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Transcriptomic Responses to Darkness and the Survival Strategy of the Kelp Saccharina latissima in the Early Polar Night
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Kelps in the Arctic region are facing challenging natural conditions. They experience over 120 days of darkness during the polar night surviving on storage compounds without conducting photosynthesis. Furthermore, the Arctic is experiencing continuous warming as a consequence of climate change. Such temperature increase may enhance the metabolic activity of kelps, using up storage compounds faster. As the survival strategy of kelps during darkness in the warming Arctic is poorly understood, we studied the physiological and transcriptomic responses of Saccharina latissima, one of the most common kelp species in the Arctic, after a 2-week dark exposure at two temperatures (0 and 4°C) versus the same temperatures under low light conditions. Growth rates were decreased in darkness but remained stable at two temperatures. Pigments had higher values in darkness and at 4°C. Darkness had a greater impact on the transcriptomic performance of S. latissima than increased temperature according to the high numbers of differentially expressed genes between dark and light treatments. Darkness generally repressed the expression of genes coding for glycolysis and metabolite biosynthesis, as well as some energy-demanding processes, such as synthesis of photosynthetic components and transporters. Moreover, increased temperature enhanced these repressions, while the expression of some genes encoding components of the lipid and laminaran catabolism, glyoxylate cycle and signaling were enhanced in darkness. Our study helps to understand the survival strategy of kelp in the early polar night and its potential resilience to the warming Arctic.
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INTRODUCTION

Kelps are perennial macroalgae with high economic and ecological significance. They are important primary producers and provide food and shelter for numerous organisms in the marine ecosystem (Bischof et al., 2019). Kelps show a broad geographical distribution from cold-temperate to Arctic coastlines. Compared to the kelps in temperate regions, kelps in the Arctic face a harsher physical environment due to the high latitude. The Arctic features strong, seasonal fluctuating solar radiation. In Kongsfjorden, Svalbard (78°55′N, 11°55′E), the polar night lasts for 129 days, from the end of October to mid-February (Cohen et al., 2015). Due to sea ice and snow cover, kelps in the inner part of Kongsfjorden can be exposed to extended darkness until April–July when the sea ice breaks up (Svendsen et al., 2002). To some kelps originating from cold-temperate regions (e.g., Saccharina latissima), the low water temperature in the Arctic represents a suboptimal growth environment (Fortes and Lüning, 1980; Hurd et al., 2014). However, such environments are changing due to climate change. The Arctic has warmed at more than twice as fast as the global mean air temperature increase since the mid-1990s (Overland et al., 2019). In Kongsfjorden, the surface water temperature has increased to around 2°C in winter and early spring from 2007 (Hegseth et al., 2019). It might continue to increase since the winter air temperature in the Arctic is predicted to increase by over 7°C at the end of the 21st century (IPCC, 2007; MacDonald, 2010). Meanwhile, the warming climate largely prevents the formation of sea ice in the inner part of Kongsfjorden since 2006 (Pavlova et al., 2019) and consequently shortens the period of darkness. Hence, it is urgent to understand the survival mechanisms of kelps during the polar night.

Some species of seaweeds in the Arctic may potentially benefit from the increase of water temperature if their optimum temperature for growth is above 5°C (Gómez et al., 2009). However, the metabolic activity of organisms increases with temperature rise, potentially leading to shorter survival times of organisms during the polar night. For example, Schaub et al. (2017) demonstrated that the Arctic benthic diatom Navicula perminuta utilized lipid resources significantly faster at 7°C than 0°C during an 8-week dark exposure period. The magnitude of temperature increase also affects the survival period of organisms. The Antarctic sea-ice diatom Fragilariopsis cylindrus showed only a 7-day maximum dark survival time at 10°C, in contrast with a maximum survival time of 60 days at −2 and 4°C (Reeves et al., 2011).

Historically, studies on algae exposed to prolonged dark periods were mainly focused on the growth patterns (Lüning, 1969; Smayda and Mitchell-Innes, 1974; Chapman and Lindley, 1980; Dunton, 1985), physiological performances and biochemical mechanisms (Weykam et al., 1997; Lüder et al., 2002; Karsten et al., 2019). Mcminn and Martin (2013) concluded several strategies for algae to survive long periods of darkness. One of them is changing physiological activities, including the reduction of metabolic rate (Palmisano and Sullivan, 1982; Jochem, 1999) and utilization of energy storage products (e.g., laminarans and lipids) to maintain basic metabolism during prolonged darkness (Manoharan et al., 1999; Schaub et al., 2017; Scheschonk et al., 2019). The pigments and photosynthetic performances of algae in darkness have been widely investigated (Wulff et al., 2008; Martin et al., 2012; Naik and Anil, 2018). Darkness showed a varying influence on the photophysiology of algae depending on species and exposure time. Several laboratory studies demonstrated chlorophylls remained constant while the potential of photochemistry was decreased during the exposure to darkness (Montechiaro and Giordano, 2006; Reeves et al., 2011; Lacour et al., 2019). A field study showed that Arctic kelps can preserve their photosynthetic capability throughout the 4-month polar night reflected by the stable chlorophyll a fluorescence and pigment content (Scheschonk et al., 2019). Recently, the molecular acclimation processes of microalgae to long-term darkness have been examined using transcriptomics (Nymark et al., 2013; Mock et al., 2017; Mundt et al., 2019) and proteomics (Bai et al., 2016; Kennedy et al., 2019). However, the above studies were mainly focused on the molecular responses of diatoms. Up to now, there is no study investigating molecular regulations of macroalgae in prolonged darkness, and the mechanisms of molecular acclimation for macroalgae in darkness are still unknown.

Peters and Thomas (1996) showed that algae change most of their physiological performance during the first days of dark exposure and then remain relatively stable after 20 days. Furthermore, the transcriptomic response is usually more sensitive than the physiological reaction (Heinrich et al., 2012b, 2015). Hence, in the present study, we analyzed the growth rate, photochemistry and transcriptomic responses by RNA-sequencing (RNA-Seq) of S. latissima after a 2-week dark exposure at two temperatures (0 and 4°C). We aim to detect the gene regulations of S. latissima combined with its physiological performance under darkness, and subsequently discuss the survival strategy of Arctic S. latissima during the early polar night.



MATERIALS AND METHODS


Algal Material

Stock gametophyte cultures of S. latissima, which were established from spores of fertile sporophytes collected in Kongsfjorden (78°58′N; 11°30′E; Svalbard, Norway), were used to raise young sporophytes and kept at the Alfred-Wegener-Institute Helmholtz Centre for Polar and Marine Research (Bremerhaven, Germany; culture number: 3123, 3124). Male and female gametophytes were fragmented and pooled together using sterile mortar and pestle, then transferred to Petri dishes filled with sterile Provasoli enriched seawater (PES; Starr and Zeikus, 1993) at 8 ± 1°C. After 2 weeks growing sporophytes were transferred to aerated 5l glass bottles and grown in PES at 8 ± 1°C. During fertilization and pre-cultivation, the light conditions were 20 μmol photons m2 s–1 (Mitras Lightbar Daylight 150, GHL) at 18:6 h light: dark period. The medium was changed twice per week. Due to the limitation of culture rooms, the sporophytes were then transferred and cultured at 12 ± 1°C for nearly 5 months before the experiment. Hence, the sporophytes need to be acclimated from 12 to 4°C and 0°C gradually. The acclimation procedure was as follows: sporophytes were transferred to temperature-controlled incubators where the temperature was reduced by 2 ± 1°C every 2 or 3 days from 12 ± 1°C to 4 ± 1°C. When the temperature was reduced to 4 ± 1°C, the sporophytes were kept at 4 ± 1°C for 1-week of acclimation. Then parts of sporophytes were chosen for the 4°C treatments, and the rest of the sporophytes were kept in the same condition due to the limitation of incubators. Hence the 4°C treatments had 19 days pre-acclimation. After the experiment of 4°C, the temperature of incubators was reduced gradually to 0 ± 1°C and sporophytes were kept at 0 ± 1°C for 1-week before the dark experiment. Thus the 0°C treatments had 47 days of pre-acclimation.



Temperature and Dark Treatments

The experiment included two light conditions (light: 20 μmol photons m2 s–1, 18:6 h light: dark; dark: continuous dark) combined with two temperatures (0 and 4 ± 1°C), hereafter referred as 0°C_Light, 0°C_Dark, 4°C_Light and 4°C_Dark. The experiment lasted for 14 days. Each treatment consisted of four aerated 5l culture bottles (n = 4 true replicates) containing five uniparental sporophytes (one spot-labeled by a Pasteur pipette for growth and fluorometric measurement, one for pigment measurement, one for RNA-seq and others as backup), and was conducted in different incubators. For dark treatments, the bottles were wrapped in aluminum foil. The bottles were filled with sterile PES at the beginning without further water change during the experiment. After 14 days, sporophytes for RNA extraction and pigment analysis were randomly chosen from each bottle and immediately frozen in liquid nitrogen, then stored at -80°C until further processing. The spot-labeled sporophytes were firstly measured by an Imaging-PAM, then subjected to the fresh weight measurements.



Relative Growth Rate

The fresh weights and morphological characters (n = 4) were measured using the sporophytes with spot-label prior to the experiment and at the end of the experiment. Sporophytes were gently dried from surplus water using paper tissue and weighed by a digital scale (Precisa 40SM-200A). Relative growth rates (RGRs, day–1) of fresh weights were calculated between day 0 and 14 according to the formula of Lüning et al. (1990): RGR (day–1) = 100 × ln(W1/W2)/(T1-T2), where W1 is the fresh weight (g) in time 1 (T1), W2 is the fresh weight (g) in time 2 (T2), T1 and T2 are the time in days.



Pigment and Chlorophyll a Fluorescence

Chlorophyll a (Chl a), chlorophyll c2 (Chl c2) and fucoxanthin (n = 4) were extracted and analyzed according to the method described in Koch et al. (2015). Briefly, lyophilized and pulverized samples were extracted in 1 mL Acetone (90%, v/v) at 4°C in darkness for 24 h. The extracted pigments were analyzed by a high-performance liquid chromatography (HPLC) and quantified by co-chromatography with standards for Chl a, Chl c2, and fucoxanthin. Hence, though Phaeophyceae possess Chl c1 and c2 (Hurd et al., 2014), we only analyzed Chl c2 in this study. Pigment contents were calculated as μg g–1 dry weight (DW). The accessory pigment pool (Acc) was calculated by the sum of Chl c2 and fucoxanthin.

The maximum quantum yield of photosystem II (Fv/Fm, n = 4) was measured by an Imaging-PAM chlorophyll fluorometer (Heinz Walz GmbH, Germany) after 10 min dark acclimation. All measurements were processed in a dark room at ambient temperature. Fv/Fm was calculated by the following formula: Fv/Fm = (Fm-F0)/Fm, where Fm is the maximum fluorescence measured after exposure to a saturating pulse, and F0 is the minimum fluorescence measured in the dark with measuring light.



Statistical Analysis

SPSS software version 25 (IBM) was used for statistical analysis. For the RGRs of fresh weights, one replicate in 4°C_Dark was excluded due to a technically erroneous measurement (hence the total N = 15, n = 3 in the treatment of 4°C_Dark and n = 4 in the other three treatments). For the other parameters, each treatment had four biological replicates. A two-way ANOVA was used to test the effects of temperature and light conditions on growth and photochemistry. Prior to analysis, all data were tested for the normality by the Shapiro–Wilk test and the homogeneity of variances by the Levene’s test. Since the data of RGRs failed to comply with the homogeneity of variances, a non-parametric test (Mann-Whitney U test) was used to test the effects of temperature and light conditions, respectively. The level of significance was set at α = 0.05. All data are given as mean ± standard deviation unless otherwise stated.



RNA-Seq and Data Processing

One sporophyte per bottle (n = 3) in each treatment was randomly chosen for RNA analysis. Total RNA extraction followed the protocol of Heinrich et al. (2012a). Briefly, each sporophyte was ground in liquid nitrogen respectively. Afterward, the sample was transferred into a 2.0 mL Eppendorf tube and mixed with 1 mL extraction buffer (2% CTAB, 1 M NaCl, 100 mM Tris pH 8, 50 mM EDTA, pH 8) and 10 μL β-mercaptoethanol, followed by 15 min incubation at 45°C. Then 1 mL chloroform was added into the tube. After 10 min mixing, the sample was centrifuged for 20 min at 20°C. 750 μL of supernatant was transferred into a new tube and mixed with 250 μL ethanol and 1 mL chloroform. The tube was conducted again with 10 min mixing and 20 min centrifugation. Subsequently, 500 μL of supernatant was transferred into a new tube. The following RNA extraction was conducted using a Qiagen Plant Mini Kit (Qiagen, Germany) according to the manufacturer’s protocol. The RNA quality was evaluated by a NanoDrop ND-100 UV-Vis Spectrophotometer and Agilent 2100 Bioanalyzer (Agilent Technologies, Germany). cDNA libraries were constructed using an Illumina TruSeq RNA Library Prep Kit (Illumina, United States). The libraries were sequenced by an Illumina 2500 and 75 bp paired reads were clipped using the default values of Illumina software. The quality of raw data was checked by FastQC v. 0. 11. 5.1 Low-quality data was trimmed by Trimmomatic v. 0.36 (Bolger et al., 2014) with the following parameters: leading 3, trailing 3, sliding window 4: 15, minlen 30. Remaining data were pseudo-aligned against a de novo transcriptomic reference established from cDNA libraries of S. latissima from Roscoff, France (Machado Monteiro et al., 2019) using Salmon (Patro et al., 2017). One replicate of the 0°C_light treatment was excluded as outlier after analyzing the relationship between sample replicates using a principal component analysis (PCA). Differentially expressed genes (DEGs) were obtained from the comparisons between 0°C_Light vs. 0°C_Dark, 0°C_Light vs. 4°C_Light, 4°C_Light vs. 4°C_Dark, and 0°C_Dark vs. 4°C_Dark, using DESeq 2 (Love et al., 2014). Trinity contigs (hereafter referred as genes) with an adjusted p-value of ≤ 0.001 and a log2 fold change (FC) of at least two were accepted as significantly differential expressed. The applied tools were the Trinity package v. 2.4.0 (Grabherr et al., 2011). Functional annotation was performed through the Trinotate functional annotation pipeline.2 Functional annotation included searches against the databases of UniProtKB/Swiss-Prot and UniRef90 with the BLASTX and BLASTP algorithms with the default e-value setting to 1e–6, annotation of the biochemical pathway in Kyoto Encyclopedia of Genes and Genome (KEGG), prediction of protein functions based on known orthologous gene products in non-supervised Orthologous Groups (eggNOG), identification of protein domains in Pfam database with HMMER, prediction of signal peptides with SignalP, prediction of transmembrane helices with TMHMM, and prediction of gene ontology (GO) terms (based on the BLAST and Pfam annotation). All DEGs were further annotated using diamond local aligner (Buchfink et al., 2015) against the National Center for Biotechnology Information (NCBI) non-redundant protein sequence (Nr) database (cut-off 1e–9). GOseq (Young et al., 2010) was used to perform the GO enrichments (p-value < 0.05). To further detect the gene regulations of S. latissima in darkness, the comparisons between 0°C_Light vs. 0°C_Dark and 4°C_Light vs. 4°C_Dark were additionally analyzed by following procedures: the Venn diagrams of DEGs were produced using the online tool.3 Enriched GO terms were summarized by REVIGO (Supek et al., 2011) with an allowed similarity of 0.5. The biological process GO terms after redundancy reduction were displayed in the form of scatterplots produced by REVIGO. The heatmap of expression (log10 TPM) of DEGs related to photosynthesis was generated by the OmicShare tools.4 To explore the constitutively expressed transcripts within the control (the control refers to 0°C_Light in the comparison between 0°C_Light vs. 0°C_Dark, and 4°C_Light in the comparison between 4°C_Light vs. 4°C_Dark), normalized read counts, given as transcripts per million (TPM), were analyzed as described by Iñiguez et al. (2017).



RESULTS


Growth and Photochemistry

Light conditions significantly affected RGRs of fresh weights after 14 days of exposure (p = 0.001, Mann-Whitney U Test, Supplementary Table S1). The averaged RGR significantly decreased from 5.067 ± 0.681 day–1 in the light treatments to 0.641 ± 0.672 day–1 in the dark treatments (Table 1). The averaged RGR at 4°C (3.435 ± 2.587 day–1) was slightly higher than RGR at 0°C (2.623 ± 2.282 day–1), but there was no significant difference between two temperatures (p = 0.298, Mann-Whitney U Test). Sporophytes in the dark treatments did not show the apparent decomposition of pigment or algal tissue at the end of the experiment (Supplementary Figure S1). Chl a and Acc shared similar patterns, which were significantly affected by temperature and light conditions respectively. Both contents at 4°C were higher than contents at 0°C. Meanwhile, contents in dark treatments were higher than contents in light treatments. Fv/Fm did not differ among temperature and light treatments.


TABLE 1. Physiological parameters (relative growth rates [RGRs], maximum quantum yield of Photosystem II [Fv/Fm], contents of chlorophyll a [Chl a] and accessory pigment pool [Acc]) in Saccharina latissima among four treatments.
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Gene Expression and GO Enrichment

The number of reads per complementary DNA library ranged from 19.9 to 38.1 million with an average of 31.3 million reads. The averaged remapping rate to the de novo library was 87.57%. Four comparisons yielded 3, 284 DEGs, accounting for 2.42% of 135,959 total de novo assembled genes (Supplementary Table S2). The number of contigs was more affected by light conditions than temperature. Namely, there were 1,184 DEGs between 0°C_Light and 0°C_Dark, and 1,735 DEGs between 4°C_Light and 4°C_Dark. In contrast, the two temperatures featured 148 DEGs and 217 DEGs respectively in light treatments and dark treatments. The averaged annotation rate was 8.2% for DEGs from the UniprotKB/Swiss-Prot database (Supplementary Table S2). To investigate the transcriptomic response for S. latissima to darkness, we focused on the comparisons between 4°C_Dark and 4°C_Light, as well as 0°C_Dark and 0°C_Light. 0°C_Dark (compared to 0°C_Light) featured more upregulated genes (658) than downregulated genes (526), whereas 4°C_Dark (compared to 4°C_Light) had more downregulated genes (1, 179) than upregulated genes (556). The Venn diagram (Figure 1) shows that 0°C_Dark and 4°C_Dark shared 163 upregulated genes and 296 downregulated genes.


[image: image]

FIGURE 1. Venn diagram of significantly upregulated (↑) and downregulated (↓) genes after dark exposure at two temperatures (0 and 4°C) versus the same temperatures in the light (p ≤ 0.001, |log2 FC| ≥ 2).


The enriched GO terms were summarized using REVIGO (Supek et al., 2011) and the complete list is available in Supplementary Table S3. The GO terms for biological processes in 0°C_Dark and 4°C_Dark were visualized in Figure 2. Generally, the downregulated genes showed more enriched GO terms than the upregulated genes. In 0°C_Dark and 4°C_Dark, the enriched GO terms of downregulated genes mainly included carbohydrate metabolism, inorganic anion transport, chloroplast, photosystem and many others, while upregulated genes involved functions such as regulation of acute inflammatory response and glyoxysome.


[image: image]

FIGURE 2. REVIGO scatterplots of the biological process enriched GO terms after the redundancy reduction. (A) Upregulated genes in 0°C_Dark. (B) Downregulated genes in 0°C_Dark. (C) Upregulated genes in 4°C_Dark. (D) Downregulated genes in 4°C_Dark. Bubble color indicates the p-value; bubble size indicates the frequency of the GO terms in the underlying Gene Ontology Annotation (GOA) database (larger bubbles represent more general terms). The legends of GO terms are displayed in the scatterplot when their dispensability is below 0.145.




Manual Inspection of DEGs

To further study the transcriptomic responses of S. latissima in darkness, we manually analyzed and classified DEGs with annotations (UniProtKB/Swiss-Prot database as the main source, NCBI Nr database as a supplement; Figure 3). A full list of DEGs with annotations can be found in Supplementary Table S4. In summary, the number of downregulated genes in darkness at both temperatures was higher than the number of upregulated genes, and increased temperature (4°C) exacerbated the repression of gene expression in darkness compared to 0°C. In contrast, 4°C_Dark and 0°C_Dark showed similar numbers of upregulated genes. The summary highlights the distinguished up- and downregulated metabolisms: first, darkness induced some genes involved in the glyoxylate cycle, stress- and signaling-related activities. Meanwhile, 0°C_Dark significantly upregulated enzymes catabolizing lipid. Second, darkness widely repressed photosynthesis, glycolysis, transport, and main metabolite biosynthesis (e.g., carbohydrate, amino acid, and lipids).
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FIGURE 3. Number of differentially expressed genes (DEGs) in 0°C_Dark (compared to 0°C_Light) and 4°C_Dark (compared to 4°C_Light; p ≤ 0.001; | log2 FC| ≥ 2). On the (left) graph, the colored bars represent the number of up- and downregulated DEGs according to manually functional categories of interest corresponding to the (left) axis, the gray bars represent the total number of up- and downregulated DEGs corresponding the (right) axis. The (upper) part of the graph displays upregulated DEGs; the (lower) part displays downregulated DEGs. On the (right) graph, the Venn diagrams reflect the number of DEGs in each category.



Photosynthetic Components and Pigments

All DEGs encoding components of the light-harvesting complex (LHC) were downregulated after dark exposure at both 0 and 4°C with large log2 - fold changes (Figure 4). The highest downregulation of LHC reached 7- and 8- log2 - fold change at 0 and 4°C respectively. In addition, 4°C_Dark repressed more genes (8) encoding LHC than 0°C_Dark (4). A few DEGs involved in pigment metabolism were detected. For carotenoid biosynthesis, one gene coding for chloroplastic prolycopene isomerase was downregulated in 0°C_Dark and 4°C_Dark. 4°C_Dark solely repressed another gene encoding zeta-carotene desaturase. Pheophorbide a oxygenase, responsible for chlorophyll degradation, was induced in 4°C_Dark. In addition, 4°C_Dark repressed one gene encoding ferredoxin-NADP reductase, which is involved in photosynthetic electron transport.
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FIGURE 4. Heat map of gene expression for differentially expressed genes (DEGs) with functions in regulating photosynthetic components and pigment metabolism. Color stands for the log10 [transcripts per million (TPM) value] of each gene. *means that the DEG only occurred in 4°C_Dark (compared to 4°C_Light).




Transport

A total of 34 genes in 4°C_Dark and 16 genes in 0°C_Dark and related to the transport were downregulated after darkness exposure. These repressions included different metabolites and ion transporters, such as zinc, chromate, and nitrate (Table 2). The downregulation changes were around 2- to 4- log2 - fold. Genes encoding nitrate and ammonium transporters were widely repressed, four genes in 0°C_Dark and seven genes in 4°C_Dark, respectively. A small number of transporters were upregulated in both darkness treatments. Namely one gene encoding ammonium transporter 1 member 1 was upregulated in both 0°C_Dark and 4°C_Dark. 4°C_Dark induced one gene coding for succinate/fumarate mitochondrial transporter.


TABLE 2. Selected significant differentially expressed genes (DEGs) with functions in transporters, stress response and signaling after dark exposure at two temperatures (0 and 4°C) versus the same temperature in the light (p ≤ 0.001, | log2 FC| ≥ 2).
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Stress Response and Signaling

Genes encoding antioxidative enzymes and chaperones were downregulated in the dark compared to the light (Table 2). On the contrary, genes encoding vanadium-dependent bromoperoxidase were induced in dark treatments, two in 0°C_Dark and three in 4°C_Dark, respectively. Besides, several genes encoding WSC domain-containing protein, responsible for cell wall integrity (CWI) and stress response, were 2- to 5- log2 - fold induced in dark treatments. For signaling, several enzymes involved in different signaling pathways were upregulated in darkness. Namely, serine carboxypeptidase 24 and CBL-interacting protein kinase 31 were induced in both 0°C_Dark and 4°C_Dark.



Carbohydrate Metabolism


Carbon Assimilation

Darkness did not cause obvious changes for genes correlated to photosynthetic carbon fixation. 0°C_Dark and 4°C_Dark only downregulated one gene coding for phosphoglycerate kinase (Table 3). For light independent carbon fixation (LICF), phosphoenolpyruvate carboxylase (PEPC) featured around 2- log2 - fold downregulation in both dark treatments. Another important LICF enzyme phosphoenolpyruvate carboxykinase (PEPCK) was not detected in our reference library.


TABLE 3. Selected significant differentially expressed genes (DEGs) with functions in carbohydrate metabolism after dark exposure at two temperatures (0 and 4°C) versus the same temperature in the light (p ≤ 0.001, | log2 FC| ≥ 2).
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Glyoxylate Cycle

Two key enzymes in the glyoxylate cycle, isocitrate lyase and malate synthase, were over-expressed in response to darkness. 4°C_Dark upregulated two genes encoding isocitrate lyase with an average 3.47- log2 - fold change. 0°C_Dark upregulated one gene encoding isocitrate lyase with a 4.1- log2 -fold change, and one gene encoding glyoxysomal malate synthase with a 2.1- log2 - fold change.



Structural and Storage Polysaccharides

Darkness repressed most of the genes responsible for the biosynthesis of polysaccharides at 0 and 4°C. For the biosynthesis of alginate, one important component of cell wall polysaccharides, 0°C_Dark showed seven downregulated genes encoding mannuronan C-5-epimerase. 4°C_Dark repressed two genes encoding mannuronan C-5-epimerase and two genes encoding GDP-mannose 6-dehydrogenase. However, both 0°C_Dark and 4°C_Dark showed several upregulated genes encoding mannuronan C-5-epimerase. Apart from the alginate, 0°C_Dark solely repressed two genes for the biosynthesis of cell wall polysaccharides, i.e., cellulose synthase for cellulose and GDP-mannose 4,6-dehydratase for fucan. 0°C_Dark and 4°C_Dark also downregulated genes related to the biosynthesis of storage polysaccharides (mannitol and laminaran). Four genes encoding 1,3-beta-glucan synthase, involved in the biosynthesis of laminaran, were downregulated in both 0°C_Dark and 4°C_Dark. Furthermore, 0°C_Dark showed higher regulated changes (from 3.18- to 3.88- log2 - fold change) than 4°C_Dark (from 2.49- to 2.71- log2 - fold change). For the biosynthesis of mannitol, 0°C_Dark and 4°C_Dark jointly repressed one gene encoding mannitol-1-phosphate dehydrogenase, while 4°C_Dark individually repressed another gene encoding mannitol-1-phosphatase 2. For the degradation of laminaran, 4°C_Dark downregulated two genes encoding beta-glucosidase, family GH3 and upregulated one gene encoding endo-1,3-beta-glucanase, family GH81.



Glycolysis

Darkness widely repressed the expression of genes related to glycolysis, and 4°C_Dark downregulated more genes than 0°C_Dark. Glycolysis has two phases: the preparatory phase and the payoff phase (Nelson and Cox, 2005). In the preparatory phase, two genes were downregulated in 4°C_Dark, encoding triosephosphate isomerase, cytosolic and fructose-bisphosphate aldolase. In the payoff phase, several DEGs encoding glyceraldehyde-3-phosphate dehydrogenase were downregulated in both 0°C_Dark and 4°C_Dark, with transcriptional changes between 2.98- and 6.38- log2 - fold. One DEG coding for enolase 1 was repressed after darkness treatment at both temperatures. Besides, one gene encoding phosphoglycerate mutase was solely repressed in 4°C_Dark. Since the pyruvate produced by glycolysis is further oxidized by cellular respiration to conduct the complete catabolism of carbohydrates, we also checked DEGs for cellular respiration, i.e., the production of acetyl-CoA, citric acid cycle, electron transfer and oxidative phosphorylation. Pyruvate dehydrogenase E1 component subunit alpha-1 belonging to the pyruvate dehydrogenase complex, responsible for the convention of pyruvate to acetyl-CoA, was downregulated in 4°C_Dark. However, there were no DEGs directly participating in the tricarboxylic acid (TCA) cycle. One gene encoding cytochrome c, involved in the mitochondrial electron transport chain (ETC), was repressed in 0°C_Dark and 4°C_Dark.



Amino Acid and Protein Metabolism

For amino acid and protein metabolism, 4°C_Dark downregulated more genes (20) than 0°C_Dark (9; Figure 2). Eight genes were downregulated in both 0°C_Dark and 4°C_Dark, including functions for nitrogen assimilation, biosynthesis of amino acid and protein modification (Table 4). Besides, 4°C_Dark solely repressed several genes about protein ubiquitination and proteolysis (e.g., E3 ubiquitin-protein ligase pub3) and one gene about urea cycle (arginase).


TABLE 4. Selected significant differentially expressed genes (DEGs) with functions in amino acid and protein metabolism, fatty acid and lipid metabolism after dark exposure at two temperatures (0 and 4°C) versus the same temperature in the light (p ≤ 0.001, | log2 FC| ≥ 2).
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Fatty Acid and Lipid Metabolism

0°C_Dark and 4°C_Dark jointly repressed four genes about the biosynthesis of unsaturated fatty acid, triacylglycerol and glycolipid. 4°C_Dark generally had higher fold changes than 0°C_Dark (Table 4). Two different genes encoding probable 1-acylglycerol-3-phosphate O-acyltransferase, function in phosphatidic acid biosynthesis, were found downregulated in 0°C_Dark and 4°C_Dark, respectively. In contrast to the wide repression of fatty acid and lipid biosynthesis, some enzymes about lipid catabolism and fatty acid beta-oxidation were induced in 0°C_Dark, namely three genes encoding lipase and one gene encoding enoyl coenzyme A hydratase.



DISCUSSION

Our study investigated the transcriptomic responses of S. latissima to a 2-week dark exposure by RNA-Seq, combined with physiological performance. Here, we tried to understand the implications of transcriptomic regulations to the survival strategy of kelp during the early polar night.


Photosynthetic Responses

The marked repression of genes encoding components of the LHC induced by darkness suggests that S. latissima reduces the energy costs for encoding photosynthetic components during the prolonged darkness. This transcriptomic response is in accordance with the studies of Nymark et al. (2013) and Mock et al. (2017), who observed that diatoms downregulated genes encoding light-harvesting and photosynthetic components after dark exposure. The repression of LHCs induced by darkness was also observed in diatoms on the proteomic level (Bai et al., 2016; Kennedy et al., 2019). Apart from the repression of genes correlated to LHCs, we did not detect DEGs coding for photosystems and parts of the electron transport chain except one downregulated gene encoding ferredoxin–NADP reductase in 4°C_Dark. After checking the TPM of genes in the light treatments, over 20 genes at 0 and 4°C encoding LHCs had TPM value above the averaged TPM value (20.47 in 0°C_Light and 20.04 in 4°C_Light, Supplementary Table S6). LHC, as a light receptor, captures and delivers excitation energy to photosystems. The abundance of LHC genes might enable S. latissima to adjust its photosynthetic efficiency more flexibly when facing adverse abiotic stress. DEGs related to light-dependent carbon fixation were also limited, which is in accordance with a previous study showing the maintenance of Rubisco content in polar diatoms after 1-month dark exposure (Lacour et al., 2019). In our study, Fv/Fm did not change among treatments. Fv/Fm represents the maximum capacity for absorbed photons conversion into electron transport in photosystem II, and, hence, reflects the overall status of the photochemical machinery (Hanelt, 2018). Scheschonk et al. (2019) also found that field S. latissima can keep stable Fv/Fm during the polar night. In contrast, more laboratory studies observed the decrease of photochemistry potential in algae under darkness with indicators such as Fv/Fm and maximum photosystem II electron transport rate (ETRmax; Lüder et al., 2002; Wulff et al., 2008; Reeves et al., 2011). Lacour et al. (2019) inferred that the decrease of photochemistry is a regulated response to darkness rather than reflecting damage or degradation of photosystem II. Indeed, regardless of the reduced potential for photochemistry in darkness, most of the studies showed that algae can increase fluorescence performances quickly after re-illumination (Lüder et al., 2002; Nymark et al., 2013; Kennedy et al., 2019). Hence, we infer that S. latissima downregulates the expression of some LHCs to reduce any unnecessary energy loss during darkness, while it still keeps the constant expression of photosystem, ETC, carbon fixation, as well as part of LHCs so that it can restore photosynthesis right after the light comes back at the end of the polar night.

The small number of DEGs related to pigment metabolism, combined with the higher contents of Chl a and Acc in dark treatments proved that S. latissima can synthesize pigments in darkness. Several studies also observed that pigments can rise at the first period of darkness (Bird et al., 1982; Lüder et al., 2002; Reeves et al., 2011), and more laboratory studies found that chlorophylls kept stable under 1 to 6-months dark exposure (Weykam et al., 1997; Montechiaro and Giordano, 2006; Naik and Anil, 2018). Sheath et al. (1977) demonstrated that the red alga Porphyra leucosticta can synthesize Chl a in the darkness at rates comparable with those in the light. In the current climate scenario, field investigations showed that S. latissima can maintain pigment content during 4 months of polar night, as shown for the contents of Chl a and antenna pigments (Scheschonk et al., 2019). The small variation of DEGs related to pigment metabolisms in our study is in agreement with above observations, indicating that S. latissima is well adapted to the low light and keeps the pigment metabolism in darkness to preserve the photosynthetic apparatus. This ability also helps algae to resume photosynthesis quickly after re-illumination (Weykam et al., 1997).



Repression of Metabolite Biosynthesis

The biosynthesis of polysaccharides (both structure and storage polysaccharides) were widely inhibited in darkness, likely accounting for the low RGRs in darkness. For storage polysaccharides, brown algae feature a unique carbohydrate metabolism that in the outflow of Calvin cycle they use fructose-6-phosphate to produce mannitol instead of sucrose in higher plants (Michel et al., 2010a). Meanwhile, brown algae possess unique carbon storage polysaccharides laminaran (Percival and Ross, 1951). All genes related to the biosynthesis of mannitol and laminaran were downregulated in both treatments, 0°C_Dark and 4°C_Dark. For the function of structure, alginates, fucoidans, and cellulose are three main polysaccharides in the cell wall of brown algae (Michel et al., 2010b). 0°C_Dark showed 9 repressed genes involved in the metabolism of these three polysaccharides, whereas 4°C_Dark only repressed 4 genes connected to alginates biosynthesis, suggesting that low temperature inhibited the biosynthesis of cell wall polysaccharides. Several mannuronan C-5-epimerases, catalyzing mannuronan to alginate (Michel et al., 2010b), were also upregulated in both darkness treatments. These differential regulations of mannuronan C-5-epimerases might highlight the multi-functions of mannuronan C-5-epimerases in S. latissima during the acclimation to darkness.

Decreased biosynthesis of metabolites was also reflected by the regulation of nitrogen assimilation. Firstly, several nitrate and ammonium transports were repressed, indicating S. latissima reduced its investment for very costly absorbing nitrogen from environments in darkness. Subsequently, the nitrate reductase [NADH], responsible for the reduction of nitrate to nitrite, was also repressed in darkness. The downregulated genes related to amino acids and amine biosynthesis, such as threonine synthase, suggested that S. latissima reduced the biosynthesis of amino acid in darkness, which is in accordance with the low RGR in darkness. Such a decrease of nitrogen assimilation under darkness is also found by Bai et al. (2016), who observed nitrate reductase and glutamine synthetase were downregulated in marine diatom Thalassiosira pseudonana after 4 days dark stress. Similarly, the decrease of fatty acids, as well as the storage and membrane lipids biosynthesis might also contribute to the low RGRs in darkness.



Glycolysis and Respiration

Organisms obtain energy (ATP) from glycolysis and respiration to support their metabolic demands (Nelson and Cox, 2005). The repression of several glycolysis-related genes suggests that S. latissima tends to reduce the consumption of carbohydrates to save energy under prolonged darkness. Mundt et al. (2019) also found that genes encoding for key components of glycolysis were mainly repressed in Cosmarium crenatum after 1-week dark exposure. Additionally, 4°C_Dark exposure repressed more genes related to glycolysis compared to 0°C_Dark, suggesting that increased temperature exaggerates the repression of glycolysis in darkness. Cellular respiration includes three main stages: the production of acetyl-CoA, the oxidation of acetyl-CoA via citric acid cycle, the electron transfer and oxidative phosphorylation (Nelson and Cox, 2005). In our detection of DEGs related to respiration, only one gene encoding cytochrome c was downregulated in both dark treatments. Cytochrome c is the component of the electron transport chain in mitochondria, transferring electrons from complex III to complex IV and reducing O2 to H2O (Nelson and Cox, 2005). The downregulation of cytochrome c, which is a key regulating step in mitochondrial respiration, could suggest a decrease in the respiration rate in darkness compared to light conditions, although this might be corroborated with physiological measurements. Mundt et al. (2019) further found that genes encoding other enzymes and membrane complexes involved in oxidative phosphorylation were downregulated after 1-week in darkness. In contrast, Kennedy et al. (2019) observed that proteins involved in the citric acid cycle and mitochondrial electron transfer chain were generally upregulated in the sea-ice diatom F. cylindrus during 120-day of dark exposure. Such different observations illustrate that the response of respiration to darkness might be different due to the period of dark exposure, species and methodology, and therefore need to be carefully evaluated. Physiological measurements also showed that algae have different respiration rates in darkness (Henley and Dunton, 1997; Weykam et al., 1997; Borum et al., 2002; Montechiaro and Giordano, 2006). For example, the meristem of Laminaria solidungula increased respiration rate while S. latissima kept stable oxygen consumption at the end of the polar night (Scheschonk et al., 2019). Back to our results, the limited DEGs related to respiration versus the reduction of glycolysis suggest that the source of acetyl-CoA for respiration might be changed during the dark acclimation. A possible source for compensation might be from lipids as reflected by the upregulation of enzymes about lipid catabolism and fatty acid β-oxidation in 0°C_Dark.



Stress Responses and Signaling

Organisms produce enhanced reactive oxygen species (ROS) production when they are under abiotic stress (Dring, 2005). Excessive ROS, if their accumulation is exceeding the antioxidant capacity of cells, inhibit photosynthesis and destruct cell components by oxidizing lipids, proteins and nucleic acids (Bartsch et al., 2008). Hence the ability of scavenging ROS plays a crucial role for organisms to adapt to different environments. Peroxiredoxin is prevalent as thioredoxin- or glutaredoxin-dependent peroxidase and functions in reducing organic and inorganic hydroperoxides (Rouhier et al., 2004). L-ascorbate peroxidase can detoxify hydrogen peroxide in the ascorbate-glutathione cycle (Noctor and Foyer, 1998). Both enzymes are important for ROS scavenging, and their downregulation might be due to the fact that photosynthesis, a source of ROS (Mittler, 2002), cannot be conducted in S. latissima during darkness. Consequently, S. latissima suffers less from ROS stress under darkness and saves the energy for synthesizing these two enzymes. Another possible reason might be that the bromoperoxidases play the main role in scavenging ROS in S. latissima, reflected by the upregulation of genes encoding vanadium-dependent bromoperoxidase (vBPO) in both darkness treatments. Haloperoxidases catalyze H2O2 to oxidize halide ions, forming hypohalous acids (Wang et al., 2014). They are regarded as alternative key enzymes for managing oxidative stress in kelps (Bischof and Rautenberger, 2012) and found to be induced in response to different physiological stress, e.g., osmotic (Teo et al., 2009) and temperature stress (Mehrtens and Laturnus, 1997).

Signal transduction is a complex network and important for organisms when facing abiotic stress, since it perceives environmental signals and transmits the signals to the cellular machinery to initiate adaptive reactions (Xiong et al., 2002). In our study, several WSC-domain proteins were upregulated in darkness. The CWI and stress response component (WSC) domain was originally identified in the WSC-family protein of the yeast Saccharomyces cerevisiae (Oide et al., 2019), which has been found in proteins of multiple origins, such as fungi, metazoans, and mammals. In brown algae, the genome of Ectocarpus siliculosus showed that the WSC domain family is one of the largest protein domain families, with 115 genes containing at least one WSC module (Cock et al., 2010). WSC-domain containing proteins are the cell-surface sensors of CWI signaling pathway which detects and responds to cell wall stress induced by various environmental challenges (Levin, 2011). As we discussed above, darkness induced the differential expressions of cell wall polysaccharides, such fluctuations might affect the CWI. Hence, we infer that the WSC-domain proteins might have an important role in sensing the light conditions and transfer the signal to the downstream signaling pathway in S. latissima. Additionally, both 0°C_Dark and 4°C_Dark upregulated a gene encoding CBL-interacting protein kinase. Calcineurin B-like protein (CBL) – interacting protein kinase (CIPK) decodes calcium signals and occupies a vital regulated position of plants in response to different abiotic stress (Kim et al., 2003; Mao et al., 2016). Previous studies found that CBL-CIPK works as the regulator of membrane channel and nutrient transporters to regulate the ion homeostasis, such as sodium (Na+; Shi et al., 2002) and nitrate (NO3–; Ho et al., 2009; Léran et al., 2015). In conclusion, above responses of S. latissima highlight the possible signaling pathway for kelps to adapt to prolonged darkness.



Energy Source and Carbon Replenishment

Mannitol and laminaran are main storage carbohydrate in brown algae, which can be interconverted to each other (Yamaguchi et al., 1966). As summarized by Gómez and Huovinen (2012), mannitol, released from laminaran in distal regions, can be transported to meristematic parts and fueled the kelps’ growth. Previous studies showed that kelps depend on the storage polysaccharide laminaran to maintain basic metabolism during the polar night (Dunton and Schell, 1986; Henley and Dunton, 1995). A field study showed that laminaran was reduced by 96% and mannitol was reduced by 55% in S. latissima after 4 months of the polar night, indicating laminaran is a crucial energy source for kelp in darkness (Scheschonk et al., 2019). The degradation of laminaran is catalyzed by endo-1,3-beta-glucanase, then the laminaran oligosaccharide can be further hydrolyzed by beta-glucosidase (Michel et al., 2010a). In our study, even though 4°C_Dark downregulated two genes encoding beta-glucosidase, their TPM values were generally low in four treatments (Supplementary Table S5). In contrast, the upregulated gene encoding endo-1,3-beta-glucanase in 4°C_Dark had a relatively high TPM value (443.32), which might suggest that S. latissima utilized laminaran as an energy source during the darkness. Mannitol 2-dehydrogenase, responsible for the degradation of mannitol (Michel et al., 2010a), was also expressed but without significant difference. The TPM values showed that mannitol 2-dehydrogenase featured a relatively high TPM which is above the averaged TPM in the light treatments (Supplementary Table S5).

Three genes encoding lipase or the lipase precursor, and one gene encoding enoyl coenzyme A hydratase were induced in 0°C_Dark. Since no upregulated genes connected to lipid catabolism were detected in 4°C_Dark, we checked the TPM values of these four induced DEGs in 0°C_Dark among four treatments (Supplementary Table S5). Lipases are the enzymes that catalyze the hydrolysis of stored triacylglycerols (TAGs), releasing fatty acids for export to sites where they are required as fuel (Nelson and Cox, 2005). Enoyl coenzyme A hydratase is involved in the fatty acid β-oxidation (Poirier et al., 2006). Hence, the upregulation of these enzymes indicates that lipids might be another energy source in S. latissima under prolonged darkness. Mundt et al. (2019) also observed the inductions of lipases after 1-week darkness exposure in C. crenatum. The biochemical study further supports our findings, as Schaub et al. (2017) detected that Navicula cf. perminuta utilized 32% of its TAG at 0°C during 8 weeks of darkness.

Mannitol, as the main product of photosynthesis and basic substrate of carbon metabolism in brown algae (Yamaguchi et al., 1966), provides carbon substrates to synthesize amino acids, nucleotides and other essential metabolites through intermediates produced by pentose phosphate pathway and TCA cycle (Nelson and Cox, 2005). Since photosynthesis cannot be conducted in darkness, S. latissima need to replenish carbon intermediates to complete the basic metabolic activity. In brown algae, LICF is a way to replenish carbon intermediates (Gómez and Huovinen, 2012). PEPC and PEPCK are two key enzymes in LICF. However, we did not find PEPCK in our expression library, and PEPC was downregulated in 4°C_Dark. On the contrary, the upregulation of isocitrate lyase and malate synthase, as well as the lipid catabolism in 0°C_Dark might indicate that S. latissima utilized storage lipids to remedy the carbon shortage via pathways of glyoxylate cycle and gluconeogenesis. The glyoxylate cycle participates in the conversion of lipids to carbohydrates, serving as a primary nutrient source and providing the biosynthetic precursors prior to the commencement of photosynthesis in plant seedlings (Eastmond et al., 2000). Isocitrate lyase and malate synthase are two unique enzymes in the glyoxylate cycle (Dunn et al., 2009). Isocitrate lyase cleaves isocitrate to glyoxylate (Smith and Gunsalus, 1954) and succinate, and malate synthase converts acetyl-CoA and glyoxylate to malate (Kornberg, 1966). In organisms, the production of fructose 6-phosphate from stored lipids is integrated by three reaction sequences, which are glyoxylate cycle in glyoxysomes, TCA cycle in mitochondria, and gluconeogenesis in the cytosol (Nelson and Cox, 2005). The succinate produced by the glyoxylate cycle needs to pass from glyoxysome into mitochondria, then to be converted to oxaloacetate for the following sequences. Consequently, the upregulations of succinate/fumarate mitochondrial transporter in 4°C_Dark might also suggest that darkness induced the glyoxylate cycle in S. latissima. Another evidence for the increased gluconeogenesis is that two genes encoding phosphoglycerate kinase were upregulated in 4°C_Dark. Phosphoglycerate kinase has different isoforms involved in different pathways, i.e., glycolysis, gluconeogenesis, and Calvin cycle (Rosa-Téllez et al., 2018); the upregulated phosphoglycerate kinases were most likely involved in the pathway of gluconeogenesis as another two pathways are supposed to be downregulated under darkness.



Ecological Implication

Arctic kelps are facing increased temperature conditions during the polar night. Hence the adaptive capacity of kelps to enhanced temperature under prolonged darkness is critical to survive in the future scenarios of climate change. Previous studies suggest that Arctic and Antarctic phytoplankton can grow at maximum 6°C above natural environmental conditions and become severely impaired at higher temperatures (Reeves et al., 2011; Martin et al., 2012). Our study also shows that the increased temperature from 0 to 4°C had no significant effect on the RGRs. It should be clarified that, prior to the experiment, the sporophytes were cultured at 12°C for nearly 5 months. Although we have conducted a sequential temperature-acclimation to minimize its effect, this relatively high temperature cultivation could potentially affect the performances of sporophytes and their comparisons between 0 and 4°C. Hence the non-significance of RGRs between 0 and 4°C, as well as the limited DEGs between two temperatures should be carefully evaluated. In addition, due to the longer acclimation period of 0°C treatments, the sporophytes at 0°C were older than sporophytes at 4°C, specifically with wider and less colored thalli (Supplementary Figure S1), which might potentially lead to the higher pigment contents at 4°C than at 0°C. At the transcriptomic level, 4°C_Dark (compared to 4°C_Light) induced more downregulation of genes than 0°C_Dark (compared to 0°C_Light). When comparing 4°C_Dark directly to 0°C_Dark, 4°C_Dark also had more downregulated genes (143) than upregulated genes (74). On one hand, this indicates that the transcriptomic responses are more sensitive than the physiological responses, which is in accordance with the observation of Heinrich et al. (2015). On the other hand, S. latissima might repress transcriptomic activities to reduce enhanced metabolism stimulated by temperature increase, so that it can reduce energy consumption as much as possible in darkness. In fact, current Arctic sea temperature is below the optimum growth temperature of S. latissima, which is from 10 to 15°C (Fortes and Lüning, 1980). In our study, 0°C_Dark upregulated three genes related to stress response (i.e., vanadium-dependent bromoperoxidase and glutathione S-transferase) compared to 4°C_Dark, suggesting that S. latissima might face more severely oxidative stress at 0°C than at 4°C. Hence the moderate temperature increase could possibly help kelp to reduce energy consumption to restore the adverse effects of chilling temperature. At the end of 21st century, the ocean surface warming is projected to vary from about 0.5°C to more than 3°C upon different emission scenarios (IPCC, 2013), which is also below the favor temperature of S. latissima. Li et al. (2020) showed that S. latissima originating from Kongsfjorden grew better at 15 and 8°C than at 0°C. Hence, the increased temperature can help the perennial kelp S. latissima to produce and accumulate more storage compounds during the light season, but in turn accelerates the consumption of compounds during the polar night. As a result, maintaining a positive balance between accumulation and consumption of organic compounds can help kelp survive in the Arctic. Our data indicates that kelp reduce the energetic cost by downregulation of transcriptomes in darkness at 4°C and gives insight into the survival strategy of kelp during the dark acclimation (Figure 5). Even though 2-week dark exposure represents one-tenth of the period of the polar night, our results clearly illustrate the adaptive responses in kelp at the onset of the polar night. A longer dark exposure would presumably help to intensify the effect of increased temperature in kelp performance during the polar night. The investigation of organic carbon metabolism throughout the year could also help to study the final carbon balance of S. latissima. Moreover, Saccharina latissima, as a season responder, grows mostly during a brief period in early spring, when light and temperature increase, and nutrients are not yet depleted by phytoplankton blooms (Bischof et al., 2019). Therefore, the survival of sporophytes under warming conditions would be much clearer if the sporophytes were subjected to a light recovery after the dark incubation.


[image: image]

FIGURE 5. Simplified model explaining the possible survival strategy of Saccharina latissima in darkness. The lowered expression of photosynthetic components, transporter, glycolysis, and metabolite biosynthesis indicates that S. latissima maintained a low metabolic state to decrease the consumption of storage compounds and energy. The upregulation of genes related to lipid/laminaran catabolism and the glyoxylate cycle suggests that S. latissima might use lipid/laminaran as energy sources and replenish carbon substrates via the glyoxylate cycle. Meanwhile, some stress- and signal- related proteins were activated, reflecting that the metabolic states were changing during the acclimation to prolonged darkness. The abbreviations in the yellow circle represent typical differentially expressed genes (DEGs) in each category. Lipid/laminaran catabolism: ECH, enoyl coenzyme A hydratase; EGN, endo-1,3-beta-glucanase, family GH81; LIP, lipase; Signaling and stress responses: CIPKV, CBL-interacting protein kinase; WSCD, WSC domain-containing protein; Glyoxylate cycle: ICL, isocitrate lyase; MASY, malate synthase; Photosynthetic component: FENR, ferredoxin-NADP reductase; L1818, chlorophyll a-b binding protein L1818; Metabolites biosynthesis: FAD, delta (12)-fatty-acid desaturase; GCS, 1,3-beta-glucan synthase; TSAL, L-threonine ammonia-lyase; Glycolysis: ENO, enolase; FBA, fructose-bisphosphate aldolase; G3P, glyceraldehyde-3-phosphate dehydrogenase; Transporter: AMT, ammonium transporter 1 member 2; NRT, high affinity nitrate transporter; ZupT, zinc transporter ZupT.
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Stress response and signaling
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TRINITY_DN26076_c0_g1 Calcium-dependent protein kinase 29 1.9e-55 2.04 -
TRINITY_DN26409_c4_g2 Serine carboxypeptidase 24 7.3e-13 3.14 2.34
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