-bp fragments by incubating the sample at 94°C for 10 min. The purified, fragmented and primed mRNA was converted into double-stranded cDNA. Then, adaptor ligation, purification of ligation reaction, PCR enrichment and purification of the PCR reaction were conducted, the final library was sequenced for 2 × 150-bp runs (paired-end) using Illumina Hiseq 2500 platform (Novogene Bioinformatics Technology Co., Ltd., Beijing, China).



Transcriptome Assembly and Functional Annotation

To get high-quality clean reads, the raw data containing adaptor sequences, reads with low-quality sequences, and unknown nucleotides were filtered by using Trimmomatic (version 0.35). Transcriptome de novo assembly and quality assessment were performed firstly using Trinity (Grabherr et al., 2011), and the longest assembled transcript of given gene was taken as a unigene. Then the unigenes were used for CDS (Coding Sequence) prediction and functional annotation in the databases including: NR (NCBI non-redundant protein sequences), COG (Clusters of Orthologous Groups of proteins), GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) (Chen et al., 2017). Finally, the gene expression quantitation was estimated by RSEM (Li and Dewey, 2011) and each unigene was then calculated and normalized to the number of Fragments Per Kilobase Million (FPKM). Based on the expression, the differentially expressed genes (DEGs) were analyzed using the DEGseq R package (Huang et al., 2019). The significant DEGs were identified by two calculated parameters, false discovery rate (FDR) and Log2 fold change (Log2FC). If FDR was less than 0.05 and the absolute value of Log2FC was not less than 1, the gene was considered as significantly expressed one (Li X. et al., 2018).



Statistical Analyses

All data were obtained by using at least three biological samples to ensure the reproducibility of the results. Experimental results were expressed as mean ± standard deviation. The data were analyzed by using one-way ANOVA in SPSS (version 19.0). Statistically significant difference was considered at p < 0.05.



RESULTS AND DISCUSSION


Growth and FAMEs Contents of the HC and PC of S. acuminatus Subjected to the HL and NL Conditions

When the HC and PC of S. acuminatus were subjected to the HL and NL conditions at the same initial chlorophyll concentration (ca. 6 mg L–1), the volumetric chlorophyll concentration of the HC culture increased more drastically than that of the PC culture within 24 h (Figure 1A). After 24 h, when the nitrate was completely consumed, the chlorophyll concentrations of both the cultures decreased. The chlorophyll concentration of the PC culture decreased more rapidly than that of the HC culture from 24 through 72 h under stresses (Figure 1A). Similarly, the volumetric carotenoid concentration of the HC culture doubled within 24 h and was much higher than that of the PC culture. After 24 h, the carotenoid concentrations of both the cultures decreased (Figure 1B).
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FIGURE 1. Time evolution of the volumetric chlorophyll concentrations (A), carotenoid concentrations (B), cell numbers (C), dry weights (D), FAMEs contents (E), and FAMEs productivities (F) of the heterotrophically (filled cycle)- and photoautotrophically (empty cycle)-grown S. acuminatus cells subjected to the high-light and N-limited conditions. The values represent mean ± S.D. (n = 3).


When the two types of cells were inoculated at the same chlorophylls and carotenoids concentrations, the initial cell concentration was 2.1 × 106 and 3.1 × 106 cells mL–1, respectively, for the HC and PC culture (Figure 1C). The cell number of the HC culture reached 3.15 × 107 cell mL–1 after 48 h under HL and NL stresses, which was about twice as many as that of the PC culture (1.49 × 107 cell mL–1, p < 0.05, Figure 1C). The initial biomass concentration of the HC was twice as high as that of the PC (Figure 1D). Under the stress conditions, biomass yield of the HC culture was consistently higher than that of the PC culture during the 144 h under stresses (p < 0.05, Figure 1D). These results taken together indicated the HC can adapt to the HL and NL conditions in a more effective manner as compared to the PC.

To compare the capabilities in producing lipids of the two types of cells, the FAMEs contents and fatty acid profiles under HL and NL conditions were analyzed. As shown in Figure 1E, the initial FAMEs content of the HC was only 7.2% of DW, which was significantly lower than that of the PC (13.3% of DW) (p < 0.05). However, the FAMEs content of the HC increased sharply and reached 42.56% of DW by the end of cultivation, which was only a little lower than that of the PC (45.37% of DW). As a function of the biomass yield and the contents of FAMEs, the maximum FAMEs productivity of HC was significantly higher than that of PC under HL and NL conditions (p < 0.05, Figure 1F). Considering the total lipids of microalgae can be directly converted to the fatty acid methyl/ethyl esters for biofuels production (Nascimento et al., 2013; Sajjadi et al., 2018), the fatty acid profiles were compared between HC and PC. As shown in Supplementary Table 1, though the composition of PUFA was significantly higher in HC than that in PC, which was not suitable for biofuels manufacturing (Talebi et al., 2013), no significant difference in terms of the fatty acids profile was observed between them when HC and PC were subjected to HL and NL stresses over 144 h, indicating the coupled heterotrophy-and-photoautotrophy cultivation mode is an ideal technical route for biofuels production.

The cellular contents of chlorophylls and carotenoids were significantly higher in the HC than that in the PC (p < 0.05, Figures 2A,B). The weight of the individual HC was 2 times higher than that of the PC (Figure 2C). These results were consistent with the microscopic observation that showed the size of HC (length 20.1 ± 3.0 μm, width 14.3 ± 2.5 μm) was significantly larger than that of PC (length 9.4 ± 2.1 μm, width 3.1 ± 0.4 μm) (Figure 2D). When subjected to the HL and NL conditions, the cellular contents of chlorophylls and carotenoids both decreased immediately within the 24 h under the stresses (Figures 2A,B). After 96 h, the chlorophyll content per cell and carotenoids content per cell of the HC were much lower than those of the PC, respectively (p < 0.05, Figures 2A,B). Upon the onset of the stresses, the weight per HC decreased from 0.23 to 0.06 ng cell–1 during the 24 h, while that of the PC slightly decreased (Figure 2C). After that, the weight of the two types of cells continuously increased and no significant difference was observed between them (p > 0.05, Figure 2C). Decreases in the weight per HC were consistent with the changes in cell morphology as shown in Figure 2D. Besides, the number and size of lipid bodies in the two types of cells were almost the same (Figure 2D). In addition, the calculated contents of chlorophylls and carotenoids based on cell dry weight were shown in Supplementary Table 2. The results showed that the chlorophyll content of HC and PC decreased to a comparable level under HL and NL stress conditions, though it was originally two times higher in PC than that in HC. By contrast, the carotenoid content per cell dry weight of PC was 98.6% higher than that of HC. When subjected to the stresses, the carotenoid content of PC decreased by 42.3% within 24 h, while that of HC decreased by 29.6%. Over 144 h under HL and NL stresses, the carotenoid contents of PC were constantly higher than that of HC.
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FIGURE 2. Changes in chlorophyll contents (A), carotenoids contents (B), cell weights (C), cell morphologies and lipid bodies (D) of the heterotrophically (H)- and photoautotrophically (P)-grown S. acuminatus cells subjected to the high-light and N-limited conditions. Intracellular lipid bodies were stained using BODIPY (green). Scale bar = 10 μm.


Those results taken together indicated HC had the more or less same ability in accumulating lipids with the PC but much higher growth rate under HL and NL conditions. Different from many previous studies, which investigated the microalgal biomass and lipid yields during the trophic transition process (i.e., from heterotrophy to photoautotrophy) (Han et al., 2012; Wu et al., 2019), this study uncovered the changes in the morphology and biochemical compositions at the single cell level. Firstly, it was observed that both the HC and PC of S. acuminatus started to divide vigorously upon being subjected to the high light conditions, and the HC divided to more extent than PC did. After 24 h, when the nitrate in the growth media was completely consumed up, the division of PC immediately stopped but the division of HC continued until 48 h, albeit at a slightly lower rate than that of the first 24 h under HL stress. Though the original weight of HC was much heavier than that of PC, it decreased to a comparable level with that of PC over 144 h under HL and NL stresses. In the previous study, the enhanced growth rate of HC under HL and NL conditions was attributable to its remarkably reduced chlorophyll content (Jin et al., 2020). It was suggested that HC may possess truncated light-harvesting antennae, which can permit higher light penetration in high-cell-density-culture, less likelihood photoinhibition, and reduced energy loss as heat (Melis, 2009; Cazzaniga et al., 2014). However, it was found in this study that the chlorophyll contents of the PC and HC were reduced to a similar level under stresses (Figure 2 and Supplementary Table 1). By contrast, it was observed that the cellular content of carotenoids of PC was higher than that of HC. Enhancement of the carotenoid biosynthesis is a strategy adopted by microalgae to cope with the excess light (Li L. et al., 2018). Thus, we assumed the relatively lower cell concentration of the PC culture led to the exposure of the single cells to excess illumination and therefore the retarded cell growth of PC under HL and NL stresses. Thus, understanding the physiological and biochemical changes that occurred in HC during the first 48 h under stresses, which caused rapid cell division, is crucial for elucidating the mechanisms underlying the enhanced growth rate of HC. On the other hand, no significant difference was observed in the lipid contents between PC and HC. Previous studies on Chlorella spp. suggested that the lipid contents of the HC subjected to HL stress was significantly lower than that of PC under the same conditions (Han et al., 2012). Thus, the distinct capabilities in accumulating lipids between HC and PC subjected to the same stresses may vary among microalgal species.



Photosynthetic Efficiencies of the HC and PC Subjected to HL and NL Conditions

The impacts of the HL and NL stresses on the photosynthetic efficiencies of the two types of S. acuminatus cells were investigated by using the chlorophyll a fluorometry (Figure 3). The initial Fv/Fm of the PC was 0.78 (Figure 3A). However, the Fv/Fm of the PC decreased sharply after 24 h of cultivation under HL and NL conditions. On the contrary, although the initial Fv/Fm of the HC was only 0.31, which suggested that the photosynthetic complexes were not well developed or impaired in HC, it increased sharply during the first 12 h of cultivation and reached the maximum value of 0.75 at 24 h. Afterward, Fv/Fm of the HC showed a slight decrease during cultivation and it was much higher than that of the PC under the same conditions (p < 0.05, Figure 3A). Similar results were obtained in effective PSII quantum yield [Y(II)] (Figure 3C).
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FIGURE 3. Changes in chlorophyll fluorometry parameters [(A): Fv/Fm, (B): NPQ, (C): Y(II), (D): Y(NO), (E): Y(NPQ)] for the heterotrophically (filled cycle)- and photoautotrophically (empty cycle)-grown S. acuminatus cells subjected to the high-light and N-limited conditions. The values represent mean ± S.D. (n = 3).


On the other hand, non-photochemical quenching (NPQ) of the PC subjected to HL and NL was greatly induced, and was significantly higher than that of the HC from 24 through 96 h of stresses (p < 0.05, Figure 3B), which was consistent with the results of the yield for dissipation by downregulation [Y(NPQ)] (Figure 3E). Although enhanced NPQ is a useful strategy for microalgal cells to cope with the excess light (Peers et al., 2009; Bailleul et al., 2010), more light energy dissipates as heat may cause less quantum yield. Thus, much lower NPQ of the HC than that of PC may lead to higher light energy utilization by the former one, which results in its higher growth rate and biomass yield under stresses. The yield of other non-photochemical losses [Y(NO)] of the cells in the two cultures were almost the same after 24 h of cultivation (Figure 3D).

To better understand the differences in photosynthetic physiology between the two types of cells, light-response curves were determined for them. The PC exhibited higher electron transport rate (ETR) and Y(II) than HC under the actinic light in the range of 34–2004 μmol photons m–2 s–1 (Figures 4A,B). However, those two parameters of the HC were much higher than that of the PC under the actinic light in the range of 34–1279 μmol photons m–2 s–1 after 12 h (Figures 4E,F,I,J,M,N). Moreover, Y(NPQ) of the PC subjected to HL and NL was higher than that of HC under the same stress conditions (Figures 4D,H,L,P), while Y(NO) of the two types of cell subjected to the stresses for 12 h had little disparity under the actinic light in the range of 65–2004 μmol photons m–2 s–1 (Figures 4C,G,K,O).
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FIGURE 4. Light response curves of the chlorophyll fluorometry parameters for the heterotrophically (filled cycle)- and photoautotrophically (empty cycle)-grown S. acuminatus cells subjected to the high-light and N-limited conditions. Chlorophyll fluorescence were obtained with a series of photosynthetically active radiances (0, 34, 65, 122, 218, 467, 746, 1279, 2004 μmol photons m–2 s–1) to calculate ETR(II), Y(II), Y(NO) and Y(NPQ). (A–D), (E–H), (I–L), and (M–P) were measured in 0, 12, 24, and 144 h of cultivation, respectively. The values represent mean ± S.D. (n = 3).


The heterotrophically grown algal cells are usually featured by the underdeveloped or impaired photosystems, indicated by the relatively low Fv/Fm value (Zhang et al., 2016; Roth et al., 2019). The Fv/Fm of Haematococcus pluvialis cells grown under heterotrophic conditions is found to be as low as 0.6. When Chlorella protothecoides was grown under heterotrophic conditions, many photosynthetic proteins were found to be degraded, reflecting changes in photosynthetic efficiencies (Gao et al., 2014). Different from photosynthetic cells of many microalgae, whose photosynthetic efficiencies dramatically declined when they are subjected to the HL stresses (Parkhill et al., 2010; Xia et al., 2014; He et al., 2015), the Fv/Fm and Y(II) and of HC immediately recovered during the trophic transition of S. acuminatus (Figure 3). Underlying mechanism for the rapid regeneration and reactivation of photosynthesis may be involved in removal of glucose that can suppress photosynthesis in HC (Roth et al., 2019). In addition, both the light and nitrate were found to be capable of inducing reconstruction of photosynthetic machine of heterotrophic algal cells (Zhang et al., 2016). The results of chlorophyll a fluorometry underlined the significance of changes during the first 24 h, which may confer the HC of S. acuminatus capabilities in adapting to the HL and NL conditions. The results also suggested that more light energy can be converted into photochemical energy and less light energy dissipated as heat in the HC than those in the PC, which could lead to the enhanced biomass production of HC under the HL and NL conditions.



Overview of the RNA-Seq Data

To dissect the mechanisms underlying the enhanced biomass and lipid production of heterotrophically grown S. acuminatus cells under stress conditions, transcriptomics analysis was performed for the HC subjected to photoautotrophic lipid-induing conditions (HL and NL) and the cells were kept under the heterotrophic conditions were used as control. After assembling the de novo sequenced transcripts and eliminating redundancy, 15,899 unigenes with an N50 length of 1,193 bp and GC content of 55.6% were obtained (Supplementary Table 3). To evaluate the accuracy and completeness of assembled unigenes, the transcripts were compared with single-copy gene sets of several large evolutionary branches in OrthoDB database1 by BUSCO 3.0 (Simao et al., 2015), based on conservation of single-copy benchmarking universal single-copy orthologs (BUSCOs). The results showed a high degree of completeness with a BUSCO score of 76.5%, of which 1,659 genes were complete, 525 were complete duplicated, 230 were fragmented, and 279 were missing BUSCO orthologs out of the 2,168 groups searched (Supplementary Table 3). These results indicated high-quality transcriptomes were obtained in this study and can be further used for annotation and analysis.

There were 274 shared genes identified in both the treated (HC subjected to the HL and NL conditions) and control groups at three time points (Figure 5A). Besides, there were 5,351 DEGs in the heterotrophically grown S. acuminatus cells subjected to HL and NL as compared to the control. Among them, 923, 695, and 767 up-regulated and 828, 822, and 1,316 down-regulated DEGs were identified at 6, 12, and 24 h under the HL and NL conditions (Figure 5B). However, much more DEGs were observed when heterotrophically grown C. pyrenoidosa and C. zofinginesis were transferred to photoautotrophic conditions (Fan et al., 2015; Roth et al., 2019).
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FIGURE 5. Statistical chart of heterotrophically grown S. acuminatus cells subjected to the high-light and N-limited conditions. Venn diagram representation of shared/unique genes (A) and number of differently expressed genes (DEGs) (B) compared to heterotrophically grown cells at 6, 12, and 24 h of cultivation, respectively.


The unigenes were further classified by GO enrichment analysis and KEGG enrichment pathway analysis (Supplementary Figures 1–3). Notably, in the early stage of trophic transition (6 h), the transcript levels of the genes related to membrane and membrane part, which involved in chloroplast biosynthesis, were fluctuated remarkably (Supplementary Table 4). These findings suggested a large number of biological processes were reprogrammed in the HC of S. acuminatus during the trophic transition, which was also observed during the trophic transition processes in C. pyrenoidosa and C. zofinginesis (Fan et al., 2015; Roth et al., 2019).



Changes in the Key Biological Processes at Transcriptional Level During the Trophic Transition

Previous studies have revealed that a large number of pathways including photosynthesis, carbon fixation, central carbon metabolism, oxidative phosphorylation, lipid biosynthesis, and other metabolism pathways were regulated at the transcriptional level during the trophic transition process in many microalgae, which enabled microalgal cells coping with the changing environmental conditions (Fan et al., 2015; Roth et al., 2019). Photosynthesis produce the main energy sources (i.e., ATP and NADPH) for the growth and metabolism of algal cells (Huang et al., 2019). When dark-grown algal cells were subjected to HL condition, photosynthesis may be recovered immediately to provide energy for sustaining the algal cell growth. Four multi-subunit membrane-protein complexes in the thylakoid membranes including two photosystems (PSI and PSII), cytochrome b6f and ATPase were the basic elements for photoreaction (Nelson and Ben-Shem, 2004). The results showed that 37 genes coding for the above four photosynthetic apparatus were differently expressed at 6 h (Table 1). D1 protein turnover is an important defense strategy for plants and algae to cope with HL stresses (Wu et al., 2011; Li L. et al., 2018). The transcriptome data showed that although the D1 protein encoding gene psbA (c11222_c0_g1) was downregulated by 1.38-fold at 6 h, it was upregulated by 95 and 38% at 12 and 24 h, respectively (Table 1). This result suggested that D1 protein of the heterotrophically grown cells subjected to HL and NL can be repaired so as to enhance the function of PSII, which was consistent with the increase of Fv/Fm and Y(II) of algal cells during the same period of cultivation time (Figures 3A,C). Non-photochemical quenching of excess excitation energy is another photoprotective strategy in photosynthetic organisms (Correa-Galvis et al., 2016). Several studies have already confirmed that high quenching capacity depending on PsbS (Gerotto et al., 2015; Ware et al., 2015; Correa-Galvis et al., 2016). The gene (c19487_c0_g1) encoding PsbS was downregulated by 31% and 1.19 times at 6 and 12 h, respectively (Table 1). However, it was upregulated by 63% at 24 h. This result indicated NPQ was enhanced with extended culturing time under HL and NL stresses, which was consistent with changes in the NPQ during the same period of time (Figures 3B,E). LHCII is the primary site of photoprotection and its recovery is also useful for algal cells to eliminate photodamage caused by HL (Ruban et al., 2012). D1 protein turnover and PsbS upregulation indicated that some key proteins in LHCII were repaired under stresses, and it may provide protection for the core of PSII to some extent. Thus, downregulation of the expression of the genes involved in photosynthesis indicated that the low concentration of glucose (i.e., 0–5 g L–1) adopted in this study may stimulate expression of many photosynthetic genes in the S. acuminatus cells grown under the heterotrophic conditions.


TABLE 1. Comparative transcriptomic analysis of photosynthesis for the heterotrophically grown S. acuminatus cells subjected to the high light and N-limited conditions.

[image: Table 1]The genes involved in carotenoid biosynthesis were also surveyed. As shown in Table 2, the gene encoding phytoene synthase (PSY), which catalyzes the conversion of geranylgeranyl diphosphate to phytoene, was downregulated significantly at all three time points (Table 2). The major carotenoids of S. acuminatus are lutein, zeaxanthin, violaxanthin, and neoxanthin (Zhang et al., 2019). The expressions of corresponding genes were all downregulated, including beta-ring hydroxylase (CYP97A3) and carotenoid epsilon hydroxylase (CYP97C1), beta-carotene 3-hydroxylase (CHYB) and violaxanthin de-epoxidase (VDE) (Table 2). These results indicated the carotenoid biosynthesis of S. acuminatus was downregulated at the gene expression level during the trophic transition process, which was consistent with the carotenoid quantification results shown in Figure 2B. Because lutein, zeaxanthin, violaxanthin and neoxanthin are four main carotenoids of the xanthophyll cycle (Janik et al., 2016), the down-regulation of corresponding genes may also decrease xanthophyll cycle and finally generate lower NPQ, which was confirmed by the results achieved in Figure 3B.


TABLE 2. Comparative transcriptomic analysis of carotenoid biosynthesis for the heterotrophically -grown S. acuminatus cells subjected to the high light and N-limited conditions.

[image: Table 2]Photosynthetic carbon fixation can provide energy and carbon skeletons for biosynthesis of macromolecules. Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBsiCO) catalyzes the addition of gaseous carbon dioxide to ribulose-1,5-bisphosphate (RuBP), generating two molecules of 3-phosphoglyceric acid, is the key enzyme involved in photosynthetic carbon fixation. The transcriptomics analysis revealed that two transcripts encoding RuBsiCO were differently expressed during trophic transition. One transcript (c8501_c0_g1) encoding the large subunit (rbcL) of RuBsiCO was downregulated by 1.95 and 1.65 times at 6 and 24 h, respectively. The transcript (c13567_c0_g1) encoding the small subunit (rbcS) of RuBsiCO was downregulated by 2.94 times at 24 h (Supplementary Table 5). Though downregulation of RuBsiCO under HL and NL may reduce the efficiency of Calvin cycle, the carbon assimilation in S. acuminatus cells CO2 fixation may be compensated by other processes. Despite that RuBisCO is the main primary CO2-fixing enzyme in algae and C3 plants, these organisms also possess a second enzyme, phosphoenolpyruvate carboxylase (PEPC) that can efficiently fix carbon as it catalyzes the reaction of CO2 and phosphoenolpyruvic acid to produce oxaloacetic acid (Chen et al., 2002; Durall and Lindblad, 2015). The results showed that the genes (c13707_c0_g1, c48143_c0_g1) encoding PEPC was up-regulated at 6 and 12 h (Supplementary Table 5). Moreover, another key enzyme belonging to C4 and Crassulacean Acid Metabolism (CAM) pathways for carbon fixation, pyruvate orthophosphate dikinase (PPDK), was up-regulated significantly at three time-points at the transcript level (Supplementary Table 5).

The glycolysis/gluconeogenesis pathway, pentose phosphate pathway (PPP) and the tricarboxylic acid (TCA) cycle were the central metabolic pathways of carbon metabolism in microalgae (Fan et al., 2015; Fan et al., 2016; Lv et al., 2019). In this study, the changes in the transcripts belonging to the central carbon metabolism are listed in Supplementary Table 6. Based on the data, the transcriptional regulation on glycolysis/gluconeogenesis and TCA cycle was constructed in Figure 6. The results showed that most genes involved in glycolysis/gluconeogenesis were remarkably upregulated at 6 and 12 h, including those encoding hexokinase (HK), 6-phosphofructokinase-1 (PFK-1), phosphoglucomutase (PGM), enolase (ENO), pyruvate kinase (PK) and pyruvate orthophosphate dikinase (PPDK). Besides, acetyl-CoA synthetase (ACS), which catalyzes production acetyl-CoA from acetate, was also significantly upregulated at 6 and 12 h (Supplementary Table 6). As acetyl-CoA is a precursor in the glyoxylate cycle, TCA cycle, and fatty acid biosynthesis, the upregulation of ACS may enhance the carbon flux in these pathways during the trophic transition process.
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FIGURE 6. Reconstructed glycolysis/gluconeogenesis and TCA cycle of heterotrophically grown S. acuminatus cells subjected to the high-light and N-limited conditions. Genes upregulated were indicated in red. Genes downregulated were indicated in blue. Genes upregulated and downregulated at different time points were indicated in green. No significant changes were indicated in black. The full names of the corresponding genes are given in Supplementary Table 6.


Tricarboxylic acid cycle produces NADH and FADH2 in aerobic organisms for carbon metabolism (Lv et al., 2019). As shown in Figure 6, most genes encoding key enzymes in TCA cycle were significantly upregulated at all three time points, including citrate synthase (CS), aconitate hydratase (ACH), 2-oxoglutarate dehydrogenase (OGDH), succinate dehydrogenase (SDHA), succinate dehydrogenase (SDH) and fumarate hydratase (FUM). It indicated that the TCA cycle was significantly enhanced of the heterotrophically grown S. acuminatus cells subjected to HL and NL. Besides, most genes participated in electron transfer chains and oxidative phosphorylation were significantly upregulated at 6 and 12 h (Supplementary Table 7). Thus, NADH and FADH2 produced by TCA cycle could be used effectively through electron transfer chains and oxidative phosphorylation to form ATP. Therefore, enhanced TCA cycle and oxidative phosphorylation could be beneficial to produce reducing power and ATP for maintaining rapid growth of S. acuminatus cells during the trophic transition.

The elevated PPP activity was often induced by photooxidative stress and accompanied by the production of reactive oxygen species (ROS) (Zheng et al., 2017). Most enzymes in PPP were downregulated at the gene expression level at all three time points (Supplementary Table 6). In addition, it was observed that a number of antioxidant enzymes (i.e., glutathione peroxidase, catalase, iron-superoxide dismutase) encoding genes were downregulated during the trophic transition (Supplementary Table 8). Co-downregulation of the PPP and antioxidant enzymes suggested that no severe photodamage occurred in the algal cells during the trophic transition.

Fatty acid biosynthesis and glycerolipid biosynthesis pathways are responsible for converting the photosynthetically fixed carbon to triacylglycerols (TAGs) and membrane lipids. The transcriptomics data showed that although the gene encoding the acetyl-CoA carboxylase/biotin carboxylase (ACCase), which is the rate limiting enzyme of the fatty acid de novo biosynthesis pathway, was up-regulated at all three time points, whereas the other genes involved in fatty acid biosynthesis were significantly down-regulated (Figure 7). In addition, it was observed that the gene encoding digalactosyl diacylglycerol synthase (DGD), which catalyzes monogalactosyl diglyceride to digalactosyl diacylglycerol (DGDG), was up-regulated in the lipid biosynthesis pathway at 6, 12, and 24 h (Supplementary Table 9). DGDG is the main bilayer lipid of the thylakoid membranes of microalgae and plays an important role in maintaining the normal fluidity of thylakoid membrane (Sakurai et al., 2007). Therefore, the up-regulation of DGD may be beneficial to the reconstruction of photosynthetic membranes of S. acuminatus cells during the trophic transition. Besides, one copy of diacylglycerol acyltransferase 2 (DGAT2) was significantly upregulated at 6, 12, and 24 h (Figure 7). DGAT catalyzes the last step of triacylglycerol biosynthesis and its upregulation can enhance lipid production (Sharma and Chauhan, 2016). The identified DGAT encoding gene responsive to the trophic transition could be a target for genetic engineering to further increase the lipid production under the coupled heterotrophic and photoautotrophic cultivation mode. Such a limited number of DEGs were found to be involved in TAG assembly during the trophic transition process, reflecting unresponsive gene expression within the timeframe of this study. In addition, it is noteworthy that the expression patterns of most TAG assembly related genes are not correlated well with the TAG accumulation in microalgae, with the exception of a few copies of the DGAT genes (Blaby et al., 2013; Li et al., 2014). However, in C. zofinginesis, the expression of most genes responsible for TAG assembly, including those coding for glycerol-3-phosphate: acyl-CoA acyltransferase, lysophosphatidic acid: acyl-CoA acyltransferase, and phosphatidic acid phosphatase, are found to be congruent with TAG accumulation and degradation during the trophic transition process (Roth et al., 2019). Thus, responses of TAG biosynthesis during trophic transition remain to be an important area for future investigation. Moreover, TAG biosynthesis often accompanied by starch degradation in many microalgae (Wu et al., 2019). The transcriptomics data also showed that the genes encoding starch synthase were significantly downregulated at 24 h of cultivation (Supplementary Table 10), indicating the carbon fluxes were channeled to lipid synthesis. Besides, several genes involved in nitrogen metabolism were upregulated significantly at 24 h of cultivation, including nitrate/nitrite transporter, nitrate reductase [NAD(P)H], ferredoxin-nitrite reductase and glutamine synthetase (Supplementary Table 11), suggesting the nitrogen assimilation was enhanced in HC under stresses, which could provide precursors and energy for lipid biosynthesis.
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FIGURE 7. Changes in transcript abundance of genes involved in fatty acids biosynthesis of heterotrophically grown S. acuminatus cells subjected to the high-light and N-limited conditions. Genes upregulated were indicated in red. Genes downregulated were indicated in blue. Genes upregulated and downregulated at different time points were indicated in green. No significant changes were indicated in black. The full names of the corresponding genes are given in Supplementary Table 9.


Among the identified DEG, there were 8 very-long-chain fatty acid synthase encoding genes showing significant up-regulation at multiple time points from heterotrophy to photoautotrophy conditions (Table 3). Similar results were obtained from C. zofinginesis, of which 3 ketoacyl-CoA synthase encoding genes were significantly up-regulated when the algal cells were shifted from heterotrophy to photoautotrophy (Roth et al., 2019). Very-long-chain fatty acids are suggested to be the acyl groups of wax in many microalgae and land plants and to reduce the photodamage to cells under HL (Kondo et al., 2016; Rashidi and Trindade, 2018). However, it remains to be investigated whether S. acuminatus could synthesize wax under stress conditions in future studies.


TABLE 3. Changes in transcript expression of several genes related to very-long-chain fatty acids synthesis for the heterotrophically grown S. acuminatus cells subjected to the high-light and N-limited conditions.
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CONCLUSION

In this study, we demonstrated that the heterotrophically grown S. acuminatus cells possessed the advantages over the photoautotrophically grown cells in terms of biomass and lipid production when subjected to HL and NL conditions. Under the stress conditions, the Fv/Fm and Y(II) of the heterotrophically grown cells were recovered to the maximum values after 24 h and were much higher than the photoautotrophically grown counterparts. Transcriptomic analysis revealed that heterotrophically grown cells fully expressed the photosystems encoding genes and the low concentration of glucose may stimulate the expression of a number of genes involved in photosynthesis. Moreover, regulation of a number of pathways involved in carbon metabolism was deduced to provide sufficient energy for sustaining vigorous growth of S. acuminatus cells under stresses. Enhanced lipid production may be attributable to the upregulation of ACCase and DGAT2 at the gene expression level. Our findings shed light on the mechanisms underlying the enhanced growth and lipid production in the algal cells during the trophic transition process.
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Euglena gracilis, a green microalga known as a potential candidate for jet fuel producers and new functional food resources, is highly tolerant to antibiotics, heavy metals, and other environmental stresses. Its cells contain many high-value products, including vitamins, amino acids, pigments, unsaturated fatty acids, and carbohydrate paramylon as metabolites, which change contents in response to various extracellular environments. However, mechanism insights into the cellular metabolic response of Euglena to different toxic chemicals and adverse environmental stresses were very limited. We extensively investigated the changes of cell biomass, pigments, lipids, and paramylon of E. gracilis under several environmental stresses, such as heavy metal CdCl2, antibiotics paromomycin, and nutrient deprivation. In addition, global metabolomics by Ultra-high-performance liquid chromatography tandem mass spectrometry (UHPLC–MS/MS) was applied to study other metabolites and potential regulatory mechanisms behind the differential accumulation of major high-valued metabolites. This study collects a comprehensive update on the biology of E. gracilis for various metabolic responses to stress conditions, and it will be of great value for Euglena cultivation and high-value [154mm][10mm]Q7metabolite production.

Keywords: Euglena, metabolomics, antibiotics, heavy metals, nutrient deprivation, environmental stresses


INTRODUCTION

Euglena gracilis, which began to appear 500 million years ago, is a species of unicellular organisms that live mostly in freshwater (Goto and Beneragama, 2010) and has no cell walls, giving it dual characteristics of plants and animals, which enable this microalga to adopt photosynthetic, heterotrophic, and mixotrophic conditions during long-term evolution (Edmunds, 1965; Zakryś et al., 2017). During this long evolution, Euglena became a highly adaptable microorganism that survived diverse and extreme conditions on the earth, such as high UV radiation, acid mine water, man-made antibiotics, heavy metal pollution, and nutrient deprivation (Ferreira et al., 2007; Moreno-Sánchez et al., 2017).

Among microalgae, E. gracilis is well-known as a producer of polyunsaturated fatty acids (PUFAs) (Schwarzhans et al., 2015), vitamin E (Takeyama et al., 2015), chlorophyll a and b, several types of carotenoid pigments (Tanno et al., 2020), and polysaccharose paramylon (β-1,3-glucan) (Ivusic and Santek, 2015). Nitrogen deficiency (as nitrogen deprivation, N–) is one of the most common environmental stresses to enhance lipid (biofuels) accumulation in microalgae (Peccia et al., 2013). An increase of total lipids in stationary growth phase cells in comparison to exponential growth phase cells in N deprived, mixotrophic E. gracilis cultures had been reported (Regnault et al., 1990). And a decrease in chlorophyll production by E. gracilis was observed during a short-term exposure to N– (García-Ferris et al., 1996). A long-term N limitation on lipid, protein, and pigment production of E. gracilis in photoheterotrophic cultures indicated that N– could increase total fatty acid production, with lower protein contents and pigment production (Tossavainen et al., 2019). The symptoms of N deficiency are well-documented, but the underlying molecular mechanisms are largely unknown in microalgae (Tossavainen et al., 2019).

Euglena gracilis is a highly promising group of microorganisms to be used in the bio-remediation of heavy metal-polluted aerobic and anaerobic acidic aquatic environments. Considering the current data and the fact that E. gracilis has an innate tolerance to relatively high concentrations of heavy metals, as demonstrated by the minimum inhibitory concentrations (MICs) obtained, that is, CdCl2 (50 μM) induced diminution in cell growth (Castro-Guerrero et al., 2008) this organism has the potential for the management of particular heavy metal contamination of the environment (Khatiwada et al., 2020). In E. gracilis, CdCl2 exposure can induce morphological alteration, linked to reactive oxygen stress (Watanabe and Suzuki, 2002). So far, the connection between Cd, paramylon, and lipid accumulation in E. gracilis is still unclear.

Euglena gracilis was reported to be highly tolerant to various antibiotics (Shao et al., 2018). When bacteria and other microalgal cells were significantly inhibited by antibiotics at the low concentration of 20–50 μg/ml (50 μg/ml Kanamycin Chlamydomonas; Bateman and Purton, 2000), E. gracilis cells still grew well. In Euglena, rapamycin induced the reduction of chlorophyll and the accumulation of neutral lipids without deterring its cell proliferation. In another green microalga of Chlamydomonas, however, rapamycin induced serious growth inhibition as reported elsewhere (Mukaida et al., 2016). Various antibiotics were used to bleach Euglena with concentrations as high as 200 μg/ml (Ebringer, 1964). Based on our preliminary experiments, paromomycin (PRM) could not inhibit E. gracilis cell growth at concentrations ranging from 10 to 50 μg/ml. Since streptomycin significantly bleached Euglena cells by deleting part of the chloroplast genome, we did not choose streptomycin for further investigation in this study. Currently, no report of PRM against E. gracilis has been listed, and the antibiotic resistance mechanism of E. gracilis is still unclear.

The research on different high-value metabolites and their potential control mechanisms under various environmental stresses are especially important and interesting. However, because of the absence of a high-dimension genome of E. gracilis (Ebenezer et al., 2017) and with limited previous OMICS studies, there is no definite conclusion on molecular mechanisms involved in responses to different environmental stresses.

With the advent of the post-genome era, various OMICS technologies, such as proteomics and metabolomics, appeared one after the other, in which metabolomics was the first to develop and the most widely applied technology (Johnson et al., 2016). Metabolomics has been an important branch of system biology in recent years. It can help to understand the biological process more directly and effectively, and the study of metabolites can also help to analyze complex sample traits (Johnson et al., 2016). We used the metabolomic approach to investigate the effects of different inoculum sizes on a green microalga Chlorella growth (Lu et al., 2012), salt stress in a model cyanobacterium (Wang et al., 2014), astaxanthin induction in Haematococcus (Su et al., 2014), antioxidant butylated hydroxyanisole on lipid accumulation in Crypthecodinium cohnii (Sui et al., 2014), and obtaining better understanding on the metabolic response mechanism of microalgae with different environments.

In this study, we explored global metabolomics to analyze metabolite changes under various conditions in E. gracilis for the first time, that is, heavy metals, antibiotics, and nutrient deficiency, to explore the mechanism of tolerance, acclimatization, and high-value product accumulations. The results show that pigments, lipids, and carbohydrates (paramylon) can be altered significantly under different stresses. Further, comparative metabolomics revealed some common and unique metabolic pathways and modules regulated by all selected stresses and individual stress, respectively.



MATERIALS AND METHODS


Strains and Culture Conditions

Euglena gracilis CCAP 224/5Z was obtained from the Culture Collection of Algae and Protozoa (https://www.ccap.ac.uk/). The microalgal cells were grown in the EM medium [1.8 g/L NH4Cl, 0.6 g/L KH2PO4, 0.6 g/L MgSO4, 60 mg/L urea, 0.02 g/L CaCl2, 0.48 mg/L Na2EDTA, 2 mg/L Fe2(SO4)3, 60 μl HCl, 0.01 mg/L Vb1, 0.0005 mg/L Vb12, 20 mg/L CuSO4·5H2O, 0.4 g/L ZnSO4·7H2O, 1.3 g/L Co(NH3)·H2O, and 1.6 g/L MnCl2·4H2O] in 6 ml culture volumes of a 6-well plate under a light intensity of ~100 μmol/m2/s in an illuminating incubator without shaking at 26°C until microalgal cells reached the stationary phase (Afiukwa and Ogbonna, 2007; Yanming et al., 2018).



Cultivation and Stress Treatments

Euglena gracilis cells were cultured for 6 days in the EM medium (10 ml EtOH in 100 ml EM medium), then 1 × 106 cells/ml were centrifuged at 5,000 × g for 3 min and transferred into an equal volume of the EM medium as the 1:10 dilution was applied to each treatment well in a 12-well plate. Treatments were applied, including supplementation with PRM (25 μg/ml), CdCl2 (Cd) (0.5 mM), or nitrogen deprivation (N–) (without NH4Cl nor urea). After 6 days, stationary phase cell samples were collected and used for future experiments.



Cell Growth, Chlorophyll, Paramylon, and Total Lipids

Cell growth was measured by counting cell numbers with a microscope in a 0.1-ml counting chamber. The total algal chlorophyll was extracted with 95% ethanol, and the content was spectrophotometrically assayed according to the method (Harris, 2009; Smith, 2009). The paramylon of 5 × 107-108 cells was extracted and measured as described previously (Sugiyama et al., 2009; Nakazawa et al., 2017; Guo et al., 2020). The total lipids of 107-108 cells were measured using the oven-drying method (Yang et al., 2018).



UHPLC–MS/MS Metabolite Analysis

For the LC–MS/MS analysis, samples took after 6 days of incubation were first centrifuged at 5,000 × g for 5 min at 4°C to harvest ~106-107 cells. Metabolite extraction was followed as per previously reported protocol (Zhang et al., 2020). Cell pellets were then transported to a 1.5-ml Eppendorf microcentrifuge tube (Hamburg, Germany). After adding 1,000 μl extract solvent (acetonitrile:methanol:water, 2:2:1, containing internal standard), the samples were vortexed for 30 s using a XW-80A vortex mixer (Kylin-Bell Lab Instruments Co., Ltd., Haimen, China), homogenized at 45 Hz for 4 min using a tissue grinding machine (JXFSTPRP-24, Shanghai Jingxin Industrial Development Co., Ltd., Shanghai, China), and sonicated for 5 min in an ice-water bath using an ultrasonic cell-crushing device (Fangao Microelectronics Co., Ltd., Shenzhen, China). The homogenate and sonicate circle was repeated three times, followed by incubation at −20°C for 1 h and centrifugation at 12,000 rpm 4°C for 15 min. The LC–MS/MS analyses were performed using a ultra-high-performance liquid chromatography (UHPLC) system (1290, Agilent Technologies, Waldbronn, Germany) with a UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm) coupled to Q Exactive mass spectrometer (Orbitrap MS, Thermo Fisher Scientific, San Jose, CA, USA). Mobile phase A was 0.1% formic acid in water for positive mode, and 5 mmol/L ammonium acetate in water for negative mode, and the mobile phase B was acetonitrile. The elution gradient was set as follows: 0–1.0 min, 1% B; 1.0–8.0 min, 1–99% B; 8.0–10.0 min, 99% B; 10.0–10.1 min, 99–1% B; 10.1–12 min, 1% B. The flow rate was 0.5 ml/min. The injected volume was 2 μl. QE mass spectrometer was used for its ability to acquire MS/MS spectra information-dependent acquisition (IDA) mode in the control of the acquisition software (Xcalibur 4.0.27, Thermo Fisher Scientific, San Jose, CA, USA). In this mode, the acquisition software continuously evaluates the full-scan MS spectrum. The electrospray ionization (ESI) source conditions were set as following: sheath gas flow rate as 45 arb, Aux gas flow rate as 15 arb, capillary temperature 400°C, full MS resolution as 70,000, MS/MS resolution as 17,500, collision energy as 20/40/60 eV in normalized collision energy (NCE) mode and spray voltage as 4.0 kV (positive) or −3.6 kV (negative), respectively (Periannan, 2003).

Compound identification from a non-targeted metabolite database were converted to the mzXML format using ProteoWizard and processed with an in-house program, which was developed using R and based on XCMS, for peak detection, extraction, alignment, and integration. Then an in-house MS2 database (BiotreeDB) was applied in metabolite annotation. The cutoff for annotation was set at 0.3. (Smith et al., 2006). Identified peaks were normalized to the peak intensity of ribitol. The pathway enrichment analysis on the metabolite dataset based on Kyoto Encyclopedia of Genes and Genomes (KEGG) was performed in Metaboanalyst 3.01 (Xia et al., 2015). Related assistance was performed at Shanghai Biotree Biotech Co., Ltd. (Shanghai, China).



Statistical Analysis

Significant differences in growth, chlorophyll content, biomass, and paramylon content were tested using the Dunnett's t-test. All data were obtained and averaged from at least three independent experiments, and standard errors were calculated and displayed as error bars. And after raw data profiles were processed, the Student's t-test was used for the univariate analysis. Principal component analysis (PCA) and orthogonal projections to latent structures discriminant analysis (OPLS-DA) were used for multivariate analysis. Variable importance in projection (VIP) score was combined with p-value to screen significant differential metabolites, and then the significant differential metabolites were qualitatively analyzed based on the relevant KEGG pathway and existing materials (Mangalam et al., 2013).




RESULTS


Cell Growth, Chlorophyll, Paramylon, and Lipids

Cell growth differed greatly under different environmental stresses (Table 1). The PRM treatment caused a slight decrease (7.17%, p > 0.05), whereas CdCl2 (Cd) and nitrogen deprivation (N–) treatments significantly inhibited the growth of E. gracilis by 7.79% (p < 0.05) and 11.95% (p < 0.05), respectively.


Table 1. Physiological parameter, cell density, chlorophyll contents, paramylon, and total lipids determined under different environmental stresses.
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Photosynthesis systems and chlorophyll in microalgae are sensitive to environmental stress. The addition of Cd, and N– decreased the chlorophyll content of E. gracilis significantly (Table 1), whereas PRM had no significant effect. Chlorophyll content decreased by 55% (p < 0.05) and 38% (p < 0.001) in cells treated with Cd and N–, respectively.

Similarly, there were obvious differences in the paramylon content of E. gracilis under different environmental treatments. PRM did not affect paramylon content; Cd caused a significant increase (171% of the control, p < 0.05), whereas N– showed an obvious reduction (66% of the control, p < 0.05) (Table 1).

Many environmental stresses could alter the metabolism, cellular membrane structure, and lipids. In this study, significant changes of total lipids were also detected in both Cd and N– treatments, with 53 and 129% increases compared to EM control, respectively. PRM caused no significant change in total lipid content in E. gracilis.



Comparative Metabolomics of Euglena Under Different Environmental Stresses
 
General Features of Metabolomics

In this study, the metabolic plasticity of E. gracilis under different stresses was elucidated using comparative metabolomic analysis. UHPLC–MS/MS revealed a total of 10,892 negative ion mode (NEG) and 11,003 positive ion mode (POS) peaks. Furthermore, 254 NEG and 583 POS metabolites, respectively, were annotated by the KEGG database (Supplementary Table 1).

The PCA analysis showed that all four groups, EM, PRM, N–, and Cd, of metabolites could be distinguished (Figure 1), indicating that the metabolic changes to stress were significantly different from each other. Among them, two groups of metabolites (EM and PRM) were relatively closer, indicating that smaller differences had occurred in the metabolic alterations of microalgae cells treated with PRM. Furthermore, the metabolites (N– and Cd) of two groups of microalgae cells were clearly distinguished between each other, and far from EM and PRM groups (Figure 1), suggesting that the metabolic pathways of the microalgae cells changed dramatically under N– and Cd.


[image: Figure 1]
FIGURE 1. PCA score plot under different treatment groups based on metabolites, each with 3 biological replicates. PRM, paromomycin; Cd, CdCl2 addition; N–, nitrogen deprivation; EM, control.


According to the criteria of fold change (>2.0, or <0.5, and p < 0.05), 401 out of 426 (POS) and 170 of 196 (NEG) candidate metabolites were significantly changed under different treatments (Figure 2).


[image: Figure 2]
FIGURE 2. Venn diagram of all (All) and significantly changed (significant) metabolites under stresses (PRM, paromomycin; Cd, CdCl2; N–, nitrogen deprivation), under negative (NEG) and positive (POS) ion modes.


In total, numbers of significantly decreased metabolites were much more than increased ones in all stress treatment groups, for instance, 177 vs. 19 (PRM) and 313 vs. 21 (Cd) under the POS mode, whereas similar trends were also observed under the NEG mode, for instance, 52 vs. 8 (PRM) and 108 vs. 36 (Cd) (Table 2). These stresses inhibited Euglena cell growth by reducing the metabolism levels of cellular activity. Among stresses, Cd seems to cause more dramatic metabolic changes, with the most significantly changed metabolites as total 334 and 166 under POS and NEG mode, respectively, in contrast to N– group (179, 80) and PRM (196, 60) compared to the EM control.


Table 2. Summary of metabolomics: differential metabolites under different stresses (PRM, paromomycin; Cd, CdCl2; N–, nitrogen deprivation) and under negative (POS) and positive (NEG) ion modes.
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TOP Changed Metabolites Under Stresses

Based on fold changes increased and decreased, TOP 10 metabolites under different stresses were analyzed (Supplementary Table 2). Interestingly, metabolites as organic oxygen compounds, organic acids, and derivatives (mostly amino acids) were deceased, and lipids and lipid-like molecules increased in PRM treatment. Under Cd, TOP changed metabolites include lipids and organoheterocyclic compounds and increased polyketides and benzenoids. While as expected, N– treatment induced significant lipids like PC (16:0/P-16:0; 24:0/14:0), PS (18:1/15:0; 15:0/16:1), DG (20:3), and reduced organic acids (mostly single amino acids as Tyr, Asp, and Arg, and two peptides like Arg-Ser, Thr-Arg, and Arg-Phe).



KEGG Pathway Enrichment

The KEGG-enriched metabolome bubble view showed all matched pathways according to the p-values from pathway enrichment analysis and the pathway impact values from pathway topology analysis (Figure 3). The candidate metabolites with p < 0.05 were enriched by one or several metabolic pathways under three stresses, such as Aminoacyl-tRNA biosynthesis, Purine metabolism, Nitrogen metabolism, “Taurine and hypotaurine metabolism,” Butanoate metabolism, “Alanine, aspartate and glutamate metabolism,” “Pantothenate and coenzyme A (CoA) biosynthesis,” and Pyrimidine metabolism (Figure 3; for more details see Supplementary Table 3 KEGG list only).
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FIGURE 3. The pathway enrichment and topology analysis of candidate metabolites from E. gracilis under different environmental stresses. (A–C) NEG modes; (D–F) POS modes. (A,D) PRM-NEG, PRM-POS; (B,E) Cd-NEG, Cd-POS; (C,F) N-NEG, N-POS. “Pathway Impact” on the x-axis represents the impact of these enriched pathways computed via topology analysis. “–log10(p)” on the y-axis refers to the negative natural logarithmic value of the original p-value from a statistical analysis of the pathway difference between the groups of stresses vs. the EM control. The redder the color, the higher the –log10(p) and pathway impact value, the more significant the enrichment degree.


Under both POS and NEG modes, the aminoacyl-tRNA biosynthesis showed up under all stresses, which indicated that this metabolic pathway might be a key stress response of Euglena cells to different environmental stresses, such as nutrient deprivation, heavy metal, and antibiotics.

Overall, microalgae cell metabolic pathways under PRM conditions were primarily involved in the biosynthesis of Aminoacyl-tRNA, and Taurine and hypotaurine. With higher p-values (p > 0.05), some highly impacted pathways involved in amino acids, such as “Ala, Asp, and Glu metabolism,” Phe metabolism, Tyrosine metabolism, “Glycine, Ser, and Thr metabolism,” “Arginine and Proline metabolism,” Isoquinoline alkaloid biosynthesis, and Riboflavin metabolism.

Relatively more significantly enriched metabolic pathways were enriched when cells were treated with Cd. In addition to the biosynthesis of aminoacyl-tRNA, 3 more pathways, Purine metabolism, “Ala, Asp, and Glu metabolism,” and Butanoate metabolism, showed up in the Cd treatment. Similarly, all less significant pathways (p > 0.05) enriched in PRM were on the Cd pathway list (Figure 3), except for the Riboflavin metabolism.

Compared with PRM and Cd, N— treatment enriched the most significant metabolic pathways, including Aminoacyl-tRNA biosynthesis, “Taurine and hypotaurine metabolism,” “Pantothenate and CoA biosynthesis,” Nitrogen metabolism, and Pyrimidine metabolism. The late three pathways were N– group-specific, and nitrogen metabolism as the well-known pathways changed when nitrogen nutrient was absent.



Network Analyses of Metabolomics

Based on the metabolomic KEGG and network analyses, we also obtained groups of metabolic pathways and modules that play core roles in the metabolic networking (Table 3 network plot). Several pathways and modules were plotted in all stress groups simultaneously, including Purine metabolism (module cvr00230), “Ala, Asp, and Glu metabolism” (cvr00250), Carbon fixation in photosynthetic organisms (cvr00710), Guanine ribonucleotide biosynthesis (M00050), Glycerophospholipid metabolism (cvr00564), and PRPP biosynthesis (M00005). M00005 is a module on KEGG, The KEGG MODULE database consists of KEGG modules identified by M numbers and KEGG reaction modules identified by RM numbers, which are manually defined functional units of gene sets and reaction sets, respectively. KEGG modules are further divided into pathway modules and signature modules as shown https://www.genome.jp/entry/M00005, and the PRPP: 5-Phosphoribosyl-1-Pyrophosphate.


Table 3. Network plots of significantly enriched pathways and modules under stresses.
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On both PRM and Cd network lists, we found Crassulacean acid metabolism (CAM), dark (M00168) and light (M00169); C4-dicarboxylic acid cycle, nicotinamide adenine dinucleotide phosphate (NADP)-malic enzyme (M00172), Linoleic acid metabolism (cvr00591), and Phosphatidylethanolamine (PE) biosynthesis (M00092). However, on both Cd and N– lists, only two networks were detected as Guanine ribonucleotide biosynthesis (M00050) and Ornithine biosynthesis (M00028).

Several specific networks were only detected in one individual stress. For examples, Ceramide biosynthesis (M00094) and Sphingosine biosynthesis (M00090) in the PRM group; Fatty acid degradation (cvr00071) and caffeine metabolism (cvr00232) in the Cd group; Plant hormone signal transduction (cvr04075), Arachidonic acid (ARA) metabolism (cvr00590), and Pyrimidine ribonucleotide biosynthesis (M00052) under N– group.





DISCUSSION

Euglena is highly adaptable to changing environments, some adverse stresses like UVB (Takahashi et al., 2006), heavy metals (Moreno-Sánchez et al., 2017), and antibiotics (Ebringer, 1964). In this study, microalgal cells showed tolerance to antibiotics, PRM, without significant cell growth inhibition, chlorophyll reduction, and paramylon and lipid alterations. The inhibition of chlorophyll formation in Euglena by antibiotics was reported previously (Linnane and Stewart, 1967). This may be caused by different antibiotics and different tolerant concentrations of E. gracilis cells. In the Cr(VI) treatments, a reduction of chlorophyll was observed, the ratio of proteins to paramylon content was augmented, and total lipid content was increased (Rocchetta et al., 2012). In contrast, the other two stresses, N– and Cd, showed obvious effects on above-mentioned physiological parameters and major macromolecules, such as polysaccharide (paramylon) and lipids.

This is the first time to apply global metabolomics to study the cellular response of E. gracilis to environmental stresses, such as antibiotics, heavy metals, and nutrient deprivation. Many metabolites and metabolic pathways, instead of standard physiological parameters, and macromolecules, were detected significantly altered by these stresses and shed light on the mechanisms of tolerance or toxic responses in E. gracilis. PRM did not cause much change of pigment, carbohydrates, and lipids in E. gracilis cells. However, based on metabolomics, hundreds of metabolites and several important metabolic pathways were detected significantly disturbed by PRM, indicating the sensitivity of metabolomics when studying the microalgal cellular response to changing environments. Metabolomics easily differentiates the groups of control, PRM, N–, and Cd treatments, even between control and PRM, by which cell growth, chlorophyll content, paramylon, and lipid changes could not distinguish significantly.

In this study, we detected paramylon degradation and lipids accumulation under N–. In most microalgae, lipids were induced to high accumulation under nitrogen starvation (Chen et al., 2017). There is a report showing induction of carbohydrates and no lipid accumulation with no nitrogen source in Euglena with NH4Cl as the only nitrogen source (Coleman et al., 1988). However, there is a major difference compared to the reference above since we added urea and NH4Cl as nitrogen sources. Thus, N– in this study means both NH4Cl and urea depletion and may cause differential accumulation (reduction) of carbohydrates and lipids in our study.

Based on hundreds of changed metabolites, significantly increased or decreased TOP 10 metabolites may suggest the major changes under different treatments. Even with no significantly changed lipids and paramylon under the PRM treatment, amino acids were found to decrease while lipids and lipid-like molecules increase. PRM is a broad-spectrum aminoglycoside antibiotic produced by Streptomyces rimosus var. paromomycinus (Davidson et al., 2009). The in vitro and in vivo antibacterial action of PRM closely parallels that of neomycin. PRM bind specifically to the RNA oligonucleotide at the A site of bacterial 30S ribosomes thereby causing misreading and premature termination of translation and leading to inhibition of protein synthesis followed by cell death (PubChem CID 165580). As reported, some antibiotics, such as chloramphenicol and other antibiotics that specifically inhibit the synthesis of proteins in mitochondria and bacteria, would also selectively inhibit protein synthesis by chloroplast (Linnane and Stewart, 1967). PRM did not reduce chlorophyll biosynthesis in E. gracilis cells at the concentration of 25 μg/ml, suggesting its inhibition pathways may not involve the synthesis of chloroplast proteins. Cd treatment in this study resulted in chlorophyll degradation, paramylon, and lipid accumulation. Under Cd treatment, metal-causing reactive oxygen species (ROS) changed the lipids and organoheterocyclic compounds, and N– increased lipids and decreased protein contents in Euglena cells. These TOP changed metabolites showed similar patterns as previous reports (Moreno-Sánchez et al., 2017; Tossavainen et al., 2019).

The KEGG enrichment provides metabolic pathways through which cells are regulated under specific treatments. The only common pathway enriched in all treatments is Aminoacyl-tRNA biosynthesis, suggesting this may be the common/universal stress responding pathway in Euglena. Aminoacyl-tRNA species are prevalent amino acid donors in the cell due to their critical role as substrates for ribosomal protein biosynthesis. It has become clear that aminoacyl-tRNAs are also utilized in an ever-growing number of other non-ribosomal biosynthetic pathways, particularly in bacteria, although some pathways also exist in eukaryotes (Shepherd and Ibba, 2013). Much has been uncovered in recent years about many novel functions, disease connection, and inter pathway connection of tRNA synthetases (Park et al., 2008; Zhou et al., 2020). PRM might inhibit protein synthesis by binding specifically to the RNA oligonucleotide at the site of bacterial, or microalgal mitochondrial and 30S ribosomes of chloroplast, and thus alter aminoacyl-tRNA biosynthesis. Nitrogen deprivation involves the degradation of carbohydrates, paramylon in E. gracilis, and constructive proteins, and accumulation of membrane lipids (Richter et al., 2015), and at the same time, specific enzymes/macromolecules have to be transformed or de novo synthesized via aminoacyl-tRNA biosynthesis pathway. Similarly, heavy metals are created ROS through lipid peroxidation and DNA damage (Rodriguez-Zavala et al., 2007; Khatiwada et al., 2020). Then the cells are induced to produce antioxidant chemicals and enzymes, such as superoxide dismutase and DNA repair proteins from protein biosynthesis with aminoacyl-tRNA biosynthesis pathway. However, whether the aminoacyl-tRNA biosynthesis pathway could be a novel biomarker for environmental stresses has yet to be worked out in the future with more investigations.

There are more pathways enriched under individual stresses according to our global metabolomics, reflecting different metabolic responses by different stresses.

In Cd treatment, “Purine metabolism,” “Alanine, aspartate, and glutamate metabolism,” and “Butanoate metabolism” pathways were detected significantly changed. Purine nucleotides are essential for many biochemical processes like energy transfer, metabolic regulation, and synthesis of DNA and RNA (Watanabe et al., 2014). Alanine, aspartate, and glutamate are derived from intermediates of central metabolism, mostly the citric acid cycle, in one or two steps. While the pathways are short, the importance and complexity of the functions of these amino acids befit their proximity to central metabolism (Limami et al., 2008). Butanoate metabolism describes the metabolic fate of several short-chain fatty acids or short-chain alcohols. Many of these molecules are eventually used in the production of ketone bodies, the creation of short-chain lipids, or as precursors to the citrate cycle (pubchem.ncbi.nlm.nih.gov/pathway/PathBank:SMP0000073). Cd degraded chlorophyll and reduced the activity of photosynthesis of microalgal cells; however, short-term (6 days) Cd treatment also increased the contents of paramylon and lipids (Mendoza-Cozatl et al., 2002; Einicker-Lamas et al., 2003). Thus, we speculated that the mutual transformation of three major macromolecules, proteins, carbohydrates, and lipids may respond to heavy metals. In Cd treatment, decreasing amino acid contents and significantly enriched protein synthesis pathways with enhanced carbohydrates and lipid production were detected, indicating the mutual transformation of proteins into paramylon and lipids in E. gracilis.

When microalgal cells were treated with PRM, the “Taurine and hypotaurine metabolism” pathway was also enriched. Taurine, an active substance that regulates the normal physiological activities of cells, is associated with maintaining the osmotic pressure balance in cells, plus strengthening cell membranes and enhancing antioxidant capacity (Tevatia et al., 2015, 2019). Taurine is synthesized in large amounts by animals; however, plants, green microalgae, and fungi could only synthesize minute amounts (Tevatia et al., 2019). E. gracilis enriched this metabolic pathway where the metabolite was located under PRM treatment. Thus, our results indicated that the metabolic pathway played an important role in regulating antibiotics tolerance of E. gracilis, as it stabilized the cell membrane and maintained cellular functions.

Nitrogen deprivation also enriched the taurine and hypotaurine compounds, suggesting this pathway may also involve in nutrient deprivation stress perhaps just by using taurine and its relative amino acid compounds as alternative nitrogen resources for biosynthesis of new enzymes for maintaining basic cell survival. Under N– treatment, KEGG pathway enrichment also collected other pathways such as “Nitrogen metabolism,” “Pantothenate and CoA biosynthesis,” and “Pyrimidine metabolism.”

Nitrogen makes up only a small fraction of plant and microalgal dry weight, but N compounds are extremely important physiologically. For instance, structural and storage proteins, enzymes, amino acids and amides, nucleic acids, and plant hormones, all contain N. The substituted purine and pyrimidine bases that constitute nucleic acids, nucleotides, and nicotinamide nucleotides also contain N (Pallardy, 2008). Transcriptome analysis revealed that genes involved in metabolism, plant hormone signal transduction (e.g., abscisic acid, auxin, and jasmonate), transporter activity, and oxidative stress responses were rapidly regulated by N– (based on our unpublished transcriptomic data in N– Euglena).

Pantothenate is vitamin B5 and is the key precursor for the biosynthesis of CoA, a universal and essential cofactor involved in a myriad of metabolic reactions, including the synthesis of phospholipids, the synthesis and degradation of fatty acids, and the operation of the tricarboxylic acid cycle (Leonardi and Jackowski, 2007). Pyrimidines metabolism pathway suggests the cells use the nitrogen from nucleic acids under N–. Although both pyrimidines and purines are components in nucleic acids, they are made in different ways. Likewise, products of pyrimidine degradation are more water-soluble than are the products of purine degradation (Wan et al., 2019).

In summary, the KEGG pathway enrichment showed that both common and specific metabolic pathways were employed to respond against different environmental stresses by E. gracilis cells.

Based on network plot analyses, we also targeted some specific metabolic pathways and modules under different stresses, especially on photosynthesis and carbon fixation, ROS, membrane lipids, and amino acid metabolisms.

Photosynthesis is a global sensor of environmental stress in green plants, microalgae, and cyanobacteria (Biswal et al., 2011). Photosynthesis and photosynthetic pigments in E. gracilis were reported as sensitive endpoints for the toxicity evaluation of liquid detergents (Azizullah et al., 2014). Carbon fixation is the process by which inorganic carbon is added to an organic molecule, and it occurs during the light-independent reaction of photosynthesis with the help of chlorophyll. This pathway is showed as a core responsive pathway in all three stresses in metabolic networking analyses, indicating photosynthesis and carbon fixation involves in the alternations caused by antibiotics, heavy metals, and N–. Cd and N– treatments significantly reduced chlorophyll contents with lower photosynthetic activity, whereas PRM did not decrease chlorophyll significantly. Further experiments with the photosynthetic activity will clarify this observation.

It is very interesting to locate the CAM pathway in PRM and Cd groups. CAM (also known as CAM photosynthesis) is a carbon fixation pathway that evolved in some plants as an adaptation to arid conditions. In CAM, the carboxylation (C3 + C1) occurs at night, and the (C4 – C3) decarboxylation occurs during the day (Libik-Konieczny et al., 2019; Gilman and Edwards, 2020). The C3 + C1 mechanism has been found in the green Ulvophyceae benthic macroalga Udotea flabellum and the planktonic diatom Thalassiosira weissflogii (Cheng et al., 2019). The photosynthetic metabolism (C3, C4, or CAM) seems to affect plant sensitivity to environmental stresses. CAM is a metabolic strategy allowing plants to maintain photosynthesis under stress conditions (Libik-Konieczny et al., 2019). Although N– also showed a significant reduction of chlorophyll contents as Cd treatment; however, only PRM and Cd triggered CAM metabolism changes. Heterotrophic CO2 fixation by E. gracilis was reported in Levedahl (1966). A previous study indicated that E. gracilis can remove Cd under anaerobic conditions, which might be advantageous for heavy metal removal in sediment from polluted water bodies or bioreactors, where the O2 concentration is particularly low (Geovanni Santiago-Martinez et al., 2015). Perhaps under PRM and Cd treatments, the damage of photosynthesis might be compensated partially by CAM metabolism, which needs further verification shortly.

Finally, Euglena appears to exemplify a strategy for survival and adaptation to various environmental conditions during the evolutionary process of euglenoids (Geovanni Santiago-Martinez et al., 2015; Ishikawa et al., 2017). Among various environmental stresses, heavy metal accumulation and resistance in Euglena are widely studied. Under Cd treatment, mitochondria and chloroplasts were altered in shape, and thylakoid arrangement was changed, and osmiophilic plastoglobuli was increased (Duret et al., 1986). Cd causes cellular damage to Euglena, including DNA strand breaks and intracellular membrane damage, as a result of reactive oxygen stress (Watanabe and Suzuki, 2002). Enhanced alternative oxidase and antioxidant enzymes under Cd stress in Euglena were reported (Castro-Guerrero et al., 2008). The data suggested that Cd was compartmentalized into chloroplasts in a process that may involve the transport of free Cd and the participation of thiol-peptides in E gracilis (Mendoza-Cozatl et al., 2002). The chloroplasts appear to have a major role in the tolerance and accumulation of Cd in E. gracilis (Khatiwada et al., 2020). The variety of biochemical mechanisms evolved in E. gracilis to resist, accumulate, and remove heavy metals from the environment are summarized as follows: adsorption to the external cell pellicle, intracellular binding by glutathione and glutathione polymers, and their further compartmentalization as heavy metal complexes into chloroplasts and mitochondria, polyphosphate biosynthesis, and secretion of organic acids (Moreno-Sánchez et al., 2017).

Alternation of membrane lipids and PUFA pathways was also reported in all stresses. Lipid metabolism is crucial for the survival and propagation of the species since lipids are an essential cellular component for maintaining homeostasis in the presence of environmental stressors. Reactions in glycerolipid and glycerophospholipid metabolism occur at the membrane, which plays an important role in signaling and response to environmental stress. PE is one of the most abundant membrane phospholipids, in which metabolism was significantly changed under PRM and Cd. In both prokaryotes and eukaryotes, PE plays important role in various membrane functions. It is suggested that the synthesis of these membrane lipids was beneficial to increase the peristalsis and swimming ability of E. gracilis, which protected the integrity of the cell, improving the viability of the cell under these stresses.

Under the PRM treatment, ceramide biosynthesis and sphingosine metabolism were also disturbed. Ceramide biosynthesis begins in the endoplasmic reticulum with the condensation of palmitoyl-CoA and serine, catalyzed by the multimeric enzyme serine palmitoyltransferase to produce 3-ketosphinganine (Chaurasia and Summers, 2015). Sphingosine is a long-chain unsaturated amino alcohol C18H37O2N that is found especially in cell membranes and is a primary constituent of sphingolipids. Sphingosine itself increases the permeability of phospholipid membranes. With no cell walls in E. gracilis unlike other microalgae, the external cell pellicle and the cell membrane are the first front-line against the changing aquatic environment. Thus, distortions and alterations of membrane lipids of Euglena have to be sensitive and elastic in the environment.

As the major compound of membrane lipids, PUFAs are also very sensitive to environmental stresses at qualitative and quantitative levels. Halter et al. (2012) found that under adverse conditions, such as the presence of heavy metal arsenic, the content of unsaturated fatty acids in the cell membrane had significantly increased. In this study, linoleic acid (LA) metabolism was highlighted in groups of PRM and Cd (Halter et al., 2012). LA [18:2 (n−6)] is an omega-6 fatty acid and helps stimulate skin and hair growth, maintain bone health, regulate metabolism, and to maintain the reproductive system (Lee et al., 2018). Under abiotic stress by salt or ultraviolet light, the production of lutein and PUFAs were observed by the acidophilic eukaryotic microalga Coccomyxa onubensis (Bermejo et al., 2018). Thus, increasing the fluidity and hydrophobicity of the cell membrane by increasing PUFA allowed E. gracilis adaptability in the surrounding environments, such as PRM and Cd. Similar PUFA accumulation was also reported in freshwater microalgae Chlamydomonas mexicana and Scenedesmus obliquus grown under salt stress (Salama et al., 2013). Furthermore, it was determined that there is a relationship between the effects of Cd-induced oxidative stress on PUFAs and their degradation products and is also reflected on the increase in tolerance to Cd toxicity in plant cells (Pavlík et al., 2017). Specifically to N–, ARA metabolism reacted significantly. ARA is an integral constituent of the biological cell membrane, conferring it with fluidity and flexibility, so necessary for the function of all cells. Free ARA modulates the function of ion channels, several receptors, and enzymes via activation as well as inhibition (Tallima and El Ridi, 2018). Similarly, the green oleaginous microalga Lobosphaera incisa accumulates triacylglycerols enriched in the long-chain PUFA, such as ARA under nitrogen deprivation. This is consistent with the enhanced lipid accumulation under N– stress in E. gracilis.



CONCLUSIONS

This study demonstrated that metabolomics is sensitive and accurate enough to elucidate cellular responses of E. gracilis to different environmental stresses, even with no significantly changed physiological parameters, such as cell numbers, pigments, paramylon, and lipids under PRM treatment. Based on global metabolomics, a common metabolic pathway responding to multiple environmental stresses, aminoacyl-tRNA biosynthesis, was firstly targeted in E. gracilis. The other shared metabolic pathways and modules under selected stress include Purine metabolism, carbon fixation, Ala, Asp, and Glu metabolism, Glycerophospholipid metabolism, and PRPP biosynthesis. We observed the well-known changed metabolic pathways involved in stresses, like ROS in heavy metals, N metabolism during N deprivation, and protein biosynthesis inhibition with PRM. Some unique modules were individually detected under different stresses, like ceramide and sphingosine biosynthesis under PRM, ARA metabolism in N–, and fatty acid degradation and caffeine metabolism with Cd treatment. Under stresses, without cell walls, membrane lipids and PUFA in E. gracilis cells were altered to resist, acclimatize to, and remove the adverse factors like Cd and reactive oxidative species. All data suggest that the mutual interaction and transformation of macromolecular metabolites as proteins, pigments, lipids, and paramylon are regulated delicately to resist, tolerate, and/or remove these environmental stresses.
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The microalgae Haematococcus pluvialis attracts attention for its ability to accumulate astaxanthin up to its 4% dry weight under stress conditions, such as high light, salt stress, and nitrogen starvation. Previous researches indicated that the regulation of astaxanthin synthesis might happen at the transcriptional level. However, the transcription regulatory mechanism of astaxanthin synthesis is still unknown in H. pluvialis. Lacking studies on transcription factors (TFs) further hindered from discovering this mechanism. Hence, the transcriptome analysis of H. pluvialis under the high light-sodium acetate stress for 1.5 h was performed in this study, aiming to discover TFs and the regulation on astaxanthin synthesis. In total, 83,869 unigenes were obtained and annotated based on seven databases, including NR, NT, Kyoto Encyclopedia of Genes and Genomes Orthology, SwissProt, Pfam, Eukaryotic Orthologous Groups, and Gene Ontology. Moreover, 476 TFs belonging to 52 families were annotated by blasting against the PlantTFDB database. By comparing with the control group, 4,367 differentially expressed genes composing of 2,050 upregulated unigenes and 2,317 downregulated unigenes were identified. Most of them were involved in metabolic process, catalytic activity, single-organism process, single-organism cellular process, and single-organism metabolic process. Among them, 28 upregulated TFs and 41 downregulated TFs belonging to 27 TF families were found. The transcription analysis showed that TFs had different transcription modules responding to the high light and sodium acetate stress. Interestingly, six TFs belonging to MYB, MYB_related, NF-YC, Nin-like, and C3H families were found to be involved in the transcription regulation of 27 astaxanthin synthesis-related genes according to the regulatory network. Moreover, these TFs might affect astaxanthin synthesis by directly regulating CrtO, showing that CrtO was the hub gene in astaxanthin synthesis. The present study provided new insight into a global view of TFs and their correlations to astaxanthin synthesis in H. pluvialis.

Keywords: Haematococcus pluvialis, transcription factor, astaxanthin biosynthesis, regulatory network, high light-sodium acetate stress


INTRODUCTION

Haematococcus pluvialis, which belonged to Chlorophata, Chlorophyceae, Volvocales, and Haematococcaceae, was paid close attention to its ability to accumulate astaxanthin up to its 4% cellular dry weight. Under favorite environment, Haematococcus cells is a green cell swimming with its flagellum, while generating a thick cell wall and produce astaxanthin under stress conditions, such as high light, salt stress, and nitrogen starvation (Lemoine and Schoefs, 2010; Shah et al., 2016; Zhao et al., 2020). However, the regulatory mechanism of astaxanthin biosynthesis causing by abiotic stresses is still unknown.

Previous researches showed that H. pluvialis accumulated huge astaxanthin under high light and sodium acetate stresses, with the observation that the transcription activity of genes related to astaxanthin biosynthesis increased quickly (Huang et al., 2006; Raman et al., 2008). As well known, light is the most important contributor to microalgae growth. Normally, the light intensity suitable for growth is 25–50 50 μmol m–2 s–1, and it would cause the accumulation of astaxanthin when more than 100 100 μmol m–2 s–1 depending on the light tolerance of different H. pluvialis strains (Steinbrenner and Linden, 2001; Steinbrenner and Linden, 2003; Su et al., 2014). The sodium acetate was also noticed because it helped the growth of H. pluvialis and improved the cell density. Specially, sodium acetate has been reported to contribute to the accumulation of astaxanthin under high light (He et al., 2018; Jeon et al., 2006). The transcription levels of astaxanthin synthesis-related genes were improved to accelerate the astaxanthin synthesis under environmental stresses. According to previous reports, astaxanthin biosynthesis in H. pluvialis started from isopentenyl pyrophosphate, gradually formed phytoene, β-carotene, and then finally produced astaxanthin by β-carotene hydroxylase and β-carotene ketolase (Lemoine and Schoefs, 2010; Uri et al., 2019). Increasing astaxanthin yield under stresses, astaxanthin biosynthesis-related enzymes such as phytoene synthase (PSY), phytoene desaturase (PDS), zeta-carotene desaturase (ZDS), beta-carotene ketolase (BKT), and beta-carotene hydroxylase (crtR-B) transcribed at a high level within 24 h, suggesting that the regulation of astaxanthin synthesis might happen at the transcriptional level (Steinbrenner and Linden, 2003; Gao et al., 2012a; Lu et al., 2010; Wen et al., 2015).

Responses to stresses in the plant could be achieved by the complex signal transduction, including the expression of transcription factors (TFs), promoter binding, and the regulation of functional genes. Hence, transcriptional regulation was closely related to the function of TFs and the cis-acting elements in the promoter. Till now, the research on the correlation between TFs and astaxanthin synthesis is still blank, although a lot of transcriptome data were published. The cis-acting elements in the CrtO, BKT promoter were obtained, including ABA, ABRE, C-repeat/DRE, G-box, MeJA-responsive element, and MBS (Meng et al., 2005; Gao et al., 2010; Wang et al., 2012). In addition, a little achievement was made when 59 TFs belonging to MYB, bHLH, bZIP, and C2H2 families were identified when treated with salicylic acid or jasmonic acid, suggesting that TFs might involve in hormone stress (Gao et al., 2015). A lot of research focused on astaxanthin biosynthesis and lipid biosynthesis but overlooked the function of TFs, leading to the failure of exposing the regulatory mechanism of astaxanthin biosynthesis.

In this study, H. pluvialis under high light-sodium acetate (HLS) stress was chosen to proceed with transcriptome analysis. Fortunately, many TFs were found at the early stage of HLS stress so that we could study the response patterns and the internal connection between TFs and astaxanthin biosynthesis-related genes. Totally, 83,869 unigenes were identified, among which 476 unigenes were annotated as TFs. After that, 69 differentially expressed transcription factors (DETFs) were obtained, and their transcription profiles of high light and sodium acetate stress responses were studied. Results revealed that their expression was changed along with different stresses. In addition, we finally constructed a TF–astaxanthin biosynthesis regulatory network obtaining six important TFs that might directly modulate key genes of astaxanthin biosynthesis, based on a combined analysis of DETFs, expression trends, and the analysis of the transcription factor binding site (TFBS). This is the first report to take a look inside the correlations between TFs and astaxanthin biosynthesis-related genes via gene expression trends and TFBS. Results in this study would not only help us understand the response of TFs to environmental stresses but also provide a new way to obtain key TFs involved in the modulation of astaxanthin biosynthesis.



MATERIALS AND METHODS


Algal Strains and Culture Conditions

Haematococcus pluvialis strain 192.80 was purchased from Sammlung von Algenkulturen Göttingen Culture Collection of Algae. It was cultured in MIX medium, with a 12:12-h light/dark cycle at 22°C (Luo et al., 2017). The light intensity for normal culture was 25 μmol m–2 s–1 while 550 μmol m–2 s–1 for the high light stress (HL). The final concentration of sodium acetate was 45 μM for the sodium acetate stress (HS). The alga was cultured until the cell concentration reached 4–5 × 105 cells/ml and then treated with HLS stress. H. pluvialis cells were treated with a light intensity of 550 μmol m–2 s–1 and 45-μM sodium acetate for HLS. Also, the H. pluvialis cells under a light intensity of 25 μmol m–2 s–1 were the control group.



Microscopy Observation of Algal Cells

Algal cells were treated with HLS stress when the cell concentration reached 4–5 × 105 cells/ml. After sampling at 0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12 h, the alga cells were observed using an Olympus BX61 microscope and an Olympus DP10 digital camera.



Total RNA Extraction and Quality Control

Total RNA was extracted according to the modified RNA isolation methods (Luo et al., 2017). The RNA quality and quantity were checked by 1% agarose gel and spectrophotometer NanoDrop (BioPhotometer, Eppendorf, Hamburg, Germany).



Complementary DNA Library Construction and Transcriptome Sequencing

The eukaryotic messenger RNA was enriched with Oligo (dT) magnetic beads and then added with a fragmentation buffer. Random hexamers were used to finish single-stranded complementary DNA (cDNA) synthesis, deoxyribonucleotide triphosphates, and DNA polymerase I, and RNase H was then added to synthesize the second-strand cDNA. AMPure XP beads purified those fragments. After amplification by polymerase chain reaction (PCR), the products were purified by AMPure XP beads to construct the final cDNA library. Qubit2.0 was used to dilute the cDNA concentration to 1.5 ng/μl. Then, the insert size was checked with Agilent 2100. After that, the effective concentration of the cDNA library was accurately quantified by the quantitative PCR method, making sure that the effective concentration of 2 nM was reached. Finally, transcriptome sequencing was performed by Illumina HiSeqTM (Illumina, Santiago, CA, United States). The transcriptome data has been uploaded to the National Center for Biotechnology Information (NCBI) website (accession number: SRR6816386).



Sequence Assembly and Gene Annotation

The assembled sequences were annotated with several protein databases, including NR (NCBI non-redundant protein sequences), NT (NCBI nucleotide sequences), Kyoto Encyclopedia of Genes and Genomes (KEGG) Ortholog (KO), SwissProt (a manually annotated and reviewed protein sequence database), Pfam (protein family), Eukaryotic Orthologous Groups (clusters of orthologous groups of proteins) (KOG), and Gene Ontology (GO). Cufflinks and HTSeq package in 2010 were used to calculate the fragments per kilobase of transcript, per million mapped reads value and read counts of each gene, respectively. Also, the differentially expressed genes (DEGs) were identified using the DEGSeq, with p-adjust < 0.05 and |log2FC| > = 1 setting as the threshold to indicate significant differential expression.



Annotation and Classification of Transcription Factors

All the unigenes, including known genes and new genes, were blasted against plantTFDB1 database to obtain TF data. Those TFs were classified according to the information in plantTFDB.



Validation of Gene Expression by Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction

Haematococcus pluvialis cells were cultured until cell numbers reached 4–5 × 105 cells/ml, then treated with a light intensity of 25 μmol m–2 s–1 as control, 550 μmol m–2 s–1 as high light (HL), 25 μmol m–2 s–1 plus 45-mM sodium acetate as sodium acetate stress (HS), and 550 μmol m–2 s–1 plus 45-mM sodium acetate as HLS stress. The real-time quantitative reverse transcription (qRT)-PCR was performed using an SYBR Premix Ex TaqTM II Kit (TaKaRa, Tokyo, Japan) in a 20-μl reaction system containing 10-μl 2 × SYBR Premix Ex TaqTM II (TaKaRa, Tokyo, Japan), 0.8 μl each of the forward and reverse primers, 2-μl cDNA, 0.4-μl 50 × ROX Reference Dye, and 6-μl double distilled water. Reaction steps followed the program: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s, 55°C for 31 s, and reading the fluorescence signal. Each qRT-PCR reaction was performed with three biological replicates. β-actin of H. pluvialis was used as internal control. All primers were designed by the Primer Premier 5.0 and are listed in Supplementary Table 1. The relative transcription level was calculated using the 2–ΔΔCT method.



Construction of Transcription Factor–Astaxanthin Synthesis Regulatory Network

Obtaining the target genes of TFs and considering the relationship between TFs and their target genes, we could generate the network reflecting the regulation between TFs and their target genes. Firstly, DETFs should obtain as a dataset. Then, DEGs related to astaxanthin synthesis were collected as another dataset. According to the TFBS information in the promoter of astaxanthin synthesis-related genes, we could calculate the correlation between TFs and astaxanthin synthesis-related genes by searching the JASPAR database. Finally, the network between TFs and target genes was obtained.



Statistical Analysis

All experiments were performed with biological triplicates from separate cultures. GraphPad Prism 5 was used for statistical analysis, and P-values of <0.05 were considered statistically significant.



RESULTS


Microscopic Observation and Transcription Analysis of H. pluvialis Under High Light-Sodium Acetate Stress

Under the HLS condition, the content of astaxanthin in algal cells was increased with the time course. H. pluvialis cells were turned red after HLS stress for 4 h and then the red getting darker along with the extension time of stress treatment (Figure 1). The transcription of HpCrtR-B and Hpbkt1 was observed under HLS stress for 0.5 h, suggesting that they could respond to stress quickly. Totally, the expression level of HpCrtR-B and Hpbkt1 was kept increasing, with the exception that their expression was downregulated after stressing for 4–5 h (Figure 2). Therefore, samples after 1.5 h stress treatment were selected for transcriptome analysis.
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FIGURE 1. Microscopic observation of Haematococcus pluvialis under high light-sodium acetate (HLS) stress.
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FIGURE 2. Expression pattern of HpCrtR-B and Hpbkt1 responding to HLS stress.




Transcriptome Sequencing and Assembly

Firstly, total RNA was extracted from H. pluvialis treated with HLS stress, and its quality was checked with Nanodrop and 1% agarose gel (Figure 3). The A260/280 and A260/230 were more than 2, and the RNA integrity number value was 7.0, showing that the quality of extraction RNA was great to conduct transcriptome sequencing.
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FIGURE 3. Total RNA from H. pluvialis 192.80. Lane M was DL2000 marker, and lanes 1–3 represent three separate samples as replicates.


Then, total RNA was reverse transcribed to cDNA and proceeded transcriptome sequencing. In total, the quality of Q20 was more than 94%, and the GC content was around 58.16% (Table 1). Here, 117,861 transcripts and 83,869 unigenes were obtained, with an average length of 615 and 747 bp, respectively. In unigenes, the N50 and N90 were 1,268 and 292 bp, respectively (Table 2).


TABLE 1. List of data output quality.
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TABLE 2. Length distribution of transcripts and unigenes.

[image: Table 2]



Gene Annotation

All unigenes were blasted against seven databases, including NR, NT, KO, SwissProt, PFAM, KOG, and GO. As a whole, there were 23,928 unigenes (28.53%) annotated in at least one database; 1,969 unigenes (2.34%) were annotated in all databases. Specifically, 18,177 unigenes (21.67%), 18,162 unigenes (21.65%), 13,464 unigenes (16.05%), 9,931 unigenes (11.84%), 7,154 unigenes (8.52%), 6,158 unigenes (7.34%), and 5,767 unigenes (6.87%) were annotated in PFAM, GO, NR, SwissProt, KOG, KO, and NT, respectively. In addition, H. pluvialis shared 32.6% homology with Volvox carteri and 25.9% homology with Chlamydomonas reinhardtii (Supplementary Figure 1). A great number of unigenes associated with gene transcription, signal transduction, and TF activity were found in GO, KOG, and KEEG analyses, suggesting that gene transcription was active and TFs might be involved in the response of HLS stress.



Prediction and Classification of Transcription Factors

Transcription factors play a key role in a plant when responding to environmental stresses. However, few references were focused on TFs in H. pluvialis and hindered the research of transcriptional regulation to stresses. Hence, to understand their functions in transcriptional regulation, we predicted all the TFs in H. pluvialis by blasting against PlantTFDB. Totally, 476 TFs belonging to 52 families were predicted and annotated. According to the searching data, the top five families were C3H (8.6%), SET (8.6%), GNAT (7.98%), SNF2 (7.1%), and MYB (5.9%) (Table 3). It is well known that the C3H family is related to the regulation of light and photoperiod. In addition, TF families such as WRSKY, MYB, and AP2-EREBP are generally associated with abiotic stress responses in plants. Here, many TFs were found in H. pluvialis during an early stage of HLS stress, which might be related to transcription regulation to the stress response.


TABLE 3. List of transcription factors (TFs).
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Differentially Expressed Genes Under High Light-Sodium Acetate Stress

To find out genes involving in early stress response, unigenes from the control group cultured under normal conditions were compared with that from the treatment group under HLS stress. As expected, results provided that they held 40,275 unigenes as common, whereas the control group had 12,803 different unigenes and the treatment group owned 10,724 different unigenes (Supplementary Figure 2). In addition, there were 4,367 DEGs composed of 2,050 upregulated unigenes and 2,317 downregulated unigenes (Figure 4).


[image: image]

FIGURE 4. Expression analysis of differentially expressed genes (DEGs). Y-axis represents statistical significance of DEGs. X-axis represents change fold of gene expression. Red and green dots represent upregulated genes and downregulated genes, respectively. Blue dots represent genes with no significant difference in expression level.


The GO enrichment analysis showed that GO terms were significantly enriched in the treated group, indicating that the top five terms were metabolic process, catalytic activity, single-organism process, single-organism cellular process, and single-organism metabolic process (Supplementary Figure 3). Interestingly, 620 unigenes were involved in the catalytic function, and 12.6% unigenes were related to the binding process of iron and metal ions, showing that enzymatic catalysis and metal ions might play important roles during the early stage of HLS stress. The KEEG enrichment showed that the upregulated DEGs were significantly enriched in KEGG terms. The top five terms were “Protein processing in endoplasmic reticulum,” “Proteasome,” “Non-alcoholic fatty liver disease,” “Plant-pathogen interaction,” and “Tuberculosis.” As expected, 11 upregulated DEGs were involved in carotenoid biosynthesis, including LUT1, lcyB, crtL1, crtY, ZDS, crtQ, PDS, crtP, crtZ, crtB, and Z-ISO. Moreover, the downregulated DEGs were significantly enriched in KEGG terms of “Purine metabolism,” “Pyrimidine metabolism,” and “Biosynthesis of amino acids.”



Obtainment of Differentially Expressed Transcription Factors

Although TFs played an important role in response to abiotic stresses, researches on transcriptome under stresses did not expose their functions in H. pluvialis. Among the 476 TFs, there were 28 upregulated TFs and 41 downregulated TFs when compared with the control group. The DETFs belonged to 27 TF families, such as SET (13%), GNAT (10%), and Orphans (10%) (Table 4). Among the upregulated DETFs, GNAT, and Orphans families owned the same numbers as four, whereas SET families had the most as eight among the downregulated DETFs. In addition, TFs from GNAT, MYB, Orphans, PHD, and bZIP families were found in both upregulated and downregulated TFs.


TABLE 4. Differentially expressed transcription factors (DETFs) and their classification.
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To validate the expression of the DETFs, total RNA was extracted from the H. pluvialis under normal culture conditions and HLS stress. A total of 26 DETFs were randomly selected to verify their expression. Most of them were confirmed that the expression of TFs in transcriptome analysis under HLS stress was credible (Figures 5, 6). What attracted our attention was the expression of GNAT3 and HB, showing strong upregulation with more than eightfold, which was not previously reported before.
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FIGURE 5. Analysis of upregulated differentially expressed transcription factors (DETFs) by qRT-PCR.
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FIGURE 6. Analysis of downregulated DETFs by quantitative reverse transcription (qRT)-PCR.




Transcription Factors Expression Profiles Under High Light Stress and Sodium Acetate Stress

In this research, 476 TFs were found, and 69 DETFs belonging to different TF families were obtained. Among them, TFs related to stress response were chosen for further study, helping us understand their function. Therefore, 14 DETFs were selected to analyze their transcription profiles under HL and HS from 0 to 6 h, respectively. TFs showed different transcription activities under HL and HS, suggesting that they responded to stresses differentially, which might be due to their varied regulation pattern. In general, results showed that most of TFs were upregulated at the stress condition of HL or HS. TFs such as C2H2, COLIKE, G2like, ORPHANS-1, PHD, and RWP-RK-1 were sensitive to HL, and C2C2GATA, ORPHANS-3, and RWP-RK-2 were positive to HS. ORPHANS-2 could respond to both HL and HS. Interestingly, four TFs of ORPHANS families showed very different transcriptional profiles, in which ORPHANS-1 was positive to HL, ORPHANS-2 was normal sensitive to HL and HS, ORPHANS-3 was positive to HS, and the expression of ORPHANS was negative to HL and HS except that its expression increased 2.6-fold after HL at 1 h. The same appearance was found in RWP-RK families, in which RWP-RK-1 was positive to HL with a 4.2-fold increase, whereas RWP-RK-2 was positive to HS with a 6.5-fold increase (Figure 7). Those results implied that TFs could respond to different kinds of stresses, although they were from the same TF families.
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FIGURE 7. Transcription profiles of transcription factors (TFs) under high light and sodium acetate stress. Control represents control group, HL represents high light stress, and HS represents sodium acetate stress. *Indicates significant difference at level of 0.05, and **indicates significant difference at level of 0.01.




Expression of Key Genes Associated With Astaxanthin Synthesis

Haematococcus pluvialis under HLS stress was sampled in 0, 1.5, 3, 6, 9, 12, 24, and 48 h and extracted total RNA to finish transcriptome analysis. Also, 24 key genes related to astaxanthin synthesis were found from transcriptome data. Totally, three ipi, four ggps, two psy, two pds, three zds, three lcy, four bkt, one crtz, and two crtR-B genes were found, and their expression trends showed three expression modes (Supplementary Table 2). The first mode included 13 genes (Ch_GLEAN_10009908, XLOC_ 015032, XLOC_030044, Ch_GLEAN_10009310, XLOC_03 954, Ch_GLEAN_10006000, Ch_GLEAN_10011708, Ch_GLE AN_10007045, Ch_GLEAN_10009207, Ch_GLEAN_10010071, Ch_GLEAN_10010036, Ch_GLEAN_10011505, and XLOC_ 006571), showing their highest transcription level that happened after stress at 1.5 or 3 h. Especially, the transcription of crtR-B (Ch_GLEAN_10006000) was increased to 24-fold. The second mode had 11 genes (XLOC_013259, Ch_GLEAN_10007057, XLOC_038901, XLOC_051007, XLOC_048563, XLOC_042543, XLOC_048896, XLOC_048897, Ch_GLEAN_10005232, Ch_GLEAN_10010046, and XLOC_053142), showing that their highest expression level was reached at 24 or 48 h. Among them, the expression of BKT (XLOC_038901) and CRTZ (Ch_GLEAN_10005232) were upregulated up to 19.6- and 16.07-fold at 24 h, respectively. Moreover, the expression of IPI (XLOC_051007) and PSY (XLOC_042543 and XLOC_048563) were significantly increased at both 3 and 48 h with similar levels (Figure 8 and Supplementary Table 3).
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FIGURE 8. Expression of astaxanthin synthesis-related genes from 0 to 48 h.




Construction of Transcription Factor–Astaxanthin Synthesis Regulatory Network

It is well known that TFs are usually involved in the regulation of important functional genes to help cells defend against abiotic stresses. However, the correlations between TFs and astaxanthin synthesis have never been reported. Based on the transcriptome data, 27 astaxanthin synthesis-related genes were targeted to six TFs. Hence, both DETFs and astaxanthin synthesis-related genes were taken into consideration with their targeting information to generate a valuable regulatory network (Figure 9). According to the regulatory network, six important TFs were found, suggesting that they might be involved in regulating 27 astaxanthin synthesis-related genes. Those TFs belong to MYB, MYB_related, NF-YC, Nin-like, and C3H families, among which there were four upregulated genes and two downregulated genes. Four TFs, including MYB, Nin-like, and C3H, were positive to CrtO, whereas two TFs such as MYB_related and NF-YC were negative to CrtO. Moreover, all of them could affect other astaxanthin synthesis-related genes by directly regulating CrtO, showing that CrtO was the hub gene of astaxanthin synthesis. NF-YC could also regulate the expression of CCDs. Furthermore, astaxanthin synthesis-related genes also existed in mutual modulation. For example, most of the astaxanthin synthesis-related genes were positive to each other. Nevertheless, both ZEP and CYP97C1 were negative to CrtO and CCDs (Figure 9).
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FIGURE 9. Transcription factor–astaxanthin synthesis regulatory network. Diamond represents transcription factor. Upregulated TF is marked in red, whereas downregulated TF is in green. Rectangle represents astaxanthin synthesis-related gene. Line in red means their relationship is positive, whereas line in green means their relationship is negative.




DISCUSSION

Haematococcus pluvialis always attracts researchers because of its special ability to accumulate so much astaxanthin in many stress conditions such as high light and high salt (Domínguez-Bocanegra et al., 2004; He et al., 2007; Raman et al., 2008; Lemoine and Schoefs, 2010; Su et al., 2014). Meanwhile, mining genes related with astaxanthin synthesis has succeeded helping us to clarify the synthetic pathway of astaxanthin in H. pluvialis (Steinbrenner and Linden, 2001; Lemoine and Schoefs, 2010; Uri et al., 2019). The secrets why H. pluvialis can accumulate so much astaxanthin are still unknown, urging us to study more, including transcriptome analysis. All results indicated that improving the transcription level of astaxanthin synthesis-related genes leads to a significant increase of astaxanthin products when treated with many kinds of stresses (Huang et al., 2006; Raman et al., 2008; Gao et al., 2012b; He et al., 2018; Zhao et al., 2020). The regulation of astaxanthin synthesis would happen at the transcriptional level. However, the regulatory mechanism of astaxanthin synthesis at the transcriptional level is still kept unclear, hindering us from further improving astaxanthin production. In recent years, promoters of astaxanthin synthesis-related genes such as bkt, crtO, and crtR-B were isolated, finding that the promoters owned plenty of cis-elements including G-box, I-box, AE-box, MBS, and so on (Meng et al., 2005; Gao et al., 2010; Lu et al., 2010; Wang et al., 2012), and could respond to high light and sodium acetate (Wang et al., 2016). However, it is a pity that the research on TFs binding to these cis-elements made little progress.

To construct the regulatory network including astaxanthin synthesis-related genes and TFs, we tried to obtain dataset and expression trends of TFs and astaxanthin synthesis-related genes from the H. pluvialis transcriptome data treated with HLS stress for 1.5 h. Many research showed that the transcriptional of astaxanthin synthesis-related genes and astaxanthin production kept increasing under many kinds of stresses (Raman et al., 2008; Gao et al., 2012a; Wen et al., 2015). In these cases, the transcription of astaxanthin synthesis-related genes such as psy, pds, bkt, and chy could significantly increase after stressed for 4–8 h (Steinbrenner and Linden, 2001, 2003; Gao et al., 2012a). In this research, the transcription of astaxanthin synthesis-key genes such as bkt and crtR-B could be observed after stress for 0.5 h and notably increased after 2.5 h, although astaxanthin accumulation was detected at 4 h. Hence, we believed that their transcriptional regulation would have happened in an early stage of stress. Finally, 476 TFs belonging to 59 TF families were found in the transcriptome data of H. pluvialis under HLS stress for 1.5 h, indicating that a large number of TFs involved in the transcriptional regulation and stress response at an early stage of stress. This is the first report providing the largest TFs in the amount and variety in H. pluvialis.

Transcriptome data of our research found a great number of genes involving in cell process, metabolic process, single-organism process, catalytic activity, and binding, with active metabolite synthesis and inactive protein synthesis. DEGs mainly enriched in metabolic process, catalytic activity, single-organism process, single-organism cellular process, and single-organism metabolic process, which is similar to previous reports (Gao et al., 2012a, 2015; Li et al., 2017; He et al., 2018). It was no doubt that the most concerned synthetic pathway was carotenoid synthesis, and results showed that most of the upregulated DEGs were involved in lipid substances and carotenoid biosynthesis, whereas the downregulated DEGs were significantly enriched in DNA replication and photosynthesis. Moreover, our results provided more details indicating that astaxanthin synthesis-related genes were distributed into three expression trends with the transcription peak at 1.5–3, 24–48 h, or two peaks at 1.5–3 and 24–48 h. To understand the regulatory mechanism of astaxanthin synthesis in H. pluvialis, we should pay more attention to the time point of 1.5–3 and 24–48 h, which would be the important time point for regulation under HLS stress. Although so much transcriptome data were reported to study the correlation between astaxanthin synthesis and fatty acid synthesis and the transcriptional profiles of genes associated with them (He et al., 2018), little research on the transcription regulation was reported, especially the important TFs. Indeed, only 59 TFs could not support systematic analysis on the correlation between TFs and astaxanthin synthesis, which lead to no report until now (Gao et al., 2015). As we knew, TFs play important roles in responding to environmental stresses so that their expression is also affected by stresses. Previous research showed that H. pluvialis could respond to different environmental stresses by increasing the transcription activity of astaxanthin synthesis-related genes (Huang et al., 2006; Raman et al., 2008). As showed in our results, the transcription activity of TFs such as C2H2, COLIKE, G2like, ORPHANS, and PHD significantly improved under HL or HS. Interestingly, our results also indicated that TFs showed very different transcription profiles under HL or HS, although they were from the same TF families. For example, four TFs from ORPHANS showed very different transcriptional profiles, in which ORPHANS-1 was positive to HL, ORPHANS-2 was normal sensitive to HL and HS, and ORPHANS-3 was positive to HS, whereas the ORPHANS was negative to HL and HS. These phenomena might explain why H. pluvialis quickly responded to different environmental stresses. In addition, the TFs found in this research have not been reported elsewhere. So, further clarifying their functions would surely contribute to the study on the stress response mechanism of H. pluvialis.

In the present study, it was gratifying that up to 476 TFs and 79 DETFs were found from the H. pluvialis at the early stage of stress, providing the possibility to explore the correlation between TFs and astaxanthin synthesis. By constructing co-expression regulatory networks, we could find the important functional genes and identify hub genes in expression regulatory networks (Hollender et al., 2014; Zhao et al., 2018). Here, the TF–astaxanthin synthesis regulatory network pointed out that TFs modulated astaxanthin synthesis at the transcriptional level by regulating the transcription of CrtO, indicating that CrtO was at the core of astaxanthin synthesis, which is evidenced by many references proposing that β-carotene ketolase was the key enzyme in astaxanthin synthesis (Lemoine and Schoefs, 2010; Uri et al., 2019). In addition, six important TFs were involved in regulating astaxanthin synthesis-related genes, among which four TFs were positive, whereas two TFs were negative, showing that their regulation was multidimensional at the transcriptional level. Research on plant TFs confirmed that MYB TFs involved in plant stress resistance and flavonoid synthesis could bind to the MBS cis-element in the promoter, which was found in astaxanthin synthesis-related genes with high frequency (Meng et al., 2005; Gao et al., 2010; Wang et al., 2012). Also, the TFs of NF-YC, Nin-like, and C3H were also involved in drought stress and salt stress. Interestingly, we noticed that ZEP and CYP97C were negative to astaxanthin synthesis by affecting CrtO and CCDs. ZEP could convert zeaxanthin to violaxanthin, which would further produce abscisate so that downregulation of ZEP was observed in many kinds of abiotic stresses (Gao et al., 2015; He et al., 2018). Therefore, inhibiting ZEP expression might improve astaxanthin production. However, CYP97C1 was reported to be upregulated under high light and downregulated under SA and JA stresses (Gao et al., 2015; He et al., 2018). So, further researches might conduct to classify the role of CYP97C1. Hence, our findings provide a new clue on the astaxanthin synthesis.

The present studies provided the TF dataset of H. pluvialis, helping us to make clear the TF function in responding to environmental stresses. By constructing the TF–astaxanthin synthesis regulatory network, we could obtain their correlations and find important TFs involved in the transcription regulation under HLS stress, providing a theoretical foundation for artificial control of astaxanthin synthesis.



CONCLUSION

In conclusion, our transcriptome data found 83,869 unigenes, among which there were 4,367 DEGs composed of 2,050 upregulated unigenes and 2,317 downregulated unigenes in H. pluvialis under HLS stress for 1.5 h. Most of DEGs were involved in metabolic process, catalytic activity, single-organism process, single-organism cellular process, and single-organism metabolic process at the early stage of stress. In addition, 476 TFs belonging to 52 families were identified and 69 DETFs including 28 upregulated TFs and 41 downregulated TFs. The TFs such as C2H2, COLIKE, and others showed different transcription profiles under HL or HS during 6 h, showing that they were involved in response to the environmental stresses during the early stage of stress. Finally, there were six TFs belonging to MYB, MYB_related, NF-YC, Nin-like, and C3H families that might be involved in the transcription regulation of 27 astaxanthin synthesis-related genes. Moreover, four TFs, including MYB, Nin-like, and C3H were positive to CrtO, whereas two TFs such as MYB_related and NF-YC were negative to CrtO. In brief, these TFs could affect astaxanthin synthesis by directly regulating CrtO. The present study provides new insight into the global view of TFs and their correlations with astaxanthin synthesis in H. pluvialis.
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Sample Raw Reads Clean Reads CleanBases Error(%) Q20(%) Q30(%) GC Content(%)

HLSTH 50385816 47984828 6G 0.03 95.03 90.21 58.09
HLST2 52595368 50248474 6.28G 0.03 95.22 90.55 57.98
HLST3 53089534 50392078 6.3G 0.03 95.32 90.7 58.12
LLMT4 54231624 51614202 6.45G 0.03 95.17 90.38 58.36
LLMT5 62538310 59057482 7.38G 0.03 94.64 89.41 58.3

LLMT6 53201140 50665756 6.33G 0.03 95.06 90.21 58.12

Samples of HLST1, HLST2, and HLST3 were three biological replicates treated with HLS stress for 1.5 h. Samples of LLMT4, LLMT5, and LLMT6 were three biological
replicates cultured in normal conditions as controls.
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Transcript length interval 200-500 bp 500-1,000 bp 1,000-2,000 bp >2,000 bp Total

Number of transcripts 69,950 22,470 16,350 9,091 117,861
Number of Unigenes 57,664 13,813 7,968 4,424 83,869
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Fatty acid 61h 73h 85h 97 h

Total fatty acid (TFA) 93% 155% 178% 118%
Saturated (SFA) 102% 164% 166% 113%
Monounsaturated (MUFA) 4% 35% 84% 49%

Polyunsaturated (PUFA) 150% 216% 222% 151%
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translational components that expand the number
of genetically encoded amino acids in eukaryotic
cells.

Systems, methods, and compositions for targeting
nucleic acids, including microalgae.

Cultivating autotrophic microorganisms, particularly
microalgae, in a bioreactor to enable laminar flow
which in cross section is closed and which has
transparent walls through which the culture is
irradiated to enable photosynthesis.

The use of zinc finger proteins and fusions of said
proteins to regulate gene expression and metabolic
pathways.

A method of fractionating biomass, and recovering
cell and cell derived products from the non-polar
solvent solution and polar biomass solution.
Cultivating photosynthetic microbes in closed
systems for continuous cultivation and open
systems for batch cultivation.

Cultivation of oleaginous microorganisms on
feedstocks including depolymerized cellulosic
material such as corn stover, Miscanthus, forage
sorghum, sugar beet pulp, and sugar cane
bagasse.
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Gene_ID KO_ID Enzyme Gene_name 6h 12h 24 h
LogoFC FDR LogoFC FDR LogoFC FDR

c4751_c0_g1 K00514 Zeta-carotene desaturase ZDS —1.663 1.72E-59 —1.134 2.13E-32 —1.669 1.18E-42
¢5887_c0_g1 K02291 Phytoene synthase PSY —1.985 3.22E-30 —3.687 4.94E-104 —4.356 2.92E-75
c6666_c0_g1 K09839 Violaxanthin de-epoxidase VDE 0.239 5.88E-02 0.089 6.17E-01 —1.587 1.70E-06
c6677_c0_g1 K09838 Zeaxanthin epoxidase ZEP 0.247 2.96E-04 —0.606 6.36E-13 0.021 8.49E-01
c7062_c5_g1 K06444 Lycopene epsilon-cyclase LCYE —-1.518 4.14E-15 —2.820 3.13E-40 —3.642 3.45E-14
c7246_c6_g1 K06443 Lycopene beta-cyclase LCYB —1.736 4.89E-09 —0.407 4.41E-02 —1.213 1.74E-04
c7438_c7_g1 K09836 Beta-carotene/zeaxanthin 4-ketolase BKT —1.105 2.42E-22 —1.203 4.71E-16 —0.049 8.33E-01
¢7533_c5_g3 K09843 (+)-abscisic acid 8'-hydroxylase CYP707A —-0.075 7.97E-01 1.086 1.96E-04 2.393 3.11E-10
c7684_c6_g6 K09843 (+)-abscisic acid 8'-hydroxylase CYP707A —0.989 5.48E-50 —0.738 2.81E-17 —-0.239 6.21E-02
c7728 ¢b g5 K15747 Beta-ring hydroxylase CYP97A3 —1.097 1.36E-04 —1.876 4.64E-15 —-3.293 2.94E-19
c7760_c4_g2 K09837 Carotenoid epsilon hydroxylase CYP97CA —2.136 3.69E-24 —2.080 4.15E-15 NA NA
c7813_¢9_g1 K15745 Phytoene desaturase (3,4-didehydrolycopene-forming) PDS —1.884 2.28E-12 —1.884 5.20E-07 NA NA
c8132_cb5_g1 K15746 Beta-carotene 3-hydroxylase CHYB 0.287 3.37E-01 —2.342 1.29E-24 —3.858 2.42E-22
c8212_c6_g1 K15744 Zeta-carotene isomerase ZISO —2.038 1.65E-28 —0.906 4.31E-05 NA NA
c8551_c2_g1 K02293 Phytoene desaturase PDS —1.271 7.44E-84 —-0.757 1.42E-24 —2.526 2.40E-181

LogoFC is Log2 Fold Change. Positive value means upregulated and negative value means downregulated, NA means without detected gene.
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Gene_ID Enzyme 6h 12h 24 h
LogoFC FDR LogoFC FDR LogoFC FDR

¢19395_c0_g1 3-ketoacyl-CoA synthase 6 2.670 0.00E + 00 —0.085 1.61E-01 0.901 5.74E-32
c19313_c4_g2 3-ketoacyl-CoA synthase 9 3.041 1.50E-119 0.114 1.76E-01 0.627 1.72E-06
c19313_c4_g12 3-ketoacyl-CoA synthase 1 2.602 217E-72 -0.197 1.99E-02 0.760 1.42E-06
¢10824_c0_g1 3-ketoacyl-CoA synthase 11 2.226 3.94E-56 1.111 1.71E-39 1.774 1.10E-121
c37974_c0_g1 3-ketoacyl-CoA synthase 11 2.193 7.05E-32 1.064 4.83E-18 2.193 7.05E-32
€c34341_c0_g1 3-ketoacyl-CoA synthase 19 2.088 2.59E-36 1.184 1.01E-32 2.015 3.74E-114
c19313_c4_g5 3-ketoacyl-CoA synthase 19 1.142 8.09E-07 2.145 2.58E-34 5.245 0.00E + 00
¢c11396_c1_g1 3-ketoacyl-CoA synthase 19 1.690 3.23E-06 2.423 8.14E-25 5.566 1.16E-267

LogoFC is Log2 Fold Change. Positive value means upregulated and negative value means downregulated.
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Category Gene_ID KO_ID Enzyme Gene_name 6h 12h 24 h
LogoFC FDR LogoFC FDR LogoFC FDR
PSI ¢11348_c0_g1 K02689 Photosystem | P700 chlorophyll a apoprotein A1 PsaA —1.768 3.78E-16 —1.107 2.32E-04 -0.373 2.71E-01
c2811_c0_g1 K02692 Photosystem | subunit Il PsaD 0.138 2.43E-03 —-0.513 1.58E-14 —2.950 7.93E-272
¢16988_c0_g1 K08905 Photosystem | subunit V PsaG 0.208 4.28E-04 0.094 2.74E-01 —2.539 4.22E-139
¢13333_c0_g1 K02696 Photosystem | subunit VIII Psal 0.217 1.94E-07 —0.442 2.46E-09 -3.678 4.01E-209
¢7310_c0_g1 K02699 Photosystem | subunit XI Psal 0.194 3.85E-06 0177 3.48E-02 —3.780 1.22E-272
c6347_c0_g1 K02701 Photosystem | subunit PsaN PsaN 0.947 2.67E-80 0.513 5.83E-12 —4.628 7.28E-306
¢15041_c0_g1 K02639 Ferredoxin PetF —0.622 7.13E-18 —1.825 6.23E-73 —2.927 3.64E-88
¢c19224_c0_g3 K02638 Plastocyanin PetE —0.536 8.02E-51 —0.508 2.51E-11 —2.378 2.66E-131
c16349_c0_g1 K02641 Ferredoxin-NADP + reductase PetH 0.296 8.13E-13 0.027 7.58E-01 —1.821 9.11E-131
PSII c11222_c0_g1 K02703 Photosystem Il P680 reaction center D1 protein PsbA —1.383 2.23E-47 0.948 6.97E-07 0.375 2.69E-02
c14164_c0_g1 K02704 Photosystem Il CP47 chlorophyll apoprotein PsbB —2.446 1.49E-20 —2.224 4.76E-09 NA NA
¢15153_c0_g1 K02705 Photosystem Il CP43 chlorophyll apoprotein PsbC —1.006 1.30E-09 0.659 2.53E-03 —0.742 3.99E-04
c2432_c0_g1 K02706 Photosystem Il P680 reaction center D2 protein PsbD —2.088 5.01E-18 NA NA NA NA
¢17184_c0_g1 K02716 Photosystem Il oxygen-evolving enhancer protein 1 PsbO 0.471 2.62E-37 —0.236 5.32E-04 —3.520 0.00E + 00
¢17823_c0_g1 K02717 Photosystem Il oxygen-evolving enhancer protein 2 PsbP 0.196 2.66E-07 —0.052 4.41E-01 —3.598 3.68E-291
¢16649_c0_g1 K08901 Photosystem Il oxygen-evolving enhancer protein 3 PsbQ 0.587 6.94E-43 0.028 7.71E-01 —3.889 7.78E-247
c18753_c1_g2 K03541 Photosystem Il 10 kDa protein PsbR 0.028 5.36E-01 —0.467 2.38E-09 —2.686 1.44E-233
¢c19487_c0_g1 K03542 Photosystem Il 22 kDa protein PsbS —0.310 9.70E-02 —1.194 6.65E-14 0.626 4.83E-03
¢c18171_c0_g1 K02723 Photosystem Il PsbY protein PsbY 1.049 8.29E-108 —0.358 3.63E-06 —-3.184 6.70E-154
c156459_c0_g1 K08902 Photosystem Il Psb27 protein Psb27 0.436 2.85E-11 —0.365 6.61E-06 —2.292 9.67E-76
¢c19359_c6_g1 K08903 Photosystem Il 13 kDa protein Psb28 —0.959 2.20E-05 —1.892 1.42E-20 —5.144 7.84E-56
LHC ¢19400_c0_g1 K08907 Light-harvesting complex | chlorophyll a/b binding protein 1 LHCA1 —2.329 0.00E + 00 —1.931 1.70E-184 —2.795 0.00E + 00
c13244_c1_g1 K08908 Light-harvesting complex | chlorophyll a/b binding protein 2 LHCA2 —0.024 5.98E-01 0.287 1.86E-04 —3.787 0.00E + 00
c14924_c0_g1 K08909 Light-harvesting complex | chlorophyll a/b binding protein 3 LHCA3 —0.046 2.99E-01 0.156 2.54E-02 —4177 0.00E + 00
¢12657_c0_g1 K08910 Light-harvesting complex | chlorophyll a/b binding protein 4 LHCA4 0.177 6.58E-06 —0.044 5.73E-01 —4.682 0.00E + 00
¢13616_c0_g1 K08911 Light-harvesting complex | chlorophyll a/b binding protein 5 LHCAS 0.211 3.72E-09 0.064 4.39E-01 —3.896 0.00E + 00
¢19523_c4_g1 K08912 Light-harvesting complex Il chlorophyll a/b binding protein 1 LHCB1 0.368 9.03E-20 0.330 1.94E-06 —3.863 0.00E + 00
c19022_c2_g6 K08915 Light-harvesting complex Il chlorophyll a/b binding protein 4 LHCB4 0.354 1.75E-19 —0.194 1.25E-02 —3.417 3.08E-209
¢12740_c0_g1 K08916 Light-harvesting complex Il chlorophyll a/b binding protein 5 LHCBS —0.285 1.08E-10 —0.009 9.30E-01 —4.435 0.00E + 00
ATPase ¢12514_c0_g1 K02109 F-type H + -transporting ATPase subunit b ATPFOB —-0.216 1.69E-07 —0.523 9.20E-16 —3.084 0.00E + 00
¢19297_c1_g1 K02113 F-type H + -transporting ATPase subunit delta ATPF1D —0.295 1.91E-12 —0.329 4.95E-07 —3.131 0.00E + 00
¢19650_c0_g1 K02115 F-type H + -transporting ATPase subunit gamma ATPF1G 0.111 1.51E-02 —0.493 2.05E-12 —2.715 4.64E-186
b6f c19562_c6_g4 K08906 Cytochrome c6 Petd —0.689 1.45E-07 —1.521 2.04E-27 —3.483 8.69E-31
¢16278_c0_g2 K02636 Cytochrome b6-f complex iron-sulfur subunit PetC 0.452 8.79E-27 —0.220 2.59E-03 —2.793 2.66E-231
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Cell density (10° cell/ml)

EM 1.037 +0.038
PRM 0.963 £0.040
N- 0913 £0.044"
Cd 0.956 +0.025*

EM, control: PRM, paromomycin; N-, nitrogen deprivation; Cd, CdCla. All data were derived from at least three biological repeats. "p < 0.05,

Chiorophyll contents (mg/L)

35.764 +1.495
36.625 +1.541
22,543 +1.406™
16.417 +£0.356"

Paramylon (1.g/mg)

53.073 +1.986
42187 £7.721
36.133 +£0.590°
84.310 +£4.560"

“p < 0.01.

Total lipids (.g/mg)

60.49 £7.713
70.009 £1.201
138.782 £3.442"
92.704 +8.928"
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Culture conditions ~ Abbreviations ~ Light ~ NaCl (M) KNO, (mM)
intensity
(nmol-m-2.s=1)

Control N+ 100.0 15 50
Nitrogen starvation ~ N- 100.0 15 0.0
High salinity HS 100.0 30 5.0

High light HL 2000.0 15 5.0
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Sequence (5'-3')

ACTTACCCGTTCTGATTGA
TAACCATTGATAAGCAGAT
AGACTTTCTCTATTGCCTC
GGACCCAAATCCAGAAGAC
GTGAGGACAGTGCCACAGAA
GGCAGGAAAAAGACCAACCT
AGCGTCCGTAGGTGGTTATG
CTACGCATTTCACCGCTACA
TGAGCCAGCACTTCCA
CCACAATAATCCCAATAAGA
CGACATTTATGCTGTGGGTA
GGGCAAGTAAGGGAGGA
TGTAGCGGATGCTGGAC
ACTCAACACGGATATGGAA
CAAATTGATTCGGTCCTCT
TTCCCAGTCCATCTCCC
GCCACCAAGGTTTACACTC
CCGCCAATCACTAGCAGTA
TCGCCATGACCAGATTC
CACCCAACGCACTTCC
TCGCCTCAAACAAAGC
AATCGGATAGAAGAACCAG
GCCATTGATGACGAGTG
TAGCCAGCGATAGTTAGAG
GGCATTGGCATTACTTT
CCTTATTAGAATCGTGGG
TGGACAGGGACAGCCTTAAC
TITTGTTGGTGTGGAGGTGA
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