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Grazing by heterotrophic protists influences plankton population dynamics, community composition, and the flux of carbon through marine planktonic food webs. To gain insight into the molecular underpinnings of grazing in dinoflagellates, a group of important heterotrophic protists, we used a RNA-Seq approach to investigate the transcriptomic response of Oxyrrhis marina under fed and starved conditions with three different phytoplankton prey (Isochrysis galbana and two strains of Heterosigma akashiwo). In response to fed and starved conditions, 1,576 transcripts were significantly differentially expressed in O. marina. Fed O. marina cells upregulated transcripts involved in the synthesis of essential fatty acids and storage carbohydrates suggesting that the predator was food satiated and excess glucose was being stored as an energy reserve. Transcripts encoding voltage-gated ion channels were also upregulated during grazing, and they are known to be involved in the detection of mechanical stimuli and the regulation of swimming behavior in several eukaryotic protists. Fed O. marina cells upregulated kinases, which can dictate cell shape changes and may be associated with phagocytosis. During starvation, upregulated O. marina transcripts included those involved in the degradation of energy-storage molecules like glucan 1,4-alpha-glycosidase and those involved in antioxidant activities and autophagy, like acid ceramidase that are associated with the digestion of polar lipids present in cell membranes. Starved O. marina also upregulated transcripts with high similarity to proton pumping proteorhodopsins suggesting that this heterotrophic protist may supplement its energy requirement during starvation with a light harvesting mechanism. Although herbivorous grazing is a pivotal transformation in the C cycle, logistical constraints limit our investigations of environmental and biological drivers. The molecular signals identified here provide new insights into the metabolic regulation of feeding and starvation in marine heterotrophic protists and can fuel hypothesis-driven research into predators’ metabolic response to prey availability.
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INTRODUCTION

Grazing by unicellular eukaryotic herbivorous marine plankton (i.e., microzooplankton, heterotrophic protists) on phytoplankton constitutes the single largest loss process of primary production in the marine environment and is important in mediating plankton population dynamics and community composition, and ultimately the flow of energy and material throughout marine planktonic food webs (Tillmann, 2004; Schmoker et al., 2013; Weisse et al., 2016). Heterotrophic protists are the main consumers of marine phytoplankton biomass, consuming on average over 60% of daily phytoplankton production (Calbet and Landry, 2004). Moreover, these herbivores are important prey for larger zooplankton and thus serve as important trophic links in marine food webs (Calbet and Saiz, 2005; Campbell et al., 2009; Löder et al., 2011). The population dynamics of marine plankton are disproportionately affected by heterotrophic protists, because these predators have growth rates that can equal or exceed the growth rates of their phytoplankton prey (Hansen et al., 1997). As a result, heterotrophic protists can influence biogeochemically and ecologically significant events, such as slowing or preventing the formation of phytoplankton blooms (Sherr and Sherr, 2009) including blooms formed by harmful and toxic phytoplankton (Jeong et al., 2003; Harvey and Menden-Deuer, 2012). Despite the key importance of heterotrophic protists in marine food webs and global biogeochemical processes, considerable knowledge gaps persist in understanding the metabolic processes involved in protistan herbivory.

The feeding process of heterotrophic protists involves physiologically and metabolically complex mechanisms, including chemical and mechanical perception involved in prey selection and capture, as well as ingestion and digestion (Montagnes et al., 2008). Chemical recognition and prey selectivity are important steps in the feeding process (Roberts et al., 2011) and some of the key receptors involved in that process have been identified (Roberts et al., 2006; Hartz et al., 2008). In addition, light is thought to be involved in maintaining circadian cycles of the feeding process (Jakobsen and Strom, 2004) and enhance digestion rates (Strom, 2002). Some heterotrophic species have also been shown to have unique starvation capacities, with dinoflagellates able to survive starvation for weeks at a time (Strom, 2002; Menden-Deuer et al., 2005; Calbet et al., 2013; Anderson and Menden-Deuer, 2017).

The metabolic responses of heterotrophic protists to food availability are relatively unknown and most molecular studies have focused on examining gene content. For example, transcriptomes of the heterotrophic dinoflagellate Oxyrrhis marina revealed extensive gene redundancy, evidence of lateral gene transfer, and functional gene annotations similar to eukaryotic protists, including other dinoflagellates (Lowe et al., 2011; Lee et al., 2014). Genes potentially involved in predation, such as phagotrophy, were not identified likely because the predators were maintained on dissolved organic matter instead of prey cells. Interestingly, a comparison of gene content in a mixotrophic alga and a heterotroph (both ciliates) did not reveal significant differences in gene content in relation to trophic mode (Santoferrara et al., 2014). One study that examined differentially expressed genes and thus potential metabolic differences in feeding status focused on a mixotrophic alga either feeding on prey or photosynthesizing (Liu et al., 2015). Differentially expressed genes in that study were associated primarily with prey-derived nutrient uptake, such as iron from bacterial prey and organic nitrogen from ciliate prey.

Here we used a metatranscriptome approach (simultaneous sequencing of predator and prey transcriptomes) to examine the metabolic responses of a heterotrophic protist to feeding and starvation treatments. We conducted a set of feeding and starvation experiments followed by transcriptome analyses of metabolic changes in a heterotrophic protist fed different phytoplankton species and strains followed by starvation. We selected the marine heterotrophic dinoflagellate O. marina because it has a wide geographic distribution, consumes a broad range of prey taxa, and has been previously used as a model organism for studying feeding activities in heterotrophic protists (Montagnes et al., 2011; Roberts et al., 2011; Yang et al., 2011; Guo et al., 2013). Two prey species were selected in this study: the raphidophyte Heterosigma akashiwo and the prymnesiophyte Isochrysis galbana, to find common metabolic responses to grazing regardless of prey type. The metabolic response of the predator to different phytoplankton species, strains, and concentrations was evaluated using transcriptome-wide profiles for fed and starved O. marina cells. This approach revealed several metabolic pathways and cellular processes that were affected by prey availability, including signal transduction, biosynthesis of energy reserves, and self-digestion or autophagy during food scarcity. To our knowledge, the present study is a first to investigate the transcriptomic response of a herbivorous predator during phagotrophy on phytoplankton prey.

MATERIALS AND METHODS

Plankton Cultures and Feeding Experiments

The heterotrophic dinoflagellate O. marina was grown in 0.2 μm sterile-filtered autoclaved seawater (FSW), and three phytoplankton prey types were grown in FSW enriched with F/2 nutrients without silicate (Guillard and Ryther, 1962). All cultures were kept at 15°C on a 12:12 h light:dark cycle. All plankton strains were deposited to the National Center for Marine Algae, formerly the Culture Collection of Marine Phytoplankton (CCMP) and include two strains of the raphidophyte: H. akashiwo 1 (CCMP3107) and H. akashiwo 2 (CCMP3374), and a prymnesiophyte I. galbana (CCMP1323). All cultures were xenic and grown exponentially before the start of the experiments.

Four experiments of O. marina cultures were established in triplicate 1 L polycarbonate bottles. There were three feeding treatments, one per phytoplankton prey type, and a fourth treatment representing a starved condition. The feeding treatments were established by adding between 500 and 600 ml of the predator culture so that the starting concentration of the predator was: 300, 800, and 1,000 cells ml-1 in the feeding treatments containing H. akashiwo 1, H. akashiwo 2, and I. galbana, respectively. Between 400 and 500 ml of prey was added to the same culture bottles. Aiming for saturating prey concentrations, prey types were added at different concentrations because of their cell size. The starting concentration of the larger prey species was 13,000 cells ml-1 (both strains of H. akashiwo) and 200,000 cells ml-1 for the smaller I. galbana. The starved treatment of O. marina was achieved by keeping the predator without prey for 4 days after an initial 3 day feeding period with the I. galbana prey. Similar to the I. galbana feeding treatment, the starved treatment was initiated with the addition of O. marina at 1,000 cells ml-1 and I. galbana at 200,000 cells ml-1 and incubated for 7 days total. Cell concentrations in all experimental bottles (for both the predator and prey) were determined at the beginning and end of the experiment by fixing 1 ml aliquots of each treatment bottle with 2% acid Lugol’s solution (Menden-Deuer et al., 2001). Cell concentrations were determined using a Sedgewick-Rafter counting cell and an Eclipse E800 microscope (Nikon).

After 3 days (for the feeding treatments) and 7 days (for the starved treatment), all cells (predator and prey) were harvested by vacuum filtration on 1-μm pore size filters (GE Water and Process Technologies). The same total number of cells (different volumes depending on the concentration) was harvested from each replicate, ensuring that each replicate was equally represented in the sequencing sample. There were between 3.9 and 6.6 million O. marina cells per filter depending on the treatment (Table 1). Biomass on filters was flash-frozen in liquid nitrogen and stored at -80°C until further processing.

TABLE 1. Experimental summary including strain identification, experimental conditions, number of cells filtered, transcriptome identification numbers for both the Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP) and the National Center for Biotechnology Information (NCBI) sequence read archive and the number of paired reads in each transcriptome.
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In addition to the feeding and starved treatments, all prey types were cultivated individually without the predator. This was done so that the individual prey transcriptomes could be subtracted from the mixed predator–prey transcriptomes generated from the feeding and starved treatments. To generate robust assemblies of prey transcriptomes, all prey items were grown individually, in triplicate, at different light and salinity conditions. Cells were harvested at the mid-point of exponential growth and stored as described above (Tables 1, 2), but the actual transcriptomic response of the prey to these treatments was not a subject of this study and was not used for differential expression analysis.

TABLE 2. Transcriptome assembly information.
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RNA Extraction and Transcriptome Sequencing

Triplicates of each experimental treatment were pooled into one sample at the time of cell harvest. Total RNA was extracted using the RNeasy Mini Kit (Qiagen, United States) according to the manufacturer’s protocol, with the following exceptions: cells were lysed using a bead-beater homogenizer in a solution of lysis buffer and 0.5 mm zirconia/silica beads (BioSpec, United States) until the solution looked homogenous (∼1 min). Next, QIAshredder columns (Qiagen, United States) were used to remove cell debris. To remove DNA, the RNase-free DNase set (Qiagen, United States) was followed by an addition DNA-digestion using the Turbo DNA-free kit (Ambion, United States), both according to the manufacturer’s instructions. The RNA was quantified in duplicate using the Qubit Fluorometer (Invitrogen, United States). All transcriptomes (Table 1) were sequenced as part of the Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP) using methods described in Keeling et al. (2014).

Bioinformatics Analyses

The transcriptome assemblies for the three species and strains used in the experiments were obtained from https://imicrobe.us/ (Keeling et al., 2014; Table 2). Since O. marina treatments also contained prey when harvested, the joined assembly of all O. marina treatments (hereinafter referred to as the metatranscriptome) contained transcripts from both predator and prey.

To find and remove prey transcripts, 53,041 contigs from the metatranscriptome were subjected to blastn homology searches (cutoff of the expected value or the E-value = 10-5, Altschul et al., 1990) against the contigs from the prey-only assemblies (H. akashiwo 1 assembly, H. akashiwo 2 assembly, I. galbana assembly, Table 2). Metatranscriptome contigs matching any of the prey contigs at the percent nucleotide identity ≥79.5% were considered to represent prey contigs and removed from the metatranscriptome, thus leaving behind only O. marina contigs. To determine the 79.5% nucleotide identity threshold for prey removal, highly conserved contigs from the metatranscriptome annotated as actins (23 contigs), alpha and beta-tubulins (17 contigs), elongation factors (20 contigs), and 40S ribosomal proteins (84 contigs) were subjected to a blastn search against our prey-only assemblies and the National Center for Biotechnology Information (NCBI) non-redundant nucleotide database. We found that a subset of the selected, highly conserved contigs returned blast hits with nucleotide identities between 79.5 and 100% to our prey species or to species closely related to our prey (e.g., other haptophytes Emiliania huxleyi and Prymnesium parvum). A second subset matched the contigs in our prey-only assemblies with nucleotide identities below 79.5% and at the same time returned NCBI blast hits to O. marina or species closely related to O. marina (e.g., Perkinsus marinus, Symbiodinium microadriaticum, and other dinoflagellates). Because the selected metatranscriptome contigs represented well-known protein coding sequences (such actin and tubulin genes) that are conserved across phyla, the threshold of 79.5% was assumed to be applicable to the remainder of the metatranscriptome contigs with less conserved nucleotide identity. After the removal of the prey associated contigs, the assembled, prey-free O. marina transcriptome was used in further analyse including mapping and gene expression estimates.

Raw reads for the experimental samples (O. marina – three feeding treatments and one starvation treatment) were downloaded from the NCBI’s Short Read Archive (accession number listed in Table 1) and quality trimming and filtration was accomplished using Trimmomatic using a sliding window threshold of quality score equal to 20 for every three nucleotides (Bolger et al., 2014). The high-quality reads were mapped to the assembled, prey-free O. marina transcriptome using Bowtie (Langmead et al., 2009) and transcript quantification was determined using RSEM (Li and Dewey, 2011). Differential expression (DE) was determined using the Analysis of Sequence Counts tool (ASC, Wu et al., 2010) using transcripts per million (TPM) counts which were generated by the RSEM tool. The ASC tool is a Bayesian statistical approach that was specifically developed for pooled biological replicates and RNA-Seq statistical analysis without replication (Wu et al., 2010). Functional annotation of O. marina differentially expressed transcripts was accomplished by blastx searches (Altschul et al., 1990) against NCBI’s non-redundant protein database (E-value cut off 10-5), followed by the import of blastx results into the Blast2GO software (Conesa et al., 2005) to obtain Gene Ontology (GO) (Ashburner et al., 2000) annotations, InterPro conserved protein domains (Zdobnov and Apweiler, 2001), and KEGG (Kyoto Encyclopedia of Genes and Genomes) enzyme searches (Kanehisa et al., 2016). GO enrichment analysis was carried out using the agriGO web-based tool (Du et al., 2010; Tian et al., 2017).

RESULTS

Growth Response of O. marina to Food Availability

Oxyrrhis marina grazed all three phytoplankton prey types and exhibited positive growth, reaching between 4.0–4.7 × 103 cells ml-1 at the time of harvest on day 3 (Figure 1A). Specific growth rates for O. marina feeding on I. galbana were 0.69 ± 0.05 d-1 and feeding on H. akashiwo 1 and H. akashiwo 2, 1.27 ± 0.02 d-1 and 0.74 ± 0.01 d-1, respectively. O. marina in the starved treatment had an average specific growth rate over the 7-day incubation period of 0.26 ± 0.02 d-1, due to an initial rapid increase in cell numbers over the first 3 days followed by 4 days of little to no growth due to starvation. In the grazing treatments, evidence of active grazing was observed in the rapid decrease of prey from between 1.28 × 104 and 2 × 105 cells ml-1 at the start of the experiment, to below 103 cells ml-1 after 3 days of grazing (Figure 1B). The abundance of I. galbana in the fed treatment was very low on day 3 and was not detectable using our counting methods; the concentration was conservatively estimated at <1 cell ml-1.
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FIGURE 1. Predator and prey cell concentrations at the start (Tinitial) and end (Tfinal) of the experiment for the predator species O. marina (A) and the phytoplankton prey species: H. akashiwo strain 1, H. akashiwo strain 2, and I. galbana (B). Cell harvests at Tfinal occurred on day 3 for the fed treatments and day 7 for the starved treatment. ND indicates cell concentration below detection for I. galbana (<1 cell ml-1).



Removal of Prey Transcripts From the Metatranscriptome

A combined assembly was generated using all O. marina treatments (metatranscriptome, Table 2). This combined assembly was compared with the prey-only transcriptome assemblies (Table 2) using BLAST, percent identity, and hit coverage, yielding 7,488 transcripts (14% of the assembly) which were identified as homologous to sequences in the prey transcripts (Figure 2). The numbers of transcripts in the combined assembly matching prey transcripts were 5,260, 5,398, and 2,503 for H. akashiwo 1, H. akashiwo 2, and I. galbana, respectively. It should be noted that >80% of those prey-transcript matches showed nucleotide sequence identity >95% thus almost certainly belonging to the prey. More transcripts of H. akashiwo than I. galbana were found in the combined assembly (Figure 2), likely because O. marina grazed I. galbana more effectively and very few I. galbana cells remained in the harvested biomass used for the sequencing of those samples (Figure 1 and Table 1). The remaining 86% of transcripts in the combined assembly (metatranscriptome) were identified as belonging to O. marina (Figure 2). The prey-free transcripts were used for mapping and gene expression analyses.
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FIGURE 2. Results of blastn homology searches of contigs from the combined predator–prey assembly (metatranscriptome) against each of the three prey-only assemblies. A total of 7,488 contigs (14% of the assembly) in the metatranscriptome matched at least one of the prey contigs at a percent nucleotide identity ≥79.5%. The number of contigs assigned to each prey species varied (Venn diagram). The remaining 86% of the contigs were considered prey-free O. marina contigs and were used for DE analysis.



Differentially Expressed (DE) Transcripts in Response to Feeding and Starvation Conditions

Between 80 and 87% of quality-filtered reads in the O. marina single prey assemblies mapped to O. marina contigs identified in the combined assembly (Table 3). The abundance of O. marina transcripts under the starved treatment was compared to each of the three fed treatments representing the three phytoplankton prey types. Overall, 1,576 differentially expressed (DE) transcripts were identified, including 972 with higher expression in the fed O. marina cells and 604 with higher expression in the starved cells (Table 4). The 972 transcripts that were upregulated in fed O. marina cells included 39 transcripts that were upregulated in all fed treatments, regardless of prey type (Figure 3A and Supplementary File S1 – Grazing genes). Of those, 20 could be functionally annotated and included genes putatively identified as glycogen synthase, sugar epimerase, phosphoglucomutase, glycotransferase, actin, three kinases, acyl-CoA dehydrogenase, kinesin, and two transcription factors (for a complete list see Supplementary File S1 – Grazing genes).

TABLE 3. The results of quality filtration and mapping of sequence reads to O. marina transcripts.
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TABLE 4. Number of significantly differentially expressed transcripts (posterior probability ≥0.950 and fold change ≥2) in O. marina cells fed with three different prey types (two strains of H. akashiwo: H. akashiwo 1, H. akashiwo 2, and I. galbana) in comparison to O. marina cells kept in starvation for 4 days after prey depletion.
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FIGURE 3. Transcripts found at statistically higher expression (posterior probability ≥0.950 and fold change ≥2) in (A) O. marina cells fed on three different phytoplankton prey types in comparison to starved O. marina cells and (B) starved O. marina cells in comparison to O. marina cells fed H. akashiwo 1 (starved set 1), H. akashiwo 2 (starved set 2), and I. galbana (starved set 3).



An additional 203 transcripts were upregulated when O. marina was fed H. akashiwo regardless of the strain (Figure 3A). When O. marina was feeding on H. akashiwo 1 and 2, 499 and 153 transcripts, respectively, were uniquely upregulated. In addition, there were 42 uniquely upregulated transcripts in O. marina cells when it was feeding on I. galbana.

When O. marina was starved, 604 transcripts were upregulated, including 64 transcripts that were upregulated regardless of the prey treatment selected as the control comparison (Figure 3B, complete list in Supplementary File S2). Additional starvation-induced transcripts were identified when comparing starved O. marina cells to those fed on H. akashiwo 1 (271 transcripts), H. akashiwo 2 (325 transcripts), and I. galbana (62 transcripts) (Figure 3B). A GO term, Interpro protein domain, or KEGG enzyme could be assigned to 311 transcripts in the fed treatments (32%, Supplementary File S1) and 286 transcripts in the starved treatments (52%, Supplementary File S2).

Transcripts in O. marina cells with a significantly higher expression when the predator was feeding included those encoding enzymes involved in carbohydrate and fatty acid synthesis, metabolism, and transport (Figure 4). In addition, fed O. marina cells had higher expression of transcripts encoding several ion channels responsible for the detection of mechanical stimuli, and multiple proteins involved in motility, cytoskeletal organization, cell shape, and cell division (Figure 4). Transcripts in O. marina cells with a significantly higher expression when the predator was starving included upregulation of light harvesting proteins, enzymes involved in degradation of storage molecules, and enzymes involved in autophagy and cell redox homeostasis and the stress response (Figure 5).
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FIGURE 4. A heat map representing 73 transcripts that were up-regulated in O. marina cells fed on H. akashiwo 1 (Ha1), H. akashiwo 2 (Ha2), and I. galbana (Ig) compared to starved O. marina cells. Numbers inside boxes indicate fold change with each prey treatment and the number of asterisks next to each transcript indicates the number of prey that were significantly differentially expressed. Names, contig IDs, and annotations of the transcripts can be found in Supplementary Files S1, S2.
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FIGURE 5. A heat map representing 67 transcripts that were up-regulated in starving O. marina cells compared to O. marina cells fed on H. akashiwo 1 (Ha1), H. akashiwo 2 (Ha2), I. galbana (Ig). Numbers inside boxes indicate fold change for each prey. Asterisks next to each transcript indicate the number of prey types that were significantly differentially expressed. Names, contig IDs, and annotations of the transcripts can be found in Supplementary Files S1, S2.



Examination of the most frequent protein domains (InterPro domains, Table 5) identified among DE transcripts highlighted the importance of certain enzymes and transporters in the feeding and starvation processes. Many more kinase protein domains (IPR011009, IPR000719, IPR008271) were identified among DE transcripts from the fed cells than among DE transcripts from the starved cells (Table 5). On the other hand, the rhodopsin protein domains (IPR001425), pepsinogens also known as aspartyl peptidase domains (IPR001461), and cathepsins (IPR000668) were identified among DE transcripts from the starved cells but not among DE transcripts from the fed cells (Table 5). Similarly, a majority of the ion transporter domains (IPR005821, IPR013122, IPR004481, IPR004837) were identified among DE transcripts from the fed cells but not among DE transcripts from the starved cells (Table 5).

TABLE 5. Most frequent protein domains found among significantly differentially expressed transcripts from RNA-Seq analysis of O. marina cells in culture conditions with (fed) and without (starved) different phytoplankton prey types.
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The results of GO enrichment analysis revealed that 31 GO terms related to carbohydrate metabolism were overrepresented in the fed O. marina cells. These included GO terms such as glycolysis, gluconeogenesis, monosaccharide catabolic process, hexose catabolic processes, and several other functionally related terms as well as terms describing voltage-ion channels including “divalent metal ion transport” (complete list in Table 6). The GO terms that were enriched in the starved O. marina cells included “peptidase activity” and “oxidoreductase activity” which are terms related to enzymes involved in autophagy and oxidative stress (GO:0008233, GO:0016491 in Table 6).

TABLE 6. Result of the GO enrichment analysis based on the RNA-Seq derived 1576 significantly differentially expressed transcripts found in O. marina cells subjected to two culture treatments: feeding and starvation.
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The examination of predicted KEGG enzymes among the DE transcripts revealed specific enzymes involved in the metabolic processes mentioned above (Figure 6 and Supplementary Files S1 and S2). DE enzymes involved in lipid, carbohydrate, amino acid, and energy metabolism, and other enzymes were identified. Overall, a higher number of DE transcripts involved in lipid and energy metabolism (such as carbon fixation) were identified under starvation, whereas during feeding, a higher number of DE transcripts involved in carbohydrate metabolism were identified (Figure 6). In addition, a higher number of kinases were deferentially expressed during feeding, but a higher number of peptidases were differentially expressed during starvation (Figure 6).
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FIGURE 6. Number of significantly differentially expressed (DE) putative KEGG enzymes across five broad metabolic categories in O. marina cells during feeding and starvation.



Metabolic pathways for carbohydrate and lipid synthesis were examined in detail. KEGG enzymes involved in carbohydrate biosynthesis were mostly upregulated in feeding O. marina cells (Figure 7). Several enzymes of the gluconeogenesis pathway including three different fructose-bisphosphate aldolases (EC:4.1.2.13), 6-phosphofructokinase (EC:2.7.1.11), phosphohexose isomerase (EC:5.3.1.9), and phosphoglucomutase (EC:5.4.2.2) were upregulated in the fed cells. In addition, the enzyme responsible for the synthesis of glucose polymers (either starch or glycogen), the glycogen branching enzyme (EC:2.4.1.18) was upregulated in fed O. marina cells. Further, enzymes involved in the production of trehalose (EC:3.1.3.12), D-xylose (EC:3.2.1.37), and the nucleotide sugar, GDP-mannose (EC:4.2.1.47) were also upregulated during feeding. Only one enzyme in the carbohydrate metabolism pathway was found to be upregulated in the starved cells and it was a glycogen degrading enzyme, the glucan 1,4-alpha-glucosidase (gamma amylase, EC:3.2.1.3).
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FIGURE 7. Carbohydrate metabolic pathways affected by the feeding and starvation state in O. marina cells. Arrows and boxes indicate significantly differentially expressed transcripts in either the fed (green) or starved (blue) treatments.



Kyoto Encyclopedia of Genes and Genomes (KEGG) enzymes involved in lipid metabolism were significantly DE during starvation (Figure 8). Specifically, two enzymes involved in the conversion of fatty acids to alcohols, the aldehyde dehydrogenase (EC:1.2.1.3) and the alcohol dehydrogenase (EC:1.1.1.1), were upregulated during starvation. The upregulation of ceramidase (EC:3.5.1.23) and alpha-galactosidase (EC:3.2.1.22) during starvation suggests degradation of sphingolipids or lipids inside the cell membranes. Further, the upregulation of the beta-ketoacyl acyl carrier protein (ACP) reductase (EC:1.1.1.100) and stearoyl-CoA 9-desaturase (EC:1.14.19.1) in starved cells suggests accumulation of oleic acid. In contrast, changes in lipid metabolism during grazing included the upregulation of the transcript encoding the monoacylglycerol lipase (EC:3.1.1.23) and two enzymes involved in fatty acid synthesis (fatty acid synthase, EC:2.3.1.85 and enoyl-[ACP] reductase, EC:1.3.1.9).
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FIGURE 8. Lipid and fatty acid metabolic pathways affected by feeding and starvation state in O. marina cells. Arrows and boxes indicate significantly differentially expressed transcripts in either the fed (green) or starved (blue) treatments. The upregulation of EC:1.3.8(6,7,8) in both treatments reflects the expression of different transcripts with the same EC designation.



DISCUSSION

Significant shifts in gene expression were observed between O. marina cells that were fed and starved. These data provide insights into the molecular underpinnings of the feeding and starvation processes. We found 3.4% of the transcriptome (1576 O. marina contigs) to be regulated on the transcriptional level which is in general agreement with other dinoflagellates (reviewed by Roy et al., 2018) and other eukaryotic organisms (e.g., Dyhrman et al., 2012; Bochenek et al., 2013; Liu et al., 2015). Here, the transcriptomic response of the predator feeding on high prey concentrations included 972 upregulated transcripts revealing cellular and metabolic processes indicative of active grazing. These active grazing processes included genes associated with (1) detection of mechanical stimuli and regulation of swimming patterns, (2) adjustment of cell shape and cytoskeletal re-arrangement, (3) regulation of cell division, and (4) starch and fatty acid synthesis. In response to the starvation treatment, 604 transcripts were found to have higher expression, revealing physiological changes and metabolic adjustments taking place in starving cells. The predator’s molecular response to starvation conditions included higher expression of genes associated with (1) light harvesting proteins called rhodopsins, (2) degradation of storage molecules, including fatty acids, lipids, and polysaccharides (most likely starch), (3) lysosomal self-degradation of organelles, and (4) signs of oxidative stress.

The two feeding stages contrasted here highlighted differences in growth between active feeding and starvation. Under high prey concentrations, O. marina grew at rates similar to those previously reported in other studies using the same prey species (Jeong et al., 2003). Starving cells were alive and actively swimming at the time of harvest. This behavior, coupled with previous observations of extended starvation capacity in O. marina (Anderson and Menden-Deuer, 2017), suggests that the cells were starving but not undergoing senescence.

At the end of the experiment, the active feeding treatments contained more H. akashiwo cells than I. galbana, which was below detection (<1 cell ml-1). The difference in prey abundance was reflected in the transcriptome. When the predator was feeding on H. akashiwo, there was a sevenfold higher number of significantly differentially expressed transcripts compared to when it was feeding on I. galbana. The cell concentration of the different prey types in fed treatments during harvest provides a possible explanation for the difference in upregulated transcripts between species. During the 3-day experiment, O. marina consumed I. galbana more rapidly than either H. akashiwo strain. As a result, O. marina may have adjusted its metabolism to a reduced level of prey at the time of cell harvest. In contrast, H. akashiwo was still present at the time of harvest, suggesting active feeding and growth. Given the differences observed in the number of upregulated transcripts, we have not focused on the dependence of gene regulation on prey type but instead focused on an overall description of metabolic processes related to feeding and starvation in O. marina.

Energy Acquisition and Storage During Grazing

Oxyrrhis marina has an intricate set of swimming behaviors, allowing for the search, detection, and capture of prey items (Roberts et al., 2011). We identified a set of genes that may be involved in prey detection and phagocytosis. When feeding on H. akashiwo, O. marina cells exhibited several upregulated transcripts encoding voltage-gated potassium and calcium transmembrane channels. Voltage-gated ion channels are involved in detection of mechanical stimuli and in the regulation of swimming behavior in eukaryotic protists including Paramecium (a ciliate), Chlamydomonas (a green alga), Stylonychia (a ciliate), and others (Naitoh and Eckert, 1969; Catterall, 1995; Martinac et al., 2008). It is possible that similar voltage-gated ion channels might allow O. marina to detect prey movement and regulate its swimming patterns during prey chase and capture. In contrast to high food availability treatments, during starvation none of the voltage-gated channels were upregulated possibly because there is no need for the intricate regulation of swimming, maneuvering, and prey detection during prey capture.

After prey detection and capture, O. marina uses phagocytosis to ingest its prey. It has been hypothesized that O. marina phagocytosis might coincide with an increased activity of kinases (Roberts et al., 2011), which are commonly responsible for signal transduction processes and activation of enzymes via phosphorylation. We found that a large set of kinases are in fact significantly upregulated during feeding suggesting their involvement in the regulation of cellular processes related to feeding. We also detected several highly expressed transcripts involved in the regulation of cytoskeleton organization, cell shape, and polarity during feeding. This agrees with the previous direct observation of reorganization of microtubular bands in O. marina cells during phagocytosis. The involvement of cytoskeletal changes (e.g., actin remodeling) during phagocytosis is a fundamental process of eukaryotic cells (May and Machesky, 2001; Fletcher and Mullins, 2010). The transcriptomic response revealed here allowed us to link phagocytosis to specific transcripts encoding protein components of the cytoskeleton in dinoflagellates. These phagocytosis-related transcripts could be used in future studies to examine the molecular regulation of food engulfment in dinoflagellates.

Following prey ingestion by phagocytosis, the prey is digested inside food vacuoles that become infused with digestive enzymes (Mast, 1947; Öpik and Flynn, 1989; Hausmann, 2002). Interestingly, no upregulated digestive enzymes in response to grazing were identified in this study. These enzymes, however, might be regulated on the post-transcriptional level (Roy et al., 2018) or they are in the group of transcripts that were differentially expressed but not functionally annotated. Further studies are required to address the expression of digestive enzymes.

Actively feeding O. marina cells increased the expression of genes associated with the synthesis of polysaccharides including starch. The biosynthesis of starch is well documented, and primary (short-term) energy storage of excess glucose is found in nearly all organisms across all kingdoms (Zmasek and Godzik, 2014). Storage polysaccharides are synthesized by all organisms from bacteria to animals (Ball and Morell, 2003; Zmasek and Godzik, 2014). Glycogen is found in most animals, fungi, and bacteria (including cyanobacteria and archaebacterial species), while starch is only found in photosynthetic eukaryotes including non-photosynthetic dinoflagellates (Ball and Morell, 2003). The increased expression of genes associated with polysaccharide synthesis suggests that the predator was food satiated and excess glucose was being stored as energy reserve. In particular, GO-enrichment analysis showed that out of 31 GO terms that were overrepresented in the transcripts during feeding, 14 described carbohydrate metabolic processes including glycolysis and gluconeogenesis. In addition, the key enzyme involved in the synthesis of long glucose polymerase, the starch/glycogen synthase (EC:2.4.1.18), was found to be upregulated in fed O. marina cells. This enzyme was upregulated in O. marina cells feeding on all three prey types suggesting that O. marina cells use the starch as an energy storage molecule regardless of the type of phytoplankton it feeds on. Interestingly, the glucan 1,4-alpha glycosidase (EC:3.2.1.3) that is directly involved in the degradation of starch/glycogen was upregulated in the starved O. marina cells revealing the potentially important role that the starch/glycogen molecule is playing in the alternating feeding and starvation metabolic states. Starch/glycogen are primary (short-term) energy storage molecules as their conversion to glucose requires short and simple reactions (Scialdone and Howard, 2015). Enzymes for the production of starch have been found in other dinoflagellates (Butterfield et al., 2013) indicating a common pathway for this group of protists and their common ability to store energy in carbohydrates.

Survival During Starvation: Utilization of Stored Energy Reserves and Autophagy

During starvation conditions, organisms generally utilize energy reserves such as those stored in glycogen and lipids, breaking them down using the process of autophagy (Kaur and Debnath, 2015). Here, starving O. marina upregulated enzymes putatively involved in the degradation of energy-storage molecules (polysaccharides and lipids), presumably to cope with the lack of food availability. For example, in starved O. marina, there was increased expression of a transcript encoding glucan 1,4-alpha-glycosidase (EC:3.2.1.3, aka amylase), used for the digestion of stored starch/glycogen molecules (Ball and Morell, 2003; Zmasek and Godzik, 2014). Additional enzymes, presumably responsible for the degradation of various molecules, such as an alpha-galactosidase (Weignerová et al., 2009; Katrolia et al., 2014), an acid ceramidase (Canals et al., 2011), and a lipase (Svendsen, 2000; Thakur, 2012) were also upregulated in starved cells. The upregulation of acid ceramidase (EC:3.5.1.23) suggests that the starving cells might be digesting polar lipids (sphingolipids) present in cell membranes (Futerman and Hannun, 2004). Thus, this enzyme could also be involved in autophagy or self-digestion, specifically in the digestion of organellar membranes (Kaur and Debnath, 2015).

Autophagy is a well-documented and common response to starvation among many eukaryotic organisms. It is defined as a controlled and selective self-degradation of cytoplasmic and organellar components in order to preserve minimal cellular functions (Sinai and Roepe, 2012; Kaur and Debnath, 2015). Autophagy is a type of programmed cell death that is different than apoptosis (Schwartz et al., 1993), by which nutrient limited cells can recycle cellular compounds to sustain limited cell functions (Sinai and Roepe, 2012). In the current study, the process of autophagy was indicated by upregulation of lysosomal peptidases. In addition, two vacuolar ATPases and a vacuolar hydrogen ion pyrophosphate, which ensure activation of peptidases by lysosomal acidification (Holliday, 2014), were also found at higher abundance during starvation.

The molecular signs of autophagy reported in this study agreed with the direct observations of starved O. marina cells, which become smaller in size, transparent, and sometimes deformed (Anderson and Menden-Deuer, 2017). The process of autophagy as well as the signaling pathways that control it are well-described in mammalian and yeast cells, where it co-occurs with oxidative stress and cell-redox mediation (Reggiori and Klionsky, 2002; Lee et al., 2012; Navarro-Yepes et al., 2014; Filomeni et al., 2015; Kaur and Debnath, 2015). Thus, it is possible that a higher abundance of transcripts encoding for several enzymes involved in an antioxidant activity and cell redox homeostasis, including three peroxiredoxins, two thioredoxins, and five components of the glutathione redox system, in the starved O. marina cells are also related to autophagy. Further, transcripts coding for aldo–keto reductases were up-regulated during starvation and these enzymes work in collaboration with other oxido-reducing proteins to ensure redox transformation of common metabolites (Chang et al., 2007; Barski et al., 2008; Chang and Petrash, 2008; Penning, 2015).

Starved O. marina cells also upregulated enzymes involved in unsaturated fatty acid synthesis (EC:1.1.1.100, EC:1.14.19.1). These enzymes are specifically involved in the conversion of saturated fatty acid to unsaturated fatty acids, specifically the production of oleic acid, a monounsaturated fatty acid (C18:1). Although it is counterintuitive for a starving cell to expend energy synthesizing molecules, it is possible that oleic acid is an essential fatty acid for O. marina survival. Although this hypothesis requires further testing, oleic acid concentrations in O. marina cells have been shown to increase after several days of starvation (Yoon et al., 2017), supporting our speculation.

Starving O. marina cells also showed significant increases in the expression of rhodopsins. ATP-generating light-activated rhodopsins (aka proteorhodopsins) have been documented to support metabolic activities in various archaea and bacteria (Fuhrman et al., 2008). In most eukaryotic microorganisms, rhodopsins (a chromophore-retinal binding proteins) function as a photoreceptor (Kikukawa et al., 2012). However, evidence has emerged for proteorhodopsin-mediated phototrophy in some eukaryotes. For example, Slamovits et al. (2011) showed that O. marina possesses proteorhodopsins which are located in cytoplasmic structures resembling an endomembrane system. O. marina proteorhodopsins are phylogenetically similar to both sensory and proton-pumping proteorhodopsins (Slamovits et al., 2011) and show increased expression over time when cells were incubated without prey (Guo et al., 2014). In addition, the authors found 40 distinct rhodopsin genes in the O. marina transcriptome including some that showed phylogenetic grouping to sensory rhodopsins although the majority of them belonged to the proton-pumping proteorhodopsins (Slamovits et al., 2011). Here, nine different transcripts showing the highest similarity to the proton pumping proteorhodopsins were upregulated in O. marina cell during starvation suggesting that the O. marina may be supplementing its energy requirement using this light harvesting mechanism.

CONCLUSION

Heterotrophic dinoflagellates must identify, capture, and digest prey in a generally dilute ocean. The data from this study provide insight into the molecular basis of feeding and response to starvation states in heterotrophic dinoflagellates. For example, voltage-gated transmembrane channels appear to be involved in the complex swimming behavior of dinoflagellates which allows them to detect, pursue, and capture prey. The active grazing process also requires a large set of enzymes involved in the signal transduction process as well as the regulation of cytoskeletal organization and cell polarity. This study also suggests that rhodopsins allow some dinoflagellates to utilize light energy during times of food scarcity. In addition, the regulated and organized process of self-digestion (autophagy) allows dinoflagellates to sustain minimum cellular functions by recycling cellular organic matter, helping to explain their ability to survive long periods of starvation (Menden-Deuer et al., 2005). Furthermore, the feeding and starvation experiments revealed that the primary short-term storage of extra glucose produced during periods of high food availability is a long polymer of glucose, mostly likely starch (Ball and Morell, 2003), which might be used during the first few days of food shortage. The results from this study are fundamental building blocks for further studies that will develop new tools for measuring protist grazing in situ, a notorious challenge. For example, the formation and digestion of starch/glycogen could be used as a tool to measure dinoflagellate response to pulses of prey in the water column. It is our hope that ultimately the molecular signals measured here can be used to provide broad-scale, high resolution measurements of grazing in marine microbial food webs and identify the environmental and biological drivers of grazing, the major loss factor of marine primary production.
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