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Abstract: Diatoms are important primary producers in marine and freshwater environments, but
little is known about the signalling mechanisms they use to detect changes in their environment.
All eukaryotic organisms use Ca2+ signalling to perceive and respond to environmental stimuli,
employing a range of Ca2+-permeable ion channels to facilitate the movement of Ca2+ across cellular
membranes. We investigated the distribution of different families of Ca2+ channels in diatom genomes,
with comparison to other members of the stramenopile lineage. The four-domain voltage-gated Ca2+

channels (Cav) are present in some centric diatoms but almost completely absent in pennate diatoms,
whereas single-domain voltage-gated EukCatA channels were found in all diatoms. Glutamate
receptors (GLRs) and pentameric ligand-gated ion channels (pLGICs) also appear to have been lost
in several pennate species. Transient receptor potential (TRP) channels are present in all diatoms, but
have not undergone the significant expansion seen in brown algae. All diatom species analysed lacked
the mitochondrial uniporter (MCU), a highly conserved channel type found in many eukaryotes,
including several stramenopile lineages. These results highlight the unique Ca2+-signalling toolkit of
diatoms and indicate that evolutionary gains or losses of different Ca2+ channels may contribute to
differences in cellular-signalling mechanisms between species.

Keywords: diatom; calcium signalling; ion channels; evolution

1. Introduction

Diatoms (Bacillariophyta) are a large divergent group of photosynthetic algae that
belong to the stramenopile clade, alongside other photosynthetic (e.g., brown algae) and
non-photosynthetic lineages (e.g., oomycetes). The photosynthetic stramenopiles (ochro-
phytes) likely acquired their plastids via the secondary endosymbiosis of a red algal
cell [1,2]. Diatoms are found in marine and freshwater environments globally and act
as a carbon sink and a major source of oxygen in the marine environment [3]. Under
conditions where nutrients are not limited, diatoms are often the most abundant type of
phytoplankton [4]. Diatoms may be split into two groups depending on whether they
possess either radial symmetry (centric diatoms) or bilateral symmetry (pennate diatoms).
Raphid pennate diatoms possess a raphe, one or two slits in the silica frustule that function
in gliding motility. Pennate diatoms lacking a raphe are classed as araphid.

It is now estimated that the diatom clade emerged in the centric form approximately
190 Ma in the early Jurassic period, with the earliest fossil evidence of diatoms dated
~182 Ma [5,6]. Araphid pennate diatoms emerged in the late Jurassic period (~150 Ma),
followed shortly by the raphid pennate diatoms in the early Cretaceous period [5]. An
assessment of the origin of each centric diatom genus suggested that much of this diversifi-
cation occurred during the Jurassic and Cretaceous periods, whilst genus origin of pennates
extended over the Cretaceous and Cenozoic periods [5].
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Diatoms inhabit diverse environments and need to be able to sense and respond to
multiple different abiotic and biotic stimuli. Calcium ions (Ca2+) are used ubiquitously
as an intracellular second messenger in eukaryotes, playing a role in numerous signal
transduction pathways necessary for perceiving and responding to environmental stim-
uli [7,8]. Following detection of specific stimuli, Ca2+-permeable ion channels in the plasma
membrane and/or endomembranes may be activated. The resultant increase in the con-
centration of Ca2+ in the cytosol is detected by an array of Ca2+-sensitive target proteins
that mediate downstream signalling responses. A vast number of processes involving
Ca2+ signalling have been demonstrated in plants, including temperature sensing, stomatal
opening and responses to mechanical stimulation [9–11]. Similarly, Ca2+ signalling is in-
volved in many complex processes in animals, with serious consequences when signalling
abnormalities arise [7]. Exploration of Ca2+ signalling in diatoms remains limited although
it is clear that diatoms employ Ca2+ signalling to respond to numerous stimuli, including
nutrient resupply, cold stress, diatom-derived aldehydes, prolonged darkness, shear stress
and hypo-osmotic stress [12–16].

Due to the inherent toxicity of Ca2+ ions, cells must maintain tight control over
intracellular Ca2+ concentrations. This was likely the driving factor in the development of
primitive Ca2+-signalling systems, whereby cells evolved efficient efflux mechanisms to
facilitate the removal of Ca2+ from the cytosol [17]. The many combinations of different
influx (Ca2+ channels) and efflux (Ca2+ pumps and exchangers) mechanisms result in a huge
diversity in the spatial and temporal characteristics of cytosolic Ca2+ elevations, leading to
stimulus-specific signalling, in which distinct Ca2+ ‘signatures’ are produced [18,19].

Ca2+-signalling mechanisms demonstrate increasing complexity throughout animal
evolution, driven by an increasing requirement for intercellular signalling and the devel-
opment of neuronal signalling to facilitate cognition, movement and development. The
development of complex nervous systems has led to the expansion of several gene families
including the 4-domain voltage-gated Ca2+ channels (Cav), ionotropic glutamate receptors
(iGLuRs) and pentameric ligand-gated ion channels (pLGICs)

Land plants (embryophytes) lack many of the well-characterised Ca2+ channel families
found in animals, including Cav, pLGICs, TRP, PX2R and IP3R channel types [20]. Many of
these channel types are present in chlorophyte algae, suggesting that they have undergone
extensive loss in the streptophyte lineage [21]. However, there is also a general trend of
increasing diversity of Ca2+ channel families within land plant evolution, with many of the
remaining channel types undergoing significant expansion.

Many protist lineages possess a broad diversity of Ca2+ channel types, including the
Cav, TRP and IP3Rs that play essential roles in animal signalling processes [22,23]. This
supports the hypothesis that the major classes of Ca2+-permeable channels were present in
ancestral eukaryotes. Most other photosynthetic eukaryotes do not appear to have under-
gone the large-scale losses of Ca2+ channel families seen in embryophytes. However, there
remains significant variation in the channel types present, even between closely related
taxa [23]. For example, the purinonergic P2XR receptors, a channel type predominantly
associated with animals [24], are absent from most photosynthetic eukaryotes but they
are present in prasinophytes (such as Ostreococcus tauri). Additionally, two-pore chan-
nels (TPCs) were identified in embryophytes and several stramenopile species, but were
noticeably absent in rhodophytes, prasinophytes and chlorophytes.

An initial analysis of the Ca2+ channels found in diatom genomes revealed significant
divergence between the centric Thalassiosira pseudonana and the pennate Phaeodactylum tri-
cornutum [23]. Further species must therefore be examined in order to assess whether these
trends reflect species-specific variability or represent broader trends between centric and
pennate lineages. The number of available diatom genomes has recently increased signifi-
cantly [25–34]. Our aim was to examine the diversity of Ca2+ channel types across a wider
variety of diatom species to determine broad trends in their composition in comparison
with other photosynthetic stramenopiles.
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2. Results and Discussion

2.1. Four-Domain Voltage-Dependent Ca2+ Channel (Cav)

The figure indicates the number of genes found in each class of Ca2+-permeable chan-
nel in diatom genomes (centric, araphid pennates and raphid pennates) alongside other rep-
resentative eukaryotes (animals, plants/green algae and brown algae). Cav, four-domain
voltage-dependent Ca2+ channel; TPC, two-pore Ca2+ channel; EukCat, single-domain
voltage-gated Ca2+ channel; GLR, glutamate receptor; pLGIC, pentameric ligand-gated
ion channel; TRP, transient receptor potential channel; MscS, mechanosensitive ion chan-
nel; OSCA, reduced hyperosmolarity induced [Ca2+] increase channel; P2XR, purinergic
P2X receptor; MCU, mitochondrial calcium uniporter; IP3R, inositol 1,4,5-trisphosphate
receptor; ORAI, Ca2+-release activated Ca2+ channel. Presence of ion channel types in
Homo sapiens, Arabidopsis thaliana and Chlamydomonas reinhardtii obtained from existing
reviews [17,23,35–37]. A schematic tree is shown, displaying the currently established
relationships between species [5].

Cav channels belong to the voltage-gated superfamily, alongside ion channels exhibit-
ing selectivity for Na+ or K+. They are known to play an important role in signal trans-
duction, especially in vertebrates, which utilise rapid Na+/Ca2+-based action potentials to
transfer signals over long distances. Cav channels open in response to depolarising action
potentials, allowing Ca2+ to enter the cytosol. Ca2+ therefore acts as a second messenger, co-
ordinating the cellular response to membrane depolarisation. As such, Cav may be described
as ‘signal transducers’, which are able to convert this electrical stimulus into a downstream
response using Ca2+ as a signalling molecule [38]. In mammals, the downstream responses
of Cav activation and generation of Ca2+ transients include neuronal synaptic transmission,
initiation of muscular contraction and regulation of gene expression [38,39].

The alpha subunit of mammalian voltage-dependent Ca2+ channels has four distinct
domains with six transmembrane segments (comprising 24 transmembrane segments in
total) [40]. Mammalian Cav are separated into three distinct clades (Cav1, Cav2 and Cav3)
dependent on the type of signal transduction that they facilitate [41].

It has been suggested that Cav channels play an essential role in the signal transduction
required for motility, hence they are a universal component of the Ca2+-signalling toolkit
of metazoans as well as many other motile lineages [42]. Cav channels are noticeably
absent in the land plant lineage, which may be explained by a reduced requirement for
rapid Na+/Ca2+-based signalling and a lack of motility [21]. Interestingly, the green algal
ancestors of the plant lineage possess several members of this channel group [20]. Algal Cav
sequences have been directly linked to motility, with a flagella-localised Cav homologue in
C. reinhardtii (CAV2) being required for the photophobic response to high light [43].

Cav channels are present in several centric diatom species (Figure 1), supporting
previous observations from transcriptomic datasets [44]. In contrast, the four-domain
voltage-dependent Cav channels are absent in pennate diatoms, with the exception of S.
robusta (Figure 1). The loss of Cav channels in pennate diatoms raises the possibility that
pennates possess an alternative to these channels.
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2.2. EukCats

In addition to Cav, diatoms possess a novel class of single-domain voltage-gated
Na+/Ca2+ channels, known as EukCatAs [44]. EukCatAs exhibit similarity to the prokary-
ote single-domain voltage-gated Na+ channels first identified in Bacillus halodurans (NaCh-
Bac) [45]. EukCat channels have also been identified in other eukaryotic phytoplankton
groups, including haptophytes, dinoflagellates and cryptophytes [44], although the Euk-
CatBs from coccolithophores are highly selective for Na+ [46].

We found multiple EukCatA channels in all diatom genomes, with the exception of Cy-
clotella cryptica (Figure 1). EukCatAs were not found in other stramenopiles, although some
pelagophytes possess EukCatB channels [44]. The ubiquitous distribution of EukCatAs
within diatoms is therefore distinct from the limited distribution of Cav. EukCatAs exhibit
many similar characteristics to eukaryotic Cav channels, suggesting that there may be
functional redundancy between these two classes of ion channels [44,46]. The large centric
diatom Odontella sinensis exhibits fast Na+/Ca2+-based action potentials and possesses both
Cav and EukCatAs [47]. However, Cav are absent from the pennate P. tricornutum, and
depolarisation-induced cytosolic Ca2+ elevations in this species are disrupted by genetic
knockout of a single EukCatA orthologue [44]. Therefore, it appears that EukCatA but not
Cav are essential for excitability in diatoms, at least in pennates. The apparent functional
redundancy between Cav and EukCatAs may have led to the divergence of their cellular
roles. Given that Cav play important signalling roles in algal flagella, it is interesting
that only centric diatoms have flagellated gametes [48]. It is possible that the continued
presence of four-domain Cav channels in some centric diatom genomes relates to a role in
flagella motility.

2.3. Two-Pore Channel (TPC)

TPCs are two-domain non-selective cation channels that belong to the voltage-gated
ion channel superfamily. TPCs are often localised to organellar membranes rather than
the plasma membrane. TPCs in mammals are involved in many physiological processes,
including membrane trafficking and autophagy regulation [49].

Animals possess three TPCs, with TPC1 and TPC2 present in all animals, while TPC3
is only present in some species. Human TPCs are localised to the endosomal and lysosomal
membranes and act primarily as NAADP-activated Ca2+ release channels or phosphatidyli-
nositol 3,5-bisphosphate (PI(3,5)P2)-activated Na+ channels, although they can also conduct
K+ and H+ under certain conditions [50,51]. In plants, the singular TPC1 localises to the
vacuolar membrane (tonoplast) and is responsible for the slow activating vacuolar (SV)
current [52–54]. TPC1 is activated by a combination of membrane voltage and a combi-
nation of cytosolic and luminal Ca2+ concentrations [55]. Plant TPCs are non-selective
and are primarily responsible for K+ transport across the vacuolar membrane. Although
it was initially suggested that plant TPCs could function in Ca2+-induced Ca2+ release, a
role in global plant Ca2+ signalling appears unlikely [55]. A. thaliana tpc1 knockouts do
not show an obvious change in phenotype [54,56]. TPCs are present in charophytes, but
Chlamydomonas reinhardtii and other green algae do not possess a TPC [23].

TPCs were found in all diatom genomes except M. variabilis. The relative abundance of
TPCs was greater in pennate diatoms with four different TPCs found in the pennate diatom
Fistulifera solaris, whereas most centric species only contained a single TPC (Figure 1).
Phylogenetic analysis revealed that the diatom TPCs form two distinct groups (Figure 2).
Group 1 (termed TPC1) containing TPCs from both centric and pennate species forms a
clade with TPCs from other eukaryotes, including animals, plants and other stramenopiles.
The second group of diatom TPCs (termed TPCL) containing sequences primarily from
pennate species form a separate monophyletic clade. Most pennate and centric diatoms
have a single TPC1 representative, whilst pennate additionally possess 1–2 TPCL channels.
TPCL channels are not restricted to pennates as a single representative is present in C.
tenuissimus (Table 1).
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There has been significant debate regarding the ion selectivity of TPCs [57]. Animal
TPCs show the remarkable ability to switch ion selectivity based on agonist binding.
In animals, the binding of the second messenger NAADP causes TPC to become Ca2+-
selective, whereas activation by PI(3,5)P2 leads to Na+ selectivity [58,59]. Plant TPC1 is
non-selective, but can be changed to a Na+-selective channel if the amino acid residues
in the selectivity filter of the second 6-TM region are changed to resemble human TPC2
(MGN to VNN) [57]. The selectivity filter in diatom TPCs is highly similar to animal
TPCs (VNN). In contrast, the diatom TPCL channels have a unique motif incorporating a
conserved aspartate residue (VND), suggesting that their ionic selectivity may differ from
other TPCs (Figure 3). Animal TPC2 and plant TPC1 have two Ca2+-binding EF-hands
positioned between the two 6-TM domains. The second EF-hand in plants is necessary for
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Ca2+-dependent channel gating. Diatom TPC1 also has two EF-hand domains, although
TPCL lacks these Ca2+-binding domains.

Table 1. TPC1 and TPCL channels identified in diatom genomes.

Species Diatom Group TPC1 TPCL

Chaetoceros tenuissimus Centric 2 1

Minidiscus variabilis Centric - -

Thalassiosira pseudonana Centric 1 -

Thalassiosira oceanica Centric 1 -

Fragilaria crotonensis Araphid pennate 1 1

Pseudo-Nitzschia multiseries Raphid pennate 1 1

Fragilariopsis cylindrus Raphid pennate 1 2

Nitzschia inconspicua Raphid pennate 1 2

Nitzschia putrida Raphid pennate 1 2

Phaeodactylum tricornutum Raphid pennate 1 1

Seminavis robusta Raphid pennate 1 1

Fistulifera solaris Raphid pennate 2 2

Mayamaea pseudoterrestris Raphid pennate - 1
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voltage-gating are positioned in TM4 and the pore loops are positioned between TM5 and TM6. Diatom
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TPCs possess two Ca2+-binding EF-hands that are absent in the TPC-like (TPCL) channel. (b) Ion
selectivity motif (ISM) from the pore loop of the second 6-TM region. The three amino acid residues
in the ion selectivity motif are shown, with colours reflecting similarity in the chemistry of the amino
acid side-chain. Red represents negatively charged amino acid, green represents polar uncharged
amino acid, yellow represents hydrophobic amino acid. The ion selectivity motifs found in diatom
TPCs are identical to those in animals, but the diatom TPCL channels have a unique motif, containing
a conserved negative aspartate residue.

We examined the cellular localisation of the novel TPCL channels in diatoms. We
found that P. tricornutum TPCL is localised to the vacuolar membrane, suggesting that it
also is involved with ion fluxes across the tonoplast (Figure 4). Correct targeting of TPC1
to the tonoplast in Arabidopsis thaliana requires the presence of an N-terminal di-leucine
motif [60]. Di-leucine motifs have also been shown to be responsible for targeting proteins
to diatom vacuoles, with a C-terminal motif (EGTPLL) found in cystathione-β-synthase [61].
We identified a similar putative di-leucine motif (EASPLL) in the N-terminal region of P.
tricornutum TPCL (position 290–295) that was highly conserved in the TPCL sequences in
all pennate diatoms examined.
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Figure 4. TPCL localises to the vacuole membrane. Confocal microscopy images of P. tricornutum
cells: wild type (WT) (top row), WT treated with the fluorescent dye MDY-64 to identify the position of
the vacuolar membrane (middle row) and cells expressing TPCL-Venus fusion protein (bottom row).
Left column shows chlorophyll fluorescence in red. Right column shows chlorophyll fluorescence
(red) superimposed with either MDY-64 or Venus fluorescence (green). Scale bar represents 10 µm.
Note that the cells expressing TPCL-Venus are predominately in the oval morphotype, although the
vacuoles adopt a similar position in fusiform cells (see MDY-64 image).
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2.4. Ionotropic Glutamate Receptor-like Channel (GLR)

Ionotropic glutamate receptors (known as iGluRs in animals) are important ion chan-
nels in the transmission of neuronal signals in animals. Glutamate is a key excitatory
neurotransmitter and molecular player in the processes of cognition, learning and mem-
ory [62,63]. GLRs have expanded hugely across eukaryotes, with at least 20 different
families in vertebrates [64]. Animal iGLuRs have evolved to meet the increasingly complex
role they play in nervous system signalling, diverging greatly in terms of protein structure
and ligand specificity. They are primarily separated into four distinct clades, categorised by
the agonist that activates them, although a recent analysis including a greater diversity of
animal lineages indicated additional complexity in the classification of animal iGluRs [65].

Plant homologues of animal iGluRs known as glutamate receptor-like channels (GLRs)
were identified in 1998 [66]. GLRs are involved in a broad range of developmental processes
in plants including seed germination, root development and pollen tube growth [67–70].
They have also been implicated in responses to wounding, pathogens and various abiotic
stresses [66,71]. A. thaliana GLRs are localised to many different cellular membranes,
including the plasma membrane, chloroplast membrane, mitochondrial membrane and
vacuolar membrane [67,72–78]. This further emphasises the broad range of functions that
GLR-mediated signalling contribute to.

Vertebrates and embryophytes both possess an expanded group of iGluRs or GLRs
respectively. The complement of GLRs is much smaller in many other eukaryotes. The
green alga C. reinhardtii possesses only one GLR, indicating that the expansion of GLRs in
land plants occurred after the divergence of streptophytes and chlorophytes (Edel 2017).
Ionotropic GLR channels were identified in all centric diatom species but appear to absent
from some pennate diatoms such as P. tricornutum and F. solaris. There is considerable vari-
ability in the number of GLRs present across diatom genomes, with substantial expansion
of the GLRs found in the centric C. tenuissimis and the pennate S. robusta. We found three
or four GLRs within brown algal species.

2.5. Pentameric Ligand-Gated Ion Channel (pLGIC)

The pLGICs are found in both a cys-loop and a cys-less form, dependent on whether
they possess a 13-residue loop bounded by two cysteine residues [79]. pLGICs are thought
to have particularly early origins, with the presence of orthologues in primitive groups
such as cyanobacteria and proteobacteria [80]. The cys-loop pLGIC family of neurotrans-
mitter receptors is ubiquitous in vertebrates and has important functions in the nervous
system [81]. Examples include nicotinic acetylcholine receptors and γ-aminobutyric acid
(GABA) receptors. Cys-less pLGICs were identified in many unicellular eukaryote groups,
including diatoms (P. tricornutum and Thalassiosira oceanica), coccolithophores and chloro-
phytes [82]. Our analysis indicated the wider presence of cys-less pLGICs across the diatom
clade, although they were absent in some species (e.g., T. pseudonana and F. solaris) (Figure 1).
pLGICs were substantially expanded with the S. robusta genome.

In contrast to the diatoms, both the cys-loop and cys-less pLGICs were absent in the
brown algal species included in this analysis. The absence of pLGICs in many stramenopile
and other unicellular algae species suggests that these receptors have become functionally
redundant and therefore were slowly lost over time [82].

2.6. Transient Receptor Potential Channel (TRP)

TRP channels are nonselective cation channels found on the plasma membrane that
facilitate the transport of Na+ and Ca2+ into the cytoplasm and have an important role
in sensing environmental signals and coordinating physiological responses [83]. The
TRP family is greatly expanded in mammals, with six key subfamilies dividing up the
28 channels based on sequence homology [83,84]. The activation mechanism of mammalian
TRP channels is diverse, with some channels being voltage-gated and others being activated
by mechanosensation, temperature or ligand-binding [85]. Once activated, TRP channels
cause cell membrane depolarisation and transient elevation of intracellular Ca2+.
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Surprisingly, whilst TRPs are absent in land plants, many putative TRP channels have
been identified in green algae such as C. reinhardtii and Volvox carteri [37]. Very few studies
have characterised TRPs outside of the animal lineage, but C. reinhardtii TRP1 has been
classified in a novel subfamily, which is distinct from the existing subfamilies present in
mammals [37]. Many C. reinhardtii TRPs are localised to the flagella, such as TRP11 which is
a mechanosensitive channel necessary for the flagellar-mediated avoidance response [86].

TRP channels were found in all stramenopile genomes examined. The TRP channel
family is greatly expanded in the brown algae, particularly in S. fusiforme which pos-
sesses 51 TRP channels. TRP channels were found in all diatom genomes, although gene
copy numbers were smaller than brown algae with only three to nine TRP channels per
species, suggesting that there has not been a substantial expansion of diatom TRP channels
(Figure 1). Diatom TRP channels group into four major clades that are distinct from the
different classes of animal TRP channels (Figure 5). A fifth clade (dTRP-5) contains TRP
sequences from just two diatom species (C. tenuissimus 7400 and N. putrida 13388) that
appear to be more closely related to animal TRP channels.
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Figure 5. Phylogenetic tree examining the relationships between diatom transient receptor poten-
tial (TRP) channels. TRP channels were identified in centric diatoms (Cyclotella cryptica, Chaetoceros
tenuissimus, Thalassiosira pseudonana, Thalassiosira oceanica), araphid pennate (Fragilaria crotonensis)
and raphid pennate (Pseudo-nitzschia multiseries, Fragilariopsis cylindrus, Nitzschia inconspicua, Nitzschia
putrida, Phaeodactylum tricornutum, Seminavis robusta, Fistulifera solaris and Mayamaea pseudoterrestris).
For comparison, TRP channels from animal (Homo sapiens and Drosophila melanogaster) and yeast (Rho-
dosporidium toruloides and Metschnikowia pulcherrima) were included in the analysis. The phylogenetic
tree was generated using the maximum likelihood method with the WAG + Freqs (+F) correction
model (100 bootstraps; bootstrap values > 0.7 on major nodes are shown by white circles).
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2.7. Mechanosensitive Channel Small Conductance (MscS)

It is important for many organisms to be capable of detecting and responding to
mechanical stimuli including physical pressure from touch, gravity and osmotic stress.
Mechanosensitive (MS) channels are gated by membrane tension and initiate responses to
these stimuli. Prokaryotes have a large and well-characterised MS ion channel family [87].
The two major groups of MS channels in prokaryotes are the mechanosensitive channel of
small conductance (MscS) and large conductance (MscL) channels, characterised by their
structural differences [87].

MscS homologues are found in plants, photosynthetic protists and fungi, but they
are absent in animals. Plant MscS are generally nonselective and stretch-activated. One
class of plant MscS is known to be activated by osmotic stress, but research is ongoing
into the wider role of these channels [88,89]. Plant MscS are localised to either the plasma
membrane or various organellar membranes. A MscS channel in C. reinhardtii (MSC1) is
involved in the organisation of the chloroplast [90].

Every stramenopile species analysed within this study possesses at least two MscS
channels, with the greatest numbers of MscS channels found in pennate diatoms. Members
of the Naviculaceae lineage possess up to 18 MscS homologues (Figure 1). Considering the
dynamic environment of many stramenopile species, MscS are likely to play an important
role in diatom responses to environmental stimuli. It will be interesting to determine
whether MscS channels also localise to diatom plastids and play a role in the organisation
of the chloroplasts derived from secondary endosymbiosis.

2.8. Reduced Hyperosmolarity-Induced [Ca2+] Increase Channel (OSCA)

OSCA channels were first identified as Ca2+ channels that play an important role in
the short-term responses of plants to hyperosmotic stress [91]. OSCAs are related to the
TMEM63 family of ion channels found in animals. Together, the OSCA/TMEM63 family
forms the largest family of mechanosensitive channels in eukaryotes [92]. In animals, these
channels are critical in environmental sensing and coordination of movement. Knockout
of TMEM63B in mice led to impaired hearing, due to the role of TMEM63B in the Ca2+-
signalling pathway that modulates hair cell morphology [93]. OSCA channels are found in
divergent eukaryote lineages. Four primary clades of OSCAs are found in land plants [17],
with the OSCA1 clade proposed to have played an important role in enabling land plants
to sense water stress as they colonise terrestrial environments [94].

OSCA channels were identified in all diatom species within this survey, suggesting an
essential role in diatom physiology (Figure 1). Diatom OSCA sequences were distinct from
the four main OSCA groups found in land plants. Instead, diatom OSCA sequences were
grouped into four distinct clades, alongside sequences from brown algae (Figure 6).

The function of OSCA channels within diatoms remain unknown, but evidence shows
that OSCA1 (Pt39402) has higher expression levels in oval P. tricornutum morphotype cells
compared to fusiform and triradiate morphotypes [95]. The oval morphotype is most
likely an adaptation to benthic environments, whereas the fusiform and triradiate forms
predominate in planktonic environments [96]. Expression of an OSCA1-Venus fusion in P.
tricornutum under its native promoter indicated a plasma membrane localisation in oval
cells, although no expression was detected in fusiform cells (Figure 7). Previous research has
indicated that genes involved in responses to hyperosmotic and cold stress are upregulated
in the oval morphotype of P. tricornutum, suggesting that oval cells are more resilient to
environmental stresses [97]. We also recently demonstrated that oval P. tricornutum cells
are less sensitive to hypo-osmotic stress than fusiform cells [98]. The differential expression
of OSCA1 between oval and fusiform morphotypes suggests that it could contribute to
these different sensitivities, although it remains to be determined whether OSCA1 plays a
direct role in osmotic Ca2+ signalling in P. tricornutum.
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Figure 6. Phylogenetic tree comparing the relationships between OSCA channels of diatoms.
Sequences were taken from the centric diatoms Cyclotella cryptica (Cc), Chaetoceros tenuissimus (Ct),
Thalassiosira pseudonana (Tp), Thalassiosira oceanica (To), the araphid pennate diatom Fragilaria crotonen-
sis (Fcr) and the raphid pennate diatoms Pseudo-nitzschia multiseries (Pm), Fragilariopsis cylindrus (Fcy),
Nitzschia inconspicua (Ni), Nitzschia putrida (Np), Phaeodactylum tricornutum (Pt), Seminavis robusta
(Sr), Fistulifera solaris (Fs) and Mayamaea pseudoterrestris (Mp). Additional OSCA/TMEM63 sequences
were taken from brown algae, animals and plants. Animal species is Homo sapiens. Plant and green
algal species are Arabidopsis thaliana (At) and Chlamydomonas reinhardtii (Cre). Brown algal species
are Undaria pinnatifida (UNPIN), Sargassum fusiforme (S-fusiforme) and Ectocarpus siliculosus (Ec).
Within the stramenopile groups, purple indicates diatoms and brown represents brown algae. The
phylogenetic tree was generated using the maximum likelihood method with the WAG + Freqs (+F)
correction model (100 bootstraps; bootstrap values > 0.7 on major nodes are shown by white circles).
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extracellular ATP in vertebrates. The phylogenetic distribution of P2X receptors is limited 
mainly to vertebrates due to their role in the nervous system and muscular control, alt-
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treococcus tauri [24,99]. We did not find P2X receptors in any diatom genome or the other 
stramenopiles assessed within this survey (Figure 1). 

Figure 7. P. tricornutum OSCA1 localises to the plasma membrane in oval cells. Confocal mi-
croscopy images of P. tricornutum oval and fusiform cells: left column shows green fluorescence to
indicate position of OSCA1-Venus. Middle column shows chlorophyll fluorescence in red. Note that
the OSCA1-Venus construct was under the control of its native promoter. Due to low expression
levels of OSCA1-Venus, there is chlorophyll autofluorescence visible in the green channel, although
the green fluorescence in the plasma membrane is clearly distinct in the merge image (arrows). Right
column shows differential interference contrast (DIC) brightfield images. The green fluorescence
in the plasma membrane is absent from fusiform cells (middle row) and all wild-type (WT) cells
(bottom row).

2.9. P2X Purinoreceptor (P2XR)

P2X receptors are Ca2+-permeable ion channels that play important roles in sensing
extracellular ATP in vertebrates. The phylogenetic distribution of P2X receptors is lim-
ited mainly to vertebrates due to their role in the nervous system and muscular control,
although P2X receptors have been found in some algal species such as the prasinophyte
Ostreococcus tauri [24,99]. We did not find P2X receptors in any diatom genome or the other
stramenopiles assessed within this survey (Figure 1).

2.10. Mitochondrial Uniporter (MCU)

An important element of Ca2+-dependent signalling is the efflux of Ca2+ from the
cytosol following a transient signalling event. Mitochondria are known to take up signifi-
cant amounts of Ca2+ and thus help to regulate cytosolic Ca2+ concentrations [100]. The
mitochondrial uniporter is a protein located on the inner mitochondrial membrane, which
facilitates movement of Ca2+ into the mitochondrial matrix [101]. It is now considered
to be part of a wider mitochondrial uniporter complex, which comprises all the compo-
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nents required for mitochondrial Ca2+ uptake [102]. The complex includes the important
regulatory protein mitochondrial Ca2+ uptake 1 (MICU1).

Whilst there is only one member of the MCU family in mammals, six MCU homologues
have been identified in A. thaliana, with MCU1 and MCU2 confirmed to be Ca2+-selective
36. MCU homologues are found across almost every major eukaryotic group, including
other protist lineages [103]. Despite this, MCUs have a patchy presence across several
different lineages, suggesting that they have been lost independently by numerous different
eukaryotic groups. For example, MCUs are present in the major fungal groups Ascomycota
and Basidiomycota species, but absent in the Saccharomycetales and also absent in apicom-
plexans and microsporidia [104]. MCUs were identified in the brown algae E. siliculosus
and U. pinnatifida, which supports the existing evidence that MCUs are present in many
stramenopiles (Figure 1) [104]. However, they were absent in diatoms and the brown algae
S. fusiforme (Figure 1). Whilst some of the eukaryote lineages that have lost MCU exhibit
streamlined mitochondrial metabolism (e.g., microsporidians), many others do not. It is not
clear whether these lineages (including diatoms) are able to use an alternative mechanism
to facilitate mitochondrial Ca2+ uptake.

2.11. Inositol 1,4,5-Triphosphate Receptor (IP3R)

IP3Rs are involved in the release of Ca2+ from stores in the endoplasmic reticulum
(ER) in response to the intracellular messenger IP3, and they initiate store-operated Ca2+

entry (SOCE) following depletion of Ca2+ within the ER [105,106]. In animals, the binding
of IP3 allows IP3Rs to bind Ca2+, resulting in the opening of the channel and the release of
ER Ca2+ into the cytosol. The transient increase in Ca2+ in the cytosol and the depletion of
ER Ca2+ stores initiate the interaction of stromal interaction molecule 1 (STIM1) with the
plasma membrane-localised Orai channel. Animal IP3Rs are located primarily in the ER
membrane and the Golgi membrane, but also can be found in the nuclear envelope [106].

IP3Rs are ubiquitous in the metazoans and are integral to the generation of fast
Ca2+ waves in animal cells. They have also been identified in parasitic protozoa, such as
Trypanosoma and Leishmania [107]. IP3Rs are absent in plants, but present in green algae
such as C. reinhardtii, which suggests that these channels were lost relatively recently in
plant evolutionary history.

Until recently, IP3Rs had been identified in only one algal group (the green algae).
However, it is clear that IP3Rs are present in brown algae, as all species within this study
possessed at least one IP3R. This supports the existing evidence of transient Ca2+ signals
in Fucus serratus following treatment with IP3 [108]. In contrast, no IP3Rs were identified
in the diatom lineage (Figure 1). Diatom Ca2+ elevations induced by hypo-osmotic stress
progress as rapid Ca2+ waves with similar properties to those seen in metazoans [98]. In
the absence of IP3Rs, diatom Ca2+ waves may be mediated by a novel channel type.

2.12. Ca2+Release-Activated Ca2+ Channel (Orai)

The Orai channels are the predominant type of Ca2+ release-activated Ca2+ (CRAC)
channels involved in store-operated Ca2+ entry (SOCE), a pathway whereby a decrease
in the Ca2+ concentration in the ER stimulates the influx of extracellular Ca2+ into the
cytosol [109,110]. Orai channels are found in all mammalian cells and are thought to be an
essential component of animal Ca2+-signalling pathways. Orai channels have also been
identified in some photosynthetic protists and most plant groups prior to angiosperms [21].
However, this channel type is not present in angiosperms and has not been identified in
fungal species including Saccharomyces cerevisiae [111]. Indeed, Orai channels are thought
to be the most recent Ca2+ channel type to have been lost in the land plant lineage [111].

A previous study examining the distribution of the Orai channels identified homo-
logues in the genomes of brown algae and centric diatoms, but not in pennate diatoms [21].
We identified Orai homologues in brown algae and centric diatoms that exhibited similarity
to the Orai channels from plants and green algae. However, we also found a divergent
group of Orai channels in diatoms that was present in both pennates and centrics (Figure 8).
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Several centric species appear to have both forms of Orai (e.g., T. pseudonana), whereas
pennates only have the second group. The divergent class of Orai channels forms a dis-
tinct monophyletic clade, but retains the conserved glutamate corresponding to E178 in
Drosophila melanogaster Orai1 that is important for Ca2+ selectivity.
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Figure 8. Phylogenetic relationship between the Orai channels of diatoms and other eukaryotes.
Species are Homo sapiens (Hs); the plant Physcomitrella patens (Pp); green alga Chlamydomonas reinhardtii
(Cre); the brown algae Undaria pinnatifida (Up), Sargassum fusiforme (Sf) and Ectocarpus siliculosus (Ec);
the oomycetes Saprolegnia parasitica (Sappar), Phytophthora capsica (Phyca), Phytophthora sojae (Physo)
and Phytophthora infestans (Phyinf); the centric diatoms Cyclotella cryptica (Cc), Chaetoceros tenuissimus
(Ct), Minidiscus variabilis (Mv), Thalassiosira pseudonana (Tp) and Thalassiosira oceanica (To); the araphid
pennate diatom Fragilaria crotonensis (Fcr); and the raphid pennate diatoms Pseudo-nitzschia multiseries
(Pm), Fragilariopsis cylindrus (Fcy), Nitzschia inconspicua (Ni), Nitzschia putrida (Np), Phaeodactylum
tricornutum (Pt), Seminavis robusta (Sr), Fistulifera solaris (Fs) and Mayamaea pseudoterrestris (Mp).
The unrooted phylogenetic tree was generated using the maximum likelihood method with the
WAG + Freqs (+F) correction model (100 bootstraps; bootstrap values > 0.7 on major nodes are shown
by white circles).
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The activation of Orai channels in animals is stimulated through the binding of stromal
interaction molecule 1 (STIM1), alongside other ER Ca2+ sensors. The activation of Orai
channels is required to initiate SOCE, therefore it is expected that organisms possessing
Orai channels must also have an associated Ca2+ sensor. Indeed, STIM1 homologues are
universally present in the animal lineage. Outside of animals and choanoflagellates, several
groups known to possess an Orai channel including early plants and green algae are lacking
a STIM1 homologue. Similarly, STIM1 has not been detected in diatoms. As the activation
of Orai channels is required to initiate SOCE, it is likely that these groups possess a different
protein that performs a similar function.

3. Materials and Methods

3.1. Bioinformatic Searches for Ca2+ Channels

Sequence similarity searches were used to identify candidate Ca2+ channel genes in
diatom genomes (Supplementary Table S1). Query protein sequences for Cav, TPC, EukCat,
GLR, TRP, CNGC and MscS channels were obtained for P. tricornutum and T. pseudonana
from previous analyses [23]. For the Ca2+ channel families not previously found in these
species, sequences were obtained from other protists or plants. Predicted proteins for each
diatom species were downloaded from the Joint Genome Institute Phycocosm repository
(https://phycocosm.jgi.doe.gov/phycocosm/home, accessed on 1 December 2022), and
similarity searches were performed using BLASTP within Geneious Prime. All instances
of protein absence were confirmed using TBLASTN against the genome with additional
searches using sequences from closely related organisms. Proteins recovered from sequence-
similarity searches were identified using a combination of BLAST score, manual inspection
of conserved residues in multiple sequence alignments and their position in phylogenetic
trees generated by both neighbour-joining and maximum likelihood method within the
Geneious Prime (version 2024.0.5) software package. Proteins exhibiting strong hits for
each channel type were then analysed using InterPro (https://www.ebi.ac.uk/interpro/,
accessed on 3 March 2024) to check for the presence of conserved functional domains.

3.2. Phylogenetic Analyses

For detailed phylogenetic analysis of TRP, OSCA and ORAI channels, multiple se-
quence alignments were generated using MUSCLE within Geneious Prime. Incomplete
sequences or poorly aligned regions were removed following manual inspection. Maximum
likelihood phylogenetic trees were generated using MEGA11 software (version 11.0.13)
with the best substitution model (WAG with frequency). The phylogenetic analysis only
used sites that were present in at least 95% of all sequences within the alignment. A total of
100 bootstraps were applied. Initial unrefined alignments are provided in Supplementary
Information (Supplementary Data S1–S4).

3.3. Localisation of TPCL and OSCA1 in P. tricornutum

For P. tricornutum TPCL (Protein ID 1654), the entire open reading frame with exclusion
of the stop codon was amplified by polymerase chain reaction using the proof-reading Phu-
sion polymerase (Thermo Fisher Scientific, Waltham, MA, USA) and the following primers:

PtTPCL_For ATGAGCTCGCCACGCC
PtTPCL_Rev ATTTGCGACGGGAGCAGC
The amplicon was cloned into the StuI sites of the pPha-TI_Venus vector using blunt

end cloning (Supplementary Data S5). Expression of TPCL was driven by a constitutive
fcpA promoter.

The P. tricornutum OSCA1 gene (Protein ID 39402) including its upstream promoter re-
gion (800 bp 5′ to the translation initiation site) but excluding the stop codon was amplified
using the Phire Plant Direct PCR kit (Thermo Fisher Scientific) and the following primers:

PtOSCA1_For atagaaccagatcccccgggctgcaGACCAGTGGTGGCCTTCCTC
PtOSCA1_Rev gttcttctcccttggaaaccataggAACGAAACGACGCTTGTCCG

https://phycocosm.jgi.doe.gov/phycocosm/home
https://www.ebi.ac.uk/interpro/
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The amplicon was cloned into pPha-TI_Venus vector via the StuI and PstI sites using a
HiFi DNA Assembly Cloning Kit (New England Biolabs, Ipswich, MA, USA).

The pPha-T1_TPCL_Venus and pPha-T1_OSCA1_Venus plasmids were introduced
into P. tricornutum wild type strain (PLY670) via biolistics using the transformation pro-
tocol described previously [44]. Cells were grown on selection plates (50% seawater
supplemented with f/2 nutrients and 75 µg mL−1 Zeocin) to identify transformed cells.
Zeocin-resistant colonies were screened for fluorescence using confocal microscopy. Cells
expressing TPCL were imaged using a Zeiss LSM510 confocal microscope with a Plan
Neofluar 40× oil objective (Zeiss, Oberkochen, Germany). Cells were excited with a 488 nm
argon/krypton laser, and emission was detected between 500 and 530 nm for Venus and
650 and 710 nm for chlorophyll. Cells expressing OSCA1 were imaged using a Leica SP8
confocal microscope with a 63x oil objective (Leica Microsystems, Milton Keynes, UK).
Cells were excited with a 488 nm argon/krypton laser, and emission was detected between
500 and 530 nm for Venus and 650 and 710 nm for chlorophyll.

4. Conclusions

Our analysis demonstrates a broad diversity in the types of Ca2+ channel present in
diatoms. Several classes of ion channels that play important roles in animal Ca2+ signalling
appear to be completely absent from diatoms, most notably MCU and IP3R. As these are
both present in brown algae, they were most likely lost in stramenopile evolution following
the divergence of the bacillariophyte and phaeophyte lineages. There is no evidence for the
broad expansion of any particular Ca2+ channel classes across diatoms in a manner seen
for GLRs and CNGCs in land plants, but we found evidence for the emergence of highly
divergent forms of ion channels within diatoms, most notably within the TPC and Orai
classes. Our analyses also demonstrate that diatoms possess unique Ca2+ channels, with
the single-domain EukCatA channels present in all diatoms (except C. cryptica). Within
the diatoms, we found evidence for some differentiation between the centric and pennate
lineages. For example, the divergent form of TPC (TPCL) was predominately found in
pennates and the divergent AlgalOrai was also restricted to pennates. Importantly, the
four-domain voltage-gated Cav channels appear to have been lost almost entirely from
pennates, with the exception of a single homologue found in S. robusta.

We found evidence for significant expansion of several ion channel types, including
the iGluR and the pLGIC in some individual species, particularly Seminavis robusta. The S.
robusta genome was recently found to possess the largest number of protein-coding genes
of any sequenced diatom, with a large number of tandem duplicates [31]. S. robusta is a
motile benthic species belonging to raphid pennates, and it is proposed that adaptions to
this environment may have led to this genomic expansion. Indeed, an expansion of the
iGluR family in penaeid shrimp has been hypothesised to allow rapid locomotive responses
to aid survival in a benthic environment [112]. However, other diatom species that also
exhibit a benthic phase, such as P. tricornutum, do not show the same genomic expansion.

The Ca2+-signalling machinery in diatoms therefore exhibits similarities to aspects of
the well-characterised signalling mechanisms in both plants and animals. For example,
diatoms lack IP3Rs but they possess Cav and TRP channels that are central to many
signalling processes in animals. Diatoms and plants are both photosynthetic and have
large central vacuole(s) that likely perform similar roles in the storage of inorganic ions
and organic solutes. However, diatoms also exhibit fast Na+/Ca2+-based action potentials,
similar to those observed in excitable animal cells. These rapid Ca2+-dependent signalling
mechanisms are linked to motility in unicellular organisms, although it is unclear why
non-motile diatom species also possess a suite of ion channels that facilitate rapid action
potential-based signalling. One explanation may be the dynamic environment in which
diatoms reside. Diatoms must be resilient to extreme temperature and osmotic fluctuations,
as well as sudden changes in nutrient availability. Even though large centric diatoms
appear non-motile, they can rapidly adjust their cell density and change sinking speeds
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through the water column on timescales of seconds [113]. It is likely that these processes
require mechanisms for rapid cell signalling.

Diatoms inhabit highly diverse environments, including benthic and pelagic envi-
ronments in marine and freshwater ecosystems. Moreover, diatoms have a truly global
distribution, spanning from the sea-ice of polar regions to mountain lakes in the trop-
ics. The broad diversity of diatom Ca2+-signalling mechanisms likely contributes to their
ecological success across these hugely diverse environments. As more diatom genomes
become available, we will be able to address how these major environmental transitions,
such as the colonisation of freshwater environments, have influenced the evolution of
diatom signalling mechanisms.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants13091207/s1, Data S1: OSCA alignment; Data S2: Orai alignment;
Data S3: TPC alignment; Data S4: TRP alignment; Data S5: pPha-T1-Venus; Table S1: Protein
Accessions. References [114–125] are cited in the supplementary materials.
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64. Moroz, L.L.; Nikitin, M.A.; Poličar, P.G.; Kohn, A.B.; Romanova, D.Y. Evolution of glutamatergic signaling and synapses.
Neuropharmacology 2021, 199, 108740. [CrossRef] [PubMed]

65. Ramos-Vicente, D.; Bayés, À. AMPA receptor auxiliary subunits emerged during early vertebrate evolution by neo/subfunction-
alization of unrelated proteins. Open Biol. 2020, 10, 200234.

66. Lam, H.-M.; Chiu, J.; Hsieh, M.-H.; Meisel, L.; Oliveira, I.C.; Shin, M.; Coruzzi, G. Glutamate-receptor genes in plants. Nature
1998, 396, 125–126. [CrossRef]

https://doi.org/10.1038/328313a0
https://doi.org/10.1016/S0896-6273(00)81057-0
https://doi.org/10.1098/rstb.2015.0043
https://www.ncbi.nlm.nih.gov/pubmed/26598726
https://doi.org/10.1016/j.cub.2008.11.068
https://www.ncbi.nlm.nih.gov/pubmed/19167228
https://doi.org/10.1016/j.cub.2019.03.041
https://www.ncbi.nlm.nih.gov/pubmed/31006567
https://doi.org/10.1126/science.1065635
https://www.ncbi.nlm.nih.gov/pubmed/11743207
https://doi.org/10.1104/pp.20.00889
https://www.ncbi.nlm.nih.gov/pubmed/33004614
https://doi.org/10.1371/journal.pone.0004966
https://www.ncbi.nlm.nih.gov/pubmed/19305505
https://doi.org/10.1038/nature08030
https://doi.org/10.1038/s41598-017-10607-4
https://doi.org/10.1093/pcp/pce145
https://doi.org/10.1038/329833a0
https://doi.org/10.1038/nature03381
https://doi.org/10.1016/j.tplants.2023.01.001
https://www.ncbi.nlm.nih.gov/pubmed/36740491
https://doi.org/10.1007/164_2022_599
https://doi.org/10.1073/pnas.1616191114
https://www.ncbi.nlm.nih.gov/pubmed/28096396
https://doi.org/10.1016/j.cophys.2020.08.002
https://www.ncbi.nlm.nih.gov/pubmed/32838099
https://doi.org/10.7554/eLife.54712
https://www.ncbi.nlm.nih.gov/pubmed/32167471
https://doi.org/10.1111/j.1600-0854.2012.01366.x
https://www.ncbi.nlm.nih.gov/pubmed/22490017
https://doi.org/10.1016/j.protis.2017.03.001
https://doi.org/10.1016/j.neuron.2018.05.018
https://doi.org/10.1038/nrn3192
https://doi.org/10.1016/j.neuropharm.2021.108740
https://www.ncbi.nlm.nih.gov/pubmed/34343611
https://doi.org/10.1038/24066


Plants 2024, 13, 1207 20 of 22

67. Wudick, M.M.; Portes, M.T.; Michard, E.; Rosas-Santiago, P.; Lizzio, M.A.; Nunes, C.O.; Campos, C.; Damineli, D.S.C.; Carvalho,
J.C.; Lima, P.T.; et al. CORNICHON sorting and regulation of GLR channels underlie pollen tube Ca2+ homeostasis. Science 2018,
360, 533–536. [CrossRef]

68. Michard, E.; Lima, P.T.; Borges, F.; Silva, A.C.; Portes, M.T.; Carvalho, J.E.; Gilliham, M.; Liu, L.H.; Obermeyer, G.; Feijó, J.A.
Glutamate Receptor–like Genes Form Ca2+ Channels in Pollen Tubes and Are Regulated by Pistil d-Serine. Science 2011, 332,
434–437. [CrossRef] [PubMed]

69. Singh, S.K.; Chien, C.T.; Chang, I.F. The Arabidopsis glutamate receptor-like gene GLR3.6 controls root development by repressing
the Kip-related protein gene KRP4. J. Exp. Bot. 2016, 67, 1853–1869. [CrossRef] [PubMed]

70. Kong, D.; Ju, C.; Parihar, A.; Kim, S.; Cho, D.; Kwak, J.M. Arabidopsis glutamate receptor homolog3.5 modulates cytosolic Ca2+

level to counteract effect of abscisic acid in seed germination. Plant Physiol. 2015, 167, 1630–1642. [CrossRef]
71. Mousavi, S.A.R.; Chauvin, A.; Pascaud, F.; Kellenberger, S.; Farmer, E.E. Glutamate receptor-like genes mediate leaf-to-leaf wound

signalling. Nature 2013, 500, 422–426. [CrossRef] [PubMed]
72. Wudick, M.M.; Michard, E.; Oliveira Nunes, C.; Feijó, J.A. Comparing plant and animal glutamate receptors: Common traits but

different fates? J. Exp. Bot. 2018, 69, 4151–4163. [CrossRef]
73. Meyerhoff, O.; Müller, K.; Roelfsema, M.R.G.; Latz, A.; Lacombe, B.; Hedrich, R.; Dietrich, P.; Becker, D. AtGLR3.4, a glutamate

receptor channel-like gene is sensitive to touch and cold. Planta 2005, 222, 418–427. [CrossRef]
74. Teardo, E.; Formentin, E.; Segalla, A.; Giacometti, G.M.; Marin, O.; Zanetti, M.; Schiavo, F.L.; Zoratti, M.; Szabò, I. Dual localization

of plant glutamate receptor AtGLR3.4 to plastids and plasmamembrane. Biochim. Biophys. Acta (BBA) Bioenerg. 2011, 1807,
359–367. [CrossRef] [PubMed]

75. Vincill, E.D.; Bieck, A.M.; Spalding, E.P. Ca2+ Conduction by an Amino Acid-Gated Ion Channel Related to Glutamate Receptors.
Plant Physiol. 2012, 159, 40–46. [CrossRef] [PubMed]

76. Teardo, E.; Carraretto, L.; De Bortoli, S.; Costa, A.; Behera, S.; Wagner, R.; Lo Schiavo, F.; Formentin, E.; Szabo, I. Alternative
splicing-Mediated targeting of the arabidopsis GLUTAMATE RECEPTOR 3.5 to mitochondria affects organelle morphology.
Plant Physiol. 2015, 167, 216–227. [CrossRef] [PubMed]

77. Vincill, E.D.; Clarin, A.E.; Molenda, J.N.; Spalding, E.P. Interacting glutamate receptor-like proteins in phloem regulate lateral
root initiation in Arabidopsis. Plant Cell 2013, 25, 1304–1313. [CrossRef] [PubMed]

78. Tapken, D.; Anschütz, U.; Liu, L.-H.; Huelsken, T.; Seebohm, G.; Becker, D.; Hollmann, M. A Plant Homolog of Animal Glutamate
Receptors Is an Ion Channel Gated by Multiple Hydrophobic Amino Acids. Sci. Signal. 2013, 6, ra47. [CrossRef] [PubMed]

79. Corrie, J.B.; Baenziger, J.E. Gating of Pentameric Ligand-Gated Ion Channels: Structural Insights and Ambiguities. Structure 2013,
21, 1271–1283. [CrossRef] [PubMed]

80. Tasneem, A.; Iyer, L.M.; Jakobsson, E.; Aravind, L. Open Access Identification of the Prokaryotic Ligand-Gated Ion Channels and
Their Implications for the Mechanisms and Origins of Animal Cys-Loop Ion Channels. Genome Biol. 2004, 6, R4. [CrossRef]

81. Lynagh, T.; Pless, S.A. Principles of agonist recognition in Cys-loop receptors. Front. Physiol. 2014, 5, 160. [CrossRef] [PubMed]
82. Jaiteh, M.; Taly, A.; Hénin, J. Evolution of pentameric ligand-gated ion channels: Pro-loop receptors. PLoS ONE 2016, 11, e0151934.

[CrossRef]
83. Samanta, A.; Hughes, T.E.T.; Moiseenkova-Bell, V.Y. Transient receptor potential (TRP) channels. In Subcellular Biochemistry;

Springer: New York, NY, USA, 2018; Volume 87, pp. 141–165.
84. Ramsey, I.S.; Delling, M.; Clapham, D.E. An introduction to TRP channels. Annu. Rev. Physiol. 2006, 68, 619–647. [CrossRef]
85. Nilius, B.; Owsianik, G. The transient receptor potential family of ion channels. Genome Biol. 2011, 12, 218. [CrossRef] [PubMed]
86. Fujiu, K.; Nakayama, Y.; Iida, H.; Sokabe, M.; Yoshimura, K. Mechanoreception in motile flagella of Chlamydomonas. Nat. Cell

Biol. 2011, 13, 630–632. [CrossRef] [PubMed]
87. Booth, I.R. Bacterial mechanosensitive channels: Progress towards an understanding of their roles in cell physiology. Curr. Opin.

Microbiol. 2014, 18, 16–22. [CrossRef] [PubMed]
88. Lee, J.S.; Wilson, M.E.; Richardson, R.A.; Haswell, E.S. Genetic and physical interactions between the organellar mechanosensitive

ion channel homologs MSL1, MSL2, and MSL3 reveal a role for inter-organellar communication in plant development. Plant
Direct 2019, 3, e00124. [CrossRef] [PubMed]

89. Haswell, E.S.; Meyerowitz, E.M. MscS-like proteins control plastid size and shape in Arabidopsis thaliana. Curr. Biol. 2006, 16, 1–11.
[CrossRef] [PubMed]

90. Nakayama, Y.; Fujiu, K.; Sokabe, M.; Yoshimura, K. Molecular and electrophysiological characterization of a mechanosensitive
channel expressed in the chloroplasts of Chlamydomonas. Proc. Natl. Acad. Sci. USA 2007, 104, 5883–5888. [CrossRef] [PubMed]

91. Yuan, F.; Yang, H.; Xue, Y.; Kong, D.; Ye, R.; Li, C.; Zhang, J.; Theprungsirikul, L.; Shrift, T.; Krichilsky, B.; et al. OSCA1 mediates
osmotic-stress-evoked Ca2+ increases vital for osmosensing in Arabidopsis. Nature 2014, 514, 367–371. [CrossRef] [PubMed]

92. Murthy, S.E.; Dubin, A.E.; Whitwam, T.; Jojoa-Cruz, S.; Cahalan, S.M.; Mousavi, S.A.R.; Ward, A.B.; Patapoutian, A.
OSCA/TMEM63 are an evolutionarily conserved family of mechanically activated ion channels. eLife 2018, 7, e41844. [CrossRef]
[PubMed]

93. Du, H.; Ye, C.; Wu, D.; Zang, Y.-Y.; Zhang, L.; Chen, C.; He, X.-Y.; Yang, J.-J.; Hu, P.; Xu, Z.; et al. The Cation Channel TMEM63B Is
an Osmosensor Required for Hearing. Cell Rep. 2020, 31, 107596. [CrossRef] [PubMed]

94. Wu, X.; Yuan, F.; Wang, X.; Zhu, S.; Pei, Z.-M. Evolution of osmosensing OSCA1 Ca2+ channel family coincident with plant
transition from water to land. Plant Genome 2022, 15, e20198. [CrossRef]

https://doi.org/10.1126/science.aar6464
https://doi.org/10.1126/science.1201101
https://www.ncbi.nlm.nih.gov/pubmed/21415319
https://doi.org/10.1093/jxb/erv576
https://www.ncbi.nlm.nih.gov/pubmed/26773810
https://doi.org/10.1104/pp.114.251298
https://doi.org/10.1038/nature12478
https://www.ncbi.nlm.nih.gov/pubmed/23969459
https://doi.org/10.1093/jxb/ery153
https://doi.org/10.1007/s00425-005-1551-3
https://doi.org/10.1016/j.bbabio.2010.11.008
https://www.ncbi.nlm.nih.gov/pubmed/21110940
https://doi.org/10.1104/pp.112.197509
https://www.ncbi.nlm.nih.gov/pubmed/22447719
https://doi.org/10.1104/pp.114.242602
https://www.ncbi.nlm.nih.gov/pubmed/25367859
https://doi.org/10.1105/tpc.113.110668
https://www.ncbi.nlm.nih.gov/pubmed/23590882
https://doi.org/10.1126/scisignal.2003762
https://www.ncbi.nlm.nih.gov/pubmed/23757024
https://doi.org/10.1016/j.str.2013.06.019
https://www.ncbi.nlm.nih.gov/pubmed/23931140
https://doi.org/10.1186/gb-2004-6-1-r4
https://doi.org/10.3389/fphys.2014.00160
https://www.ncbi.nlm.nih.gov/pubmed/24795655
https://doi.org/10.1371/journal.pone.0151934
https://doi.org/10.1146/annurev.physiol.68.040204.100431
https://doi.org/10.1186/gb-2011-12-3-218
https://www.ncbi.nlm.nih.gov/pubmed/21401968
https://doi.org/10.1038/ncb2214
https://www.ncbi.nlm.nih.gov/pubmed/21478860
https://doi.org/10.1016/j.mib.2014.01.005
https://www.ncbi.nlm.nih.gov/pubmed/24607989
https://doi.org/10.1002/pld3.124
https://www.ncbi.nlm.nih.gov/pubmed/31245767
https://doi.org/10.1016/j.cub.2005.11.044
https://www.ncbi.nlm.nih.gov/pubmed/16401419
https://doi.org/10.1073/pnas.0609996104
https://www.ncbi.nlm.nih.gov/pubmed/17389370
https://doi.org/10.1038/nature13593
https://www.ncbi.nlm.nih.gov/pubmed/25162526
https://doi.org/10.7554/eLife.41844.001
https://www.ncbi.nlm.nih.gov/pubmed/30382938
https://doi.org/10.1016/j.celrep.2020.107596
https://www.ncbi.nlm.nih.gov/pubmed/32375046
https://doi.org/10.1002/tpg2.20198


Plants 2024, 13, 1207 21 of 22

95. Ovide, C.; Kiefer-Meyer, M.C.; Bérard, C.; Vergne, N.; Lecroq, T.; Plasson, C.; Burel, C.; Bernard, S.; Driouich, A.; Lerouge, P.; et al.
Comparative in depth RNA sequencing of P. tricornutum’s morphotypes reveals specific features of the oval morphotype. Sci.
Rep. 2018, 8, 14340. [CrossRef] [PubMed]

96. Sabir, J.S.M.; Theriot, E.C.; Manning, S.R.; Al-Malki, A.L.; Khiyami, M.A.; Al-Ghamdi, A.K.; Sabir, M.J.; Romanovicz, D.K.;
Hajrah, N.H.; El Omri, A.; et al. Phylogenetic analysis and a review of the history of the accidental phytoplankter, Phaeodactylum
tricornutum Bohlin (Bacillariophyta). PLoS ONE 2018, 13, e0196744. [CrossRef] [PubMed]

97. De Martino, A.; Meichenin, A.; Shi, J.; Pan, K.; Bowler, C. Genetic and phenotypic characterization of Phaeodactylum tricornutum
(Bacillariophyceae) accessions. J. Phycol. 2007, 43, 992–1009. [CrossRef]

98. Helliwell, K.E.; Kleiner, F.H.; Hardstaff, H.; Chrachri, A.; Gaikwad, T.; Salmon, D.; Smirnoff, N.; Wheeler, G.L.; Brownlee, C.
Spatiotemporal patterns of intracellular Ca2+ signalling govern hypo-osmotic stress resilience in marine diatoms. New Phytol.
2021, 230, 155–170. [CrossRef] [PubMed]

99. Fountain, S.J.; Cao, L.; Young, M.T.; North, R.A. Permeation properties of a P2X receptor in the green algae Ostreococcus tauri. J.
Biol. Chem. 2008, 283, 15122–15126. [CrossRef] [PubMed]

100. Rizzuto, R.; Simpson, A.W.M.; Brini, M.; Pozzan, T. Rapid Changes of Mitochondrial Ca2+ Revealed by Specifically Targeted
Recombinant Aequorin. Nature 1992, 358, 325–327. [CrossRef] [PubMed]

101. Kevin Foskett, J.; Philipson, B. The mitochondrial Ca2+ uniporter complex. J. Mol. Cell. Cardiol. 2015, 78, 3–8. [CrossRef] [PubMed]
102. De Stefani, D.; Patron, M.; Rizzuto, R. Structure and function of the mitochondrial calcium uniporter complex. Biochim. Biophys.

Acta Mol. Cell Res. 2014, 1853, 2006–2011. [CrossRef] [PubMed]
103. Bick, A.G.; Calvo, S.E.; Mootha, V.K. Evolutionary diversity of the mitochondrial calcium uniporter. Science 2012, 336, 886.

[CrossRef]
104. Pittis, A.A.; Goh, V.; Cebrian-Serrano, A.; Wettmarshausen, J.; Perocchi, F.; Gabaldón, T. Discovery of EMRE in fungi resolves the

true evolutionary history of the mitochondrial calcium uniporter. Nat. Commun. 2020, 11, 4031. [CrossRef]
105. Berridge, M.J. Inositol trisphosphate and calcium signalling mechanisms. Biochim. Biophys. Acta Mol. Cell Res. 2009, 1793, 933–940.

[CrossRef] [PubMed]
106. Prole, D.L.; Taylor, C.W. Structure and function of ip3 receptors. Cold Spring Harb. Perspect. Biol. 2019, 11, a035063. [CrossRef]
107. Prole, D.L.; Taylor, C.W. Identification of intracellular and plasma membrane calcium channel homologues in pathogenic parasites.

PLoS ONE 2011, 6, e26218. [CrossRef] [PubMed]
108. Roberts, S.; Brownlee, C. Calcium influx, fertilisation potential and egg activation in Fucus serratus. Zygote 1995, 3, 191–197.

[CrossRef] [PubMed]
109. Prakriya, M.; Feske, S.; Gwack, Y.; Srikanth, S.; Rao, A.; Hogan, P.G. Orai1 is an essential pore subunit of the CRAC channel.

Nature 2006, 443, 230–233. [CrossRef] [PubMed]
110. Yeromin, A.V.; Zhang, S.L.; Jiang, W.; Yu, Y.; Safrina, O.; Cahalan, M.D. Molecular identification of the CRAC channel by altered

ion selectivity in a mutant of Orai. Nature 2006, 443, 226–229. [CrossRef] [PubMed]
111. Collins, S.R.; Meyer, T. Evolutionary origins of STIM1 and STIM2 within ancient Ca2+ signaling systems. Trends Cell Biol. 2011, 21,

202–211. [CrossRef]
112. Zhang, X.; Yuan, J.; Sun, Y.; Li, S.; Gao, Y.I.; Yu, Y.; Liu, C.; Wang, Q.; Lv, X.; Zhang, X.; et al. Penaeid shrimp genome provides

insights into benthic adaptation and frequent molting. Nat. Commun. 2019, 10, 356. [CrossRef] [PubMed]
113. Gemmell, B.J.; Oh, G.; Buskey, E.J.; Villareal, T.A. Dynamic sinking behaviour in marine phytoplankton: Rapid changes in

buoyancy may aid in nutrient uptake. Proc. R. Soc. B Biol. Sci. 2016, 283, 20161126. [CrossRef]
114. Armbrust, E.V.; Berges, J.A.; Bowler, C.; Green, B.R.; Martinez, D.; Putnam, N.H.; Zhou, S.; Allen, A.E.; Apt, K.E.; Bechner, M.;

et al. The genome of the diatom Thalassiosira pseudonana: Ecology, evolution, and metabolism. Science 2004, 306, 79–86. [CrossRef]
115. Bowler, C.; Allen, A.E.; Badger, J.H.; Grimwood, J.; Jabbari, K.; Kuo, A.; Maheswari, U.; Martens, C.; Maumus, F.; Otillar, R.P.; et al.

The Phaeodactylum genome reveals the evolutionary history of diatom genomes. Nature 2008, 456, 239–244. [CrossRef]
116. Chen, X.; Wang, N.; Liu, J.W.; Zeng, B.; Chen, G.L. TMEM63 mechanosensitive ion channels: Activation mechanisms, biological

functions and human genetic disorders. Biochem. Biophys. Res. Commun. 2023, 683, 149111. [CrossRef]
117. Cock, J.M.; Sterck, L.; Rouze, P.; Scornet, D.; Allen, A.E.; Amoutzias, G.; Anthouard, V.; Artiguenave, F.; Aury, J.M.; Badger,

J.H.; et al. The Ectocarpus genome and the independent evolution of multicellularity in brown algae. Nature 2010, 465, 617–621.
[CrossRef]

118. Jones, A.K.; Sattelle, D.B. The cys-loop ligand-gated ion channel gene superfamily of the nematode, Caenorhabditis elegans. Invert.
Neurosci. 2008, 8, 41–47. [CrossRef]

119. Maksaev, G.; Haswell, E.S. MscS-Like10 is a stretch-activated ion channel from Arabidopsis thaliana with a preference for anions.
Proc. Natl. Acad. Sci. USA 2012, 109, 19015–19020. [CrossRef]

120. Nagata, T.; Iizumi, S.; Satoh, K.; Ooka, H.; Kawai, J.; Carninci, P.; Hayashizaki, Y.; Otomo, Y.; Murakami, K.; Matsubara, K.; et al.
Comparative analysis of plant and animal calcium signal transduction element using plant full-length cDNA data. Mol. Biol. Evol.
2004, 21, 1855–1870. [CrossRef]

121. Pivato, M.; Ballottari, M. Chlamydomonas reinhardtii cellular compartments and their contribution to intracellular calcium signalling.
J. Exp. Bot. 2021, 72, 5312–5335. [CrossRef]

https://doi.org/10.1038/s41598-018-32519-7
https://www.ncbi.nlm.nih.gov/pubmed/30254372
https://doi.org/10.1371/journal.pone.0196744
https://www.ncbi.nlm.nih.gov/pubmed/29883488
https://doi.org/10.1111/j.1529-8817.2007.00384.x
https://doi.org/10.1111/nph.17162
https://www.ncbi.nlm.nih.gov/pubmed/33486789
https://doi.org/10.1074/jbc.M801512200
https://www.ncbi.nlm.nih.gov/pubmed/18381285
https://doi.org/10.1038/358325a0
https://www.ncbi.nlm.nih.gov/pubmed/1322496
https://doi.org/10.1016/j.yjmcc.2014.11.015
https://www.ncbi.nlm.nih.gov/pubmed/25463276
https://doi.org/10.1016/j.bbamcr.2015.04.008
https://www.ncbi.nlm.nih.gov/pubmed/25896525
https://doi.org/10.1126/science.1214977
https://doi.org/10.1038/s41467-020-17705-4
https://doi.org/10.1016/j.bbamcr.2008.10.005
https://www.ncbi.nlm.nih.gov/pubmed/19010359
https://doi.org/10.1101/cshperspect.a035063
https://doi.org/10.1371/journal.pone.0026218
https://www.ncbi.nlm.nih.gov/pubmed/22022573
https://doi.org/10.1017/S0967199400002586
https://www.ncbi.nlm.nih.gov/pubmed/8903788
https://doi.org/10.1038/nature05122
https://www.ncbi.nlm.nih.gov/pubmed/16921383
https://doi.org/10.1038/nature05108
https://www.ncbi.nlm.nih.gov/pubmed/16921385
https://doi.org/10.1016/j.tcb.2011.01.002
https://doi.org/10.1038/s41467-018-08197-4
https://www.ncbi.nlm.nih.gov/pubmed/30664654
https://doi.org/10.1098/rspb.2016.1126
https://doi.org/10.1126/science.1101156
https://doi.org/10.1038/nature07410
https://doi.org/10.1016/j.bbrc.2023.10.043
https://doi.org/10.1038/nature09016
https://doi.org/10.1007/s10158-008-0068-4
https://doi.org/10.1073/pnas.1213931109
https://doi.org/10.1093/molbev/msh197
https://doi.org/10.1093/jxb/erab212


Plants 2024, 13, 1207 22 of 22

122. Ruberti, C.; Feitosa-Araujo, E.; Xu, Z.; Wagner, S.; Grenzi, M.; Darwish, E.; Lichtenauer, S.; Fuchs, P.; Parmagnani, A.S.;
Balcerowicz, D.; et al. MCU proteins dominate in vivo mitochondrial Ca2+ uptake in Arabidopsis roots. Plant Cell 2022, 34,
4428–4452. [CrossRef]

123. Shan, T.; Yuan, J.; Su, L.; Li, J.; Leng, X.; Zhang, Y.; Gao, H.; Pang, S. First Genome of the Brown Alga Undaria pinnatifida:
Chromosome-Level Assembly Using PacBio and Hi-C Technologies. Front. Genet. 2020, 11, 140. [CrossRef]

124. Wang, S.; Lin, L.; Shi, Y.; Qian, W.; Li, N.; Yan, X.; Zou, H.; Wu, M. First Draft Genome Assembly of the Seaweed Sargassum
fusiforme. Front. Genet. 2020, 11, 590065. [CrossRef]

125. Zepernick, B.N.; Truchon, A.R.; Gann, E.R.; Wilhelm, S.W. Draft Genome Sequence of the Freshwater Diatom Fragilaria crotonensis
SAG 28.96. Microbiol. Resour. Announc. 2022, 11, e0028922. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/plcell/koac242
https://doi.org/10.3389/fgene.2020.00140
https://doi.org/10.3389/fgene.2020.590065
https://doi.org/10.1128/mra.00289-22
https://www.ncbi.nlm.nih.gov/pubmed/35976009

	Introduction 
	Results and Discussion 
	Four-Domain Voltage-Dependent Ca2+ Channel (Cav) 
	EukCats 
	Two-Pore Channel (TPC) 
	Ionotropic Glutamate Receptor-like Channel (GLR) 
	Pentameric Ligand-Gated Ion Channel (pLGIC) 
	Transient Receptor Potential Channel (TRP) 
	Mechanosensitive Channel Small Conductance (MscS) 
	Reduced Hyperosmolarity-Induced [Ca2+] Increase Channel (OSCA) 
	P2X Purinoreceptor (P2XR) 
	Mitochondrial Uniporter (MCU) 
	Inositol 1,4,5-Triphosphate Receptor (IP3R) 
	Ca2+Release-Activated Ca2+ Channel (Orai) 

	Materials and Methods 
	Bioinformatic Searches for Ca2+ Channels 
	Phylogenetic Analyses 
	Localisation of TPCL and OSCA1 in P. tricornutum 

	Conclusions 
	References

