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Abstract

:

The microalga Phaeodactylum tricornutum is considered a model diatom. It is the second diatom whose genome was sequenced and the first one genetically engineered. This permits its use as a cell factory for the production of high-value compounds for nutraceutical, cosmeceutical, pharmaceutical, biodiesel, and bioplastic applications. This study is focused on analyzing expression levels of enzymes involved in the synthesis of sulfoglycolipids and monogalactosyldiacylglycerols, compounds known to have anticancer and immunomodulatory activities, and genes coding antioxidant, heat shock and stress-responsive proteins, in various culturing conditions. Our data showed that both nutrient starvation and senescence induced the down-regulation of both sulfoglycolipid and monogalactosyldiacylglycerol synthesis-related genes and stress-responsive genes (compared to the replete condition), suggesting that the control condition, consisting of cells in the exponential phase in replete medium, is the condition with the highest expression of the genes of interest and worth of further bioactivity screening and chemical analyses for drug discovery and biotechnological applications.
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1. Introduction


Phaeodactylum tricornutum is a marine diatom and the only species of the genus Phaeodactylum. It is widely studied and represents a model diatom. It is not widely distributed in nature, but found mainly in coastal unstable environments (denoting its great adaptation capability) [1]. It is the first diatom genetically engineered [2] and the second diatom of which the genome has been completely sequenced [3]. This allows the use of the most advanced genome editing techniques, such as TALEN and CRISPR/Cas9, in order to study algal physiology [4,5,6,7,8,9] and biotechnological applications [4]. Information and tools available for P. tricornutum have allowed its use as producer of non-native products such as monoclonal antibodies [10] and plants triterpenoids [11] or for high-added value compounds which are generally produced at low levels, such as docosahexaenoic acid (DHA; [12]). Its sequenced genome, genetic engineered tools, and biological properties make P. tricornutum an important candidate as diatom cell factory. In addition, several studies report P. tricornutum as a source of high-value natural compounds with interesting bioactivities, such as (1) the compound nonyl 8-acetoxy-6-methyloctanoate which suppressed the growth of human promyelocytic leukemia cells triggering apoptotic pathway [13]; (2) two monogalactosyldiacylglycerols (MGDGs) which induced apoptosis in immortal mouse cell lines isolated from mouse embryo [14]; (3) fucoxantin [15], able to decrease the production of pro-inflammatory cytokines such as Interleukin 1-beta (IL-1β), Interleukin 6 (IL-6), and Tumor Necrosis Factor-alpha (TNF-α) [16]; and (4) sulfated polysaccharides, which inhibited hepatocellular carcinoma cell lines (HepG2) growth in vitro [17].



Considering the need for new drugs in order to expand our weapons against cancer and other human pathologies, such as emerging viral and antibiotic-resistant infections, studies on metabolic pathways responsible for high-value compounds synthesis are increasing [18,19,20,21,22,23]. In addition, several papers showed that depending on the culturing conditions, microalgae may activate specific metabolic pathways and produce key metabolites with potential applications for human health. This experimental approach is also known as “one strain many compounds” (OSMAC; [24]) and has been used to improve the production of compounds of interest [24,25,26]. In fact, lipids and triacylglycerols (TAG) accumulation have been often related to stressful exposure, growth phase, and nutrient starvation in various microalgae including P. tricornutum [27,28,29,30,31].



In this study, considering that the enzymes involved in the synthesis of MGDGs and sulfoglycolipids, compounds known to have anticancer and immunomodulatory activities, have been shown to be present in P. tricornutum [32], our aim was to evaluate the expression levels of genes involved in their synthesis: UDP-sulfoquinovose synthase [EC:3.13.1.1] (SQD1) and sulfoquinovosyltransferase [EC:2.4.1.-] (SQD2) involved in sulfolipids synthesis and 1,2-diacylglycerol 3-beta-galactosyltransferase [EC:2.4.1.46] (MGD) involved in MDGDs synthesis. In addition, we also analyze the expression of the stress responsive genes involved in detoxification pathways, antioxidant processes, cell death/division, and general stress-response (i.e., heat shock proteins) [33,34,35,36,37,38]. Transcripts were related to enzymes involved in the first and second line of defense [39]. The first includes the multixenobiotic resistance system and the related multidrug resistance protein (MDR). The second line of defense consists in two phases, catalyzed by Phase I and Phase II enzymes. Cytochrome P450 (CYP450) belongs to Phase I enzymes involved in oxidation, reduction, hydrolysis, hydration and dehalogenation reactions. Phase II consists in conjugation reactions, such as with the antioxidant compound glutathione. Glutathione synthase (GSH) and glutathione peroxidase (GPX) are involved in glutathione metabolism [35,40]. In addition, we studied heat shock proteins (HSPs), known to be activated in response to various environmental stress factors [34], superoxide dismutase (SOD) responsible for reactive oxygen species detoxification [39], proteins related to cell death/division (i.e., mitotic spindle assembly checkpoint proteins (MAD1 and MAD2) and metacaspase (CASP) [38,41]), and other stress responsive genes, such as ascorbate peroxidase (APX), glycolate oxidase (GOX), tocopherol cyclase (TOC) and hystone deacetylase (HYS) [36,37,42,43]. In particular, we analyzed expression levels of our genes of interest (GOI) in different culturing conditions, including a replete condition and two nutrient starvation conditions (silica and nitrogen starvation), as well as different growth phases (exponential, early and late stationery phase). Nutrient starvation and different growth phases were selected since previous studies have shown that diatoms may produce bioactive compounds in these conditions [44,45,46]. Regarding P. tricornutum, for example, fucoxantin production was shown to be regulated by lower light intensity and nitrogen supplementation [47], while nitrogen depletion caused thylakoid senescence and growth arrest [29] and nitrogen starvation induced the up-regulation of 86 up to 212 transcription factors (in particular, two specific motifs named 6 and 17) [48]. These stressful conditions (nutrient starvation and senescence) were selected in order to identify the culturing condition with the highest expression of sulfoglycolipid and MGDG synthesis-related genes and to propose them for future bioactivity screening and bioactive metabolite identification.




2. Results


2.1. Reference Gene Assessment


In order to study the expression levels of the genes of interest (GOIs), a panel of putative reference genes (RGs) was first screened in the experimental conditions presented in the current study, since RG stability can vary depending on the studied species, growth phases, nutrient culturing conditions and/or stressor exposures. Genes that were selected included those that had already been tested as RGs in the diatom P. tricornutum and/or used in similar studies for other diatoms [19,38,49,50]. In particular, according to the results obtained by BestKeeper, the lowest standard deviation (SD) was obtained for Histone 4 (H4), followed by β-Tubulin (TubB) and Actin 12 (Act12) (Figure 1a). According to NormFinder, the lowest stability values were observed for Act12, followed by H4 and cyclin-dependent kinase A (CdKA) (Figure 1b), while according to the statistical approach of geNorm, the two most stable genes (i.e., with the lowest expression stability, M) were TubB and H4 (Figure 1c). Considering the best RGs assigned by each software, Act12, TubB, and H4 were selected as RGs for the RT-qPCR analyses.




2.2. Expression Levels of Genes Involved in the Synthesis of Sulfoquinovosyldiacylglycerols (SQDGs) and Monogalactosyldiacylglycerols (MGDGs)


Gene expression analyses were performed also for transcripts coding enzymes involved in the synthesis of SQDGs (transcripts were named SQD1 and SQD2) and MGDGs (transcripts were named MGD1, MGD2 and MGD3). In particular, looking at the exponential phase in LOW SI and LOW N compared to the replete condition (x-axis), there was a down-regulation of SQD1, SQD2, MGD1 and MGD3 in the LOW N exponential condition (p < 0.001 for all; Figure 2a). Regarding the stationery phase, in the early case there was the down-regulation of SQD1 and MGD3 for the LOW SI condition, the down-regulation of MGD1 and MGD2 for the LOW N condition and the down-regulation of SQD2 for both LOW SI and LOW N conditions (p < 0.001 for all; Figure 2b). There were no significant changes for the late stationery condition (Figure 2c).



Regarding their expression along the growth curves, for the replete condition, there was the down-regulation of the three MGD in the late stationery phase (Figure 2d; p < 0.001 for all). For the LOW SI culturing condition, there was the down-regulation of SQD1 and SQD2 in both early and late stationery growth phases, the down-regulation of MGD1 in the early stationery phase and MGD2 in the late stationery phase (p < 0.001 for all; Figure 2e). On the contrary, there were no significant differences in gene expression in the LOW N condition (p > 0.05 for all; Figure 2f).




2.3. Expression Levels of Stress-Responsive Genes in Silica and Nitrogen Starvation Versus Replete Condition


Regarding the selected stress-responsive genes, a first analysis was performed by comparing the exponential, early and late stationery growth phases in replete, LOW SI and LOW N conditions (for silica and nitrogen-starvation conditions, respectively; Figure 3). For the LOW N culturing condition, it was not possible to collect the late stationery condition, since the culture rapidly went into the decline phase. Looking at the exponential phase in LOW SI and LOW N compared to the replete condition (x-axis; Figure 3a), there was no statistical significant changes for LOW SI, while there was a significant down-regulation for APX, GPX, MAD1, MAD2, CASP, CYP, SOD1, SOD2, HSP40A, HSP40C, HSP70A, and HSP70_1 (p < 0.001 for all) for LOW N. Regarding the early stationery condition, there was the down-regulation of APX, GPX, MAD1, CASP, SOD2, HSP70A, and HSP70_1 for both LOW SI and LOW N (p < 0.001 for all) and the down-regulation of MDR, SOD1 and HSP40C only in the LOW N condition (p < 0.001 for all; Figure 3b). Regarding the late stationery analysis, there were no significant gene expression changes (p > 0.05 for all; Figure 3c).




2.4. Expression Levels of Stress-Responsive Genes along the Growth Curve


Gene expression analyses were also performed for each studied condition (i.e., replete, LOW SI, and LOW N during the growth curve) by comparing early stationery and late stationery (except for LOW N) versus the exponential phase (x-axis; Figure 4). Regarding the replete condition (Figure 4a), there was the up-regulation of the antioxidant enzyme GSH in both early and late stationery phase (p < 0.001 for both conditions), while the down-regulation of HSP70_1 in the early stationery phase and APX, CASP, HSP70A and HSP70_1 in the late stationery phase (p < 0.001 for all; Figure 4a). In the LOW SI condition (Figure 4b), there was the down-regulation of CYP and SOD2 only in the early stationery phase, while there was down-regulation of APX, CASP, HSP70A, and HSP70_1 both in the early and late stationery phase (p < 0.001 for all). Regarding the LOW N condition (Figure 4c), there was down-regulation only in the case of GOX (p < 0.001).





3. Discussion


Microalgae are continuously exposed to various stressors in the natural environment, including both biotic and abiotic stressors. Upon exposure, cells react in order to cope with the stressor and survive, such as by activating antioxidant and xenobiotic-degrading enzymes, defense systems, and remodeling cellular metabolism [51,52]. In addition, in certain stressful conditions, it has been shown that microalgae may activate enzymatic pathways responsible of the synthesis of secondary metabolites with potential bioactivities for human health. This is the case of polyunsaturated aldehydes, shown to have anticancer properties [53], which are produced by the diatom Skeletonema marinoi at the end of the stationery phase (depending on nutrient stress exposure) [44]. However, this is not a rule. In fact, it was shown that the production of bioactive compounds is different depending on the species, clones, growth phases, and exposure to biotic and abiotic interferences [46,54,55], including predator exposure [26]. This phenomenon is known as the OSMAC approach [24]. Lauritano et al. [45] showed that specific microalgal clones were active for anti-inflammatory applications only when cultivated in control condition (replete medium (i.e., for the diatoms Cylindrotheca closterium, Odontella mobiliensis, Pseudonitzschia pseudodelicatissima)), while others were active only in stressful conditions (i.e., nutrient starvation), such as the diatom S. marinoi (which is active against human melanoma cells or pathogenic bacteria). Our data show that nutrient deficiencies (silica and nitrogen nutrient starvation or late stationery growth phase) induce the down-regulation of genes involved in SQDG and MGDG synthesis, as well as genes coding stress-responsive proteins (a schematic summary is reported in Figure 5). The regulation of SQDG and MGDG biosynthetic pathways may be of industrial interest since the final products possess anticancer and immunomodulatory activity. Abida end co-workers [29] analyzed the glycerolipid composition of P. tricornutum after five days of nitrogen starvation. The authors reported a decreased content of MGDG, while the content of SQDG remained almost unchanged. With regards to MGDG, our results are perfectly in line with Abida et al. On the contrary, we reported a down-regulation of the genes involved in SQDG synthesis in nitrogen starvation condition. Overall, these data suggest that for higher gene expression, and especially monogalactosyldiacylglycerol production, the best culturing condition to consider for possible biotechnological exploitation is the exponential phase of the replete culturing condition.



Regarding already available molecular information for P. tricornutum, several studies reported transcriptomes, expressed sequence tags, arrays and gene-editing approaches. Recently, Ait-Mohamed et al. [56] studied 187 publicly available RNAseq datasets of P. tricornutum generated under various culturing conditions in terms of nitrogen, iron and phosphate. The aim was to understand the co-regulation underpinning transcription in P. tricornutum. They used WGCNA (Weighted Gene Correlation Network Analysis), identifying 28 modules of co-expressed genes. However, considering that the concentration of nitrogen/silica, culturing volumes, and general growth conditions are often different each other, it is difficult to compare them with our gene expression data.



Down-regulation has been observed upon senescence or nutrient starvation also for various genes related to cell death or stress response for other diatoms, such as Skeletonema marinoi [38,49]. Matthijs et al. [48] also analyzed P. tricornutum in nitrogen starvation finding a series of genes differentially expressed, but the experimental set up was different from the current study: the clone was different (P. tricornutum Pt1 Bohlin Strain 8.6), the exponential growth phase was studied, the culturing volume was 500 mL, and, for the stress experiment, the pre-cultured cells were diluted two-fold daily. Another study on P. tricornutum by Longworth and colleagues [30] was focused on the proteome in response to nitrogen depletion and, in particular, for the lipid accumulation response. For this experiment, the studied clone was P. tricornutum CCAP 1055/1, nitrogen was completely depleted, and our GOI were not investigated. Lipid accumulation is often studied for the economic potential of lipids for industrial applications and the most common finding from transcriptome analyses in nitrogen starvation is lipid accumulation [48,57,58]. In general, gene expression variations have been shown to be species/clones and conditions-dependent, and these variations have been suggested to explain the environmental response of diatoms to grow as blooms and to out-compete other classes of microalgae [59].



For instance, nitrogen deprivation was the more severe stress for P. tricornutum, inducing thylakoid senescence and growth arrest [29]. Di Dato et al. [60] showed how prostaglandin synthesis related gene expression varied depending on growth phases in the diatom Thalassiosira rotula or depending on different clones of the diatom Skeletonema marinoi [61]. Many of our GOI have been analyzed in several other marine algae and marine or terrestrial plants upon stress exposure [49,62,63,64,65]. Also, in this case regulation of gene expression is very species- and stress specific-dependent. Variations of expression of the same stress-responsive genes in different populations of the same species were also observed for the marine copepod Calanus helgolandicus and it was suggested that the population more used to cope to the stress exposure (i.e., in that experiment, it was the exposure to an alga producing compounds with teratogenic effects) were more promptly able to activate the stress-responsive genes [51].



Considering that also RGs may change depending on the species, clones, different conditions and stressful exposures, we had to find the best reference gene for our studied conditions. Transcripts coding genes with different functions were selected to avoid that they may be co-regulated. Our analyses identified RGs, Act12, TubB, and H4 as the best and most stable genes. TubB was the most stable gene, according to the geNorm software, also for the diatom Pseudo-nitzschia arenysensis along a growth curve experiment [66]. Similarly, H4 and Act were the most stable genes, according to the BestKeeper and geNorm softwares, along the growth curve of the diatom Skeletonema marinoi, and H4 was also between the best reference genes for silica depletion and starvation conditions, according to geNorm, while Act for a CO2-enriched experiment, according to geNorm and NormFinder softwares, in the same species [49].



The limitation of the current study is that, with gene expression analyses, it is only possible to observe what happens at transcription level. However, it is also important to highlight that other changes/regulations may occur at translational and post-translational levels. Considering that mRNA levels may not always reflect changes in protein levels/activities, further studies, such as protein and chemical analyses, can represent future directions for a better understanding of SQDG and MGDG production.



P. tricornutum is considered a model species since, in addition to the genome and various transcriptome sequenced [3,56,67,68], several engineering-modification techniques have been applied (e.g., TALEN (transcription activator-like effector nuclease) and CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats)) [6,69]. For instance, a study by McCharty et al. [8] generated a knockout in the nitrate reductase (NR) gene in P. tricornutum to monitor NR cellular localization in relation to N source and availability. As recently summarized by Butler et al. [70], P. tricornutum is routinely transformed by biolistic transformation, conjugation, and electroporation. In addition, it is considered a sustainable microalgal cell factory (for example, of eicosapentaenoic acid, fucoxanthin, neutral lipids, and crysolaminarin) by using green extraction processes and environment-friendly manufacturing solutions. Diatoms generally have faster growth compared to other systems, such as plants; they can be cultivated both in open ponds or controlled enclosed photobioreactors and can assure large biomass productivities. Considering that products obtained by P. tricornutum may find applications in different sectors, ranging from the pharmaceutical, nutraceutical, biodiesel, and bioplastic fields [70]. It represents a cell factory with potential for a wide spectrum of marketable products worth further investigations.




4. Materials and Methods


4.1. Cell culturing and Harvesting


The diatom P. tricornutum (RCC69) was cultured in Guillard’s F/2 medium [71]. Experimental culturing was performed in triplicate for both replete (complete medium), silica and nitrogen starvation (named LOW SI and LOW N, respectively). For nutrient starvation conditions, a low concentration of silicic acid (36 μM Si(OH)4) and nitrogen (30 μM of NO3−) were used. Culturing was performed in 2-litre polycarbonate bottles, constant bubbling with air filtered through 0.2 μm membrane filters in a climate chamber at 19 °C on a 12:12 h light:dark cycle and at 100 μmol photons m−2 s−1). Initial cell concentration in each bottle was 5000 cells/mL.



For each condition, cells were counted daily by sampling 2 mL of culture, fixing them with one drop of Lugol (final concentration of about 2%, v/v) and counting cell number in a Bürker counting chamber under an Axioskop 2 microscope (20×) (Carl Zeiss GmbH, Oberkochen, Germany) as previously described [72]. Growth curves for each condition are shown in Figure 5. Culture aliquots (50 mL) were sampled in quadruplicate in the exponential (Day 3 for LOW N, Day 4 for replete and LOW SI), early stationery (Day 4 for LOW N, Day 7 for replete and LOW SI) and late stationery (D10; only for replete and LOW SI) conditions from each bottle. Aliquots were centrifuged for 15 min at 4 °C at 1900× g (Eppendorf, 5810R, Hamburg, Germany). Pellets for each condition and growth stage were then re-suspended in 500 µL of TRIZOL© (Invitrogen, Carlsbad, CA, USA), incubated for 2–3 min at 60 °C until completely dissolved, and stored at −80 °C until RNA extraction.




4.2. Bioinformatic Search of Putative Enzymes of Interest Involved in SQDG and MGDG Synthesis


Genes encoding for the enzymes of interest were found on KEGG: Kyoto Encyclopedia of Genes and Genomes (accessed on 6 June 2022). P. tricornutum possesses a sequence encoding a UDP-sulfoquinovose synthase [EC:3.13.1.1] (SQD1) and a sequence encoding a sulfoquinovosyltransferase [EC:2.4.1.-] (SQD2), respectively at https://www.genome.jp/entry/pti:PHATR_21201 and https://www.genome.jp/entry/pti:PHATRDRAFT_50356 (accessed on 10 June 2022) These two genes are involved in sulfoquinovosyldiacylglycerol synthesis.



P. tricornutum has been found to possess 3 sequences encoding 1,2-diacylglycerol 3-beta-galactosyltransferases [EC:2.4.1.46]. These three sequences, reported as MGD1, MGD2 and MGD3, are respectively PHATRDRAFT_14125, PHATR_43938 and PHATRDRAFT_9619 on https://www.genome.jp/entry/pti:PHATRDRAFT_14125+pti:PHATRDRAFT_9619+pti:PHATR_43938 (accessed on 10 June 2022).




4.3. Selection and Characterization of Putative Reference Genes (RGs) and Other Genes of Interest (GOIs) and Primer Design


Reference genes (RGs) selection was carried out by testing a series of genes previously used as a reference for P. tricornutum [50] or other diatoms [38,66]. The selected genes were: Actin (Act12), cyclin-dependent kinase A (CdkA), histone 4 (H4), α-tubulin (TubA) and β-tubulin (TubB). The primers used for RGs are those reported in [50]. A series of genes related to stress/detoxification responses, cell division, cell death were selected as genes of interest, together to those involved in the synthesis of sulfoquinovosyldiacylglycerols and monogalactosyldiacylglycerols (reported in the paragraph 4.2). Primers were designed using the software Primer3 version 4.1.0 (http://primer3.ut.ee/; accessed on 10 January 2021). The size of the amplicons was kept in the range of 150 to 250 base pairs, GC content at 50%, the length of primers between 19 and 21 nucleotides, and melting temperature from 59 °C to 61 °C. Primers were synthesized by Sigma-Aldrich (St. Louis, MO, USA). PCR conditions were optimized on a C1000 Touch Thermal Cycler (Bio-Rad, Hercules, CA, USA). Supplementary Table S1 illustrates primer sequences for all of the selected genes as well as their abbreviation and full name, GenBank Accession Number, amplicon sizes and oligo efficiencies (E).




4.4. RNA Extraction and cDNA Synthesis


RNA extraction was performed as in [49]. Each sample was treated with DNase I (Invitrogen) using the instruction’s manual in order to remove residual DNA. The assessment of RNA quantity and quality was carried out monitoring the absorbance at 260 nm and the 260/280 nm and 260/230 nm ratios. Both ratios were approximately 2. RNA quality was also assessed on 1% agarose gels, showing intact 18S and 28S ribosomal bands. RNA samples (1 μg/each) were retrotranscribed into complementary DNA (cDNA) by using the iScript™ cDNA Synthesis Kit (Bio-Rad), as in [62], in the C1000 Touch Thermal Cycler (Bio-Rad).




4.5. Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)


The cDNA samples were then used for the RT-qPCR experiments performed in a Viia7 real-time PCR system (Applied Biosystems) at a 1:25 dilution. The PCR volume of each sample was 10 μL with 5 μL of 2× qPCR SYBR Green Master Mix, 0.7 pmol/μL for each primer and 1 μL of 1:10 diluted cDNA template. RT-qPCR experiments were performed as previously described [73]. The best reference genes were identified using three different algorithms, i.e., BestKeeper [74], geNorm [75] and NormFinder [76] by using RefFinder (http://blooge.cn/RefFinder/; accessed on 1 June 2022), a user-friendly web-based comprehensive tool developed for evaluating and screening reference genes [77]. To study expression levels for each gene of interest relative to the most stable RGs, we used the REST tool (Relative Expression Software Tool) [78].




4.6. Statistical Analysis


Statistical analysis (Student’s t-test) was performed by using GraphPad Prim Statistic Software, V4.00 (GraphPad Software; http://www.graphpad.com/quickcalcs/; accessed on 1 June 2022). Differences with p < 0.05 were regarded as significant.
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Figure 1. Reference gene assessment for P. tricornutum. Arrows indicate the most stable reference genes according to (a) BestKeeper (lowest standard deviation), (b) NormFinder (lowest expression stability value), and (c) geNorm (lowest average expression stability M) softwares. The selected genes were: Actin 12 (Act12), cyclin-dependent kinase (Cdk), histone 4 (H4), α-tubulin (TubA) and β-tubulin (TubB). 
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Figure 2. Expression levels of genes involved in sulfoquinovosyldiacylglycerol and monogalactosyldiacylglycerol synthesis in P. tricornutum cells in (a) LOW SI and LOW N exponential phase compared to the control condition (Replete condition exponential phase; x-axis); (b) LOW SI and LOW N early stationery phase compared to the control condition (Replete condition early stationery phase); (c) LOW SI late stationery phase compared to the control condition (Replete condition late stationery phase); (d) Replete condition early stationery and late stationery compared to the control condition (Replete; x-axis) exponential phase; (e) LOW SI condition early stationery and late stationery compared to the LOW SI condition exponential phase; (f) LOW N early stationery phase compared to LOW N exponential phase. Data are represented as log2 x-fold expression ratio ± SD (n = 4; *** p < 0.001, Student’s t-test). Abbreviations stands for: UDP-sulfoquinovose synthase (SQD1), sulfoquinovosyldiacylglycerol synthase (SQD2), monogalactosyldiacylglycerol synthases 1, 2 and 3 (MGD1, MGD2 and MGD3, respectively). 
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Figure 3. Expression levels of selected stress responsive genes in P. tricornutum cells in (a) LOW SI and LOW N exponential phase compared to the control condition (Replete condition exponential phase; x-axis); (b) LOW SI and LOW N early stationery phase compared to the control condition (Replete condition early stationery phase); (c) LOW SI late stationery phase compared to the control condition (Replete condition late stationery phase). Data are represented as log2 x-fold expression ratio ± SD (n = 4; *** p < 0.001, Student’s t-test). Abbreviations stands for glutathione synthase (GSH), ascorbate peroxidase (APX), glycolate oxidase (GOX), multidrug resistance protein (MDR), tocopherol cyclase (TOC), hystone deacetylase (HYS), glutathione peroxidase (GPX), mitotic spindle assembly checkpoint proteins (MAD1 and MAD2), metacaspase (CASP), cytochrome P450 (CYP450), superoxide dismutase 1 and 2 (SOD1 and SOD2, respectively) and heat shock proteins 40A, 40C, 70.1, and 70A (HSP40A, HSP40C, HSP70_1, HSP70A). 
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Figure 4. Expression levels of selected stress responsive genes in P. tricornutum cells in: (a) Replete condition early stationery and late stationery compared to the control condition (Replete; x-axis) exponential phase; (b) LOW SI condition early stationery and late stationery compared to the LOW SI condition exponential phase; (c) LOW N early stationery phase compared to LOW N exponential phase. Data are represented as log2 x-fold expression ratio ± SD (n = 4; ** p < 0.01 and *** p < 0.001, Student’s t-test). Abbreviations stands for glutathione synthase (GSH), ascorbate peroxidase (APX), glycolate oxidase (GOX), multidrug resistance protein (MDR), tocopherol cyclase (TOC), hystone deacetylase (HYS), glutathione peroxidase (GPX), mitotic spindle assembly checkpoint proteins (MAD1 and MAD2), metacaspase (CASP), cytochrome P450 (CYP450), superoxide dismutase 1 and 2 (SOD1 and SOD2, respectively) and heat shock proteins 40A, 40C, 70.1, and 70A (HSP40A, HSP40C, HSP70_1, HSP70A). 
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Figure 5. Schematic representation of the main results. In the reported growth curves of the three culturing conditions (replete, LOW SI and LOW N conditions) error bars represent the standard deviation of biological triplicates. 
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