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Gracilariopsis lemaneiformis, an important commercial red macroalga, is facing significant impacts from global warming, which limits algal growth and yield in China. Polyamines (PAs), spermidine (SPD) and spermine (SPM), are ubiquitous polycations important for growth and environmental stress responses including high temperature (HT) tolerance. Spermidine synthase (SPDS) gene is one of the important genes in higher PA biosynthesis, which plays critical roles in HT stress response. Here, we isolated an SPDS gene from G. lemaneiformis and further analyzed its phylogenetic tree, subcellular localization, and gene expression patterns under stress conditions. Meanwhile, supplemented with SPD and SPM were used to study the effects of PAs on HT tolerance in G. lemaneiformis. It showed exogenous 0.5 mM SPD and SPM, respectively, remarkably improved the algal relative growth rate (RGR) compared to those in the CK treatment groups under HT conditions. In addition, they both significantly elevated the activities of antioxidant enzymes and significantly upregulated the expression of genes encoding antioxidant enzymes, triggered transcription factors (TFs) signaling, and improved the expression of genes encoding small heat shock proteins (sHSP20s) during HT stress. Moreover, exogenous PA also enhanced the expression of genes involved in pyruvate metabolism, ascorbate and aldarate metabolism, and nucleotide excision repair in G. lemaneiformis, which helped to maintain better energy supply, redox homeostasis, and genome integrity under HT stress. Taken together, these data provided valuable information for functional characterization of specific gene in endogenous PA synthesis and uncovered the importance of exogenous PAs in promoting algae adaptation to HT stress.
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1 Introduction

Gracilariopsis lemaneiformis, one of the marine red algae from the Rhodophyta, is an important source of nutrients for both abalone and humans (Zou et al., 2004). It has high content and quality of agar and is regarded as the most important commercial species that cultivated in several countries and regions, especially in Fujian and Guangdong provinces in southern China (Fu and Kim, 2010; Zou and Gao, 2014). Additionally, G. lemaneiformis is also effective in decreasing eutrophication, playing pivotal roles in marine ecological restoration (Yang et al., 2015; Luo et al.,  2020).

However, climatic changes induced continuing temperature rise in surface oceans exerts a detrimental effect on G. lemaneiformis, particularly in summer time on the southern coast of China. As is known, the wild G. lemaneiformis can growth prolifically under the temperature range of 10°C to 23°C, once beyond the upper limit its production may be reduced or even cease (Lv et al., 2019). Many studies showed high temperature (HT) stress could induce overaccumulation of reactive oxygen species (ROS) in algae, which oxidizes cellular components of lipids, proteins, and nucleic acids, and brings damage to cellmembranes (Zhang et al., 2020; Zhang et al., 2021). Under these circumstances, algae and plants may upregulate the activities of antioxidant enzymes to decrease the malondialdehyde (MDA) content and thereby reduce membrane damage (Mittler et al., 2004; Wang et al., 2018b). Moreover, in response to HT stress, systemic regulation of genes including many transcription factors, such as the basic/helix–loop–helix (bHLH), basic leucine zipper (bZIP), and the v-myb avian myeloblastosis viral oncogene homolog (MYB) family genes (Singh et al., 2002; Wang et al., 2018a), and as well as stress-responsive genes encoding heat shock proteins (HSPs; Kobayashi et al., 2014), play pivotal roles in plant HT stress adaptation.

Using exogenous protectants such as plant hormones, amino acids, vitamins, and signaling molecules are now common in research and is expected to enhance stress tolerance in algae (Xie et al., 2013; Hou et al., 2018; Zhang et al., 2020). As a bioactive substance, polyamines (PAs) mainly putrescine (PUT), spermidine (SPD), and spermine (SPM) can act as “stress-relievers” under different types of abiotic stresses (Wang et al., 2019; Alcazar et al., 2020). Exogenous PAs has been found to enhance abiotic tolerance to salt damage, heavy metal (Cu, Fe, and Ni) stress, dehydration and flooding stress, chilling, and heat stress in various species (Gill and Tuteja, 2010a; Alcazar et al., 2020). Especially in terms of heat stress, many researches have reported that PA treatment can alleviate the heat injury of wheat grain filling and improve heat tolerance by upregulating HSP genes, enhancing antioxidant defense efficiency and chlorophyll metabolism, and modulating endogenous starch and polyamine metabolism in Arabidopsis, rice, and tomato (Sagor et al., 2013; Fu et al., 2019; Jing et al., 2020; Jahan et al., 2022). Currently, compared with higher plants, the roles of exogenous PA in response to HT stress in algae, particularly G. lemaneiformis, are not yet known.

Moreover, we have to mention that the PA biosynthetic genes such as spermidine synthase (SPDS) and spermine synthase (SPMS) genes also play vital roles in abiotic stress by acquiring SPDS/SPMS-transgenic plants. Overexpressing SPDS in the marine cyanobacteria Synechococcus sp. PCC 7942 showed a better growth and photosynthetic efficiency together with the tolerance against osmotic stress (Pothipongsa et al., 2016). As for the synthesis of SPD and SPM, it requires the enzyme SPDS to add an aminopropyl moiety to PUT, hence forming SPD, while the enzyme SPMS adds an aminopropyl group to SPD and convert it to SPM. SPDS was the ancestral enzyme in all three domains of life, and SPMS, evolved from the duplication of SPDS, appear to be limited to the flowering plants (angiosperms; Minguet et al., 2008). However, previous studies showed that all the ancient organisms, such as archea, algae, and moss, contain no SPMS sequences (Pegg and Michael, 2010), so there is no SPMS gene in G. lemaneiformis. Therefore, the SPDS-encoding gene that is responsible for PA synthesis and its response to abiotic stress in G. lemaneiformis are needed to be uncovered.In this study, we characterized a G. lemaneiformis spermidine synthase (SPDS) gene which was strongly induced by high temperature. We speculated it might be responsible for the heat tolerance and extend the potential of genetic engineering using the SPDS gene to obtain algae with higher tolerance to HT stress. Further we investigated the possible involvement of exogenous SPD and SPM in G. lemaneiformis resistance to high temperature stress in G. lemaneiformis. To elucidate its possible mechanisms, we employed RNA-Seq to study the genome-wide expression profiles during HT acclimation for 24 h and characterized of the biological pathways based on the transcriptome profile. It indicated the underlying role of SPD and SPM in alleviating of HT stress in G. lemaneiformis through antioxidant defense, the heat shock response, TF signaling, and DNA repair mechanism, which allowed the algae to adapt to high temperature.



2 Materials and Methods


2.1 Algal Culture and Stress Treatment

Sample of G. lemaneiformis was collected from Ningde, Fujian Province of China. The cleaned algae thalli were domesticated under laboratory conditions at 23°C and 25 salinity (CK or the control group) in a 12:12 light–dark regime in an incubator with 30 μmol photons m−2 s−1 light intensity. For analysis of gene expression, algal thalli were subjected to 33°C conditions (day/night) for high temperature (HT, 33°C) treatment. For other abiotic stress treatment, we designed as follows: low temperature (LT, 13°C), high salinity (HS, 35 salinity) and low salinity (LS, 15 salinity). Samples were collected at indicated time points after treatment. Each treatment with three biological replicates.



2.2 Identification of Spermidine Synthase Gene and Bioinformatics Analyses

Sequence of spermidine synthase gene is searched in the genome database using a local BLAST method. The isoelectric point and molecular weight were predicted with the help of the Compute pI/Mw tool on the ExPASy Proteomics Server (http://expasy.org/). Sequence alignment of protein sequences was performed using the Clustal W program. Phylogenetic trees were constructed using the neighbor-joining (NJ) method of the MEGA6 program with the p-distance and complete deletion option parameters. Bootstrap analysis with 1,000 replicates was also conducted in order to obtain the reliability for the branches.



2.3 Subcellular Localization and Western Blot Detection of GlSPDS

Coding sequence of GlSPDS, amplified using a pair of primers GlSPDS-GFP-F/R (Supplementary Table S1), was inserted into pCAMBIA2300-GFP vector, yielding p pCAMBIA2300-GFP : GlSPDS. The sequence-verified pCAMBIA2300-GlSPDS construct and the empty vector pCAMBIA2300-GFP were introduced into Agrobacterium tumefaciens strain GV3101. Four-week-old Nicotiana benthamiana plants were infiltrated with agrobacteria carrying different constructs and grew at 25°C for 48 h. Microscopic observation was performed using a ZeissLSM-780 microscope (Carl Zeiss, Germany) and representative photographs were taken.

Leaf discs, at 48 h after agroinfiltration, were ground into 200 μl lysis buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM DDT, 0.1% (v/v) Triton X-100, 1 mM PMSF, and 1× protease inhibitor cocktail from Sigma). The samples with loading buffer were boiled for 5 min and subsequently centrifuged at10,000×g for 10 min at 4°C. Proteins (20 μL) were separated on a 12% SDS-PAGE gel and transferred onto PVDF membrane by semi-dry transfer. Detection of GFP was performed using a polyclonal rabbit anti-GFP antibody (1:5,000 dilution; GenScript, Nanjing, China) and a horseradish peroxidase (HRP)-conjugated anti-rabbit antibody (1:10,000 dilution; GenScript, Nanjing, China) according to the manufacturer’s instructions. Proteins on PVDF membranes were detected by SuperSignalWest Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, USA). Tanon automatic gel imaging system (Tianneng Corporation, Shanghai, China) was used for image acquisition.



2.4 Expression of HIS-GlSPDS Fusion Protein in the Escherichia coli Strain Rosetta (DE3)

The coding sequence of GlSPDS was amplified with gene-specific primers and was cloned into pET32a vector, yielding pET32a-GlSPDS, to make the His-GlSPDS fusion protein, then was introduced into the E. coli Rosetta strain (Novagen, San Diego, CA, USA). E. coli strain carrying pET32a-GlSPDS was grown at 37°C with shaking (220 rpm) in Luria–Bertani (LB) liquid medium to OD600 = 0.5 and were induced at 28°C for 4–6 h by the addition of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Then cell supernatant was collected for ultrasonication to release target protein and further performed with a 12% SDS-PAGE, subsequently followed by Coomassie brilliant blue G-250-based assay for the visualization of His-GlSPDS fusion protein.



2.5 Exogenous PAs Treatments and Relative Growth Rate Analysis

Algal growth media were supplemented with SPD and SPM at the indicated concentrations (0.5 mM), which was chosen based on a preliminary test with a range of concentrations (0, 0.1, 0.5, and 1 mM). Then algal thalli were subjected to 30°C conditions (day/night) with or without SPD and SPM treatment, respectively, for variable time periods. The high temperature (30°C) we chose for the following physiological experiment based on Lv et al. (2019), which is more closer to high temperature stress in natural environment. The experiment had at least three treatments, and each treatment had three replicates.

The effects of SPD and SPM on algal growth at high temperatures were evaluated by measuring the weight of G. lemaneiformis after 7 days of 30°C treatment with or without PAs in the seawater medium. The RGR was calculated according to the formula as follows:RGR (% d-1) = ln (Wt/W0)/t×100 (Wt represents the weight after t days treatment, W0 is the weight of initial treatment, and t refers to the treatment time (d).



2.6 MDA and Antioxidant Enzyme Activity Measurements

The content of MDA was measured as described by Kumari et al. (2015). Briefly, for each sample, algae thalli (0.1 g) were powdered in liquid nitrogen and were homogenized in 2 mL 10% (w/v) trichloroacetic acid (TCA) and centrifuged at 10,000×g for 15 min, after which 1 mL supernatant was mixed with the reagents in an MDA assay kit (Jianchengbio, Nanjing, China), heated at 95°C for 30 min in a water bath and then quickly cooled in an ice bath. After centrifugation at 10,000×g for 10 min, the absorbance was measured at 532 nm using a spectrophotometer (UV-6100, METASH, Shanghai, China).



2.7 RNA Extraction, Sequencing, and Differentially Expressed Gene Analysis

Total RNA was extracted from G. lemaneiformis thalli after a 30°C treatment for 24 h using the RNeasy Plant Mini Kit (Qiagen, Shanghai, China) according to the manufacturer’s instructions. Briefly, the quality and quantification of RNA were separately determined by agarose gel electrophoresis and a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). More accurate RNA quantification was performed by an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) for 28S/18S and RNA integrity number (RIN). The data of the RNA quality and quantification are listed in Supplementary Table S2.

For RNA sequencing, nine cDNA libraries from three treatments (0, SPD and SPM) of algal samples for 24 h under 30°C were used to generate 391 million PE reads. Sequencing was carried out on each library to generate 150 bp PE reads for transcriptome sequencing on an MGISEQ-2000 platform (MGI-Shenzhen, China). Clean reads were mapped to the previously assembled reference genes by using Bowtie2 software (Langmead and Salzberg, 2012). The DEGs were identified using the DESeq analysis (Wang et al., 2010). The criteria of adjusted p value ≤0.001 and log2 (fold change) ≥1 were set as the threshold for DEGs. GO and KEGG enrichment analyses were performed using Phyper based on hypergeometric tests.



2.8 Verification of Sequencing Results by Quantitative Real-Time PCR

To verify the reliability of the RNA-seq data, ten genes were selected for validation by qRT-PCR. Total RNA for each sample was prepared as described in 2.4. cDNA was synthesized using the HiScript II Q RT SuperMix for qPCR (Vazyme, Nanjing, China) according to the manufacturer’s instructions. The cDNA was diluted and amplified using an ABI7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) and ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China)according to the manufacturer’s instructions. The reaction conditions were 95°C for 30 s, followed by 40cycles of 95°C for 10 s, 60°C for 30 s and 72°C for 10 s. qRT-PCR analysis included three independent technical repeats with three biological replicates. The relative expression level of genes was determined by the 2−ΔΔCT method using 18S rRNA as the respective reference gene. The primers for qPCR are listed in Supplementary Table S2.



2.9 Statistical Analysis

The data are expressed as the mean and standard deviation. The significance of differences between treatments was determined with SPSS (version 22.0, SPSS Institute, Chicago, USA) using Duncan’s multiple range test at the p < 0.05 level of significance.




3 Results


3.1 Spermidine Synthase Gene in G. lemaneiformis


3.1.1 Bioinformatics Analysis of GlSPDS

Firstly, we obtained full-length ORF of SPDS gene based on genome annotation and the full-length transcriptome of G. lemaneiformis. It contains an ORF of 855 bp that encodes a polypeptideof 284 amino acids. The detailed information concerning molecular mass and isoelectric point is also listed in Table 1. The protein domain analysis of SPDS shows that it contains the spermidine synthase tetramerization domain (Spermine_synt_N) and the spermidine synthase domain (Spermidine_synth) based on protein sequence analysis by Pfam matches (Supplementary Figure S1). Blastp search against NCBI showed that the amino acid sequence had 100% identity to the spermidine synthase in Gracilariopsis chorda.(PXF47790.1). Thus, we referred to the protein as GlSPDS that converts put rescine to spermidine.

To analyze the homology of SPDS gene between algal and higher plant, sequence alignment and phylogenetic tree analysis were performed (Figure 1 and Supplementary Figure S1B). In the present study, we chose 19 representative SPDS/SPMS protein sequences from higher plants (7) and algae (12) to assess their sequence similarity. Phylogenetic tree and pairwise distances analysis showed that GlSPDS had the most close homology with SPDS1 in Thalassiosira pseudonana and Phaeodactylum tricornutum, which were clustered into one subgroup (Figure 1 and Supplementary Figure S2A). Alignment of GlSPDS with other SPDS/SPMS proteins showed that the GlSPDS shared conserved domain regions, confirmed the close relationship between plants and algae (Supplementary Figure S2). Since SPDS/SPMS all contained the conserved spermine_synth domain, which are important for catalytic activity.




Figure 1 | Phylogenetic tree analysis of GlSPDS with other algae and plant SPDSs. Phylogenetic tree was constructed by neighbor-joining method using MEGA6 program. Percentage bootstrap values of 1,000 replications are indicated at each node. Public database accession numbers of SPDS proteins are shown following the protein nomenclature.





3.1.2 Responsiveness of GlSPDS to Stress

The justification on the selection of stress treatments can be referred to Lv et al. (2019). We examined the responsiveness of GlSPDS to high temperature stress. As shown in Figure 2, the expression level of GlSPDS in CK treatment remained almost unchanged during a period of 48 h, whereas the expression level in HT-treated algae increased significantly, leading to an approximately fivefold increase over that in CK-treated algae at 6 h, particularly. Moreover, we also analyzed the expression changes of GlSPDS gene to other abiotic stress such as low temperature (LT), high salinity (HS), and low salinity (LS). The expressions of GlSPDS were induced significantly with peaks at 6 or 12 h, which shared almost similar expression patterns with that under HT stress (Supplementary Figure S3). These results indicate that the GlSPDS gene can respond to a wide array of abiotic stresses.




Figure 2 | Expression of GlSPDS in response to high temperature (HT) stress. Algal samples with HT treatment and control treatment in an incubator were collected at indicated time points for analysis of gene expression. 18S Actin was used as an internal reference gene and relative expression was shown as folds of the transcript value of the 18S Actin gene. Data presented are the means ± standard errors (SE) from three independent experiments.





3.1.3 Subcellular Localization of GlSPDS

Then we examined the subcellular localization of GlSPDS, the coding sequence of GlSPDS was fused in-frame with GFP in pCambia 2300-GFP vector and transiently expressed in leaves of N. benthamiana harboring a red nuclear marker RFP-H2B protein. Microscopic observations of the agroinfiltrated N. benthamiana leaves collected at 48 h after agroinfiltration revealed that the GFP-tagged GlSPDS fusion was localized to the nucleus and plasma membrane similar to GFP alone (Figure 3A). To verify that the fusion protein was successfully expressed in N. benthamiana and better confirm the predicted molecular weight of GlSPDS, we examined through western blotting the detection of the GFP tags in N. benthamiana leaves at 48 h after infiltration. As shown in Figure 3B, the GFP : GlSPDS fusion was detected as revealed by the band of ~60 kDa, while molecular weight of GFP is approximately 26 kDa. This is consistent with the predicted molecular mass 32 kDa, and prokaryotic expression of HIS : GlSPDS fusion protein (~45 kDa) also showed the reliability of this result (Supplementary Figure S4).




Figure 3 | Subcellular localization and western blotting detection of GlSPDS protein. (A) Subcellular localization of GlSPDS protein. Agrobacteria carrying pCambia 2300-GFP-GlSPDS or pCambia 2300-GFP were infiltrated into leaves of N. benthamiana expressing a red nucleus marker RFP-tagged histone H2B (H2B-RFP) and the images were taken at 48 h after infiltration under dark field for green fluorescence (left) and red fluorescence (middle right), white field for cell morphology (middle left) and in combination (right), respectively. (B) Western blotting detection of GlSPDS-GFP fusion protein. Total proteins were resolved by SDS-PAGE and probed with anti-GFP antibody.






3.2 Physiological Analysis of Exogenous PA on G. lemaneiformis Under High Temperature


3.2.1 Relative Growth Rate

Since the PA synthetic gene GlSPDS markedly response to high temperature, we aimed to reveal the role of exogenous PA [spermidine (SPD) and spermine (SPM)] on G. lemaneiformis under high temperature. As our previous study indicated, RGR of G. lemaneiformis at 30/30°C was significantly decreased compared with 23/23°C (Zhang et al., 2021). In the present study, we first examined whether SPD and SPM could alleviate HT-induced growth decline of G. lemaneiformis. Therefore, different concentrations (0, 0.1, 0.5, 1, and 2 mM) SPD and SPM were applied into G. lemaneiformis culture under HT stress, respectively. During our repeated experiments, we found that the algae thalli in the PA treatments (0.1 and 0.5 mM) after 14 days of heat stress exhibited an alleviated yellowing phenotype as compared with no PA treatments (0 mM PAs) in G. lemaneiformis, while 2 mM PA caused algal thalli to turn white due to an excessive concentration (Figure 4A), which might suggest an alleviating effect of relatively low concentration of PA on growth of G. lemaneiformis under HT stress. To further determine the most effective and economical concentration, we measured the RGR of algae thalli at day 7, it indicated that algae in 0.5 mM SPD and 0.5 mM SPM treatments was significantly greater than that of the control culture (0 mM PA), which suggested that the 0.5 mM PA did have the most obviously promoting effect (Figure 4B). Thus, 0.5 mM SPD/SPM was used in the following experiments.




Figure 4 | Effect of exogenous PA (SPD and SPM, respectively) at different concentrations on Glemaneiformis under HT stress. (A) Morphological changes of Glemaneiformis during different concentrations (0, 0.1, 0.5, 1, and 2 mM) of SPD and SPM for 14 days high temperature stress treatment. (B) The relative growth rate (RGR) of algae thalli during different concentrations (0, 0.1, 0.5, and 1 mM) of SPD at day 7. (C) The relative growth rate (RGR) of algae thalli during different concentrations (0, 0.1, 0.5, and 1 mM) ofSPM at day 7. Data presented are the means ± standard deviation (SD) from three independent experiments and the asterisk (*) above the columns indicates significant differences at the p < 0.05 level in the algae thalli under HT stress among the different concentrations of PAs treatments and the CK (without PA) treatment.





3.2.2 MDA and Antioxidant Enzyme Activities

To explore the possible role of exogenous application of SPD and SPM on membrane lipid peroxidation under HT stress, respectively, we measured the content of malondialdehyde (MDA) and antioxidant enzyme activities in thalli under HT with or without PA treatments after 1, 2, and 3 days of incubation. We found that heat stress increased MDA content and reduced the activities of superoxide dismutase (SOD) and catalase (CAT) after 3 days of treatment (Figure 5). However, exogenous supplementation of SPD and SPM, respectively, reduced the MDA content compared to CK groups under HT stress. SPD treatment increased the activities of SOD, CAT, and POD at day 1, 2, and 3, while PA-treated algae showed significant increased enzyme activities at day 2, particularly, when compared to control group at each time point under high temperature (Figures 5B, D). These data clearly revealed the positive function of SPD and SPM in enhancing algae thalli tolerance to HT stress by reducing ROS-induced membrane lipid peroxidation.




Figure 5 | Effect of PA on malondialdehyde (MDA) content and antioxidant activity under HT stress. (A) MDA contents, (B) superoxide dismutase (SOD) activities, (C) catalase (CAT) activities, and (D) peroxidase (POD) activities of Glemaneiformis under HT stress treatment. Data presented are the means ± SD from three independent experiments, and different letters above the columns indicate significant differences at *p < 0.05 and **p < 0.01, respectively.






3.3 Transcriptome Analysis


3.3.1 Sequence Assembly and Unigenes Annotation

To reveal the mechanism of the effect of PA in enhancing G. lemaneiformis tolerance to HT stress, the thalli from both the SPD, SPM, and CK groups after HT treatment for 24 h were subjected to RNA-seq analysis. Sequence analysis of G. lemaneiformis generated 21.57–21.66 M total clean reads from 9 samples and obtained a total of 22,950 unigenes. The detailed information of each sample was listed in Supplementary Table S4. Functional annotation of genes was achieved by mapping genes to different databases (TFs, PRG, KEGG, GO, and NR) using BLAST searches with an e-value cutoff of 1 × 10−5.



3.3.2 Gene Expression Comparison

PCA was performed to describe differences of RNA sequencing gene expression between the SPD, SPM, and CK groups at 24 h. In this study, significant transcriptional changes in G. lemaneiformis were observed under HT stress (Supplementary Figure S5A). Genes (2,524) were differentially expressed between SPD and CK at 24 h (1,153 increased and 1,371 decreased), and 3,927 genes were differentially expressed between SPM and CK at 24 h (2,217 increased and 1,710 decreased) as shown in Supplementary Figure S4B. Criteria of log2|fold change|≥1 and stringent FDR values ≤0.001 were used as thresholds to identify differentially expressed genes (DEGs). To validate the reliability of the RNA-Seq results, 11 unigenes were randomly selected from the DEGs for qRT-PCR analysis. The expression patterns of the 11 unigenes were generally in agreement with the RNA-Seq results (Supplementary Table S3).



3.3.3 GO and KEGG Pathway Analysis

To analyze the functions of the DEGs, GO and KEGG enrichment analyses were performed. GO analysis showed that many terms, including DNA metabolic process, DNA integration, membrane, peroxidase activity, etc., that enriched among the DEGs co-regulated both in SPD and SPM treatment, possibly suggesting the role of PA in response to HT stress at the DNA and cell membrane level (Supplementary Table S5). We then focused on the KEGG analysis, 11 most enriched KEGG pathways were discovered between SPD/SPM and CK at 24 h (Figure 6). Among them, there were 6 shared pathways including ascorbate and aldarate metabolism, glycolysis, starch and sucrose metabolism, pyruvate metabolism, betalain biosynthesis, and biotin metabolism at 24 h. These data indicated that most of the DEGs clustered into antioxidant systems and energy metabolism that helped us to reveal the following possible mechanism for the promoting effect of PA on G. lemaneiformis resistance to HT stress.




Figure 6 | Overview of transcriptome changes of PA-induced differentially expressed genes (DEGs) at 24 h under HT stress. (A) Enriched KEGG pathways of DEGs between the SPD (or SPM)-treated and CK groups at 24 h, respectively. (B) The common enriched KEGG pathways of SPD and SPM at 24 h, respectively. The values shown are the averages from three biological replicates.






3.4 Functional Analysis of DEGs


3.4.1 DEGs Encoding Antioxidant Enzymes

In our study, the expression of unigenes encoding ROS scavenging enzymes was significantly changed in G. lemaneiformis with SPD and SPM treatments under HT stress (Supplementary Table S6). Exogenous PA activated genes encoding ascorbate peroxidase (APX), catalase (CAT), peroxiredoxin (PRXR), and glutaredoxin (GRX) at 24 h under stress. For example, PA upregulated expression of APX (Log2 SPD/CK ≤ 5.21, Log2 SPM/CK ≤ 6.03) in different degrees. Exogenous SPD and SPM also remarkably elevated the expression of CAT gene with a log2 fold change of 5.55 and 7.28, respectively. Additionally, genes encoding peroxidase (POD) exhibited different expression patterns, while most unigenes were upregulated in PA-treated algae as was shown in Supplementary Table S6. In summary, these results indicated that most DEGs encoding ROS scavenging enzymes in G. lemaneiformis could be significantly changed by SPD and SPM under HT stress.



3.4.2 DEGs Involved in Ascorbate and Aldarate Metabolism

Ascorbate and aldarate metabolism is also an antioxidant defense-related pathway. In this process, it involves L-galactose 1-phosphate phosphatase (VTC4), L-galactose dehydrogenase (GalDH), L-galactono-1,4-lactone dehydrogenase (GLDH), and monodehydroascorbate reductase (NADH; Figure 7 and Supplementary Table S7). In our study, all the genes involved in ascorbate and aldarate metabolism were significantly upregulated at SPM treatment, while most of the unigenes encoding for VTC4 and NADH showed no significant changes in SPD-treated algae, when compared to CK group (0 mM PA) under high temperature. For example, SPM upregulated expression of VTC4, GalDH, and GLDH with a log2 fold change of 2.12, 1.09–2.07, and 2.05, respectively, while exogenous SPD slightly elevated those genes (Log2 SPD/CK ≤ 1.25). The detailed information of fold changes was listed in Supplementary Table S7.




Figure 7 | PA-induced transcriptomic changes of DEGs and pathways under HT stress. For DEGs analysis, the red font indicates upregulated genes between the PA-treated and CK groups. Each square represents the log2 FC level of the corresponding DEG at 24 h, respectively. A red square indicates upregulation and a blue square indicates downregulation. The ratios of gene expression levels between the PA-treated and CK groups are listed in Supplementary Table S8. Abbreviations: C2H2, cys2his2-type zinc-finger protein family; TIG, tetanus immune globulin family; FHA, fork head-associated domain (FHA domain) containing protein; bHLH, basic helix–loop–helix protein family; MYB, myeloblastosis family; AL, alfin-like transcription factor family; CAT, catalase; POD, peroxidase; APX, ascorbate peroxidase; GRX, glutaredoxin; PRXR, peroxiredoxins; HSP, heat shock protein.





3.4.3 DEGs Involved in Pyruvate Metabolism

According to the results of transcriptome analysis, many genes involved in pyruvate metabolism were significantly induced by SPD and SPM under heat stress. In the process, it referred to many enzymes such aspyruvate kinase (PK), malate dehydrogenase (MDH), malate dehydrogenase (ME), orthophosphate dikinase (PPDK), pyruvate dehydrogenase complex (PDH), and acetyl-CoA carboxylase (ACC; Figure 7). In the present study, almost all genes excluding PK were significantly upregulated both at SPD and SPM treatments. For example, exogenous PA upregulated expression of MDH with a log2 fold change of 1.2 (Log2 SPD/CK) and 1.06 (Log2 SPM/CK), while the expression of ME showed more varied fold changes (0.52 ≤ Log2 SPD/CK ≤ 5.08; 1.37 ≤ Log2 SPM/CK ≤ 4.86; Supplementary Table S8). Particularly worth mentioning is the PDH compound enzymes [(pyruvate dehydrogenase (PDH), dihydrolipoamide acetyltransferase (DLAT), and dihydrolipoamide dehydrogenase (DLD)] that leading to TCA cycle for energy supply and the genes encoding ACC related to fatty acid (FA) biosynthesis. The expression of those unigenes critical for TCA and FA biosynthesis was significantly induced at SPM treatment under HT stress (Figure 7 and Supplementary Table S8).



3.4.4 DEGs Involved in Nucleotide Excision Repair

As shown in Figure 8, there are two sub-pathways of nucleotide excision repair (NER), global genome repair (GGR), and transcription coupled repair (TCR). The expression of DEGs involved in NER was significantly changed by SPD and SPM treatments under high temperature. In NER, exogenous PA induced the homolog of yeast Rad23 protein (HR23B) and Cockayne syndrome protein (CSB) which act as essential factors to initiate GGR and TCR machinery, respectively. In the following DNA unwinding for transcription by NER, it involved the 7-subunit transcription factor IIH (TFIIH) Core sub-complex, the CDK-activating-kinase CDK7, XPB, and XPD. Then it comes to the replication factor C (RFC) that recruits DNA polymerase clamp (PolD1) to start DNA repair synthesis, and lastly DNA ligase I (Lig1) completes the BER. In the process, almost all genes encoding above enzymes were significantly upregulated at 24 h in SPM treatment compared to CK group under high temperature (Figure 8 and Supplementary Table S9). However, most of the genes involved in RFC, PolD1, and PolE showed no significant changes in SPD treatment, while other genes in NER were markedly induced as was shown in Supplementary Table S9. In summary, exogenous application of PA possibly activate the NER pathway to maintain the genome integrity from the DNA level under high temperature adversity.




Figure 8 | PA-induced transcriptomic changes of DEGs in nucleotide excision repair under HT stress. For pathway analysis, each square represents the log2 FC level the corresponding DEG at 24 h, respectively. A red square indicates upregulation and a blue square indicates downregulation. The ratios of gene expression levels between the PA-treated and CK groups are listed in Supplementary Table S9.





3.4.5 DEGs Encoding HSPs

Transcriptome analysis revealed that genes related to heat shock proteins (HSPs) including HSP90, HSP70, and HSP20 proteins were markedly changed under HT stress with PA (SPD and SPM) treatment at 24 h, respectively. Those HSP encoding genes exhibited different patterns between PA and CK treatment under HT stress, and most of the unigenes were upregulated. It showed 1 upregulated HSP90 (1 transcript) and 5 upregulated HSP20s (8 transcripts) in both SPD and SPM treatment. It was worth mentioning that HSP20 family proteins were most significantly activated by PA as shown in Table 2.



3.4.6 DEGs Encoding Transcription Factors

According to the results shown in Table 3, most unigenes were annotated into 13 transcription factors (TFs) families including Cys2His2 (C2H2)-type zinc-finger protein, the v-myb avian myeloblastosis viral oncogene homolog (MYB) family, tetanus immune globulin (TIG) family, forkhead-associated (FHA) domain containing protein and the basic/helix–loop–helix (bHLH) family, etc. Most of the TFs encoding unigenes (29 transcripts) were markedly activated by SPD/SPM treatments under HT stress. Among these, 14 transcripts (12 up- and 1 downregulated)encoding C2H2 differentially expressed between SPD/SPM and CK at 24 h, while the unigenes in SPM group exhibited relatively high expression ratio compared to the SPD treatment (Table 3). Moreover, the expression of other TFs including MYB, Sigma70-like, and bHLH in SPM group was also more upregulated than SPD treatment in response to high temperature. These data indicated that PA could regulate thermotolerance associated with the activation of most TFs, especially C2H2 and MYB in G. lemaneiformis.





4 Discussion

High temperature (HT) is considered to be one of critical environmental factors inhibiting algal growth and yield. Polyamines (PAs), such as spermidine (SPD) and spermine (SPM), have been described as important plant growth regulators (PGRs), functioning as the regulator of plant growth and senescence, including resistance to heat stress (Savvides et al., 2016; Hussain et al., 2019). Spermidine synthase encoded by spermidine synthase (SPDS) gene is responsible for SPD biosynthesis (Pothipongsa et al., 2016). SPDS can positively regulate tolerance to multiple environmental stresses (cold, heat, and salt) in Arabidopsis (Kasukabe et al., 2004), in Ipomoea batatas (Kasukabe et al., 2006), and in apple (Wen et al., 2008). For example, the apple SPDS1-overexpressing transgenic pear plants were revealed to have high SPD accumulation and showed tolerance to stresses (Wen et al., 2008). In the present study, we characterized a SPDS in G. lemaneiformis, localized in the cytoplasm and the nucleus, and the transcription of GlSPDS was markedly upregulated after high-temperature treatment (Figures 1, 3).As for the bioinformatics analysis of GlSPDS in our study, GlSPDS inG. Lemaneiformis showed great similarity in 30–40 kDa molecular weight to known spermidine synthases in many species (Parvin et al., 2010; Jiang et al., 2019), suggesting that SPDS gene is highly conserved during evolution. SPDS belongs to the putrescine aminopropyltransferase family, which contains conserved motif and amino acid residues that are proposed to be critical for the catalytic activity of this enzyme (Korolev et al., 2002). The alignment of SPDS in the present study revealed that the catalytic sites were also observed in G. lemaneiformis. Protein domain analysis also showed that it contained the N-terminal tetramerization domain and the spermidine synthase domain, which had roles in catalyzing spermidine biosynthesis (Supplementary Figure S1). However, we still need further study to prove it is a functional SPDS with enzymatic activity in the following. But we could speculate that GlSPDS possibly be involved in HT stress response and potentially provided the gene pool for obtaining stress-tolerant algae in future.

As previous study showed, HT could increase the expression levels of SPDS genes in rice, that ultimately increasing the levels of endogenous spermidine (SPD) and spermine (SPM), which mediated many physiological processes, including stress response (Zhou et al., 2020). It further suggested a pivotal role of polyamines in the tolerance to environmental stresses, but direct evidence for the involvement of polyamine in stress tolerance is still lacking in algae.In this study, algae thalli with exogenous SPD or SPM showed higher relative growth rate (RGR) compared to CK group under high temperature (Figure 4), indicating a positive role of PA in algae developmental and physiological processes in G. lemaneiformis under stress conditions. This is similar with the fact that exogenous polyamines such as SPD or SPM could enhance heat tolerance of rice seeds and wheat grain-filling from physiological parameters (Fu et al., 2019; Jing et al., 2020). However, the mechanism(s) underlying the involvement of polyamine in HT stress responses in G. lemaneiformis is not known.

High temperature imposed oxidative stress, however, plants and algae are efficient in enhancing antioxidative defense system through both nonenzymatic and enzymatic antioxidants such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), glutaredoxin (GRX), and phenolic compounds, which ultimately reduce lipid peroxidation (Ahmad et al., 2010; Gill and Tuteja, 2010b). Effects of PA on improving antioxidant defense have been reported in many plant species under different abiotic stresses. Exogenous application of PA could enhance an antioxidant defense by improving the activity of enzymes mentioned above under metal/metalloid(s) stress (Groppa et al., 2007; Nahar et al., 2016). In response to heat stress, spraying 1 mM SPD also alleviated the oxidative damage to the lettuce seedlings by enhancing the antioxidant system associated with a significant decrease in MDA content (Li et al., 2020). In current study, exogenous PA (SPD and SPM) elevated the activities of SOD, CAT and POD in G. lemaneiformis under HT stress, which also showed a decrease in MDA content (Figure 5). Moreover, DEG analysis showed that PA treatment enhanced the transcript levels of genes encoding many antioxidant enzymes, such as CAT, POD, APX, and GRX, whereas changes in the level of SOD encoding genes in PA treatment group were not significant (Supplementary Table S6).At this point, we verified that PA could actively participate in mitigating oxidative damage in algae via enhancement of antioxidant enzyme activities and protecting membrane lipid peroxidation under HT stress condition.Exogenously applied SPD and SPM but not PUT had a potential to protect Arabidopsis from HT-induced damage, and SPM increases the HT response at transcriptional and translational levels associated with the increased expression of the HT-related transcription factors (TFs) and heat shock proteins (HSPs; Sagor et al., 2013). It has also been shown that overexpression of the SPDS gene could induce expressions of stress-regulated genes and many transcription factors, such as WRKY, B-box zinc finger proteins, and the v-myb avian myeloblastosis viral oncogene homolog (MYB; Kasukabe et al., 2004). At this point, we speculated that SPDS-mediated endogenous PA or exogenous PA might interact with TFs and other signaling molecules in response to plant stresses. TFs, such as basic leucine zipper (bZIP), MYB, and Cys2His2 (C2H2)-type zinc-finger protein, binding to the promoters of small HSPs genes, could confer multiple stress tolerance (Sagor et al., 2013; Wen et al., 2019). In our study, SPD and SPM increased the expression of TFs including C2H2 and MYB in G. lemaneiformis from DEG analysis (Table 3).HSP-family proteins mainly including HSP100, HSP90, HSP70, HSP60, and small HSP (sHSP), all of those families excluding sHSP are highly conserved across plants and algae (Wang et al., 2004; Sathasivam and Ki, 2019). Previous studies have supported beneficial functions of HSP90, HSP70, and sHSP on thermotolerance in plants (Xu et al., 2011; Xu et al., 2012), whereas in the primitive red alga Cyanidioschyzon merolae and green microalga Chlamydomonas reinhardtii and Scenedesmus vacuolatus, algae sense exact temperatures mainly via upregulating expression of sHSP-encoding genes (Kobayashi et al., 2014; Ko et al., 2019). Other study showed that high accumulation of small HSPs not HSP70A in Chlamydomonas acidophila was most related to metal stress (Spijkerman et al., 2007). Consistent with this conclusion, we found that exogenous PA significantly upregulated HSP90, HSP70 expression, in particular the sHSP in G. lemaneiformis under high temperature condition (Figure 7). Algal small HSPs were not members of the land plant sHSPs based on the phylogenetic analyses; they may possess foremost vitally important roles in algal cellular stress response (Kobayashi et al., 2014).PA has been reported to play critical roles in epigenetic modifications of DNA and histones (Pasini et al., 2014), while another level of complexity that has been little explored is the effect of PA in DNA damage repair pathways under HT conditions. Radiation exposure and ROS production are well known to cause DNA damage, while stressful high temperatures also disturb genome integrity by causing DNA damage (Tuteja et al., 2001; Gupta et al., 2020). However, the damaged lesions can be eventually repaired by removal of damaged DNA through base-excision repair or nucleoside excision repair that better adapting to environmental pressure (Sancar and Tang, 1993). Han et al. previously demonstrated that high expression of osmotically reponsive genes 1 (HOS1) induces thermotolerance by activating DNA repair components (Han et al., 2020). Previous study showed that the increased DNA damage was primarily due to the disruption of polyamine metabolism and attenuation of polyamine metabolism may contribute to the decline of DNA damage-repair efficiency (Zahedi et al., 2007; Manna et al., 2013). Nucleotide/base excision repair (BER) is a DNA repair process and that has an important role in preventing mutations associated with damaged bases and DNA single-strand break bases, which may facilitate cells survive in stressful damage (Yague-Capilla et al., 2019). Recent work demonstrates the novel cellular function of polyamines in the DNA damage response and maintenance of genome integrity via homology-directed DNA repair (Lee et al., 2019).Current results showed that SPD and SPM supplementation significantly upregulates the expression of BER pathway corresponding genes, such as HR23B, CSB, CDK7, XPB, XPD, TFIIH2, RFC, PolE, and Lig1, in G. lemaneiformis under HT stress (Figure 8). Therefore, exogenous PA is probably involved in preserving the genome integrity from the DNA level so as to alleviate the damage of high temperature induced oxidative stress in G. lemaneiformis.It is worth mentioning that in the present study, exogenous application of SPD and SPM showed similar effects but in different degrees when it comes to algal growth, enzymes of the antioxidative system, and the expression level of differently expressed genes under HT stress conditions. Previous study shows that they are of different importance although both are polyamines, SPD is thought to be more effective against environment stress than SPM in plant, and it has been reported as the major polyamine found in many species of cyanobacteria, which classified as the “blue-green algae” (Hosoya et al., 2005; Cha-um et al., 2006). However, there has been limited in evidence to decide whether SPD or SPM is more effective in alleviating high temperature stress in G. lemaneiformis. Moreover, the molecular evidence that might explain the differences needs to be further identified in future.



5 Conclusion

G. lemaneiformis often undergo sustained high temperature (HT) in summer and possibly evolved specific adaptations and tolerance mechanisms via regulating stress-related genes and signaling to survive. We characterized a polyamine (PA) synthetic gene (spermidine synthase gene, SPDS) in G. lemaneiformis, encoding a protein of 284 amino acid residues, which responded to multiple abiotic stresses including high temperature. It provided a new candidate gene into the “gene bank” that may be applicable to obtain thermotolerant transgenic algae with novel technologies in the future. Furthermore, we demonstrated that exogenous PA (SPD and SPM, respectively) alleviated algal damage from high temperature with a decline in MDA content. RNA-seq-based DEGs analysis showed that PA modulating HT stress tolerance via upregulated the genes encoding antioxidant enzymes (CAT, POD, APX, PRXR, and GRX); TF signaling and heat shock proteins (HSPs), especially the small HSPs; DNA damage repair pathways; these results revealed the possible mechanism of PA in G. lemaneiformis under HT stress.
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