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Background

Alexandrium pacificum is a dinoflagellate species notorious for its rapid growth resulting in large-scale blooms. This study aimed to investigate the molecular mechanisms of A. pacificum under laboratory-simulated rapid growth conditions from the perspective of H3K4me3 modification regulation.



Methods and results

Western blot was used to detect the modification abundance of H3K4me3 in A. pacificum cultured under different conditions, including high light (HL), high nitrogen (HN), and f/2 medium (control, CT), in the rapid growth exponential phase. The results showed that the modification abundance of H3K4me3 under HL or HN was greater than that under CT. Chromatin immunoprecipitation-sequencing was used to explore the acting genes of H3K4me3 under different conditions for the first time. Nitrogen metabolism and endocytosis were significantly associated with H3K4me3 regulation under HL. Furthermore, H3K4me3 was also significantly associated with the vitamin metabolism pathway under HN.



Conclusions

These findings demonstrate that H3K4me3 plays a potentially important role in the regulation of the rapid growth of A. pacificum. Such knowledge of a histone modification regulatory network in this dinoflagellate, lays a necessary foundation for future research in related fields.
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Highlights

	The regulatory mechanism of H3K4me3 was studied for the first time in Alexandrium pacificum under different growth conditions.

	ChIP-seq analysis of species without genomic data was performed using a close species.

	Nitrogen metabolism and endocytosis were related to H3K4me3 regulation in A. pacificum under high light conditions.

	Vitamin metabolism was related to H3K4me3 regulation under high nitrogen conditions.





Introduction

Alexandrium pacificum is one of the main blooming microalgae species in many coastal areas. Paralytic shellfish toxin produced by A. pacificum can significantly harm or kill marine organisms, and ultimately human, through food chain transfer via bivalve mollusks (Grattan et al., 2016). Variations in nutrient concentrations, especially nitrogen, are closely related to the occurrence and termination of blooms, and the accumulation of nitrogencan induce the rapid growth of algal cells (Yu et al., 2020; Baek et al., 2021). The biomass of Alexandrium tamarense under high nitrogen concentrations (2,646 µmol L-1) was greater than that observed under low nitrogen concentrations when f/2 medium was used for culturing (Zhang et al., 2006). Irradiance is another factor that plays a vital role in stimulating growth (Laabir et al., 2011). It was found that the increase of illumination from 10 to 90 μmol photons m-2 s-1 was directly proportional to the growth rate of A. pacificum (Cao et al., 2011; Karabashev and Evdoshenko, 2016). However, knowledge of the intercellular mechanisms underlying the rapid growth of A. pacificum is limited. Previous studies have focused on the gene expression A. pacificum under different conditions through transcriptome technology (Zhang et al., 2014; Liu et al., 2021). Proteins related to environmental stress (nutrients, light, and temperature) at different growth stages of A. pacificum have also been identified, including, S-adenosylmethionine synthetase (AdoMetS), ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), and heat shock proteins (HSPs)which are involved in macromolecular biosynthesis, photosynthesis, stress response, and cell cycle regulation (Uribe et al., 2008; Wang et al., 2012). However, the research into the growth mechanisms of A. pacificum, including the epigenetic regulation of molecular mechanisms, remains limited.

The genomic structure of dinoflagellates is unique; the genome is immense, and the DNA display a status of liquid crystal, and the chromosomes are permanently condensed (Hackett et al., 2004; Chow et al., 2010). Moreover, there appears to be a high degree of DNA redundancy in the dinoflagellate genome. Noncoding repetitive sequences comprise up to 60% of dinoflagellate genomes (Jaeckisch et al., 2011). In genome structure, non-coding sequences generally comprise promoters, enhancers, cis-acting elements, and trans-acting factors that regulate downstream genes to respond to biological needs. These non-coding regulatory regions are usually combined with transcription factors and epigenetic modifiers (histone modifications, DNA methylation, RNA methylation, and chromatin remodeling) to respond to environmental signals through the regulation of downstream gene expression (Koenecke et al., 2016). In dinoflagellates, these non-coding sequences comprise 60% of the genome, indicating that the existence of a prodigious and complex regulatory network. Therefore, the study of this regulatory role in dinoflagellates is very important for researching physiological activity and response mechanisms to the environment.

In dinoflagellates, histones exist with a very low protein/DNA ratio (1:10) (Hamkalo and Rattner, 1977; Hou and Lin, 2009; Lin, 2011), which is significantly lower than the ratio close to 1:1 in other eukaryotes. However, unlike in other eukaryotes, histones in dinoflagellates are not involved in nucleosome assembly (Figueroa et al., 2014). This leads to questions regarding the role that histones play in dinoflagellates. A previous study reported that several genes are responsible for histone modification in A. pacificum, including histone acetyltransferases, deacetylases, methylases, and demethylases (Riaz and Sui, 2018). The presence of histone modifying enzymes indicates that histone modifications may play an important role in A. pacificum. In higher plants, histone modification plays an important role in regulating the expression of genes at the epigenetic level, in response to the environment and stress, as well as being involved in a variety of biological processes such as growth and development (Yamamoto et al., 2020; Moreno-Perez et al., 2021). Therefore, it is reasonable to expect that histone modifications also play an essential role in A. pacificum.

Histone modifications, as a form of epigenetic regulation, play an important role in plant growth, development, and stress response (Liu et al., 2010). However, their effects on algae remain poorly understood, especially in dinoflagellates. In microalgae, studies on histone modifications have focused on marine diatoms and green algae. For example, in Nannochloropsis spp., H3K27me3, H3K27ac, and H3K9me3 showed different modification levels under different carbon dioxide conditions (Wei and Xu, 2018). In the macroalgae Ectocarpus, Bourdareau et al. (2021) identified 47 histone modifications and a new histone modification, H2AZR38me1; however, H3K27me3 modification, which is common in higher plants, and a corresponding multi-comb complex, were absent. This indicated that there are differences in histone modification and regulation mechanisms between algae and higher plants (Bourdareau et al., 2021).

Previous studies have reported various modification types such as histone methylation, acetylation, phosphorylation, and ubiquitination (Riaz et al., 2019; Zhu et al., 2022). Among the histone modifications studied previously, H3K4me3 modification was the most conservative site (Marinov and Lynch, 2015), which provided a great advantage for using commercial H3K4me3 antibodies in subsequent studies. H3K4me3 is an activator of gene expressions in multiple biological processes, as well as a flexible modification in response to the environment in plants (Lauberth et al., 2013; Yan et al., 2019). Genes occupied by H3K4me3 in plants, especially in the absence of H3K4me1 and H3K4me2, generally display low tissue specificity but high levels of constitutive expression in Arabidopsis (Ha et al., 2011). However, H3K4me3 distribution broadened considerably along with differentially expressed genes during drought stress in Arabidopsis (Dijk et al., 2010), and showed differential trimethylation for a proportion of genes differentially expressed during drought stress in rice (Zong et al., 2013). This suggests that H3K4me3 may also be associated with tightly regulated pathways. Ngan et al. (2015) explored the relationship between the lipid production capacity of Chlamydomonas reinhardtii under nitrogen and sulfur starvation, and the regulation of five histone modifications including H3K4me3, and found that these histone modifications showed differential modification levels under nitrogen and sulfur restriction. H3K4me3 modification in soybean was found to promote carbon and nitrogen metabolism in rhizobia, supporting effective nitrogen fixation and promote material exchange between the and rhizobia (Wang et al., 2020). This suggests that H3K4me3 modification plays an important role in the growth and development of plants. Therefore, it is speculated that H3K4me3 may also play an important role in the growth of A. pacificum. In this study, epigenomicprofiles of H3K4me3 were employed to investigate its involvement in the responses of A. pacificum rapid growth to high light and high nitrogen. This study aimed to generate the first global H3K4me3 profile in A. pacificum through chromatin-immunoprecipitation (ChIP) followed by ChIP-sequencing (ChIP-seq) to disclose the regulation mechanism of H3K4me3 sustaining bloom progression and to decipher the regulation networks behind the utilization of light and nutrients in rapid growth.



Materials and methods


Algal culture and treatment conditions

Alexandrium pacificum was obtained from the Key Laboratory of Marine Genetics and Breeding, Ministry of Education, Ocean University of China. The algal cells were grown at 20 ± 1°C in a f/2 medium (Guillard and Ryther, 1962; Guillard, 1975) under a 12 hr light: 12 hr dark photo cycle using cool white fluorescent lights at a set intensity of 30 μmol photon m–2 s–l (Guillard, 1975).

Alexandrium pacificum was initially inoculated at 4,000 cells/mL into 3 L Erlenmeyer flasks containing 2 L of modified f/2 medium for processing. The three treatment conditions were high light (HL), high nitrogen (HN), and control (CT), as shown in Table 1. Cell growth was then followed for 25 days. Samples (1 mL) for cell counting were fixed in 2% Lugol’s iodine solution every 2 days, and then a micro-slide under a microscope (Nikon YS-100, Tokyo, Japan) was used to enumerate the cell concentration. The growth curve of A. pacificum was established to observe its growth state and help to determine sampling time. For counting, the samples were collected at a fixed time (between 11:00 and 12:00 pm) every day. Before each sampling, the cells were evenly distributed by gently shaking the flask. For each treatment condition, there were three biological replicates and three technical replicates.


Table 1 | Treatment conditions of A. pacificum.





Detection of H3K4me3 modification abundance

The abundance of H3K4me3 in A. pacificum at the exponential phase (12 days) under the different treatment conditions (HN, HL, and CT) was detected by Western blot with three biological replicates (Liu et al., 2022). The histone was extracted following the nucleoprotein extraction method, and quantified by the Bradford protein quantification kit (P0006, Beyotime Biotechnology, Haimen, China). Given that A. pacificum histone H3 sequences are very similar to human H3 sequences and show conservation, including the H3K4 locus (Riaz et al., 2019), a H3K4me3 commercial antibody raised from human H3 (PTM-613, Jingjie Biotechnology Co., Ltd. Hangzhou, China) was used in the western blot assay to determine H3K4me3 abundance under the different treatment conditions, with H3 as the internal reference (Chen et al., 2013).



ChIP

Alexandrium pacificum was grown in 2 L of f/2 medium under the three treatment conditions. Samples at the exponential phase (12 days, ~ 4 × 107cells) under the three treatment conditions were collected in a 50 mL centrifuge tube. Formaldehyde (final concentration: 1%) was added for cross-linking reaction at 25°Cand maintained for 30 min. Glycine (final concentration of 0.125 M) was added to quench the cross-linking reaction for 10 min at 25°C. The collected cells were washed with the sterilized water three times and centrifugated at 3,000 rpm for 5 min at 4°C to remove the formaldehyde. The cross-linked A. pacificum cells were frozen with liquid nitrogen and stored at -80°C. Chromatin extraction was carried out (Gendrel et al., 2005), and then the chromatin was sheared into 200–500 bp fragments using a chromatin shearing non-contact ultrasound instrument (S220 focused-ultrasonicator, Covaris, USA). Reverse cross-linking and gel electrophoresis (1.5% agarose gel) was performed to examine the effect of sonication. The ChIP kit of Abcam (ab117137, ABCAM, Cambridge, UK) and H3K4me3 antibody (PTM-613, PTM, Hangzhou, China) were used for immunoprecipitation. Reverse cross-linking and DNA purification was carried out following the kit instructions. Qubit2.0 (Invitrogen, Waltham, USA) was employed to quantify DNA concentration. Library construction and sequencing were performed by Wuhan IGENEBOOK Biotechnology Co., Ltd.



Sequencing and data analysis

The DNA library was sequenced with the HiSeq 2000 system for 50 nt single-end sequencing. Respectively, low-quality reads were filtered out with Trimmomatic (v. 0.4, Bolger et al., 2014). The clean reads were mapped to the symbiosis dinoflagellate (Fugacium kawagutii) genome (PRJNA630740) by BWA (v.: 0.7.15-r1140). Potential polymerase chain reaction (PCR) duplicates were removed with the software Samtools (v.1.3.1, Danecek et al., 2021). The software MACS2 (v. 2.1.1.20160309, Zhang et al., 2008) was used to call peaks using default parameters (model fold, 5, 50; bandwidth, 300 bp; q value, 0.05) and then the peak result was obtained for the subsequent analysis.

To further explore the binding site characteristics of H3K4me3 and to investigate the mechanism of H3K4me3 regulation on gene expression, the gene corresponding to the nearest transcription start site was found from the peak summit position (if there was no summit site, the midpoint was taken) for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation (Ashburner et al., 2000; Kanehisa and Goto, 2000). A diagram of the number of genes associated with H3K4me3 under the different conditions was then generated using a webtool (https://www.omicshare.com/tools). To determine the interval of up-regulation or down-regulation difference modification between samples, the number of reads in the peak region was counted using the DiffBind package (v.1.16.3, Wang et al., 2008), and the difference analysis was performed on two different groups of samples (Stark and Brown, 2011). The standard condition for screening the difference peak is a false discovery rate < 0.05 and a fold change > 0. From the summit position of the significant difference peak (if there is no summit site, the midpoint was taken), the nearest gene was selected for GO and KEGG annotation.

To study the unique mechanism of H3K4me3 regulation on the rapid growth of A. pacificum under the conditions of HL and HN, the genes associated with H3K4me3 only in HL or HN, but not in CT, were further analyzed using KEGG enrichment (Kanehisa and Goto, 2000). The genes enriched in the top 10 KEEG items were used to draw KEEG bubble diagrams, (https://www.omicshare.com/tools). The metabolic pathways and related genes with a number of genes > 3 and p-value < 0.05 in the enriched metabolic pathways were then further analyzed through a network of pathways and genes.



ChIP-qPCR

To validate the ChIP-Seq results, nine genes associated with H3K4me3 were selected from the ChIP-Seq data for ChIP-quantitative qPCR. The peak sequences (Supplementary 1) of the selected genes were used for primers design. The PCR primers of the genes were designed using Premier 5.0 software (https://www.PremierBiosoft.com) and presented in Table 2. The ChIP-qPCR was performed in 20 μl reactions using Universal Blue qPCR SYBR Green Master Mix (Ye Sen Biotech Co., Ltd., Shanghai, China). The reactions consisted of 10 μl of Universal Blue qPCR SYBR Green Master Mix, 0.4 μl of forward and reverse primer (10 μmol L-1), 1 μl of immunoprecipitated DNA or input DNA, and 8.2 μl of H2O. ChIP-qPCR was performed with three biological replicates, and the results were calculated as the percentage of input DNA (Haring et al., 2007; Solomon et al., 2021).


Table 2 | ChIP-qPCR primers.






Results


Physiological responses of A. pacificum under different conditions

To observe the growth status and determine the sampling time, counting and growth curves were carried out for A. pacificum under three treatment conditions. It was found that cells of A. pacificum exhibited a low growth rate from days 1 to 3, then grew rapidly from 5 to 15 days (Figure 1). After 15 days the algae growth tends to stabilize. The results showed that high irradiation and nitrogen conditions will promote the growth of Alexandrium pacificum. The 12th day of the rapid growth period was selected as the sampling time for subsequent experiments.




Figure 1 | Growth curves of Alexandrium pacificum under different conditions. High light (HL), high nitrogen (HN), and f/2 normal medium condition (control [CT]). Each point is the mean of three independent experiments.





H3K4me3 abundance of A. pacificum under different conditions

The modification abundance of H3K4me3 of A. pacificum under the different treatment conditions is shown in Figure 2. The abundance of H3K4me3 under HN and HL was greater than that under CT during the exponential rapid growth period of A. pacificum.




Figure 2 | H3K4me3 abundance detection of Alexandrium pacificum under different conditions. (A) Western blot results of H3K4me3 modification in A pacificum under HN, HL, and CT; (B) Bar graph of the blot-spot density. Each column is the mean of three independent experiments, statistically significant differences were assessed using SPSS Statistics (v. 17.0; IBM Corp., Armonk, NY, USA) based on Tukey’s test at p < 0.05.





H3K4me3 associated genes of A. pacificum under different conditions

Over 30 million uniquely mapped reads were obtained per library. More than 35% of the ChIP-Seq reads could be aligned to the Fugacium kawagutii genome. In total, around 2,878–7,822 peaks were called under each condition; and 156 genes from HL, 254 genes from HN, and 803 from CT were found to be specifically associated with H3K4me3 (Figure 3). A total of 36 genes were associated with H3K4me3 modification under HN and HL, but not under CT.




Figure 3 | Venn diagram of the number of genes associated with H3K4me3 under different conditions: high light (HL), high nitrogen (HN), and normal f/2 medium condition (CT).





ChIP-qPCR

ChIP-qPCR was performed to confirm the results of ChIP-Seq, as shown in Figure 4. A total of nine genes (from 156 + 36+254+219 in Figure 3) involved in various biological processes were selected for ChIP-qPCR, including riboflavin biosynthesis protein RibBA (RibBA), eukaryotic translation initiation factor 2 (Euk), cell wall alpha-1,3-glucan synthase mok12 (Mok12), ribosomal protein L14 (L14), ubiquitin-activating enzyme E1 (E1), small subunit ribosomal RNA gene (RNA gene), cytochrome b gene (CB), ATP synthase CF1 subunit alpha (ATP), and 18S rRNA gene (18S). Sample immunoglobulin G was used as the negative control in the ChIP-qPCR assay. Most selected genes displayed significant enrichment under HL and HN compared to under CT. The relative enrichment of immunoprecipitated DNA and immunoglobulin G (negative control) of each gene was more than 10-fold.




Figure 4 | The result of ChIP-qPCR under high light (HL), high nitrogen (HN), and normal (CT) conditions. IP DNA was the experimental group and IgG DNA was the negative control group. Each column is the mean of three independent experiments. Significant differences are indicated by asterisks (**p < 0.01; *p < 0.05).





Analysis of H3K4me3-associated genes unique to the HL condition in A. pacificum

KEGG enrichment analysis showed that pathways related to growth and nutrient uptake, such as nitrogen metabolism, endocytosis, glyoxylate, and dicarboxylate metabolism, folate biosynthesis, phenylalanine metabolism, and protein processing in the endoplasmic reticulum, were all significantly enriched (Figure 5). In these enriched pathways, H3K4me3-associated genes unique to the HL condition, such as nitrate reductase and glutamine synthetase, were involved in nitrogen metabolism. In addition, several H3K4me3-related genes such as protein 26, E3 ubiquitin-protein ligase, and heat shock protein 70 (HSP70) were involved in the endocytosis pathway (Supplementary 2).




Figure 5 | The top 10 enriched KEGG pathway terms of H3K4me3 associated genes unique to the HL condition in Alexandrium pacificum. RichFactor represents the ratio of the number of genes located in the KEGG term to the total number of genes located in the KEGG term in all annotated genes. The size of the circle represents the number of genes enriched in the term. The gradient of color from blue to red represents the size of the p-value changes.





Analysis of H3K4me3 associated genes unique to the HN condition in A. pacificum

H3K4me3-associated genes unique to the HN condition were analyzed by KEGG enrichment. Vitamin B6 metabolism was significantly enriched. Furthermore, other pathways related to vitamin metabolism including folate, thiamine, pantothenate, and coenzyme A biosynthesis, and nicotinate and nicotinamide metabolism, were also enriched. In addition, the citrate cycle, mitogen−activated protein kinase signaling, plant hormone signal transduction, and RNA polymerase inositol phosphate metabolism pathways were also enriched (Figure 6). KEGG analysis revealed that the most affected pathway in A. pacificum under the HN condition was the vitamin metabolic pathway. The three genes of phosphoserine aminotransferase, exosome complex exonuclease RRP6, and pyridoxine 4-dehydrogenase involved in vitamin B6 metabolism were significantly enriched (Supplementary 2).




Figure 6 | The top 10 enriched KEGG pathway terms of H3K4me3 associated genes unique to the HN condition in Alexandrium pacificum. RichFactor represents the ratio of the number of genes located in the KEGG term to the total number of genes located in the KEGG term in all annotated genes. The size of the circle represents the number of genes enriched in the term. The gradient of color from blue to red represents the size of the p value changes.






Discussion


H3K4me3 antibody selection and genome mapping protocol

For H3K4me3 modification, approximately 5.5% of the homologous sequences are covered by H3K4me3 peaks in the human genome (effective genome) and rhesus macaque genome, accounting for 132,294 homologous pairs. Additionally, there is a total of 79,865 human-mouse (more evolutionary distant) homologous region pairs with H3K4me3 signals (Lu et al., 2018), which indicate that H3K4me3 modification is highly conservative. The conservatism of H3K4me3 is important in the selection of commercial antibodies in ChIP. The antibody is the most critical factor in ChIP-seq, and directly affects the success of the ChIP experiment. The selection of the human H3K4me3 antibody is supported by several aspects. First, the N-terminal of the A. pacificum histone is conservative and divergent, and the two H3 variants are similar to human H3 sequences, both have conserved all the key residues (including the H3K4) of the histone code except H3K18 and H3S28 (Liu et al., 2019; Riaz et al., 2019). In addition, the human histone H3 antibody has been successfully used to detect histone H3 of A. pacificum (Liu et al., 2019). Moreover, mass spectrometry on the protein at the position of the H3 antibody was performed and the conserved modification site of H3K4 was found (Zhu et al., 2022). This led to the successful use of the H3K4me3 commercial antibody raised from human H3 for chromatin immunoprecipitation.

Due to the large size of the dinoflagellate genome, which contains highly redundant and repetitive sequences (Davidson et al., 2002; Hou and Lin, 2009), complete sequencing, assembly, and annotation of the dinoflagellate genome is nearly impossible within the constraints of current technology and expenditure. To date, less than 250 of the more than 8 million estimated eukaryotic species have been fully sequenced at the chromosome level (He et al., 2015). Nevertheless, information from several related species is often required to determine common processes and their evolutionary plasticity in order to understand the overarching principles of developmental biology. While detailed maps of developmental gene regulatory networks are well established for the sea urchin, Stronglyocentrotus purpuratus, a model organism, comparative studies using related species including sea stars and sea cucumbers, which have not been fully sequenced to date, are required to resolve longstanding questions related to factors involved in sea urchin development (Davidson et al., 2002). The genome of the dinoflagellate, F. kawagutii, was previously completed alongside the assembly, annotation, and uploading of the genome (Lin et al., 2015). In the present study, the genome of F. kawagutii was used to complete the genome-matching process. Finally, approximately 35% of the ChIP-seq reads were aligned to the genome of F. kawagutii. The results were verified by ChIP-qPCR, indicating that the results of the ChIP-seq had a certain credibility, and that the single gene in the results (including the target genes of interest in the subsequent analysis) had a high reliability. The analysis of the ChIP-seq results can help us acquire knowledge of H3K4me3-related genes under different conditions.

However, 65% of the reads were not aligned with the genome of F. kawagutii, leading to the omission of a large amount of relevant information from the results and making it impossible to judge the most important regulatory information of H3K4me3 overall. In addition, most of the peak sequences obtained by H3K4me3 were in gene regulatory regions. The gene information obtained by this alignment method cannot be correlated with the transcriptome data of A. pacificum, which introduces significant difficulties in the follow-up study of H3K4me3-related genes. Moreover, the method of the comparing genomes of other species may also have a large impact on the accuracy of the peak annotation and results analysis. For example, the annotation information of the peak sequence is the annotation information of F. kawagutii obtained by aligning the genome of F. kawagutii, and although the peak sequence is conservative, it does not exclude the possibility that the gene in which it is located is not conservative, which may also cause deviation in the subsequent gene analysis results. Therefore, it is necessary to continue the search for more suitable alignment genomes or more appropriate research methods to solve them.



H3K4me3 participates in nitrogen metabolism and endocytosis in A. pacificum under HL

The growth curves showed that A. pacificum grew more rapidly under HL than under the other conditions. H3K4me3 modification abundance was greater in the fast-growing log-phase under this condition than under the other conditions, indicating that H3K4me3 modification may be involved in the regulation of the rapid growth of A. pacificum. ChIP-seq results showed that among the H3K4me3-related genes specific to the HL condition, genes related to nitrogen metabolism, endocytosis, and mitogen-activated protein kinase signal transduction were significantly enriched. Therefore, these metabolic pathways and related genes may be involved in the regulation of the rapid growth of A.pacificum under HL in response to the change of H3K4me3.

Nitrogen is essential for the growth of marine phytoplankton (Li et al., 2021). The rapid growth of algae is closely related to an increase in nitrogen metabolic rate under HL. A previous study showed that the influence of light is very important on the activity of nitrate reductase; nitrate reductase activity increased with increasing light in the range of 10–90 μmol m-2 s-1 (Li et al., 2013). Therefore, under the condition of HL, nitrate reductase should play a major role in nitrogen metabolism. In our study, the genes related to H3K4me3 unique to HL, encoding metabolic enzymes within the nitrogen metabolism, especially those governing the rate-limiting steps, including nitrate reductase and glutamine synthetase gene, suggesting that H3K4me3 may contribute to the rapid growth of A. pacificum cells under HL conditions by nitrogen metabolism pathway.

Autotrophic, heterotrophic, and mixotrophic nutrition are the three main ways for dinoflagellates to uptake nutrients (Legrand and Carlsson, 1998). Studies have shown that dinoflagellate can ingest carbohydrates, some heterotrophic bacteria, and cyanobacteria through endocytosis (Feinstein et al., 2002; Zhang et al., 2011). Endocytosis plays an important role in the uptake of extracellular nutrients, the regulation of cell surface receptor expression, plasma membrane homeostasis, and antigen presentation (Couto and Zipfel, 2016; Liao et al., 2017). HSP70 plays an important role in transmembrane transport, and E3 ubiquitin ligase-mediated ubiquitination regulates plasma membrane-resident receptor-like kinase endocytosis and intracellular degradation (Zhou et al., 2018). E3 ubiquitin ligase-mediated endocytosis of the plasma membrane receptor BR INSENSITIVE1 is mainly needed for signaling attenuation because the blocking of its internalization resulted in the enhancement of brassinosteroid responses in Arabidopsis thaliana (Irani et al., 2012). Regarding the present ChIP-seq results, the genes related to endocytosis affected by H3K4me3, including vacuolar sorting-related protein 26, HSP70, and E3 ubiquitin ligase, were significantly enriched. Previously, it has been reported that Prorocentrum shikokuense, when forming blooms, can ingest Synechococcus, Isochrysis galbana, and Skeletonema to acquire nutrients (Jeong et al., 2005). This indicates that endocytosis may be an important approach for the uptake of external nutrients and intracellular nutrient signal transduction during the rapid growth of A. pacificum, and may be conducive to maintaining a sufficient nutrient supply for the rapidly growing algal cells.



H3K4me3 participates in vitamin metabolism in A. pacificum under HN

The growth curves showed that A.pacificum grew faster under HN than under CT (normal f/2 condition). The H3K4me3 modification abundance was greater in the fast-growing algae under this condition than under CT, indicating that H3K4me3 may also be involved in the regulation of the rapid growth of A. pacificum under HN. The results of the differential analysis of H3K4me3-related genes between HN and CT showed that genes involved in vitamin metabolism were significantly enriched. The vitamin metabolism pathyway is closely related to dinoflagellate growth (Lin et al., 2019).

Vitamin B6 is an important coenzyme in over 100 different cellular reactions and processes including those of amino acid metabolism, heme and chlorophyll biosynthesis, ethylene biosynthesis, fatty acid metabolism, transcriptional regulation, and response to oxidative stress (Rueschhoff, 2009; Colinas et al., 2016). The growth of dinoflagellates requires vitamin B, for example, Prorocentrum donghaiense and Lingulodinium polyedrum need vitamin B12 during tbloomings (Lin et al., 2014). Furthermore, microalgae growth can require different combinations of three types of vitamins B: vitamin B12 (cobalamin), B1 (thiamine), and B7 (biotin) (Fischer and Bacher, 2011). Thiamine plays an important role in carbon metabolism, and is a coenzyme factor of various carbohydrate-related enzymes in primary metabolism and amino acid-related enzymes (Tang et al., 2010). The active form of thiamine is thiamine pyrophosphate, which is essential for all organisms. The cofactor is associated with several enzymes involved in primary carbohydrate and branched-chain amino acid metabolism, including pyruvate dehydrogenase, transketolase, α-keto-acid decarboxylase, and α-ketoacid oxidase (Suzuki et al., 2010). Pantothenate (vitamin B5) is essential for fatty acid and anabolic steroids. It is also involved in steroid violet, melatonin, and heme synthesis, the citric acid cycle, choline acetylation, antibodies, and other necessary intermediate metabolites (Webb and Smith, 2011). However, there are no reports of vitamin B6 utilization in dinoflagellates, and the enrichment of the vitamin B6 metabolic pathway in A. pacificum suggested that this may be a unique form of vitamin utilization and synthesis, which may contribute to the formation and succession of its red tide.




Conclusion

In this study, H3K4me3-associated genes of A.pacificum under the conditions of HL and HN were investigated. H3K4me3 was involved in the rapid growth of A. pacificum under HL and HN conditions, including acting on genes related to nitrogen metabolism, endocytosis, and vitamin metabolism (Figure 7). To the best of the authors’ knowledge, this study revealed the epigenetic regulatory network of a red tide microalgae which induced red tide outbreak for the first time, providing important information for further understanding the mechanisms of harmful algal blooms. However, the detailed mechanisms behind the involvement of these metabolic pathways in algal growth need to be further investigated and explored.




Figure 7 | Major metabolic pathways associated with H3K4me3 in Alexandrium pacificum under high light and high nitrogen conditions. Environmental factors (high nitrate and high light intensity) enhanced the modification enrichment of H3K4me3. A higher enrichment level of H3K4me3 further promoted the vitamin metabolism, nitrogen metabolism, and endocytosis pathways, and finally promoted the rapid growth of A. pacificum.
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