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Abstract

:

Diatoms are a major group of unicellular algae that are rich in lipids and carotenoids. However, sustained research efforts are needed to improve the strain performance for high product yields towards commercialization. In this study, we generated a number of mutants of the model diatom Phaeodactylum tricornutum, a cosmopolitan species that has also been found in Nordic region, using the chemical mutagens ethyl methanesulfonate (EMS) and N-methyl-N′-nitro-N-nitrosoguanidine (NTG). We found that both chlorophyll a and neutral lipids had a significant correlation with carotenoid content and these correlations were better during exponential growth than in the stationary growth phase. Then, we studied P. tricornutum common metabolic pathways and analyzed correlated enzymatic reactions between fucoxanthin synthesis and pigmentation or lipid metabolism through a genome-scale metabolic model. The integration of the computational results with liquid chromatography-mass spectrometry data revealed key compounds underlying the correlative metabolic pathways. Approximately 1000 strains were screened using fluorescence-based high-throughput method and five mutants selected had 33% or higher total carotenoids than the wild type, in which four strains remained stable in the long term and the top mutant exhibited an increase of 69.3% in fucoxanthin content compared to the wild type. The platform described in this study may be applied to the screening of other high performing diatom strains for industrial applications.
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1. Introduction


Diatoms are a major group of unicellular algae, and they play a vital role in global ecosystems [1]. They are responsible for nearly half of the primary production and represent the base for marine food webs [1], and various products from marine diatoms such as pigments, polyunsaturated fatty acids (PUFAs) and neutral lipids (biodiesels) have attracted extensive attention, as their commercialization has been exploited in recent years [1,2,3]. Phaeodactylum tricornutum Bohlin, a model diatom species, has been widely studied due to its ease of cultivation and fully sequenced genome [1]. Although P. tricornutum is not usually considered as a widely distributed species, it has been found in many European countries including Finland [4].



One of the most valuable metabolites in P. tricornutum is fucoxanthin, a xanthophyll pigment that is one of the most abundant carotenoids. It is localized primarily in the chloroplast and binds to chlorophyll a/c to form fucoxanthin-chlorophyll-binding proteins (FCPs), which play a major role in light-harvesting systems [5,6]. The remarkable biological traits of fucoxanthin are based on its molecular structure, which contains one allenic bond and a few oxygenic functional groups such as hydroxyl, carbonyl and epoxy moieties [7]. This pigment has numerous health-promoting effects such as antioxidant, anti-inflammation, anticancer, anti-obesity, and antidiabetic activities [7].



Biotechnological methods such as genetic modifications and mutagenesis have been developed to improve strain characteristics and the production of valuable alga-derived products [3,8,9,10]. Briefly, genetic engineering is a rational approach where selected genes are manipulated. The approach has been applied to diatoms to increase the yield of value-added products such as carotenoids and fatty acids [9]. On the other hand, mutagenesis leads to random changes in the genome, resulting in unpredictable outcomes: while, in most cases, randomized mutagenesis is likely to create mutants with lower yields than the wild type (WT), rare random mutations with a positive effect can be isolated if an effective screening strategy is used [11]. Thus, diverse mutagenesis experiments have increased the yields of target products in different studies [12,13]. Since the 1990s, most studies on engineering microalgae to overproduce carotenoids were conducted by screening for mutants that could resist carotenogenic pathway inhibitors such as nicotine, norflurazon, glufosinate, diphenylamine (DPA) and compactin [14,15,16,17]. The herbicide-resistant mutants are expected to possess mutated enzymes with altered expression and enzymatic properties that enable the synthesis of desired pigments in the presence of inhibitors and certain herbicides as nicotine and DPA were known to inhibit lycopene cyclase [12]. An advantage of random mutagenesis is its simplicity, as it requires little knowledge of the biosynthetic pathways of the desired products and very few technical operations [12]. More importantly, the resulting mutants are not subject to regulations for genetically modified organisms (GMOs) [18] in the food industry in Europe and many other regions. In situations where limited molecular tools are available for microalgal genetic engineering, random mutagenesis can be an important approach for developing improved algal strains [18].



Depending on the mutagen properties, mutagenesis can be divided into physical and chemical mutagenesis. Physical mutagens contain electromagnetic radiation such as X-rays, UV light and particle radiation as β and α particles [19]. Among chemical mutagens, alkylating agents such as ethyl methanesulfonate (EMS) and N-methyl-N′-nitro-N-nitrosoguanidine (NTG) are the most widely used for creating positive algal mutants with high lipid or carotenoid content [12]. The genomes have been randomly modified by mutagenesis, which sometimes leads to various phenotypic effects. The diploid nature of vegetative P. tricornutum cells could lead to carotenoid content fluctuations in mutants because the allele for a particular gene in one chromosome chain may be positively mutated while the other one might not [20,21].



Conventional methods for screening mutated strains with high carotenoid content require manual inspection of every colony, which is time-consuming and inefficient [22]. After many mutated strains have been created, efficient screening of the desired phenotypes is the critical step and a major bottleneck in mutagenesis applications. In the green alga Dunaliella salina salina (Dunal) Teodoresco, a flow cytometry-based approach has been used to examine correlations between lipidic composition and carotenoids for establishing a high-throughput screening method [22], while little information is presently available for diatoms.



Among abundant computational approaches, genome-scale network reconstructions are a crucial part in connecting genome information to phenotypes. One promising strategy for deciphering undiscovered potential correlations between certain creatures is metabolic network reconstruction, which could be utilized to analyze system level reactions [23]. A comprehensive genome-scale metabolic model of P. tricornutum was recently published [23]. It is based on genomic, genetic, and biochemical knowledge and includes information on connections between genes and reactions as well as reaction stoichiometry. Genome-scale models (GEMs) enable exploration of the complex diatomic metabolism via quantitative predictions.



In this study, we are aiming at creating a high-throughput method to increase screening efficiency of selecting fucoxanthin-hyperproducing strains from mutagenesis. We first applied DPA as an inhibitor of the carotenogenic pathway and tested its effects on P. tricornutum growth. Then, we compared the mutagenesis effects of EMS as well as NTG on P. tricornutum. Under similar lethality rate, EMS showed a higher efficiency for creating positive mutants with higher carotenoid content. In addition, as we found that both chlorophyll a and total neutral lipid fluorescence intensity had significant correlations with carotenoid metabolism, we established a high-throughput screening method (Figure 1); five mutants were selected from 1000 isolated strains based on this method. Mutants were cultivated over two months to validate strain stability, and liquid chromatography-mass spectrometry (LC-MS) was applied to detect specific lipophilic compounds. Finally, four of five selected diatom mutants exhibited higher fucoxanthin production than the WT strain.




2. Results


2.1. Effect of Different Doses of DPA on P. tricornutum Growth


Herbicides have been widely applied in mutagenesis experiments to create mutants with higher yields of targeted products [12]. DPA can inhibit carotenoid synthesis [12], and the purpose of applying DPA in this study was to enhance the selective pressure for isolating positive mutants, as DPA-resistant mutants will likely have higher fucoxanthin contents. It was found that 10 μM DPA treatment of the WT reduced the specific growth rate from 0.645 day−1 to 0.431 day−1 (Figure S2). When DPA was applied in a range from 30 μM to 60 μM, the diatom specific growth rate decreased significantly. Particularly, the WT still grew when the DPA concentration was below 40 μM, but cell numbers declined once the DPA concentration exceeded 40 μM. Consequently, 40 μM DPA was chosen for the subsequent screening experiments.




2.2. Effects of EMS and NTG on Creating Positive Mutants


We examined the ability of both EMS and NTG to create P. tricornutum mutants. As fucoxanthin was the dominant carotenoid in P. tricornutum, the total carotenoid amount could be utilized as a good indicator for fucoxanthin content. The total carotenoid content of mutants in the 0.1 M EMS group varied from 8.8 to 11.1 mg/g DW (Figure 2a). Two mutants in the 0.1 M EMS group had higher carotenoid content than WT (10.3 mg/g), but neither mutant’s content exceeded that of the WT by more than 10%. For the 0.2 M EMS group, total carotenoid content varied from 8.0 to 11.8 mg/g DW. Four mutants had higher carotenoid content than WT, and two mutants among these had more than 10% total carotenoids greater than WT. For the 0.1 mM NTG group, total carotenoid content varied from 9.1 to 10.9 mg/g DW; three mutants had higher total carotenoids than WT, but all the differences between mutant and WT carotenoid content were less than 10% (Figure 2b). In the 0.2 mM NTG group, the carotenoid content varied from 8.8 to 11.1 mg/g DW. Three mutants had higher carotenoid content than WT, but the differences between mutant and WT content were all under 10%. The cell lethality of 0.1 M and 0.2 M EMS in diatoms was 42.3% and 71.5%, respectively, while 0.1 mM and 0.2 mM NTG caused 36.9% and 65.8% death rates. It implied that EMS had better efficiency than NTG at similar lethality rates of creating carotenoid hyper-production mutants in P. tricornutum at both concentrations. EMS was chosen for the following mutagenesis procedures.




2.3. Correlations of Both Chlorophyll a and Lipids with Carotenoid Metabolism


As carotenoid fluorescence was relatively low and chlorophyll a fluorescence was higher and is easily detected [22], we tested the correlations between chlorophyll a fluorescence intensity and total carotenoid content in order to develop an effective and quick method to screen fucoxanthin-rich mutants (Figure 3). During the exponential growth phase, chlorophyll a exhibited a good linear correlation with total carotenoid content with 0.8687 coefficient value. The relationship between chlorophyll a content and carotenoids and their corresponding coefficient of determination are provided (Table S1). During the stationary growth phase, the correlation was not as good as in the exponential state. Nile red, as a lipophilic dye that integrates into intracellular lipids, can irradiate strong fluorescence under excitation at 530 nm [24]. Nile red fluorescence intensity correlates linearly with cellular neutral lipid content [24]; therefore, Nile red fluorescence was utilized to explore the relations between neutral lipid composition and total carotenoids. In the exponential growth phase, Nile red fluorescence intensity and total carotenoids also had a moderately linear correlation with coefficient value 0.6356. Nevertheless, the correlation between Nile red fluorescence intensity and total carotenoids was much lower in the stationary phase (Table S1).




2.4. Detection and Analysis of Major Pigments and Lipids in the Diatom Dtrains


Five positive mutants screened by the high-throughput process were selected for LC-MS analysis, and seven pigments were quantitated. As shown in Figure 4a, EMS7, EMS13, EMS30 and EMS67 strains exhibited significantly higher fucoxanthin content than WT, while EMS3 had similar content as WT (based on one-way ANOVA analysis for fucoxanthin content in each strain). Among these five mutants, EMS67 had the highest fucoxanthin accumulation, 69.3% higher than that of WT, while EMS7, EMS13 and EMS30 fucoxanthin contents were 53.2%, 63.8% and 64.2% greater than that of WT, respectively. For chlorophyll a, four of five mutants had greater accumulation than WT; EMS7, EMS13, EMS30 and EMS67 had 33.7%, 10.2%, 79.1% and 81.9% more than WT, respectively, while EMS3 displayed similar content to WT. For beta-carotene, all five mutants showed higher accumulation than WT; EMS67 had 101.5% more beta-carotene than WT. EMS30 and EMS67 had 129.5% and 49.1% more neoxanthin than WT, respectively. For diadinoxanthin, EMS67 had 89.1% more accumulation than WT while EMS3 and EMS13 had 34.6% and 18.1% less accumulation than WT, respectively. For zeaxanthin, EMS3 had 17.4% more accumulation than WT while EMS7, EMS13, EMS30 and EMS67 had 14.8%, 12.5%, 23.1% and 22.7% more than WT, respectively. For chlorophyll c, EMS13 had 129.6% more accumulation than WT while EMS30 and EMS67 had 21.4% and 24.5% less accumulation than WT, respectively. As shown in Figure 4b, both EMS30 and EMS67 strains had higher chlorophyll a fluorescence intensity than WT. The Nile red fluorescence intensity of EMS30 was close to that of WT, but the Nile red fluorescence signal of EMS67 was much stronger than that of EMS30.



With regard to neutral lipid content, all the strains had higher neutral lipid content than WT (Figure S4). For EMS7, EMS13, EMS30 and EMS67, the lipid content was 59.4%, 41.3%, 44.8% and 62.7% greater than that of WT, respectively. principal component analysis (PCA) was used to summarize the metabolite profiling data and cluster samples, including WT, EMS30 and EMS67 (Figure 5a). Higher intragroup variations were found in treated groups, while less variation was found in the WT group. The first component explained 25% of the chemical variation, mainly that between the WT and EMS67 groups, and the second component explained 18% of the variation, mainly that between the EMS30 and the WT groups. In OPLS-DA plots (Figure 5b,c), the horizontal axis indicated intergroup variation. OPLS-DA was performed well based on its goodness-of-fit parameter (R2 > 0.9) and predictive ability parameter (Q2 > 0.9). The vertical axis indicated the intragroup variation, and in both OPLS-DA plots, the WT group showed less variation than the treated groups. Markers identified as contributing to intergroup differentiation are labeled in the S-plots and reported in Supplementary Table S2 and most of the lipophilic markers identified were fatty acids. Both the PCA and OPLS-DA plots’ results confirmed phenotypic differences between WT and mutants.




2.5. Assessment of Selected Mutant Stability for Carotenoid Accumulation


After our three-step selection (Figure 1), five positive mutants were chosen for stability analysis. The accumulation of total carotenoids in the selected strains before and after two months of repeated batch cultivation was also quantified. As shown in Figure 6a, before continuous cultivation, all five selected mutants had higher carotenoid content than the WT. EMS7 had the lowest content among the five mutants but had 22.5% more carotenoids than WT, while EMS30 and EMS67 had 47.4% and 46.7% more than WT, respectively. After two months of repeated batch cultivation (with approximately 16 generations had passed), four strains had almost identical carotenoid content as they did previously, with changes less than 10% (Figure 6b). Nevertheless, total carotenoid content in EMS3 dropped from 13.3 mg/g DW to 10.2 mg/g DW, nearly to the same level as WT.





3. Discussion


To date, there are still gaps between diatom research development and its fully commercial applications [8,25]. It is essential to enhance the production of valuable compounds in diatoms towards commercialization. In this study, we utilized both EMS and NTG chemical mutagens to mutate P. tricornutum and designed an efficient screening process to select for desired phenotypes.



It has been reported that fatty acids and particular lipid compositions are closely linked with carotenoid accumulation in Dunaliella salina and Haematococcus sp. [22,26,27,28]. In addition, the correlation between Nile red fluorescence intensity and total carotenoid content was established in D. salina [22] with a coefficient of 0.74 in the exponential growth phase. The mechanism causing the correlation between lipid metabolism and carotenoid synthesis is yet to be explored, although studies have demonstrated that inhibition of carotenoid synthesis did not interfere with lipid metabolism [26,27,28]. Biochemical research shows that pyruvate is a precursor of both lipids and carotenoids and that pyruvate is converted to acetyl-CoA via the pyruvate dehydrogenase complex (PDC) in lipid metabolism or converted to 1-deoxy-d-xylulose 5-phosphate (DXP) via DXP synthase (DXS) [29]. In addition, carotenoids are lipophilic and synthesized in oil-rich chloroplasts; lipid globules also participate in carotenogenesis-related steps as transportation or modifications [26]. Although phytoene synthase and phytoene desaturase protein abundance and mRNA expression remained constant while beta-carotene was over-expressed under active lipid biosynthesis in Dunaliella, their enzymatic activities were significantly increased because the enzymatic activities were not necessarily related to protein and mRNA amount [26].



The intrinsic membrane antenna proteins in diatoms are fucoxanthin-chlorophyll-binding proteins (FCPs), which are located on thylakoids and serve both photosystems I and II [5]. The FCPs share homology with light-harvesting complexes (LHCs), but there are still large differences between them in terms of pigment composition and pigment ratio. The molar ratio of chlorophyll a to carotenoid in FCPs of diatoms is ~1, but the ratio of chlorophyll a to carotenoid is close to 2 in LHCs [6,30]. Diatom thylakoids were enlarged, and the expression of chlorophyll a was transcriptionally increased to fully utilize irradiated photons under low light conditions in exponential growth [5]. In this study, the molar ratio of chlorophyll a to carotenoids was relatively stable (varied from approximately 1.27 to 1.42) in the exponential growth phase in various mutants despite the large differences between carotenoid contents. This result implies that fucoxanthin metabolism may synergize with chlorophyll a accumulation to achieve appropriate ratios for optimal photosynthetic efficiency at utilizing luminous energy, while mutants that could not reach this ratio and failed to grow as quickly in colonies would not be selected for the following screening. As pigmentation and pigment composition are extremely sensitive to environmental conditions such as light intensity and quantity, pH, temperature, and nutrient availability [31], it is essential that the same growth conditions and collection times are strictly maintained for all strains and particularly for chlorophylls, as they are the most labile compounds. Chlorophyll a fluorescence could change dramatically as a result of external stimulants or internal growth phases [5], indicating that extreme attention should be paid to maintaining samples properly and measuring the fluorescence at identical designated times. Nevertheless, previous UV mutagenesis results [3] disclosed that most selected positive UV mutants had similar or lower beta-carotene and chlorophyll a content than WT, which was different that the situation found in the EMS positive mutants. Both beta-carotene and chlorophyll a had higher expression levels in EMS mutants than in WT (Figure 4a). The differences in UV and EMS mutants could be explained by their different mutagenesis mechanisms: UV promotes dipyrimidine sites forming cyclobutene pyrimidine dimers and pyrimidine-pyrimidone products that induce DNA damage [32], while EMS alkylates guanine, which induces mispairing alkylated G with T, causing G/C to A/T transitions [33].



The comprehensive genome-scale network reconstruction was structured on biochemical and genetic information from literature and has provided a scheme to study and evaluate the unexplored metabolic capabilities in diatoms [23]. To explore possible key enzymatic reactions that were involved in the correlations, we simulated the metabolism of P. tricornutum with the published iLB1025 model [23]. Randomized flux distributions within the model were estimated and then identified the enzymatic reactions linearly correlated with fucoxanthin production were then identified. We explored reactions across six compartments: cytosol, mitochondrion, extracellular space, chloroplast, peroxisome and thylakoid. Reactions in chlorophyll a and lipid metabolism correlated with flux in fucoxanthin production (Table S3). In porphyrin and chlorophyll metabolism, 13 reactions of a set of 25 reactions that we analyzed had linear correlations with fucoxanthin synthesis; 10 of these 13 were positively correlated, while the other three had negative correlations. Based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathway maps, these 13 reactions belong to the chlorophyll a biosynthetic pathway. Among 439 total analyzed lipid metabolic reactions, 12 reactions that mostly belong to fatty acid elongation reactions were linearly correlated with fucoxanthin production. Partially correlated lipid and chlorophyll synthetic reactions were exhibited, and the highly correlated reactions are labeled in red (Figure S3). We also examined the correlated reactions in nucleotide metabolism, starch and sucrose metabolism, fructose and mannose metabolism and biosynthesis of steroids. The highly correlated reactions are also summarized (Table S3). In addition to the overlapping precursors, certain interactions between the translational or transcriptional regulation of these metabolites could also play an important role in the correlations. It would be intriguing to study the impacts of genetic or metabolic manipulations of these predicted highly correlated reactions on the production of fucoxanthin.



The metabolic pathways for synthesizing chlorophyll a and fucoxanthin share a few precursors, from glyceraldehyde 3-phosphate (GA3P) and pyruvate to geranylgeranyl pyrophosphate (GGPP). In fucoxanthin metabolism, GGPP is first converted to prephytoene-PP and then to phytoene under catalysis by phytoene synthase. For chlorophyll a metabolism, GGPP is converted to phytyl-PP by catalysis via geranylgeranyl reductase (GGDR), and then phytyl-PP is combined with chlorophyllide to synthesize chlorophyll a under chlorophyll synthase (CHLG) catalysis [34]. Lipid and fucoxanthin metabolism share the early precursors GA3P and pyruvate; DOXP synthase catalyzes the conversion of pyruvate and GA3P into DOXP in fucoxanthin metabolism, while pyruvate dehydrogenase converts pyruvate into acetyl-CoA in lipid metabolism [35].



As chlorophyll a and neutral lipid content could be determined spectrophotometrically in a high-throughput fashion, these findings enable the high-throughput screening of fucoxanthin-hyperproducing strains in diatoms by the development of fluorescence-based approaches for estimating fucoxanthin content. A comparison of Figure 4a and Figure 6b shows that the LC-MS data of fucoxanthin were consistent with the total carotenoids extracted with methanol. Four of 5 selected positive mutants showed stability in total carotenoid accumulation over 2 months repeated batch cultivation. The fading of fucoxanthin in one of the mutants may be because P. tricornutum is diploid [20,21] and the alleles for a particular gene are not mutated simultaneously. Therefore, it is suggested that the production stability of all selected mutants of P. tricornutum should be checked over long-term repeated cultivation.



The fluorescence-based high-throughput screening method developed here demonstrated efficiency advantages over conventional screening methods. In this study, five mutants were selected from approximately 1000 seeded mutated strains by fluorescence-based screening. This method combined fluorescence detection and agar plate and microplate cultivation, which enables the possibilities of large-scale mutagenesis screening, a key factor in creating prominent mutants. Different from one-by-one traditional spectrophotometer methods, the fluorescence detection that was established and based on a correlation between chlorophyll a fluorescence and total carotenoid content enabled an indirect and nondestructive approach to estimating fucoxanthin content in diatom cells. In general, this method could significantly increase the screening efficiency to obtain fucoxanthin-hyperproducing strains of diatoms. Furthermore, this screening method may be applied in other algal species that have a broad prospect in creating strains hyperproducing carotenoids. This high-throughput screening method may be attempted on any species whose carotenoid content has a satisfying correlation with chlorophyll a and/or neutral lipid content.




4. Material and Methods


4.1. Cells and Chemicals


The Phaeodactylum tricornutum (CCAP 1055/1) strain was from the Culture Collection of Algae and Protozoa (CCAP), Scotland, the U.K. All of the chemicals were purchased from Sigma-Aldrich unless otherwise specified. Bidistilled water was generated using a Milli-Q System (Millipore, Bedford, MA, USA).




4.2. Diatom Culture and Growth


Diatoms were cultivated at 22.0 ± 2 °C in modified f/2 medium in which the pH was maintained at 8.0 ± 0.5. Cultures with a volume of 50 mL were grown in 250 mL Erlenmeyer flasks under continuous radiation with a light intensity of 30 μE/m2/s by daylight lamp (Osram, TEKNE, BL1, 73061-48, Munich, Germany) unless otherwise indicated. The light intensity was measured by a quantum sensor (Model LI-1400, LI-COR biosciences, Lincoln, NE, USA) to ensure persistent and steady illumination. The optical density at 625 nm (OD625) was used to determine the dry weight (DW) of the biomass [36,37]. The correlation of the biomass DW and OD625 was demonstrated (Figure S1).




4.3. EMS and NTG Mutagenesis


For EMS mutagenesis, the P. tricornutum strain at a cell density of 1 × 106 cells/ml was treated with either 0.1 M or 0.2 M EMS; for NTG mutagenesis, P. tricornutum was exposed to either 0.1 mM or 0.2 mM NTG. Both treatments were sustained for 1 h in dark at room temperature. After each treatment, P. tricornutum cells were washed thrice with 5% sodium thiosulfate to remove remaining mutagens, followed by being washed twice with fresh f/2 medium. The cells were kept in a dark room overnight to prevent light-reactivation and then seeded in f/2 agar plates under fluorescent lamp irradiation. After approximately 15 days of cultivation, single colonies with deep color and large sizes were selected for further cultivation.




4.4. Herbicide Test


The herbicide DPA was dissolved in f/2 medium at different concentrations: 10 µM, 20 µM, 30 µM, 40 µM, 50 µM and 60 µM. P. tricornutum were seeded in 48-well plates at an initial density of 1 × 106 cells/ml, and cells were illuminated with 30 μE/m2/s from a daylight lamp. After four days of cultivation, cells were collected and cell numbers were counted with a hemocytometer.




4.5. Chlorophyll a Fluorescence and Nile Red Staining Measurement


Both chlorophyll a and Nile red fluorescence were measured with a SpectraMax M3 Multi-mode Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). For chlorophyll a fluorescence detection, the excitation wavelength was set at 440 nm, and emission was measured at a wavelength of 680 nm. Nile red is a high-affinity lipophilic dye that binds lipids and emits fluorescence under excitation. Its staining method was mentioned in a previous article.




4.6. Confocal Imaging


For imaging, fluorescence was measured using an Olympus FV1200 Confocal microscope (Olympus, Tokyo, Japan). Differential interference contrast (DIC), chlorophyll a fluorescence, Nile red fluorescence images were acquired. Strains were in the exponential growth phase, and the settings for the observation for each strain were identical: the excitation laser wavelength for chlorophyll a and Nile red was 488 nm, and the optical emission filter allowed light between 560 nm and 620 nm for Nile red and between 655 nm and 750 nm for chlorophyll a.




4.7. Spectrophotometer for Pigment Detection


Spectrophotometric method was applied to estimate chlorophyll a and total carotenoid content based on pigment extraction [38]. Samples were transferred to a 1 mL EP tube and centrifuged at 10,000 RPM for 20 min, and then supernatants were discarded. Next, 1 mL 100% (v/v) methanol was added to each tube, whose contents were then vigorously pipetted and vortexed. Samples were sonicated for 1 h and centrifuged again, and supernatants were collected. The optical absorbances at 665 nm, 652 nm and 470 nm were measured [38]. The equations for chlorophyll a content and total carotenoid content are below:


Ca = 15.65 × A665 − 7.34 × A652,



(1)






Xcarotenoids = ((1000 × A470) − (2.86 × Ca))/221.



(2)







Ca represents chlorophyll a content, Xcarotenoids represents total carotenoid content and A665, A652, and A470 represent the optical absorbance at each wavelength, respectively.




4.8. LC-MS Determination and Analysis of Major Pigments


As described in former studies [39], we also used an ACQUITY UPLC coupled to a SYNAPT G2 HDMS system (Waters, Milford, MA, USA), which was equipped with an HSS T3 1.8 μm column (2.1 × 150 mm; Waters, Manchester, United Kingdom). The same applies to flow rates and the used gradient and mobile phases, respectively (Phase A: ACN:MetOH:MTBE = 70:20:10 (v:v:v); Phase B: water with 10mM Ammoniumacetate).



Ten concentration steps (1.7–400mg/L) of standards of β-carotene (CAS-no.: 7235-40-7), fucoxanthine (CAS-no.: 3351-86-8) and chlorophyll a (CAS-no.: 479-61-8) were created by diluting pure substances in pure isopropanol in order to calibrate those three substances as well as to validate the accuracy of our detection according to the formerly described methods [39]. In the beginning of daily LC-MS-batches, 10 measurements of pooled samples were performed to equilibrate the column. Through this, we were given proof that retention time shifts and decreased sensitivity have not occurred within daily batches. Between measurements’ runs of pure isopropanol were performed to prevent carry-over-effects. Identifications of carotenoids other than the calibrated ones were realized using m/z-ratios and retention times formerly described in studies using the same or similar LC-MS-methods [3,39].




4.9. Metabolic Modeling Analysis


The iLB1025 genome-scale reconstructed metabolic model of P. tricornutum was applied to predict metabolic reactions correlated with fucoxanthin production [23]. The model was analyzed by randomly sampling fluxes from the system. Random sampling generated numerous flux vectors on behalf of the system’s feasible states where single flux vector elements amount to the fluxes in individual reactions [40]. The correlation coefficients between fluxes in fucoxanthin production and other metabolic reactions in the system were calculated for the selection of the most correlated metabolic reactions. The CosMos algorithm was used to identify the correlation, and the computational analysis was executed in the MATLAB (9.1, The MathWorks, Natick, MA, USA) environment applying the COBRA toolbox version 2.0 [23,40].




4.10. Data Processing and Analysis


MassLynx v4.1 (Waters Corp., Milford, MA, USA) was used to identify and quantify cellular compounds. Principal component analysis (PCA) and OPLS-DA (orthogonal partial least squares discriminate analysis) were conducted by software SIMCA 14 (Sartorius Stedim, Malmö, Sweden). PCA was used to summarize the metabolite profiling data and reveal the grouping of samples. OPLS-DA was used for group–group comparisons, and OPLS-DA S-plots were applied to visualize the metabolites that contribute most significantly to the intergroup variations [41]. Before applying the PCA, data were normalized through summing, log transformation, and scaled to a mean of zero and unit standard deviation. Intergroup comparison was applied by one-way ANOVA.




4.11. High-Throughput Screening Method


The high-throughput screening method was comprised of three steps of screening. After chemical mutagenesis, mutants were cultivated evenly in f/2 agar plates with 40 µM DPA. After 15 days under 30 μE/m2/s continuous illumination, colonies with darker color and larger size were selected and cultured in f/2 medium in microplates. Strains were re-seeded every 7 days, and the initial biomass density was kept at approximately 0.06 (OD625). For the secondary screening, 200 μL medium of each strain was transferred to 96-well microplates in triplicate after 36 h cultivation of each initial seeding to keep strains in identical exponential growth phases. The optical density, chlorophyll a fluorescence intensity and Nile red fluorescence values were averaged from triplicate measurements. The equations we utilized are listed below: RFUchloa represents the relative fluorescence intensity of chlorophyll a, and RFUnr represents the Nile red fluorescence intensity:


RFUchloa ≥ 2309 × OD625 − 24.3,



(3)






RFUnr ≥ 167.1 × OD625 − 0.21.



(4)




Strains screened via Equations (3) and (4) were picked out and cultivated in 48-well plates for the next screening step. Total carotenoids and chlorophyll a contents, which had been extracted with 100% methanol, were calculated based on previously described equations [38]. Positive mutants whose total carotenoids were at least 15% higher than those of WT were selected for further cultivation in Erlenmeyer flasks. After two months of repeated batch cultivation, pigment content was re-examined, followed by methanol extraction to evaluate the strain stability. Specific pigment content of strains grown in Erlenmeyer flasks was determined through LC-MS. The schematic process is demonstrated in Figure 1.









Supplementary Materials


The following are available online at http://www.mdpi.com/1660-3397/16/8/272/s1: Supplementary Figure S1: Correlation between optical density at 625 nm and diatom dry biomass concentration; Supplementary Figure S2: Effects of DPA concentration on P. triconrnutum growth; Supplementary Figure S3: Intersectional metabolic pathways for carotenogenesis, chlorophyll a production and lipid metabolism; Supplementary Figure S4: Relative Nile red fluorescence intensity for selected strains; Supplementary Table S1: Equations for the correlations of total carotenoids with chlorophyll a or lipids content; Supplementary Table S2: Enzymatic reactions with the highest correlation with fluxes in the fucoxanthin production. The data was obtained through conducting various flux analysis in published iLB1025 model; Supplementary Table S3: Tentative identification of different lipophilic compound expression in both WT and mutants.





Author Contributions


Zhiqian Yi performed most of the research and Yixi Su, Maonian Xu, Andreas Bergmann, Saevar Ingthorsson also contributed to the experiment part; Zhiqian Yi, Yixi Su, Maonian Xu, Andreas Bergmann, Kourosh Salehi-Ashtiani and Weiqi Fu contributed to the data analysis; Zhiqian Yi, Yixi Su, Maonian Xu, Andreas Bergmann and Weiqi Fu wrote the original draft; Ottar Rolfsson, Sigurdur Brynjolfsson and Weiqi Fu supervised the study; Weiqi Fu conceptualized the project and designed the research. All authors validated, edited and approved the final manuscript.




Funding


This research was supported by the Icelandic Technology Development Fund with Grant No. 163922-0611, Landsvirkjun Energy Research Fund and NYUAD faculty research funds (AD060).




Acknowledgments


We thank Dr. Steinn Gudmundsson for operating the computational model and we appreciate Dr. Snaedis Bjornsdottir for the guidance.




Conflicts of Interest


The authors declare no competing financial interests.




References


	



Bowler, C.; Allen, A.E.; Badger, J.H.; Grimwood, J.; Jabbari, K.; Kuo, A.; Maheswari, U.; Martens, C.; Maumus, F.; Otillar, R.P.; et al. The phaeodactylum genome reveals the evolutionary history of diatom genomes. Nature 2008, 456, 239–244. [Google Scholar] [CrossRef] [PubMed]

	



Borowitzka, M.A. High-value products from microalgae-their development and commercialisation. J. Appl. Phycol. 2013, 25, 743–756. [Google Scholar] [CrossRef]

	



Yi, Z.; Xu, M.; Magnusdottir, M.; Zhang, Y.; Brynjolfsson, S.; Fu, W. Photo-oxidative stress-driven mutagenesis and adaptive evolution on the marine diatom phaeodactylum tricornutum for enhanced carotenoid accumulation. Mar. Drugs 2015, 13, 6138–6151. [Google Scholar] [CrossRef] [PubMed]

	



De, M.A.; Agnès, M.; Juan, S.; Kehou, P.; Chris, B. Genetic and phenotypic characterization of phaeodactylum tricornutum (bacillariophyceae) accessions. J. Phycol. 2007, 43, 992–1009. [Google Scholar] [CrossRef]

	



Kuczynska, P.; Jemiola-Rzeminska, M.; Strzalka, K. Photosynthetic pigments in diatoms. Mar. Drugs 2015, 13, 5847. [Google Scholar] [CrossRef] [PubMed]

	



Veith, T.; Büchel, C. The monomeric photosystem i-complex of the diatom phaeodactylum tricornutum binds specific fucoxanthin chlorophyll proteins (fcps) as light-harvesting complexes. Biochim. Biophys. Acta (BBA)-Bioenerget. 2007, 1767, 1428–1435. [Google Scholar] [CrossRef] [PubMed]

	



Peng, J.; Yuan, J.P.; Wu, C.F.; Wang, J.H. Fucoxanthin, a marine carotenoid present in brown seaweeds and diatoms: Metabolism and bioactivities relevant to human health. Mar. Drugs 2011, 9, 1806–1828. [Google Scholar] [CrossRef] [PubMed]

	



Fu, W.; Wichuk, K.; Brynjólfsson, S. Developing diatoms for value-added products: Challenges and opportunities. New Biotechnol. 2015, 32, 547–551. [Google Scholar] [CrossRef] [PubMed]

	



Fu, W.; Nelson, D.R.; Yi, Z.; Xu, M.; Khraiwesh, B.; Jijakli, K.; Chaiboonchoe, A.; Alzahmi, A.; Al-Khairy, D.; Brynjolfsson, S.; et al. Bioactive compounds from microalgae: Current development and prospects. In Studies in Natural Products Chemistry; Atta ur, R., Ed.; Elsevier: The Netherlands, Amsterdam, 2017; Volume 54, pp. 199–225. [Google Scholar]

	



Fu, W.; Chaiboonchoe, A.; Khraiwesh, B.; Sultana, M.; Jaiswal, A.; Jijakli, K.; Nelson, D.R.; Al-Hrout, A.A.; Baig, B.; Amin, A.; et al. Intracellular spectral recompositioning of light enhances algal photosynthetic efficiency. Sci. Adv. 2017, 3. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, S. Genetic and Biotechnological Development of the Pennate Marine Diatom Phaeodactylum Tricornutum for High-Value Bioproducts and Carbon Bio-Mitigation. Ph.D. Thesis, National University of Ireland, Galway, Ireland, 2014. [Google Scholar]

	



Kamath, B.S.; Vidhyavathi, R.; Sarada, R.; Ravishankar, G.A. Enhancement of carotenoids by mutation and stress induced carotenogenic genes in haematococcus pluvialis mutants. Bioresour. Technol. 2008, 99, 8667–8673. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Zhang, L.; Yang, G.P.; Han, J.C.; Thomsen, L.; Pan, K.H. Breeding 3 elite strains of nannochloropsis oceanica by nitrosoguanidine mutagenesis and robust screening. Algal. Res. 2016, 19, 104–108. [Google Scholar] [CrossRef]

	



Tripathi, U.; Venkateshwaran, G.; Sarada, R.; Ravishankar, G. Studies on haematococcus pluvialis for improved production of astaxanthin by mutagenesis. World J. Microbiol. Biotechnol. 2001, 17, 143–148. [Google Scholar] [CrossRef]

	



Chen, Y.; Li, D.; Lu, W.; Xing, J.; Hui, B.; Han, Y. Screening and characterization of astaxanthin-hyperproducing mutants of haematococcus pluvialis. Biotechnol. Lett. 2003, 25, 527–529. [Google Scholar] [CrossRef] [PubMed]

	



Gómez, P.I.; Inostroza, I.; Pizarro, M.; Pérez, J. From genetic improvement to commercial-scale mass culture of a chilean strain of the green microalga haematococcus pluvialis with enhanced productivity of the red ketocarotenoid astaxanthin. AoB Plants 2013, 5, plt026. [Google Scholar] [CrossRef] [PubMed]

	



Wang, N.; Guan, B.; Kong, Q.; Sun, H.; Geng, Z.; Duan, L. Enhancement of astaxanthin production from haematococcus pluvialis mutants by three-stage mutagenesis breeding. J. Biotechnol. 2016, 236, 71–77. [Google Scholar] [CrossRef] [PubMed]

	



Tillich, U.M.; Lehmann, S.; Schulze, K.; Duhring, U.; Frohme, M. The optimal mutagen dosage to induce point-mutations in synechocystis sp pcc6803 and its application to promote temperature tolerance. PLoS ONE 2012, 7. [Google Scholar] [CrossRef] [PubMed]

	



Oladosu, Y.; Rafii, M.Y.; Abdullah, N.; Hussin, G.; Ramli, A.; Rahim, H.A.; Miah, G.; Usman, M. Principle and application of plant mutagenesis in crop improvement: A review. Biotechnol. Biotechnol. Equip. 2016, 30, 1–16. [Google Scholar] [CrossRef]

	



De Riso, V.; Raniello, R.; Maumus, F.; Rogato, A.; Bowler, C.; Falciatore, A. Gene silencing in the marine diatom phaeodactylum tricornutum. Nucleic Acids Res. 2009, 37, e96. [Google Scholar] [CrossRef] [PubMed]

	



Daboussi, F.; Leduc, S.; Marechal, A.; Dubois, G.; Guyot, V.; Perez-Michaut, C.; Amato, A.; Falciatore, A.; Juillerat, A.; Beurdeley, M.; et al. Genome engineering empowers the diatom phaeodactylum tricornutum for biotechnology. Nat. Commun. 2014, 5, 3831. [Google Scholar] [CrossRef] [PubMed]

	



Mendoza, H.; de la Jara, A.; Freijanes, K.; Carmona, L.; Ramos, A.A.; de Sousa Duarte, V.; Serafim Varela, J.C. Characterization of dunaliella salina strains by flow cytometry: A new approach to select carotenoid hyperproducing strains. Electron. J. Biotechnol. 2008, 11, 5–6. [Google Scholar] [CrossRef]

	



Levering, J.; Broddrick, J.; Dupont, C.L.; Peers, G.; Beeri, K.; Mayers, J.; Gallina, A.A.; Allen, A.E.; Palsson, B.O.; Zengler, K. Genome-scale model reveals metabolic basis of biomass partitioning in a model diatom. PLoS ONE 2016, 11, e0155038. [Google Scholar] [CrossRef] [PubMed]

	



Wu, S.; Zhang, B.; Huang, A.; Huan, L.; He, L.; Lin, A.; Niu, J.; Wang, G. Detection of intracellular neutral lipid content in the marine microalgae prorocentrum micans and phaeodactylum tricornutum using nile red and bodipy 505/515. J. Appl. Phycol. 2014, 26, 1659–1668. [Google Scholar] [CrossRef]

	



Pulz, O.; Gross, W. Valuable products from biotechnology of microalgae. Appl. Microbiol. Biotechnol. 2004, 65, 635–648. [Google Scholar] [CrossRef] [PubMed]

	



Rabbani, S.; Beyer, P.; Lintig, J.V.; Hugueney, P.; Kleinig, H. Induced β-carotene synthesis driven by triacylglycerol deposition in the unicellular alga dunaliella bardawil. Plant Physiol. 1998, 116, 1239–1248. [Google Scholar] [CrossRef] [PubMed]

	



Mendoza, H.; Martel, A.; Jiménez del Río, M.; García Reina, G. Oleic acid is the main fatty acid related with carotenogenesis in dunaliella salina. J. Appl. Phycol. 1999, 11, 15–19. [Google Scholar] [CrossRef]

	



Grünewald, K.; Hirschberg, J.; Hagen, C. Ketocarotenoid biosynthesis outside of plastids in the unicellular green alga haematococcus pluvialis. Biol. Chem. 2001, 276, 6023–6029. [Google Scholar] [CrossRef] [PubMed]

	



Rohmer, M. The discovery of a mevalonate-independent pathway for isoprenoid biosynthesis in bacteria, algae and higher plants. Nat. Prod. Rep. 1999, 16, 565–574. [Google Scholar] [CrossRef] [PubMed]

	



Veith, T.; Brauns, J.; Weisheit, W.; Mittag, M.; Buchel, C. Identification of a specific fucoxanthin-chlorophyll protein in the light harvesting complex of photosystem i in the diatom cyclotella meneghiniana. Biochim. Biophys. Acta (BBA)-Bioenerget. 2009, 1787, 905–912. [Google Scholar] [CrossRef] [PubMed]

	



Zigmantas, D.; Hiller, R.G.; Sharples, F.P.; Frank, H.A.; Sundström, V.; Polívka, T. Effect of a conjugated carbonyl group on the photophysical properties of carotenoids. Phys. Chem. Chem. Phys. 2004, 6, 3009–3016. [Google Scholar] [CrossRef]

	



Ikehata, H.; Ono, T. The mechanisms of UV mutagenesis. J. Radiat. Res. 2011, 52, 115–125. [Google Scholar] [CrossRef] [PubMed]

	



Talebi, A.B.; Talebi, A.B.; Shahrokhifar, B. Ethyl methane sulphonate (EMS) induced mutagenesis in malaysian rice (cv. Mr219) for lethal dose determination. Am. J. Plant Sci. 2012, 3, 1661. [Google Scholar] [CrossRef]

	



Bode, S.; Quentmeier, C.C.; Liao, P.N.; Hafi, N.; Barros, T.; Wilk, L.; Bittner, F.; Walla, P.J. On the regulation of photosynthesis by excitonic interactions between carotenoids and chlorophylls. Proc. Natl. Acad. Sci. USA 2009, 106, 12311–12316. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Khozin-Goldberg, I.; Cohen, Z. Unraveling algal lipid metabolism: Recent advances in gene identification. Biochimie 2011, 93, 91–100. [Google Scholar] [CrossRef] [PubMed]

	



Sánchez Mirón, A.; Cerón Garcı́a, M.C.; Garcı́a Camacho, F.; Molina Grima, E.; Chisti, Y. Growth and biochemical characterization of microalgal biomass produced in bubble column and airlift photobioreactors: Studies in fed-batch culture. Enzyme Microb. Technol. 2002, 31, 1015–1023. [Google Scholar] [CrossRef]

	



Fernández, F.G.A.; Hall, D.O.; Guerrero, E.C.; Rao, K.K.; Grima, E.M. Outdoor production of phaeodactylum tricornutum biomass in a helical reactor. J. Biotechnol. 2003, 103, 137–152. [Google Scholar] [CrossRef]

	



Wellburn, A.R. The spectral determination of chlorophylls a and b, as well as total carotenoids, using various solvents with spectrophotometers of different resolution. J. Plant Physiol. 1994, 144, 307–313. [Google Scholar] [CrossRef]

	



Fu, W.; Magnúsdóttir, M.; Brynjólfson, S.; Palsson, B.Ø.; Paglia, G. UPLC-UV-MSE analysis for quantification and identification of major carotenoid and chlorophyll species in algae. Anal. Bioanal. Chem. 2012, 404, 3145–3154. [Google Scholar] [CrossRef] [PubMed]

	



Vavitsas, K.; Rue, E.Ø.; Stefánsdóttir, L.K.; Gnanasekaran, T.; Blennow, A.; Crocoll, C.; Gudmundsson, S.; Jensen, P.E. Responses of synechocystis sp. Pcc 6803 to heterologous biosynthetic pathways. Microb. Cell Fact. 2017, 16, 140. [Google Scholar] [CrossRef] [PubMed]

	



Wiklund, S.; Johansson, E.; Sjöström, L.; Mellerowicz, E.J.; Edlund, U.; Shockcor, J.P.; Gottfries, J.; Moritz, T.; Trygg, J. Visualization of GC/TOF-MS-based metabolomics data for identification of biochemically interesting compounds using OPLS class models. Anal. Chem. 2008, 80, 115–122. [Google Scholar] [CrossRef] [PubMed]








[image: Marinedrugs 16 00272 g001 550] 





Figure 1. Schematic process for high-throughput screening of targeted mutants. The detailed description was in the Experimental Section. There were three main screening steps for this method: (1) select colonies with large size and deep color for microplate cultivation; (2) pick out strains with relatively high chlorophyll a and Nile red fluorescence intensity; (3) select strains with high total carotenoid content following with pigment extraction. 
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Figure 2. Analysis of total carotenoid content in EMS and NTG mutants. (a) EMS mutagenesis, from the y-axis to left dotted line are No. 1–No. 25 mutants treated with 0.1 M EMS, No. 26–No. 50 mutants were treated with 0.2 M EMS; (b) NTG mutagenesis, mutants No. 1 to No. 25 were treated with 0.1 mM NTG while No. 26 to No. 50 mutants were treated with 0.2 mM NTG. The strain designated as No. 51 is the untreated wild type; the transverse dotted line represented wild type total carotenoid concentration. Each data point corresponds to the average value from triplicate experiments. 
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Figure 3. Correlation of chlorophyll a fluorescence and Nile red fluorescence with total carotenoid content. Correlation between chlorophyll a fluorescence intensity and total carotenoid content in P. tricornutum in exponential (a) and stationary (b) growth phases, respectively. Correlation between Nile red fluorescence intensity and total carotenoid content in exponential (c) and stationary growth (d) phases, respectively. Each dot represents the averaged value of each strain from biological triplicates. Chlorophyll a and Nile red fluorescence were measured in 96 well plates by a fluorescence spectrophotometer. All four of these correlations are significant (p < 0.01). 
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Figure 4. Analysis of pigments and lipids in wild type and selected positive mutants. (a) both wild type and mutants were analyzed during the exponential growth phase. Pigments were extracted and determined using ultrahigh performance liquid chromatography-mass spectrometry (UPLC-MS), reported values are the averages of three biological replicates; (b) chlorophyll a and Nile red fluorescence observed through a confocal microscope. Intergroup comparison was conducted by one-way ANOVA, scale bar = 10 μM. 
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Figure 5. Phenotypic differentiation of WT and positive mutants. (a) PCA was used for sample grouping based on their metabolite profiles; (b) OPLS-DA S-plot showing the differences in production between WT and EMS30 groups: dots in the left lower quadrant are compounds contributing to the differentiation of WT from EMS30 with a potentially higher production in WT; dots in the right upper quadrant are compounds contributing to the differentiation of EMS30 from WT with a potentially higher production in EMS30; (c) OPLS-DA S-plot showing the differences in production between WT and EMS67 groups: dots in the left lower quadrant are compounds contributing to the differentiation of WT from EMS67 with a potentially higher production in WT, and dots in the right upper quadrant are compounds contributing to the differentiation of EMS67 from WT with a potentially higher production in EMS67. 
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Figure 6. Stability evaluation of carotenoid accumulation in selected mutants. All strains were in the exponential growth phase, and the total carotenoids of mutants were measured both at the beginning of two months of Erlenmeyer flask cultivation (a) and at the end of two months of repeated batch culture in Erlenmeyer flasks (b). Each value was averaged from biological triplicates. 
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