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Abstract

Diatoms function as major primary producers, accumulating large amounts of biomass in most aquatic environments. Given their rapid re-
sponses to changes in environmental conditions, diatoms are used for the biological monitoring of water quality and for performing ecotoxico-
logical tests in aguatic ecosystems. However, the molecular basis for their toxicity to chemical compounds remains largely unknown. Here, we
sequenced the genome of a freshwater diatom, Mayamaea pseudoterrestris NIES-4280, which has been proposed as an alternative strain of
Navicula pelliculosa UTEX 664 for performing the Organisation for Economic Co-operation and Development ecotoxicological test. This study
shows that M. pseudoterrestris has a small genome and carries the lowest number of genes among freshwater diatoms. The gene content of
M. pseudoterrestris is similar to that of the model marine diatom, Phaeodactylum tricornutum. Genes related to cell motility, polysaccharide
metabolism, oxidative stress alleviation, intracellular calcium signalling, and reactive compound detoxification showed rapid changes in their
expression patterns in response to copper exposure. Active gliding motility was observed in response to copper addition, and copper exposure
decreased intracellular calcium concentration. These findings enhance our understanding of the environmental adaptation of diatoms, and elu-
cidate the molecular basis of toxicity of chemical compounds in algae.
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1. Introduction

Diatoms are one of the most diverse groups of algae and are
the main primary producers in freshwater, brackish water,
and seawater environments.'” Diatoms account for up to
20-40% of the carbon fixation in the ocean. In freshwater,
diatoms inhabit standing water (ponds and lakes) and flowing
water (rivers and shallows), and exhibit planktonic and ben-
thic lifestyles.* Diatoms, with different sizes and shapes of
silica cell frustules,® are estimated to consist of more than
100,000 potential species, including undiscovered and un-
identified taxa.

Because each diatom species responds rapidly to specific
environmental conditions, diatoms have been used to monitor
water quality in rivers, shallows, and lakes for a long time.”
To monitor and assess water pollution, changes in the com-
position of a microbial communities have been observed.’-1
The diatom community is affected by various environmental
conditions, such as trophic and nutrient conditions,” and at-
mospheric conditions, such as light and temperature.!! Indices
using diatom communities have been proposed to detect
metal pollution.'>"® Therefore, understanding the physio-
logical responses of diatoms to metal exposure is important,

as these are the driving forces behind changes in the diatom
species composition. The physiological responses of dia-
toms to heavy metal exposure have been reported in several
studies'*'®; however, most of these studies have focused on
specific metabolic pathways, such as scavenging systems of
reactive oxygen species (ROS).

Gongalves et al.’ revealed the comprehensive metabolic
responses of a heavy metal-tolerant freshwater diatom,
Tabellaria flocculosa, to zinc (Zn) using metabolomic ap-
proaches. For example, under Zn exposure, the activity of
ROS scavenging enzymes, including superoxide dismutase
(SOD), catalase (CAT), and glutathione-S-transferase (GST),
significantly increased, and glutathione was mainly found to
exist in its reduced form (GSH). Zn exposure also induced a
change in the amount of attached exopolysaccharides (EPSs)
and frustulins in T. flocculosa. The amount of EPSs decreased
at low Zn concentrations but increased at high Zn concentra-
tions, and the amount of frustulins increased at high Zn con-
centrations. The authors inferred that diatoms chelate heavy
metals using EPSs and frustulins to reduce metal toxicity. In
contrast to the increase in EPSs, the sucrose levels were re-
duced under Zn exposure. However, the genetic basis of the
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metabolic response of freshwater diatoms to metal exposure
remains largely unknown.

Most pennate diatoms exhibit a smooth gliding motility."
Although the detailed molecular mechanisms for gliding re-
main poorly understood, except for relationships between
actin and myosin,"”?! heavy metal pollution affects the mo-
tility patterns of natural pennate diatoms.?> An increase of
copper (Cu) and Zn induces erratic motility, and the motility
pattern has been proposed as a potential biomonitoring tool
to evaluate the water quality. Therefore, the transcriptional
response of pennate diatoms under heavy metal exposure can
provide key information for elucidating the detailed mech-
anism for cell motility of pennate diatoms.

Given the importance of diatoms in understanding the
impact of chemical compounds on primary producers in
aquatic environments, the diatom strain UTEX 664 (Navicula
pelliculosa) has been recommended for ecotoxicological
analyses by the Organisation for Economic Co-operation
and Development (OECD; TG201).2 Ecotoxicological
test is used to evaluate the effects of chemical compounds,
including heavy metals, on algal growth in water. However,
this strain is currently extinct in UTEX and other official cul-
ture collections. Therefore, a freshwater species, Mayamaea
pseudoterrestris NIES-4280 (= UTEX 661), which is thought
to be closely related to UTEX 664, has been proposed as an
alternative strain for ecotoxicological test.”* NIES-4280 was
originally a terrestrial alga isolated from soil, together with
UTEX 664; however, both of these strains can be cultivated
in freshwater. Connolly et al.>® showed that a freshwater
diatom strain related to NIES-4280 and UTEX 664 had a
smaller genome, which led us to speculate that the metabolic
responses of this strain to heavy metals may be simpler in
freshwater diatoms. In this study, we sequenced the genome
and transcriptome of M. pseudoterrestris to elucidate its
metabolic responses to heavy metals, especially Cu, and to
determine the genomic basis of this response. High concen-
trations of Cu are toxic and are used for coating ships*® and
as agricultural pesticides?” in natural environments; thus, Cu
is a potential pollutant.

2. Materials and methods

2.1. Diatom cultivation

Mayamaea pseudoterrestris strain NIES-4280 (= UTEX 661)
was obtained from the National Institute for Environmental
Studies (NIES, Japan). The strain was maintained in CSi me-
dium?® at 20°C under approximately 80 pmol photons/m?/s
light intensity and a 12-h light/12-h dark cycle.

2.2. DNA extraction and genome sequencing

To perform short-read sequencing, the NIES-4280 strain
was grown in 100 ml of CSi medium for several days. The
cells were collected via gentle centrifugation (3,000 x g for
3 min) and stored at -80°C freezer for 10 min. DNA was
extracted from frozen cells using the MagAttract HMW
DNA Kit (Qiagen, Diisseldorf, Germany), according to the
manufacturer’s protocol, and then concentrated using the
Genomic DNA Clean & Concentrator Kit (Zymo Research,
Irvine, CA, USA). To construct the library, approximately
380 ng of DNA was sheared using a Covaris M220 Focused-
ultrasonicator (Covaris, Woburn, MA, USA) to a fragment
size of approximately 550 bp. DNA libraries were then con-
structed using the NEBNext Ultra II DNA Library Prep Kit
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(New England Biolabs, Ipswich, MA, USA), and sequenced on
[llumina MiSeq and HiSegX platforms (Illumina, San Diego,
CA, USA) to generate 300 and 150 bp paired-end reads, re-
spectively. A total of 1.8 Gb (59x coverage) and 3.5 Gb (114x
coverage) data were generated from the MiSeq and HiSeqX
platforms, respectively (Supplementary Table S1). The se-
quence reads were deposited to the DNA Database of Japan
(DDB]J)/GenBank/European Nucleotide Archive (ENA) under
accession numbers DRR374606 and DRR374607.

To perform long-read sequencing, the NIES-4280 strain
was grown in approximately 400 ml of CSi medium for 1
week. The cells were collected via gentle centrifugation and
lysed in 1 ml of sodium dodecyl sulphate (SDS) buffer (2%
SDS, 50 mM Tris-HCI [pH 8.0], 50 mM EDTA, 150 mM
NacCl, and 0.5% 2-mercaptoethanol). The cells were then in-
cubated at 50°C for 2 h with gentle rotation. Then, 200 pl of
5 M potassium acetate was added to the mixture, and the cell
debris was removed via centrifugation at 20,000 x g for 2 min
at 4°C. After the pellet was removed, the DNA was puri-
fied using phenol:chloroform:isoamyl alcohol (25:24:1) and
chloroform:isoamyl alcohol (24:1) mixtures. Subsequently,
DNA was extracted from the aqueous phase via ethanol pre-
cipitation and treated with 1 pl of RNase Cocktail Enzyme
Mix (ThermoFisher Scientific, Waltham, MA, USA) at 37°C
for 5 min, to remove the RNA. Subsequently, the DNA was
purified using the Genomic DNA Clean & Concentrator Kit.
Short DNA fragments were removed using 0.5 volume of
Ampure XP (Beckman Coulter, Brea, CA, USA). The DNA
library for Nanopore sequencing was constructed from
1.6 pg of DNA using the Ligation Sequencing Kit (SQK-
LSK109; Oxford Nanopore Technologies, Oxford, UK), ac-
cording to the ‘Genomic DNA by Ligation (SQK-LSK109)
version ~ GDE_9063_v109_revT_14Aug2019°  protocol.
Sequencing was performed using MK1C (Oxford Nanopore
Technologies), generating 1.6 Gb data (52x coverage; read
N50 length: 8.6 kb) (Supplementary Table S1). The sequence
reads were deposited to DDB]J/GenBank/ENA under acces-
sion number DRR374608.

2.3. Genome assembly and annotation

Genome size was estimated from MiSeq reads using the
GenomeScope webserver.?’ Nanopore long reads were in-
dividually assembled using Raven version 1.6.0°° (with de-
fault settings) and NextDenovo version 2.4.0 (https:/github.
com/Nextomics/NextDenovo). Raw Nanopore reads were
mapped to both assemblies using minimap2-2.17-r941, with
the option -x map-ont.>' Both the assemblies were polished
using PEPPER-Margin-DeepVariant pipeline version 0.0.6
(https://github.com/kishwarshafin/pepper) and subsequently
using NextPolish v1.2.4,>> with Illumina reads trimmed
using fastp version 0.20.0% with default settings. Both as-
semblies were merged with Raven-based assembly (query)
and NextDenovo-based assembly (reference) using MAC
2.0.3* The merged assembly was polished using POLCA%
in MaSuRCA version 4.0.4,% using trimmed Illumina reads.
Subsequently, because diatoms are diploid, haplotigs were
purged from the merged assembly using Purge Haplotigs ver-
sion 1.1.1,% with the following options: -1 5, -m 25, and -h
80. To purge the haplotigs, Nanopore reads were mapped to
the assembly using minimap2-2.17-r941, with the option -x
map-ont. Putative organellar genomes were identified using
blastx with the available organellar genomes of diatoms
and removed. The final assembly comprised 41 contigs and
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30,627,229 bp (NS5O length: 1,068 kb). The completeness
of the assembly was evaluated using BUSCO 5.0.0 (with the
eukaryotic dataset eukaryota_odb10),*® and RNA-seq reads
(2.2 Gb) were mapped to the assembly (described below)
using hisat2 version 2.2.1.%

To annotate the genome, the final assembly was soft-masked
using RepeatModeler version 2.0.2%° and RepeatMasker ver-
sion 4.1.1 (https://www.repeatmasker.org/). Gene models
were constructed from RNA-seq reads using the funannotate
pipeline (version 1.8.9; https://github.com/nextgenusfs/
funannotate). The funannotate pipeline was also used for
functional annotation and comparative analyses. Subcellular
localization of the proteins was predicted using the HECTAR
web server.*!

2.4. Phylogenetic analysis

Phylogenetic analysis of 284 nuclear-encoded proteins was
performed using Triparma laevis (GCA_012489335.1)* as
an outgroup, whose assembly was annotated in this study.
The repeat sequences of the assembly were soft-masked using
RepeatModeler (version 2.0.1) and RepeatMasker (version
4.1.1). Gene models were predicted using the funannotate
pipeline (version 1.8.0). The dataset was composed of 12
diatom species. Highly conserved orthologues were searched
using reciprocal best-hit analyses with the following cutoffs:
similarity >50% and High-scoring Segment Pair (HSP)
coverage >50%. The dataset contained 128,950 amino acids
belonging to 284 proteins shared by all species. Sequence
alignment, read trimming, model testing, maximum likeli-
hood analysis, and Bayesian analysis were performed using
MAFFT v7.475,% trimAl v1.4.rev15,* ModelTest-NG ver-
sion 0.1.6, RAXML-NG version 1.0.3,* and MrBayes ver-
sion 3.2.7a,* respectively, as described by Makita ef al.*

2.5. Prediction of genes encoding G-protein-
coupled receptors, G proteins, and effectors

Genes encoding G-protein-coupled receptors (GPCRs) were
predicted using the GPCR-PEn web server,” with positive
predictions obtained using both GPCRpred*® and GPCRtm.’'
Genes encoding G proteins and effectors were predicted by
BLAST search using the human-gpDB web server,”> with an
E-value cutoff of <1E-3.

2.6. Comparative transcriptome analyses under Cu
exposure

Before Cu exposure, the NIES-4280 strain was precultivated
in 25 ml of modified OECD medium®® in six glass flasks for
2 days. Then, CuSO, was added to three flasks (final concen-
tration: 1.75 pM) 3 h after illumination, while the remaining
three flasks were used as controls. The concentration of Cu*
corresponded to the value of half maximal effective concen-
tration (EC50) of UTEX B673.% The cells were cultivated
for an additional hour. Subsequently, the cells were collected
via centrifugation at 3,000 x g for 2 min and immediately
frozen using liquid nitrogen. RNA was extracted from the
cells using RNeasy Plus Mini Kit (Qiagen), according to the
manufacturer’s protocol. To predict gene models, RNA was
extracted from cells in the dark phase.

RNA libraries were constructed using the NEBNext Ultra
Directional RNA Library Prep Kit (New England BioLabs),
with the NEBNext Poly(A) mRNA Magnetic Isolation Module
(New England BioLabs), according to the manufacturer’s in-
structions. The libraries were sequenced on the Illumina MiSeq

platform to generate 300 bp paired-end reads (Supplementary
Table S1), which were later deposited to DDB]/GenBank/ENA
under accession numbers DRR374599-DRR374605. All
reads were trimmed using fastp version 0.20.0% (default set-
tings) and then mapped to the genome assembly using hisat2
(default settings). The number of reads mapped per gene was
counted using featureCounts v2.0.1.>* Subsequently, 9,714
genes mapped by at least three reads in one of the replicates
were extracted and used for expression analysis. Differentially
expressed genes (DEGs) were identified using the likelihood
ratio test and fold-change (FC) in edgeR (version 3.32.1),%°
with a false discovery rate (FDR) cutoff of <0.05 and logFC
>0.5 or <-0.5. Subsequently, gene ontology (GO) enrichment
analysis of the DEGs was performed using goatools (version
1.2.3)% with an FDR cutoff of <0.05. The FDR values were
corrected using the Benjamini-Hochberg procedure.

2.7. Evaluation of NIES-4280 growth inhibition
under Cu exposure

To evaluate the effect of Cu on the growth of NIES-4280,
the chlorophyll fluorescence of the strain was measured using
SpectraMax M2e (Molecular Devices, San Jose, CA, USA),
as described previously.” Cells in CSi medium were trans-
ferred to modified OECD medium and incubated for 2 days.
Subsequently, the cells were collected via gentle centrifugation
and washed once with modified OECD medium. The cells
were resuspended in modified OECD medium, and 200 pl
of the cell suspension (2.8 x 10° cells/ml) was aliquoted into
each well of a 96-well microplate. Then, CuSO, was added
to each well (final concentration of Cu?**: 0.157, 0.787, 1.57,
7.87,15.75,and 157.48 pM), and cells were grown for 84 h.
Three independent biological replicates were performed for
each Cu?* treatment.

2.8. Time-lapse video microscopy

The NIES-4280 cells were cultivated for a few weeks in CSi
medium. The cells (2 ml) were transferred to OECD agar plates
(modified OECD medium supplemented with 1% agarose) in
50 mm Petri dishes (AGC Techno Glass, Shizuoka, Japan).
The cells were incubated for 6 h and washed twice with modi-
fied OECD medium. Subsequently, the cells were incubated
for 2 days under the same light conditions. After incubation,
the medium was changed to 2 ml of modified OECD medium
with or without 2.68 pM CuSO, and the cells were incu-
bated for 1 h under light. Observations were performed using
a Nikon ECLIPSE Ni-U microscope (Nikon, Tokyo, Japan)
equipped with a DS-Fi3 digital camera (Nikon). Images were
taken every 10 s for 10 min.

Sixty images were stacked, converted to 8-bit colours, and
colour-inverted using Fiji (Image J2 version 2.3.0).” Cell mo-
tility was analysed using TrackMate version 7.7.2.% The cells
were detected using a LoG (Laplacian of Gaussian) detector
with an estimated object diameter of 10 pixels and quality
threshold of 2. The cells were tracked using a simple LAP
tracker with default options. We defined cells with a mean
speed of <3 pm/min as immotile.

2.9. Detection of changes in intracellular Ca?*
concentration

Changes in the intracellular Ca?* concentration of NIES-4280
under Cu exposure were detected via Fluo 3-AM staining
(Dojindo Laboratories, Kumamoto, Japan). Briefly, NIES-
4280 cells were transferred from CSi medium to modified
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OECD medium and cultured for 1 h. Cells were collected via
gentle centrifugation and incubated in 500 ul of Fluo 3 me-
dium (25 pg/ml Fluo 3-AM and 0.4% Pluronic F-127) for
1 h in the dark. Subsequently, the cells were collected via
gentle centrifugation, and incubated in modified OECD me-
dium supplemented with or without 2.68 ptM CuSO, for 2 h
under illumination. The green fluorescence (FL2; 543/22 nm)
of the non-colonized cells was detected with an On-chip Sort
(On-chip Biotechnologies, Tokyo, Japan) using 488 nm blue
laser excitation.

3. Results and discussion

3.1. Genomic characterization of M.
pseudoterrestris

The genome assembly of M. pseudoterrestris strain NIES-
4280 was 30,627,229 bp in size and contained 41 contigs with
no gaps (Supplementary Table S2). The contig N50 length
was 1,068 kb. However, the total number of chromosomes in
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this species has not been estimated yet. Based on k-mer ana-
lysis, the genome size of strain NIES-4280 was predicted to
be 27.2 Mb (Supplementary Fig. S1), which was quite close
to the assembly size. The k-mer spectrum showed two clear
peaks, suggesting that the NIES-4280 strain is diploid with
low heterogeneity (2.97%). Repeat sequences comprised at
least 5.8 Mb (19.0%) of the assembly and were mainly repre-
sented by the Ty1-Copia group of long terminal repeat retro-
transposons (Supplementary Table S3). The completeness of
the NIES-4280 genome was 81.1%, based on the assessment
of the eukaryotic dataset with BUSCO version 5.0.0, whereas
that of the other species was 55.7-80.4% (Fig. 1a). Most
RNA-seq reads (84.4%) were mapped to the NIES-4280
genome assembly. Additionally, 11,019 protein-coding genes
were predicted in the M. pseudoterrestris genome (Fig. 1b).
The proteins of M. pseudoterrestris contained 79.6% of the
conserved eukaryotic proteins in the BUSCO dataset, whereas
those of the other diatom species contained 81.2-53.7% of
the eukaryotic proteins (Fig. 1a). Approximately 81.3% of
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Figure 1. Quality and structural diversity of diatom genomes. (a) Assessment of genome completeness. BUSCO analyses were performed using
eukaryotic protein (left) and genomic (right) datasets. (b) Plots showing the size of genome assembly and the number of protein-coding genes. The
genome of Mayamaea pseudoterrestris was one of the smallest among diatom genomes, with compact gene contents.
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RNA-seq reads were mapped to the predicted transcripts.
Thus, the M. pseudoterrestris genome shows a high degree of
completeness and highly accurate gene models.

To infer the phylogenetic relationship between M.
pseudoterrestris and other representative diatoms with
sequenced genomes, we performed phylogenetic analysis
based on the amino acid sequences of 284 proteins (Fig. 2a).
Mayamaea pseudoterrestris clustered with Phaeodactylum
tricornutum [bootstrap value (BP) = 93], which branches
from Fisturifella solaris. The genera belonging to the
order Naviculales, including Mayamaea, Phaeodactylum,
Fisturifella, and Seminavis, formed a monophyletic group.

The genome size of M. pseudoterrestris (30.6 Mb) was
only slightly larger than that of P. tricornutum (26.1 Mb),
which possessed the smallest genome among all diatom spe-
cies evaluated in this study (Fig. 1b; Supplementary Table S2).
Consistently, the number of genes in the M. pseudoterrestris
genome was also low (11,019 genes) but slightly higher than
that in the P. tricornutum genome (10,020 genes). Non-metric
multidimensional scaling analysis based on InterProScan do-
mains showed that M. pseudoterrestris is closely related to
P. tricornutum, Pseudo-nitschia multiseries, and Thalassiosira
pseudonana (Supplementary Fig. S2). These data suggest that
genome structure and gene function are conserved between
M. pseudoterrestris and P. tricornutum, although these spe-
cies dwell in different aquatic environments (freshwater and
marine, respectively).

To elucidate the evolution of the gene repertoires of repre-
sentative diatoms, we performed gene family analysis using
the Dollo parsimony model* (Fig. 2b). Based on 12 repre-
sentative diatoms and Triparma (order Parmales), 26,986
orthogroups were found. The common ancestor of all dia-
toms contained 10,761 orthogroups, whereas the ancestor
of the Naviculales order possessed 11,586 orthogroups. In
Naviculales, the common ancestor of P. tricornutum, M.
pseudoterrestris, and Fistulifera solaris lost 2,379 orthogroups
after the branching of Seminavis robusta. Phaeodactylum

Cyclotella cryptica (10,621)
Thalassiosira pseudonana (8,702)
Minidiscus variabilis (11,801)
Thalassiosira oceanica (11,391)

Sydnera acus (9,641) Y1
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Fragilariopsis cylindrus (11,206)

** Pseudo-nitzschia multiseries (8,694) 473353

Nitzschia inconspicua (10,335)

Triparma laevis (6,349) +382

tricornutum, M. pseudoterrestris, and E solaris contained
similar numbers of orthogroups (7,743, 7,818, and 8,640, re-
spectively), and lost 1,214-1,602 orthogroups in each lineage.
The E solaris genome was fragmented®; thus, the deletion of
orthogroups in the E solaris lineage may be overestimated. In
the M. pseudoterrestris lineage, 1,553 gene families were lost
after branching of P. tricornutum. GO enrichment analysis
showed that many G-protein-related GO terms were signifi-
cantly decreased (P <0.05) in M. pseudoterrestris, including
‘G-protein-coupled receptor signalling pathway’, ‘G-protein-
coupled receptor activity’, ‘signalling receptor activity’, ‘mo-
lecular transducer activity’, and ‘transmembrane signalling
receptor activity’ (Supplementary Table S4). A search for
genes involved in the G-protein-related signalling pathway led
to the discovery of genes putatively encoding 64 GPCRs, 73
G proteins, and 273 effectors, fewer than those in other dia-
toms (Supplementary Fig. S3; Supplementary Tables S5-57).

GPCRs are thought to potentially affect the results of eco-
toxicology tests in aquatic invertebrates because many com-
mercial pharmaceuticals target GPCRs.%! Therefore, when
performing ecotoxicological tests using M. pseudoterrestris,
which carries only a few genes that encode GPCRs, the tox-
icity of pharmaceuticals to natural diatom communities may
be underestimated.

3.2. Effect of Cu exposure on gene expression

We measured the EC50 value of Cu?* for M. pseudoterrestiris
after the addition of CuSO,. The ECS50 value for M.
pseudoterrestris was 2.68 pM (Supplementary Fig. S4), which
is similar to that of a closely related diatom, Mayamaea
terrestris UTEX B673 (formerly known as N. Pelliculosa),
when incubated in 1.75 pM CuSO, for 72 h.%3

To elucidate the rapid cell responses of M. pseudoterrestris
to Cu?, we performed RNA-seq analysis. The cells were
exposed to 1.75 pM Cu?* for 1 h. Overall, 426 protein-
coding genes were significantly differentially expressed, of
which 297 were up-regulated and 129 were down-regulated

+

+894/-1602

+433/-1674

Figure 2. Phylogenetic relationships and evolution of gene families in diatoms. (a) Phylogenetic analysis based on 284 highly conserved orthologous
proteins (128,950 amino acids). Non-parametric bootstrap support values (BP) and Bayesian posterior probabilities (BPPs) are shown at each node. BP
and BPP values of 100 and 1.00, respectively, are indicated using bold lines. (b) Prediction of ancestral gene families in diatoms. The number of gene
families in each species is indicated in parentheses. Putative gene family sets conserved in the common ancestor are outlined with circles at each

node. Gains and losses of gene families are shown at each branch.
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(Supplementary Fig. S5). Next, we performed GO enrichment
analysis of the DEGs to determine their general cell responses
(Supplementary Table S8). A total of 20 GO terms were en-
riched among the up-regulated genes. Overall, genes related
to intracellular signal transduction were up-regulated.

3.3. Cu exposure induces cell motility

Exposure to Cu significantly increased the expression levels
of genes encoding cytoskeleton-related proteins such as
myosin and actin, which are related to gliding motility."-!
The genome of M. pseudoterrestris harbours 1 actin gene
(MP_007637-T1) and 10 myosin genes. Among the 10 m1y-
osin genes, 3 were significantly up-regulated upon Cu treat-
ment (Fig. 3a), suggesting that these myosin genes play a role
in the gliding mechanism of M. pseudoterrestris (Fig. 3b).
Phylogenetic analysis of the myosin proteins of diatoms (Fig.
4) showed that all myosin proteins of M. pseudoterrestris
clustered with ten known clades of P. tricornutum myosin
(Myo A-I and myosin 29).°* The up-regulated myosin genes
encode MyoA (MP_005044-T1), MyoC (MP_005398-T1),
and MyoE (MP_000497-T1), and these genes together form
a monophyletic group. Interestingly, these clades were com-
posed only of pennate diatoms, probably those exhibiting
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gliding movements. These data suggest that gliding-related
myosin genes originated from a single gene in a common an-
cestor of pennate diatoms, and then underwent functional
diversification.

Similar to the genes encoding actin and myosin, genes
related to the regulation and maintenance of the cytoskel-
eton were also up-regulated, including those encoding cal-
modulin (CaM; MP_004473-T1 and MP_005929-T1),
UNC-45 (MP_010642-T1), tropomodulin (MP_004515-T1),
coronin (MP_007065-T1), and F-actin-capping protein
(MP_006910-T1) (Fig. 3a and b). UNC-45 is involved in the
folding of myosin® and CaM induces myosin movement.
Tropomodulin and F-actin-capping protein stabilize the ends
of actin filaments by capping their ends.®*** Coronin mediates
the interaction between actin filaments and microtubules.®

In addition to the actin—-myosin mechanism, transmembrane
proteins and the extracellular matrix (ECM) are believed to fa-
cilitate the gliding of pennate diatoms.*! Interestingly, we found
that the gene encoding a spondin-like protein (MP_010827-T1)
was up-regulated in M. pseudoterrestris (Fig. 3a). In animals,
the spondin family is an ECM protein related to the adhe-
sion and outgrowth of neurons.®” The spondin-like protein of
M. pseudoterrestris carries an N-terminal signal peptide and a
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Figure 3. Gliding of diatoms in response to copper (Cu). (a) Relative expression levels of DEGs potentially related to cell motility. Gene expression was
estimated as mean fragments per kilobase of exon per million reads mapped (FPKM). Left and right bars represent the gene expression levels in the Cu
and control treatments, respectively. Data represent the mean + s.n. of FPKM values. (b) Revised model showing the molecular mechanism of gliding
in pennate diatoms. This model was based on DEGs and was originally conceived by Molino and Wetherbee.?' (c) Mean gliding speed of Cu-exposed or
untreated M. pseudoterrestris. The time-lapse images were taken every 10 s for 10 min. The difference in the speed was tested using the Wilcoxon rate

sum test.
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C-terminal transmembrane region, suggesting that this protein diatoms but absent in centric diatoms (Supplementary Fig.
is membrane localized (Supplementary Fig. S6a). Homology- S6b). These data suggest that spondin-like protein is a good
based search and phylogenetic analysis revealed that the transmembrane protein candidate that links myosin with the

spondin-like protein-encoding gene was present in all pennate ECM (Fig. 3b).
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To elucidate the effect of Cuexposure on M. pseudoterrestris
motility, we performed time-lapse observations. Mayamaea
pseudoterrestris cells showed induction of gliding after 1 h
of Cu exposure (Fig. 3¢; Supplementary Videos 1 and 2).
Gliding motility was observed 51.3% (Cu exposed) and
35.8% (untreated) of cells. The median motility speed of the
gliding cells was 15.9 and 12.1 pm/min with and without
Cu exposure, respectively, and the cells showed significantly
fast gliding motility under Cu exposure (P <0.05, Wilcoxon
rank sum test). These results were consistent with an increase
in the expression levels of putative genes related to gliding
motility.

3.4. Induction of EPS biosynthesis

Generally, diatoms produce EPSs that respond to heavy
metal exposure, including Cu, to chelate metal.®® In M.
pseudoterrestris, several sugar metabolism-related genes were
up-regulated under Cu exposure, including genes encoding
phosphoglycerate kinase, glyceraldehyde 3-phosphate de-
hydrogenase, fructose-bisphosphate aldolase, transaldolase,
glucokinase, and UDP-sugar pyrophosphorylase
(Supplementary Fig. S7). However, the gene-encoding pyru-
vate kinase was down-regulated, implying that UDP-glucose
is synthesized from D-glucose and glycerate-3-phosphate,
which is generated by carbon fixation via photosynthesis, and
not from pyruvate. Additionally, genes encoding 3-oxoacid
CoA-transferase, hydroxymethylglutaryl-CoA synthase, and
fumarylacetoacetate hydrolase were also up-regulated. These
three genes are involved in the biosynthesis of acetoacetate,
which serves as an alternate energy source under starvation
conditions, suggesting that Cu exposure decreases glycolysis.
The reduction in sucrose content of Tabellaria flocculosa
under Zn exposure® could also be explained by a similar
metabolism. Extracellular mucilage of the pennate diatom
Craspedostauros australis is composed of glycoproteins, and
their glycans are rich in xylose.”” Although the biosynthetic
pathway of xylose in diatoms remains unknown, land plants
synthesize xylose from UDP-sugars.”’7> Thus, the induction
of gluconeogenesis-related genes in diatoms may imply an
increase in EPS production of to chelate heavy metals.

3.5. Resistance to oxidative stress

In M. pseudoterrestris, the exposure to Cu significantly in-
duced the expression of genes encoding glutathione perox-
idase (GPx) and GST (Supplementary Table S9), suggesting
that M. pseudoterrestris cells are affected by oxidative stress.
ROS and Cu* can be reduced by GPx and GST, respectively,
using GSH. However, Cu exposure did not significantly in-
duce the gene expression of SOD and CAT, suggesting that
these proteins are regulated at the post-transcriptional or
post-translational level. Additionally, we were unable to de-
tect the induction of genes involved in the glutathione—ascor-
bate cycle.

The gene-encoding DBH (dopamine beta-hydroxylase)-like
mono-oxygenase was up-regulated in M. pseudoterrestris.
DBH-like mono-oxygenase is a Cu/ascorbate-dependent
mono-oxygenase family members that hydrolyses substrates
with ascorbate and molecular oxygen in the endoplasmic re-
ticulum.” In M. pseudoterrestris, we predicted signal peptides
at the N-terminus of DBH-like mono-oxygenase and con-
sidered that this protein may be localized to the endoplasmic
reticulum. Because DBH-like mono-oxygenase binds to Cu?*
in its active site, a high concentration of Cu?* may induce the

S. Suzuki et al.

activity of this protein, which suggests that this protein could
be used to remove ROS.

Cu exposure induces the gene-encoding spermidine syn-
thase, which synthesizes spermidine from putrescine.”* In
the green alga Chlorella vulgaris, application of spermidine
alleviates heavy metal-induced oxidative stress and growth
inhibition, causing degradation of photosynthetic pigments,
monosaccharides, and proteins.”> This suggests a poten-
tial role for spermidine in oxidative stress resistance in M.
pseudoterrestris.

3.6. Cu exposure decreases the intracellular Ca?
concentration

The gene-encoding plasma membrane Ca?* ATPase (PMCA),
which is involved in Ca?* efflux, was up-regulated (Fig. 5a and
b). PMCA is located in the plasma membrane and exports
intracellular Ca?* to the extracellular space via ATP.”® In add-
ition to PMCA, the plasma membrane Na*/Ca** exchanger
(NCX) is also responsible for Ca?* export; however, no signifi-
cant difference in the expression of NCX gene was observed
under Cu exposure. These data suggest that Cu exposure can
induce Ca?* export via PMCA, which may be useful for cel-
lular redox homeostasis. Ca** and CaM enhance the activity
of PMCA.7¢ Therefore, induction of CaM genes can affect
PMCA activity and facilitate motility (as described above)
under Cu exposure. PMCA is regulated by cGMP-dependent
protein kinase (PKG), and genes encoding PKG and guanyl
cyclase are up-regulated in M. pseudoterrestris exposed to Cu.

To elucidate the effect of Cu exposure on the intracellular
Ca* concentration in M. pseudoterrestris, we used a fluor-
escent Ca?* indicator, Fluo-3, and performed flow cytometry
(Fig. 5b). The median intensity of green fluorescence was
120.6 a.u. in untreated M. pseudoterrestris cells, and 82.3 a.u.
in cells exposed to Cu. The number of cells with less than peak
fluorescence was higher in the Cu treatment group than in the
untreated control group. Without staining, a clear difference
in the fluorescence peak was not observed between the un-
treated and Cu-treated cells. The clear decline in fluorescence
intensity under Cu exposure indicated that the intracellular
Ca?* concentration decreased in response to Cu exposure.
The intracellular concentration of Ca** is well maintained and
critical for the regulation of cell responses in both the short
and long terms.”” Therefore, the rapid change in Ca** concen-
tration observed in this study implies that the Ca?*-mediated
signal transduction system is disrupted in diatoms, which can
be a major factors in metal toxicity. For example, the Ca?*-
mediated signal transduction system is related to the shear
response, osmotic stress response, and response to Fe supply
and reactive aldehydes in diatoms.””

3.7. Diatom-specific mechanisms of reactive
dicarbonyl compound detoxification

Genes encoding two glyoxalases (Glys), glyoxalase III (GlyIII)
and glyoxalase-like protein (Gly-like) were up-regulated
under Cu exposure (Fig. 6a and b). Glyoxalases detoxify
methylglyoxal, a reactive dicarbonyl compound generated
from triosephosphate sugars.®® The Gly system is composed
of three enzymes, Glyl, Glyll, and GlyIll. Among these, GlyI
and GIlyII detoxify methylglyoxal to D-lactate via a two-step
reaction, whereas GIyIll generates D-lactate through a
one-step reaction. The Glylll of M. pseudoterrestris contains
a DJ-1_Pfpl domain, which is conserved in GlyIIL,*' and the
Gly-like contains a glyoxalase_like domain. The induction of
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genes encoding Gly proteins suggests that Cu exposure leads
to methylglyoxal production via oxidation, and that diatoms
can detoxify methylglyoxal using different Gly enzymes.

Next, we performed phylogenetic analysis of Gly-related
proteins (Fig. 6¢ and d). The results showed that the Gly-like
protein originated from bacteria and was conserved only in
diatoms among eukaryotes. Notably, centric diatoms are the
only diatom species lacking this protein. In contrast, GlylII
proteins were conserved among pennate and centric diatoms.
These data suggested that pennate diatoms acquired an add-
itional Gly-like gene from bacteria via HGT. This functional
duplication may be explained by the different lifestyles of
the diatoms. Pennate diatoms adhere to substances, whereas
centric diatoms can change their buoyancy and habitat ver-
tically.®? Therefore, pennate diatoms likely acquired an add-
itional mechanism for detoxification of harmful oxidative
compounds, in contrast to centric diatoms, which can avoid
oxidative stress by vertical migration. These findings suggest
that ecotoxicological tests performed using pennate diatoms
can underestimate the level of toxicity caused by metals and
some medicines, such as bleomycin, compared to those per-
formed using centric diatoms. Bleomycin is an Fe-containing
protein, and Gly proteins belong to the same structural family
as the bleomycin resistance protein.*

4. Conclusion

Mayamaea pseudoterrestris NIES-4280 is a freshwater pennate
diatom that has been proposed as an alternative strain of UTEX
664 for performing ecotoxicological tests. In this study, we
sequenced the genome of M. pseudoterrestris NIES-4280, and
performed RNA-seq analysis, which revealed a rapid change
in gene expression in response to Cu exposure. The genome
size and gene content of M. pseudoterrestris were compact, and
M. pseudoterrestris shared many genes with P. tricornutum, a

model diatom species. This suggests that M. pseudoterrestris
may serve as a suitable model for freshwater diatoms. Gene ex-
pression analyses revealed drastic changes in the expression of
genes related to cell motility, polysaccharide metabolism, oxi-
dative stress removal, intracellular Ca?* signalling, and reactive
compound detoxification. Indeed, exposure to Cu causes active
gliding motility and decreases the intracellular Ca?* concentra-
tion in M. pseudoterrestris. Based on the analysis of DEGs iden-
tified under active motility, we propose a putative molecular
mechanism of gliding in diatoms, which needs to be verified via
genome editing of P. tricornutum in the future.

Our analyses also revealed the diversity of genes and
gene expression patterns related to the rapid responses to
Cu among diatom species. The Cu toxicity response mech-
anism can be greatly differentiated between marine and fresh-
water species, and between pennate and centric diatoms.
Considering the ecological importance of diatoms in aquatic
environments, ecotoxicological tests should be performed
using centric diatom species as well as pennate diatom spe-
cies, such as M. pseudoterrestris.
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