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Abstract

Diatoms are unicellular algae with morphologically diverse silica cell walls,
which are called frustules. The mechanism of frustule morphogenesis has
attracted attention in biology and nanomaterials engineering. However, the
genetic regulation of the morphology remains unclear. We therefore used
transcriptome sequencing to search for genes involved in frustule morphol-
ogy in the centric diatom Pleurosira laevis, which exhibits morphological plas-
ticity between flat and domed valve faces in salinity 2 and 7, respectively. We
observed differential expression of transposable elements (TEs) and trans-
porters, likely due to osmotic response. Up-regulation of mechanosensitive
ion channels and down-regulation of Ca®"-ATPases in cells with flat valves
suggested that cytosolic Ca®" levels were changed between the morpholo-
gies. Calcium signaling could be a mechanism for detecting osmotic pressure
changes and triggering morphological shifts. We also observed an up-
regulation of ARPC1 and annexin, involved in the regulation of actin filament
dynamics known to affect frustule morphology, as well as the up-regulation
of genes encoding frustule-related proteins such as BacSETs and frustulin.
Taken together, we propose a model in which salinity-induced morphoge-
netic changes are driven by upstream responses, such as the regulation of
cytosolic Ca®* levels, and downstream responses, such as Ca2+-dependent
regulation of actin dynamics and frustule-related proteins. This study high-
lights the sensitivity of euryhaline diatoms to environmental salinity and the
role of active cellular processes in controlling gross valve morphology under
different osmotic pressures.
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INTRODUCTION

Diatoms are microalgae distributed in a wide range
of aquatic and terrestrial environments throughout
the world. The major feature of diatoms is that they
have cell walls called frustules, composed of silica.
Frustules consist of two valves separated by girdle
elements and display diverse and intricate morphol-
ogies, including micrometer-scale exteriors and fine
structures, such as pores and their occlusions, in the
order of tens to hundreds of nanometers. The mor-
phogenesis of frustules occurs in silica deposition
vesicles (SDVs), which are compartments separated
by lipid bilayer membranes located immediately be-
neath the plasma membrane of dividing daughter cells
(Kréger & Poulsen, 2008; Pickett-Heaps et al., 1990).
The morphology of the SDV, including the frustule that
forms inside it, is regulated by cytoskeletal elements
in the vicinity of the SDV (Pickett-Heaps et al., 1990;
Tesson & Hildebrand, 2010a). The cytoskeletal el-
ements define the position of the outer edges and
structures of the valve (Tesson & Hildebrand, 2010a,
2010b) and influence the pattern of the pores (Pickett-
Heaps et al.,, 1990). Furthermore, some proteins in-
volved in silica mineralization and frustule formation
have been identified (De Sanctis et al., 2016; Gorlich
et al., 2019; Heintze et al., 2022; Krbéger et al., 2002;
Nemoto et al., 2020; Scheffel et al.,, 2011; Tesson
et al., 2017; Trofimov et al., 2019). 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 cellular and
genetic pathways underlying the species-specific
frustule morphologies have been a fascinating bio-
logical inquiry. In addition, the morphogenesis of the
frustule is of interest due to its potential application in
the massively parallel production of silica nanomate-
rials by self-assembly (Kréger & Poulsen, 2008).
Schmid (1987) proposed that the three-dimensional
morphology of the valves could be controlled by
the pressure on the daughter plasma membrane
at the cleavage furrow, exerted by turgor pressure.
According to Schmid, a flat valve face is formed when
the tension of the daughter membrane is high due to
turgor pressure, and the force exerted on the forming
valve from within the cell is greater than that on the gir-
dle region. Conversely, the opposite occurs in some
marine diatoms: When the force on the girdle region
is greater than that on the valve face, the daughter
membrane tension is low, and the cell sometimes
plasmolyzes, resulting in a valve face with ridges
and grooves (see also Mann, 1984). The association
between osmotic pressure and valve morphology
has been supported by studies in Skeletonema spe-
cies (Balzano et al., 2011; Paasche et al., 1975) and
Pleurosira laevis (Kamakura et al., 2022). Kamakura
et al. (2022) showed that P. laevis changed its valve

morphology in response to the environmental os-
motic pressure. Pleurosira laevis formed a flat valve
face at salinity 2, whereas it formed a dome-shaped
valve face at salinity 7. This response was conserved
among strains collected from different environments.
The morphological plasticity seen in P. laevis is a
rare characteristic within diatoms, and it makes this
species ideal for examining the underlying molecu-
lar basis of three-dimensional morphogenesis. In the
present study, we generated a de novo transcriptome
of P. laevis and characterized the gene expression of
two different strains, each cultivated in salinities of 2
and 7. Differential expression analysis allowed us to
explore the genes that were involved in the regulation
of frustule morphology.

MATERIALS AND METHODS
Culture

The strains HA-01 and HA-02 of Pleurosira laevis,
obtained from freshwater (Kamakura et al., 2022),
were cultivated using WC medium (Guillard &
Lorenzen, 1972) modified to salinity 2 and 7 by add-
ing a salt stock described by Nakov et al. (2020). The
media were adjusted to pH 8 by dropwise addition of
1M HCI and then sterilized through a membrane filter
(pore size 0.2pm, mixed cellulose ester, Advantec,
Tokyo, Japan). Cells were cultivated at salinity 2 or 7,
at 18°C, under a 12:12 light:dark condition of cold white
light with an intensity of ca. 20 pmol photons - m~2
. s in culture flasks (Nunc EasYFlask Cell Culture
Flasks, Thermo Fisher Scientific, Massachusetts,
USA).

RNA extraction and sequencing

Cells that had been cultivated at a salinity of 2 or 7
for more than 1 month were collected on membrane
filters (pore size 8 um, polycarbonate, Advantec), and
total RNA was extracted by the cetyltrimethylammo-
nium bromide method (Imaizumi et al., 2000). The
experiment was performed in triplicate for the two
strains under the two salinity conditions, resulting in
12 samples. The concentration of RNA was meas-
ured using a Qubit 4 Fluorometer (Thermo Fisher
Scientific). Libraries of cDNA were prepared using
TruSeq Stranded mRNA Library Prep Kit (lllumina,
California, USA). Sequencing on a NovaSeq 6000
system (lllumina, paired-end, read length 100bp)
yielded 5.7-7.2 Gb of reads from each sample. The
raw fastq files are available in the Sequence Read
Archive (NCBI) under project number PRJNA1073709
(https:/www.ncbi.nlm.nih.gov/bioproject/ PRJNA
1073709).
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De novo transcriptome assembly

Pre-processing by fastp ver. 0.20.0 (Chen et al., 2018)
was performed with default parameters to remove se-
quencing adapters and error-prone sequences from
data sets. Next, de novo assembly was carried out by
Trinity ver. 2.14.0 (Grabherr et al., 2011) with default
parameters combining a total of 12 pre-processed
paired-end reads of strains HA-01 and HA-02.
Sequence redundancy was eliminated by clustering
sequences with >95% homology using CD-HIT ver.
4.81 (Fu et al.,, 2012), and then, sequences shorter
than 500bp were removed using seqgkit ver. 0.13.2
(Shen et al., 2016). To determine how complete this de
novo transcriptome was, we performed a core gene
family completeness test using TRAPID 2.0 (Bucchini
et al.,, 2021), specifying the “Bacillariophyta” (diatom)
clade and choosing a conservation threshold of 0.8.

To address potential mapping issues to the hybrid
transcriptome because of sequence divergence be-
tween strains, we also independently assembled the
RNA-Seq reads of each of the two strains using Trinity,
generating distinct transcriptomes. Subsequently, we
compared the mapping rates through RSEM ver. 1.3.3
(Li & Dewey, 2011) for these separate transcriptomes
with those of the hybrid transcriptome and determined
no relevant differences (mean alignment rate: hybrid
86.6%, HA-01 87.8%, HA-02 87.0%). Additionally, we
identified key genes (the candidate BacSET, BacSET-
like, frustulin, annexin, ARPC1, MS ion channels, and
Ca?*-ATPases observed in the hybrid assembly, see
Results and Discussion) in the strain-specific tran-
scriptome assemblies through blastn (BLAST+ ver.
2.9.0, Zhang et al., 2000). The best hit sequences
with an E-value < 1E-4 were considered homologs of
the key genes. The response in gene expression for
these key genes in the strain-specific assemblies was
visually verified to confirm robustness of the results
obtained from the hybrid transcriptome (Figure S1 in
the Supporting Information). The hybrid assembly and
read count table used are available as Appendices S1
and S2 in the Supporting Information, and the strain-
specific assemblies and read count tables are available
upon request to the corresponding author.

The assembled contigs were submitted to the metag-
enomic classifier Kaiju webserver (Menzel et al., 2016,
https://kaiju.binf.ku.dk/server) against the NCBI ref-
erence 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. We
flagged 5861 contaminant sequences, and they were
eventually removed from the list of differentially ex-
pressed genes (DEGs) after read mapping and differ-
ential expression analysis, described below.

Read count and differential
expression analysis

Hereafter, a Pleurosira laevis “gene” refers to a gene as
defined by the Trinity assembler (“.gX”). Read counts
were performed using RSEM with the assembled se-
quences as reference through the Trinity script align_
and_estimate_abundance.pl, with default parameters.
The counts of different isoforms were summed for
each gene, then TMM (trimmed mean of M value) was
normalized using the R package edgeR ver. 3.28.0
(Robinson et al., 2010; Robinson & Oshlack, 2010). A
negative binomial generalized linear model (GLM) test
was performed to detect DEGs between salinity 2 and
7. Genes with a false discovery rate (FDR)<0.05 and
fold change (FC)>2 between the salinity conditions
were considered differentially expressed. The differen-
tial expression analysis was performed independently
for HA-01 and HA-02. Then, the intersection of DEGs
shared between HA-01 and HA-02 was determined by
the web application “Calculate and draw custom Venn
diagrams” provided by Ghent University (https:/bioin
formatics.psb.ugent.be/webtools/Venn/). We selected
genes that (1) shared differential expression between
both strains and (2) were responsive in the same di-
rection (up-/down-regulated) in both strains, and we re-
garded them as genes with a conserved response for
functional interpretation.

To visualize the variation between samples we made
a multidimensional scaling (MDS) plot with 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 de-
termined based on the log2 fold changes in the 500
most variable genes (except for the contaminant se-
quences) between the samples. We also made a heat-
map based on the Poisson distances between samples
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 ver. 5.5.0 (https://transdecoder.github.
io/) was used to predict protein-coding regions within
transcripts via Pfam searches (database ver. 33.1,
Mistry et al., 2021) to identify protein domains with
the --single_best_only option. The predicted regions
were converted to protein sequences. The longest
predicted protein sequence for each gene was ex-
tracted via segkit and used for functional annota-
tion. We performed InterProScan (Jones et al., 2014)
on Blast2GO ver. 6.0.3 (Conesa et al., 2005; Goétz
et al.,, 2008) against InterPro protein signature da-
tabases (Paysan-Lafosse et al., 2023), including
Pfam, CATH-Gene3D, SUPERFAMILY, MobiDB-lite,
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COILS, CDD, HAMAP, PANTHER, TIGRFAMSs,
PIRSF, PROSITE profiles, and SMART. As a result,
5280 genes were each assigned one or more InterPro
accessions. We then obtained KEGG pathway anno-
tations 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).

The DEGs were additionally annotated with Gene
Ontology (GO) mapping based on a blastp search
against NCBI protein database (nr) on Blast2GO with an
E-value threshold of 1E-3. Up to 10 blast hits were used
for GO mapping for each gene. Differentially expressed
genes encoding putative transporters were further
subjected to a blastp search against the Transporter
Classification Database (TCDB, Saier et al., 2021,
https://www.tcdb.org/) and assigned TC numbers. The
DEGs encoding putative TEs were additionally anno-
tated based on the transcript nucleotide sequences by
blastx with E-value threshold of 0.1 against the retro-
transposon protein domain database CORES, down-
loaded from the Gypsy Database (GyDB 2.0, Llorens
et al., 2011, https://gydb.org/).

To investigate the response of cell wall-related genes
to salinity-induced morphological changes, we iden-
tified Pleurosira laevis orthologs of marker genes for
cell wall-related processes. First, the longest isoform
(transcript) of each P. laevis gene was assigned to a
PLAZA Diatoms ver. 1.0 gene family using TRAPID 2.0.
Next, we screened for DEGs belonging to a list of pre-
viously annotated cell wall marker gene families, which
includes among others the frustulins, BacSETs, silic-
anins, SiMATSs, and p150 proteins (Bilcke et al., 2021).
To ensure the correct identification of these candi-
date P. laevis cell wall proteins, blastp searches were
performed back against the PLAZA Diatom protein
database (E-value 1E-5; Osuna-Cruz et al., 2020).
We next focused on cytoskeletal elements—actin,
actin-related proteins, and tubulin—which also affect
the morphogenesis of the diatom frustule (Tesson &
Hildebrand, 2010a, 2010b). To search for tubulins and
actin-related genes in our data set, we obtained the
protein sequences of the model diatoms Thalassiosira
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 de-
fault parameters along with our protein sequences of P.
laevis genes 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; Table S1 in the Supporting
Information).

Markers for different stages of the cell cycle were
retrieved from Bilcke et al. (2021). For each Seminavis

robusta marker gene, all Pleurosira laevis genes be-
longing to the same PLAZA Diatoms homologous gene
family were selected. Subsequently, a protein similarity
search of the P. laevis candidate proteins against the S.
robusta proteome was performed with Diamond blastp
ver. 2.0.14, and only those P. laevis candidate genes
for which the best blast hit was a known S. robusta cell
cycle marker were retained.

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
InterProScan 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 ac-
cession assigned to all genes.

Phylogenetic analysis

To understand the function or intracellular localization
of Ca®*-ATPases, we built a phylogenetic tree using all
the protein sequences of Pleurosira laevis genes that
matched any Ca2*-ATPases from TCDB (TC: 3.A.3.2)
in a blastp search with an E-value threshold of 1E-
3. A phylogenetic analysis was performed by align-
ing protein sequences with MAFFT ver. 7.453 (Katoh
et al., 2002), automatic trimming with TrimAL ver. 1.4.1
(Capella-Gutiérrez et al., 2009; gap threshold of 0.5),
and tree construction with IQ-tree ver. 2.1.3 (Nguyen
et al., 2015; automatic model selection, 1000 ultrafast
bootstrap repeats).

For phylogenetic analysis of HCOj transporters and
TEs, multiple sequence alignments were performed
using MAFFT ver. 7.480 with the --auto option, and
sites with more than 30% gaps were removed using
trimAl. Maximum likelihood trees were constructed
using RAXML version 8.2.12 (Stamatakis, 2014) with
the PROTGAMMAAUTO substitution model and 100
bootstrap replicates and were visualized using MEGA
version 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 pro-
cess: The whole transcriptome of O.aurita from the
MMETSP database (NCBI accession SRR1294405,
Keeling et al., 2014) was pre-processed by fastp, de
novo assembled by Trinity, clustered with 90% iden-
tity by CD-HIT, and then converted to protein se-
quence by TransDecoder. Orthologs from the whole
transcriptome of O.aurita were searched for by run-
ning Orthofinder along with the protein sequences of
HCO; transporters from mammals, plants, fungi, and
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eukaryotic algae listed in “data set S1” in Nakajima
etal. (2013). Phylogenetic analysis of HCOj transport-
ers was conducted using the protein sequences of
HCOQO; transporters from P. laevis, O. aurita, and organ-
isms listed in data set S1 in Nakajima et al. (2013), as
well as sequences of other diatoms that hit by blastp
with the sequences of HCOj transporter of P./aevis in
the annotation process. For TE analysis, we used the
protein 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 open reading frames
(ORFs) derived from a single TE were divided into
group-specific antigen (gag) and polymerase (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 used in this study
do not overlap.)

We performed a reconstruction of the ances-
tral habitat (marine or freshwater-tolerant) based
on SSU rDNA gene phylogeny. The SSU rDNA
gene sequences from Pleurosira and Odontella,
and other species phylogenetically close to P.lae-
vis (Li et al.,, 2018) were aligned through ClustalW
(Thompson et al.,, 1994) and manually trimmed to
1563bp on BioEdit ver. 7.2.5 (Hall, 1999). Maximum
likelihood trees were constructed using RAXML with
the GTRGAMMA substitution model and 1000 boot-
strap replicates. The reconstruction of the ancestral
habitat was 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 determined based on
information from collection sites provided by the
Roscoff Culture Collection (http://roscoff-culture-colle
ction.org/), as well as from Schmidt (1875), Ashworth
et al. (2013), Li et al. (2018), Kamakura et al. (2022),
and appendix 1 in Mann (1999).

RESULTS AND DISCUSSION

Transcriptome assembly and differential
expression analysis

De novo transcriptome assembly of the Pleurosira lae-
vis RNA-Seq reads resulted in a set of 192,661 tran-
scripts (117,658 genes). To remove redundancy and
low-quality transcripts, the sequences were clustered
at 95% identity via CD-HIT, and sequences shorter
than 500bp were removed. This resulted in a tran-
scriptome of 72,859 transcripts belonging to 50,070
genes, with quality illustrated by a diatom gene family

completeness score of 0.908. Protein-coding regions in
the transcripts were predicted by TransDecoder, yield-
ing protein sequences for a total of 60,068 transcripts
(33,994 partial sequences and 26,074 complete se-
quences) belonging to 38,275 genes.

We performed read mapping and expression
quantification using this assembly as a reference
and observed that the number of genes detected
to be expressed in HA-O1 was greater than that in
HA-02 (Figure S2a in the Supporting Information).
Out of the 23,830 genes expressed with counts
per million (CPM)>1 in the de novo transcriptome,
18,024 genes were expressed in both strains, while
over 5000 genes were expressed in only one of the
strains (Figure S2b). Next, DEGs were detected with
FDR< 0.05 and fold change > 2. We selected the
higher salinity (salinity 7) as the baseline for the differ-
ential expression analysis, based on the fact that the
ancestor of Pleurosira laevis is marine, and it likely re-
cently colonized freshwater and brackish water (see
Bicarbonate transport section in Transmembrane
transport). The number of genes up-regulated in sa-
linity 2 (flat-shaped) was 2099 in HA-01 and 2580 in
HA-02, while the number of genes down-regulated
in salinity 2 compared with salinity 7 (dome-shaped)
was 1978 in HA-01 and 2577 in HA-02 (Figure 1a,b).
We focused on the functions of up- or down-regulated
genes that were shared between the strains HA-01
and HA-02, specifically the genes included in [i] and
[ii] in the Venn diagram in Figure 1b, to understand
the core response to salinity behind the morphologi-
cal plasticity in P.laevis.

Intraspecific variation in responses to
salinity in Pleurosira laevis

An MDS plot (Figure 2a) and a Poisson-distance
heatmap (Figure 2b) showed that the samples clus-
tered predominantly by strain. The different re-
sponses 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 col-
lected from an environment 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 ex-
pression in response to the environmental factors
(temperature, Pargana et al., 2019; salinity, Nakov
et al.,, 2020; Pinseel et al.,, 2022). Conversely, the
Poisson distance heatmap also showed a correlation
in response to the same salinity treatment among dif-
ferent strains, suggesting a core-conserved response
to salinity. Despite there being more unshared DEGs
than shared ones between HA-01 and HA-02 in both
the up and down-regulated gene sets (Figure 1b),
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Salinity 2 - Flat valve face

() Number of DEGs

Upregulated in salinity 2
(Salinity 2 > Salinity 7)

HA-01 HA-02

(¢) Enrichment analysis

Salinity 7 - Domed valve face

Downregulated in salinity 2
(Salinity 2 < Salinity 7)

HA-01 HA-02

[i] Glycoside hydrolase superfamily (IPR017853)
Beta-hexosaminidase-like, domain 2 (IPR029018)
NAD(P)-binding domain superfamily (IPR036291)

Glycoside hydrolase family 20, catalytic domain (IPR015883
Beta-hexosaminidase (IPR025705

[ii] 'Reverse transcriptase, RNA-dependent DNA polymerase (IPR013103
Zinc finger, CCHC-type superfamily (IPR036875

Zinc finger, CCHC-type (IPR001878

Ribonuclease H superfamily (IPR036397

Ribonuclease H-like superfamily (IPR012337)
Bicarbonate transporter, eukaryotic (IPR003020)
Bicarbonate transporter-like, transmembrane domain (IPR011531)

FOR I

N Sk
SN

Q

FIGURE 1

Q

00 05 1.0
Qbé & Gene ratio

Valve morphologies of Pleurosira laevis triggered in salinity 2 and 7, and differentially expressed genes (DEGs) between

the conditions. (a) Scanning electron microscopy pictures of the valves of P./aevis (HA-02) formed in salinity 2 and 7. Scale bars=20pum.
(b) Venn diagrams showing the intersection between DEGs of the 2 strains and (c) InterPro enrichment on the shared [i] up and [ii] down-

regulated genes.

we focused on this conserved response by selecting
DEGs in the same direction in both strains.

Overview of the functions of shared DEGs

InterPro enrichment analysis showed NAD(P)-binding
domain superfamilies (IPR017853), which are found
in various enzymes, and beta-hexosaminidase
(IPR029018 and IPR025705) and glycoside hydro-
lase families (IPR017853 and IPR015883) involved in
hydrolysis of glycans were enriched in the genes up-
regulated strains in salinity 2 (Figure 1c). Alternatively,
in the genes down-regulated in salinity 2, the reverse
transcriptase (IPR013103), ribonuclease H superfamily

(IPR036397, IPR012337), and zinc finger CCHC-type
(IPR036875 and IPR001878) were enriched, which
are all domains related to TEs (Figure 1c). All genes
assigned to zinc finger CCHC-type from the shared
down-regulated genes showed hits with a reverse
transcriptase of Fragilaria crotonensis (blastp, E-value
< 6.3E-09). Furthermore, bicarbonate transporter
(IPRO03020 and IPR011531) was also enriched in
down-regulated genes.

Transmembrane transport

A gene encoding a putative aquaporin was up-regulated
in salinity 2 (TRINITY_DN11354_c0_g1, TC:1.A.8.8;
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FIGURE 2 Variation among strains in the transcriptional response of Pleurosira laevis to salinity 2 and 7. (a) Multidimensional scaling
(MDS) plot of RNA-sequencing samples. The distances between the samples were based on the Log, fold changes in the 500 most variable
genes between the samples. (b) Poisson-distance heatmap of the full data set.

Figure 3; Table S2 in the Supporting Information).
Aquaporins transport water and nonpolar molecules
into or out of the cell, contributing to osmoregulation
and potentially playing a role in osmotic sensing (Hill
et al., 2004; Matsui et al., 2018; Tyerman et al., 2002).
Our results were consistent with previous findings of
up-regulated aquaporins in Cyclotella cryptica and
Skeletonema marinoi under low salinity conditions
(Downey et al., 2023; Pinseel et al., 2022). The betaine/
carnitine/choline transporters and the proline/betaine
transporters, which Nakov et al. (2020) identified as dif-
ferentially expressed in the long-term osmotic response
of C.cryptica, were not among our DEGs.

Osgnotic sensing and regulation of cytosolic
Ca~" levels

Diatoms respond to environmental stimuli, including
osmotic stress, through changes in calcium homeosta-
sis (Falciatore et al., 2000). Pleurosira laevis is known
to exhibit plastids assembling around the nucleus in
response to contact stimuli and light irradiation. This
response has been suggested to be essential for ca?
influx into the cytosol through channels (Makita &
Shihira-Ishikawa, 1997; Shihira-Ishikawa et al., 2007).
The genes up-regulated in salinity 2 included a puta-
tive calcium permeable stress-gated cation channel
(CSC) 1-like transporter (TRINITY_DN919_c0_g2,
TC:1.A.17.3). Calcium permeable stress-gated cation
channels are conserved in eukaryotes and are gated
by stress signals such as hyperosmotic shock, thus
potentially serving as sensors linking stress stimuli
to calcium-dependent downstream responses (Hou
et al., 2014). Moreover, we observed mechanosensitive

(MS) ion channels among the up-regulated trans-
porters (Figure 4a). These channels are transmem-
brane proteins that directly link mechanical stimuli
to ion fluxes and are responsible for sensing and re-
sponding to changes in membrane tension (Basu &
Haswell, 2017). Two genes (TRINITY_DN7153_c0_g1
and TRINITY_DN2800_c0_g2) were putative MscS-
like channels (TC:1.A.23.4), and MscS-like channels
are directly gated by membrane tension and typically
function to prevent cell rupture during hypoosmotic
shock (Basu & Haswell, 2017). The differential expres-
sion of these CSC and MS ion channels between the
conditions of salinity 2 and 7 suggests that P./aevis
may be capable of sensing the difference in osmotic
pressure and plasma membrane tension caused by
such a relatively small difference in salinity. Although
Downey et al. (2023) reported the activation of MS
ion channels in Cyclotella cryptica within 3h of hy-
poosmotic exposure, there are no reports showing
long-term (ca. 1month) up-regulation, as observed in
P.laevis. In Phaeodactylum tricornutum, ca?t signaling
induced by elevated cytosolic Ca" levels following hy-
poosmotic shock is important in cell volume regulation,
and this elevation of cytosolic Ca®* is possibly due to
Ca?* influx caused by increased cell volume activating
MS ion channels (Helliwell et al., 2021). In our previous
study (Kamakura et al., 2022), we demonstrated that
morphological plasticity in the valve of this diatom was
induced by osmotic changes resulting from the addi-
tion of sorbitol to the medium, and we discussed how
this phenomenon could depend on plasma membrane
tension at the cleavage furrow of daughter protoplasts,
providing valve molding surfaces. Therefore, it is tempt-
ing to assume that Ca®* signaling, brought about by
the gating of MS ion channels, affects the downstream
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FIGURE 3 Barplots showing gene expression in salinity 2 and salinity 7 for selected Ca?* transporters (a) and putative cell wall-related
proteins (b). Each sample of the two strains included in this study (HA-01, HA-02) is represented by a single bar; height indicates the

expression in counts per million (CPM) in that sample.

expression of genes involved in morphogenesis or cell
volume regulation, ultimately resulting in changes in
valve morphology.

The three P-type ATPases, which were the
most down-regulated in salinity 2 (i.e.,, up-
regulated in salinity 7, Figure 4a), were puta-
tive Ca®*-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). Despite the small difference in salinity, their
expression levels were distinct: They were barely ex-
pressed in salinity 2 but exhibited 30—134 times higher
expression in salinity 7 compared with salinity 2. Ca®*
ATPases are typically located in the plasma mem-
brane or endoplasmic reticulum membrane, where
they pump cytosolic Ca®* out to the extracellular or
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EamA domain; Uncharacterized transporter | TRINITY_DN568_c6_g1 -
Putative bile acid:Na+ symporter | TRINITY_DN3810_c0_g1 -r
Amino acid transporter | TRINITY_DN11116_c0_g1-
Two pore domain potassium channel | TRINITY_DN10090_c0_g1 -
Voltage—-dependent calcium channel | TRINITY_DN6714_c0_g1 -
Aquaporin | TRINITY_DN11354_c0_g1 -
MFS transporter superfamily; putative permease | TRINITY_DN231_c13_g1 -
Calcium permeable stress—gated cation channel 1-like | TRINITY_DN919_c0_g2 -
Bestrophin/lUPF0187 | TRINITY_DN4257_c0_g1 -
Bicarbonate transporter | TRINITY_DN17683_c0_g1-
SLC26A/SulP transporter | TRINITY_DN1816_c2_g1 -
Citrate transporter | TRINITY_DN19889_c0_g1 -
Chloride transmembrane transport | TRINITY_DN2188_c13_g1 -
Transmembrane protein TauE-like | TRINITY_DN19000_c0_g1 -
Putative bile acid:Na+ symporter | TRINITY_DN13018_c0_g1 -
MORN repeat containing protein | TRINITY_DN9402_c0_g1 -
MFS transporter superfamily | TRINITY_DN2585_c1_g1 -
Biopterin transporter family | TRINITY_DN1343_c2_g1 -
Potassium channel | TRINITY_DN2496_c0_g1 -
Mechanosensitive ion channel MscS | TRINITY_DN2800_c0_g2 -
Azaguanine-like transporters | TRINITY_DN9410_c0_g1 -
Manganese ion transmembrane transporter | TRINITY_DN1347_c4_g1
Azaguanine-like transporters | TRINITY_DN3387_c0_g1 -
lon transport domain containing protein | TRINITY_DN9587_c0_g1 -
Manganese ion transmembrane transporter | TRINITY_DN4291_c1_g1 -
MFS transporter superfamily; sugar transporter-like | TRINITY_DN3427_c5_g1 -
Mechanosensitive ion channel MscS | TRINITY_DN7153_c0_g1 -
Bicarbonate transporter | TRINITY_DN8091_c0_g1 -
Voltage-dependent K+ channel | TRINITY_DN1407_c1_g2 -
SLC26A/SulP transporter | TRINITY_DN2225_c0_g1 -
Bestrophin/lUPF0187 | TRINITY_DN4715_c0_g1 -
Calcium, potassium:sodium antiporter | TRINITY_DN2135_c1_g1 -
Amino acid transporter | TRINITY_DN6502_c0_g1 -
MFS transporter superfamily | TRINITY_DN35115_c0_g1 -
ABC transporter | TRINITY_DN26397_c0_g1 =
Mg2+ transporter | TRINITY_DN555_c0_g2 -
Putative permease | TRINITY_DN2555_c1_g1 -
SWEET sugar transporter | TRINITY_DN6073_c0_g1 -
Molybdate—anion transporter | TRINITY_DN1314_c1_g1 -
Mitochondrial substrate/solute carrier | TRINITY_DN2793_c0_g1 -
SWEET sugar transporter | TRINITY_DN6699_c2_g2 -
Mitochondrial substrate/solute carrier | TRINITY_DN601_c5_g1 -
Bicarbonate transporter | TRINITY_DN5264_c0_g1 -
Phosphate:Na+ Symporter | TRINITY_DN37479_c0_g1 -
Bicarbonate transporter | TRINITY_DN36612_c1_g2-
Bicarbonate transporter | TRINITY_DN1401_c3 g2 -
P-type Na+ ATPase | TRINITY_DN1350_c0_g1 -
Bicarbonate transporter | TRINITY_DN24295_c0_g1-
Putative TRIC channel | TRINITY_DN7512_c0_g1 -
Ccc1 family | TRINITY_DN1056_c3_g1 -
Ccc1 family | TRINITY_DN291_c1_g1 -
Potassium channel | TRINITY_DN5789_c0_g1 -
Sugar/inositol transporter | TRINITY_DN7785_c0_g1 -
ABC transporter | TRINITY_DN14297_c0_g2 -
Putative Ca2+ ATPases ATPase | TRINITY_DN15658_c0_g1 - .
Putative Ca2+ ATPases ATPase | TRINITY_DN17148_c0_g1 -
Putative Ca2+ ATPases ATPase | TRINITY_DN4708_c0_g1 -
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FIGURE 4 Log?2 fold changes of shared differentially expressed genes (DEGs) encoding transporters.

endoplasmic reticulum space, thereby reducing cy- laevis actively exports Ca?" from the cytosol in sa-
tosolic Ca" concentration to basal levels (Brini & linity 7. Although we observed an up-regulation of
Carafoli, 2011). Our results suggest that Pleurosira Ca®" influx into the cytosol in response to salinity 2
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O Marine
@ Freshwater-tolerant

Odontella longicruris var. hyalina (KC309513)
Odontella longicruris (JX413553)
Odontella aurita var. minima (KC309511)
Odontella sp. (JX413555)

Cerataulus smithii (KC309489)

Odontella sp. (KJ577864)

Triceratium dubium (KC309520)
Triceratium dictyotum (JX413554)
Odontella rhomboides (OP304788)
Pseudauliscus peruvianus (KC309506)
Odontella rhombus f. trigona (OP304789)
Pleurosira laevis (LC715259, LC715260)
Pleurosira nanjiensis (MF578764)
Odontella aurita (HQ912686)

Odontella aurita var. obtusa (OP304786)
Odontella rostrata (OP304790)
Odontella sp. (MH782135)

Trieres mobiliensis (MG835772)
Odontella sp. (KT861001)

Trieres chinensis (HQ912564)

Trieres regia (MW723437)

FIGURE 5 Maximum likelihood ancestral state reconstructions based on SSU rDNA gene 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) and was observed in the marine environment in
Ashworth et al. (2013); therefore, it was assumed here to be tolerant of freshwater environment.

through MS ion channels (as discussed in the previ-
ous section), the down-regulation of Ca®* efflux im-
plies that P./aevis was directed toward maintaining
higher cytosolic Ca?" levels in salinity 2 compared
with salinity 7. These Ca®*-ATPases, specific to a
salinity of 7, clustered together in a clade of diatom
Ca?*-ATPases that includes both centric and pennate
sequences (Figure S3 in the Supporting Information).
The closest outgroup to this clade consisted of the
Chlamydomonas reinhardtii sequences Cre09.
g410050 and Cre09.g410100, both of which were an-
notated as ATP2C Ca®*-ATPases.

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).
Discovered in 2010 (Chen et al., 2010), SWEET is a
relatively recent class of suga