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GENERAL INTRODUCTION 

 

Diatoms and their diversity 

Diatoms are microalgae distributed throughout various aquatic and subaerial environments from 

acidic to alkaline, tropical to arctic, and marine to brackish/fresh waters (Round et al. 1990, Mann 

1999). They are an important contributor to global primary productivity, representing 

approximately 20% of the total, and play a key role in the biogeochemical cycling of carbon and 

silica (Nelson et al. 1995, Mann 1999). It is proposed that the number of diatom species is in the 

tens of thousands (Mann & Vanormelingen 2013). Diatom cells are enveloped by silica cell walls 

called the frustule, which are composed of two thecae. Each theca comprises a valve and girdle 

bands, which are the structures linking two thecae to one another (Fig. 1). Diatoms are classified 

for convenience into the ‘centric’ and the ‘pennate’ species based on the valve symmetry. 

 Diatoms have benthic and planktonic life forms. Planktonic diatoms have received 

attentions because their production of toxins or the outbreak of red tides have a negative impact 

on industry (Hallegraeff 1993). Benthic diatoms are ecologically less understood compared to 

planktonic diatoms because they are more difficult to sample and quantify than planktonic diatoms 

(Round et al. 1990).  

 

Life cycle and sexual reproduction: During cell division, new daughter valves are formed inside the 

mother cell (Fig. 1). For this structural reason in the cell wall, most species exhibit consistent 

reduction in cell size during the vegetative phase (Round et al. 1990). When cells become smaller 

than a certain size threshold, many diatoms become sexually potent, i.e. they can perform sexual 

reproduction when external conditions permit. The cell size thresholds and environmental cues 

that trigger sexual reproduction differ among species (Edlund & Stoermer 1997). Sexual 

reproduction ends up with the formation of an enlarged zygote, called the auxospore, in which a 

new vegetative cell is formed, called an initial cell, which represents the largest cell size in their life 

cycle. Apart from the canonical life cycle of diatoms as above, some exceptions are known, including 

an avoidance of size reduction (e.g.: von Stosch 1965, Round 1972, Rose & Cox 2013) or abrupt size 

enlargement without sexual reproduction (Gallagher 1983, Sato et al. 2008). The length of the 

Fig. 1. Cell division and cell wall formation in diatoms. The diatom cell wall, called 

frustule, is formed within silica deposition vesicles (SDVs) through cell division. The 

blue lines depict newly formed frustules. 
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diatom life cycle, determined by the frequency of sexual reproduction and rate of cell size reduction, 

has been estimated to range from several months to several decades depending on the species 

(Mann 1988). Information on diatom sexual reproduction will help us to understand their 

population dynamics, however, only a few species have been examined for sexual reproduction 

relative to the total number of diatom species (Davidovich & Davidovich 2022). 

 

Endosymbiosis: Eukaryotic organelles are thought to have arisen from the endosymbiotic 

incorporation of bacteria within archaea or ancestral eukaryotes. It is estimated that mitochondria 

have evolved from an ancestor related to α-proteobacteria, which were acquired more than 1.5 

billion years ago, and that plastids have evolved from cyanobacteria that were acquired 1-1.5 

billion years ago (Dyall et al. 2004). Determining the evolutionary events that led to the emergence 

of organelles is crucial for comprehending the evolution of eukaryotic cells and genomes. However, 

these organelles have diverged from their nearest bacterial relatives due to their ancient origins, 

thus providing limited information on the early stages of the transformation of free-living bacteria 

into organelles. This process involves a reduction in the genome size of the symbiont, the 

development of mechanisms by which the host cell controls the behavior of the symbiont (Zachar 

& Boza 2020) and the acquisition of the machinery to import proteins from the host to the symbiont, 

which is proposed to be the most decisive step in the establishment of the organelle (Theissen & 

Martin 2006). Furthermore, uniparental organellar inheritance, which is observed in a wide range 

of sexual eukaryotes, is thought to be one of the control forms of the organelle (symbiont) by the 

host cell (Kuroiwa 2010). 

Diatoms do not have the ability to fix nitrogen, however, some genera have adapted to low 

nitrogen concentrations by establishing symbioses with diazotrophic bacteria (Foster & Zehr 

2019). Diatom species belonging to the family Epithemiaceae have unique intracellular structures, 

the ‘spheroid bodies’ (Drum & Pankratz 1965, Geitler 1977), which are derived from nitrogen-

fixing cyanobacterial symbionts (Prechtl et al. 2004, Nakayama et al. 2011). The spheroid body is 

much younger than mitochondria and plastid, with an estimated origin at about 12 Ma, according 

to the fossil record and molecular phylogenetic analysis (Nakayama et al. 2011). Therefore, the 

spheroid body has received an attention as a good model to provide new insights into the early 

stages of organelle evolution (Kneip et al. 2007, Trapp et al. 2012, Nowack & Weber 2018). 

 

Morphology: Frustules have diverse and intricate hierarchical structures, including micrometer-

scale exteriors and fine structures on the order of tens to hundreds of nanometers. Most diatom 

species are defined by their frustule morphology. The species-specific morphology and structure 

of diatoms has been discussed to be tied to their function and to contribute to the fitness of 

individuals (reviewed in Finkel & Kotrc 2010). The morphogenesis of frustules occurs in silica 

deposition vesicles (SDVs, Fig. 1), which are compartments separated by lipid bilayer membranes 

located immediately beneath the plasma membrane of dividing daughter cells (Pickett-Heaps et al. 

1990, Kröger & Poulsen 2008). The morphology of the SDV and its internal forming frustule is 

controlled by cytoskeletons in the vicinity of the SDV (Pickett-Heaps et al. 1990, Tesson & 

Hildebrand 2010a). The cytoskeleton defines the position of the outer edge of the valve and 
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structures (Tesson & Hildebrand 2010a, b), and influences the pattern of the pores (Pickett-Heaps 

et al. 1990). Furthermore, some proteins involved in silica mineralization and frustule formation 

have been identified (reviewed in Fattorini & Maier 2021). The biosynthesis of silica frustules with 

varied morphologies is not only of biological significance, but are of interest in terms of their 

application to technologies for the massively parallel production of silica nanomaterials by self-

assembly (Kröger & Poulsen 2008). To date, it is still unclear what genes and molecular 

mechanisms regulate the diverse morphology of frustules. 

 Generally, the morphology of frustules is highly stable trait within a species. However, 

environmental factors are known to cause plastic changes in the morphology of the valves in some 

diatom species. Some of the documented factors include temperature, silica concentration, pH, 

nutrient/heavy metals concentration, light intensity, and salinity (reviewed in Kociolek and 

Stoermer 2010, Su et al. 2018). If certain environmental cues are known to trigger a certain 

morphology within a taxon, this information can be a valid indicator of those environmental 

parameters (Cox 1995) in the ecological and water quality assessment of the current or past states 

of aquatic habitats. To date, considering the number of diatom species, there are only tiny 

proportion of diatoms whose morphological responses to environmental factors has been studied 

in culture experiments (Cox 2014). 

 

Culture-based experiment of diatoms 

Culture experiments are effective means of studying diatom life cycles (Mann & Chepurnov 2004) 

as they allow the monitoring of cell division and size reduction in a population derived from a single 

cell. For sexually reproducing species, the experiments provide valuable insights into their life cycle, 

including maximum and minimum cell sizes. Observations of sexual cells in culture also provides 

insights into sexual differentiation (Shirokawa & Shimada 2013) and pheromone-mediated 

motility (Bondoc et al. 2019). In addition, culture experiment is effective in verifying morphological 

plasticity, particularly in instances where the morphology is affected by environmental factors and 

a single taxon may be mistaken for multiple taxa in field observations. Tracking of division and 

morphogenesis in culture has been facilitated by the use of PDMPO, which fluorescently labels 

newly forming frustules while keeping the diatom cells alive (Shimizu et al. 2001).  

Besides the microscopic approaches, culture is useful to for transcriptomic study. The 

transcriptome refers to the set of all RNA molecules, both protein-coding mRNA and non-coding 

RNA (Thompson et al. 2016). The primary technologies for transcriptomic studies are microarrays 

and RNA sequencing (RNA-seq). Although microarray techniques can simultaneously detect the 

expression of thousands of genes, they are not ideal for detecting novel transcripts (Morozova et 

al. 2009). On the other hand, RNA-Seq gained popularity after 2008, with an advent of high-

throughput DNA sequencing technology (Wilhelm et al. 2008), in that mRNA is fragmented and 

translated into cDNA, which is then sequenced using random primers. The number of reads for a 

given sequence is directly proportional to the expression level of genes and is an absolute indicator 

of their expression. In comparison to microarrays, RNA-Seq has the advantage of being able to 

detect novel transcripts and their high comprehensiveness, as well as reduced sequencing costs 

and experimental complexity (Morozova et al. 2009, Thompson et al. 2016). This sequencing 
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technique has made the transcriptome a practical research method not only for model species, but 

also for non-model species. Culture-based transcriptomics can reveal specific gene expression 

profiles under designed conditions. The combination of culture and RNA-seq approaches has been 

used to demonstrate transcriptional responses in diatoms to various environmental factors, such 

as nutrient limitation (Levitan et al. 2015), temperature (Ogura et al. 2018, Pargana et al. 2019), 

pCO2 (Huang et al. 2019), exposure to heavy metals (Suzuki et al. 2022), and salinity (Cheng et al. 

2014, Bussard et al. 2017, Nakov et al. 2020, Pinseel et al. 2022). Furthermore, it enables us to 

identify expression profiles associated with various cellular events of diatoms, such as 

morphogenesis (Ovide et al. 2018) and sexual reproduction (Ferrante et al. 2019, Bilcke et al. 2021) 

to explore novel candidate genes responsible for them.  

 

Outline of the thesis 

This dissertation focused on the biology of benthic diatoms based on culture of the pennate 

Epithemia and the centric Pleurosira laevis and presented new findings on diatom diversity and 

life history. In Chapter 1, the aim was to reveal the mating system of E. gibba var. ventricosa and 

the mode of the inheritance of its spheroid body to elucidate whether the uniparental inheritance 

system has evolved. This could be a criterion to assess the degree of organellogenesis in Epithemia. 

I established an experimental system consisting of induction of sexual reproduction of this diatom 

and genotyping to determine from which parent the spheroid body genome was transmitted to the 

F1 cells. In Chapter 2, field observation and culture experiment were combined. I measured valve 

lengths of two sympatric populations of congeneric diatoms E. gibba var. ventricosa and Epithemia 

sp. from a small pond in Nakaikemi Wetland, Japan, almost 3 years. I also performed growth 

experiments for both taxa to investigate cell-division and size-reduction rates to better interpret 

measurement of natural specimens. The ‘cardinal points’ (Kaczmarska et al. 2013) of E. gibba var. 

ventricosa identified in Chapter 1, i.e., size of initial cells, the upper and lower cell size threshold 

for sex expression, and the minimal cell size at which division is possible, were used to interpret 

the data. In Chapter 3, I documented that the plasticity of the valve morphology in P. laevis is 

determined by salinity conditions, and these responses are highly conserved among strains 

established from samples collected from different salinities and continents. Chapter 4 

characterized gene expression in P. laevis cultivated under salinity conditions that cause 

morphological changes as shown in the Chapter 3, and explored genes likely involved in the 

regulation of diatom morphology via comparative transcriptomics. 
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CHAPTER 1 

Inheritance of spheroid body and plastid in the raphid diatom 

Epithemia (Bacillariophyta) during sexual reproduction 

Kamakura S, Mann DG, Nakamura N, Sato S.  

 

This is an ‘Author’s Accepted Manuscript’ of an article published by Taylor & Francis Group in 

Phycologia on 21 Apr 2021, available online: https://doi.org/10.1080/00318884.2021.1909399. 
 

Abstract 

Diatoms belonging to the family Epithemiaceae have endosymbiont ‘spheroid bodies’, which have 

received attention as a model to provide new insights into the early stages of organelle evolution. 

Uniparental organelle inheritance, known in a wide range of sexually reproducing eukaryotes, is 

considered to be one of the key characteristics acquired during the evolution of an endosymbiont 

into an organelle. However, there has been no information about the inheritance of spheroid bodies. 

The aim of the present study was, therefore, to investigate the inheritance modes of the spheroid 

bodies and plastids in the isogamous diatom Epithemia gibba var. ventricosa, which we established 

to be heterothallic. We induced sexual reproduction of E. gibba var. ventricosa in culture, using 

sexually compatible mating strains that differed with respect to nucleotide polymorphisms in the 

spheroid body and the plastid genomes. The F1 strains were genotyped to reveal the parental origin 

of the spheroid bodies and plastids using parent-specific polymorphisms. The results suggested 

that inheritance of the spheroid bodies was uniparental (i.e. progeny have the spheroid body 

genome from either parent but not both) and random (i.e. with an unbiased ratio of parental 

origins), while that of the plastids was more complex, being predominantly uniparental but with a 

few biparental cases. This study is the first to report the inheritance pattern of the spheroid body 

and will contribute to better understand the evolutionary state of this organelle. 

 

Introduction 

Diatoms are unicellular algae distributed widely in aquatic environments, playing a predominant 

role in oceanic primary production and the biogeochemical cycling of carbon and silica (Nelson et 

al. 1995; Mann 1999). Their need for silicon arises because they use it to construct their cell walls, 

which in turn, because of the limited wall flexibility, leads in most species to an inexorable decrease 

in cell size during the vegetative phase (Round et al. 1990). When cells become smaller than a 

certain size threshold, many diatoms become sexually potent, i.e. they can perform sexual 

reproduction when external conditions permit. Sexual reproduction ends up with the formation of 

an enlarged zygote, called the auxospore, in which a new vegetative cell is formed, called an initial 

cell, which represents the largest cell size in the life cycle.  

Diatom species belonging to the family Epithemiaceae have unique intracellular 

structures, the ‘spheroid bodies’ (Drum & Pankratz 1965; Geitler 1977), which are evolutionarily 

derived from nitrogen-fixing cyanobacterial symbionts (Prechtl et al. 2004; Nakayama et al. 2011). 

While mitochondria and plastids are believed to have been acquired from endosymbiotic 

https://doi.org/10.1080/00318884.2021.1909399
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prokaryotes over a billion years ago (Dyall et al. 2004; Yoon et al. 2004; Gould et al. 2008; Archibald 

2009; Parfrey et al. 2011), the spheroid body is much younger, with an estimated origin at about 

12 Ma, according to the fossil record and molecular phylogenetic analysis (Nakayama et al. 2011).  

Although the spheroid body has received attention as a good model to provide new 

insights into the early stages of organelle evolution (Kneip et al. 2007; Trapp et al. 2012; Nowack 

& Weber 2018), there has been no supporting information to infer what phase of organellar 

evolution the spheroid body represents ‒ this could be elucidated with further information, such 

as the presence or absence of a targeting system for transporting and importing protein products 

between the symbiont and the host (Dyall et al. 2004; Theissen & Martin 2006; Keeling 2011), or 

the development of uniparental inheritance, which is commonly seen in both mitochondria and 

plastids (Birky 1995, 2001; Kuroiwa 2010). In this paper, we focus on the latter. Sexual 

reproduction in eukaryotes involves not only the fusion of gametes and cell nuclei but also the 

transmission of parental organelles to the next generation. The phenomenon of uniparental 

organellar inheritance might have already been acquired in the eukaryotic common ancestor, 

which showed sexual reproduction (Goodenough & Heitman 2014). The mode of inheritance of 

organelle DNA has been investigated in a wide range of organisms, e.g. chlorophyte and 

streptophyte (Miyamura 2010), brown algae (Peters et al. 2004; Kato et al. 2006), mosses 

(Jankowiak-Siuda et al. 2008), ferns (Gastony & Yatskievych 1992), fungi (Kawano et al. 1987; Yang 

& Griffiths 1993), higher plants (Mogensen 1996) and animals (Ankel-Simons & Cummins 1996; 

Sutovsky & Schatten 2000). Such studies have shown that non- Mendelian, uniparental inheritance 

of organelle DNA is the general rule, but that there are many exceptions (Xu 2005). In diatoms, the 

mode of inheritance has been determined in only three cases so far ‒ two dealt with mitochondria 

and the other one with plastids. Gastineau et al. (2013) examined the mode of mitochondrial 

inheritance in Haslea ostrearia (Gaillon) Simonsen, using cox1 as a genetic marker, and revealed 

that the mitochondria are strictly transmitted uniparentally to F1 progeny. Bagmeta et al. (2020) 

also found uniparental inheritance in Nitzschia palea (Kützing) W. Smith, again using cox1. Plastid 

inheritance has been studied using rbcL as a marker. Ghiron et al. (2008) studied inheritance in 

Pseudo-nitzschia delicatissima (Cleve) Heiden and found that the plastids are transmitted 

randomly to the F1 progeny. 

In this study, we aimed at revealing the mating system of Epithemia gibba var. ventricosa 

(Kützing) Grunow [formerly Rhopalodia gibba var. ventricosa (Kützing) H. Peragallo & Peragallo] 

and the mode of the inheritance of its spheroid body, to elucidate whether a selective digestion or 

segregation mechanism has evolved so that the body from one parent is eliminated during sexual 

reproduction. This could be a criterion to assess the degree of ‘organellogenesis’ in Epithemia. 

Using the same pair of parental strains, we also tried to reveal the inheritance of plastids and 

mitochondria, in order to know whether these organelles and the spheroid body from one parent 

are inherited or eliminated together, or whether their fates are determined independently. To do 

this, we successfully genotyped parental and F1 strains with respect to polymorphisms detected 

within the spheroid body and plastid genomes using high throughput sequencing technology. In 

the case of uniparental inheritance of the spheroid body, i.e. its organellogenesis is equivalent to 

that of established organelles, we can expect that genetic markers in the F1 generation will be 

derived from a single parent; in contrast, biparental inheritance will be supported if markers of 

both parental strains are present in the F1. 
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Material and methods 

 

Culture  

Samples were collected from Nakaikemi Wetland, Tsuruga, Fukui Prefecture, Japan (35°39.462ʹN, 

136°05.392ʹE) on 12 April 2016. Epithemia gibba var. ventricosa vegetative cells were attached to 

bogbean Menyanthes trifoliata Linnaeus and isolated by capillary pipette to establish strains. All 

the strains were grown at 18°C under a 12:12 h (light:dark) photoperiod with cool white light c. 50 

μmol photons m–2 s–1, with CSi medium (Nakayama et al. 2011) with extra 1.0 mM NaNO3 added to 

the base water collected from the field (which contained 1‒5 μM of nitrogen, determined with 

autoanalyzer TRAACS 2000, Bran & Luebbe, Norderstedt, Germany), pre-filtered and adjusted to 

pH 6.2 with HCl, and sterilized through a 0.2-μm pore membrane filter (Advantec Toyo, Tokyo, 

Japan).  

 

Microscopy  

For light microscopy, living cells were observed with an Axio Imager A2 (Zeiss, Oberkochen, 

Germany) with Axiocam 506 colour digital camera (Zeiss) and differential interference contrast 

(DIC) optics. For confocal laser scanning microscopy, cells were placed in Lab-Tek Chambered 

Coverglasses (1.0 borosilicate coverglass, Thermo Fisher Scientific, Massachusetts, USA) and 

observed with LSM780 (Zeiss) to determine the number of plastids (due to the complex 3-

dimensional shape of the plastid, it was difficult to determine the number under light microscopy 

or epifluorescence microscopy). SYBR Green I Nucleic Acid Gel Stain (Takara Bio, Shiga, Japan) was 

added to observe spheroid bodies and left 20 min at room temperature at the final concentration 

of 0.1 μl l–1. 

 

Genome sequencing and SNP detection  

Cells of the sexually compatible strains K03 and K06 were harvested from culture plates using cell 

scrapers (Sumitomo Bakelite, Tokyo, Japan), transferred into microtubes and centrifuged to 

remove supernatant. Cell pellets were homogenized using BioMasher II (Nippi, Tokyo, Japan). DNA 

was extracted by DNeasy Plant Mini Kit (Qiagen, Venlo, Netherlands). Each of the DNA solutions 

obtained was measured for concentration using Qubit 4 fluorometer and Qubit dsDNA BR Assay 

Kit (Thermo Fisher Scientific). Approximately 2.0 μg and 1.6 μg of DNA were obtained from K03 

and K06, respectively, and used for high throughput sequencing on an Illumina HiSeq platform 

(paired-end, insert size 350 bp, read length 150 bp). Sequencing yielded 95.5 Gb in K03 and 45.3 

Gb in K06. These read pools were preprocessed through fastp 0.14.1 (Chen et al. 2018) with default 

parameters to remove the adapters and error-prone reads. Then, we used Platanus 1.2.4 (Kajitani 

et al. 2014) with default parameters for de novo assembly for each strain. Similarity search was 

done with local blastn 2.9.0 (Zhang et al. 2000) to find organellar contigs, against known organellar 

genome sequences of Epithemia or those of related raphid diatoms as queries, i.e. spheroid body 

[AP012549, E. turgida (Ehrenberg) Kützing], plastid (NC_015403; Fistulifera solaris Mayama, M. 
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Matsumoto, M. Nemoto & Tsuyoshi Tanaka) and mitochondria (MF997423; Surirella sp.). Because 

contigs showing high similarities (Evalue = 0) to each reference genome were longer in the K06 

assembly, we mapped the trimmed reads of both K03 and K06 strains onto the contigs using bwa 

0.6.1 (Li & Durbin 2009) to visually search for a single nucleotide polymorphism (SNP) between 

two parental strains with Integrative Genomics Viewer 2.4.3 (Thorvaldsdóttir et al. 2013), and to 

evaluate its credibility, i.e. whether the site is covered by unambiguously mapped reads and the 

coverages were high. As a result, we detected SNP only for the plastid contig, and thus, we further 

extended the spheroid body and mitochondrial contigs with NOVOPlasty 2.2.2 (assembly type = 

‘mito’, Dierckxsens et al. 2016), using the longest contig for each spheroid body and mitochondrial 

genome as seeds. This procedure successfully extended the contigs, from 2,995 bp to 1,073,272 bp 

for the spheroid body genome and from 2,364 bp to 11,080 bp for the mitochondrial genome, and 

SNPs were detected only from the spheroid body genome. All the SNPs were further confirmed by 

Sanger sequencing with the primers listed in Table S1. Three organellar contigs in fasta format are 

available as a Supplementary file (https://doi.org/10.1080/00318884.2021.1909399). Alignment 

files in BAM format, including mapped reads of both K03 and K06, are also available upon request 

from the corresponding author. 

 

Induction of sexual reproduction and establishment of F1 strains 

Sexual reproduction was induced by mixing K03 and K06 in a plastic Petri dish (90-mm diameter, 

STAR SDish9015 ver.2, Rikaken, Nagoya, Japan). The isolation of progeny to establish the F1 strains 

was less straightforward, as the two initial cells were enclosed in a robust capsule of mucilage, 

which was visualized with Indian ink (Fig. S1A), and thus essentially inseparable by pipette. 

Initially, therefore, we isolated pairs of initial cells to make a number of ‘progeny strains’ (i.e. 

derived from two initial cells). These were left for about a week until two initial cells were liberated 

from the perizonia and divided mitotically c. 2 times to make the cells free from the mucilage 

capsule which physically hampered the isolation of a cell. Then, from the progeny strains, we 

further isolated a single cell to make the F1 strain, which was genuinely clonal. 

 

Molecular analysis for F1 strain genotyping 

The F1 strains were grown in a Petri dish for about one month to form a visible pellet when cells 

were collected by centrifugation. The cells were homogenized with a bioMasher II and briefly spun 

down (c. 10 s with a desktop centrifuge). Supernatant was used as PCR template for amplification 

of genetic marker regions. Primers were designed using Primer3Plus ver. 2.4.2 

(https://primer3plus.com/cgi-bin/dev/primer3plus.cgi; Untergasser et al. 2012) and are listed in 

Table S1. Each PCR was performed in a 25-μl reaction volume that contained a final concentration 

of 0.625 U MightyAmp DNA Polymerase, 1×MightyAmp Buffer Ver.3 (Mg2+, dNTP plus) (Takara 

Bio), 0.5 μM of forward primer, 0.5 μM of reverse primer, and 2.0 μl of template. T100 Thermal 

Cycler (Bio Rad, California, USA) was used, with the reaction conditions as follows: an initial 

denaturation at 98°C for 2 min followed by 35 cycles of denaturation at 98°C for 10 s, annealing at 

60°C for 15 s and extension at 68°C for 1 min. PCR products were purified using ExoSAP- IT Express 

(Thermo Fisher Scientific) and sequenced with the PCR primers through Eurofins Genomics 

https://doi.org/10.1080/00318884.2021.1909399
https://primer3plus.com/cgi-bin/dev/primer3plus.cgi
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(Tokyo, Japan). Electropherograms were inspected using ATGC ver. 7 (Genetyx Corporation, Tokyo, 

Japan). 

 

Results 

 

Heterothallic sexual reproduction and behaviour of the spheroid body 

Sexual reproduction was studied in culture using seven clones isolated from single cells. 

Reproduction never occurred in monoclonal cultures, only in particular mixtures of actively 

growing clones, and the results of preliminary mating experiments (Table S2) could be accounted 

for on the basis that E. gibba var. ventricosa is heterothallic, with two mating types. The longest 

cells capable of sexual reproduction in our experiments were 70.6 μm long, the smallest 15.7 μm. 

Of the seven clones, we selected two for further study and for experiments on spheroid body and 

plastid inheritance, based on their vigorous growth and reproduction. 

Despite the differentiation into two mating types, no differences were observed between 

mating cells with respect to gamete morphology and behaviour: E. gibba var. ventricosa is 

isogamous. The vegetative cells of each strain showed motility. Details of the sexual process were 

examined in mating experiments using a mixture of clones K03 (valve length, average ± s = 35.3 

μm ± 0.3, n = 10) and K06 (45.2 μm ± 0.7, n = 10). Within a few days after making a cross, 

compatible cells made pairs: mating was obviously not intraclonal, judging from the size 

differences between paired cells (Fig. 1). Within a couple of days after pairing, two zygotes were 

formed by each pair of gametangia (Fig. 2). The zygotes then expanded bipolarly to form long, 

approximately linear auxospores orientated perpendicularly to the long axes of the parental cells 

(Figs 3, 4). After several days of expansion of the auxospore, an initial cell was liberated from each 

auxospore and returned to the vegetative phase to repeat mitotic cell divisions (Fig. 5). The valve 

lengths of the initial cells were 105.0–185.0 μm (n = 100). During the entire process of 

auxosporulation, from pairing to auxospore maturation, the cells were enclosed in a mucilage 

capsule (Fig. 3, arrows indicate the limit of the capsule). The presence of two spheroid bodies and 

one plastid per cell was confirmed in both the parental and F1 cells with light and confocal 

microscopy (Figs 5–7). No quantitative data were collected on spheroid body numbers but we 

never observed a cell with no spheroid bodies; most of them had two, and only occasionally one or 

more than two during the study period. We could only stain DNA in the spheroid body in dead cells 

in which the nucleus remained unstained or had been lost (Figs 6, S1B). 

 

SNP detection 

Sequence comparison of organellar genomes between the parental strains K03 and K06 revealed 

that the genomic fragments derived from the spheroid bodies and plastids contained SNPs that 

could be used to determine the parental origin of each genome in the F1 strains; unfortunately, no 

SNP was detected in the mitochondrial genomic fragments, so that we were unable to examine its 

inheritance pattern. The SNPs used to discriminate the parental strains K03 and K06 were TT and 

AA for the spheroid bodies, and A and C for the plastids, respectively (Fig. 8). 
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 Because our strains were not axenic, the read pools certainly contained bacterial reads. 

Therefore, it was possible that misassemblies took place due to high similarities between 

contaminating bacterial and spheroid body/plastid genomes. However, for the spheroid body 

marker, we found the presence of the conserved synteny at the SNPs region along with other 

spheroid body genomes publicly available, i.e. those of E. turgida (Nakayama et al. 2014) and E. 

gibberula (Ehrenberg) Kützing (Nakayama & Inagaki 2017), in which at least two genes were 

shared and arranged in the same orientations to flank both 5ʹ and 3ʹ directions of the SNPs site (Fig. 

S2). The synteny is only found in the two spheroid body genomes sequenced so far, and not in any 

other bacterial genomes. The blastn search of the intergenic region (between ORF2 and 3 in Fig. 

S2), which contained our spheroid body SNPs, resulted in no hit to any GenBank entries. For the 

plastid marker, NCBI nucleotide blastn search (megablast, which works best for the target percent 

identity of 95%, according to the instruction given under blastn suite) resulted in many hits with 

diatom plastid genomes. Thus, it is reasonable to assume that the target sequences were not 

present in other bacterial genomes, and that our genotyping was not affected by contaminant 

bacteria. 

 

Mode of inheritance of the spheroid body and plastid 

Using the 39 F1 strains that were successfully established, the flanking regions of SNPs for each 

organelle genome were PCR amplified and Sanger sequenced to determine the strain genotype. 

Almost all the electropherograms exhibited single peaks at the SNP alleles, indicating that each F1 

strain possessed only one genotype for each organelle (Fig. 8; the two exceptions are described 

below). The ratio of parental origins for the spheroid body in the F1 strains was K03:K06 = 14:15 

(Table 1), and that of plastid was 12:25 (Table 1). In 10 out of 39 F1 strains, we failed to determine 

the genotype of the spheroid bodies because of PCR or sequencing failures.  

Among the 29 F1 strains successfully genotyped for both spheroid body and plastid, joint 

inheritance of K03 organelles, i.e. both the spheroid bodies and the plastid derived from clone K03, 

was found in three F1 strains, whereas that of K06 organelles occurred in eight F1 strains. On the 

other hand, mixed inheritance, i.e. spheroid bodies from K03 and the plastid from K06, or vice versa, 

was found in 11 and 6 strains, respectively (Table 1).  

A puzzling pattern was found in two F1 strains (F1#19 and #39), which showed ambiguity 

at the plastid SNP site with biparental signals derived from both K03 and K06 strains (i.e. the site 

had double peaks in the electropherogram, of both A and C) (Fig. 8), although vegetative cells only 

have a single plastid.  

 

Discussion  

 

The discovery of heterothallism in Epithemia gibba var. ventricosa brings yet another genus in line 

with the view, developed during and since the seminal work of Roshchin (Roshchin 1994; 

Chepurnov et al. 2004), that pennate diatoms are fundamentally heterothallic organisms, though 

with many homothallic and automictic exceptions. The heterothally and isogamous sexual 
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reproduction of E. gibba var. ventricosa, including pairing via the ventral sides and expansion of 

the auxospores perpendicular to the gametangia, agree closely with Amphora (Mann & Poulíčková 

2010), which is consistent with their phylogenetic proximity according to molecular data (Sato et 

al. 2013; Stepanek & Kociolek 2014).  

The morphology and cytology of sexual reproduction in Epithemia (including in species 

formerly classified in Rhopalodia) were studied in some depth by Klebahn (1896) and Geitler 

(1932, 1977), following much earlier but very brief reports of the process by Smith (1853‒1856) 

and others. Both Klebahn and Geitler recorded the continuity of the spheroid bodies throughout 

the sexual phase (though Klebahn misinterpreted them as pyrenoids) and from their observations 

and illustrations it would appear that none of the bodies are lost by degradation (autodigestion): 

the only structures they recorded (either in the text or in their illustrations) as aborting were the 

two superfluous nuclei from meiosis II (Klebahn 1896, figs 9, 11; Geitler 1977, fig. 1D, E) and the 

superfluous nucleus from each of the acytokinetic mitoses associated with the formation of the 

initial valves (Geitler 1977, fig. 1n). In E. gibba, Klebahn’s observations indicate that two spheroid 

bodies were present in each parent cell and that these were segregated one into each gamete (see 

also Geitler 1977, fig. 3e). Although we did not observe the formation, rearrangement and fusion of 

gametes in our material E. gibba var. ventricosa, it is reasonable to reject the possibility that the 

two zygotes were formed via self- fertilization of each parental cell ‒ if this had been the case, each 

auxospore should have been encased within an individual mucilage capsule; however, we observed 

two sibling auxospores in a single capsule (Fig. S1A). Each zygote consequently had two bodies, 

one inherited from each compatible gamete: no division nor fusion of spheroid body was 

mentioned throughout the entire process of sexual reproduction Klebahn observed. However, in 

our F1 strains of E. gibba var. ventricosa, all the electropherograms of the spheroid body marker 

regions showed unambiguous single peaks at the two polymorphic sites, as seen in the parental 

strains, and that each F1 strain had the genotype of one parental strain, either K03 or K06. This 

result shows that both mating types can potentially transmit the spheroid body to the F1, but that 

inheritance is nevertheless strictly uniparental in this taxon. How this is achieved is unclear. Given 

that each zygote receives at least one spheroid body from each parent, it should contain one K03 

and one K06 body and it might be expected that at least some of the F1 strains would retain this 

heteroplasmy. Hence, the absence of any heteroplasmic strains among the 29 F1 strains we 

genotyped and the 1:1 ratio of K03 and K06 in the strains suggests that either (1) the two gametic 

bodies segregate at the first division of the initial cell, or (2) one spheroid body is digested at 

random in the zygote sometime during the later development of the auxospore, before the first 

division of the initial cell (although neither Klebahn, nor Geitler nor ourselves observed any 

degenerating spheroid bodies) or (3) sorting (either random or directed) occurs during the first 

few vegetative divisions after auxosporulation, i.e. heteroplasmy may be eliminated stochastically 

(as in the plastid gene inheritance model of VanWinkel-Swift 1980; also Greiner et al. 2014). We 

cannot rule out the last- mentioned hypothesis since we were unable to genotype the initial cells 

themselves (see Material and Methods: we explain that isolating individual initial cells was 

impractical because of the mechanical strength of the mucilage capsule holding the auxospores, see 

Fig. S1A). Whatever the means by which heteroplasmy is avoided, the inheritance of the spheroid 

body is clearly not from only one of the mating types of E. gibba var. ventricosa, unlike the 

inheritance of plastids or mitochondria in a number of other heterothallic eukaryotes (reviewed 

by Xu 2005), and indeed, there is no bias as to which parental spheroid body is selected. 
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DeYoe et al. (1992) reported that the number of spheroid bodies per vegetative cell varied 

in Epithemia, depending on the availability of nitrogen; however, in our parental and F1 strains, 

cells predominantly contained two spheroid bodies per cell in the presence of dissolved nitrogen 

in our modified CSi medium, indicating tight control of spheroid body division and segregation. 

Other Epithemia species have different numbers of spheroid bodies per cell and, in at least some, 

the number varies during the life cycle. For example, E. porcellus Kützing cells generally have 4‒8 

bodies per cell, depending on the cell size and stage in the cell cycle, but up to 16 in initial cells and 

as few as 2 in the smallest cells [(Geitler 1977), as E. zebra var. porcellus (Kützing) Grunow]; E. 

turgida also contains up to 16 spheroid bodies per cell. In such taxa, it could be easier than in our 

species to check the mechanisms by which heteroplasmy is avoided, since stochastic loss of one 

parental genotype would be slower with a larger number of spheroid bodies, allowing its detection 

if present.  

In this study, as in previous studies of Epithemiaceae (e.g. Klebahn 1896; Geitler 1932, 

1977), we observed only one plastid in vegetative cells of E. gibba var. ventricosa, both in the 

parental and F1 strains, under light and confocal microscopy. During gametogenesis, the plastids 

divided and segregated, so that when the cell divided at the end of meiosis I, each gamete received 

one plastid, as in the related genus Amphora (Mann 1994; Mann & Poulíčková 2010). Not 

surprisingly, therefore, there were two plastids in expanding auxospores and initial cells, 

representing the plastids inherited from the gametes. Later, as in Amphora and other diatoms with 

one plastid per cell in normal vegetative cells, the initial cell appeared to partition the two parental 

plastids between the daughter cells when it divided. Given all this, it was unexpected to discover 

two F1 strains possessing a double peak (A/C) for the plastid marker, indicating inheritance from 

both parental strains. We do not know how this happened. Possibly F1 strains #19 and #39 

anomalously harboured an extra plastid from one parent, so that when the initial cell divided, one 

daughter established a lineage containing plastids from both parents. Unfortunately, we were 

unaware of the heteroplasmy in #19 and #39 until afterwards, when checks with confocal 

microscopy were no longer possible. However, close examination of the upper auxospore in Fig. 4 

suggests that this may have contained three plastids, since at the left there is a plastid fragment 

that appears to be separate from two larger plastids to the right. Alternatively, heteroplasmy may 

arise by fusion of plastids to create a single organelle with genomes from both parents to create 

chimaeric plastids, as in Chlamydomonas (e.g. VanWinkel-Swift 1980). Occasional breakdown of 

uniparental transmission has been suggested to be advantageous for avoiding the build-up of 

deleterious mutations in a lineage (through Müller’s ratchet: Greiner et al. 2014) and even in higher 

plants, biparental plastid inheritance has occasionally been detected in genera such as Passiflora 

(Hansen et al. 2007), Zantedeschia (Snijder et al. 2007) and Medicago (Matsushima et al. 2008).  

Because of the relatively recent establishment of the spheroid body endosymbiosis within 

Epithemiaceae (Nakayama et al. 2011), better understanding of the nature of the spheroid body 

could be a key to understanding the early development of endosymbionts into organelles. Fully 

established organelles, such as plastids and mitochondria, divide at the same pace as the host cell 

and are segregated accurately into new cells, so that the organelle is a permanent resident and 

further acquisition of new endosymbionts is unnecessary (Rodríguez- Ezpeleta & Philippe 2006). 

The diatom-diazotroph associations Hemiaulus–Richelia and Rhizosolenia–Richelia are apparently 

functionally equivalent to the endosymbiotic relationship of the spheroid body and Epithemia, in 
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the sense that atmospheric N is fixed and supplied to the host (Foster et al. 2011). The existence of 

these associations suggests that the nitrogen-mediated interaction between bacteria and diatoms 

confers ecological advantages, particularly under nitrogen depleted conditions. Nevertheless, the 

striking difference between these endosymbionts and the spheroid body is that the diatom–

diazotroph associations are facultative: the endosymbionts are transmitted to daughter cells 

through vegetative division but only for a few generations, and they are occasionally absent from 

the hosts (Rai et al. 2000).  

Organelles typically show smaller genome sizes than free living relatives, as a result of 

losing genes via transfer to the host nucleus or by being lost entirely from the organism (Timmis et 

al. 2004; Rodríguez-Ezpeleta & Philippe 2006; Archibald 2009). The reduced gene complement 

means that the organelle has limited functionality and is dependent on the host nucleus, and thus, 

unable to survive outside the host cell anymore. Furthermore, what is also striking for 

characterizing organelles is uniparental inheritance, which is a mechanism interpreted to be a 

system controlled by the host nuclear genome for maintaining homoplasmy of cytoplasmic DNA 

and inhibiting the evolution of the organelles via recombination (e.g. Birky 2008; Kuroiwa 2010). 

Synchronized division and genome size reduction have already been reported in the spheroid body 

(Geitler 1977; Nakayama et al. 2014; Nakayama & Inagaki 2017), and in the ‘cyanelle’ of Paulinella 

chromatophora Lauterborn, which is a primary plastid analogous to the plastids of Archaeplastida 

(Marin et al. 2005; Rodríguez-Ezpeleta & Philippe 2006). Genome size reduction is also known in 

the Candidatus taxon Atelocyanobacterium thalassa (UCYN-A), a nitrogen-fixing cyanobacterium 

suggested to have established a symbiotic relationship relatively recently with haptophytes 

(Thompson et al. 2012), although no information is available on whether the mode of its division 

is synchronized with host cell division or not. To our knowledge, however, no attempt has been 

made to reveal the mode of inheritance of these ‘young’ organelles during the sexual phase. Our 

data indicate that the spheroid body in Epithemia gibba var. ventricosa is uniparentally inherited, 

even though there is no link with mating type. Along with the other characteristics of the spheroid 

body as mentioned above, we would suggest it is at a rather late stage in organellogenesis, despite 

its young evolutionary age compared to plastids and mitochondria.  

We detected F1 strains bearing two organelles with different parental origins, that is, 

spheroid bodies from strain K03 and plastids from K06, or vice versa. Although this type of 

heterogenic origin of plastids and mitochondria has been reported from higher plants, e.g. in 

bananas (Fauré et al. 1994) and kiwi plants (Testolin & Cipriani 1997), this is the first report to 

show that diatoms can also show such patterns of inheritance of organelles/endosymbionts. We do 

not know how common these are, since there are still very few studies of organelle inheritance in 

diatoms, namely of mitochondria by Gastineau et al. (2013) and Bagmeta et al. (2020), and plastids 

by Ghiron et al. (2008), all of which dealt with a single organellar inheritance. Further investigation 

is needed with Epithemia to know how the mitochondria are inherited. Unfortunately, no 

information on the pattern of the mitochondrial inheritance was obtained in our study, due to the 

lack of SNPs in our genomic fragments in the parental strains.  

It should be added that the results presented here were based on a single pair of the 

parental strains, K03 and K06, since the marker regions showed no SNPs in other parental strains. 

One could, of course, argue that the inheritance pattern of the organelles observed in this study is 

just one of several diverse modes of inheritance, as in the slime mould Physarum polycephalum 
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Schwein (Moriyama & Kawano 2003). Our current results need to be interpreted carefully because 

of the sample size. However, it is worth noting that no single strain exhibited biparental inheritance 

of the spheroid body among the F1 strains established in this study. This implies that the host 

diatom has already developed a system that ensures uniparental inheritance of this newly 

established organelle.  
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Table 1. Parental origin of spheroid body and plastid in all 39 F1 strains. ‘–’ denotes sequencing 

failure. 
 

F1 strain # Spheroid body Plastid 

1 K06 K06 
2 K06 K03 
3 K06 K06 
4 K06 K03 
5 K03 K06 
6 K03 K06 
7 K03 K06 
8 – K03 
9 K06 K06 

10 K03 K06 
11 K03 K03 
12 K03 K06 
13 K06 K06 
14 K03 K03 
15 K06 K03 
16 K03 K06 
17 K06 K03 
18 K03 K06 
19 K06 K03 and K06 
20 K06 K06 
21 – K06 
22 – K03 
23 K03 K03 
24 K03 K06 
25 K06 K03 
26 – K03 
27 K03 K06 
28 K06 K06 
29 K06 K03 
30 K06 K06 
31 – K06 
32 – K06 
33 – K06 
34 – K06 
35 – K06 
36 K06 K06 
37 K03 K06 
38 K03 K06 
39 – K03 and K06 

Numbers of F1 strains with spheroid bodies and plastid(s) 

inherited from 
K03 14 12 

K03 and K06 0 2 
K06 15 25 

Total 29 39 
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Figs 1–5. Sexual reproduction and auxosporulation of Epithemia gibba var. ventricosa. Scale 

bars=10 μm. Figs 1–4 at the same scale. Fig. 1. Sexually compatible cells approach by their ventral 

sides to form a pair. Note that cell sizes are markedly different, ruling out clonal pairing. Fig. 2. 

Rearranging zygotes after gamete fusion. Two zygotes formed per pair. Fig. 3. Zygotes expand 

perpendicularly along long axis of parental cells. Arrows indicate the limit of mucilage capsule. Fig. 

4. Two auxospores formed per pair. Arrowheads indicate spheroid bodies (same for Fig. 5). Fig. 5. 

Cell in F1 strain. 
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Figs 6, 7. Spheroid bodies and plastid, confocal laser scanning microscopy. Scale bar=10 μm. Fig. 6. 

Two spheroid bodies stained with SYBR Green. Fluorescent image merged with bright field image. 

Fig. 7. Autofluorescence of a single plastid. The plastid has two lobes, connected by a narrow bridge 

indicated by the arrowhead. Note that the spheroid bodies are stained in the dead cell, whereas the 

complex plastid shape is illustrated in the healthy cell. 
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Fig. 8. Examples of electropherograms from amplified DNA marker regions in spheroid body and 

plastid of F1 strains generated by K03×K06. 
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Table S1. Primers used to amplify and sequence marker regions. 

Primer name Sequence (5ʹ – 3ʹ) Target Product length 

SB_04_F TCGTCAACAATTAGACCAGATCA 
Spheroid body SNPs region 513 bp 

SB_04_R CTGTGGTCAACAGGGGTAGC 

CP_03_F TTGCTAAATCAGCACCAGAGAA 
Plastid SNP region 443 bp 

CP_03_R GTTGCAGGTTCCGAATTTGT 

 

 

 

Table S2. Results of mating experiments using 7 parental strains. Plus and minus signs indicate 

whether sexual reproduction occurred or not, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Parental 
strains K01 K03 K04 K05 K06 K07 K08 

K01 -       
K03 - -      
K04 + + -     
K05 + + - -    
K06 + + - - -   

K07 - - + + + -  
K08 - - + + + - - 
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Fig. S1. Epithemia gibba var. ventricosa, light microscopy. (A) Thick mucilage capsule encasing two 

sibling auxospores. Mucilage is visualized by Indian ink. Scale bar=50 μm. (B) Confocal laser 

scanning microscopy; bright field (upper) and fluorescence (lower) showing spheroid bodies 

stained with SYBR Green. The merged image is shown in Fig. 6. Scale bar=10 μm. 

 

  



Chapter 1. Organelle inheritance in Epithemia 

28 

 

 

 

F
ig

. S
2

. S
ch

em
at

ic
 d

ia
gr

am
 o

f t
h

e 
ge

n
o

m
e 

ar
ch

it
ec

tu
re

 a
ro

u
n

d
 S

N
P

s 
fo

u
n

d
 in

 s
p

h
er

o
id

 b
o

d
y

 g
en

o
m

e.
 T

h
e 

SN
P

s 
fo

u
n

d
 b

et
w

ee
n

 t
h

e 
st

ra
in

s 

K
0

3
 a

n
d

 K
0

6
 i

n
 E

. g
ib

b
a 

va
r.

 v
en

tr
ic

o
sa

 a
re

 l
o

ca
te

d
 b

et
w

ee
n

 t
h

e 
O

R
F

2
 a

n
d

 3
 (

ar
ro

w
).

 T
h

e 
ge

n
e 

o
rd

er
 f

la
n

k
in

g 
th

e 
SN

P
s 

is
 s

am
e 

am
o

n
g 

al
l s

p
h

er
o

id
 b

o
d

y
 g

en
o

m
es

, w
h

er
ea

s 
th

e 
o

rd
er

 is
 n

o
t 

co
n

se
rv

ed
 in

 R
ip

p
ka

ea
 o

ri
en

ta
li

s,
 a

 c
lo

se
 r

el
at

iv
e 

o
f 

th
e 

sp
h

er
o

id
 b

o
d

y 
in

 f
re

e 
li

vi
n

g 

cy
an

o
b

ac
te

ri
a 

(P
re

ch
tl

 e
t 

al
. 2

0
0

4
).

 O
R

F
s 

w
it

h
 h

ig
h

 s
eq

u
en

ce
 s

im
il

ar
it

y 
(E

va
lu

e 
<

 2
E

–1
7

0
 w

it
h

 N
C

B
I 

b
la

st
n

 s
ea

rc
h

) 
ar

e 
sh

o
w

n
 in

 t
h

e 
sa

m
e 

co
lo

u
r.

 



Chapter 2. Life cycles of sympatric Epithemia taxa 

29 

CHAPTER 2 

Distinct life cycles of two sympatric Epithemia (Bacillariophyta) taxa 

in Nakaikemi Wetland, Japan 

Kamakura S, Ohtsuka T, Nagumo T, Sato S. 

 

Abstract 

The life cycle of diatoms is associated with their cell size, and characterized by a gradual decrease 

in size in the vegetative stage and a recovery in size through sexual reproduction. Sexual 

reproduction is trigged when cells become smaller than a species-specific size threshold and 

receive species-specific environmental cues. Few studies involving both field observation and 

laboratory culture have documented the life cycles and frequency of sexual reproduction in 

diatoms. In this study, we investigated cell size in two congeneric taxa, Epithemia gibba var. 

ventricosa and Epithemia sp. collected monthly for almost 3 years from a pond in Nakaikemi 

Wetland. Cultures of both taxa were established to examine rates of cell size reduction, which 

affects the duration of the vegetative stage. We report congeneric taxa sharing a common habitat 

and substratum to exhibit distinct sexual and asexual strategies. 

 

Introduction 

Diatoms are unicellular algae with silicified cell walls. They are ubiquitous and play significant roles 

in the global carbon cycle as primary producers in ecosystems (Nelson et al. 1995, Mann 1999). 

The diatom cell wall, the frustule, resembles a pill box in that it comprises two partly overlapping 

halves—one being slightly smaller than the other. Bands of silica (girdle bands) enclose the cell in 

the mid-section of the frustule. After vegetative cell division, two daughter cells each inherit a half 

of the mother frustule, and a new smaller half is formed within the mother cell. Because of this, a 

general rule for diatoms is that repeated vegetative cell division results in a gradual decrease in the 

average cell size of a growing population (MacDonald–Pfitzer rule; MacDonald 1869; Pfitzer 1869, 

1871). When cell size decreases to a certain size threshold, many diatoms become sexually active 

and reproduce sexually (Round et al. 1990). Sexual reproduction results in formation of an 

enlarged zygote (the auxospore), in which a new vegetative cell (an initial cell) having the largest 

cell size in the life cycle is formed, thereby restoring cell size (Round et al. 1990, Edlund & Stoermer 

1997). 

Sexual reproduction and size recovery are relatively short processes that last for a few 

days only (Chepurnov et al. 2004, Mann 2011) when compared to the vegetative phase which can 

persist for months to years. Because of the limited timeframe during which sexual events occur for 

diatoms, it is rare to encounter cells undergoing sexual reproduction or auxosporulation within 

field-collected samples. Additionally, these sexual cells (gametes, zygotes, auxospores) are fragile 

and disintegrate with acid cleaning, rendering their detection difficult (Edlund & Stoermer 1997). 

However, by monitoring vegetative cell size (valve length) within a population, the incidence of a 

sexual event can be identified using field-collected material. If size peaks occur (indicative of sexual 
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reproduction), an estimate of the timing/seasonality of sexual reproduction and degree/speed of 

cell size reduction can be made (e.g., Bellinger 1977, Round 1982, Mann 1988a, D’Alelio et al. 2009, 

Nishikawa et al. 2013, Jewson et al. 2010, Jewson & Bixby 2016). 

Experimental culture is an effective way to study diatom life cycles (Mann & Chepurnov 

2004) because cell division and size reduction in a population derived from a single cell can be 

monitored. For sexually reproducing species, these experiments also enable sexual reproduction 

to be induced, allowing for critical information regarding their life cycle (e.g., maximum and 

minimum cell sizes) to be obtained. Apart from the canonical life cycle of diatoms as above, 

variations include avoidance of size reduction (e.g.: von Stosch 1965, Round 1972, Rose & Cox 

2013) or abrupt size enlargement without sexual reproduction (Gallagher 1983, Sato et al. 2008). 

We measure valve lengths of two sympatric populations of congeneric raphid diatoms 

Epithemia gibba var. ventricosa (Kützing) Grunow and Epithemia sp. from a small pond in 

Nakaikemi Wetland, Japan, over almost 3 years. We also performed growth experiments for both 

taxa to investigate cell-division and size-reduction rates to better interpret measurement of field-

collected specimens. 

 

Material and Methods 

 

Sample collection 

Diatoms were collected from a pond in the Nakaikemi Wetland, Tsuruga, Fukui, Japan 

(35°39'27.7"N, 136°05'23.5"E). Because this pond was not fed by any river, major sources of 

diatom immigration (other than from spring groundwater or waterbird transport) can be 

eliminated. Furthermore, because this wetland is a Ramsar site and managed by the city 

administration, site (anthropogenic) disturbance is minimal. Because Epithemia cells attach to the 

roots of bogbean Menyanthes trifoliata Linnaeus, we cut c. 3 cm samples of bogbean roots and 

transferred to the laboratory once monthly from April 2016 to December 2018. All sampling 

occurred within the same c. 1 m2 square plot. 

 

Observations 

Samples were cleaned following Trobajo & Mann (2019). Organic matter was placed onto a 

coverslip and oxidized with nitric acid (1.42 g mL−1, Wako, Osaka, Japan) on a hot plate (HP-3000, 

AS ONE Corporation, Osaka, Japan) at 100°C. The coverslip was then placed in a petri dish filled 

with distilled water and left for more than 15 min to remove residual salts. Washed frustules were 

mounted with Mounting Media (Wako). Photomicrographs of valves of E. gibba var. ventricosa and 

Epithemia sp. were taken on a BX-51 (Olympus, Tokyo, Japan) light microscope equipped with a 

DP-70 (Olympus) digital camera. While the taxon that we refer to Epithemia sp. has been 

sporadically reported from Japan, and historically referred to a variety of species, for reasons 

presented in our discussion we refrain from identifying it to species. 



Chapter 2. Life cycles of sympatric Epithemia taxa 

31 

Cells were also cleaned using the drain-detergent method of Nagumo (1995). Cleaned 

diatom valves were then placed on a coverslip (3 mm diameter, Matsunami Glass Ind., Osaka, 

Japan) and coated with osmium oxide (OsO4) using an ion sputter NEOC-AN (Meiwafosis, Tokyo, 

Japan) and observed on a S-5000 scanning electron microscope (Hitachi, Tokyo, Japan). 

 

Valve length 

Valve lengths were measured using ImageJ version 1.5i (Schneider et al. 2012). Between 5 and 181 

(E. gibba var. ventricosa), and 6 and 152 (Epithemia sp.) valves were measured in any given month. 

While low numbers of individuals reflect low taxon abundance in samples, because our sampling 

method was non quantitative this might not indicate their abundance in the field. Initial cells of E. 

gibba var. ventricosa formed via sexual reproduction are 105–185 μm (Kamakura et al. 2021). We 

regard large cells within this size range to be initial cells, and for them to provide indirect evidence 

of sexual reproduction at our sampling site. We estimate the number of wild population cohorts by 

fitting a Gaussian Mixture Model to logarithmic-transformed valve length data for each month, 

using the mclustICL function in mclust version 5.4.9 (Scrucca et al. 2016) based on Integrated 

Completed Likelihood (ICL) criterion in R version 4.0.3 (R Core Team 2020). 

 

Growth experiments 

Single E. gibba var. ventricosa and Epithemia sp. cells were isolated from samples collected on June 

20, 2018 from the field and placed into a 24-well plate (Thermo Fisher Scientific, Massachusetts, 

USA) using a capillary pipette. All strains were grown at 18°C under a 12:12 h (light:dark) 

photoperiod with cool white light c. 50 μmol photons m–2 s–1 in CSi medium (Nakayama et al. 2011), 

modified as follows: base water was collected from the field, pre-filtered and supplemented with 

1.0 mM NaNO3, adjusted to pH 6.2 with HCl, and sterilized through a 0.2-µm pore membrane filter 

(Advantec Toyo, Tokyo, Japan). 

Cell counting and valve length measurements were performed every 6 or 7 days using 12 

E. gibba var. ventricosa and 7 Epithemia sp. strains over 29 days of culture, each of which started 

with a single cell, with the numbers of measured cells varying over time: day 7 (3–7 cells), day 13 

(9–30 cells), day 22 (25–126 cells), and day 29 (100–158 cells). The growth rate (μ) = [ln 

(N2/N1)]/(T2−T1), where N1 and N2 represent the number of cells at time T1 and T2 (day, T2 > T1), 

respectively. The division rate per day (g) = μ/ln2, and the doubling time is 1 g−1 (day), which we 

used to estimate the number of divisions for each period between observations. To identify the rate 

of reduction in valve length during cell division, the Δvalve length (µm) for each strain was 

calculated by L29−L0, where L0 and L29 refer to the average valve length on days 0 and 29, 

respectively. The Δvalve length per cell division was calculated by dividing Δvalve length by the 

number of divisions for the period between days 0 and 29. 
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Results 

 

Morphology 

Epithemia gibba var. ventricosa (Fig. 1A, 2A–E) 

Valves lunate, with acute apices; ventral margin nearly straight; dorsal margin gently elevated 

centrally. Sculptured with 7 or 8 ribs per 10 µm, each separated by biseriate striae; striae arranged 

in a trellisoid pattern on flattened valve face (Fig. 2A), comprising a circular or C-shaped areole, 

and three rows near the raphe side of the valve. Raphe along valve face margin bisected by central 

nodule (Fig. 2C); canal raphe thick. Inner valve surface divided by thick ribs crossing in the 

direction of the valvar axis, each separated by 1 or 2 secondary thin ribs (Fig. 2D); two rows of 

areolae occur between thin ribs. Girdle bands open, with the open and closed ends interlacing one 

another (Fig. 2E). 

 

Epithemia sp. (Fig. 1B, 2F–J) 

Valves lunate, with capitate apices; ventral margin nearly straight; dorsal margin convex. 

Sculptured with 3–5 ribs per 10 µm, separated by 2–6 distinct rows of areolae, with 19 or 20 rows 

of areolae per 10 µm (with 6–9 areolae per 10 µm); valve face slightly undulated because of sunken 

areolae. Striae in single row, arranged in trellisoid pattern (Fig. 2F), comprising circular areolae. 

Raphe along valve face margin elevated, bisected by central nodule (Fig. 2H); canal raphe thick. 

Inner valve surface divided by thick ribs crossing in direction of valvar axis, with inter-rib distance 

decreasing toward apical edges (Fig. 2I); with 2–6 secondary thin ribs between thick ribs. Girdle 

bands open, with open and closed ends interlacing with one another (Fig. 2J). 

 

Field-based observation: seasonal succession in valve length 

Both E. gibba var. ventricosa and Epithemia sp. occurred regularly at the site throughout the study 

period. For E. gibba var. ventricosa, valves ranged 18.1–168.2 µm length and 5.6–8.9 µm width; for 

Epithemia sp. valves ranged 30.6–53.2 µm length and 5.8–10.0 µm width (Fig. 3). Valves > 105 μm 

length in E. gibba var. ventricosa, indicative of size recovery via sexual reproduction, occurred in 

April and June of 2016, March, April, and June of 2017, and April of 2018. No markedly larger valves 

indicative of auxospore formation were observed in Epithemia sp. By comparing models for the 

optimal number of components based on the ICL criterion, the size distribution for each month was 

separated into 1–4 cohorts for E. gibba var. ventricosa and into a single cohort only for Epithemia 

sp. (Fig. S1). 

 

Laboratory-based observation: growth rate and size reduction 

The mean doubling times were 2.97 days (SE ± 0.31, 12 strains) for E. gibba var. ventricosa, and 

3.45 days (SE=0.14, 7 strains) for Epithemia sp. (Fig. 4A). Cells of E. gibba var. ventricosa were 

motile and dispersed more-or-less evenly to cover the culture vessel bottom (Fig. 4B), whereas 
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those of Epithemia sp., based both on their patchy distribution in the culture vessel (Fig. 4C) and 

the fact that none was observed moving beneath a microscope, appeared to be less motile. 

Valve lengths on day 0 (collection and isolation day) varied among strains (Fig. 5A). 

Succession in average valve length (relative to day 0) is presented in Figure 5B. The estimated 

decrease in average valve length for each population per cell division is 0.32 μm for E. gibba var. 

ventricosa strains, and 0.03 for Epithemia sp. strains (Fig. 5C). 

 

Discussion 

 

Life cycles of two Epithemia taxa 

Despite the large number of known diatom species, the life cycle of very few of them has been 

described. We report the life cycles of two congeneric taxa that occur on the same substratum (and 

within a ~1 m2 plot) by combination of field-based monitoring and laboratory culture. According 

to the MacDonald–Pfitzer rule, the average cell size of a population would gradually decrease over 

time, and then recover (Bellinger 1977, Round 1982, Jewson et al. 2010, Jewson & Bixby 2016), 

leading to shifts in size distribution over time. At our field site E. gibba var. ventricosa contained 

multiple size-class cohorts within the population. Kamakura et al. (2021) also used strains of E. 

gibba var. ventricosa established from a population from the same site as ours, and based on 

crossing experiments reported initial cells to range 105.0–185.0 µm in size. Accordingly, the several 

cells that we identified within this range are regarded to be initial cells (Fig. 3), suggesting that the 

population had reproduced sexually in the field (although the seasonality and/or frequency of this 

sexual event remain unknown). We found no cells < 18 µm in field samples, but this is not 

surprising given that cells smaller than 15.7 µm are too small to undertake cell division in culture 

(Kamakura et al. 2021). 

We found neither direct nor indirect evidence for sexual reproduction in Epithemia sp. in 

field-collected samples. Cell size in this species was basically stable, and did not obviously reduce 

over time. No record of sexual reproduction exists for this diatom ‘species,’ nor could we induce its 

sexual reproduction. Conversely, sexual reproduction in E. gibba var. ventricosa has been 

successfully induced under identical conditions (culture medium, temperature, photoperiod, and 

light intensity) (Kamakura, unpublished observations). Consistent with field observations for 

Epithemia sp., there was a slight reduction in cell size in culture. 

Sex expression in diatoms is regulated by cell size, because size reduction during the 

vegetative phase corelates with the emergence of the sexual phase (Round et al. 1990). We report 

Epithemia ‘sp.’ to not obviously decrease in cell size over almost 3 years, indicating that the rate of 

size decrease in this species is extremely slow, resulting in a vegetative period that spans years or 

decades, or that the ability to reproduce sexually has been lost. A similarly narrow size range was 

reported by Mann (1988b) for Navicula cuspidata var. ambigua (Ehrenberg) Kirchner from 

Scotland. 

Diatoms that do not reduce in cell size have been reported by, for example, von Stosch 

(1965), Round (1972), and Rose & Cox (2013). Geitler (1932) proposed that the mechanical 
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plasticity of girdle bands in the silica cell wall played an important role in avoidance of size 

reduction. When girdle bands are more elastic, the cytoplasm beneath them can expand during cell 

division, and the newly formed hypovalve can be comparably sized to the epivalve, or be even 

larger. We report no difference in the basic structure of girdle bands between the two taxa using 

SEM. Even within a species-complex, including multiple morphologically similar or identical cryptic 

species, the size of some species does not decrease while that of others does (Rose & Cox 2013). A 

strain of Gomphonema parvulum (Kützing) in the Kützing species-complex, with slight 

morphological differences, showed no gradual decrease in cell size over long-term cultivation. We 

cannot exclude the possibility that different degrees of cell size reduction in our two Epithemia taxa 

are because of undetected differences in cell wall mechanics. 

Differences in the distribution of cells in culture vessels suggests that Epithemia sp. was 

less motile than E. gibba var. ventricosa. Raphid pennate diatoms are usually motile because of 

raphe-mediated mucilage secretion. It is important for heterothallic raphids to move actively to 

locate compatible cells for cell–cell pairing before gametangiogamy (Chepurnov et al. 2004). 

 

Taxonomic implications 

Whether E. gibba var. ventricosa is or is not a variety of E. gibba (Ehrenberg) Kützing is debatable. 

Cultured E. gibba var. ventricosa valve lengths range 15.7–185.0 μm (Kamakura et al. 2021). Valve 

lengths of Navicula gibba (basionym of E. gibba) were originally described as 1/10 linie (a German 

unit of length) (Ehrenberg 1832), equivalent to about 212 µm. Kützing (1844) described E. gibba 

as being of 1/12 linie length (~176 µm). Van Heurck (1881) and Müller (1895, as Rhopalodia 

gibba) described valve length for this species to be 80–250 µm and 103–187 μm, respectively. 

Recently, Kociolek (2011) described North American populations to range 75–205 µm length. 

However, Kützing (1844) originally described valve length for E. ventricosa (basionym of E. gibba 

var. ventricosa) to be 1/40–1/38 linie (~53–56 µm), and referred to it as clearly smaller than E. 

gibba. Müller (1895) described R. ventricosa to be 37–73 µm in length (according to Van Heurck, 

40–100 µm). Without no previous study having examined temporal differences in valve size for this 

species, we cannot ascertain if reported differences in size represent differences in stage after 

auxospore formation, or differences in size among populations. Peragallo & Peragallo (1900) 

maintained that E. gibba var. ventricosa hardly deserved separation from E. gibba var. gibba—a 

view even followed by recent authors (e.g., Krammer & Lange-Bertalot 1988, Lange-Bertalot et al. 

2017). However, others have continued to separate these taxa into the varieties E. gibba var. gibba 

and var. ventricosa (e.g., Patrick & Reimer 1975, Watanabe et al. 2005). Our observations over 3 

years reveal valve length for the Nakaikemi Wetland population to span reported ranges for both 

E. gibba var. gibba and var. ventricosa, but to mostly fall within the latter. We therefore adopt the 

view that E. ventricosa is a variety of E. gibba, and provisionally attribute our specimens to E. gibba 

var. ventricosa. Further investigation, preferably involving molecular analysis, is required to 

resolve the taxonomic status of these putative variants. 

Our Epithemia sp. has been sporadically reported from Japan, and historically referred to 

Rhopalodia acuminata Krammer (Kihara et al. 2009, 2015), R. michelorum Krammer (Takano et al. 

2009, Kamakura & Sato 2018, Sato et al. 2020) and R. gibberula var. vanheurckii Müller (Ohtsuka 

& Kitano 2020). No description of any of these species, however, precisely matches our specimens 
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in combinations of characters and their states. Our specimens have capitate and ventrally bent 

valve ends, as do E. (R.) michelorum and R. gibberula var. vanheurckii, but those of E. (R.) 

acuminata have cuneate or slightly rostrate, almost straight valve ends (Lange-Bertalot & Krammer 

1987). Epithemia acuminata also differs from our specimens in having striae that become biserial 

near the fibulae (Lange-Bertalot & Krammer 1987). Our specimens are very similar to E. 

michelorum, but the characteristic C-shaped areolae diagnostic of the latter are not apparent under 

SEM (Krammer 1988). Additionally, our specimens have coarser areolae (12–18 in 10 µm) than E. 

michelorum (19–24 in 10 µm, Krammer 1988). Rhopalodia gibberula var. vanheurckii is most 

similar to our species, but its valves are narrower, its striae coarser (14–16 in 10 µm), and its 

areolae finer (Müller 1900). Rhopalodia gibberula var. volkensii O.Müller is also similar to our 

specimens in having larger valves, but its striae are much coarser (12–14 in 10 µm). Recently, 

Mimura & Ohtsuka (2021) reported this taxon from Fujiganaru Moor, and referred to it as 

Epithemia sp., as do we. We note that it is most similar to R. gibberula var. vanheurckii of Müller 

(1900), but differs in having much wider valves, and to E. michelorum, but differs in the density of 

striae and areolae. Our Epithemia sp. may represent a new species, but further morphological and 

molecular investigation is required to resolve its taxonomic status. 
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Fig. 1. Light-photomicrographic series depicting valve-size reduction in two Epithemia taxa. (A) E. 

gibba var. ventricosa. (B) Epithemia sp. Photomicrographs marked with an asterisk originate from 

a crossing experiment in culture (Kamakura et al. 2021); others were obtained from field-collected 

specimens. 
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Fig. 2. Scanning electron microscopy images of two Epithemia taxa. (A–E) E. gibba var. ventricosa. 

(A) Disrupted frustule showing valve face. (B) Dorsal side of frustule. (C) Enlargement of valve face 

showing central nodule. (D) Internal view of valve. (E) Enlarged view of bottom end of frustule in 

(B); open and closed ends of girdle bands interlace one another. (F–J) Epithemia sp. (F) Ventral 

side of frustule (G) Dorsal side of frustule. (H) Enlargement of valve face showing central nodule. 

(I) Internal view of valve. (J) Enlarged view of bottom end of frustule in (G); open and closed ends 

of girdle bands interlace one another. Scale bars=5 µm (A, B, D, F, G, I), and 1 μm in (C, E, H, J). 
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Fig. 3. Valve length measurements (crosses, ×) of Epithemia gibba var. ventricosa (upper) and 

Epithemia sp. (lower) in field samples collected from 2016 to 2018. The dashed line in the upper 

panel indicates the lower limit of initial cell E. gibba var. ventricosa valve length obtained by a 

crossing experiment in culture (Kamakura et al. 2021). 
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Fig. 4. Growth rates and patterns of two cultured Epithemia taxa. (A) Average number of cells in 12 

strains of E. gibba var. ventricosa and 7 strains of Epithemia sp. Bars=standard error. (B) Cell 

dispersal for (motile) E. gibba var. ventricosa, and (C) patchy distribution for less-motile Epithemia 

sp. in culture. Scale bars=500 μm. 
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Fig. 5. Valve size reduction in cultured Epithemia gibba var. ventricosa (closed symbols) and 

Epithemia sp. (open symbols). (A) Temporal shifts in average valve length for 12 E. gibba var. 

ventricosa and 7 Epithemia sp. strains measured over a 29-d period. Bars=standard error. (B) 

Δvalve lengths of 4 representative strains from each taxon, showing average cell size change 

compared to valve length at day 0. Negative values indicate a decrease in size. (C) Δvalve lengths 

(µm) per division in two taxa. 
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Fig. S1. Histograms of valve length of E. gibba var. ventricosa and Epithemia sp. based on field 

samples collected from 2016 to 2018. The number of cohorts estimated by the ICL criterion is 

shown for each month. 
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Abstract 

Pleurosira laevis is a salt-tolerant diatom distributed around the world. The valve of P. laevis has 

distinct structures called ocelli, which are sharply defined areas with fine, densely packed pores. 

Two formae of this diatom, P. laevis f. laevis and P. laevis f. polymorpha, are distinguished from 

each other by their flat or dome-shaped valve faces and degree of elevation of the ocelli, 

respectively. In this study, we established 4 strains of P. laevis isolated from freshwaters or coastal 

areas in Japan and the United States, and tracked the formation of newly formed valves with the 

fluorescent SDV-specific dye PDMPO in culture under several salinity conditions. The result clearly 

demonstrated the morphological plasticity of the valves, controlled by environmental salinity. 

The laevis form and polymorpha form valves were produced at salinities of 2 and 7, respectively. 

The salinity thresholds dictating the morphological plasticity of the valve were consistent in all 4 

strains. A similar morphology to the polymorpha form was reproduced in a freshwater medium 

with the addition of sorbitol, suggesting that osmotic pressure plays a key role in this 

morphological plasticity. The highly reproducible and easily manipulated change in morphology 

makes this diatom an ideal model for lab experiments focusing on the molecular and genetic factors 

involved with valve morphogenesis. 

 

Abbreviations 

PDMPO: 2-(4-pyridyl)-5-((4-(2-dimethylaminoethylaminocarbamoyl) methoxy)phenyl)oxazole 

SDV: silica deposition vesicles 
 

Introduction 

Diatoms are microalgae distributed throughout various aquatic and subaerial environments from 

acidic to alkaline, tropical to polar, and marine to brackish/fresh waters (Round et al. 1990, Mann 

1999a). Many diatoms grow only in the genus- or species-specific salinity conditions, and only a 

handful of genera and species are adapted to a wide range of salinities (Round and Sims 1981, Mann 

1999b). Diatom cells are enveloped by silica cell walls called the frustule, which is composed of two 

thecae. Each theca comprises valve and girdle elements, band-like structures linking two thecae to 

one another. During cell division, new daughter cell valves are formed inside the mother cell. The 

morphology of a daughter valve is identical to that of a mother valve, albeit slightly smaller in length 

and width (Round et al. 1990). Environmental factors are known to cause plastic changes in the 

https://doi.org/10.1111/jpy.13277
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morphology of the valves in some diatom species. Some of these documented factors include 

temperature, silica concentration, pH, nutrient/ heavy metals concentration, light intensity, and 

salinity (reviewed in Kociolek and Stoermer 2010, Su et al. 2018). Because diatom species are 

characterized and described mostly on the basis of morphology, knowledge of the breadth of 

morphological plasticity in a species is a taxonomic necessity. Furthermore, exposure to 

environmental causes (e.g., trace metals or multiple stressors, can trigger teratogenesis in the 

diatom frustules; reviewed in Falasco et al. 2021). If certain environmental cues are known to 

trigger a certain morphology within a taxon, this information can be a valid indicator of those 

environmental parameters (Cox 1995) in the ecological and water quality assessment of the 

current or past states of aquatic habitats. To date, considering the number of diatom species, there 

is a tiny proportion of diatoms whose morphological responses to environmental factors have been 

studied in culture experiments (Cox 2014). 

 Pleurosira laevis is a periphytic diatom that inhabits a wide range of salinity environments, 

from the river to coast. The valve of P. laevis has distinct structures called ocelli, which are the areas 

of fine, densely packed pores called porelli (Ross and Sims 1972, Round et al. 1990), surrounded 

by rims of silica, at both ends of the valve face. The cells form chain colonies or attach to a 

substratum by means of mucilaginous pads extruded from the ocelli. Taxonomically, there are two 

formae described for this diatom, P. laevis f. laevis and P. laevis f. polymorpha. The former P. laevis 

f. laevis has flat valve faces (Fig. 1), mainly observed in fresh and brackish waters (Compère 1982, 

Ehrlich et al. 1982, Kociolek et al. 1983, Fránková-Kozáková et al. 2007). On the other hand, P. laevis 

f. polymorpha has dome-shaped/ elevated valve faces with projecting ocelli (Fig. 2), found in 

brackish to saline waters (Hohn and Hellerman 1966, Compère 1982, Snoeijs and Weckström 2010, 

Bąk et al. 2020, Bilous et al. 2021). When Compère (1982) described the two formae, he also 

mentioned the possibility that the distinguishing characteristics of the forms (i.e., the presence or 

absence of the ocelli projection) could be within a range of morphological plasticity caused by a 

change of environmental salinity. The inference was made based on the observation of field 

material in which he found heterovalvar “Janus cells” (two valves in a single frustule which differ 

morphologically from each other, see e.g., McBride and Edgar 1998); having one valve with laevis 

form and another with polymorpha form (fig. 15 in Compère 1982). The presence of Janus cells is 

common when multiple morphological phenotypes occur within a single population or genotype 

(Stoermer 1967, Jordan et al. 1991, Teubner 1995, Meyer and Håkansson 1996, McBride and Edgar 

1998, Andreji_c et al. 2018). Furthermore, Compère (1982) inferred that the morphological 

plasticity was caused by the salinity change. To support this interpretation, he referenced Li and 

Chiang (1979), who observed a morphological change in response to salinity in Pleurosira 

socotrensis (as Proteucylindrus taiwanensis) and noted that the newly formed valves in the cells 

they were culturing had distinctly projecting ocelli at salinities above 5. El-Awamri (2008) reported 

morphological variations of P. laevis in field material obtained from multiple localities in Egypt. El-

Awamri (2008) also noted that frustules with the laevis form sometimes had newly formed 

daughter valves exhibiting a different morphology than the mother cell, that is, elevated ocelli and 

a central elevation on the valve face (ibid. fig. 3: note that he regarded these internal cells as resting 

spores). In this study, we report with culture experiments that the plasticity of the valve 

morphology in P. laevis is indeed determined by salinity conditions, and these responses are highly 

conserved among strains established from samples collected from different salinities and 

continents.  
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Materials and methods 

 

Culture conditions  

Three strains of P. laevis f. laevis and one strain of P. laevis f. polymorpha were established based 

on samples collected from different locations. They were maintained in their original salinities 

prior to the start of the experiments with WC medium (Guillard and Lorenzen 1972), Bolds Basal 

Medium (Bold and Wynne 1978), Roshchin medium (Roshchin 1994), or f/2 medium (Guillard and 

Ryther 1962; see Table. 1). The WC medium was prepared with distilled water for culture at salinity 

0 in both the maintenance and the main experiment. Although the nutrient components can 

contribute to the salinity of WC medium, ”effective salinity” was considered to be 0 based on a 

measurement by a YSI Model 63 multimeter (YSI Incorporated, Yellow Springs, OH, USA). Culture 

media of other salinities (i.e., 2, 3, 4, 5, 6, 7 and 30) were artificially prepared by adding “Salt stocks” 

described in Nakov et al. (2020), comprised of NaCl, MgSO4•7H2O, MgCl2•6H2O, KCl, and 

CaCl2•2H2O, to WC medium. For all the media the deviation from the target salinity was 0.1, directly 

confirmed using the multimeter, and pH was adjusted to 8 by dropwise addition of 1 M HCl. All the 

media were sterilized with a membrane filter (0.2 μm pore size, Mixed Cellulose Ester, Advantec, 

Tokyo, Japan). The strains were grown in a flask (Nunc EasYFlask Cell Culture Flasks, Thermo 

Fisher Scientific, Waltham, MA, USA), kept under 18°C, 12:12 h light:dark, with cool white light, ca. 

50 μmol photons・m-2・s-1. 

 

Salinity manipulation in culture 

To expose strains to various salinity conditions, precultivated cells were collected and transferred 

to a new flask with the medium of a given salinity, by hooking a chain colony onto a glass pipette: 

unlike pouring inoculum into the experimental medium, the effect of the carryover of preculture 

medium into the experimental culture was negligible with this method.  

 

Growth rate measurement 

All 4 strains were cultivated at salinities of 0, 2, 7, 15 and 30. Cells actively growing in culture were 

transferred to 12-well plates (Nunc Non-Treated Multidishes, Thermo Fisher Scientific) containing 

2 mL of the same salinity medium. The number of cells grown in the culture plates was counted 

every 3–5 d under an inverted microscope (CKX41, Olympus, Tokyo, Japan) for 20 d. The growth 

rate was calculated by μ = [ln (N2/N1)]/(T2-T1), where N2 and N1 are the numbers of cells at the 

days T2 and T1, respectively, and where T2 > T1, using the two counting points (T) with the steepest 

increase in the cell numbers (N; Wood et al. 2005). The measurements were taken in triplicate for 

each strain under each salinity condition, resulting in 60 manipulations. The differences in growth 

rates at each salinity were statistically tested by Tukey’s test at the 0.05 level of significance using 

R 4.0.3 (R Core Team 2020).  
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Observation of morphological plasticity 

The fluorescent probe PDMPO (LysoSensor Yellow/Blue DND-160, Thermo Fisher Scientific) is 

accumulated into the SDV and codeposited with Si so that newly forming frustules can be 

fluorescently labeled while keeping the diatom cells alive (Shimizu et al. 2001). We added PDMPO 

to the culture medium 3 days prior to observation to a final concentration of 10 nM to label newly 

formed valves after the change of salinity conditions, as otherwise, it is impossible to distinguish 

valves formed before or after the treatment. The morphology of the labeled valves was examined 

using a light microscope (LM; BX51, Olympus) equipped with a digital camera (DP70, Olympus). 

Fluorescence of PDMPO was detected using filter unit U-MWU2 (excitation wavelengths 330–385 

nm, emission wavelengths >420 nm, Olympus). Individual cells were detached from chain colonies 

to make the observation and detection of PDMPO-labeled valves in girdle view possible. Cells were 

transferred into 1.5 mL microtubes with 0.3 M HCl to dissolve mucilaginous pads connecting the 

cells to one another, and heated at 80°C for 10 min using a dry thermo unit TAL-1G (TAITEC, Osaka, 

Japan), then vortexed for a few seconds. Note that the acid treatment and heating processes did not 

affect the subsequent observations, as there was no clear difference in the number of stained valves 

between treated and control (i.e., untreated) samples, and no reduction of fluorescence intensity 

was detected. We defined two morphological forms in the girdle view: the polymorpha form had 

valves with the ocelli projecting above the valve face, whereas the laevis form had non-projecting 

ocelli equal to (or below) the level of the valve face.  

To track single cells to reveal how many divisions are required for the morphological 

response to salinity changes, we randomly isolated 14 individual cells in the laevis form from 

salinity 0 and transferred them to salinity 30, and 17 cells in the polymorpha form from salinity 30 

and transferred to salinity 0. We were concerned that a small amount of the medium from the 

preculture would be carried over to the new salinity medium during transfer, causing a deviation 

from the intended salinity. Therefore, we performed this experiment at the highest salinity range 

set in this study (i.e., 0–30) to minimize the influence of the carry-over and ensure that the 

underlying contrast of “salinity at which the laevis form should be definitely produced” versus 

“salinity at which the polymorpha form should be definitely produced.” The isolated cells were 

observed by LM (CKX41, Olympus) at ×200–400 magnification every day, for up to 1 week, to check 

the valve morphology which resulted from each division after the salinity change.  

We also examined whether the morphological changes could be induced with an 

equivalent osmotic pressure produced with the sugar alcohol sorbitol (Wako, Osaka, Japan), using 

the strain HA-02. WC medium was supplemented with sorbitol in a final concentration of 0.07 and 

0.23 M, which resulted in the same osmotic pressure as the media with salinities 2 and 7, 

respectively. After transferring the laevis form strains into 0.23 M sorbitol medium and 

polymorpha form strains into 0.07 M sorbitol medium, and cultivated for 3 d, PDMPO was added 

and the strains were kept for a further 5 d for labeling newly formed valves.  

 

Scanning electron microscopy (SEM) 

Cells were collected into a centrifugation tube filled with distilled water, centrifuged at 800 g for 2 

min and the supernatant discarded. This process removed the salt content from the sample. The 
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pellet was resuspended with a small amount of water, and a drop of the sample was placed onto a 

round coverslip (φ15 mm, Matsunami Glass Ind. Osaka, Japan), and cleaned as described by 

Trobajo and Mann (2019); briefly, the organic matter in the samples was first oxidized with nitric 

acid (1.42 g・mL_-1, Wako) on a hot plate (HP-3000, AS ONE Corporation, Osaka, Japan) at 100°C, 

and then washed with distilled water several times to dissolve the residual salts. The dried 

coverslip was coated with gold using an ion sputter JFC-1500 (JEOL, Tokyo, Japan) with a thickness 

of ca. 12 nm, and observed using an SEM SU1510 (Hitachi, Tokyo, Japan). To observe frustules with 

epi- and hypotheca still attached, we also washed cells in a gentler method by 5% SDS solution as 

described by Schmid and Schulz (1979).  

 

Quantifying frustule ultrastructure 

To compare the finer structure of the two forms, the number of porelli per ocellus was counted 

using the strain HA-01 cultivated under salinities 2 and 7 for more than 1 month. All porelli in one 

ocellus of a valve were manually counted based on SEM images taken under a magnification 

×9,500–14,000 that clearly showed an entire ocellus region with no dirt obscuring/masking porelli. 

The counting was repeated with 5 valves of both the laevis form grown under salinity 2 and the 

polymorpha form grown under salinity 7. A t-test at a significance level of 0.05 was conducted via 

Microsoft Excel to test whether there was a significant difference in the number of porelli between 

the two forms. Since the number could be biased by the valve length (i.e., the larger valve was 

expected to have more porelli), valves with somewhat equivalent lengths from the two forms were 

chosen for this comparison (no significant difference in the valve length was detected between 

them; t-test, t8 = 2.30, P = 0.17). We counted the number of striae per 10 μm along a tangent of 

valve face under LM for the 4 strains, in both forms grown under salinities of 2 and 7, and 

statistically tested to check if there were any significant differences among them using R (one-way 

ANOVA). The stria density is one of the most widely used characters in diatom classification 

(Anonymous 1975). To confirm whether there is a consistent difference in valve outline between 

the two forms in our strains, we measured the valve length and width from 188 valves of the laevis 

form and 168 valves of the polymorpha form using ImageJ 1.53 k (Schneider et al. 2012), and the 

width/length ratio was compared. The ratio was also obtained from the literature (listed in Fig. S1 

in the Supporting Information) for further comparison. To test the degree of silicification in the 

laevis and polymorpha forms in the strain HA-01, the amount of silicate in the frustule was 

measured by a silicomolybdate method (Koroleff 1983). For this measurement, the forms were 

grown under salinities 2 or 7 for 3 months. During this period the strain was inoculated several 

times, with a small amount of inoculum for each time, which ended up with almost all the cells in 

each form exclusively represented by the laevis or polymorpha form in salinities of 2 and 7, 

respectively. Cells from 15 mL of culture were then washed with 5% SDS to remove organic matter 

(Schmid and Schulz 1979). The chlorophyll a measurements (see below) were used to standardize 

the silicate content between the two forms. Frustules washed with SDS were collected using an 8 

μm pore-sized membrane filter (Polycarbonate, Advantec), resuspended in 0.2 M NaOH solution, 

and dissolved by heating at 100°C for 15 min. The sample solution was neutralized with a final 

concentration of 0.2 M HCl and used for the estimation of silicate concentration using the 

molybdenum blue. A spectrophotometer UVmini 1240 (Shimadzu, Kyoto, Japan) was used to 

measure the absorbance values at the wavelengths of 810 nm. Based on the calibration curve 
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prepared using a dilutions series of Silicon Standard Solution (for atomic absorption 

spectrochemical analysis, Wako), the absorption values were converted to silicon content. 

Measurements were made in triplicate per each salinity condition.  

 

Measurement of chlorophyll a content 

The cells of the strain HA-01 were collected through a membrane filter with a pore size of 8 μm and 

resuspended in 2 mL of 90% methanol. The pigment was eluted in 90% methanol for 30 min at 

room temperature and the absorbance values were measured at the wavelengths of 630 and 664 

nm where peaks appeared (UVmini 1240, Shimadzu). The amount of eluted chlorophyll a was 

calculated by the formula Chl a (μg・mL-1) = 11.47 × A664 –0.40 × A630 (Jeffrey and Humphrey 1975). 

Measurements were made in triplicate per each salinity condition.  

 

DNA sequencing and comparison 

Cells of the 4 strains were harvested from culture flasks, transferred into microtubes and 

centrifuged at 800g for 5 min to remove supernatant. Cell pellets were homogenized using 

BioMasher II (Nippi, Tokyo, Japan). The DNA was extracted with a DNeasy Plant Mini Kit (Qiagen, 

Venlo, Netherlands). We performed PCR to amplify the small subunit 18S ribosomal DNA (SSU 

rDNA) gene using primers A and B developed in Medlin et al. (1988). Each reaction was carried out 

in a thermal cycler (LifeECO, Bioer Technology, Hangzhou, China), in a 25-μL reaction volume 

containing a final concentration of 1.25 U of MightyAmp DNA Polymerase, 1× MightyAmp Buffer 

Ver.3 (Mg2+, dNTP plus; Takara Bio, Shiga, Japan), 0.3 μM of each primer, and 2 ng of template DNA. 

The amplification conditions were as follows: initial denaturation at 98°C for 2 min followed by 35 

cycles of denaturation at 98°C for 10 s, annealing at 60°C for 15 s, and extension at 68°C for 1.5 min. 

The PCR products were purified using ExoSAP-IT Express (Thermo Fisher Scientific). Sangar 

sequencing was performed with the reverse and forward primers used in the PCR as well as 

primers SSU515+, SSU568- (Alverson et al. 2007), SSU-528F, and SSU-920R (Marin et al. 2003) 

using 3730xl DNA Analyzer and BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher 

Scientific). Obtained sequences were manually aligned via BioEdit 7.2.5 (Hall 1999), along with P. 

laevis f. laevis (GenBank accession HQ912585), P. laevis f. polymorpha (KC309505), P. nanjiensis 

(MF578764), and Odontella aurita (HQ912686), which was sister to the genus Pleurosira in the 

molecular phylogeny by Li et al. (2018), and then trimmed to 1612 bp. A TCS network (Clement et 

al. 2000) was drawn using Popart 1.7 (Leigh and Bryant 2015) based on the nucleotide 

polymorphisms between the sequences.  

 

Results 

 

Growth rate 

The 4 strains of P. laevis grew under all the conditions ranging from salinities of 0–30 (Fig. 3). 

Although HA-01 and 4VIII19-1 were originally collected from freshwater habitats, their growth 
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rates were significantly greater in saline conditions (salinities 2, 7, and 15) compared to the 

freshwater conditions. The growth rates of HA-02 and 25VI12-2B obtained from freshwater and 

marine habitats, respectively, also tended to be higher in saline conditions than in freshwater, 

although no significant difference was detected among them.  

 

Morphological plasticity 

The 4 strains of P. laevis pre-cultivated at salinity 0 were transferred to flasks at various salinity 

levels (0, 2, 3, 4, 5, 6, 7 and 30), kept for 20 d, and the newly formed valves were labeled with 

PDMPO for 3 d. Occasionally plasmolysis took place immediately after transferring the cells into 

higher salinity conditions (Fig. S2 in the Supporting Information). The protoplast shrank but still 

attached to the valve interior at ocelli, labiate processes, and girdle element, and the cells recovered 

shortly (e.g., when the cells were transferred from salinity 0 to 30) they recovered from plasmolysis 

within approximately 2 h. Salinity change resulted in the formation of heterovalvar “Janus cells,” 

with two opposed valves with different morphology in single cells (Fig. 4). The morphotypes of 

PDMPO-labeled valves (Fig. 5) were classified as either “laevis” form or “polymorpha” form, based 

on the projection of ocelli either level with the valve surface or above the valve surface under LM, 

respectively. The results showed that almost all of the valves at salinity 2 were the laevis form and 

those at 7 were polymorpha form, with a gradual shift in the rate of two forms under salinity 

conditions between 3 and 6 (Fig. 6A). We also obtained essentially the same result using a strain 

HA-01, with two different experimental settings: (i) cells were pre-cultured under salinity 30 to 

assess if the initial forms affected the outcome of the valve plasticity (Fig. 6B) and (ii) prolonged 

cultivation from 20 to 40 d (Fig. 6C). These results clearly showed that P. laevis produced both the 

laevis form and the polymorpha form in response to salinity. Single cells were tracked in the culture 

vessel to reveal that the morphological changes usually took place after the first division upon the 

salinity change (number of observed cells were 17 and 14, for cells transferred into salinities 0 and 

30, respectively), resulting in the formation of the Janus cells. In the 0.07 M sorbitol medium 

(osmotic pressure was equivalent to salinity 2) the cells produced valves in laevis form, whereas 

in the 0.23 M sorbitol medium (equivalent to salinity 7) valves were in polymorpha type (Fig. 7). It 

should be mentioned, however, that in this sorbitol experiment we observed many deformed valves 

having rounded and an undulated valve faces in girdle view, and were unable to keep the cells alive 

more than a week. This difficulty could be, at least partly, caused by an overgrowth of bacteria 

relative to the diatom cells, most likely due to the presence of excess nutrients spurring bacterial 

growth.  

 

Quantitative and qualitative morphological analysis 

The striae per 10 μm in the laevis form and the polymorpha form ranged from 13 to 19, and there 

was no significant difference among them (2 forms in 4 strains, Table 1). In the laevis form, the 

areolae were smaller and sporadically distributed at the central part of the valve, making the valve 

center somewhat hyaline (Fig. 1F). Contrarily, the areolae were larger around the center and more 

or less evenly distributed throughout the valve in the polymorpha form (Fig. 2F).  
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The full range of the valve length in culture was 22.0–151.4 μm. We observed occasional 

auxosporulation and subsequent initial cell formation within clonal strains, thus this maximum 

length more or less represents the maximum size in this species. There was a significant difference 

in the ratio of valve width/length between the two forms when valve lengths were larger than 90 

μm, in that polymorpha form was more elliptical in valve view. On the other hand, there was no 

significant difference in the valve outline between the two forms when valves were smaller than 

90 μm (Fig. S3 in the Supporting Information). Note that the comparison of the aspect ratio 

obtained from the literature did not show the same trend, as some of the valves in the laevis form 

had more elliptical valves than that of our strains (Fig. S1).  

The amount of chlorophyll a eluted from the cells was 2.33±0.28 (average±SD, n=3) μg 

when cultivated at salinity 2, and 2.44±0.49 μg at salinity 7, with no significant difference between 

them. Estimated silicate content per culture standardized by chlorophyll a was 105.30±0.99 mmol 

for the culture at salinity 2, and 100.63±12.81 mmol at salinity 7, again with no significant 

difference between them. There was no significant difference in the number of porelli between the 

laevis form valves formed under salinity 2 and the polymorpha form valves formed under salinity 

7 (Table S1 in the Supporting Information).  

 

Sequence analysis 

The number of nucleotide differences in SSU rDNA gene between our four strains and publicly 

available sequences was calculated. There were up to 6 base differences among Pleurosira laevis 

taxa, which comprised 2 ribotypes (Fig. 8). Five of the SNPs were localized in the V4 region, and the 

other 1 was in a loop in their predicted secondary structure. The strains HA-01, HA- 02 (collected 

from freshwater locality), and 25VI12-2B (from marine) shared the same sequence with KC309505 

(the sequence derived from a strain of P. laevis f. polymorpha collected in an estuarine environment 

on California coast). The strain 4VIII19-1 was identical to HQ912585 (P. laevis f. laevis), having 41 

nucleotide differences from P. nanjiensis, a sister species of the P. laevis clade in the phylogenetic 

tree shown by Li et al. (2018).  

 

Discussion 

 

Growth and salinity 

Our results showing a higher growth rate for Pleurosira laevis in saline conditions were consistent 

with published field observations that this species grows well in environments with a high chloride 

concentration (Wujek and Welling 1981, Kociolek et al. 1983, Bąk et al. 2020). In the other 

euryhaline diatoms, there are known cases where the optimal salinity for growth varies within a 

species between strains collected from different environments (Sjöqvist et al. 2015, Nakov et al. 

2020). These differences might be the result of local adaptation to their respective environments. 

In P. laevis, however, even the strains originating from freshwater environments did not show 

optimal growth at salinity 0. In the case of Skeletonema marinoi documented in Pinseel et al. (2022), 

the optimal salinity for growth also did not necessarily correspond to the salinity conditions of the 
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collection localities (note that this result is different from Sjöqvist et al. 2015, which studied the S. 

marinoi population from the same locality, i.e., Baltic Sea). 

 

Morphological plasticity in Pleurosira laevis 

In the present study, our Pleurosira laevis strains were established from samples collected from 

various localities in both Japan and the United States with salinities ranging from 0 to 35 (Table 1). 

The morphology of P. laevis changed between the laevis and polymorpha forms in response to 

salinity in all 4 strains. Therefore, this is most likely a global phenomenon for this diatom. Our 

results, in which nearly 100% of the valve formed above salinity 7 was polymorpha form, are 

consistent with Hohn and Hellerman (1966), in which P. laevis f. polymorpha (as Biddulphia 

inusitata) was observed in an environment with salinity 23. Judging from the fact that the 

polymorpha-like valves were also reproducible with the sorbitol medium equivalent to salinity 7, 

it would be reasonable to assume that the osmotic pressure plays a key role in the morphogenesis 

of this diatom.  

Morphological responses in diatoms to salinity change have been reported in salt-tolerant 

species from several different families. For example, Paasche et al. (1975), Hasle and Evensen 

(1976) and Balzano et al. (2011) reported that silicified intercellular connecting processes became 

longer with increasing salinity in some Skeletonema species. The valve width and length vary with 

salinity in the raphid pennates Gomphonema augur (Jahn 1986) and some Nitzschia species 

(Trobajo et al. 2004, 2011). Plasticity in valve morphology is also known in finer scales; the size of 

areolae decreases at lower salinity in Thalassiosira punctigera, T. weissflogii (Vrieling et al. 2007), 

and Cocconeis placentula (Leterme et al. 2010). Salinity can also bring changes in the pattern, 

arrangement, density, or the number of striae and fultoportulae in T. decipiens (McMillan and 

Johansen 1988), Cyclotella cryptica, C. meneghiniana (Schultz 1971, Shirokawa et al. 2012), and 

Stephanodiscus hantzschii (Geissler 1986). The striking difference seen in P. laevis from the others 

is that the distinct and qualitative morphological change (i.e., the presence or absence of ocelli 

projection) readily recognizable under LM can be induced by only a subtle change in salinity 

(between 2 and 7). The distinct response to salinity in this diatom would be a potential indicator 

for water quality and for paleoenvironmental studies. Furthermore, the highly reproducible and 

easily manipulated morphological plasticity makes this diatom an ideal model for lab experiments 

focusing on the molecular and genetic factors involved with valve morphogenesis. 

 

Taxonomic implications 

The striae per 10 μm of P. laevis reported in previous studies ranges from 12 to 18 in 10 μm (e.g., 

Bourrelly and Manguin 1952, Al-Saadi et al. 1979, Fránková-Kozáková et al. 2007, Cavalcante et al. 

2013, Mamanazarova and Gololobova 2017, Park et al. 2017), with an exceptional case in that P. 

laevis found in Iran had 9–12/10 μm (Sharifinia et al. 2016). The striae densities in most of the 

valves observed in this study, from 13 to 19, fit well within this range.  

Previously it has been demonstrated that the silica content of diatom cell walls can vary 

with salinity. Conley et al. (1989) showed that freshwater diatom frustules tended to have higher 
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silica content than marine diatoms. Compère (1982), on the basis of frustule observations, 

suggested that Pleurosira laevis f. polymorpha was more heavily silicified than f. laevis. In the 

present study, however, we found no significant difference in silica content between the frustules 

formed at salinities 2 and 7. As for the aspect ratio of valve view, the polymorpha form seems to be 

more elliptical than the laevis form, particularly in larger valves. This result would support 

Compère’s description of P. laevis f. laevis as “broadly elliptical” and P. laevis f. polymorpha as 

“elliptical to subcircular.”  

The morphological plasticity observed in this study, the presence or absence of ocelli 

projection, is a dynamic response to salinity change; nevertheless, no additional physiological or 

morphological differences were detected between the strains grown under the salinities 2 and 7 

(i.e., growth rate, degree of silicification of the frustule, nor the number of porelli per ocellus; note 

that there was a slight difference in the valve areolation, see Figs. 1F and 2F). Sequence analysis 

with SSU rDNA showed that the 4 strains and 2 GenBank entries annotated as P. laevis f. laevis and 

f. polymorpha are closely related to each other. In fact, in terms of SSU rDNA gene sequence 

difference, the forms and collection habitats (freshwater vs. marine/estuary) were not reciprocally 

monophyletic (i.e., there is not an exclusively freshwater or marine clade). The morphological 

difference between Compère’s formae Pleurosira laevis f. laevis and P. laevis f. polymorpha are 

strictly environmentally derived, and there is no physiological, biogeographic, or genetic signal 

supporting the forma as a distinct taxon. Therefore, these 2 formae should be regarded as a 

synonym of P. laevis. Desianti et al. (2015) introduced the new combination Pleurosira inusitata 

comb. nov. as a basionym of Biddulphia inusitata whose description matches that of P. laevis f. 

polymorpha. They noted that “the new combination has priority and is available for use if the 

diatom known as P. laevis f. polymorpha should be considered a distinct species and not a form of 

P. laevis.” Thus, given the present study, we could confidently regard this combination as 

superfluous.  

 

Plasma membranes as the molding surface for the new valves 

In this study, morphological changes at the micrometer scale were detected under LM. The 

morphogenetic process in diatoms at this scale is believed to be driven by cytoplasmic components 

molding SDVs located immediately beneath the plasma membrane (Pickett-Heaps et al. 1990, Cox 

et al. 2012). The valve morphology and SDV molding have been explained on the basis of the 

pressure on the plasma membrane of the daughter cell at cleavage furrow: high tension causes a 

flat valve face and low tension causes undulated valve face. In the former case, the protoplasts of 

forming daughter cells have equally high turgor pressure and press against each other, thus the 

boundary between them will be usually flattened (Mann 1984, Schmid 1984, 1987, Round et al. 

1990). The laevis form of P. laevis observed under lower osmotic conditions (resulting in higher 

membrane tension) reflects this scenario. In the marine or brackish diatoms, which have low 

membrane tension driven by plasmolysis, the daughter protoplasts are separated from each other, 

thus their plasma membranes will be rounded or grooved (Mann 1984, Schmid 1984, 1987, Round 

et al. 1990). The polymorpha form observed under higher osmotic conditions (resulting in lower 

membrane tension) was also consistent with this scenario. The plasticity of a domed valve face 

under higher osmotic conditions was also observed in Skeletonema species (Paasche et al. 1975, 
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Hasle and Evensen 1976). Fischer (1986) documented salt tolerance in some species of Melosira. 

Crawford (1978) suggested that the flat/rounded morphological plasticity of the valve in M. lineata 

may be caused by environmental factors. Given that M. varians in freshwater is characterized by a 

flat valve face, whereas brackish or marine species (e.g., M. moniliformis and M. nummuloides) 

have a rounded one, it is possible that these morphological differences in valve shape among the 

species of Melosira also reflect, even partly, the salinity of their habitat. The present study 

demonstrated that the mechanical force of osmotic pressure, which is one of the potential factors 

that have been estimated to provide the diatoms with morphological diversity, could drive a 

common morphology in at least some genera. In the fission yeast Schizosaccharomyces pombe, 

which is a rod-shaped model organism with an elastic cell wall, it was revealed that the rounded 

morphology of new cell ends occurring upon division is simply caused by inflation due to turgor 

pressure (Atilgan et al. 2015). Although diatoms possess rigid cell walls that are quite different 

from those of yeast, it is interesting to consider that their flexible responses in forming the rounded 

cell outline might be driven by the same factors. This study supports the idea that plasticity in gross 

morphology, such as a change of valve outline, can be induced by environmental osmotic conditions 

and is not solely dependent on cytoskeletal control, though various frustule morphologies in 

diatoms are clearly under the control of cytoskeletal elements (Tesson and Hildebrand 2010).  
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Fig. 1. Morphology of laevis form observed under LM (A) and SEM (B-F). Strain HA-02. (A) Cleaned 

valve, with each ocellus at left and right end. Oblique view of frustule (B) and valve (C), showing 

flat valve face and distinct valve mantle. (D) Enlarged view of ocelli, comprising fine and densely-

packed pores surrounded by a heavily silicified rim. (E) Internal surface of the valve. (F) 

enlargement of the central area locating each labiate process at top and bottom with the somewhat 

hyaline central part. Note that the areolar size becomes smaller toward the hyaline part. Scale bars 

= 10 μm (A-C, E, F) and 5 μm (D). 
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Fig. 2. Morphology of polymorpha form observed under LM (A) and SEM (B-F). Strain HA-02. (A) 

Cleaned valve, with each ocellus at left and right end. Oblique view of frustule (B) and valve (C), 

showing domed valve face and indistinct valve mantle. (D) Enlarged view of ocelli, comprising fine 

and densely-packed pores surrounded by a heavily silicified rim. (E) Internal surface of the valve. 

(F) enlargement of the central area with uniformly sized areolae. Scale bars = 10 μm (A-C, E, F) and 

5 μm (D). 
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Fig. 3. Growth rates of strains of Pleurosira laevis at different salinities. Asterisks denote significant 

difference (n=3, Tukey’s test, significance level <0.05). See text for growth rate calculation. 
 

 

Fig. 4. Chain colony of Pleurosira laevis with two “Janus cells,” which have two opposed valves in 

different morphology in single cells. Scale bar=100 μm. 
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Fig. 5. Morphological plasticity of Pleurosira laevis, showing two types of valves formed depending 

on salinity: polymorpha form with the ocelli projecting above the valve face, whereas laevis form 

with non-projecting ocelli formed equal to (or below) the level of the valve face. Newly formed 

valves under given salinities were fluorescence-labeled with PDMPO. Scale bars=50 μm. 
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Fig. 6. Percentages of laevis vs. polymorpha forms produced in different salinities. (A) The results 

on day 20 after transferring strains from freshwater medium (salinity 0) to each salinity condition. 

Almost all valves at salinity 2 were the laevis form and those at salinity 7 were polymorpha form, 

with the shift in the rate of two forms between salinities 3 and 6. (B) The results on day 20 after 

transferring HA-01 from salinity 30 to each salinity condition and (C) prolonged cultivation with 

40 days using HA-01 resulted in the same response. >50 valves were observed in each experiment. 

n=3, bars=standard error. 
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Fig. 7. Valves formed with growth media supplemented with 0.07 M sorbitol (equivalent osmotic 

pressure to the salinity of 2) and 0.23 M sorbitol (equivalent to the salinity of 7). Scale bars=20 μm. 

 

Fig. 8. TCS network of SSU rDNA gene ribotypes of Pleurosira and Odontella aurita. The numbers 

of nucleotide differences between ribotypes are shown on the branches. The circle size reflects the 

number of strains. An open circle is a hypothetical ribotype. Strain ID or GenBank entry is shown 

with different superscripts according to original habitat: a=collected from freshwater, b=collected 

from marine. See also Table 1 for the detailed locality. 
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Table S1. Number of porelli on the laevis form valves of the strain HA-01 produced under salinity 

2 and polymorpha form valves produced under salinity 7. There was no significant difference 

between the conditions (t-test, t8 = 2.30, P = 0.12). 

 

 

 

 

 

 

 

 

 

 

 

 

  

Form (salinity) 
#Valve  
(valve length [μm]) 

Number of porelli 
per ocellus 

laevis (2) #1 (44.9) 2,345  

 #2 (40.4) 1,380  

 #3 (46.9) 2,305  

 #4 (47.5) 2,396  

 #5 (47.1) 2,356  

polymorpha (7) #6 (48.7) 1,704  
 #7 (46.1) 2,470  

 #8 (35.5) 1,364  

 #9 (34.3) 1,205  
 #10 (38.4) 1,464  
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Fig. S1. Valve aspect ratio based on the images from previous studies. 
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Fig. S2. Plasmolysed cells of Pleurosira laevis. (A) A chain colony. The protoplasts are shrunken but 

still attached to the valve interior at the ocelli region and girdle elements. (B) A cell showing 

cytoplasmic strands connecting (arrow heads) to the labiate processes. Same cell with different 

focal planes. Scale bars=100 μm. 
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Fig. S3. Aspect ratio of valve view. Strains were cultivated at salinities 2 or 7 and used for 

measurements. The ratio of 1.0 indicates a circle. Open plot: laevis form, closed plot: polymorpha 

form. Plot shape represents strain. 
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CHAPTER 4 

Transcriptional responses to salinity in the polymorphic euryhaline 

diatom Pleurosira laevis 

Kamakura S, Bilcke G, Sato S. 

 

Abstract  

Diatoms are unicellular algae characterized by their diverse and intricate silica cell walls called 

frustules. The mechanism of diatom frustule morphogenesis has received attention both in the 

biological and nanomaterials engineering fields. However, little is known about the genetic 

mechanisms that regulate the morphology of frustules. We therefore aimed to search for genes that 

may be involved in determining the morphology in the centric diatom Pleurosira laevis, that can 

induce distinct morphological changes in its valve (flat to dome-shaped valve face) with only small 

differences in salinity, though comparative transcriptomes. Under the condition in which P. laevis 

produces a flat valve face, the expression of genes encoding mechanosensitive (MS) ion channels, 

which sense changes in membrane tension and osmotic pressure and uptake Ca2+ into cytosol, was 

up-regulated. In contrast, expression of genes encoding Ca2+ ATPases, which pump Ca2+ out of the 

cell, was decreased, suggesting that intracellular Ca2+ levels are elevated. Furthermore, genes 

encoding annexins, which mediate Ca2+-dependent membrane-actin filament association, and 

Arp2/3, the nucleation site of new actin filaments, were up-regulated. We hypothesize that the 

morphogenesis related to osmotic pressure observed in some genera of diatoms may be achieved 

thorough an upstream response involving osmotic pressure- and membrane tension-dependent 

regulation of intracellular Ca2+ levels through the gating of transporters such as mechanosensitive 

ion channels, and a downstream response involving Ca2+-dependent regulation of actin dynamics 

at membrane contact sites. 

 

Introduction 

Diatoms are microalgae distributed in a wide range of aquatic and terrestrial environments 

throughout the world. Diatoms have been proposed to number in the tens of thousands of species 

(Mann & Vanormelingen 2013). Their major feature is that they have cell walls called frustules 

composed of silica. The frustule consists of two valves and girdle elements. The morphogenesis of 

frustules occurs in silica deposition vesicles (SDVs), which are compartments separated by lipid 

bilayer membranes located immediately beneath the plasma membrane of dividing daughter cells 

(Pickett-Heaps et al. 1990, Kröger & Poulsen 2008). The morphology of the SDV and its internal 

forming frustule is controlled by cytoskeletons in the vicinity of the SDV (Pickett-Heaps et al. 1990, 

Tesson & Hildebrand 2010a). The cytoskeleton defines the position of the outer edge of the valve 

and structures (Tesson & Hildebrand 2010a, b), and influences the pattern of the pores (Pickett-

Heaps et al. 1990). Furthermore, some proteins involved in silica mineralization and frustule 

formation have been identified (Kröger et al. 2002, Scheffel et al. 2011, De Sanctis et al. 2016, 

Görlich et al. 2019, Tesson et al. 2017, Trofimov et al. 2019, Nemoto et al. 2020, Heintze et al. 2022). 

For example, dAnk proteins were found to affect the pore pattern on the valves in the model diatom 
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Thalassiosira pseudonana (Heintze et al. 2022). Since the species-specific morphology and 

structure of diatoms may be tied to their function and contribute to the fitness of individuals (Finkel 

& Kotrc 2010). The biosynthesis of the frustules with spices specific morphologies have been a 

fascinating biological inquiry. In addition, morphogenesis of diatoms is of interest in terms of their 

application to technologies for the massively parallel production of silica nanomaterials by self-

assembly (Kröger & Poulsen 2008). 

Schmid (1987) proposed that the three-dimensional morphology of the valves might be 

controlled by the pressure on the daughter plasma membrane at cleavage furrow, exerted by turgor 

pressure due to extracellular osmotic pressure. The association between osmotic pressure and 

valve morphology is supported with morphological changes in Skeletonema species (Paasche et al. 

1975, Balzano et al. 2011) and Pleurosira laevis (Kamakura et al. 2022). Kamakura et al. (2022) 

showed that P. laevis changes its valve morphology in response to the environmental osmotic 

pressure. Pleurosira laevis forms a flat valve face at salinity 2, whereas it forms a dome-shaped 

valve face at salinity 7. This morphological response is conserved among the strains collected from 

different environments. The obvious morphological plasticity seen in P. laevis is a rare 

characteristic of diatoms, and makes this species ideal for examining the underlying molecular 

basis of three-dimensional morphogenesis. In the present study, we aimed to characterize gene 

expression of P. laevis cultivated under the condition of salinity 2 and 7 to explore genes that are 

involved in the regulation of diatom morphology through comparative transcriptome analysis. 

Since the difference in our salinity contrast (salinity 2 vs. salinity 7) was not large, we expected to 

detect smaller number of differentially expressed genes (DEGs) involved in the osmoregulation 

than, for example, when comparing the response to freshwater (salinity 0) vs. seawater (salinity 

>30).  

 

Materials and methods 

 

Culture 

The strains HA-01 and HA-02 of P. laevis obtained in Kamakura et al. (2022) were cultivated using 

WC medium (Guillard & Lorenzen 1972) modified to salinity 2 and 7 by adding Salt Stock described 

by Nakov et al. (2020). The media were adjusted to pH 8 by dropwise addition of 1M HCl, then 

sterilized through a membrane filter (pore size 0.2 μm, Mixed Cellulose Ester, Advantec, Tokyo, 

Japan). Cells were cultivated at salinity 2 or 7, 18°C, light:dark = 12:12, cold white light, ca. 50 μmol 

photons m-2･s-1, in culture flasks (Nunc EasYFlask Cell Culture Flasks, Thermo Fisher Scientific, 

Massachusetts, USA). 

 

RNA extraction and sequencing 

Cells cultivated at salinity 2 or 7 for more than one month were collected on membrane filters (8 

μm pore size, Polycarbonate, Advantec), and total RNA was extracted by the 

cetyltrimethylammonium bromide method (Imaizumi et al. 2000). The experiment was performed 

in triplicate for the 2 strains under the 2 salinity conditions, resulting in 12 samples. RNA 



Chapter 4. Transcriptional responses to salinity in Pleurosira laevis 

74 

concentration was measured using a Qubit 4 Fluorometer (Thermo Fisher Scientific). cDNA 

libraries were prepared using TruSeq Stranded mRNA Library Prep Kit (Illumina, California, USA). 

Sequencing on a NovaSeq 6000 system (Illumina, paired-end, read length 100 bp) yielded 5.7-7.2 

Gb of reads from each sample. 

 

de novo assembly  

Pre-processing by fastp ver. 0.20.0 (Chen et al. 2018) was performed with default parameters to 

remove sequencing adapters and error-prone sequences from datasets. Next, de novo assembly 

was performed by Trinity ver. 2.14.0 (Grabherr et al. 2011) with default parameters combining the 

preprocessed data sets of total 12 paired-end reads of strains HA-01 and HA-02. Sequence 

redundancy was eliminated by clustering sequences with >95% homology using CD-HIT ver. 4.8.1 

(Fu et al. 2012), then sequences shorter than 500 bp were removed using seqkit ver. 0.13.2 (Shen 

et al. 2016). 

The assembled contigs were submitted to the metagenomic classifier Kaiju webserver 

(Menzel et al. 2016, https://kaiju.binf.ku.dk/server) against the NCBI reference protein database 

(nr +euk, database date 2021-02-24) with default parameters (Greedy mode, minimum match 

length 11, minimum match score 75, allowed mismatches 5, max E-value 0.01). Sequences 

classified as bacteria, archaea and opisthokonta were identified as potentially derived from 

contaminants in culture. The contaminant sequences were removed after DEG detection mentioned 

in the section below. 

 

Read count and differential gene expression analysis 

Hereafter, the ‘gene’ of P. laevis in our analysis refers to the ‘Trinity gene’ in the transcriptome 

defined by the Trinity assembler. Note that the genes in this study contain incomplete sequences 

and putative transposable elements (TEs). Read counts were performed using RSEM ver. 1.3.3 (Li 

& Dewey 2011) with the assembled sequences as reference through the Trinity script 

align_and_estimate_abundance.pl, with default parameters. The counts were summed for each gene, 

then TMM (Trimmed mean of M value) normalized using the R package edgeR ver. 3.28.0 

(Robinson & Oshlack 2010, Robinson et al. 2010). The negative binomial generalized linear model 

(GLM) test was performed to detect DEGs between salinity 2 and 7. Genes with FDR (False 

Discovery Rate) <0.05 and fold change >2 between the two salinity conditions were considered as 

DEGs. The analysis was performed independently for HA-01 and HA-02 by comparing expression 

levels at salinity 2 vs. 7. The number of DEGs shared between HA-01 and HA-02 was calculated by 

the web application ‘Calculate and draw custom Venn diagrams’ provided by Ghent University 

(https://bioinformatics.psb.ugent.be/webtools/Venn/). 

 To visualize the variation between samples we made a multi-dimensional scaling (MDS) 

plot by the ‘plotMDS’ function of the R package limma ver. 3.46.0 (Ritchie et al. 2015) using TMM-

normalized read counts. The pairwise distances between the samples were determined based on 

the log2 fold changes in the 500 most variable genes (except for the contaminant sequences) 

between the samples. We also made a heatmap based on the Poisson distances between samples 

https://kaiju.binf.ku.dk/server
https://bioinformatics.psb.ugent.be/webtools/Venn/
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calculated using TMM-normalized read counts by the ‘PoissonDistance’ function in the R package 

PoiClaClu ver. 1.0.2.1 (Witten 2011). 

 

Functional annotation 

TransDecoder 5.5.0 (https://transdecoder.github.io/) was used to predict protein coding regions 

within transcripts and converted to amino acid sequences with ‘--single_best_only’ option. Open 

reading frames were scanned against Pfam database ver. 33.1 (Mistry et al. 2021) to identify 

protein domains. The longest sequence for each gene was extracted via seqkit and used for 

functional annotation. We performed InterProScan (Jones et al. 2014) on Blast2GO ver. 6.0.3 

(Conesa et al. 2005, Götz et al. 2008) against InterPro (Paysan-Lafosse et al. 2022) protein 

signature databases including CATH-Gene3D, SUPERFAMILY, MobiDB-lite, COILS, CDD, HAMAP, 

PANTHER, TIGRFAMs, PIRSF, PROSITE profiles, and SMART, using the amino acid sequences as 

queries. We then obtained KEGG pathway annotations via the KofamKOALA web server ver. 2022-

08-01 (KEGG release 103.0, Aramaki et al. 2020, https://www.genome.jp/tools/kofamkoala/) with 

an E-value threshold of 0.01 (default). 

We focused on the expression level of the cytoskeletons, actin and its related proteins and 

tubulin, which are known to be involved in the morphogenesis of the diatom frustule (Tesson & 

Hildebrand 2010a, b). To search for tubulins and actin-related genes in our dataset, we obtained 

the amino acid sequences of the model diatoms T. pseudonana, Phaeodactylum tricornutum, 

Pseudo-nitzschia multiseries, and Fragilariopsis cylindrus from the Joint Genome Institute (JGI) 

PhycoCosm (Grigoriev et al. 2021, https://phycocosm.jgi.doe.gov) and ran OrthoFinder ver. 2.5.2 

(Emms & Kelly 2019) with default parameters along with our amino acid sequences of genes of P. 

laevis used for the functional annotation query. We then picked up the genes that formed 

orthogroups with actin-related proteins identified by Aumeier (2014) and Aumeier et al. (2015), 

and tubulins identified by Khabudaev et al. (2022) of the model diatoms (Table S1). Since the blastp 

search (Altschul et al. 1997, Schäffer et al. 2001) with an E-value=0 against our dataset did not 

return any hits and the hit genes (E-value>0) overlapped among queries, it was difficult to identify 

the genes encoding cytoskeletones and related proteins based on blastp.  

The differentially expressed genes were additionally annotated with GO mapping based 

on blastp search against NCBI protein database (nr) on Blast2GO with an E-value threshold of 1.0E-

3. Up to 10 of the hit database sequences were used for go mapping. DEGs encoding putative 

transporters were further subjected to the blastp search against the Transporter Classification 

Database (TCDB, Saier et al. 2021, https://www.tcdb.org/) and assigned TC numbers. The 

differentially expressed genes encoding putative TEs were additionally annotated based on the 

transcript nucleotide sequences by blastx ver. 2.9.0+ with E-value threshold of 0.1 against the 

retrotransposon protein domain database ‘CORES’ downloaded from the Gypsy Database (GyDB 

2.0, Llorens et al. 2011, https://gydb.org/). 

 

 

 

https://transdecoder.github.io/
https://phycocosm.jgi.doe.gov/
https://www.tcdb.org/
https://gydb.org/
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Enrichment analysis 

InterPro accessions significantly enriched in DEGs shared in both strains were detected via Fisher's 

exact test with FDR<0.05, using FatiGO (Al-Shahrour et al. 2007). The accessions assigned to all 

genes by InterPro Scan were used as background of the analysis. The gene ratios were calculated 

by dividing the count of each InterPro accession assigned to the shared up- or down-regulated 

genes by the total count of each accession assigned to all genes. 

 

Phylogenetic analysis 

For phylogenetic analysis of HCO3- transporters and TEs, multiple sequence alignments were 

performed using MAFFT ver. 7.480 (Katoh et al. 2002) with the '--auto' option, and sites with more 

than 30% gaps were removed using trimAl ver. 1.4.1 (Capella-Gutiérrez et al. 2009). Maximum 

likelihood trees were constructed using RAxML ver. 8.2.12 (Stamatakis et al. 2014) with the 

PROTGAMMAAUTO substitution model and 100 bootstrap replicates, and visualized using MEGA 

ver. 7.0.26 (Kumar et al., 2016). The sequence of Odontella aurita used in the analysis of the HCO3- 

transporter was obtained through the following process: the whole transcriptome of O. aurita from 

the MMETSP database (NCBI accession SRR1294405) was pre-processed by fastp, de novo 

assembled by Trinity, clustered with 90% identity by CD-HIT, and then converted to amino acid 

sequence by TransDecoder. Orthologs from the whole transcriptome of O. aurita were searched for 

by running Orthofinder along with the amino acid sequences of HCO3- transporters from mammals, 

plants, fungi, and eukaryotic algae listed in 'dataset S1' in Nakajima et al. (2013). Phylogenetic 

analysis of HCO3- transporters was conducted using the amino acid sequences of HCO3- transporters 

from P. laevis, O. aurita, and organisms listed in dataset S1 in Nakajima et al. (2013), as well as 

sequences of other diatoms that hit by blastp with the sequences of HCO3- transporter of P. laevis 

in the annotation process. For TE analysis, we used the amino acid sequences of CoDi (Ty1/Copia-

like elements from diatoms) and GyDi (Ty3/Gypsy from diatoms) provided by Maumus et al. 

(2009) and the sequences of selected retrotransposons from P. laevis, as well as retrotransposons 

from model organisms (Ty1 and Ty3 from Saccharomyces cerevisiae, Copia from Drosophila 

melanogaster, and Tnt1 from Nicotiana tabacum). In instances where ORFs derived from a single 

TE are divided into gag and pol, they were concatenated in the sequence gag-pol for further 

phylogenetic analysis (note that the ORFs of gag and pol of the model diatoms do not overlap.) 

We performed a reconstruction of the ancestral habitat (marine or brackish) based on SSU 

rDNA gene phylogeny. The SSU rDNA sequences from Pleurosira and Odontella, and other species 

phylogenetically close to P. laevis (Li et al. 2018) were aligned through ClustalW (Thompson et al. 

1994) and manually trimmed to 1,563 bp on BioEdit ver. 7.2.5 (Hall 1999). Maximum likelihood 

trees were constructed using RAxML with the GTRGAMMA substitution model and 100 bootstrap 

replicates. The reconstruction of the ancestral habitat were performed under the Markov k-state 

one-parameter model using Mesquite ver. 3.70 (Maddison & Maddison 2021). The natural growth 

environments of the selected diatoms were based on the collection sites provided in Roscoff 

Culture Collection (http://roscoff-culture-collection.org/), and of Schmidt (1875), Ashworth et al. 

(2013), Li et al. (2018), and Kamakura et al. (2022), as well as appendix 1 in Mann (1999).  

 

http://roscoff-culture-collection.org/
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Results and Discussion 

 

Transcriptome assembly and differential gene expression analysis 

The de novo transcriptome assembly resulted in 192,661 transcripts (117,658 genes) and the 

sequences was grouped into 151,568 clusters at 95% identity via CD-HIT. Then, the transcripts 

were reduced to 72,859 (50,070 genes) by removing sequences shorter than 500 bp. we performed 

a read count using this assembly as a reference and found that the number of genes detected to be 

expressed in HA-01 was greater than that in HA-02 by approximately 7,000 to 8,000 (Fig. S1). 

Protein coding regions in the transcripts were predicted by Transdecoder, yielding amino acid 

sequences for a total of 60,068 transcripts (33,994 partial sequences and 26,074 complete 

sequences). The 5,861 contaminant gene sequences identified by Kaiju were removed, resulting in 

a final set of 38,275 genes.  

DEGs were detected with FDR<0.05 and fold change>2. The number of up-regulated 

genes (DEGs whose expression levels were higher in salinity 2 than salinity 7, i.e. down-regulated 

in salinity 7) was 2,099 in HA-01 and 2,580 in HA-02, while the number of down-regulated genes 

(expression levels were higher in salinity 7 than salinity 2, i.e. up-regulated in salinity 7) was 1,978 

in HA-01 and 2,577 in HA-02 (Fig. 1). We focused on the functions of up- or down-regulated genes 

that were shared between the strains HA-01 and HA-02 to understand the core response to salinity 

behind the morphological plasticity in P. laevis. 

 

Intraspecific variation in responses to salinity in P. laevis 

An MDS plot (Fig. 2A) and a Poisson-distance heatmap (Fig. 2B) showed that the samples 

clustered by strain rather than salinity condition. The different responses to salinity between the 

strains might be due to local adaptations derived from differences in natural habitats: HA-01 was 

collected from a purely freshwater environment, whereas HA-02 was collected from an 

environment with a slight salinity flux, with a sporadic inflow of seawater (Kamakura et al. 2022). 

Recent studies have shown that even within a single diatom species, different strains exhibit 

various patterns of gene expression (Pargana et al. 2019, Nakov et al. 2020, Pinseel et al. 2022).  

 

Overview of the functions of shared DEGs 

There were more unshared DEGs than shared ones between HA-01 and HA-02 in both the up- and 

down-regulated gene sets (Fig. 1). InterPro scans were performed on all 38,275 genes, of which 

5,280 genes were assigned one or more InterPro accessions. InterPro enrichment analysis showed 

NAD(P)-binding domain superfamilies (IPR017853), which are found in various enzymes, and 

Beta-hexosaminidase (IPR029018, IPR025705) and Glycoside hydrolase families (IPR017853, 

IPR015883) involved in hydrolysis of glycans were enriched in the genes up-regulated strains in 

salinity 2 (Fig. 1). On the other hand, in the genes down-regulated in salinity 2, the reverse 

transcriptase (IPR013103), ribonuclease H superfamily (IPR036397, IPR012337), zinc finger 

CCHC-type (IPR036875, IPR001878), and bicarbonate transporter (IPR003020, IPR011531) were 
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enriched. All genes assigned to zinc finger CCHC-type from the shared down-regulated genes were 

hit with reverse transcriptase of Fragilaria crotonensis by blastp search in the annotation process. 

 

Transmembrane transport (Fig. 3, Table S2) 

The expression of a gene encoding a putative aquaporin was up-regulated in salinity 2 

(TRINITY_DN11354_c0_g1, TC:1.A.8.8). Aquaporins transport water and nonpolar molecule into or 

out of the cell and contributes to osmoregulation (Matsui et al. 2018), and may also be involved in 

signal transduction by osmotic sensing (Tyerman et al. 2002, Hill et al. 2004). Consistent with our 

results, the up-regulation of aquaporins in Cyclotella cryptica and Skeletonema marinoi under 

hypoosmotic conditions has been reported (Downey et al. 2022, Pinseel et al. 2022). The 

betaine/carnitine/choline transporters (TC:2.A.15.1.3) and the proline/betaine transporter 

(EC:2.A.1.6.4), which Nakov et al. (2020) found to be differentially expressed in the long-term 

osmotic response of C. cryptica, were not found in our DEGs.  

 

Osmotic sensing and regulation of intracellular Ca2+ levels: Diatoms respond to environmental 

stimuli, including osmotic stress, depending on changes in calcium homeostasis (Falciatore et al. 

2000). Pleurosira laevis is known to exhibit plastid assemblage in response to contact stimuli and 

light irradiation, and this response has been suggested to be essential for Ca2+ influx into the cytosol 

through channels (Makita & Shihira-Ishikawa 1997, Shihira‐Ishikawa et al. 2007). The genes up-

regulated in salinity 2 included a putative calcium permeable stress-gated cation channel (CSC) 1-

like transporter (TRINITY_DN919_c0_g2, TC:1.A.17.3). CSCs are conserved in eukaryotes and are 

gated by stress signals such as hyperosmotic shock, thus potentially serving as sensors that link 

stress stimuli to calcium-dependent downstream responses (Hou et al. 2014). Moreover, we found 

mechanosensitive (MS) ion channels among the shared up-regulated transporters. These channels 

are transmembrane proteins that directly link mechanical stimuli to ion fluxes and are responsible 

for sensing and responding to changes in membrane tension (Basu & Haswell 2017). The two genes 

(TRINITY_DN7153_c0_g1 and TRINITY_DN2800_c0_g2) were putative MscS-like (MSL) channels 

(TC:1.A.23.4). The MSL channels are directly gated by membrane tension and typically function to 

prevent cell rupture during hypoosmotic shock (Basu & Haswell 2017). The differential expression 

of these CSC and MS channels between the condition of salinity 2 and 7 provides the possibility that 

P. laevis is able to sense the difference in osmotic pressure and plasma membrane tension brought 

by such a relatively small difference in salinity. Activation of MS channels has been reported by 

Downey et al (2022) in C. cryptica in response within 3 hours after hypoosmotic exposure, but 

there is no report yet showing a long-term (ca. 1 month) upregulation as seen in P. laevis. In Ph. 

tricornutum, Ca2+ signaling induced by elevated cytoplasmic Ca2+ level upon hypoosmotic shock is 

important in cell volume regulation, and this elevation of cytoplasmic Ca2+ is possibly due to Ca2+ 

influxes caused by increased cell volume activating MS ion channels (Heliwell et al. 2021). We 

showed in Kamakura et al. (2022) that the morphological plasticity in the valve of this diatom were 

induced by osmotic changes brought by the addition of sorbitol to the medium, and discussed that 

this phenomenon could depend on the plasma membrane tension at the cleavage furrow of 

daughter protoplasts, which provides valve molding surfaces. Thus, it is tempting to assume that 

Ca2+ signaling brought by gating of the MS channel affects the downstream expression of genes 
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involved in morphogenesis or cell volume regulation, eventually results in the change in valve 

morphology.  

 The three P-type ATPases, which were the most down-regulated in salinity 2, were 

putative Ca2+ ATPases (TC:3.A.3.2.29) based on the TCDB annotation (TRINITY_DN4708_c0_g1, 

TRINITY_DN17148_c0_g1, and TRINITY_DN15658_c0_g1). Ca2+ATPases are located in the plasma 

membrane or endoplasmic reticulum membrane, and pump out cytosolic Ca2+ to the extracellular 

or endoplasmic reticulum, thereby decreasing intracellular Ca2+ concentration to basal levels (Brini 

& Carafoli 2011). The up-regulation of influx and the down-regulation of efflux of Ca2+ suggest that 

P. laevis directed toward maintaining intracellular Ca2+ levels higher at salinity 2 compared to 

salinity 7. The regulation of cytosolic Ca2+ levels and intracellular Ca2+ gradient in P. laevis would 

be verified by single-cell imaging techinique, as performed in Ph. tricornutum (Helliwell et al. 2021). 

 

Sugar transport: We found the transporters called SWEETs within the down-regulated genes 

(TRINITY_DN6699_c2_g2 and TRINITY_DN6073_c0_g1, TC:2.A.123.1). SWEET is a new class of 

sugar transporters found in 2010 (Chen et al. 2010), which are responsible for the flux of sugar 

molecules across the membrane and are known to be involved in various physiological processes 

in plants, including environmental stress responses (Breia et al. 2021, Gautam et al. 2022). Diatom 

genomes contain SWEET homologs (Jia et al. 2017). However, to our knowledge, there is no 

information on the function and the expression of this transporter in diatoms. Since sugars act as 

compatible solutes (Suescún-Bolívar et al. 2015), the down-regulation of SWEETs might be 

explained by the uptake of extracellular sugars at higher osmotic pressures, and may contribute to 

osmotic regulation.  

  

Bicarbonate transport: Five bicarbonate transporters (HCO3- transporters) were down-regulated 

in salinity 2 (TRINITY_DN24295_c0_g1, TRINITY_DN1401_c3_g2, TRINITY_DN36612_c1_g2, 

TRINITY_DN5264_c0_g1 and TRINITY_DN8091_c0_g1, TC:2.A.31.1 or 2). Although meanwhile one 

putative bicarbonate transporter (TRINITY_DN17683_c0_g1) was up-regulated in salinity 2, the 

enrichment analysis based on InterPro accessions showed a significant enrichment of the 

bicarbonate transporter in the down-regulated genes (Fig. 3). Some HCO3- transporters have been 

investigated in Ph. tricornutum. Nakajima et al. (2013) and Nawaly et al. (2023) found that SLC4 

(Solute carrier 4) -1 and 2 of Ph. tricornutum uptakes HCO3- from seawater in a Na+-dependent 

manner, and suggested that it is an effective CO2 concentrating mechanism for marine diatoms to 

overcome CO2 limitation in alkaline high-salinity water, while the SLC4-4 of Ph. tricornutum has a 

broad selectivity for cations, depending on Na+, K+, and Li+ (Nawaly et al. 2023). The putative HCO3- 

transporters of P. laevis may be Na+ and cation dependent as seen in Ph. tricornutum, although they 

were located in different clades than these SLC4s on the phylogenetic tree (Fig. S2). The finding 

that P. laevis regulates HCO3- transport in response to salinity may explain the culture experiment 

(Kamakura et al. 2022) and field observations (Wujek & Welling 1981, Kociolek et al. 1983, Bąk et 

al. 2020) that this diatom grows well in saline environments. All species described so far in the 

genus Pleurosira except for P. laevis and P. indica are marine (Compère 1982, Karthick & Kociolek 

2011, Li et al. 2018). Moreover, it is likely that the ancestor of P. laevis was marine (Fig. S3), and 

the HCO3- transporter is derived from the last common ancestor of Pleurosira clade. 
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Candidate genes involved in cell wall morphogenesis 

Genes encoding putative Arp2/3 and annexin were up-regulated in salinity 2 

(TRINITY_DN19486_c0_g1 and TRINITY_DN914_c0_g1, Table S1). Arp2/3 serves as nucleation 

sites for the formation of new actin filaments. Annexins, which are known to be involved in various 

cellular functions, have been shown to be involved in Ca2+ influx through the plasma membrane 

(Demidchik et al. 2018). Additionally, annexins link Ca2+ signaling and actin dynamics at membrane 

contact sites by binding to membrane phospholipids in a Ca2+-dependent manner, thereby 

organizing the relationship between the membrane and cytoskeleton (Hayes et al. 2004). 

Furthermore, it plays a role in plasma membrane repair through actin cytoskeleton remodeling 

triggered by Ca2+ influx upon membrane injury (Koerdt et al. 2019). The activation of annexin in 

salinity 2 in P. laevis may be due to an increase in cytosolic Ca2+ concentration as a result of channel 

gating by membrane tension and osmotic gradient. Although the involvement of annexin in diatom 

morphogenesis is not known and needs further investigation, including cellular localization 

analysis, it is interesting to speculate that annexin may be involved in the control of the morphology 

of SDV or the daughter plasma membrane to determine the resulting valve morphology on a 

micrometers scale. 

 One of the genes up-regulated in salinity 2, containing SET domain, showed a blastp hit 

with BacSET2 (Nemoto et al. 2020) (TRINITY_DN6649_c0_g1). The BacSET protein family is a 

recently identified family of methyltransferases that is up-regulated during diatom morphogenesis 

and potentially target long chain polyamine (LCPA) and proteins related to silica formation as 

substrates (Nemoto et al. 2020). The role of this protein is not clear yet, but it deserves attention 

as one of possible candidates for affecting valve morphology. In addition, one of the genes up-

regulated in salinity 2 is a homolog of frustulin of Fistulifera pelliculosa (GenBank accession 

CAA67704) with E-value=2E-8 (TRINITY_DN3338_c0_g2). Frustulin is a family of proteins isolated 

from the frustules and suggested to be essential for cell wall biosynthesis of diatoms (Kröger et al. 

1996), therefore its expression levels could affect the morphogenesis. 

We detected differential expressions of genes of unknown function, containing ankyrin 

repeat (Table S4). This domain mediates protein-protein interactions and is involved in many 

cellular functions (Mosavi et al. 2004). It has been suggested that ankyrin repeat-bearing proteins 

might play a general role in silica biosynthesis in diatoms (Bilcke et al. 2021, Heintze et al. 2022). 

The function of the candidate genes involved in this sequence of reactions could be revealed by 

gene knockout or knockdown techniques as is used in studies of morphogenesis in the model 

diatom T. pseudonana (Görlich et al. 2019, Heintze et al. 2022). 

 

Intracellular transport 

We observed several DEGs related to membrane trafficking and motor protein activity (Table S5). 

SDVs are believed to be generated by fusion of vesicles, possibly of Golgi origin (Schmid & Schulz 

1979, Pickett-Heaps et al. 1990), thus membrane trafficking is required for frustule morphogenesis 

inside SDVs. Heintze et al. (2022) picked up clathrin coat proteins, Arf, Rab, and v-SNARE by 

proteomic analysis of SDVs as candidates for proteins involved in vesicular transport required for 
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SDV biogenesis in T. pseudonana. In addition, motor proteins such as dynein and myosin are also 

expected to play a potential role in diatom morphogenesis based on their ability to bind to the 

cytoskeleton and their involvement in vesicular transport (Shrestha et al. 2012, Tanaka et al. 2015). 

 

Transposable elements 

Putative TEs were abundant among DEGs, particularly among those that were down-regulated in 

salinity 2 (Fig. 5, Table S5). This result is further supported by the enrichment of TE-related 

InterPro accessions among the genes down-regulated in salinity 2 (Fig. 1). TEs were also abundant 

in DEGs that were not shared between strains (Table S6). The TEs of P. laevis were found to contain 

both retrotransposons that move within the genome via a 'copy-and-paste' mechanism, and 

putative DNA transposon that move via a 'cut-and-paste' mechanism. The differentially expressed 

retrotransposons were distributed across the CoDi1-7 classification (Fig. S4). The putative DNA 

transposons were annotated as PiggyBac, Transposase IS4, and Tigger transposable element-

derived protein (Table S5, S6). TEs are known to be often activated under environmental changes 

or stress conditions (Casacuberta & González 2013). In diatoms, up-regulation of TEs has been 

reported in response to thermal stress (Egue et al. 2015), high biomass density (Oliver et al. 2010), 

and elevated pCO2 (Huang et al. 2019) in Ph. tricornutum, presence of grazer in S. marinoi (Amato 

et al. 2018), and cold stress in Leptocylindrus aporus (Pargana et al. 2019). In Pinseel et al. (2022), 

lower salinity condition triggered down-regulation of TEs in S. marinoi. TEs can induce a wide 

range of mutations, ranging from subtle regulatory mutations to major genomic rearrangements. 

Because of their ability to generate the mutations and their responsiveness and sensitivity to 

environmental change, they have been thought to play a relevant role in adaptation (Casacuberta 

& González 2013). TEs might have resulted in genetic diversity that has enabled diatoms to adapt 

successfully to various environments (Maumus et al. 2009) although there is no evidence for a 

specific role for diatoms in environmental adaptation so far. 

 Pleurosira laevis is regarded as an invasive species in Great Lakes in US and in Europe 

(Hulme et al. 2009, Litchman et al. 2010, Olenin et al. 2017). This diatom was first described in 

Hudson River, New York, US (Bailey 1842, Ehrenberg 1843), and found in Natal, Brazil (Roper 

1859) and along the ‘shores of North and South America’ according to Pritchard (1861). However, 

its distribution has been expanded as documented by more recent reports of first appearances in 

various regions (e.g., Lake Michigan, US - Wujek & Welling 1981, Czech Republic - Fránková-

Kozáková et al. 2007, China - Guo-Feng et al. 2008, Korea - Kim et al. 2008, Uzbekistan - 

Mamanazarova & Gololobova 2017). TEs may facilitate successful invasion of alien species by 

promoting rapid adaptation to the environment (Stapley et al. 2015). In some invasive plants and 

animals, genomic evolution resulting from TE explosions has been suggested to potentially 

facilitate adaptation (Liu et al. 2018, Su et al. 2021). The activation of TEs in P. laevis with slight 

salinity differences between salinity 2 and 7 might be related to the invasive aspect of this species.  

 

Metabolic differences of P. laevis between salinity 2 and 7 

Mapping to metabolic pathways by KofamKoala resulted in annotations for 4,990 of the 38,275 

genes. Two genes involved in Calvin cycle (EC:4.1.2.13 and EC:5.3.1.6) were down-regulated and 3 
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genes in TCA cycle (EC:1.3.5.1, 4.2.1.2 and EC:2.3.3.1) were up-regulated in salinity 2 (Fig. S5). 

Some enzymes involved in glycolysis/glycogenesis (EC:2.7.1.2, 3.1.3.11, 2.7.1.90, 4.1.2.13, 5.4.2.11 

and 2.7.1.40) showed up- or down-regulation in salinity 2 (Fig. S5).  

Polysaccharide chrysolaminarin (1,3-β-glucan) is a storage substance in diatoms (Kroth 

et al. 2008). The 1,3-beta-glucan synthase (EC:2.4.1.34), which is involved in the biosynthesis of 

chrysolaminarin, is down-regulated in salinity 2, while glucan 1,3-beta-glucosidase (EC:3.2.1.58), 

which catalyzes the reaction to produce glucose from chrysolaminarin (Table S7), was up-

regulated in salinity 2. Pleurosira laevis likely requires less storage polysaccharide in salinity 2 than 

in salinity 7. 

Diatoms can adjust membrane permeability by changing fatty acid and lipid composition 

in response to salinity (Sayanova et al. 2017). Furthermore, lipid accumulation is characteristic of 

the stress response in microalgae (Kumar et al. 2019). Genes encoding S-malonyltransferase 

(EC:2.3.1.39) involved in fatty acid biosynthesis were up-regulated in salinity 2. However, genes 

encoding acyl-CoA oxidase (EC:1.3.3.6), butyryl-CoA dehydrogenase (EC:1.3.8.1), acyl-CoA 

dehydrogenase (EC:1.3.8.7), short-chain 2-methylacyl-CoA dehydrogenase (EC:1.3.8.5) in fatty 

acid degradation were also up-regulated in salinity 2 (Table S7). In addition, the long-chain acyl-

CoA synthetase (EC:6.2.1.3), which is involved in both biosynthesis and degradation of fatty acid, 

was down-regulated in salinity 2.  

Genes mapped to glycerol-3-phosphate O-acyltransferase (EC:2.3.1.15) and 1-acyl-sn-

glycerofl-3-phosphate acyltransferase (EC:2.3.1.51) were down-regulated in salinity 2 (Fig. S6). 

These enzymes catalyze the biosynthesis of phosphatidic acid (PA) from Glycero-3-phosphate. PA 

is a potent signaling molecule, and regulates membrane trafficking, secretion, and cytoskeletal 

rearrangement (Wang et al. 2006). The production of PA is trigged by both hypo- and hyper-

osmotic stresses in plant (Testerink & Munnik 2005). Moreover, cytidine diphosphate-

diacylglycerol synthase (CDP-DAG synthase, EC:2.7.7.41), which catalyzes the biosynthesis of 

cytidine diphosphate-diacylglycerol (CDP-DAG) from PA, was down-regulated in salinity 2. CDP-

DAG is a key intermediate at a branching point in lipid metabolism involved in the biosynthesis of 

the major lipids phosphatidylinositol and phosphatidylglycerol. The CDP-DAG synthase activity 

modulates the signaling mediated by PA and enhance the downstream lipid production, thus 

regulates the levels of many intracellular lipids (Jennings & Epand 2020). The differential 

expression of CDP-DAG synthase suggested physiological adjustments in P. laevis between 

salinities 2 and 7. 

 

Stress responsive gene expression 

The gene encoding Glutathione peroxidase (EC:1.11.1.9) involved in ROS degradation was down-

regulated in salinity 2. Two genes encoding thioredoxin were up-regulated, and five were down-

regulated in salinity 2 (Fig. 4A). Of the xanthophyll cycle, which is known to alleviate oxidative 

stress in addition to its function in photosynthesis (Latowski et al. 2011), violaxanthin de-

epoxidase (EC:1.23.5.1) was up-regulated in salinity 2 while zeaxanthin epoxidase (EC:1.14.15.21) 

was down-regulated in salinity 2. Genes encoding superoxide dismutase (EC:1.15.1.1) and 
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peroxiredoxin (EC:1.11.1.24) involved in ROS removal were not included in the DEGs shared 

between the strains.  

Chaperones are activated to counteract the protein aggregation and misfolding are 

brought by oxidative stress (Reichmann et al. 2018). In addition, heat shock proteins induced in 

stress conditions have chaperone functions (Hendrick & Hartl 1993). There were more shared 

down-regulated genes, encoding chaperones, heat shock proteins, and heat shock factors than up-

regulated ones (Fig. 4B). Although we did not see significant differences in growth rates and 

apparent cellular stress in P. laevis between salinities 2 and 7 under culture experiments 

(Kamakura et al. 2022), the cells seem to be sensitively coping with the stress between the 

conditions. 

 

Osmolyte biosynthesis 

Aquatic organisms are able to adapt to different salinities (different osmotic conditions) by 

maintaining osmotic balance between the external environment and their cells through 

transmembrane transport and the synthesis of osmolytes, also known as compatible solutes 

(Suescún-Bolívar et al. 2015). The organic osmolytes of diatoms are, for example, free proline and 

other amino acids (Liu & Hellebust 1976a, b, Dickson & Kirst 1987, Krell et al. 2007, 2008, Scholz 

& Liebezeit 2012), taurine (Jackson et al. 1992), dimethylsulfoniopropionate (DMSP, Lyon et al. 

2011, Scholz & Liebezeit 2012, Kettles et al. 2014, Lavoie et al. 2018, Kageyama et al. 2018a) and 

glycine betaine (Dickson & Kirst 1987, Scholz & Liebezeit 2012, Kageyama et al. 2018b). Two genes 

encoding pyrroline-5-carboxylate reductase (EC:1.5.1.2, TRINITY_DN8746_c0_g1) and proline 

iminopeptidase (EC:3.4.11.5, TRINITY_DN71618_c0_g1), which are involved in proline 

biosynthesis was up-regulated in salinity 2. The former enzyme catalyzes the final step in proline 

synthesis, and its expression is up-regulated in F. cylindrus under high salinity conditions (Krell et 

al. 2007). Our result was the opposite of the previous study. It should be mentioned that Nakov et 

al. (2020) and Pinseel et al. (2022) examined transcriptional responses to different salinities after 

long-term acclimation (120 days and >11 days, respectively), and found that genes involved in 

proline biosynthesis did not show a consistent response across strains to salinity.  

 No DEGs were identified in the taurine biosynthesis pathway. This may be due to the low 

salinity and the small difference between comparisons. Nakov et al. (2020) found that the 

expression level of the putative gamma-glutamyltranspeptidase/glutathione hydrolase (EC:2.3.2.2 

3.4.19.13) involved in taurine biosynthesis in C. cryptica did not significantly change at salinity 2 

and 12 compared to salinity 0, but significantly decreased at salinity 24 and 36. 

 Ectoine is known as bacterial osmolyte (Vargas et al. 2008) and may possibly act in 

osmoregulation in S. marinoi (Pinseel et al. 2022). Genes involved in ectoine biosynthesis were not 

differentially expressed (aspartate kinase [EC:2.7.2.4] TRINITY_DN541_c1_g1; bifunctional 

aspartokinase/homoserine dehydrogenase 1 [EC:2.7.2.4 1.1.1.3] TRINITY_DN2781_c2_g1 and 

TRINITY_DN14712_c0_g1; aspartate-semialdehyde dehydrogenase [EC:1.2.1.11] 

TRINITY_DN113_c12_g1). These enzymes are the same members as those that Pinseel et al. (2022) 

found their expression in S. marinoi and are responsible for the reaction from L-aspartate through 

L-aspartyl-4-phosphate to L-aspartate 4-semialdehyde synthesis. Although it is insufficient for the 
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set of enzymes involved in the known ectoine biosynthesis pathway, Pinseel et al. (2022) presumed 

that either S. marinoi have an unknown gene for ectoine synthesis, or they can synthesize such an 

ectoine precursor and provide it to extracellular bacteria, which then transport the synthesized 

ectoine back into the diatom cell to function as osmolytes based on the fact that planktonic diatoms 

exchange metabolites with bacteria (Amin et al. 2015, Fenizia et al. 2020). The present results 

suggest that P. laevis is at least capable of producing precursors of ectoine although it is not known 

whether the expression of these genes is significantly up-regulated under even stronger osmotic 

conditions. 

 No genes involved in glycine betaine biosynthesis and DMSP biosynthesis were found. We 

performed a local blastp search with default parameters using the methyltransferase (included in 

the DMSP synthesis pathway) of T. pseudonana reported in Kageyama et al. (2018a) as a query 

against our sequences, but no homologs were found in all genes expressed in P. laevis. Scholz & 

Liebezeit (2012) exposed benthic diatoms to salinities ranging from 0.5 to 50 and examined the 

cellular components within 1 hour and 30 days after the salinity change by thin layer 

chromatography. They found that DMSP was not detected in Achnanthes delicatula nor Nitzschia 

constricta under both conditions. Thus, it seems that some diatom species require little or no DMSP 

as osmolytes in their short- and long-term salinity responses. To verify the presence or absence of 

genes required for DMSP biosynthesis in P. laevis, we need to refer to gene repertoire predicted 

with the whole genome sequence.  

 

Conclusion 

 

Our aim was to investigate genes involved in the regulation of diatom morphology using P. laevis, 

which can induce three-dimensional morphological plasticity. Due to the osmotic pressure, the 

membrane tension of P. laevis cells will be greater in salinity 2, than in salinity 7 (Fig. 6A). The 

results suggested that in salinity 2, which produces a flat valve face, the intracellular Ca2+ levels are 

regulated to be enhanced by the up-regulation of genes encoding mechanosensitive ion channels 

and down-regulation of genes encoding Ca2+ ATPases (Fig. 6B). Furthermore, genes encoding 

annexin, which mediates membrane-actin filament association in a Ca2+-dependent manner, and 

Arp2/3, which serves as nucleation sites for new actin filaments, were up-regulated in salinity 2. 

We hypothesized that the morphogenesis related to osmotic pressure may be achieved through 1) 

an upstream response involving osmotic pressure- and membrane tension-dependent regulation 

of intracellular Ca2+ levels through the gating of transporters such as mechanosensitive ion 

channels, and 2) a downstream response involving Ca2+-dependent regulation of actin dynamics at 

membrane contact sites. It is noteworthy that we detected the sensing of membrane tension by 

cells, with the change in valve morphology that has been thought to be dependent on membrane 

tension (Schmid 1987). In addition, the BacSET2 methyltransferase family protein and frustulin, 

which are suggested to be involved in furstule formation (Kröger et al. 1996, Nemoto et al. 2020), 

and were found as a candidate involved in the morphological plasticity. It should be noted that 

expression of ankyrin repeat-containing proteins of unknown function and membrane trafficking 

were up- or down-regulated, although their cellular localization or targets are yet unclear. In 

addition, we found that even small differences between salinity 2 and 7 induced regulations of 
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transporter activity, response to oxidative stress, physiological regulation, and TE activity in this 

diatom. 
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Fig. 1. Venn diagrams showing the intersection between differentially expressed genes (DEGs) of 

the 2 strains and InterPro enrichment on the shared (a) up and (b) downregulated genes. 
 

Fig. 2. Variation among strains in the transcriptional response of P. laevis to salinity 2 and 7. (A) 

Multi-dimensional scaling (MDS) plot of RNA-sequencing samples in this study. The distances 

between the samples were based on the Log2 fold changes in the 500 most variable genes between 

the samples. (B) Poisson-distance heatmap of the full dataset. Samples were clustered firstly by 

strain and secondly by salinity. 
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Fig. 3. Log2 fold changes of shared DEGs encoding transporters. 
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Fig. 4. Log2 fold changes of shared DEGs associated with stress responses. (A) Genes encoding 

proteins involved in ROS elimination processes. The PF00085 is a Pfam accession and K03671 is a 

K number for the KEGG database. (B) Genes encoding putative chaperones, heat shock proteins, 

and heat shock factors. 
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Fig. 5. Volcano plots for gene expression of HA-01 and HA-02 (salinity 2 vs. salinity 7). Brown plots 

indicate genes up-regulated in salinity 2, and blue plots indicate genes down-regulated in salinity 

2. Open circle plots are the genes predicted to be transposable elements (TEs). Gray plots indicate 

genes that were not differentially expressed. 
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Fig. 6. Valve morphogenesis of P. laevis in response to osmotic pressure and membrane tension (A) 

Differences in membrane tension that the cells experience in forming flat or domed valves. (B) 

Schematic diagram of the regulation of cellular functions that can be involved in the formation of a 

flat valve. Brown and blue arrows indicate up- and down-regulation respectively, in comparison 

with cells with domed valves. 
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Table S1. Sequences used to search for cytoskeletons and related proteins (identified by Aumeier 

2014 and Aumeier et al. 2015) and expression levels of the gene that formed an Orthogroup with 

them. Log2FC values are shown for DEGs only. Not DE=not differentially expressed. 

Protein 
Protein sequences used for 

Orthofinder  
(JGI PhycoCosm protein ID) 

Genes assigned to 
Orthogroup 

log2FC 

HA-01 HA-02 

Actin 
Thaps3|25772; Phatr2|51157; 
Psemu1|22272; Fracy1|171145 

TRINITY_DN71589_c0_g1 Not DE Not DE 
TRINITY_DN9459_c0_g1 Not DE 1.64 

ADF/ 
cofilin 

Thaps3|4830; Phatr2|15613; 
Fracy1|206967; Psemu1|248251 

- - - 

Aip1 
Thaps3|23728; Phatr2|48381; 
Fracy1|185021; Psemu1|260507 

TRINITY_DN4982_c0_g2 Not DE Not DE 

Annexin 
Thaps3|259626; Thaps3|268316; 
Phatr2|54190  

TRINITY_DN347_c5_g1 Not DE Not DE 
TRINITY_DN29611_c0_g1 Not DE Not DE 
TRINITY_DN4483_c0_g1 Not DE Not DE 
TRINITY_DN1756_c3_g1 1.03 Not DE  
TRINITY_DN914_c0_g1 2.44 2.15 

Annexin Phatr2|44109 - - - 

Arp1 
Thaps3|269504; Phatr2|44089; 
Psemu1|239296; Fracy1|228346 

TRINITY_DN2809_c0_g1 Not DE Not DE 
TRINITY_DN27645_c0_g1 Not DE Not DE 
TRINITY_DN80958_c0_g1 Not DE Not DE 

Arp2/3 Fracy1|269231; Psemu1|288992 (TRINITY_DN19486_c0_g1)* (2.07) (1.99) 

Arp4 
Thaps3|269619; Psemu1|324603; 
Fracy1|178989 

TRINITY_DN2830_c0_g1 Not DE Not DE 

Arp4 Thaps3|41068 TRINITY_DN4672_c3_g1 Not DE Not DE 
Arp4 Phatr2|20837; Psemu1|188258 - - - 
Arp4 Phatr2|4515 TRINITY_DN579_c13_g1 Not DE Not DE 

Arp6 
Thaps3|260856; Phatr2|3281; 
Psemu1|62991; Fracy1|139659 

TRINITY_DN123_c0_g4 Not DE Not DE 
TRINITY_DN2112_c20_g1 Not DE Not DE 

Arp11 Thaps3|1132 TRINITY_DN4450_c0_g1 Not DE Not DE 

CAP 
Thaps3|23046; Phatr2|20921; 
Fracy1|262057; Psemu1|249042 

TRINITY_DN8958_c0_g1 Not DE Not DE 

CAPZ Fracy1|246923; Psemu1|36278 - - - 

CAPZ Phatr2|9601 
TRINITY_DN15120_c0_g1 Not DE Not DE 
TRINITY_DN9960_c0_g1 Not DE Not DE 

CAPZ 
Phatr2|35252; Fracy1|234298; 
Psemu1|304923 

TRINITY_DN107_c10_g1 Not DE Not DE 
TRINITY_DN8936_c3_g1 Not DE Not DE 

Coronin 
Thaps3|8387; Phatr2|45580; 
Psemu1|70315 

TRINITY_DN62257_c0_g1 Not DE Not DE 
TRINITY_DN68372_c0_g1 Not DE Not DE 
TRINITY_DN71884_c0_g1 Not DE Not DE 
TRINITY_DN5478_c0_g1 Not DE Not DE 

Dematin Psemu1|324055 - - - 

Dematin Phatr2|45476 
TRINITY_DN21133_c0_g1 Not DE Not DE 
TRINITY_DN74078_c0_g1 Not DE Not DE 
TRINITY_DN27905_c0_g1 Not DE Not DE 

Fascin 
Thaps3|7140; Fracy1|235712; 
Fracy1|254447 

TRINITY_DN1502_c3_g1 Not DE Not DE 
TRINITY_DN8955_c0_g1 Not DE Not DE 
TRINITY_DN9768_c0_g1 Not DE Not DE 

Formin Thaps3|24787 - - - 
Formin Phatr2|46058; Psemu1|212264 - - - 
Formin Phatr2|54229; Fracy1|163042 TRINITY_DN916_c0_g1 Not DE Not DE 

Formin 
Thaps3|11711; Thaps3|8340; 
Thaps3|9248 

TRINITY_DN24782_c0_g1 Not DE Not DE 
TRINITY_DN28989_c0_g1 Not DE -1.65 

Formin Thaps3|24070 - - - 

Formin 
Thaps3|4119; Phatr2|46029; 
Phatr2|54510 

TRINITY_DN11361_c0_g1 Not DE Not DE 
TRINITY_DN4370_c0_g1 Not DE Not DE 

Severin 
Thaps3|22984; Phatr2|53980; 
Phatr2|19089; Fracy1|271285; 
Psemu1|209419| 

TRINITY_DN1889_c0_g1 Not DE Not DE 
TRINITY_DN3142_c0_g1 Not DE Not DE 
TRINITY_DN3936_c0_g2 Not DE Not DE 

TRINITY_DN61730_c0_g1 Not DE Not DE 
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α-tublin 
Fracy1|169390; Psemu1|235379; 
Phatr2|54534 

TRINITY_DN44742_c0_g1 Not DE Not DE 

β-tubulin 
Thaps3|8069; Psemu1|198602; 
Fracy1|274017; Fracy1|275160 

TRINITY_DN1001_c0_g1 Not DE Not DE 
TRINITY_DN9493_c0_g1 Not DE Not DE 

γ-tubulin 
Thaps3|29237; Psemu1|296046; 
Fracy1|193621 

TRINITY_DN89_c2_g1 Not DE Not DE 

*TRINITY_DN19486_c0_g1 was annotated as Arp2/3 but not assigned to orthogroup. 
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Table S3. Annotations and expression levels of transporters in the DEGs shared between the strains. The first column indicates the area on the Venn 

diagrams in Fig. 1. 
Venn 

diagram 
Gene InterPro accession 

NCBI Blastp Mapping GO Term by 
NCBI Blastp 

TCDB Blast Log2FC 

Top hit E-value Family Top hit E-value HA-01 HA-02 

(a) TRINITY_DN
3810_c0_g1 

Putative sodium bile acid 
cotransporter (IPR016833, 
IPR038770) 

GFH48748.1 | solute 
carrier family 10 
(sodium/bile acid 
cotransporter), member 7 
[Chaetoceros tenuissimus] 

2.30E-
102 

membrane 
The Bile 
Acid:Na+ Symporter 
(BASS) Family 

TC:2.A.
28.3.1 

E-36 7.22  1.37  

(a) TRINITY_DN
10090_c0_g1 

Two pore domain potassium 
channel; EF-Hand 1, calcium-
binding site (IPR003280, 
IPR013099, IPR018247) 

GFH47503.1 | hypothetical 
protein CTEN210_03978 
[Chaetoceros tenuissimus] 

1.80E-60 

potassium ion 
transmembrane 
transport; calcium ion 
binding 

The Voltage-gated Ion 
Channel (VIC) 
Superfamily 

TC:1.A.
1.7.5 

E-25 2.74  4.27  

(a) TRINITY_DN
2496_c0_g1 

Potassium channel domain 
(IPR013099, IPR003280) 

EJK48158.1 | hypothetical 
protein THAOC_33073 
[Thalassiosira oceanica] 

4.00E-52 
potassium ion 
transmembrane 
transport 

The Voltage-gated Ion 
Channel (VIC) 
Superfamily 

TC:1.A.
1.21.3 

E-12 1.46  1.76  

(a) TRINITY_DN
6714_c0_g1 

Voltage-dependent calcium 
channel, alpha-1 subunit 
(IPR002077, IPR031649, 
IPR027359, IPR005821, 
IPR043203) 

GFH52780.1 | hypothetical 
protein CTEN210_09256 
[Chaetoceros tenuissimus] 

0 calcium ion transport 
The Voltage-gated Ion 
Channel (VIC) 
Superfamily 

TC:1.A.
1.11.2
0 

E-162 2.33  4.58  

(a) TRINITY_DN
919_c0_g2 

Calcium permeable stress-
gated cation channel 1-like 
(IPR045122) 

EJK45541.1 | hypothetical 
protein THAOC_35845 
[Thalassiosira oceanica] 

2.4E-155 
cation transmembrane 
transport 

The Calcium-
dependent Chloride 
Channel (Ca-ClC) 
Family 

TC:1.A.
17.3.1 

E-139 2.67  3.03  

(a) TRINITY_DN
4257_c0_g1 

Bestrophin/UPF0187 
(IPR021134, IPR044669) 

VEU38973.1 | unnamed 
protein product [Pseudo-
nitzschia multistriata] 

2.70E-
122 

chloride transmembrane 
transport 

The Anion Channel-
forming Bestrophin 
(Bestrophin) Family 

TC:1.A.
46.2.1
1 

E-53 3.01  2.23  

(a) TRINITY_DN
2188_c13_g1 

- 
GFH46765.1 | hypothetical 
protein CTEN210_03239 
[Chaetoceros tenuissimus] 

3.50E-06 
chloride transmembrane 
transport 

The Autotransporter-2 
(AT-2) Family 

TC:1.B.
40.1.5 

0.0245 2.38  1.98  

(a) TRINITY_DN
17683_c0_g1 

Bicarbonate transporter, 
eukaryotic (IPR003020) 

EJK48087.1 | hypothetical 
protein THAOC_33148 
[Thalassiosira oceanica] 

5.90E-26 
inorganic anion 
transport 

The Anion Exchanger 
(AE) Family 

TC:2.A.
31.1.3 

E-10 1.84  3.23  

(a) TRINITY_DN
1816_c2_g1 

SLC26A/SulP transporter; 
STAS domain (IPR011547, 
IPR002645, IPR001902, 
IPR036513) 

EEC42812.1 | predicted 
protein, partial 
[Phaeodactylum 
tricornutum CCAP 1055/1] 

0 
secondary active sulfate 
transmembrane 
transporter activity 

The Sulfate Permease 
(SulP) Family 

TC:2.A.
53.1.8 

E-174 2.78  2.23  

(a) TRINITY_DN
19889_c0_g1 

Citrate transporter-like 
domain; CBS domain 
superfamily (IPR004680, 
IPR046342, IPR045016) 

KAG7356795.1 | citrate 
transporter [Nitzschia 
inconspicua] 

0 sodium ion transport 
The NhaD Na+:H+ 
Antiporter (NhaD) 
Family 

TC:2.A.
62.1.3 

E-157 3.12  1.39  

(a) TRINITY_DN
13018_c0_g1 

Sodium/solute  symporter  
superfamily; Bile 
acid:sodium 
symporter/arsenical 
resistance protein  Acr3 

OEU08424.1 | SBF-
domain-containing protein 
[Fragilariopsis cylindrus 
CCMP1102] 

2.20E-
105 

membrane 
(GO:0016020, 
GO:0016021) 

The Bile 
Acid:Na+ Symporter 
(BASS) Family 

TC:2.A.
28.2.2 

E-52 1.80  1.98  
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(IPR038770, IPR002657, 
IPR004710) 

(a) TRINITY_DN
7153_c0_g1 

Mechanosensitive ion 
channel MscS (IPR023408, 
IPR006685, IPR016688) 

EEC44757.1 | predicted 
protein [Phaeodactylum 
tricornutum CCAP 1055/1] 

4.30E-
150 

transmembrane 
transport (GO:0055085, 
GO:0016020, 
GO:0016021) 

The Small Conductance 
Mechanosensitive Ion 
Channel (MscS) Family 

TC:1.A.
23.4.1
4 

E-15 1.23  1.15  

(a) TRINITY_DN
2800_c0_g2 

Mechanosensitive ion 
channel MscS (IPR006685, 
IPR023408, IPR010920) 

KAI2498881.1 | 
mechanosensitive ion 
channel [Fragilaria 
crotonensis] 

1.50E-79 

transmembrane 
transport GO:0055085, 
GO:0016020, 
GO:0016021) 

The Small Conductance 
Mechanosensitive Ion 
Channel (MscS) Family 

TC:1.A.
23.4.2 

E-13 1.90  1.28  

(a) TRINITY_DN
9587_c0_g1 

Ankyrin repeat; Ion 
transport domain 
(IPR002110, IPR036770, 
IPR005821) 

GAX19398.1 | hypothetical 
protein FisN_4Lh378 
[Fistulifera solaris] 

1E-60 

transmembrane 
transport (GO:0055085, 
GO:0016020, 
GO:0034220, 
GO:0016021, 
GO:0006811, 
GO:0005216) 

The Transient 
Receptor Potential 
Ca2+ Channel (TRP-
CC) Family 

TC:1.A.
4.5.9 

E-06 1.28  1.32  

(a) TRINITY_DN
4291_c1_g1 

- 
GAX22879.1 | hypothetical 
protein FisN_24Lh166 
[Fistulifera solaris] 

5.2E-15 

manganese ion 
transmembrane 
transport (GO:0071421, 
GO:0016020, 
GO:0005384, 
GO:0016021, 
GO:0030026) 

The Gordonia Outer 
Membrane Porin 
(GjpA) Family  

TC:1.B.
89.1.1
3 

E-07 1.00  1.51  

(a) TRINITY_DN
1347_c4_g1 

- 
VEU33986.1 | unnamed 
protein product [Pseudo-
nitzschia multistriata] 

3.7E-49 

manganese ion 
transmembrane 
transport (GO:0009987, 
GO:0016020) 

The Gordonia Outer 
Membrane Porin 
(GjpA) Family  

TC:1.B.
89.1.1
3 

0.0003 1.64  1.17  

(a) TRINITY_DN
568_c6_g1 

EamA domain (IPR000620) 
KAG7347462.1 | EamA-like 
transporter family protein 
[Nitzschia inconspicua] 

3.1E-50 
membrane 
(GO:0016020, 
GO:0016021) 

The Drug/Metabolite 
Transporter (DMT) 
Superfamily 

TC:2.A.
7.3.36 

0.0002 6.95  6.30  

(a) TRINITY_DN
11116_c0_g1 

Amino acid transporter, 
transmembrane domain 
(IPR01305) 

EED95929.1 | hypothetical 
protein 
THAPSDRAFT_20889 
[Thalassiosira pseudonana 
CCMP1335] 

7.6E-118 
membrane 
(GO:0016020, 
GO:0016021) 

The Amino Acid/Auxin 
Permease (AAAP) 
Family 

TC:2.A.
18.6.1 

E-27 4.17  3.84  

(a) TRINITY_DN
11354_c0_g1 

Major intrinsic protein; 
Aquaporin-like (IPR000425, 
IPR023271, IPR034294, 
IPR022357) 

VEU35719.1 | unnamed 
protein product [Pseudo-
nitzschia multistriata] 

2.2E-102 
membrane 
(GO:0016020) 

The Major Intrinsic 
Protein (MIP) Family 

TC:1.A.
8.8.1 

E-41 3.24  2.88  

(a) TRINITY_DN
9410_c0_g1 

Nucleobase cation symporter 
2 family; Azaguanine-like 
transporters (IPR006043, 
IPR045018) 

GAX20102.1 | putative 
MFS transporter, AGZA 
family, xanthine/uracil 
permease [Fistulifera 
solaris] 

0 

transmembrane 
transport (GO:0015205, 
GO:0016021, 
GO:1904823) 

The Nucleobase/ 
Ascorbate Transporter 
(NAT) or 
Nucleobase:Cation 
Symporter-2 (NCS2) 
Family 

TC:2.A.
40.7.3 

E-142 1.83  1.33  

(a) TRINITY_DN
3387_c0_g1 

Nucleobase cation symporter 
2 family; Azaguanine-like 

KAG7362392.1 | 
xanthine/uracil/vitamin C 
permease [Nitzschia 

1.8E-103 
transmembrane 
transport 

The 
Nucleobase/Ascorbate 
Transporter (NAT) or 

TC:2.A.
40.7.8 

E-58 1.37  1.38  
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transporters (IPR006043, 
IPR045018) 

inconspicua]/KAG7339680
.1 | 
xanthine/uracil/vitamin C 
permease [Nitzschia 
inconspicua] 

Nucleobase:Cation 
Symporter-2 (NCS2) 
Family 

(a) TRINITY_DN
19000_c0_g1 

Transmembrane protein 
TauE-like (IPR002781) 

NQY67781.1 | sulfite 
exporter TauE/SafE family 
protein [Flavobacteriales 
bacterium] 

6.8E-22 membrane 

The 4-Toluene 
Sulfonate Uptake 
Permease (TSUP) 
Family  

TC:2.A.
102.6.
3 

E-24 1.91  2.18  

(a) TRINITY_DN
1343_c2_g1 

Biopterin transporter family; 
MFS transporter superfamily 
(IPR039309, IPR036259) 

KAI2494246.1 | BT1-like 
protein [Fragilaria 
crotonensis] 

0 membrane 
The Folate-Biopterin 
Transporter (FBT) 
Family 

TC:2.A.
71.2.2 

E-39 1.76  1.46  

(a) TRINITY_DN
231_c13_g1 

MFS transporter superfamily 
(IPR011701, IPR036259) 

OEU07328.1 | MFS general 
substrate transporter 
[Fragilariopsis cylindrus 
CCMP1102] 

2.2E-136 
transmembrane 
transport 

The Major Facilitator 
Superfamily (MFS) 

TC:2.A.
1.2.80 

E-43 3.83  2.25  

(a) TRINITY_DN
2585_c1_g1 

MFS transporter superfamily 
(IPR036259, IPR011701, 
IPR044770, IPR020846) 

EED94687.1 | hypothetical 
protein 
THAPSDRAFT_261312, 
partial [Thalassiosira 
pseudonana CCMP1335] 

1.6E-81 
transmembrane 
transport 

The Major Facilitator 
Superfamily (MFS) 

TC:2.A.
1.66.3 

E-87 1.35  2.14  

(a) TRINITY_DN
3427_c5_g1 

MFS transporter 
superfamily; Major 
facilitator, sugar transporter-
like (IPR036259, IPR005828, 
IPR005829, IPR020846) 

KAG7359281.1 | major 
facilitator superfamily 
transporter [Nitzschia 
inconspicua] 

2.5E-68 
transmembrane 
transport 

The Major Facilitator 
Superfamily (MFS) 

TC:2.A.
1.82.5 

E-37 1.42  1.04  

(a) TRINITY_DN
9402_c0_g1 

MORN motif (IPR003409) 
KOO53739.1 | morn repeat 
protein [Chrysochromulina 
tobinii] 

4.4E-27 
transmembrane 
transport; calcium ion 
binding 

The Junctophilin (JP) 
Family  

TC:8.A.
110.1.
3 

E-20 1.96  1.65  

(a) TRINITY_DN
1645_c0_g1 

- 
EEC51806.1 | predicted 
protein [Phaeodactylum 
tricornutum CCAP 1055/1] 

1.3E-20 
transmembrane 
transport 

The Voltage-gated Ion 
Channel (VIC) 
Superfamily 

TC:1.A.
1.2.8 

0.0118 1.52  1.65  

(b) TRINITY_DN
4708_c0_g1 

Cation-transporting P-type 
ATPase, C-terminal 
(IPR006068, IPR023298) 

KAG7371055.1 | cation-
transporting P-type 
ATPase [Nitzschia 
inconspicua] 

5.9E-42 
nucleotide binding; 
membrane 

The P-type ATPase (P-
ATPase) Superfamily 

TC:3.A.
3.2.29 

E-06 -7.07  -4.95  

(b) TRINITY_DN
17148_c0_g1 

P-type ATPase, cytoplasmic 
domain N (IPR023299) 

KAI2508547.1 | Cation 
transport ATPase 
[Fragilaria crotonensis] 

1.6E-77 
nucleotide binding; 
membrane 

The P-type ATPase (P-
ATPase) Superfamily 

TC:3.A.
3.2.29 

E-20 -6.58  -5.29  

(b) TRINITY_DN
15658_c0_g1 

Cation-transporting P-type 
ATPase (IPR001757, 
IPR006068, IPR023214,  
IPR023298, IPR036412) 

KAG7359721.1 | HAD 
superfamily P-type ATPase 
[Nitzschia inconspicua] 

0 
nucleotide binding; 
membrane 

The P-type ATPase (P-
ATPase) Superfamily 

TC:3.A.
3.2.29 

E-84 -6.31  -5.28  

(b) TRINITY_DN
1350_c0_g1 

Cation-transporting P-type 
ATPase, N-terminal 
(IPR004014, 
IPR023214;IPR006068, 

KAG7371055.1 | cation-
transporting P-type 
ATPase [Nitzschia 
inconspicua] 

0 
nucleotide binding; 
membrane 

The P-type ATPase (P-
ATPase) Superfamily 

TC:3.A.
3.2.41 

E-163 -2.93  -2.38  
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IPR023299, IPR001757, 
IPR044492) 

(b) TRINITY_DN
37479_c0_g1 

Sodium-dependent 
phosphate transport protein 
(IPR003841, IPR030147) 

GFH53715.1 | hypothetical 
protein CTEN210_10191 
[Chaetoceros tenuissimus] 

0 
inorganic anion 
transport 

The Phosphate:Na+ 
Symporter (PNaS) 
Family 

TC:2.A.
58.1.7 

E-95 -1.32  -3.36  

(b) TRINITY_DN
5789_c0_g1 

Potassium channel domain 
(IPR013099, IPR003280) 

KAG7349485.1 | Kef-type 
K+ transporter [Nitzschia 
inconspicua] 

3.2E-103 
potassium ion 
transmembrane 
transport 

The Voltage-gated Ion 
Channel (VIC) 
Superfamily 

TC:1.A.
1.21.3 

E-09 -2.71  -3.43  

(b) TRINITY_DN
291_c1_g1 

Ccc1 family (IPR008217) 
NNC39198.1 | hypothetical 
protein [Acidimicrobiia 
bacterium] 

1.3E-38 
manganese ion 
transmembrane 
transport 

The Vacuolar Iron 
Transporter (VIT) 
Family 

TC:2.A.
89.1.2 

E-13 -4.38  -1.49  

(b) TRINITY_DN
1056_c3_g1 

Ccc1 family (IPR008217) 
EEC50371.1 | predicted 
protein [Phaeodactylum 
tricornutum CCAP 1055/1] 

9.1E-21 
manganese ion 
transmembrane 
transport 

The Vacuolar Iron 
Transporter (VIT) 
Family 

TC:2.A.
89.1.2 

E-07 -4.24  -1.59  

(b) TRINITY_DN
7512_c0_g1 

TRIC channel (IPR007866) 
EEC49465.1 | predicted 
protein [Phaeodactylum 
tricornutum CCAP 1055/1] 

5.5E-94 

identical protein binding; 
potassium ion 
transmembrane 
transport 

The Homotrimeric 
Cation Channel (TRIC) 
Family 

TC:1.A.
62.4.2 

0.0034 -2.98  -2.66  

(b) TRINITY_DN
2555_c1_g1 

EamA domain (IPR000620) 
KAG7354052.1 | EamA-like 
transporter family protein 
[Nitzschia inconspicua] 

5.4E-76 membrane 
The Drug/Metabolite 
Transporter (DMT) 
Superfamily 

TC:2.A.
7.3.53 

E-26 -2.05  -1.19  

(b) TRINITY_DN
555_c0_g2 

EamA domain; Magnesium 
transporter NIPA 
(IPR000620, IPR008521) 

GFH60843.1 | hypothetical 
protein CTEN210_17319 
[Chaetoceros tenuissimus] 

6.4E-85 
magnesium ion 
transmembrane 
transport 

The Drug/Metabolite 
Transporter (DMT) 
Superfamily 

TC:2.A.
7.29.4 

E-05 -1.57  -1.64  

(b) TRINITY_DN
1314_c1_g1 

Molybdate-anion 
transporter; MFS transporter 
superfamily (IPR008509, 
IPR036259) 

KAG7365329.1 | sugar 
transporter [Nitzschia 
inconspicua] 

0 
molybdate ion 
transmembrane 
transporter activity 

The Major Facilitator 
Superfamily (MFS) 

TC:2.A.
1.40.3 

E-59 -1.46  -2.39  

(b) TRINITY_DN
24295_c0_g1 

Bicarbonate transporter-like, 
transmembrane domain 
(IPR011531, IPR003020) 

EEC48580.1 | predicted 
protein [Phaeodactylum 
tricornutum CCAP 1055/1] 

6E-38 
inorganic anion 
transport 

The Anion Exchanger 
(AE) Family 

TC:2.A.
31.2.1
5 

E-18 -3.41  -2.02  

(b) TRINITY_DN
1401_c3_g2 

Bicarbonate transporter, 
eukaryotic (IPR011531, 
IPR003020) 

EEC48580.1 | predicted 
protein [Phaeodactylum 
tricornutum CCAP 1055/1 

1.1E-39 
inorganic anion 
transport 

The Anion Exchanger 
(AE) Family 

TC:2.A.
31.1.1 

E-08 -3.08  -1.94  

(b) TRINITY_DN
36612_c1_g2 

Bicarbonate transporter, 
eukaryotic (IPR011531, 
IPR003020) 

EEC42613.1 | predicted 
protein [Phaeodactylum 
tricornutum CCAP 1055/1] 

1.7E-61 
inorganic anion 
transport 

The Anion Exchanger 
(AE) Family 

TC:2.A.
31.2.4 

E-29 -3.30  -1.57  

(b) TRINITY_DN
5264_c0_g1 

Bicarbonate transporter, 
eukaryotic (IPR011531, 
IPR003020) 

EEC48580.1 | predicted 
protein [Phaeodactylum 
tricornutum CCAP 1055/1] 

2.7E-124 
inorganic anion 
transport 

The Anion Exchanger 
(AE) Family 

TC:2.A.
31.2.1
6 

E-46 -2.88  -1.61  

(b) TRINITY_DN
8091_c0_g1 

Bicarbonate transporter, 
eukaryotic (;IPR003020, 
IPR011531) 

KAI2504608.1 | HCO3- 
transporter family 
[Fragilaria crotonensis] 

0 
inorganic anion 
transport 

The Anion Exchanger 
(AE) Family 

TC:2.A.
31.2.1
6 

E-70 -1.12  -1.31  

(b) TRINITY_DN
2135_c1_g1 

EF-hand domain; NCX, 
central ion-binding domain 
superfamily (IPR002048, 
IPR044880, IPR004481, 
IPR004837, IPR018247, 
IPR011992) 

KAG7357370.1 | CaCA 
family Na+/Ca+ 
antiporter [Nitzschia 
inconspicua] 

0 
calcium, 
potassium:sodium 
antiporter activity 

The Ca2+:Cation 
Antiporter (CaCA) 
Family 

TC:2.A.
19.4.2 

E-99 -1.71  -1.07  
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(b) TRINITY_DN
4715_c0_g1 

Bestrophin/UPF0187 
(IPR021134) 

EEC44724.1 | predicted 
protein [Phaeodactylum 
tricornutum CCAP 1055/1] 

1.5E-25 
chloride transmembrane 
transport 

The Anion Channel-
forming Bestrophin 
(Bestrophin) Family 

TC:1.A.
46.2.5 

0.0005 -1.25  -1.50  

(b) TRINITY_DN
2225_c0_g1 

SLC26A/SulP transporter 
domain (IPR011547, 
IPR001902) 

PSC69898.1 | sulfate 
transporter [Micractinium 
conductrix] 

2.9E-60 sulfate transport 
The Sulfate Permease 
(SulP) Family 

TC:2.A.
53.1.1
4 

E-66 -1.22  -1.40  

(b) TRINITY_DN
1407_c1_g2 

Voltage-dependent channel 
domain superfamily; 
Adenylyl cyclase class-
3/4/guanylyl cyclase 
(IPR027359, IPR001054, 
IPR029787) 

GFH57281.1 | hypothetical 
protein CTEN210_13757 
[Chaetoceros tenuissimus] 

0 
ion channel activity; 
cyclic nucleotide 
biosynthetic process 

The Guanylate Cyclase 
(GC) Family  

TC:8.A.
85.1.8 

E-45 -1.41  -1.12  

(b) TRINITY_DN
7785_c0_g1 

Sugar/inositol transporter; 
MFS transporter superfamily 
(IPR003663, IPR005828, 
IPR036259, IPR020846) 

KAI2500116.1 | major 
facilitator superfamily-like 
protein [Fragilaria 
crotonensis] 

0 
carbohydrate 
transmembrane 
transporter activity 

The Major Facilitator 
Superfamily (MFS) 

TC:2.A.
1.1.13
2 

E-105 -3.51  -2.98  

(b) TRINITY_DN
35115_c0_g1 

MFS transporter superfamily 
(IPR011701, IPR036259, 
IPR020846) 

GFH51031.1 | hypothetical 
protein CTEN210_07507 
[Chaetoceros tenuissimus] 

1.2E-151 
transmembrane 
transport 

The Major Facilitator 
Superfamily (MFS) 

TC:2.A.
1.2.10
4 

E-30 -1.94  -1.23  

(b) TRINITY_DN
6699_c2_g2 

SWEET sugar transporter 
(IPR004316) 

GFH53799.1 | hypothetical 
protein CTEN210_10275 
[Chaetoceros tenuissimus] 

4E-28 carbohydrate transport 
The Sweet; PQ-loop; 
Saliva; MtN3 (Sweet) 
Family 

TC:2.A.
123.1.
17 

E-16 -2.55  -1.46  

(b) TRINITY_DN
6073_c0_g1 

SWEET sugar transporter 
(IPR004316) 

EEC51987.1 | predicted 
protein [Phaeodactylum 
tricornutum CCAP 1055/1] 

3.3E-57 membrane 
The Sweet; PQ-loop; 
Saliva; MtN3 (Sweet) 
Family 

TC:2.A.
123.1.
13 

E-24 -2.06  -1.61  

(b) TRINITY_DN
26397_c0_g1 

ABC transporter type 1, 
transmembrane domain 
(IPR011527, IPR036640, 
IPR039421) 

EJK46387.1 | hypothetical 
protein THAOC_34944, 
partial [Thalassiosira 
oceanica] 

3.5E-85 
nucleotide binding; 
transmembrane 
transport 

The ATP-binding 
Cassette (ABC) 
Superfamily 

TC:3.A.
1.201.
1 

E-24 -1.97  -1.24  

(b) TRINITY_DN
6502_c0_g1 

Amino acid transporter, 
transmembrane domain 
(IPR013057) 

EJK67700.1 | hypothetical 
protein THAOC_11234 
[Thalassiosira oceanica] 

1.7E-111 membrane 
The Amino Acid/Auxin 
Permease (AAAP) 
Family 

TC:2.A.
18.6.8 

E-28 -1.51  -1.49  

(b) TRINITY_DN
601_c5_g1 

Mitochondrial 
substrate/solute carrier 
(IPR023395, IPR018108)  

KAG7366653.1 | 
mitochondrial carrier 
protein [Nitzschia 
inconspicua] 

2.3E-10 
mitochondrial 
transmembrane 
transport 

The Mitochondrial 
Carrier (MC) Family 

TC:2.A.
29.14.
8 

0.0001 -1.97  -2.50  

(b) TRINITY_DN
2793_c0_g1 

Mitochondrial 
substrate/solute carrier 
(IPR002067, IPR023395, 
IPR018108) 

GFH52009.1 | hypothetical 
protein CTEN210_08485 
[Chaetoceros tenuissimus] 

2.8E-172 

transmembrane 
transport; membrane; 
integral component of 
membrane 

The Mitochondrial 
Carrier (MC) Family 

TC:2.A.
29.2.9 

E-42 -2.24  -1.64  
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Table S4. Annotations and expression levels of the shared DEGs containing ankyrin repeat. The first column indicates the area on the Venn diagrams 

in Fig. 1. Note that the two genes containing ankyrin repeat (TRINITY_DN3240_c5_g1 and TRINITY_DN9587_c0_g1) were listed in table S4 and S1, 

respectively, and are not in this table. 

 

 

 

Venn 
diagram 

Gene InterPro accession 
NCBI Blastp Mapping GO term  

by NCBI Blastp 

Log2FC 

Top hit E-value HA-01 HA-02 

(a) TRINITY_DN21_c0_g2 
Ankyrin repeat 
(IPR002110, IPR036770) 

KAG7361234.1|2-oxyglutarate/Fe(II) 
oxygenase [Nitzschia inconspicua] 

4E-108 - 3.79  3.77  

(a) TRINITY_DN22764_c0_g1 
Ankyrin repeat 
(IPR002110, IPR036770) 

KAI2501697.1|hypothetical protein 
MHU86_12765 [Fragilaria 
crotonensis] 

8E-169 - 1.48  2.40  

(a) TRINITY_DN13496_c0_g1 
Ankyrin repeat 
(IPR002110, IPR036770) 

GFH58047.1|hypothetical protein 
CTEN210_14523 [Chaetoceros 
tenuissimus] 

1.8E-45 - 6.72  2.12  

(a) TRINITY_DN5738_c0_g1 

WGR domain; Ankyrin 
repeat; Poly(ADP-ribose) 
polymerase, catalytic 
domain (IPR008893, 
IPR002110, IPR012317, 
IPR036770, IPR004102, 
IPR036616) 

KNC87483.1|hypothetical protein 
SARC_00417 [Sphaeroforma arctica 
JP610] 

0 

glycosyltransferase 
activity; protein ADP-

ribosylation; 
phosphorylation 

(GO:0016757, GO:0006471, 
GO:0016310, GO:0016740, 
GO:0016301, GO:0003950, 

GO:0005634) 

1.97  1.57  

(a) TRINITY_DN1775_c0_g1 
Ankyrin repeat 
(IPR002110, IPR036770) 

EJK76137.1|hypothetical protein 
THAOC_02119 [Thalassiosira 
oceanica] 

7.9E-88 - 2.12  1.50  

(b) TRINITY_DN1425_c2_g1 
Ankyrin repeat 
(IPR002110, IPR036770) 

GFH55523.1|hypothetical protein 
CTEN210_11999 [Chaetoceros 
tenuissimus] 

3E-175 - -2.42  -1.56  

(b) TRINITY_DN347_c5_g2 
Ankyrin repeat 
(IPR002110, IPR036770) 

- - - -1.52  -1.71  

(b) TRINITY_DN13936_c0_g1 
Ankyrin repeat 
(IPR002110, IPR036770) 

GAX12363.1|hypothetical protein 
FisN_1Hh296 [Fistulifera solaris] 

0.0003
9 

- -1.48  -1.43  
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Table S5. Annotations and expression levels of the DEGs shared between the strains, encoding proteins involved in motor protein activity and 

membrane trafficking. The first column indicates the area on the Venn diagrams in Fig. 1.  
  Venn 

diagram 
Gene InterPro Accession 

NCBI Blastp 
Mapping GO term by NCBI Blastp 

Log2FC 
  Top hit E-value HA-01 HA-02 

Motor protein activity 

 (a) TRINITY_DN429
_c4_g1 

Growth arrest-specific protein 8 
domain (IPR025593, IPR039308) 

KAG8459196.1|hypothetical 
protein KFE25_005707 
[Diacronema lutheri] 

2.40E-25 

axonemal dynein complex assembly; small GTPase 
binding; cilium; microtubule binding; protein 
localization; Golgi apparatus; axoneme (GO:0005856, 
GO:0005515, GO:0048870, GO:0005737, GO:0070286, 
GO:0031267, GO:0005929, GO:0097729, GO:0031514, 
GO:0060294, GO:0008017, GO:0008104, GO:0005794, 
GO:0005874, GO:0042995, GO:0005930) 

1.27  1.26  

 (a) TRINITY_DN356
_c1_g3 

Metallo-beta-lactamase; 
Ribonuclease 
Z/Hydroxyacylglutathione 
hydrolase-like (IPR001279, 
IPR036866) 

EEC42667.1|predicted protein, 
partial [Phaeodactylum 
tricornutum CCAP 1055/1] 

1.40E-25 

nucleotide binding; microtubule motor activity; zinc 
ion binding; microtubule binding; ATP binding; N-
acylphosphatidylethanolamine-specific phospholipase 
D activity (GO:0000166, GO:0003777, GO:0008270, 
GO:0008017, GO:0005874, GO:0005524, GO:0016787, 
GO:0007018, GO:0070290) 

1.25  1.52  

 (a) TRINITY_DN789
5_c0_g1 

- 
GAX18345.1|hypothetical 
protein FisN_23Hh239 
[Fistulifera solaris] 

9.70E-16 cortical microtubule organization (GO:0043622) 1.16  1.38  

 (a) TRINITY_DN211
64_c0_g1 

Tetratricopeptide repeat 
(IPR019734, IPR011990) 

EDV19007.1|hypothetical 
protein TRIADDRAFT_62542, 
partial [Trichoplax adhaerens] 

1.90E-10 

glycosyltransferase activity; NAD+-protein-arginine 
ADP-ribosyltransferase activity; signal transduction; 
protein ADP-ribosylation; kinesin complex; 
microtubule (GO:0005856, GO:0016757, GO:0005737, 
GO:0106274, GO:0007165, GO:0006471, GO:0005871, 
GO:0016740, GO:0005874) 

1.12  1.77  

 (b) TRINITY_DN810
2_c0_g1 

WD40 repeat; WD40/YVTN repeat-
like-containing domain superfamily 
(IPR001680, IPR015943, 
IPR015943, IPR036322) 

EGB09149.1|hypothetical 
protein AURANDRAFT_25101 
[Aureococcus anophagefferens] 

1.30E-78 - -3.75  -2.41  

 (b) TRINITY_DN104
80_c0_g2 

PIH1D1/2/3, CS-like domain; 
Dynein axonemal assembly factor 6 
(IPR041442, IPR026697) 

RYH29894.1|hypothetical 
protein EON65_06950 
[archaeon] 

1.10E-33 
axonemal dynein complex assembly; chaperone 
binding (GO:0070286, GO:0051087) 

-2.52  -1.03  

 (b) TRINITY_DN147
0_c2_g2 

Myosin head, motor domain; IQ 
motif, EF-hand binding site; P-loop 
containing nucleoside triphosphate 
hydrolase (IPR001609, IPR000048, 
IPR036961, IPR027417) 

GFH52842.1|myosin G 
[Chaetoceros tenuissimus] 

0 

myosin complex; nucleotide binding; actin binding; 
ATP binding; cytoskeletal motor activity; hydrolase 
activity (GO:0016459, GO:0000166, GO:0003779, 
GO:0005524, GO:0003774, GO:0016787) 

-1.03  -1.41  

Membrane trafficking 

 (a) TRINITY_DN230
0_c0_g1 

C2 domain; Copine, C2B domain 
(IPR000008, IPR035892, 
IPR045052, IPR037768) 

EEC47209.1|predicted protein, 
partial [Phaeodactylum 
tricornutum CCAP 1055/1] 

5.00E-21 
calcium-dependent phospholipid binding 
(GO:0005544) 

4.17  4.01  

 (a) TRINITY_DN324
0_c5_g1 

Ankyrin repeat; v-SNARE, coiled-
coil homology domain (IPR002110, 
IPR036770, IPR042855) 

EJK65911.1|hypothetical 
protein THAOC_13192 
[Thalassiosira oceanica] 

8.20E-24 calcium ion binding (GO:0005509) 1.28  1.05  
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 (a) TRINITY_DN493
3_c5_g1 

Nucleotide-sugar transporter 
(IPR007271) 

EJK69357.1|hypothetical 
protein THAOC_09395 
[Thalassiosira oceanica] 

4.70E-75 

pyrimidine nucleotide-sugar transmembrane 
transport; Golgi membrane (GO:0016020, 
GO:0015165, GO:0016021, GO:0008643, GO:0000139, 
GO:0090481) 

2.04  1.75  

 (a) TRINITY_DN171
_c28_g1 

Conserved oligomeric Golgi complex 
subunit 8 (IPR007255) 

EJK54047.1|hypothetical 
protein THAOC_26404 
[Thalassiosira oceanica] 

1.40E-78 
Golgi transport complex; protein transport; Golgi 
apparatus (GO:0017119, GO:0016020, GO:0015031, 
GO:0005794) 

1.45  1.61  

 (a) TRINITY_DN552
6_c0_g1 

AP complex, mu/sigma subunit; 
Coatomer subunit zeta; Longin-like 
domain superfamily (IPR022775, 
IPR039652, IPR011012) 

GFH48759.1|hypothetical 
protein CTEN210_05235 
[Chaetoceros tenuissimus] 

8.50E-92 

retrograde vesicle-mediated transport, Golgi to 
endoplasmic reticulum; protein transport; COPI-coated 
vesicle membrane (GO:0016192, GO:0005737, 
GO:0006890, GO:0016020, GO:0015031, GO:0031410, 
GO:0030663, GO:0005794, GO:0000139, GO:0030126) 

1.20  1.05  

 (a) TRINITY_DN326
8_c1_g1 

Vacuolar protein sorting-associated 
protein IST1-like (IPR042277, 
IPR005061)f 

GFH43834.1|hypothetical 
protein CTEN210_00307 
[Chaetoceros tenuissimus] 

6.90E-88 protein transport (GO:0015031) 1.76  1.00  

 (a) TRINITY_DN177
1_c0_g2 

P-loop containing nucleoside 
triphosphate hydrolase; Dynamin; 
Dynamin-type guanine nucleotide-
binding (G) domain (IPR027417, 
IPR022812, IPR030381) 

NYZ17637.1|calcium-binding 
protein [Azospirillum 
oleiclasticum] 

8.90E-06 - 1.66  1.16  

 (a) TRINITY_DN920
9_c0_g1 

Rab GDI protein; GDP dissociation 
inhibitor; GDP dissociation 
inhibitor; FAD/NAD(P)-binding 
domain superfamily (IPR000806, 
IPR018203, IPR018203, 
IPR036188) 

EJK68651.1|hypothetical 
protein THAOC_10150, partial 
[Thalassiosira oceanica] 

0 

Rab GDP-dissociation inhibitor activity; small GTPase 
mediated signal transduction; protein transport 
(GO:0005092, GO:0005093, GO:0007264, GO:0050790, 
GO:0015031) 

2.02  1.78  

 (b) TRINITY_DN227
9_c2_g1 

Vacuolar protein sorting-associated 
protein 13 (IPR009543, 
IPR026847) 

KAI2491565.1|vacuolar sorting-
associated protein 13 
[Fragilaria crotonensis] 

0 lipid transport (GO:0006869) -1.91  -1.32  

 (b) TRINITY_DN768
_c0_g1 

Small GTPase; P-loop containing 
nucleoside triphosphate hydrolase 
(IPR001806, IPR027417, 
IPR005225) 

GFH45444.1|small GTP binding 
protein Rab1A [Chaetoceros 
tenuissimus] 

5.90E-
102 

GTP binding; GTPase activity (GO:0005525, 
GO:0003924) 

-1.77  -1.26  

  (b) TRINITY_DN209
38_c0_g1 

P-loop containing nucleoside 
triphosphate hydrolase; EH domain-
containing protein, N-terminal; 
Domain of unknown function 
DUF5600; Dynamin, N-terminal 
(IPR027417, IPR031692, 
IPR040990, IPR045063, IPR029945, 
IPR030381) 

EGB05878.1|hypothetical 
protein AURANDRAFT_30262 
[Aureococcus anophagefferens] 

2.10E-
148 

endosome; GTP binding; nucleotide binding; calcium 
ion binding; actin cytoskeleton organization; ATP 
binding (GO:0005768, GO:0005525, GO:0000166, 
GO:0046872, GO:0016020, GO:0005509, GO:0032456, 
GO:0030036, GO:0010008, GO:0005524, GO:0005886) 

-1.24  -1.05  
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Table S5. Putative TEs up‐ or down‐ regulated in salinity 2 in the both strains. The first column indicates the area on the Venn diagrams in Fig. 1. 

Gene InterPro accession 
NCBI Blastp GyDB Blastx Log2FC 

Top hit E-value Top hit E-value HA-01 HA-02  

TRINITY_DN11053_c0_g1 - 
KAI2493199.1|hypothetical protein 
MHU86_21348 [Fragilaria crotonensis] 

1.70E-22 - - -5.09 -3.11 

TRINITY_DN11950_c2_g1 
Zinc finger, CCHC-type 
(IPR001878, IPR036875) 

KAI2490608.1|Reverse transcriptase 
(RNA-dependent DNA polymerase) 
[Fragilaria crotonensis] 

5.60E-27 GAG_Tnt-1 0.0004 -3.58 -6.42 

TRINITY_DN12997_c2_g1 

Reverse 
transcriptase/retrotransposon-
derived protein (IPR041577, 
IPR043502) 

NBR26683.1|hypothetical protein 
[Micrococcales bacterium] 

1.20E-46 RNaseH_HMS-Beagle 1.00E-23 -1.84 -1.38 

TRINITY_DN14959_c0_g2 

Reverse transcriptase, RNA-
dependent DNA polymerase 
(IPR013103, IPR036397, 
IPR012337) 

ABY63657.1|gag-
pol/CAP62384.1|Blackbeard 
[Phaeodactylum tricornutum] 

0 RT_CoDi4.3 4.00E-78 -1.85 -1.9 

TRINITY_DN14959_c0_g3 - 
ACA60884.1|gag protein 
[Phaeodactylum tricornutum] 

8.40E-31 GAG_CoDi4.3 3.00E-35 -3.09 -5.96 

TRINITY_DN15363_c0_g1 

Reverse transcriptase, RNA-
dependent DNA polymerase 
(IPR036397, IPR013103, 
IPR012337) 

ACA60889.1|pol protein [Thalassiosira 
pseudonana] 

0 RT_CoDi4.5 9.00E-97 -1.22 -2.41 

TRINITY_DN176_c1_g1 
Reverse transcriptase, RNA-
dependent DNA polymerase 
(IPR013103, IPR043502) 

GFH45823.1|hypothetical protein 
CTEN210_02297 [Chaetoceros 
tenuissimus] 

0 RT_CoDi6.3 4.00E-45 -1.46 -1.01 

TRINITY_DN18312_c0_g3 
Reverse transcriptase, RNA-
dependent DNA polymerase 
(IPR013103, IPR043502) 

KAG7341273.1|reverse transcriptase 
RNA-dependent DNA polymerase 
[Nitzschia inconspicua] 

0 RT_CoDi4.5 3.00E-95 -1.36 -1.62 

TRINITY_DN1938_c0_g1 
Integrase zinc-binding domain 
(IPR041588) 

MCK7501271.1|reverse transcriptase 
domain-containing protein 
[Comamonadaceae bacterium] 

5.00E-22 RNaseH_Diaspora 3E-16 -1.59 -1.18 

TRINITY_DN21298_c1_g2 - 
KAI2506113.1|Reverse transcriptase 
(RNA-dependent DNA polymerase) 
[Fragilaria crotonensis] 

1.90E-73 - - -2.7 -2.65 

TRINITY_DN21827_c0_g1 - 
KAI2500803.1|Reverse transcriptase 
(RNA-dependent DNA polymerase) 
[Fragilaria crotonensis] 

5.10E-172 RNaseH_Mtanga 1.00E-15 -1.63 -2.7 

TRINITY_DN21991_c0_g1 
Reverse transcriptase, RNA-
dependent DNA polymerase 
(IPR013103) 

KAG7341273.1|reverse transcriptase 
RNA-dependent DNA polymerase 
[Nitzschia inconspicua] 

0 RT_CoDi4.5 1.00E-91 -2.6 -2.51 

TRINITY_DN22405_c0_g1 
Reverse transcriptase, RNA-
dependent DNA polymerase 
(IPR013103, IPR043502) 

EJK63769.1|hypothetical protein 
THAOC_15555 [Thalassiosira oceanica] 

0 INT_CoDi6.6 5.00E-59 -2.55 -2.43 

TRINITY_DN22792_c0_g1 

Reverse transcriptase/ 
retrotransposon-derived protein 
(IPR041577, IPR041588, 
IPR043502) 

KAI2490057.1|transposition [Fragilaria 
crotonensis] 

1.20E-56 RNaseH_Yoyo 1.00E-21 -4.06 -3.99 
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TRINITY_DN22892_c1_g2 - 
MCK7499178.1|hypothetical protein 
[Comamonadaceae bacterium] 

1.80E-140 RNaseH_CopiaSL_23 1.00E-11 -4.58 -5.51 

TRINITY_DN24020_c1_g1 - 
KAI2512927.1|Reverse transcriptase 
(RNA-dependent DNA polymerase) 
[Fragilaria crotonensis] 

7.90E-50 RNaseH_CopiaSL_23 0.0007 -2.78 -2.25 

TRINITY_DN24263_c0_g1 

Reverse 
transcriptase/Diguanylate cyclase 
domain (IPR000477, IPR043128, 
IPR043502) 

GAX23113.1|hypothetical protein 
FisN_UnNu094 [Fistulifera solaris] 

1.30E-30 RT_Cer1 2.00E-27 -1.29 -1.87 

TRINITY_DN24727_c0_g1 
PiggyBac transposable element-
derived protein (IPR029526) 

AYV87236.1|MAG: hypothetical protein 
Sylvanvirus41_1, partial [Sylvanvirus 
sp.] 

2.20E-14 -   -4.45 -4.23 

TRINITY_DN25351_c0_g2 
Zinc finger, CCHC-type 
(IPR001878, IPR036875) 

KAI2490608.1|Reverse transcriptase 
(RNA-dependent DNA polymerase) 
[Fragilaria crotonensis] 

3.20E-46 GAG_Retrosat-2 0.00002 -3.87 -3.84 

TRINITY_DN28282_c0_g1 - 
KAH9089508.1|hypothetical protein 
Ae201684P_007677 [Aphanomyces 
euteiches] 

6.50E-05 RNaseH_GypsySL_11 4E-12 1.02 1.46 

TRINITY_DN28388_c0_g1 - 
MCP4746268.1|reverse transcriptase 
family protein [Desulfobacteraceae 
bacterium] 

6.00E-12 -   -1.03 -1.18 

TRINITY_DN29047_c0_g1 
Zinc finger, CCHC-type 
(IPR001878, IPR036875) 

KAG7364547.1|hypothetical protein 
IV203_037749 [Nitzschia inconspicua] 

6.20E-06 GAG_Tma 0.003 -1.29 -1.19 

TRINITY_DN29819_c0_g1 - 
KAI2493200.1|Reverse transcriptase 
(RNA-dependent DNA polymerase) 
[Fragilaria crotonensis] 

4.20E-73 RT_CopiaSL_05 3.00E-06 -3.54 -4.35 

TRINITY_DN29898_c0_g1 

Reverse transcriptase, RNA-
dependent DNA polymerase 
(IPR036397, IPR013103, 
IPR001584, IPR012337) 

ACA60878.1|gag-pol polyprotein 
[Phaeodactylum tricornutum] 

0 RT_CoDi2.4 3.00E-93 -1.97 -2.05 

TRINITY_DN32369_c0_g1 
Reverse transcriptase, RNA-
dependent DNA polymerase 
(IPR013103) 

KAI2490200.1|Reverse transcriptase 
(RNA-dependent DNA polymerase) 
[Fragilaria crotonensis] 

7.00E-118 RT_CoDi4.5 2.00E-50 -1.82 -2.16 

TRINITY_DN3255_c0_g3 
PiggyBac transposable element-
derived protein (IPR029526) 

XP_034824097.1|piggyBac transposable 
element-derived protein 3-like [Maniola 
hyperantus] 

1.20E-13 RNaseH_Real 0.83 2.98 3.77 

TRINITY_DN35736_c0_g1 - 
KAG7342125.1|reverse transcriptase 
RNA-dependent DNA polymerase 
[Nitzschia inconspicua] 

2.00E-53 RT_1731 1.00E-05 -4.22 -3.37 

TRINITY_DN36035_c0_g1 - 
KAI2493200.1|Reverse transcriptase 
(RNA-dependent DNA polymerase) 
[Fragilaria crotonensis] 

7.30E-38 RT_Retrofit 3.00E-10 -4.55 -5.2 

TRINITY_DN36380_c0_g1 - 
MCH94884.1|retrovirus-related Pol 
polyprotein from transposon TNT 1-94 
[Trifolium medium] 

8.90E-04 GAG_CoDi7.1 6.00E-06 -1.37 -1.97 

TRINITY_DN440_c0_g2 
Reverse transcriptase, RNA-
dependent DNA polymerase 
(IPR013103) 

KAI2503956.1|Reverse transcriptase 
(RNA-dependent DNA polymerase) 
[Fragilaria crotonensis] 

6.50E-45 RT_CoDi3.1 1.00E-60 -1.73 -1.26 
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TRINITY_DN4426_c4_g1 - 
KAI2490608.1|Reverse transcriptase 
(RNA-dependent DNA polymerase) 
[Fragilaria crotonensis] 

6.30E-09 -   -6.02 -5.09 

TRINITY_DN46482_c0_g2 - 
KAG7344469.1|reverse transcriptase 
RNA-dependent DNA polymerase 
[Nitzschia inconspicua] 

3.60E-04 RT_Osvaldo 9E-24 -1.54 -1.98 

TRINITY_DN51460_c0_g1 
Reverse transcriptase, RNA-
dependent DNA polymerase 
(IPR013103, IPR043502) 

KAI2494468.1|Reverse transcriptase 
(RNA-dependent DNA polymerase) 
[Fragilaria crotonensis] 

2.10E-83 RT_CoDi4.5 9.00E-91 -2.52 -4.71 

TRINITY_DN540_c3_g2 

Reverse transcriptase, RNA-
dependent DNA polymerase 
(IPR013103, IPR036397, 
IPR001584, IPR012337) 

ACA60912.1|gag-pol polyprotein 
[Phaeodactylum tricornutum] 

0 INT_CoDi7.1 
9.00E-

143 
-1.17 -1.3 

TRINITY_DN5578_c0_g1 
Reverse transcriptase, RNA-
dependent DNA polymerase 
(IPR013103) 

KAG7341273.1|reverse transcriptase 
RNA-dependent DNA polymerase 
[Nitzschia inconspicua] 

0 RT_CoDi4.5 
2.00E-

108 
-1.77 -3.43 

TRINITY_DN62452_c0_g1 
Reverse 
transcriptase/Diguanylate cyclase 
domain (IPR043128, IPR043502) 

MCK7501271.1|reverse transcriptase 
domain-containing protein 
[Comamonadaceae bacterium] 

1.60E-22 INT_marY1 0.00001 -3.11 -3.28 

TRINITY_DN6416_c0_g1 
Reverse transcriptase, RNA-
dependent DNA polymerase 
(IPR013103) 

KAI2491145.1|Reverse transcriptase 
(RNA-dependent DNA polymerase) 
[Fragilaria crotonensis] 

2.00E-64 RNaseH_CoDi2.4 3.00E-48 -1.23 -1.42 

TRINITY_DN666_c8_g1 
PiggyBac transposable element-
derived protein (IPR029526) 

XP_034824097.1|piggyBac transposable 
element-derived protein 3-like [Maniola 
hyperantus] 

1.20E-75 
TR_LsGINGER2-

1_Repbaseaccession_Gi
nger2-1_LS 

0.4 -2.18 -1.62 

TRINITY_DN7129_c0_g1 - 
KMZ58833.1|hypothetical protein 
ZOSMA_7339G00010, partial [Zostera 
marina] 

3.40E-122 RNaseH_CopiaSL_23 4E-17 -1.57 -4.11 

TRINITY_DN7894_c1_g1 - 
KAI2512927.1|Reverse transcriptase 
(RNA-dependent DNA polymerase) 
[Fragilaria crotonensis] 

1.50E-88 RNaseH_Mtanga 2.00E-23 -4.36 -2.69 
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Table S6. Putative TEs up‐ or down‐ regulated in salinity but not shared among the strains (TEs 

contained in parcels other than (a) and (b) in the Venn diagram in Fig. 1). Log2FC values are shown 

for DEGs only. Not DE=not differentially expressed.  

Gene Sequence description 
GyDB Blastp  Log2FC 

Top hit E-value  HA-01 HA-02 

TRINITY_DN11030_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_Sto-4 0.0000003  not DE -1.89 

TRINITY_DN11278_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi4.4 7E-37  not DE 1.21 

TRINITY_DN1147_c9_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi4.3 1E-58  not DE 1.77 

TRINITY_DN11667_c0_g1 gag protein AP_CoDi4.3 5E-14  not DE -1.98 

TRINITY_DN11892_c0_g2 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_CopiaSL_09 2E-09  not DE 1.93 

TRINITY_DN11970_c0_g1 pol protein INT_412 0.00000001  not DE -3.60 

TRINITY_DN120_c8_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_pCretro6 2E-21  not DE -1.16 

TRINITY_DN12194_c0_g1 transposase IS4 - -  not DE -5.36 

TRINITY_DN12594_c0_g2 
gag-polypeptide of LTR 

copia-type 
GAG_CoDi6.3 2E-66  not DE -3.88 

TRINITY_DN1293_c25_g1 gag protein GAG_CoDi4.3 1E-14  not DE 2.93 

TRINITY_DN13080_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi2.4 5E-80  not DE -2.30 

TRINITY_DN13173_c0_g1 pol protein RNaseH_CoDi4.3 7E-30  not DE -3.96 

TRINITY_DN13257_c1_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi2.4 1E-77  not DE -1.87 

TRINITY_DN13333_c0_g1 transposase IS4 - -  not DE -2.29 

TRINITY_DN13609_c1_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi4.5 3E-75  not DE -2.44 

TRINITY_DN13780_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_DRM 2E-45  not DE -5.24 

TRINITY_DN1411_c0_g1 

piggyBac transposable 

element-derived protein 4-

like 

- -  not DE 1.22 

TRINITY_DN14898_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
GAG_CoDi4.3 0.00000001  not DE 1.93 

TRINITY_DN16114_c0_g1 transposase IS4 - -  not DE -1.59 

TRINITY_DN16133_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi2.4 1E-64  not DE -2.58 

TRINITY_DN18354_c0_g2 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
- -  not DE 3.04 

TRINITY_DN18740_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi4.5 9E-62  not DE -2.82 

TRINITY_DN19720_c0_g1 gag-pol polyprotein RT_CoDi6.3 8E-62  not DE -2.64 

TRINITY_DN20314_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi3.1 0.0006  not DE 1.23 

TRINITY_DN21162_c0_g2 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_CopiaSL_23 1E-13  not DE -1.76 

TRINITY_DN21460_c0_g1 
reverse transcriptase 

domain-containing protein 
RNaseH_17.6 1E-30  not DE -5.52 
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TRINITY_DN21635_c0_g1 transposase IS4 - -  not DE 2.00 

TRINITY_DN2165_c6_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi4.5 8E-47  not DE 1.75 

TRINITY_DN21933_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi6.3 3E-96  not DE -2.41 

TRINITY_DN22707_c1_g1 Pogo transposable element - -  not DE -3.41 

TRINITY_DN23550_c0_g1 

piggyBac transposable 

element-derived protein 3-

like 

- -  not DE -2.51 

TRINITY_DN2369_c0_g1 
tigger transposable element-

derived protein 4-like 
- -  not DE 1.41 

TRINITY_DN24163_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi4.3 1E-64  not DE -1.68 

TRINITY_DN24357_c0_g1 
reverse transcriptase 

domain-containing protein 
- -  not DE -2.09 

TRINITY_DN24824_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi2.4 2E-87  not DE -3.18 

TRINITY_DN26423_c0_g1 transposase IS4 

TR_LsGINGER2-

1_Repbaseaccession_

Ginger2-1_LS 

0.0003  not DE -2.58 

TRINITY_DN26905_c3_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi4.4 4E-84  not DE -3.28 

TRINITY_DN2791_c1_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
TAV_TVCV 0.057  not DE -1.09 

TRINITY_DN2829_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi6.6 0.00000001  not DE -3.07 

TRINITY_DN28670_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_CoDi4.5 9E-72  not DE -5.17 

TRINITY_DN2996_c1_g2 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
- -  not DE -1.32 

TRINITY_DN3028_c0_g1 
tigger transposable element-

derived protein 4-like 
- -  not DE 1.46 

TRINITY_DN31435_c1_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_CopiaSL_23 2E-19  not DE -3.18 

TRINITY_DN31914_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_CoDi5.2 3E-62  not DE -3.26 

TRINITY_DN3204_c1_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi5.5 4E-49  not DE 5.6 

TRINITY_DN32229_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
- -  not DE -2.97 

TRINITY_DN32405_c0_g2 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
CHR_CoDi4.3 5E-17  not DE -4.74 

TRINITY_DN32657_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
INT_CoDi4.5 6E-69  not DE 1.51 

TRINITY_DN33107_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi6.3 2E-41  not DE -3.62 

TRINITY_DN33424_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi3.1 2E-48  not DE 3.85 

TRINITY_DN36162_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
AP_CoDi4.3 3E-24  not DE -4.68 
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TRINITY_DN3853_c1_g2 

piggyBac transposable 

element-derived protein 3-

like 

- -  not DE 3.00 

TRINITY_DN42522_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
- -  not DE -6.29 

TRINITY_DN4356_c0_g1 Transposase IS4 - -  not DE 1.64 

TRINITY_DN4947_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_CopiaSL_23 2E-23  not DE -1.08 

TRINITY_DN5897_c0_g1 transposase IS4 - -  not DE -2.55 

TRINITY_DN6360_c3_g1 
DDE superfamily 

endonuclease 
- -  not DE -2.72 

TRINITY_DN6615_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi2.4 1E-55  not DE -5.93 

TRINITY_DN66948_c0_g1 gag-pol polyprotein GAG_CoDi6.3 7E-12  not DE -5.37 

TRINITY_DN7181_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi4.3 2E-57  not DE -1.46 

TRINITY_DN7449_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi4.3 3E-56  not DE -5.37 

TRINITY_DN7903_c0_g1 transposase IS4 

TR_LsGINGER2-

1_Repbaseaccession_

Ginger2-1_LS 

0.005  not DE -3.03 

TRINITY_DN794_c0_g2 
Tigger transposable element-

derived protein 6 
- -  not DE 1.88 

TRINITY_DN8255_c0_g1 Copia protein RNaseH_CoDi6.2 4E-28  not DE -3.13 

TRINITY_DN8268_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_1731 0.00000006  not DE -2.86 

TRINITY_DN9052_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi6.6 0.000003  not DE 2.12 

TRINITY_DN9584_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi4.3 2E-82  not DE -2.28 

TRINITY_DN5173_c0_g2 

piggyBac transposable 

element-derived protein 3-

like 

- -  4.28 -2.80 

TRINITY_DN14869_c0_g1 Transposase IS4 - -  2.91 -2.13 

TRINITY_DN25027_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_Ty1B 0.027  2.82 -5.5 

TRINITY_DN21635_c0_g3 Transposase IS4 - -  2.45 not DE 

TRINITY_DN30274_c0_g1 Transposase IS4 RNaseH_ComYMV 0.0006  2.23 -3.46 

TRINITY_DN4022_c0_g1 Transposase IS4 - -  2.1 -1.60 

TRINITY_DN10002_c0_g1 Transposase IS4 - -  1.83 -1.13 

TRINITY_DN7083_c3_g1 Transposase IS4 - -  1.77 -1.25 

TRINITY_DN11900_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi4.3 2E-58  1.68 1.19 

TRINITY_DN3114_c0_g1 rve integrase - -  1.58 not DE 

TRINITY_DN15623_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
AP_CatDceg 0.07  1.50 0.14 

TRINITY_DN164_c1_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi4.3 2E-60  1.44 -2.09 

TRINITY_DN3114_c0_g4 
DDE superfamily 

endonuclease 
- -  1.05 not DE 

TRINITY_DN5085_c2_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
- -  -1.05 1.13 
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TRINITY_DN9615_c1_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
- -  -1.21 not DE 

TRINITY_DN7972_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_Hydra1-2 0.0000004  -1.28 not DE 

TRINITY_DN12637_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi4.3 3E-73  -1.31 not DE 

TRINITY_DN4301_c0_g2 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_CopiaSL_23 9E-23  -1.44 not DE 

TRINITY_DN1726_c0_g2 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_Xanthias 1E-19  -1.55 not DE 

TRINITY_DN2814_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_CopiaSL_23 6E-25  -1.56 not DE 

TRINITY_DN14681_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi6.3 0.0004  -1.58 1.38 

TRINITY_DN28117_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_pCretro6 2E-21  -1.58 not DE 

TRINITY_DN21298_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_CopiaSL_23 6E-22  -1.63 not DE 

TRINITY_DN11427_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
- -  -1.71 not DE 

TRINITY_DN17284_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
- -  -1.72 not DE 

TRINITY_DN4976_c0_g1 Retrovirus Polyprotein RT_DRM 7E-38  -1.75 not DE 

TRINITY_DN23488_c0_g2 
DDE-type integrase 

/transposase/recombinase 
RT_SPM 2E-23  -1.80 not DE 

TRINITY_DN9202_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi2.4 8E-76  -1.84 not DE 

TRINITY_DN14242_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_Galadriel 2E-22  -1.93 not DE 

TRINITY_DN17627_c0_g1 
hypothetical protein 

INT48_004898 
- -  -2.04 not DE 

TRINITY_DN32266_c0_g1 pol protein RT_DRM 1E-40  -2.05 not DE 

TRINITY_DN7036_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi4.3 9E-60  -2.12 not DE 

TRINITY_DN48152_c0_g1 
tigger transposable element-

derived protein 4-like 
- -  -2.15 not DE 

TRINITY_DN6398_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_CoDi6.3 6E-20  -2.23 not DE 

TRINITY_DN20105_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_CoDi6.3 4E-58  -2.29 not DE 

TRINITY_DN42297_c0_g2 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
INT_CoDi4.4 5E-20  -2.29 not DE 

TRINITY_DN11942_c0_g1 

endonuclease-reverse 

transcriptase domain-

containing protein 

INT_GypsySL_11 0.051  -2.38 not DE 

TRINITY_DN21842_c1_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_pCretro6 1E-24  -2.46 not DE 

TRINITY_DN16719_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
- -  -2.50 not DE 

TRINITY_DN30181_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_HMS-Beagle 3E-25  -2.51 not DE 

TRINITY_DN16969_c0_g1 gag-pol polyprotein RT_CoDi2.4 2E-92  -2.59 not DE 
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TRINITY_DN13529_c1_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_pCretro6 3E-21  -2.89 not DE 

TRINITY_DN13789_c2_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_pCretro6 3E-24  -2.91 not DE 

TRINITY_DN47095_c1_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
- -  -3.43 not DE 

TRINITY_DN62023_c0_g1 
Pogo transposable element 

with KRAB domain 
- -  -3.46 not DE 

TRINITY_DN16115_c1_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RNaseH_Oryco1-1 4E-17  -3.47 2.44 

TRINITY_DN78189_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_1731 0.0000001  -3.65 not DE 

TRINITY_DN21841_c0_g2 transposase - -  -3.66 not DE 

TRINITY_DN36654_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
RT_SURL 6E-29  -3.66 not DE 

TRINITY_DN62844_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
- -  -3.91 not DE 

TRINITY_DN26406_c0_g1 
reverse transcriptase family 

protein 
RT_SPM 0.0000003  -4.50 not DE 

TRINITY_DN24847_c0_g1 
Reverse transcriptase (RNA-

dependent DNA polymerase) 
- -  -4.76 not DE 

TRINITY_DN36064_c1_g1 
reverse transcriptase 

domain-containing protein 
RNaseH_HMS-Beagle 2E-19  -5.39 not DE 
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Table S7. Shared DEGs encoding enzymes involved in biosynthesis and degradation of fatty acid and chrysolaminarin (1,3‐β‐glucan) and their 

expression levels. The first column indicates the area on the Venn diagrams in Fig. 1. 

Venn 
diagram 

Gene Pathway Enzyme 
Log2FC  

HA-01 HA-02 

(a) TRINITY_DN7305_c0_g1 Fatty acid biosynthesis [acyl-carrier-protein] S-malonyltransferase [EC:2.3.1.39] 3.14  1.35  

(b) TRINITY_DN95_c1_g2 Fatty acid biosynthesis & Fatty degradation long-chain acyl-CoA synthetase [EC:6.2.1.3] -2.15  -1.09  

(a) TRINITY_DN484_c2_g1 

Fatty acid degradation 

acyl-CoA oxidase [EC:1.3.3.6] 1.44  1.44  

(a) TRINITY_DN3892_c1_g1 
butyryl-CoA dehydrogenase [EC:1.3.8.1], acyl-CoA 
dehydrogenase [EC:1.3.8.7] 

1.11  1.86  

(a) TRINITY_DN17472_c0_g2 short-chain 2-methylacyl-CoA dehydrogenase [EC:1.3.8.5] 1.58  2.39  

(b) TRINITY_DN88_c1_g2 
Chrysolaminarin biosynthesis 
(UDP-glucose → 1,3-β-Glucan) 

1,3-beta-glucan synthase [EC:2.4.1.34] -3.23  -3.48  

(a) TRINITY_DN3822_c0_g1 
Chrysolaminarin degradation 
(1,3-beta-Glucan → Glucose) 

glucan 1,3-beta-glucosidase [EC:3.2.1.58] 2.25  2.46  
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Fig. S1. Number of genes in the 12 samples with read count greater than 0. The numbers are based 

on the read counts after TMM normalization. Genes possibly derived from contamination were 

eliminated from this result.  
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Fig. S2. Phylogenetic tree of bicarbonate transporters of mammal, plant, fungi, and eukaryotic algae, 

based on the amino acid sequences. Values are shown only for branches supported by bootstrap 

values >80. Brackets indicate GenBank accession. Bolded characters indicate the SLC 4-1, 2, 4 of 

Ph. tricornutum, whose activity has been demonstrated to be dependent on Na+ or other cations 

(Nakajima et al. 2013, Nawaly et al. 2023), and the HCO3- transporters of P. laevis. Brown circle 

indicates the gene up-regulated in salinity 2, and blue circles indicate the gene down-regulated in 

salinity 2.  
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Fig. S3. Maximum likelihood ancestral state reconstructions based on SSU rDNA sequences. Pie 

graphs at internal nodes indicate the relative maximum likelihood support for the inferred 

ancestral habitat type. Brackets indicate GenBank accessions. Pseudauliscus peruvianus was 

described from the Hudson River by Schmidt (1875), while was found from marine environment 

in Ashworth et al. (2013), therefore it was assumed here to be a brackish species. 

  



Chapter 4. Transcriptional responses to salinity in Pleurosira laevis 

121 

Fig. S4. Phylogenetic tree of retrotransposons based on amino acid sequences. Values are shown 

only for branches supported by bootstrap values >80. Brackets indicate GenBank accessions. The 

designation of each TE and CoDi1-7 adheres to the numbering by Maumus et al. (2009). 
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Fig. S5. Log2 fold changes of shared DEGs involved in the Calvin cycle, TCA cycle, and 

glycolysis/glycogenesis. 
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Fig. S6. Log2 fold changes of the shared DEGs involved in triacylglycerol and phospholipids 

biosynthesis. 

 

  



General discussion 

124 

GENERAL DISCUSSION 

 

Review of the chapters 

In Chapter 1, the inheritance mode of spheroid bodies in Epithemia gibba var. ventricosa was 

revealed to be randomly inherited from only one parent. This implies that the host diatom has 

already developed a system that ensures uniparental inheritance of this newly established 

organelle. It was also found that the parental origin of plastid and spheroid bodies can differ from 

each other, suggesting that the removal mechanisms of plastid and spheroid bodies are 

independent of each other. Further validation through genotyping with polymorphisms on the 

spheroid body genome, as conducted in this study, would be useful to determine if there is a bias 

between parental strains in the inheritance of spheroid bodies when multiple parental strains are 

used. It will be interesting to see if our result showing the random uniparental inheritance would 

be affected by the number of spheroid bodies per cell, which have been shown to vary with the 

nitrogen availability of the environment (DeYoe et al. 1992). 

There are only a limited number of diatom species in which sexual reproduction can be 

induced in a culture condition. Nevertheless, since Klebahn (1896) observed sexual reproduction 

of E. gibba var. gibba in field samples, it was not surprising that E. gibba var. ventricosa, which is 

phylogenetically and morphologically closely related to E. gibba var. gibba (see Discussion in 

Chapter 2, Kamakura & Sato 2018), was also capable of sexual reproduction. I could induce sexual 

reproduction in E. gibba var. ventricosa by simply mixing the strains, making it a suitable material 

for this study. This diatom may allow us to understand uniparental inheritance mechanism of 

spheroid bodies in the process of organellogenesis thorough a cell biological approach, as has been 

done for the studies of organellar inheritance of the green alga Chlamydomonas reinhardii (as 

reviewed in Nishimura et al. 2010).  

In Chapter 2, the differences in the life cycles of sympatric Epithemia taxa were shown. 

While E. gibba var. ventricosa inevitably decreased in cell size and required sexual reproduction 

for size restoration, Epithemia sp. showed very little or no reduction in cell size. The emergence of 

the sexual phase in diatoms is regulated solely by cell size, and the avoidance of size reduction is 

tied to the absence of sexual reproduction (Chepurnov et al. 2004). Epithemia gibba var. ventricosa, 

reached to the lower size limit for cell division (mentioned in Chapter 1) after long term clonal 

culture, directly supporting the importance of cell size recovery in this taxon. The different degrees 

of cell size reduction in the two taxa were possibly due to differences in cell wall mechanics as 

Geitler (1932) proposed. When girdle bands are more elastic, the cytoplasm beneath them can 

expand during cell division, and the size of newly formed hypovalve can be same as that of the 

epivalve, or be even larger (Geitler 1932). Görlich et al. (2019) revealed that the gene Silicanin-1, 

which encodes a protein localized to the SDV membrane, controls the stiffness of the cell wall. Such 

genes may regulate diatom life cycles by enabling or hindering the avoidance of cell size reduction 

through the control of mechanical properties of the silica cell wall. I consider that Epithemia sp. is 

an undescribed taxon, although it has been found sporadically in Japan (Kihara et al. 2009, Takano 

et al. 2009, Sato et al. 2020, Ohtsuka & Kitano 2020). Morphological comparison and phylogenetic 
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analysis among this diatom and other Epitheima taxon i.g., E. gibberula and E. michelorum is 

needed clarify its taxonomic position. 

In Chapter 3, I tracked the formation of newly formed valves of Pleurosira laevis under 

several salinity conditions. The result clearly demonstrated the morphological plasticity of the 

valves was controlled by environmental salinity. The laevis form, characterized by flat valve faces, 

and the polymorpha form, characterized by domed valve faces, were both produced at salinities of 

2 and 7, respectively. The striking feature seen in P. laevis is that the distinct morphological change 

readily recognizable under LM can be induced by only a subtle change in salinity. The 

morphological response to salinity in this diatom would be a potential indicator for water quality 

and for paleoenvironmental studies. Furthermore, the highly reproducible and easily manipulated 

morphological plasticity makes this diatom an ideal model for lab experiments focusing on the 

molecular and genetic factors involved with valve morphogenesis. A similar morphology to the 

polymorpha form was reproduced in a freshwater medium with the addition of sorbitol, suggesting 

that osmotic pressure plays a key role in this morphological plasticity. The plasticity of a domed 

valve face under higher osmotic conditions was also observed in Skeletonema species (Paasche et 

al. 1975, Hasle & Evensen 1976) and Pleurosira socotrensis (Li & Chiang 1979). Melosira varians, 

found in freshwater, is characterized by a flat valve face, whereas brackish or marine species such 

as M. moniliformis and M. nummuloides have a rounded valve face. Morphological differences in 

valve shape among Melosira species may be partly influenced by environmental salinity. The 

present study demonstrated that the mechanical force of osmotic pressure, which is one of the 

potential factors that have been estimated to provide the diatoms with morphological diversity 

(Mann 1984, Schmid 1984, 1987, Round et al. 1990), could drive a common flat/domed 

morphology in at least some genera. 

In Chapter 4, I characterized gene expression of P. laevis cultivated at salinities of 2 and 7, 

which were found to produce flat (laevis form) and domed valve faces (polymorpha form), 

respectively. Using two strains, I found that the strain-dependent variation (i.e., intraspecific 

variation) in gene expression patterns in response to salinity was greater than the variation 

between salinity conditions. The intraspecific variations were reported by the recent 

transcriptomic studies using multiple strains of planktonic species Leptocylindrus aporus (Pargana 

et al. 2019), Cyclotella cryptica (Nakov et al. 2020) and Skeletonema marinoi (Pinseel et al. 2022). 

Our study and those of previous cases highlight the importance of using multiple strains if the goal 

is to reveal the core transcriptional response patterns conserved in the species. Since the 

morphological plasticity of P. laevis is not affected by differences of strains and conserved within 

the species (as described in Chapter 3), I focused on the genes that were differentially expressed 

by salinity in both strains. The results suggested that in salinity 2, which produces a flat valve face, 

the intracellular Ca2+ levels are regulated to be enhanced by the up-regulation of genes encoding 

mechanosensitive ion channels and down-regulation of genes encoding Ca2+ ATPases. In addition, 

genes encoding annexin, which mediates membrane-actin filament association in a Ca2+-dependent 

manner, and Arp2/3, which serves as nucleation sites for new actin filaments, were up-regulated 

in salinity 2. I hypothesized the morphogenesis related to osmotic pressure may be achieved 

through 1) an upstream response involving osmotic pressure- and membrane tension-dependent 

regulation of intracellular Ca2+ levels through the gating of transporters such as mechanosensitive 

ion channels, and 2) a downstream response involving Ca2+-dependent regulation of actin 
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dynamics at membrane contact sites. It is noteworthy that I detected the sensing of membrane 

tension by cells, with the change in valve morphology that has been thought to be dependent on 

membrane tension (Schmid 1987). The function of the candidate genes involved in this sequence 

of reactions could be revealed by gene knockout or knockdown techniques as is used in studies of 

morphogenesis in the model diatom Thalassiosira pseudonana (Görlich et al. 2019, Heintze et al. 

2022). In addition, it was found that even small differences between salinity 2 and 7 induced 

regulations of transporter activity, response to oxidative stress, physiological regulation, and 

transposable element activity in the euryhaline diatom P. laevis.  

 

Synthesis 

In this dissertation, the life history of benthic diatom species was investigated in terms of sexual 

reproduction, organellar inheritance and endosymbiosis, life cycles, morphological and 

transcriptional response to environment. Through these studies, parts of the process of 

diversification and adaptation of benthic diatoms to new environments were revealed, leading to 

some new research questions such as:  

 What are the cellular mechanisms underlying the uniparental inheritance of spheroid bodies 

of Epithemia?  

 What are physical or genomic differences between sexual and asexual diatoms?  

 Why do only a limited number of species exhibit morphological plasticity by environmental 

change? 

 Does the morphological plasticity of P. laevis contribute to the fitness and adaptation? 

Uniparental inheritance includes the elimination of uniparental organelles during sexual 

reproduction, such as organellar segregation through cell division following the receipt of 

organelles from parents, degradation of uniparental organelles through ubiquitin-mediated 

degradation and autophagy, and DNA degradation through nucleases that target only uniparental 

organellar DNA (as reviewed in Nishimura 2010, Sato & Sato 2013). Although the mechanisms of 

organellar elimination have been largely understood in some model organisms, nothing has been 

known in diatoms. Additionally, the genes responsible for regulating the emergence of vegetative 

and sexual phases in the life cycle of diatoms are yet to be fully understood. Studies on the model 

diatoms Seminavis robsta and Pseudo-nitzschia multistriata have been revealing how diatoms 

perceive chemical cue of extracellular sex-inducing pheromones, change cell motility and gene 

expression in gametes, thus achieving the pairing of sexually compatible cells and the formation of 

gametes (Moeys et al. 2016, Basu et al. 2017, Russo et al. 2018, Fiorini et al. 2020, Bilcke et al. 2021). 

However, there is still a lack of clarity regarding the distinctions between vegetative and sexual 

phases, as well as the differences between sexual and asexual species. Comparative transcriptomics 

will enable us to identify genes responsible for the such cellular processes and behaviors of diatoms. 

This dissertation, focusing on non-model benthic diatoms, provides ideal materials for researches 

of life cycles and morphogenesis, and insights that would have been overlooked through studies 

using only a few model species. 
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ABSTRACT  

 

Diatoms are unicellular algae distributed in a variety of aquatic environments throughout the world. 

It is believed that they contribute approximately 20% to global primary productivity and 

significantly impact the biogeochemical cycling of carbon and silica. A notable feature of diatoms is 

the presence of a cell wall made of silica, known as a frustule, enclosing their cells. The frustule 

consists of parts called valves and girdle bands, and the morphology of the valves is commonly used 

in diatom taxonomy. There are two life forms of diatoms: planktonic and benthic. In this dissertation, 

the life histories of the benthic pinnate Epithemia and the centric Pleurosira laevis were examined 

using microscopic and molecular biological techniques, focusing on life cycle, sexual reproduction, 

endosymbiosis, and morphological and transcriptional responses to the environment. 

Diatoms belonging to the family Epithemiaceae have endosymbiont ‘spheroid bodies’, 

which have received attention as a model to provide new insights into the early stages of organelle 

evolution. Uniparental organelle inheritance, known in a wide range of sexually reproducing 

eukaryotes, is considered to be one of the key characteristics acquired during the evolution of an 

endosymbiont into an organelle. However, there has been no information about the inheritance of 

spheroid bodies. The aim of the present study was, therefore, to investigate the inheritance modes 

of the spheroid bodies and plastids in the isogamous diatom Epithemia gibba var. ventricosa, which 

the author established to be heterothallic. Sexual reproduction of E. gibba var. ventricosa was 

induced in culture using sexually compatible mating strains that differed in nucleotide 

polymorphisms in the spheroid body genomes. The F1 strains were genotyped to determine the 

parental origin of the spheroid bodies using parent‐specific polymorphisms. The results suggested 

that inheritance of the spheroid bodies was uniparental (i.e. progeny have the spheroid body 

genome from either parent but not both) and random (i.e. with an unbiased ratio of parental 

origins), while that of the plastids was more complex, being predominantly uniparental but with a 

few biparental cases. This study is the first to report the inheritance pattern of the spheroid body 

and will contribute to better understand the evolutionary state of this organelle. 

The life cycle of diatoms is associated with their cell size, and characterized by a gradual 

decrease in size in the vegetative stage and a recovery in size through sexual reproduction. Sexual 

reproduction is trigged when cells become smaller than a species‐specific size threshold and 

receive species‐specific environmental cues. Few studies involving both field observation and 

laboratory culture have documented the life cycles and frequency of sexual reproduction in diatoms. 

The author investigated cell size in two congeneric taxa, E. gibba var. ventricosa and Epithemia sp. 

collected monthly over almost 3 years from a pond in Nakaikemi Wetland. Cultures of both taxa 

were established to examine rates of cell size reduction, which affects the duration of the vegetative 

stage. It was suggested that congeneric taxa sharing a common habitat and substratum exhibit 

distinct sexual and asexual strategies. 

Pleurosira laevis is a salt‐tolerant diatom distributed around the world. The valve of P. 

laevis has distinct structures called ocelli, which are sharply defined areas with fine, densely packed 

pores. Two formae of this diatom, P. laevis f. laevis and P. laevis f. polymorpha, are distinguished 

from each other by their flat or dome‐shaped valve faces and degree of elevation of the ocelli, 

respectively. In this study, the author established 4 strains of P. laevis isolated from freshwaters or 

coastal areas in Japan and the United States, and tracked the formation of newly formed valves with 
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the fluorescent SDV‐specific dye PDMPO in culture under several salinity conditions. The result 

clearly demonstrated the morphological plasticity of the valves, controlled by environmental 

salinity. The laevis form and polymorpha form valves were produced at salinities of 2 and 7, 

respectively. The salinity thresholds dictating the morphological plasticity of the valve were 

consistent in all 4 strains. A similar morphology to the polymorpha form was reproduced in a 

freshwater medium with the addition of sorbitol, suggesting that osmotic pressure plays a key role 

in this morphological plasticity. The highly reproducible and easily manipulated change in 

morphology makes this diatom an ideal model for lab experiments focusing on the molecular and 

genetic factors involved with valve morphogenesis. 

The mechanism of diatom morphogenesis has received attention both in the biological and 

nanomaterials engineering fields. However, little is known about the genetic mechanisms that 

regulate the morphology. The author therefore aimed to search for genes that may be involved in 

determining the morphology using P. laevis though comparative transcriptomes between salinities 

2 and 7, in which this diatom changes its valve morphology. Pleurosira laevis exhibited regulation 

of transporter activity, transposable element activity, metabolic pathway, and response to oxidative 

stress. Under the condition in which P. laevis produces a flat valve face, the expression of genes 

encoding mechanosensitive (MS) ion channels, which sense changes in membrane tension and 

osmotic pressure and uptake Ca2+ into cytosol, was up‐regulated. In contrast, expression of genes 

encoding Ca2+ ATPases, which pump Ca2+ out of the cell, was decreased, suggesting that 

intracellular Ca2+ levels are regulated to increased. Furthermore, genes encoding annexins, which 

mediate Ca2+‐dependent membrane‐actin filament association, and Arp2/3, the nucleation site of 

new actin filaments, were up‐regulated. The author hypothesized that the morphogenesis related 

to osmotic pressure observed in some genera of diatoms may be achieved thorough 1) an upstream 

response involving osmotic pressure‐ and membrane tension‐dependent regulation of intracellular 

Ca2+ levels through the gating of transporters such as mechanosensitive ion channels, and 2) a 

downstream response involving Ca2+‐dependent regulation of actin dynamics at membrane contact 

sites. 

The insights into the life history of non‐model benthic diatoms obtained through the 

aforementioned studies have unveiled a part of the process of diatom diversification. The 

transcriptomic approach will not only be effective for morphogenesis, but also for other cellular 

events. It may be possible to identify genes involved in uniparental organellar inheritance and genes 

controlling the transition between the vegetative and sexual phases, which is defined by cell size. 

This dissertation provides ideal materials for researches of life cycles and morphogenesis, and 

insights that would have been overlooked through studies using only a few model species. 
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