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Harmful algal blooms (HABs) caused by the toxin-producing cyanobacteria Microcystis spp., can increase water column pH. While the effect(s) of these basified conditions on the bloom formers are a high research priority, how these pH shifts affect other biota remains understudied. Recently, it was shown these high pH levels decrease growth and Si deposition rates in the freshwater diatom Fragilaria crotonensis and natural Lake Erie (Canada-US) diatom populations. However, the physiological mechanisms and transcriptional responses of diatoms associated with these observations remain to be documented. Here, we examined F. crotonensis with a set of morphological, physiological, and transcriptomic tools to identify cellular responses to high pH. We suggest 2 potential mechanisms that may contribute to morphological and physiological pH effects observed in F. crotonensis. Moreover, we identified a significant upregulation of mobile genetic elements in the F. crotonensis genome which appear to be an extreme transcriptional response to this abiotic stress to enhance cellular evolution rates–a process we have termed “genomic roulette.” We discuss the ecological and biogeochemical effects high pH conditions impose on fresh waters and suggest a means by which freshwater diatoms such as F. crotonensis may evade high pH stress to survive in a “basified” future.
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Introduction

Algal blooms are a symptom of an imbalanced ecosystem (Heisler et al., 2008; Watson et al., 2015), where both the biotic and abiotic characteristics of a lake’s water column are altered (Anderson, 2009; Gobler and Sunda, 2012). In the case of freshwater Microcystis spp.-dominated harmful algal blooms (HABs), nutrient drawdown, oxygen depletion, and increased light attenuation are well-documented consequences (Paerl et al., 2001; Verspagen et al., 2004; Lehman et al., 2013; Zepernick et al., 2022c). The effects of Microcystis blooms on water column pH serve as a recent addition to this growing list of consequences (Van Dam et al., 2018; Krausfeldt et al., 2019; Turner et al., 2021; Zepernick et al., 2021), raising the question of how elevated pH levels associated with blooms influence other biota. Research has demonstrated Microcystis spp. blooms can increase lake pH to well above 9.0 via the photosynthetic depletion of CO2 (Verspagen et al., 2014; Ji et al., 2020), a phenomenon recently termed “lake basification” (Zagarese et al., 2021; Zepernick et al., 2021). Basification events have been recorded in fresh waters including Lake Taihu, China and Lake Erie, U.S./Canada (Su et al., 2015; Wilhelm et al., 2020). In Lake Erie, the mean daily water column pH remained ≥ 9.2 for ∼30 days during a record-breaking 2015 Microcystis spp. bloom (Zepernick et al., 2021). Further, these pH spikes oscillated on a diel cycle, with the highest pH levels (as much as 0.5 units above ambient) coinciding with peak photosynthetic periods in the late afternoon (Krausfeldt et al., 2019). While an increase in pH may benefit Microcystis spp. (Sandrini et al., 2016; Krausfeldt et al., 2019) and function as a positive feedback loop for late-stage bloom maintenance (Tang et al., 2018), it serves as a potential detriment to other organisms.

A recent study suggested elevated pH conditions have the potential to negatively affect algal communities beyond pH-induced carbon limitation (Zagarese et al., 2021). In a previous investigation, we demonstrated that the freshwater diatom Fragilaria crotonensis, which historically bloomed during the summer in Lake Erie (Hartig, 1987), exhibited lower growth rates and silica (Si) deposition rates at pH 9.2 in both monoculture and co-culture with M. aeruginosa (Zepernick et al., 2021). That study identified factors which likely contributed to observed declines of diatom populations during HAB events, yet there remains a need for a comprehensive assessment of how these high pH conditions influence freshwater diatom morphology and physiology beyond growth and Si deposition rates.

In the present study, we used transcriptomics to generate hypotheses concerning the physiological response and mechanistic changes behind high-pH-induced effects in this freshwater diatom. We then performed morphological and physiological measurements to validate observed transcriptomic responses and quantitatively assess the effects of elevated pH conditions on F. crotonensis.



Materials and methods


Culture conditions

To investigate the morphological and physiological effects high pH may impose on freshwater diatoms, non-axenic monocultures of F. crotonensis SAG 28.96 were acclimated for 6 days to either their optimal growth pH of 7.7 (Hervé et al., 2012) or the simulated Lake Erie Microcystis bloom-induced basification pH of 9.2 (Krausfeldt et al., 2019), as described previously (Zepernick et al., 2021). After a 6 day acclimation, samples were filter-concentrated and inoculated (T initial − Ti) into their respective pH treatments for the pH assay. All pH assays were inoculated at ∼1,500 filaments mL–1 in this study except for the photopigment assay, as this method required higher biomass. These samples were incubated for an additional 2 days at conditions consistent with the Lake Erie summer water column (26°C; light intensity ∼55–60 μmol photons m–2 s–1 on a 12:12 h light dark cycle) prior to sample collection on day 8 of pH exposure (T final − Tf). In this study, the treatment pH of 9.2 will be referred to as “high pH” while the control treatment pH of 7.7 will be referred to as “low pH.”



pH effects on Fragilaria crotonensis transcription

To assess how transcriptional activity was affected at high pH and generate preliminary hypotheses based on transcriptional findings, F. crotonensis cultures were inoculated at ∼1,500 filaments mL–1 into the respective pH treatments (n = 3). At Tf, each replicate was collected on a 2.0-μm nominal pore-size 47-mm diameter polycarbonate filter to concentrate diatom biomass. Samples were flash frozen in liquid nitrogen and stored at −80°C until extraction. RNA extractions were performed using acid phenol-chloroform methods with ethanol precipitation (Martin and Wilhelm, 2020). Residual DNA in samples was digested using a modified version of the Turbo DNase protocol and the Turbo DNA-free kit (Ambion, Austin, TX, USA). Removal of genomic DNA was confirmed via the absence of an amplicon band in an agarose gel after 30 cycles of PCR amplification using 519F/785R 16s rRNA primers as reported previously (Zepernick et al., 2022a). Final RNA concentrations were determined using the HS Qubit RNA assay (Invitrogen, Wltham, MA, USA). Sample library prep (Poly-A selection) and Illumina NovaSeq 6000 platform sequencing (∼25 million reads, 100 bp, paired end) were performed at Hudson Alpha (Discovery Life Sciences, Huntsville, AL, USA). Sequencing data were interleaved, filtered, and trimmed using CLC Genomics Workbench default settings (v.20) (Qiagen Digital Insights, Redwood City, CA, USA). The quality of trimmed reads was confirmed using FastQC (v.0.11.9) (Babraham Institute, Cambridge, UK). BBMap.sh (default settings) was used to remove residual rRNA reads and BBMap.repair (default settings) was used to validate paired-end reads (Bushnell, 2014). Sorted reads were mapped to the annotated F. crotonensis reference genome (Zepernick et al., 2022b) in CLC (default settings: length fraction: 0.5, similarity fraction 0.8) (Supplementary Data Sheet 1a), and normalized to transcripts per million (TPM). To calculate similarity (Bray–Curtis) and identify contributors to gene-expression differences between samples, non-metric multi-dimensional scaling (nMDS) and Similarity Percentage (SIMPER) analyses were performed on normalized expression values (TPM) using PRIMER (v.7) (Clarke and Gorley, 2015). Differential Expression (DE) analyses were performed in CLC, and the results were stringently filtered by significance (FDR-corrected p-value ≤ 0.05, log2 | fold-change| > 2), with predicted genes of hypothetical or unknown functions omitted from downstream analyses. Heat maps were constructed via heatmapper.ca (Clustering method: Average linkage, Distance measurement method: Pearson) (Babicki et al., 2016) using standardized expression scores in which genes were grouped using gene descriptions based on EggNOG and COG categories pre-assigned by the EggNOG annotation database (Huerta-Cepas et al., 2019). Manual categorization of genes was further performed based on KEGG Mapper and the KEGG Orthology (KO) database (Kanehisa et al., 2016).



pH effects on Fragilaria crotonensis morphology

To directly test the morphological effects of high pH hinted at within our transcriptomes, F. crotonensis cultures were inoculated at ∼1,500 filaments mL–1 into their respective pH treatments (n = 5). At Tf, filament morphology was assessed with a FlowCAM 8000 imaging system using the 10x objective with a particle per used image < 1.7 (PPUI) (FlowCAM 8000, Yokogawa Fluid Imaging Technologies, Scarborough, ME, USA). Briefly, ∼1,000 F. crotonensis filaments per biological replicate were individually analyzed using the automated functions of the instrument with the following parameters measured: area (μm2), biovolume (μm3), length (μm), width (μm), roughness, and average green content.



pH effects on Fragilaria crotonensis photopigment composition

To test for photopigment changes hypothesized from the transcriptome, F. crotonensis cultures were inoculated at ∼20,000 filaments mL–1 into their respective pH treatments (n = 5). At Tf, measurements were made for total filaments mL–1 by flow cytometry CytoFLEX S (Beckman Coulter, Brea, CA, USA), equipped with the blue laser (488 nm, 50 mW), and red laser (638 nm, 50 mW) with populations gated on PerCP and FSC-H. Chlorophyll a (Chl a) autofluorescence was measured using a Turner Designs TD-700 fluorometer, equipped with a “blue” mercury bulb, a #10-050R excitation filter (λ = 340–500 nm), and a #10–115 (λ = 680 nm) emission filter. A solid standard (Turner Designs #7000–994, Turner Designs Inc., Sunnyvale, CA, USA) was used to calibrate the fluorometer prior to each day’s measurements. Subsequently, 20 mL of each culture was collected on 47-mm diameter GF/F (Whatman) filters for pigment extraction. Samples were stored at −20°C prior to pigment extraction and high-performance liquid chromatography (HPLC) analysis at University of North Carolina Chapel Hill-Institute of Marine Sciences as described previously (Paerl et al., 2014). Briefly, photopigment samples were extracted in 100% acetone, sonicated, and stored at −20°C for ∼24 h. The extracts (200 μL) were next assessed via HPLC as described previously (Van Heukelem et al., 1994; Pinckney et al., 1996, 1998, 2001). Photopigments were identified based on absorption spectra, which were determined from commercially obtained pigment standards (DHI, Hørsholm, Denmark). Net pigment concentrations (μg L–1) were normalized to Tf filament counts (filaments L–1) and mean filament length (μm) per pH treatment.



pH effects on Fragilaria crotonensis photosynthetic physiology

To further evaluate the potential effects of pH on photosynthetic physiology as derived from our transcriptomes, F. crotonensis cultures were inoculated at ∼1,500 filaments mL–1 into the respective pH treatments (n = 5). At Tf, photosynthetic efficiency metrics were assessed via Pulse-Amplitude-Modulation (PAM) fluorometry with the brown algae (diatom) taxa setting (Phyto-PAM-II Compact Version, Heinz Walz GmbH, Effelitrich, Germany). Samples were dark-acclimated for 20 min prior to Phyto-PAM readings as described previously (Ritchie, 2008; Torres et al., 2014; Gleich et al., 2020). After dark-acclimation, replicates were exposed to a white saturating light pulse (5,000 μmol m–2 s–1 PAR) prior to determination of the maximum theoretical photochemical quantum yield of photosystem II (PSII) (Fv • Fm–1). Subsequently, samples were exposed to rapid light curve measurements to determine the relative maximum rate of electron transport through PSII (rETRmax, μmol electrons/m2 s1). Rapid light curves were run in fourteen steps. For each step, cultures were exposed to increasing actinic irradiances starting from 1 μmol m–2 s–1 PAR, until a maximum of 1,257 μmol m–2 s–1 PAR was reached. The steps were run in 20 s intervals and a saturating pulse of 5,000 μmol m–2 s–1 PAR was run after each step. The light intensity at which saturation of PSII occurs (IK, μmol photons m–2 • s–1) was also determined.



Statistical analyses

Statistical analyses of data (Figures 2, 4, 5) were performed in GraphPad Prism (v.9.3.1) using unpaired, two-tailed t-tests. For this study, we consider a p-value < 0.05 to be significant but report all values so the reader may decide their level of risk (Supplementary Tables 1–4). Statistical comparisons of gene expression (Figures 1, 3, 6) were performed in CLC Genomics Workbench. All z-scores reported in heat maps were calculated by Heatmapper.ca. Variability in expression between replicates was assessed via PRIMER.
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FIGURE 1
Heat maps depicting differentially expressed genes relating to F. crotonensis growth and cell wall morphology. (A) Genes in the COG category “Cell cycle control, cell division, and chromosome partitioning”. (B) Genes in the COG category “Cell wall, membrane, envelope biogenesis”. Cladogram clustering is to demonstrate similarity in expression. All TPM values were row z-scored, with increases in proportional transcript abundance indicated in yellow, and decreases in proportional transcript abundance indicated in blue. The sum of transcripts across all treatments (LogTPM) is indicated for each gene.
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FIGURE 2
FlowCAM pH assay results collected at (Tf). pH 7.7 replicates denoted by open, black squares. pH 9.2 replicates denoted by open, green squares. Each data point represents the mean of ∼1000 filaments per biological replicate, with the group mean of treatment replicates indicated by the central bar, and variability indicated by error bars representing the standard error of the mean (SEM). Variance for individual dots is reported in Supplementary Data Sheet 2. (A) Mean area (μm2) of F. crotonensis filaments. (B) Mean biovolume (μm3) of F. crotonensis filaments. (C) Mean length (μm) of F. crotonensis filaments. (D) Mean width (μm) of F. crotonensis filaments. (E) Mean roughness (dimensionless) of F. crotonensis filaments. (F) Mean green coloration of F. crotonensis filaments (dimensionless). P-values are for comparisons between treatments.
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FIGURE 3
Heat map depicting differentially expressed genes relating to energy production and conversion. (A) Genes further sorted into photosynthesis and (B) cellular respiration categories. All TPM values were row z-scored, with increases in proportional transcript abundance indicated in yellow, and decreases in proportional transcript abundance indicated in blue. Cladogram clustering is to demonstrate similarity in expression. The sum of transcripts across all treatments (LogTPM) is indicated for each gene.
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FIGURE 4
Photopigment pH assay results (n = 5) collected at (Tf). pH 7.7 replicates denoted by open, black squares. pH 9.2 replicates denoted by open, green squares. The group mean of treatment replicates indicated by the central bar and variability is indicated by error bars representing the standard error of the mean (SEM). (A) Chlorophyllide a (fg • μm fil– 1) of F. crotonensis filaments. (B) Chlorophyll a (fg • μm fil– 1) of F. crotonensis filaments. (C) Chlorophyll c1c2 (fg • μm fil– 1) of F. crotonensis filaments. (D) β-Carotene (fg • μm fil– 1) of F. crotonensis filaments. (E) Violaxanthin (fg • μm fil– 1) of F. crotonensis filaments. (F) Diadinoxanthin (fg • μm fil– 1) of F. crotonensis filaments. P-values are for comparisons between treatments.
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FIGURE 5
PhytoPAM pH assay results (n = 5) collected at (Tf). pH 7.7 replicates denoted by open, black squares. pH 9.2 replicates denoted by open, green squares. The group mean of treatment replicates indicated by the central bar and variability is indicated by error bars representing the standard error of the mean (SEM). (A) Fv • Fm– 1 of F. crotonensis filaments. (B) rETRmax (μmol electrons/m2 • s1). (C) Photon flux at which light saturation of photosynthesis occurs Ik (μmol photons m– 2 • s– 1). P-values are for comparisons between treatments.
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FIGURE 6
Heat map depicting differentially expressed genes relating to the “Mobilome: prophages and transposons.” All TPM values were row z-scored, with increases in proportional transcript abundance indicated in yellow, and decreases in proportional transcript abundance indicated in blue. Cladogram clustering is to demonstrate similarity in expression. The sum of transcripts across all treatments (LogTPM) is indicated for each gene.





Results

In this study, we performed transcriptomics to generate preliminary hypotheses regarding how pH may affect the physiology and morphology of F. crotonensis. Our transcriptomes identified 3 COG categories of genes which formed most of the differentially expressed (DE) genes between pH treatments: (1) Cell cycle control, cell division and chromosome partitioning. (2) Energy production and conversion. (3) Mobilome: transposons, prophages. Following, laboratory assays were used to test hypotheses regarding morphology and physiology for these main COG categories. Hence, our results are organized by COG category, with the transcriptome data presented first, followed by the physical laboratory assay used to test the transcriptome-derived hypotheses.


pH induced differential gene expression between treatments

nMDS revealed an 86% similarity among low pH replicates. In contrast, high pH replicates exhibited more variability, with replicates 2 and 3 sharing 76% similarity, but replicate 1 appearing more like low pH replicates (Supplementary Figure 1). SIMPER analyses determined a mean dissimilarity of ∼27% between low and high pH replicates and identified the contribution of each gene to this variation. Notably, ∼60% of the top 50 genes driving dissimilarity were related to photosynthesis, including 17 copies of the chlorophyl a/b binding protein (LHCB3) and 8 copies of fucoxanthin-chlorophyll ac binding protein (FCP) (Supplementary Data Sheet 1b and Supplementary Figures 2A–C). Of the ∼26,000 predicted genes in the F. crotonensis genome, a total of 713 were differentially expressed (FDR-corrected p-value ≤ 0.05, log2 | fold-change| > 2) (Supplementary Figure 3A). Of these, 435 genes are annotated as either hypothetical or of unknown function (Supplementary Figure 3B). All downstream analyses focused on the 278 DE genes with predicted function (Supplementary Figure 3C and Supplementary Data Sheet 1c), of which 193 were increased in relative expression at pH 9.2 and 85 decreased in relative expression.



High pH decreased carbohydrate transport and metabolism gene expression

Overall, genes involved in the COG category “Carbohydrate transport and metabolism” decreased in representation at high pH relative to low pH (Supplementary Figure 4). Genes involved in the Calvin-Benson-Basham (CBB) cycle decreased in expression, including glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which catalyzes the single reductive step of the CBB cycle during photosynthetic carbon fixation.

Carbon metabolism genes involved in cellular respiration also decreased in relative expression at high pH. Genes involved in the Krebs cycle, such as malate/L-lactate dehydrogenase (MLDH) and divalent anion/Na+symporter (DASS) (Takahashi-Íñiguez et al., 2016; Lu, 2019), decreased in representation at high pH. Carbonic anhydrase (CA), which is responsible for the interconversion/acquisition of bicarbonate and CO2 (Sültemeyer, 1998; Burkhardt et al., 2001), decreased in expression at high pH.



High pH increased expression of cell cycle control and cell wall biogenesis genes

Overall, the relative expression of genes categorized in “Cell cycle control, cell division, and chromosome partitioning” increased at pH 9.2 (Figure 1A). Proportional transcript abundance increased in two copies of the ribosomal RNA processing protein (RRP15) at high pH, which has been found to activate the G1/S checkpoint in cancer cells and thus inducing cellular arrest in G1 stage of interphase (Dong et al., 2017). Relative expression levels of RI0 kinase 1 (RIOK1), which is required to enter S phase (LaRonde-LeBlanc and Wlodawer, 2005), also increased at pH 9.2. Additionally, high pH increased the relative transcript abundance of butyrate response factor (ZFP36L), involved in cellular senescence and shown to induce cell cycle arrest at the G1 phase (Saini et al., 2020).

Genes classified within the “Cell wall, membrane, and envelope biogenesis” category also increased in overall expression (Figure 1B). A decrease in the representation of Tetratricopeptide repeat (TPR) was observed at high pH, a gene that has previously been shown to be positively correlated with silaffin expression (Frigeri et al., 2006). Further, we observed decreases in the relative expression of N-acetylgalactosamine 3-beta-galactosyltransferase (C1GALT1) and UDP glucuronate decarboxylase (UXS1) at high pH, both involved in glycosaminoglycan biosynthesis which has been implicated in diatom biosilicification processes (Alexander et al., 2015).



High pH shaped Fragilaria crotonensis filament morphology

FlowCAM analyses showed that filaments grown at high pH had ∼20% lower mean filament area (p = 0.007) (Figure 2A) and mean biovolume (p = 0.031) (Figure 2B) than those grown at low pH. These reductions in area and biovolume were likely due to decreased filament length at high pH. Specifically, pH 9.2 F. crotonensis filaments had a 25% lower mean filament length (p = 0.002) (Figure 2C), yet mean filament width was not significantly different (p = 0.055) (Figure 2D). Additional FlowCAM metrics indicated pH 9.2 filaments were significantly rougher on the surface (p = 0.002) (Figure 2E) and significantly less green in color (p < 0.0001) (Figure 2F). The exact number of filaments assessed per biological replicate and the standard deviation corresponding to the mean of each biological replicate (i.e., intra-variation of each replicate) are reported in Supplementary Data Sheet 2.



High pH decreased expression of energy production and conversion genes

Genes classified in the COG category “Energy production and conversion” were analyzed within the subcategories “Photosynthesis” and “Cellular respiration” that were created based on KEGG Mapper KO’s (Figure 3). Photosynthesis-related genes decreased in representation at high pH (Figure 3A). All 5 copies of the PSII light harvesting complex III chlorophyll a/b binding genes (LHCB) and 3 copies of the fucoxanthin-Chl binding complex genes (FCP), both involved in light absorption and energy delivery during the first step of photosynthesis (Ballottari et al., 2012), decreased in relative expression at high pH. In the chlorophyll biosynthesis pathway, magnesium chelatase subunit D (chlD) and NADPH:protochlorophyllide oxidoreductase (POR) increased in relative expression at pH 9.2, while divinyl chlorophyllide a 8-vinyl-reductase (DVR) and bifunctional glutamyl/prolyl tRNA synthetase (EPRS) decreased. In contrast, genes within the carotenoid biosynthesis pathway such as Zeaxanthin epoxidase (ZEP) and violaxanthin de-epoxidase (VDE) decreased in representation at high pH. Regarding photosynthetic metabolism, ferredoxin NADP + reductase (petH) and photosystem I subunit VII (psaC), which are both involved in the final step of electron transfer from ferredoxin PSI to NADPH to fuel the Calvin cycle (Fischer et al., 1998; Nguyen et al., 2021), decreased in relative expression at pH 9.2. Genes involved in oxidative stress such as redoxin (PRDX5) (Hopkins and Neumann, 2019) and the catalase peroxidase gene (katG.1), which quenches photosynthetically-produced ROS species (Nishiyama et al., 2001), appeared to decrease overall at high pH.

In contrast, genes classified within “cellular respiration” exhibited an overall increase in relative expression at pH 9.2 (Figure 3B). Representation of genes involved in oxidative phosphorylation increased at pH 9.2, including NADH quinone oxidoreductase chain 5 and 6 genes (ND5) (ND6) (Melo et al., 2004) and ATP synthase subunit α gene (ATP6) (Vázquez-Acevedo et al., 2016). In contrast, mitochondrial transport genes decreased in relative expression at high pH, including carrier gene (SLC25) (Ruprecht and Kunji, 2020).



High pH modified photopigment composition

After 8 days of pH exposure, there was no significant difference in filament concentration as a function of pH treatment (p = 0.1745) (Supplementary Figure 5A). However, high pH replicates had significantly decreased in Chl a autofluorescence (p < 0.0001) (Supplementary Figure 5B). Normalized photopigment concentrations of Chlorophyllide a, Chlorophyll a, Chlorophyll c1c2 (fg • μm fil–1) (p ≥ 0.3263) (Figures 4A–C), and Total Chl a (fg • μm fil–1) (p = 0.3503) (Supplementary Figure 6) were not significantly different as a function of pH. In contrast, high pH cultures had ∼40% more β-carotene (p = 0.0015) (Figure 4D) and ∼20% more Diadinoxanthin (p = 0.0189) (Figure 4F) per cell compared to low pH replicates. Further, high pH incubated cultures demonstrated ∼30% less Violaxanthin (fg • μm fil–1) compared to pH 7.7 counterparts (p = 0.0090) (Figure 4E), yet Fucoxanthin and Neoxanthin normalized pigments did not significantly vary per cell as a function of pH (p ≥ 0.337) (Supplementary Figure 7).

Ratios of total carotenoids:total Chl a were higher at pH 9.2 but fell short of significance (p = 0.2207) (Supplementary Figure 8). However, β-carotene:total Chl a (p = 0.0002) and Diadinoxanthin:total Chl a (p = 0.0008) ratios were both significantly higher at pH 9.2 (Supplementary Figures 9A–C). Mean Chl a/Chl c1c2 ratios, which serve as a proxy for the size of the light harvesting antenna complex (Lamote et al., 2003; Nguyen-Deroche et al., 2012; Heydarizadeh et al., 2019), demonstrated a consistent downward trend at high pH, though these results were not significant (p = 0.4335) (Supplementary Figure 10). In summary, pH did not significantly affect chlorophyll pigment concentration per cell, but a significant effect of pH 9.2 was observed on carotenoids (β-carotene and xanthophylls) in this study.



High pH altered Fragilaria crotonensis photophysiology

High pH of 9.2 did not significantly alter optimal photochemical quantum yields of photosystem II (Fv • Fm–1) (p = 0.3089) (Figure 5A). However, the relative mean maximum electron transport rate through photosystem II (rETRmax) was ∼50% lower at pH 9.2 (p < 0.0001) (Figure 5B). Additionally, the photon flux at which light saturation of photosynthesis occurs (Ik) was ∼50% lower at pH 9.2 (p < 0.0001) (Figure 5C).



High pH increased expression of transposon genes

Out of the 278 DE genes in the dataset, 193 were overrepresented at the high pH treatment. Further, of these 193 DE genes which increased in relative expression at pH 9.2, 25% belong to the “Mobilome: transposons, prophages” COG category (Figure 6). All 48 genes within the Mobilome COG category increased in representation at high pH. Notably, nine copies of the plant transposon gene (PTRP) were overrepresented at high pH. No Mobilome categorized genes were decreased in relative expression at the high pH treatment within our DE dataset.




Discussion

Harmful algal bloom-induced increases in pH have been shown in the literature for decades (Talling, 1976; Jeppesen et al., 1990; Lopez-Archilla et al., 2004; Sandrini et al., 2016), yet these studies largely focused on carbon chemistry. Few assess the consequences on other members of the biotic community. Previously, we demonstrated that growth of F. crotonensis decreased at pH 9.2 and discovered Si deposition declined at high pH in diatom cultures as well as natural Lake Erie communities. Here, we built on this using transcriptomics to identify physiological processes and resulting morphological changes that may be altered by high pH. Then, we employed a variety of in vitro lab assays to better clarify and validate our transcriptomic results and identified potential mechanisms by which these changes may be occurring. Finally, we discuss these observations within the broader ecological scope of lake basification, and potential future implications on global freshwater diatom communities.


Evidence of carbon limitation is lacking in high pH transcriptomes

Declines in diatom viability during bloom-induced basification have historically been thought to be due to inorganic carbon-limitation. However, evidence of carbon limitation was lacking in our transcriptomes. Recent studies investigating carbon-limitation in the model diatom Phaeodactylum tricornutum observed increases in the expression of the CO2 concentrating mechanism (CCM) genes (specifically CAs) in response to low CO2 availability (Burkhardt et al., 2001; Heydarizadeh et al., 2019). However, there was an absence of biophysical CCM genes in our DE data set except for one CA, which was decreased at pH 9.2. Additionally, Heydarizadeh et al. (2019) concluded high light and carbon limitation increased the expression of genes associated with the biochemical CCM, yet we saw no evidence of this occurring within our transcriptomes. In addition, a prior study determined that environmental F. crotonensis bloom samples incubated at carbon-limited pH 9.4 did not recover photosynthetic rates after CO2 enrichment compared to carbon-limited controls (Talling, 1976), suggesting F. crotonensis may not have been exclusively carbon limited. Further, the F. crotonensis photosynthesis rates at pH 9.4 in both carbon-limited and carbon-enriched samples were lower when compared to general phytoplankton photosynthetic rates (Talling, 1976). In contrast, when Talling (1976) replicated the experiment with natural Microcystis spp. bloom samples, a significant recovery of photosynthetic rate was observed after CO2 enrichment. These results from Talling (1976) and others are consistent with our own; they suggest F. crotonensis is exhibiting decreased photosynthetic metabolism not due to pH-induced carbon-limitation alone, but due directly to alkaline pH. In summary, prior studies have induced C-limitation in diatoms and observed alterations in carbon-related genes within their transcriptomes. In our study, we did not observe these gene trends found to coincide with carbon-limitation, yet further research is needed concerning this phenomenon.



Photostress is a likely physiological consequence of high pH in Fragilaria crotonensis

Previously, we demonstrated that growth and Si deposition rates decline at high pH. Yet, the mechanisms driving these observations remained unclear. The present study indicated one of the primary processes driving these effects may be photostress. Surprisingly, ∼60% of the top 50 genes contributing to pH transcriptome dissimilarity are involved in photosynthesis, with PSII and light antennae complex components forming the majority. Further, PhytoPAM data suggested a significant decrease in PSII electron flow and light saturation threshold at high pH, while pigment analysis indicated a significant increase in the photoprotective carotenoids β-carotene and diadinoxanthin. Cumulatively, this data suggests F. crotonensis experienced photostress at high pH.

Prior studies demonstrated that short-term photoacclimation strategies decrease photosynthetic processes via LHC modifications (Horton et al., 1996; Bassi and Caffarri, 2000), reductions in the size of the LHC (Perry et al., 1981), and initiation of non-photochemical quenching (NPQ) (Wilhelm et al., 2006; Bertrand, 2010). In our study, F. crotonensis decreased electron flow through PSII at high pH as indicated by significantly lower PSII rETRmax and decreased expression of genes encoding for the LHC of PSII (LHCBs and FCPS) (Ballottari et al., 2012). Additional transcriptomic data implied a corresponding decrease in PSI photosynthetic capacity at high pH, as evidenced by decreases in ferredoxin NADP + oxidoreductase (FNR) enzyme gene expression (petH and psaC). Cumulatively, these data suggest there are alterations to photosynthetic capacity at high pH. In addition, decreases in LHCB expression have been found to serve as a photoprotective response to excessive light intensities and light saturation to prevent damage to PSII and reduce ROS generation (Thomas, 2016). In our study, this strategy appeared to be successful, as PhytoPAM data demonstrated no significant differences in (Fv • Fm–1) as a function of pH. Regarding LHC modifications, significant increases in diadinoxanthin photopigment composition at high pH, decreases in carotenoid biosynthesis gene expression, and increases in expression of the key regulatory gene of the chlorophyll biosynthesis pathway (chlD), collectively suggest F. crotonensis may be restructuring the pigment composition of its LHCs in response to alkaline pH. Additionally, mean Chl a/Chl c1c2 ratios, which serve as a size proxy for the LHC, exhibited a downward trend at pH 9.2, though this was not significant. This suggested that after 8 days of alkaline pH exposure, F. crotonensis may have begun reducing the size of its LHC as a photoacclimation strategy. However, this would likely result in an increase in rETRmax as more light would then be required to drive rETR saturation, which we do not observe in this study. Hence, it is probable while F. crotonensis appears to be restructuring the photopigment constituents of its LHC, this does not appear to alter the LHC size overall. Moreover, we observed significant increases in diadinoxanthin at pH 9.2 and increased representative expression of thylakoid translocase subunit SecA gene (cpSecA.1), suggesting the activation of a NPQ energy dissipation pathway which is controlled by diadinoxanthin and a trans-thylakoid proton gradient (Muller et al., 2001; Bertrand, 2010). Indeed, the diadinoxanthin cycle has been described as the most important short-term photoprotective mechanism in diatoms (Bertrand, 2010). Cumulatively, these results indicate that F. crotonensis protects the photosynthetic membrane at high pH by employing short-term photoacclimation mechanisms such as modifying LHC composition and increasing the concentration of pigments involved in NPQ.

The photostress and photoresponse findings are supported by prior diatom studies. Park et al. (2010) determined that Chaetoceros neogracile alters diadinoxanthin levels and FCP expression in response to increased light intensity, and a recent study determined the diatom P. tricornutum alters the photopigment composition of its FCP binding complexes in response to varying light sources (Oka et al., 2020). Collectively, these prior studies suggest the high pH effects we observed mirror diatom responses to high light intensity. Yet, the light intensity was held constant throughout the entirety of our experiments, implying that growth at pH 9.2 affects F. crotonensis’s phototolerance. Indeed, in our study F. crotonensis filaments may be light saturated at pH 9.2 as evidenced by a 50% lower PSII saturation threshold (Ik), with saturation setting in at 60 μmol photons m–2 s–1. This suggests that F. crotonensis is experiencing the light saturation of downstream metabolisms, with potential alterations to the light antennae serving as a secondary effect of this phenomenon. Further, photoprotective pigments increased at high pH while light harvesting pigments did not, implying filaments are prioritizing photoprotection over photon acquisition. Cumulatively, transcriptomic, morphological, and physiological evidence in our study imply F. crotonensis may have a lower phototolerance of light at high pH, suggesting basification pH conditions alter diatom photophysiology.



Cell cycle arrest another physiological consequence of high pH?

High-pH-induced photostress explains altered photopigment composition and photosynthetic physiology but falls short of directly accounting for morphological changes observed in this study (i.e., differences in filament length and frustule roughness) and prior observed physiological effects (i.e., decreased growth and Si deposition rates). Our transcriptomic analyses indicate another factor may be driving these high pH effects: arrest of the cell cycle at the G1/S checkpoint (Jang et al., 2005). Indeed, a prior study determined this checkpoint is typically regulated by light in photosynthetic eukaryotes (Moulager et al., 2010), thus photostress may be contributing to its arrest in the diatom F. crotonensis. In support of this, we observed an increase in the expression of multiple genes associated with the G1/S checkpoint at high pH. Moreover, a recent study demonstrated cell cycle arrest in G1 does not lead to changes in Fv • Fm–1, but does result in lower rETRmax, higher NPQ, and gene expression patterns consistent with LHC and ROS scavenging in the diatom P. tricornutum (Kim et al., 2017), all of which are observed in our study.

However, if photostress is inducing cell cycle arrest, how does this result in lower growth and Si deposition rates? With regard to growth, a prior diatom study indicated photosynthetic metabolism and the cell cycle are closely related, with photosynthetic capacity at its highest during the main growth phase of G1 (Claquin et al., 2004). Biosilicification is also linked to the cell cycle and cell growth (Hildebrand et al., 2007; Shrestha et al., 2012), with the G1 phase serving as the phase where diatoms reach their full size and where girdle band formation of the frustules occurs (Javaheri et al., 2014). Additional studies suggest cell growth cannot occur without girdle band formation (Crawford, 1981; Volcani, 1981; Claquin et al., 2002). Hence, we may observe decreased growth and Si deposition rates, smaller filaments, and malformed frustules due in part to this arrest and disruption in the G1 cell phase. It is well-established that eukaryotic phototrophs use cell cycle arrest as a means to combat stress, with this mechanism induced by a variety of abiotic stressors (Eekhout and De Veylder, 2019; Takahashi et al., 2019). We suggest the photostress observed in pH 9.2 treatments may be responsible for this apparent cell cycle arrest hinted at in our transcriptomic data, and therefore contributing to morphological and physiological effects observed in F. crotonensis.



High pH results in smaller, rougher, and browner Fragilaria crotonensis morphologies

In this study, growth at pH 9.2 resulted in significant morphological changes within our model freshwater diatom. Filaments maintained at high pH for 8 days exhibited significantly shorter lengths, resulting in lower biovolume and area. Despite this, individual diatom cells did not significantly differ in width. A prior study demonstrated warming temperatures results in smaller diatom cells across the Laurentian Great Lakes (Bramburger et al., 2017). Considering lake basification events will likely coincide with warming temperatures, future freshwater diatom communities may exhibit both smaller filaments and smaller individual cells.

FlowCAM analyses further indicated filaments had rougher exterior surfaces at high pH. We previously examined the pH dependence of Si deposition, demonstrating that it decreased at pH 9.2. Here, we build upon this with FlowCAM and transcriptomic data which suggest diatoms are struggling to deposit Si, and the diatoms that do successfully form frustules may have malformations which are evidenced by this “roughness.” We observed a decrease in the expression of a gene (TPR) whose expression is positively correlated with silaffin expression (a gene directly involved in Si deposition) (Frigeri et al., 2006), suggesting F. crotonensis may be downregulating the biosilicification process (Shrestha et al., 2012). Genes suggested to encode for diatom cell wall components such as CLPP and ANKR3 (Frigeri et al., 2006), and C1GALT and UXS1 (Alexander et al., 2015), were also decreased in expression at high pH. Alterations in the expression of biosilicification genes, and/or those involved in forming the cell wall structures which the frustules sit upon, will produce morphological malformities (Round et al., 1990; Hildebrand et al., 2006). Cumulatively, these data suggest diatoms struggle to deposit Si frustules at pH 9.2, likely leading to cell walls with rougher and malformed phenotypes.

In addition to smaller and “rougher” filaments, high pH results in “browner” diatoms due to significantly increased concentrations of β-carotene and diadinoxanthin but ∼constant chlorophyll concentrations. Prior studies demonstrate both fucoxanthin (involved in light harvesting) and diadinoxanthin (involved in photoprotection) are the main carotenoids of diatoms, serving as components of the LHCs (Ballottari et al., 2012). Indeed, total carotenoid:total Chl a ratios were higher at pH 9.2, though these findings fell short of significance due to ∼constant fucoxanthin concentrations. Nonetheless, there were significant increases in the diadinoxanthin:total Chl a and β-carotene:total Chl a ratios observed in pH 9.2 filaments. This contradicts our transcriptomic data, as carotenoid biosynthesis genes (ZEP and VDE) were decreased in expression at pH 9.2. However, changes in pigment levels often occur without detectable changes in gene expression (Kuczynska et al., 2015). Regardless, significantly higher β-carotene and diadinoxanthin photopigment concentrations lead to “less green” filaments and significantly lower Chl a autofluorescence, all suggesting “browner” diatoms at pH 9.2. Cumulatively, this data demonstrates lake basification induces significant changes to F. crotonensis morphology, resulting in smaller, rougher, and browner filaments.



Lake basification has ecological and biogeochemical implications

While acidification has been suggested to benefit the growth and ecological resilience of marine diatoms (Wu et al., 2014; Valenzuela et al., 2018), we suggest that basification poses a detriment. Diatoms are responsible for ∼20% of global primary production (Nelson et al., 1995), acting as an integral component of the aquatic primary producers. Hence, altering diatom populations will evoke significant biotic and biogeochemical implications within the aquatic ecosystem (Rühland et al., 2015). For example, here we demonstrate high pH results in smaller, browner, rougher diatoms. Based on prior research, we postulate that these morphological alterations will modify grazing patterns of secondary consumers and selective filtration of higher trophic consumers (Vanderploeg et al., 2001, 2013; Baranowska et al., 2013). This decrease in size will also likely increase diatom predation by Dreissenids, as smaller diatoms seem to be selectively filtered (Reavie and Barbiero, 2013). Additionally, declines in Si deposition rates combined with rougher frustules suggests thinner and malformed cell walls which may reduce their effectiveness as a defense mechanism against zooplankton grazing (Pančić et al., 2019; Ryderheim et al., 2022) and viral infection (Kranzler et al., 2019).

Due in part to their heavy Si frustules, diatoms also play an instrumental role in global biogeochemical cycles and nutrient export to the benthos (Struyf et al., 2009; Benoiston et al., 2017), with studies demonstrating the Si cycle is more strongly inter-related with the carbon, nitrogen, and phosphorus cycles than previously thought (Tréguer and De La Rocha, 2013; Tréguer et al., 2021). For example, Lake Erie undergoes such a high degree of diatom deposition to the benthos in the winter-spring, that it serves as a substantial driver of summer hypoxia (Reavie et al., 2016). Another study demonstrated that even when an estuarine water column was dominated by flagellates, the labile organic matter settling to the sediment was derived from diatoms (Haese et al., 2007). Thus, we postulate lake basification-induced changes to diatoms will have significant downstream effects within the lacustrine ecosystem and biogeochemical cycles, particularly with respect to the benthos which experiences the highest diatom-nutrient deposition.



“Genomic roulette”: The key to freshwater diatom success in a basified future?

Abundant transcripts from transposable elements within the F. crotonensis genome provide insight into a mechanism these diatoms may use to adapt and persist at high pH or other severe environmental stressors that could be otherwise detrimental. Approximately 25% of the DE genes that were increased in expression at high pH belonged within the “Mobilome: prophages, transposons” COG classification. Mobile elements like these change the architecture of an organism’s genome by rearranging themselves to new locations or (in some cases) moving pieces of the genome itself. Such rearrangements can, for example, insert into a gene and disrupt it, or insert into a regulatory site and change how genes are expressed (Pennisi, 1998; Lisch, 2013; Schrader and Schmitz, 2019). Extensive genomic variation has been attributed to similar rearrangements in green alga like Chlamydomonas reinhardtii (Flowers et al., 2015).

It appears that a potential response to environmental conditions stressful enough to heavily damage an organism—like a shift to extreme pH conditions—is an attempt to make a significant, microevolutionary leap by re-arranging one’s own genomic architecture at random. Diatoms have been described as “one of the most rapidly evolving eukaryotic taxa on Earth” (Oliver et al., 2007; Vardi et al., 2009). This speed has been attributed to their high proportion of retrotransposons, long terminal repeats, and transposable elements (Bowler et al., 2008; Vardi et al., 2009; Rastogi et al., 2018). This type of win or lose strategy, which we have termed “genomic roulette,” is perhaps an extreme interpretation of the role of “jumping genes” in organismal adaptation to ecological stress (McClintock, 1956; Capy et al., 2000; Horváth et al., 2017). We define genomic roulette as an upregulation of mobile elements in response to an environmental stressor to rapidly increase mutations within an organism, and thus the genetic diversity within a population, over a short period of time. While most random mutations of this nature can be hypothesized as disadvantageous, there remains the likelihood a small subset will confer fitness to the organism and facilitate survival.

Stress-induced alterations to genomic architecture have been suggested in other phototrophs ranging from single-celled cyanobacteria (Lin et al., 2010; Hu et al., 2018) to multicellular plants (Negi et al., 2016; Roquis et al., 2021). For example, the cyanobacterium Microcystis aeruginosa in lab cultures has been shown to upregulate transposases when shifted to urea as a nitrogen source for growth (Steffen et al., 2014). With regard to diatoms, recent studies have suggested genome evolution was responsible for cold-climate adaptations in the polar marine diatom Fragilariopsis cylindrus (Mock et al., 2017) and warmer-climate adaptations in tropical marine diatoms in response to ocean warming (Jin and Agustí, 2018). Our observations provide a potential mechanism for how our freshwater diatom F. crotonensis may be gambling in the game of genomic roulette at high pH, with the potential to facilitate a rapid adaptation to these high pH conditions at the likely cost of many in the cohort. Going forward, there is a need to better elucidate this hypothesis within diatoms, determine if this strategy of genomic roulette extrapolates to other organisms beyond photoautotrophs, and a necessity to develop an understanding of its rate of success.




Conclusion

In this study, transcriptomic analyses revealed that genes associated with photosynthesis, not carbohydrate metabolism, were driving dissimilarity between high pH vs. low pH expression. We demonstrated that a pH of 9.2, which is routinely reached during lake basification events, significantly alters F. crotonensis filament morphology resulting in smaller, browner, and rougher diatoms after just 8 days of exposure. This pH further modifies F. crotonensis photophysiology by significantly decreasing both relative maximum electron transport rates through PSII and light saturation thresholds. Cumulatively, these transcriptomic, morphological, and physiological findings imply F. crotonensis experienced photostress in the high pH treatment, with evidence suggesting filaments invoke photoacclimative strategies in response. In turn, transcriptomic evidence suggests this photostress is inducing cell cycle arrest at the G1/S checkpoint, which would explain the decreased growth and Si deposition rates observed previously (Zepernick et al., 2021).

Increased sensitivity to light stress is likely exacerbated in the environment, as prior findings indicate the highest diel pH spikes coincide with peak photosynthesis rates and light levels during the afternoon (Krausfeldt et al., 2019), a phenomenon likely intensified by prolonged basification events of up to ∼30 days in the environment (Zepernick et al., 2021). Yet, this stress may be partially alleviated by the thick Microcystis spp. scum associated with bloom events, as colonies regulate their own buoyancy and shade the water column. Thus, further research is needed to understand responses of freshwater diatoms to both diel variations in pH on a short-term scale, and the long-term effects basification will impose on freshwater diatom communities. As climate change serves to increase cyanobacterial bloom distribution, duration and frequency (Wells et al., 2020), there is a need to elucidate how freshwater diatom communities will respond (and adapt) to these lake basification events.



Data availability statement

The F. crotonensis annotated nuclear genome was deposited in GenBank under the accession number: JAKSYS000000000. Data are available under BioProject accession number: PRJNA807324 and BioSample accession number: SAMN25978007. Further information concerning the genome may be accessed in Zepernick et al. (2022b). The transcriptome raw reads that were mapped to the F. crotonensis genome were deposited in the NCBI sequence read archive under BioProject accession number: PRJNA866361. Forward and reverse raw libraries for each treatment replicate can be accessed by the following SRA accession numbers: pH 7.7 replicate 1 forward/reverse reads SRR20853615, pH 7.7 replicate 2 forward/reverse reads SRR20853613, pH 7.7 replicate 3 forward/reverse reads SRR20853612, pH 9.2 replicate 1 forward/reverse reads SRR20853611, pH 9.2 replicate 2 forward/reverse reads SRR20853610, and pH 9.2 replicate 3 forward/reverse reads SRR20853614.



Author contributions

BZ and DN performed all culture work, pH assays, sample collection, and FlowCAM analyses. GS performed PhytoPAM measurements. KR and HP performed photopigment extraction and HPLC analysis. BZ performed RNA extractions, QC, PRIMER analyses, statistical analyses, and heat map configuration. BZ, AT, and RM performed transcriptome analyses. All authors contributed to the drafting and final version of the manuscript.



Funding

This work was funded through the Bowling Green State University Great Lakes Center for Fresh Waters and Human Health supported by NSF (OCE-1840715) and NIH (1P01ES028939-01) (SW and HP), and an NSF GRFP (BZ) (DGE-19389092). This work was also supported by the Kenneth and Blaire Mossman Endowment to the University of Tennessee (SW). Partial funding for open access to this research was provided by University of Tennessee’s Open Publishing Support Fund.



Acknowledgments

We thank Dr. Gary LeCleir, Dr. R. Michael L. McKay, Dr. George Bullerjahn, Dr. Eric Zinser, Naomi Gilbert, and Elizabeth Denison for their comments and suggestions.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1044464/full#supplementary-material



References

Alexander, H., Jenkins, B. D., Rynearson, T. A., and Dyhrman, S. T. (2015). Metatranscriptome analyses indicate resource partitioning between diatoms in the field. Proc. Natl. Acad. Sci. U S A. 112, E2182–E2190. doi: 10.1073/pnas.1421993112

Anderson, D. M. (2009). Approaches to monitoring, control and management of harmful algal blooms (HABs). Ocean Coast. Manag. 52, 342–347. doi: 10.1016/j.ocecoaman.2009.04.006

Babicki, S., Arndt, D., Marcu, A., Liang, Y., Grant, J. R., Maciejewski, A., et al. (2016). Heatmapper: Web-enabled heat mapping for all. Nucleic Acids Res. 44, W147–W153. doi: 10.1093/nar/gkw419

Ballottari, M., Girardon, J., Dall’osto, L., and Bassi, R. (2012). Evolution and functional properties of photosystem II light harvesting complexes in eukaryotes. Biochim. Biophys. Acta 1817, 143–157. doi: 10.1016/j.bbabio.2011.06.005

Baranowska, K., North, R. L., Winter, J., and Dillon, P. (2013). Long-term seasonal effects of dreissenid mussels on phytoplankton in Lake Simcoe Ontario, Canada. Inland Waters 3, 285–295. doi: 10.5268/IW-3.2.527

Bassi, R., and Caffarri, S. (2000). Lhc proteins and the regulation of photosynthetic light harvesting function by xanthophylls. Photosynth. Res. 64, 243–256. doi: 10.1023/A:1006409506272

Benoiston, A.-S., Ibarbalz, F. M., Bittner, L., Guidi, L., Jahn, O., Dutkiewicz, S., et al. (2017). The evolution of diatoms and their biogeochemical functions. Philos. Trans. R. Soc. Lond. B Biol. Sci. 372:20160397. doi: 10.1098/rstb.2016.0397

Bertrand, M. (2010). Carotenoid biosynthesis in diatoms. Photosynth. Res. 106, 89–102. doi: 10.1007/s11120-010-9589-x

Bowler, C., Allen, A. E., Badger, J. H., Grimwood, J., Jabbari, K., Kuo, A., et al. (2008). The Phaeodactylum genome reveals the evolutionary history of diatom genomes. Nature 456:239. doi: 10.1038/nature07410

Bramburger, A. J., Reavie, E. D., Sgro, G., Estepp, L., Chraïbi, V. S., and Pillsbury, R. (2017). Decreases in diatom cell size during the 20th century in the Laurentian Great Lakes: A response to warming waters? J. Plankton Res. 39, 199–210. doi: 10.1093/plankt/fbx009

Burkhardt, S., Amoroso, G., Riebesell, U., and Sültemeyer, D. (2001). CO2 and HCO3 ߚ uptake in marine diatoms acclimated to different CO2 concentrations. Limnol. Oceanogr. 46, 1378–1391. doi: 10.1111/j.1399-3054.2007.01038.x

Bushnell, B. (2014). BBMap: A Fast, Accurate, Splice-Aware Aligner. Berkeley, CA: Lawrence Berkeley National Lab.

Capy, P., Gasperi, G., Biémont, C., and Bazin, C. (2000). Stress and transposable elements: Co-evolution or useful parasites? Heredity 85, 101–106. doi: 10.1046/j.1365-2540.2000.00751.x

Claquin, P., Kromkamp, J. C., and Martin-Jezequel, V. (2004). Relationship between photosynthetic metabolism and cell cycle in a synchronized culture of the marine alga Cylindrotheca fusiformis (Bacillariophyceae). Eur. J. Phycol. 39, 33–41. doi: 10.1080/0967026032000157165

Claquin, P., Martin-Jézéquel, V., Kromkamp, J. C., Veldhuis, M. J., and Kraay, G. W. (2002). Uncoupling of silicon compared with carbon and nitrogen metabolisms and the role of the cell cycle in continuous cultures of Thalassiosira pseudonana (Bacillariophyceae) under light, nitrogen, and phosphorus control. J. Psychol. 38, 922–930. doi: 10.1046/j.1529-8817.2002.t01-1-01220.x

Clarke, K., and Gorley, R. (2015). Getting Started with PRIMER v7. PRIMER-E: Plymouth. Plymouth: Plymouth Marine Laboratory.

Crawford, R. (1981). “The siliceous components of the diatom cell wall and their morphological variation,” in Silicon and Siliceous Structures in Biological Systems, eds T. L. Simpson and B. E. Volcani (New York, NY: Springer), 129–156. doi: 10.1007/978-1-4612-5944-2_6

Dong, Z., Zhu, C., Zhan, Q., and Jiang, W. (2017). The roles of RRP15 in nucleolar formation, ribosome biogenesis and checkpoint control in human cells. Oncotarget 8:13240. doi: 10.18632/oncotarget.14658

Eekhout, T., and De Veylder, L. (2019). Plant stress: Hitting pause on the cell cycle. eLife 8:e46781. doi: 10.7554/eLife.46781

Fischer, N., Hippler, M., Sétif, P., Jacquot, J.-P., and Rochaix, J.-D. (1998). The psaC subunit of photosystem I provides an essential lysine residue for fast electron transfer to ferredoxin. EMBO J. 17, 849–858. doi: 10.1093/emboj/17.4.849

Flowers, J. M., Hazzouri, K. M., Pham, G. M., Rosas, U., Bahmani, T., Khraiwesh, B., et al. (2015). Whole-genome resequencing reveals extensive natural variation in the model green alga Chlamydomonas reinhardtii. Plant Cell 27, 2353–2369. doi: 10.1105/tpc.15.00492

Frigeri, L. G., Radabaugh, T. R., Haynes, P. A., and Hildebrand, M. (2006). Identification of proteins from a cell wall fraction of the diatom Thalassiosira pseudonana: Insights into silica structure formation. Mol. Cell Proteomics 5, 182–193. doi: 10.1074/mcp.M500174-MCP200

Gleich, S. J., Plough, L. V., and Glibert, P. M. (2020). Photosynthetic efficiency and nutrient physiology of the diatom Thalassiosira pseudonana at three growth temperatures. Mar. Biol. 167:124. doi: 10.1007/s00227-020-03741-7

Gobler, C. J., and Sunda, W. G. (2012). Ecosystem disruptive algal blooms of the brown tide species, Aureococcus anophagefferens and Aureoumbra lagunensis. Harmful Algae 14, 36–45. doi: 10.1016/j.hal.2011.10.013

Haese, R. R., Murray, E. J., Smith, C. S., Smith, J., Clementson, L., and Heggie, D. T. (2007). Diatoms control nutrient cycles in a temperate, wave-dominated estuary (southeast Australia). Limnol. Oceanogr. 52, 2686–2700. doi: 10.4319/lo.2007.52.6.2686

Hartig, J. H. (1987). Factors contributing to development of Fragilaria crontonensis Kitton pulses in Pigeon Bay waters of western Lake Erie. J. Great Lakes Res. 13, 65–77. doi: 10.1016/S0380-1330(87)71628-1

Heisler, J., Glibert, P. M., Burkholder, J. M., Anderson, D. M., Cochlan, W., Dennison, W. C., et al. (2008). Eutrophication and harmful algal blooms: A scientific consensus. Harmful Algae 8, 3–13. doi: 10.1016/j.hal.2008.08.006

Hervé, V., Derr, J., Douady, S., Quinet, M., Moisan, L., and Lopez, P. J. (2012). Multiparametric analyses reveal the pH-dependence of silicon biomineralization in diatoms. PLoS One 7:e46722. doi: 10.1371/journal.pone.0046722

Heydarizadeh, P., Veidl, B., Huang, B., Lukomska, E., Wielgosz-Collin, G., Couzinet-Mossion, A., et al. (2019). Carbon orientation in the diatom Phaeodactylum tricornutum: The effects of carbon limitation and photon flux density. Front. Plant Sci. 10:471. doi: 10.3389/fpls.2019.00471

Hildebrand, M., Frigeri, L. G., and Davis, A. K. (2007). Synchronized growth of Thalassiosira psuedonana (Bacillariophyceae) provides novel insights into cell-wall synthesis processes in relation to the cell cycle. J. Phycol. 43, 730–740. doi: 10.1111/j.1529-8817.2007.00361.x

Hildebrand, M., York, E., Kelz, J. I., Davis, A. K., Frigeri, L. G., Allison, D. P., et al. (2006). Nanoscale control of silica morphology and three-dimensional structure during diatom cell wall formation. J. Mater. Res. 21, 2689–2698. doi: 10.1557/jmr.2006.0333

Hopkins, B. L., and Neumann, C. A. (2019). Redoxins as gatekeepers of the transcriptional oxidative stress response. Redox Biol. 21:101104. doi: 10.1016/j.redox.2019.101104

Horton, P., Ruban, A., and Walters, R. (1996). Regulation of light harvesting in green plants. Annu. Rev. Plant Biol. 47, 655–684. doi: 10.1146/annurev.arplant.47.1.655

Horváth, V., Merenciano, M., and González, J. (2017). Revisiting the relationship between transposable elements and the eukaryotic stress response. Trends Genet. 33, 832–841. doi: 10.1016/j.tig.2017.08.007

Hu, L., Xiao, P., Jiang, Y., Dong, M., Chen, Z., Li, H., et al. (2018). Transgenerational epigenetic inheritance under environmental stress by genome-wide DNA methylation profiling in cyanobacterium. Front. Microbiol. 9:1479. doi: 10.3389/fmicb.2018.01479

Huerta-Cepas, J., Szklarczyk, D., Heller, D., Hernández-Plaza, A., Forslund, S. K., Cook, H., et al. (2019). eggNOG 5.0: A hierarchical, functionally and phylogenetically annotated orthology resource based on 5090 organisms and 2502 viruses. Nucleic Acids Res. 47, D309–D314. doi: 10.1093/nar/gky1085

Jang, S. J., Shin, S. H., Yee, S. T., Hwang, B., Im, K. H., and Park, K. Y. (2005). Effects of abiotic stresses on cell cycle progression in tobacco BY-2 cells. Mol. Cells 20, 136–141.

Javaheri, N., Dries, R., and Kaandorp, J. (2014). Understanding the sub-cellular dynamics of silicon transportation and synthesis in diatoms using population-level data and computational optimization. PLoS Comput. Biol. 10:e1003687. doi: 10.1371/journal.pcbi.1003687

Jeppesen, E., Søndergaard, M., Sortkjær, O., Mortensen, E., and Kristensen, P. (1990). Interactions between phytoplankton, zooplankton and fish in a shallow, hypertrophic lake: A study of phytoplankton collapses in Lake Søbygård, Denmark. Hydrobiologia 191, 149–164. doi: 10.1007/BF00026049

Ji, X., Verspagen, J. M., Van De Waal, D. B., Rost, B., and Huisman, J. (2020). Phenotypic plasticity of carbon fixation stimulates cyanobacterial blooms at elevated CO2. Sci. Adv. 6:eaax2926. doi: 10.1126/sciadv.aax2926

Jin, P., and Agustí, S. (2018). Fast adaptation of tropical diatoms to increased warming with trade-offs. Sci. Rep. 8:17771. doi: 10.1038/s41598-018-36091-y

Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M., and Tanabe, M. (2016). KEGG as a reference resource for gene and protein annotation. Nucleic Acids Res. 44, D457–D462. doi: 10.1093/nar/gkv1070

Kim, J., Brown, C. M., Kim, M. K., Burrows, E. H., Bach, S., Lun, D. S., et al. (2017). Effect of cell cycle arrest on intermediate metabolism in the marine diatom Phaeodactylum tricornutum. Proc. Natl. Acad. Sci. U.S.A. 114, E8007–E8016. doi: 10.1073/pnas.1711642114

Kranzler, C. F., Krause, J. W., Brzezinski, M. A., Edwards, B. R., Biggs, W. P., Maniscalco, M., et al. (2019). Silicon limitation facilitates virus infection and mortality of marine diatoms. Nat. Microbiol. 4, 1790–1797. doi: 10.1038/s41564-019-0502-x

Krausfeldt, L. E., Farmer, A. T., Castro Gonzalez, H., Zepernick, B. N., Campagna, S. R., and Wilhelm, S. W. (2019). Urea is both a carbon and nitrogen source for Microcystis aeruginosa: Tracking 13C incorporation at bloom pH conditions. Front. Microbiol. 10:1064. doi: 10.3389/fmicb.2019.01064

Kuczynska, P., Jemiola-Rzeminska, M., and Strzalka, K. (2015). Photosynthetic pigments in diatoms. Mar. Drugs 13, 5847–5881. doi: 10.3390/md13095847

Lamote, M., Darko, E., Schoefs, B., and Lemoine, Y. (2003). Assembly of the photosynthetic apparatus in embryos from Fucus serratus. Photosynth. Res. 77, 45–52. doi: 10.1023/A:1024999024157

LaRonde-LeBlanc, N., and Wlodawer, A. (2005). The RIO kinases: An atypical protein kinase family required for ribosome biogenesis and cell cycle progression. Biochim. Biophys. Acta 1754, 14–24. doi: 10.1016/j.bbapap.2005.07.037

Lehman, P., Marr, K., Boyer, G., Acuna, S., and Teh, S. J. (2013). Long-term trends and causal factors associated with Microcystis abundance and toxicity in San Francisco Estuary and implications for climate change impacts. Hydrobiologia 718, 141–158. doi: 10.1007/s10750-013-1612-8

Lin, S., Haas, S., Zemojtel, T., Xiao, P., Vingron, M., and Li, R. (2010). Genome-wide comparison of cyanobacterial transposable elements, potential genetic diversity indicators. Nat. Preceded. 5, 1–1. doi: 10.1016/j.gene.2010.11.011

Lisch, D. (2013). How important are transposons for plant evolution? Nat. Rev. Genet. 14, 49–61.

Lopez-Archilla, A. I., Moreira, D., López-García, P., and Guerrero, C. (2004). Phytoplankton diversity and cyanobacterial dominance in a hypereutrophic shallow lake with biologically produced alkaline pH. Extremophiles 8, 109–115. doi: 10.1007/s00792-003-0369-9

Lu, M. (2019). Structure and mechanism of the divalent anion/Na+ symporter. Int. J. Mol. Sci. 20:440. doi: 10.3390/ijms20020440

Martin, R. M., and Wilhelm, S. W. (2020). Phenol-based RNA extraction from polycarbonate filters. Protocols.io. doi: 10.17504/protocols.io.bivuke6w

McClintock, B. (1956). Controlling elements and the gene. Cold Spring Harb. Symp. Quant. Biol. 21, 197–216. doi: 10.1101/SQB.1956.021.01.017

Melo, A. M., Bandeiras, T. M., and Teixeira, M. (2004). New insights into type II NAD (P) H: Quinone oxidoreductases. Microbiol. Mol. Biol. Rev. 68, 603–616. doi: 10.1128/MMBR.68.4.603-616.2004

Mock, T., Otillar, R. P., Strauss, J., Mcmullan, M., Paajanen, P., Schmutz, J., et al. (2017). Evolutionary genomics of the cold-adapted diatom Fragilariopsis cylindrus. Nature 541, 536–540. doi: 10.1038/nature20803

Moulager, M., Corellou, F., Vergé, V., Escande, M.-L., and Bouget, F.-Y. (2010). Integration of light signals by the retinoblastoma pathway in the control of S phase entry in the picophytoplanktonic cell Ostreococcus. PLoS Genet. 6:e1000957. doi: 10.1371/journal.pgen.1000957

Muller, P., Li, X.-P., and Niyogi, K. K. (2001). Non-photochemical quenching. A response to excess light energy. Plant Physiol. 125, 1558–1566. doi: 10.1104/pp.125.4.1558

Negi, P., Rai, A. N., and Suprasanna, P. (2016). Moving through the stressed genome: Emerging regulatory roles for transposons in plant stress response. Front. Plant Sci. 7:1448. doi: 10.3389/fpls.2016.01448

Nelson, D. M., Tréguer, P., Brzezinski, M. A., Leynaert, A., and Quéguiner, B. (1995). Production and dissolution of biogenic silica in the ocean: Revised global estimates, comparison with regional data and relationship to biogenic sedimentation. Global Biogeochem. Cycles 9, 359–372. doi: 10.1029/95GB01070

Nguyen, M. K., Shih, T.-H., Lin, S.-H., Lin, J.-W., Nguyen, H. C., Yang, Z.-W., et al. (2021). Transcription profile analysis of chlorophyll biosynthesis in leaves of wild-type and chlorophyll b-deficient rice (Oryza sativa L.). Agriculture 11:401. doi: 10.3390/agriculture11050401

Nguyen-Deroche, T. L. N., Caruso, A., Le, T. T., Bui, T. V., Schoefs, B., Tremblin, G., et al. (2012). Zinc affects differently growth, photosynthesis, antioxidant enzyme activities and phytochelatin synthase expression of four marine diatoms. Sci. World J. 2012:982957. doi: 10.1100/2012/982957

Nishiyama, Y., Yamamoto, H., Allakhverdiev, S. I., Inaba, M., Yokota, A., and Murata, N. (2001). Oxidative stress inhibits the repair of photodamage to the photosynthetic machinery. EMBO J. 20, 5587–5594. doi: 10.1093/emboj/20.20.5587

Oka, K., Ueno, Y., Yokono, M., Shen, J.-R., Nagao, R., and Akimoto, S. (2020). Adaptation of light-harvesting and energy-transfer processes of a diatom Phaeodactylum tricornutum to different light qualities. Photosynth. Res. 146, 227–234. doi: 10.1007/s11120-020-00714-1

Oliver, M. J., Petrov, D., Ackerly, D., Falkowski, P., and Schofield, O. M. (2007). The mode and tempo of genome size evolution in eukaryotes. Genome Res. 17, 594–601. doi: 10.1101/gr.6096207

Paerl, H. W., Fulton, R. S., Moisander, P. H., and Dyble, J. (2001). Harmful freshwater algal blooms, with an emphasis on cyanobacteria. Sci. World J. 1, 76–113. doi: 10.1100/tsw.2001.16

Paerl, H. W., Hall, N. S., Peierls, B. L., Rossignol, K. L., and Joyner, A. R. (2014). Hydrologic variability and its control of phytoplankton community structure and function in two shallow, coastal, lagoonal ecosystems: The Neuse and New River Estuaries. North Carolina, USA. Estuaries Coasts 37, 31–45. doi: 10.1007/s12237-013-9686-0

Pančić, M., Torres, R. R., Almeda, R., and Kiørboe, T. (2019). Silicified cell walls as a defensive trait in diatoms. Proc. Biol. Sci. 286:20190184. doi: 10.1098/rspb.2019.0184

Park, S., Jung, G., Hwang, Y.-S., and Jin, E. (2010). Dynamic response of the transcriptome of a psychrophilic diatom, Chaetoceros neogracile, to high irradiance. Planta 231, 349–360. doi: 10.1007/s00425-009-1044-x

Pennisi, E. (1998). How the genome readies itself for evolution. Science 281, 1131–1133–4. doi: 10.1126/science.281.5380.1131

Perry, M., Talbot, M., and Alberte, R. (1981). Photoadaption in marine phytoplankton: Response of the photosynthetic unit. Mar. Biol. 62, 91–101. doi: 10.1007/BF00388170

Pinckney, J., Millie, D., Howe, K., Paerl, H., and Hurley, J. (1996). Flow scintillation counting of 14C-labeled microalgal photosynthetic pigments. J. Plankton Res. 18, 1867–1880. doi: 10.1093/plankt/18.10.1867

Pinckney, J., Paerl, H., Harrington, M., and Howe, K. (1998). Annual cycles of phytoplankton community-structure and bloom dynamics in the Neuse River Estuary North Carolina. Mar. Biol. 131, 371–381. doi: 10.1007/s002270050330

Pinckney, J. L., Richardson, T. L., Millie, D. F., and Paerl, H. W. (2001). Application of photopigment biomarkers for quantifying microalgal community composition and in situ growth rates. Org. Geochem. 32, 585–595. doi: 10.1016/S0146-6380(00)00196-0

Rastogi, A., Maheswari, U., Dorrell, R. G., Vieira, F. R. J., Maumus, F., Kustka, A., et al. (2018). Integrative analysis of large scale transcriptome data draws a comprehensive landscape of Phaeodactylum tricornutum genome and evolutionary origin of diatoms. Sci. Rep. 8:4834. doi: 10.1038/s41598-018-23106-x

Reavie, E. D., and Barbiero, R. P. (2013). Recent changes in abundance and cell size of pelagic diatoms in the North American Great Lakes. Phytotaxa 127, 150–162. doi: 10.11646/phytotaxa.127.1.15

Reavie, E. D., Cai, M., Twiss, M. R., Carrick, H. J., Davis, T. W., Johengen, T. H., et al. (2016). Winter–spring diatom production in Lake Erie is an important driver of summer hypoxia. J. Great Lakes Res. 42, 608–618. doi: 10.1016/j.jglr.2016.02.013

Ritchie, R. J. (2008). Fitting light saturation curves measured using modulated fluorometry. Photosynth. Res. 96, 201–215. doi: 10.1007/s11120-008-9300-7

Roquis, D., Robertson, M., Yu, L., Thieme, M., Julkowska, M., and Bucher, E. (2021). Genomic impact of stress-induced transposable element mobility in Arabidopsis. Nucleic Acids Res. 49, 10431–10447. doi: 10.1093/nar/gkab828

Round, F. E., Crawford, R. M., and Mann, D. G. (1990). Diatoms: Biology and Morphology of the Genera. Cambridge: Cambridge university press.

Rühland, K. M., Paterson, A. M., and Smol, J. P. (2015). Lake diatom responses to warming: Reviewing the evidence. J. Paleolimnol. 54, 1–35.

Ruprecht, J. J., and Kunji, E. R. (2020). The SLC25 mitochondrial carrier family: Structure and mechanism. Trends Biochem. Sci. 45, 244–258.

Ryderheim, F., Grønning, J., and Kiørboe, T. (2022). Thicker shells reduce copepod grazing on diatoms. Limnol. Oceanogr. Lett. 7, 435–442. doi: 10.1073/pnas.1309345110

Saini, Y., Chen, J., and Patial, S. (2020). The tristetraprolin family of RNA-binding proteins in cancer: Progress and future prospects. Cancers 12:1539. doi: 10.3390/cancers12061539

Sandrini, G., Tann, R. P., Schuurmans, J. M., Van Beusekom, S. A., Matthijs, H. C., and Huisman, J. (2016). Diel variation in gene expression of the CO2-concentrating mechanism during a harmful cyanobacterial bloom. Front. Microbiol. 7:551. doi: 10.3389/fmicb.2016.00551

Schrader, L., and Schmitz, J. (2019). The impact of transposable elements in adaptive evolution. Mol. Ecol. 28, 1537–1549.

Shrestha, R. P., Tesson, B., Norden-Krichmar, T., Federowicz, S., Hildebrand, M., and Allen, A. E. (2012). Whole transcriptome analysis of the silicon response of the diatom Thalassiosira pseudonana. BMC Genomics 13:499. doi: 10.1186/1471-2164-13-499

Steffen, M. M., Dearth, S. P., Dill, B. D., Li, Z., Larsen, K. M., Campagna, S. R., et al. (2014). Nutrients drive transcriptional changes that maintain metabolic homeostasis but alter genome architecture in Microcystis. ISME J. 8, 2080–2092. doi: 10.1038/ismej.2014.78

Struyf, E., Smis, A., Van Damme, S., Meire, P., and Conley, D. J. (2009). The global biogeochemical silicon cycle. Silicon 1, 207–213.

Su, X., Xue, Q., Steinman, A. D., Zhao, Y., and Xie, L. (2015). Spatiotemporal dynamics of microcystin variants and relationships with environmental parameters in Lake Taihu China. Toxins 7, 3224–3244. doi: 10.3390/toxins7083224

Sültemeyer, D. (1998). Carbonic anhydrase in eukaryotic algae: Characterization, regulation, and possible function during photosynthesis. Can. J. Plant Sci. 76, 962–972. doi: 10.1016/j.pbi.2016.04.009

Takahashi, N., Ogita, N., Takahashi, T., Taniguchi, S., Tanaka, M., Seki, M., et al. (2019). A regulatory module controlling stress-induced cell cycle arrest in Arabidopsis. elife 8:e43944. doi: 10.7554/eLife.43944

Takahashi-Íñiguez, T., Aburto-Rodríguez, N., Vilchis-González, A. L., and Flores, M. E. (2016). Function, kinetic properties, crystallization, and regulation of microbial malate dehydrogenase. J. Zhejiang Univ. Sci. B 17, 247–261.

Talling, J. (1976). The depletion of carbon dioxide from lake water by phytoplankton. J. Ecol. 64, 79–121.

Tang, X., Krausfeldt, L. E., Shao, K., Lecleir, G. R., Stough, J. M., Gao, G., et al. (2018). Seasonal gene expression and the ecophysiological implications of toxic Microcystis aeruginosa blooms in Lake Taihu. Environ. Sci. Technol. 52, 11049–11059. doi: 10.1021/acs.est.8b01066

Thomas, B. (2016). Encyclopedia of Applied Plant Sciences. Cambridge: Academic Press.

Torres, M., Ritchie, R., Lilley, R., Grillet, C., and Larkum, A. (2014). Measurement of photosynthesis and photosynthetic efficiency in two diatoms. N. Z. J. Bot. 52, 6–27. doi: 10.1080/0028825X.2013.831917

Tréguer, P. J., and De La Rocha, C. L. (2013). The world ocean silica cycle. Annu. Rev. Mar. Sci. 5, 477–501. doi: 10.1146/annurev-marine-121211-172346

Tréguer, P. J., Sutton, J. N., Brzezinski, M., Charette, M. A., Devries, T., Dutkiewicz, S., et al. (2021). Reviews and syntheses: The biogeochemical cycle of silicon in the modern ocean. Biogeosciences 18, 1269–1289.

Turner, E., Ombres, E., Bennett-Mintz, J., Dortch, Q., Broadwater, M., Berger, H., et al. (2021). Ocean Acidification Program: Harmful Algal Blooms and Ocean Acidification Workshop: Defining a Research Agenda. Washington, DC: NOAA Technical Memorandum.

Valenzuela, J. J., López García De Lomana, A., Lee, A., Armbrust, E., Orellana, M. V., and Baliga, N. S. (2018). Ocean acidification conditions increase resilience of marine diatoms. Nat. Commun. 9:2328 doi: 10.1038/s41467-018-04742-3

Van Dam, B. R., Tobias, C., Holbach, A., Paerl, H. W., and Zhu, G. (2018). CO2 limited conditions favor cyanobacteria in a hypereutrophic lake: An empirical and theoretical stable isotope study. Limnol. Oceanogr. 63, 1643–1659. doi: 10.1002/lno.10798

Van Heukelem, L., Lewitus, A. J., Kana, T. M., and Craft, N. E. (1994). Improved separations of phytoplankton pigments using temperature-controlled high performance liquid chromatography. Mar. Ecol. Prog. Ser. 114, 303–313. doi: 10.3354/meps114303

Vanderploeg, H., Wilson, A., Johengen, T., Bressie, J. D., Sarnelle, O., Liebig, J., et al. (2013). “Role of selective grazing by dreissenid mussels in promoting toxic Microcystis blooms and other changes in phytoplankton composition in the Great Lakes,” in Invited Book Chapter in Quagga and Zebra Mussels: Biology, Impacts, and Control, Second Edition, eds T. Nalepa and D. Schloesser (Boca Raton: CRC Press), 509–523.

Vanderploeg, H. A., Liebig, J. R., Carmichael, W. W., Agy, M. A., Johengen, T. H., Fahnenstiel, G. L., et al. (2001). Zebra mussel (Dreissena polymorpha) selective filtration promoted toxic Microcystis blooms in Saginaw Bay (Lake Huron) and Lake Erie. Can. J. Fish. Aquat. 58, 1208–1221. doi: 10.1139/f01-066

Vardi, A., Thamatrakoln, K., Bidle, K. D., and Falkowski, P. G. (2009). Diatom genomes come of age. Genome Biol. 9:245. doi: 10.1186/gb-2008-9-12-245

Vázquez-Acevedo, M., Vega-Deluna, F., Sánchez-Vásquez, L., Colina-Tenorio, L., Remacle, C., Cardol, P., et al. (2016). Dissecting the peripheral stalk of the mitochondrial ATP synthase of chlorophycean algae. Biochim. Biophys. Acta 1857, 1183–1190. doi: 10.1016/j.bbabio.2016.02.003

Verspagen, J. M., Snelder, E. O., Visser, P. M., Huisman, J., Mur, L. R., and Ibelings, B. W. (2004). Recruitment of Benthic Microcystis (cyanophyceae) to the Water Column: Internal Buoyancy Changes or Resuspension? 1. J. Phycol. 40, 260–270. doi: 10.1111/j.1529-8817.2004.03174.x

Verspagen, J. M., Van De Waal, D. B., Finke, J. F., Visser, P. M., Van Donk, E., and Huisman, J. (2014). Rising CO2 levels will intensify phytoplankton blooms in eutrophic and hypertrophic lakes. PLoS One 9:e104325. doi: 10.1371/journal.pone.0104325

Volcani, B. (1981). “Cell wall formation in diatoms: Morphogenesis and biochemistry,” in Silicon and Siliceous Structures in Biological Systems, eds T. L. Simpson and B. E. Volcani (New York, NY: Springer), 157–200.

Watson, S. B., Whitton, B. A., Higgins, S. N., Paerl, H. W., Brooks, B. W., and Wehr, J. D. (2015). “Harmful Algal Blooms,” in Aquatic Ecology, Freshwater Algae of North America, eds J. D. Wehr, R. G. Sheath, and P. J. Kociolek (Cambridge: Academic Press), 873–920.

Wells, M. L., Karlson, B., Wulff, A., Kudela, R., Trick, C., Asnaghi, V., et al. (2020). Future HAB science: Directions and challenges in a changing climate. Harmful Algae 91:101632. doi: 10.1016/j.hal.2019.101632

Wilhelm, C., Büchel, C., Fisahn, J., Goss, R., Jakob, T., Laroche, J., et al. (2006). The regulation of carbon and nutrient assimilation in diatoms is significantly different from green algae. Protist 157, 91–124.

Wilhelm, S. W., Bullerjahn, G. S., and McKay, R. M. L. (2020). The complicated and confusing ecology of Microcystis blooms. mBio 11:e00529-20. doi: 10.1128/mBio.00529-20

Wu, Y., Campbell, D. A., Irwin, A. J., Suggett, D. J., and Finkel, Z. V. (2014). Ocean acidification enhances the growth rate of larger diatoms. Limnol. Oceanogr. 59, 1027–1034.

Zagarese, H. E., Sagrario, M. D. L., Wolf-Gladrow, D., Nõges, P., Nõges, T., Kangur, K., et al. (2021). Patterns of CO2 concentration and inorganic carbon limitation of phytoplankton biomass in agriculturally eutrophic lakes. Water Res. 190:116715. doi: 10.1016/j.watres.2020.116715

Zepernick, B. N., Wilhelm, S. W., Bullerjahn, G. S., and Paerl, H. W. (2022c). Climate change and the aquatic continuum: A cyanobacterial comeback story. Environ. Microbiol. Rep. [Epub ahead of print] doi: 10.1111/1758-2229.13122

Zepernick, B. N., Denison, E. R., Chaffin, J. D., Bullerjahn, G. S., Pennacchio, C. P., Frenken, T., et al. (2022a). Metatranscriptomic sequencing of winter and spring planktonic communities from Lake Erie, a Laurentian Great Lake. Microbiol. Resour. Announc. 11:e0035122. doi: 10.1128/mra.00351-22

Zepernick, B. N., Truchon, A. R., Gann, E. R., and Wilhelm, S. W. (2022b). Draft genome sequence of the freshwater diatom Fragilaria crotonensis SAG 28.96. Microbiol. Resour. Announc. 11:e0028922. doi: 10.1128/mra.00289-22

Zepernick, B. N., Gann, E. R., Poiund, H. L., Martin, R. M., Krausfeldt, L. E., Chaffin, J. D., et al. (2021). Elevated pH conditions associated with Microcystis spp. blooms decrease viability of the cultured diatom Fragilaria crotonensis and natural diatoms in Lake Erie. Front. Microbiol. 12:598736. doi: 10.3389/fmicb.2021.598736



OPS/images/fmicb-13-1044464-g006.jpg
T T T R ———

2-101 2
Row z-Score (TPM) Sum Expression (Log TPM)
0 1 2 3 4 5

ERCC6L.771
ERCC6L.200
ERCC6L.538

PP.8
TRSP.447
ERCC6L.832
TRSP.132

JUWIOIQOTA

TRPS.8
TRP.35
ERCC6L.181
LtrA.6
MULETRPS.29
PTRP.115
PTRP.8
PTRP.135
ERCC6L.192
TRPS.66

ERCC6L.454
ERC(IJ?L.ZMI
TRPS.27
ERCC6L.783
PTRP.126
TRSP.312
ERCC6L.243
TRS

suosodsuea], ‘soseydoay

RCC6L.128

'RCC6L.59

g — | 'RCC6L.320
P 309

(R———— :RCC6L.345
R1 R2 R3 R1 R2 R3






OPS/images/fmicb-13-1044464-g005.jpg
9.2

77

[ O
=
&
<
s
Y]
(o
O O
1 1 1
& (—] (—] —
un — un
— p—
(&) (Se ;uu / suojoyd ourri) iy
B O
=
o
=
£
Y]
oy
— [
1 1 ] 1
(—] = — (— —
= o (o] =
m (Seguur /0 o) LA
9 M
oo
>
N
T
P m
1 1 1
> < a =
[ (] (] (]

. ¢ TEH.—. A

9.2

1.7

9.2

Tl

pH

pH

pH





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Morphological, physiological, and transcriptional responses of the freshwater diatom Fragilaria crotonensis to elevated pH conditions



		Introduction



		Materials and methods



		Culture conditions



		pH effects on Fragilaria crotonensis transcription



		pH effects on Fragilaria crotonensis morphology



		pH effects on Fragilaria crotonensis photopigment composition



		pH effects on Fragilaria crotonensis photosynthetic physiology



		Statistical analyses







		Results



		pH induced differential gene expression between treatments



		High pH decreased carbohydrate transport and metabolism gene expression



		High pH increased expression of cell cycle control and cell wall biogenesis genes



		High pH shaped Fragilaria crotonensis filament morphology



		High pH decreased expression of energy production and conversion genes



		High pH modified photopigment composition



		High pH altered Fragilaria crotonensis photophysiology



		High pH increased expression of transposon genes







		Discussion



		Evidence of carbon limitation is lacking in high pH transcriptomes



		Photostress is a likely physiological consequence of high pH in Fragilaria crotonensis



		Cell cycle arrest another physiological consequence of high pH?



		High pH results in smaller, rougher, and browner Fragilaria crotonensis morphologies



		Lake basification has ecological and biogeochemical implications



		“Genomic roulette”: The key to freshwater diatom success in a basified future?







		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References

















OPS/images/fmicb-13-1044464-g004.jpg
0.3263

p:

0.8657

p:

<

(;-1g wiL3j) » apgiAydooy)

— O %D - o
4
o0
4
o)
T
(a8
-
I ~
| | | 1 1 1 1 |
e T N 0 TN O
| - ] o
(515 ummie3y) 7212 Aydotory)
- o pfefs
. O p L&
1 1 1 1 |
(=) un (=] un (=] I'g]
g} - - (o] o o
(;-1y wrl«3y) » [Aydoiory)
— 0O vlmmTT O - o
O
- o O - ..H
| | | | |
& (=] = = (=3 >
w (=) oL - = u

(]

— o
o))
=
=
T
o,
O ~
| | | |
b o = -} &
| o —
y (- wie8y) uryuexourperq
-
@)
-
<
T
o,
r~
— 0O O oL
_ I T T
< \w < \ <
ol | o [—) -
w (15 wriesy) unjuexejoip
— o
I &
-
=
o
T
o
O ~
_ I _ I
= \ < o 2
Lag] o ol o o

(;-1y wiri+3)) dudjored-¢

pH

pH

pH





OPS/images/fmicb-13-1044464-g003.jpg
—_

L

2-101 2
Row z-Score (TPM)
|
|
L ] |
| |
R1 R2 R3 R1 R2

R3

pH 7.7

' DASS.1
SLC25.12

Sum Expression (Log TPM)
0O 1 2 3 4 5

PHOTO
LHCB3.28
TC.BASS.9
EPRS.14
FCP.1

. PRXR.3

psaC.2
petH.1
FCP.2
chlD.2
POR.16
CCSA.2
VDE.3
ZEP.3
PPIF.9
cpSecA.l
PRDXS.1
HAO
SLC35E1.3
DVR.15
katG.1
LHCB3.7
LHCB3.23
LHCB3.6
LHCB3.25
FCP.8

JIuAsojoyd

SISO

—
-
-9
-
-
-

uoneardsay JenypR)

PPA.2
EROIL.3
NDS5
ATP6.2
CYTB.2
ND6.1
CYTB.3






OPS/images/fmicb-13-1044464-g002.jpg
p=0.031

p =0.007

. O O
— O O
I | | |
S = S &
= = & =
S — — —
E= o e =] e 3
— —

(cur) dumjoAorg
_ m% .
— 0O O
I I | I I I
<& = & = = &
= = = = — —
N S ® L T AN
— —

(;wm) eaaxy

9.2

Tl

9.2

y ]

p =0.055

!
W
S

(@]

p =0.002

|
—
(g

[
un = un
e

—(

(wm) PpIy

9.2

1.7

9.2

Tk

100 -

1
i
==

(wm) y3uay

9.2

el

9.2

dat

| o |
O
—
S
e
S
<
V
o,
o O -
O
—-d---—----d-
— = S
r~ =] ' g]
— — e
w UIRIN) "SAY
- ayeo -
N
-
S
=
)
|
a,
(- D D -
_ _ T i _
un ) e o o —
= N = = T
— — — v o —
w SSAUYSNOY

pH

pH





OPS/images/fmicb-13-1044464-g001.jpg
1l

2-1012
Row z-Score (TPM)

R1

R2

R3

pH 7.7

R1

BRDT.5
QSOX.4
FRA10AC1
PIF1.2
PWWP.1
RIOK1
RRP15.2
DKC1.2
ZFP36L.5
DKC1.1
PHDZF.1
NCAPG2.3
CLPP.7
HERC3.2
PIF1.35
RRP15.1
PGD.10
HMGBI.11
FKBP.14
ATPAAA.21

ANKR3.3
USP.5
IKI3
ANKRa3.5
ANKRa3.1
TMPRS.22
CCTM.2
LOTUS.1
CLPP.7
SIT.6
TPR.7
GAUT.3
UXSI1.5
C1GALTI1.3
PTGBI1.2

Sum Expression (Log TPM)

=

1 2 3

4 5

=
= b
= (9

[

.
n

[T

d dQUeIqUIdJAl 29 [[BAA 11°D

UOISIAI(T [19D 79 [013U0)) IIAD) [IPD

SISOUJSO0I





OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Morphological, physiological,
and transcriptional responses
of the freshwater diatom
Fragilaria crotonensis

to elevated p

conditions












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology







