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Summary

e Diatoms are globally important phytoplankton that dominate coastal and polar-ice assem-
blages. These environments exhibit substantial changes in salinity over dynamic spatiotempo-
ral regimes. Rapid sensory systems are vital to mitigate the harmful consequences of osmotic
stress. Population-based analyses have suggested that Ca®" signalling is involved in diatom
osmotic sensing. However, mechanistic insight of the role of osmotic Ca®* signalling is limited.
e Here, we show that Phaeodactylum Ca®" elevations are essential for surviving hypo-os-
motic shock. Moreover, employing novel single-cell imaging techniques we have charac-
terised real-time Ca®" signalling responses in single diatom cells to environmental osmotic
perturbations.

* We observe that intracellular spatiotemporal patterns of osmotic-induced Ca?" elevations
encode vital information regarding the nature of the osmotic stimulus. Localised Ca** signals
evoked by mild or gradual hypo-osmotic shocks are propagated globally from the apical cell
tips, enabling fine-tuned cell volume regulation across the whole cell.

* Finally, we demonstrate that diatoms adopt Ca?*-independent and dependent mechanisms
for osmoregulation. We find that efflux of organic osmolytes occurs in a Ca®*-independent
manner, but this response is insufficient to mitigate cell damage during hypo-osmotic shock.
By comparison, Ca?’-dependent signalling is necessary to prevent cell bursting via precise
coordination of K" transport, and therefore is likely to underpin survival in dynamic osmotic

environments.

Introduction

Diatoms account for . 40% of marine primary productivity
(Falkowski et al., 2004; Armbrust, 2009). This phylogenetically
diverse group of microalgae are particularly prolific in coastal and
estuarine regions, and constitute a major component of benthic
intertidal biofilms (Underwood ez al, 1998). These environ-
ments are characterised by dynamic osmotic conditions (Kirst,
1990), with fluctuations in osmolarity ranging from gradual
shifts to more sudden shocks (Lewin & Guillard, 1963). Inter-
tidal, estuarine and rock pool habitats can encounter salinities
ranging from 0% to 100% seawater or more, depending on river
flow, rainfall and tidal action (Kirst, 1990). In addition, polar
diatoms that inhabit sea-ice environments must adapt to living in
the highly concentrated brine solution expelled during sea-ice
formation, and then evade the damaging consequences of hypo-
osmotic stress following ice melt (Kirst, 1990). Osmotic stress is
therefore clearly an important environmental factor confronting
natural diatom assemblages, living in a range of habirats.

Rapid shifts in osmolarity can lead to sudden changes in cell
volume, which can have damaging consequences on cell

© 2020 The Authors

New Phytologist © 2020 New Phytologist Foundation

architecture and physiology (Paasche er al, 1975; Kirst, 1990;
Sarno er al., 2007; Balzano ez al., 2011). Diatoms employ sev-
eral mechanisms to mitigate the deleterious effects of osmotic
stress. Cells exposed to elevated salinity (hyper-osmotic stress),
accumulate inorganic ions (primarily K') and organic
osmolytes including dimethyl sulfoniopropionate (DMSP),
glycine betaine, and proline (Dickson & Kirst, 1987; Kirst,
1990), alongside cyclitols including cyclohexanetetrol (CHT)
(Garza-Sanchez er al, 2009). Species-specific differences in
osmolyte usage are apparent. For instance, whereas CHT is the
most abundant organic osmolyte in Nitzschia ovalis (Garza-
Sanchez er al., 2009), proline, glycine betaine and DMSP are
the primary osmolytes in the model pennate diatom
Phaeodactylum tricornutum (Schobert, 1980; Dickson & Kirst,
1987). Accumulation of proline and DMSP in hyper-osmotic
environments, has also been observed in the polar species
Fragilariopsis cylindrus, and is accompanied by enhanced syn-
thesis capacity for these metabolites (Krell ez al, 2007). In
contrast with hyper-osmotic shock, treatment with diluted sea-
water (i.e. hypo-osmotic stress) can lead to rapid dumping of
osmolytes to avoid cell bursting. For instance, expulsion of
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proline in response to reductions in salinity were observed
within 1h in P. tricornutum (Schobert, 1980).

Alongside metabolic adaptations to osmotic stress, morpholog-
ical responses are known. Environmental osmotic conditions alter
chain morphology and length in several Skeletonema species
(Paasche et al., 1975; Sarno et al, 2007; Balzano et al., 2011).
Moreover P. tricornutum, which is pleomorphic, converts from
planktonic fusiform or triradiate morphotypes, to benthic oval
and round forms under hypo-osmotic conditions (De Martino
et al., 2011). This suggests that the distinct P. zricornutum mor-
photypes may confer different ecological advantages depending
on the osmotic environment. Certainly, oval cells exhibit a num-
ber of unique features compared with the other P. tricornutum
morphotypes, including a thicker, partially silicified cell wall,
smaller vacuoles, lower surface-to-volume ratio, enhanced lipid
content, and higher extracellular polysaccharide secretion (Fran-
cius er al., 2008; De Martino ez al., 2011). It is possible that one
or more of these features may be advantageous in a hypo-osmotic
environment. However, the tolerance of different P. tricornutum
morphotypes to hypo-osmotic shock, and the sensitivity and
nature of their osmotic-signalling responses are so far unexplored.
Furthermore, whilst some of the cellular and physiological strate-
gies that diatoms employ to cope with osmotic stress are known,
comparatively little is understood of how these osmo-acclimation
responses are regulated.

Rapid signalling processes that regulate cell volume and miti-
gate the damaging consequences of osmotic stress are fundamen-
tally important. In eukaryotes, calcium (Ca®") is a key player in
signal transduction that regulates diverse physiological processes
(Edel et al., 2017). A role for Ca*" in osmotic signalling has been
identified in diverse eukaryotes (Takahashi ez al, 1997; Cessna
et al., 1998; Nakayama er al, 2012; Bickerton er al., 2016),
including diatoms (Falciatore ez 4/, 2000). However, the nature
of osmotic Ca”" signalling varies considerably between taxa. For
instance, hypo-osmotic stress, but not hyper-osmotic shifts,
intracellular  Ca®* Chlamydomonas
reinhardtii (Bickerton er al., 2016). By contrast, in higher plants
(Archaeplastida) and the brown alga Fucus (stramenopiles), per-

evokes elevations in

ception of both hyper- and hypo-osmotic adjustments entail
Caztsignalling—based processes (Taylor et al., 1996; Takahashi
et al., 1997; Cessna et al., 1998; Goddard ez 4/, 2000; Pauly
et al., 2001). In Fucus embryos, Ca?* signals were vital for tolerat-
ing hypo-osmotic stress. In particular, stimulus-specific Ca" ele-
vations that initiated in the vulnerable growing tip spread to the
rest of the cell, and governed cell fate following hypo-osmotic
shock (Goddard et al., 2000). These studies highlight that Ca**
signalling is essential for tolerating osmotic stress in many eukary-
otes. However, fundamental differences in osmotic Ca*" signals
are clearly apparent (Taylor er al, 1996; Takahashi ez al., 1997;
Cessna et al., 1998; Falciatore ez al., 2000; Goddard ez 4/, 2000;
Pauly et al., 2001; Bickerton et al., 2016) and are likely to reflect
the different adaptive mechanisms for coping with osmotic stress.
Such fundamental differences highlight the need to examine the
nature of this critical regulatory pathway in diverse eukaryotes.

In diatoms, work using the bioluminescent reporter aequorin
revealed robust transient elevations of cytosolic Ca** in
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populations of P. tricornutum in response to hypo-osmotic (but
not hyper-osmotic) stress (Falciatore ez al, 2000). Removal of
external Ca®" abolished these hypo-osmotic-induced Ca** signals
(Vardi et al, 2006; Helliwell ez al, 2019). This work clearly
points to an involvement of Ca>* signalling in osmotic sensing in
diatoms. However, mechanistic insight into the role of Ca*" in
the response to osmotic shock is lacking. In addition, an under-
standing of how diatom cells can distinguish distinct hypo-os-
motic stimuli that differ in strength and/or rate of change, as
could be encountered in nature, is limited. Furthermore, it is cur-
rently unknown how single-cell variability in hypo-osmotic-in-
duced Ca®" signals may impact cellular resilience to osmotic
stress. Dose-dependent increases in Ca®" signalling responses to
increasing hypo-osmotic shocks have been observed in popula-
tions of P. tricornutum (Falciatore et al., 2000). However, it is
unclear whether this is a consequence of the increased amplitude
of responses in individual cells or stimulation of a greater propor-
tion of the population. An examination of single diatom cells is
vital to address these important knowledge gaps.

We used single-cell imaging P. zricornutum cells expressing the
fluorescent Ca”" biosensor R-GECO1 (Zhao et al., 2011; Helli-
well ez al., 2019), to study diatom osmotic stress Ca** signalling.
Using this approach it was possible to distinguish between multi-
ple and repetitive signals at subcellular resolution. Our study
uncovered distinct spatiotemporal patterns of osmotic-induced
Ca®" signals depending on the osmotic environment, and showed
that such responses are essential for surviving severe hypo-os-
motic shocks.

Materials and Methods

Cultivation of P. tricornutum

We obtained Phacodactylum tricornutum strain CCAP1055/1
from the Culture Collection of Algae and Protozoa (SAMS
Limited, Oban, UK). Cultures were maintained in artificial sea-
water (ASW) (450 mM NaCl, 30 mM MgCl,, 16 mM MgSOy,
8mM KCl, 10mM CaCl,, 2mM NaHCOj, and 97 uM
H3BO3) supplemented with /2 nutrients (Guillard & Ryther,
1962; Guillard, 1975), with 100 uM Na,SiO3.5H,0, but not
vitamins. For the Ca*'-free ASW medium used for the experi-
ments displayed in Figs 6-8, the same recipe for ASW was used,
but 10 mM CaCl, was not included (and 200 uM EGTA was
added). Cultures were illuminated with 50—
80 umol m™~*s™ " light, on a 16 h* 8 h, light : dark cycle at 18°C.
Oval cells were maintained on 1% ASW solid Bacto-agar plates
(subbing every 4 d), and streaked onto glass-bottomed dishes
containing 0.5 ml 1% ASW solid Bacto-agar and covered with
2 ml of 100% ASW.

Generation of fluorescent P. tricornutum lines expressing
R-GECO1, R-GECO1 with GFP and GINKO1

The transgenic P. tricornutum lines described in this study (ex-
pressing R-GECO1, R-GECO1 with GFP and GINKO1) were

generated as outlined in Supporting Information Methods S1.
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Epifluorescence imaging in P. tricornutum

P. tricornutum cells grown in liquid culture for 72 h were placed
in a 35 mm glass-bottomed dish (/z Vitro Scientific, Sunnyvale,
CA, USA) coated with 0.01% poly-L-lysine (Sigma-Aldrich, St
Louis, MO, USA). Cells that adhered to the bottom of the dish
were subsequently imaged at 20°C. Ca®" imaging of R-GECO1
(PtR1) cells was performed using a Nikon Eclipse Ti microscope
with a x40 magnification, 1.30 NA oil immersion objective and
detection with a Photometrics Evolve EM-CCD camera (Photo-
metrics, Tucson, AZ, USA). During imaging, cells were continu-
ously perfused with ASW (3 ml min~"), and hypo-osmotic shock
treatments were delivered by switching the perfusion from ASW
to the diluted ASW treatment. Excitation of PtR1 cells was per-
formed using a pE2 excitation system (CooLED, Andover, UK)
with 530555 nm excitation and 575-630 nm emission filters.
Images were captured using NIS-ELEMENTS v.3.1 software (Nikon,
Japan) with a 300 ms camera exposure (frame rate of 3.33 frames
s7h. Epifluorescence imaging of GINKO1 (PtGINKO1) cells
was performed using the same imaging set up, but with 475—
490 nm excitation and 495-550 nm emission filters, and a
500 ms camera exposure (frame rate of two frames per second).

Dual imaging of the PtR1-GFP line (for simultaneous imaging
of R-GECOL1 and GFP fluorescence) was carried out using a
DMi8 Inverted Microscope with a Photometric-Prime95B cam-
era equipped with a Gemini W-View beamsplitter (emission fil-
ters 505535 nm and 565-595 nm). Excitation of GFP and R-
GECOT1 fluorescence was at 470 nm and 550 nm, respectively.

For the confocal imaging of PtR1 cells (as displayed in Fig. 1a)
a LEICA SP8 inverted confocal microscope was used, with a
x631.40 oil immersion objective. Excitation at 561 nm and
emission at 572—600 nm was used for R-GECO1 fluorescence.
For chlorophyll fluorescence the excitation wavelength was
633 nm and emission was detected at 657—675 nm.

Image processing and analysis

PtR1 and PtGINKOT1 images were processed using NIS-ELEMENTS
v.3.1 software. The mean fluorescence amplitude within a region
of interest (ROI) over time was measured for each cell. For the
majority of the image analyses, ROIs were drawn around the
whole cell, unless a subcellular region was specified, for example
for characterisation of [Ca2+]cy( elevations in the tips of the cell
or for the nuclear Ca** imaging (where ROIs were drawn in the
nuclear region of the cell adjacent to the chloroplast). Change in
fluorescence amplitude of R-GECO1 was calculated by normalis-
ing each trace by the initial value (¥/ Fp). As background fluores-
cence for PtR1 and PtGINKO1 was minimal, we did not carry
out a background subtraction. However, a background subtrac-
tion was required for the PtR1-GFP dual imaging set up.
[Ca®"] o elevations were defined as any increase in '/ Fy fluores-
cence above a threshold value of 1.15. We calculated that an F/
Fy>1.15 required a minimum signal-to-noise ratio (SNR) of 8,
with SNR defined as signal intensity/SD of the background (i.e.
noise). To visualise the Ca®" elevations within cells, pseudo-
coloured images representing the change in fluorescence (F/ Fp)
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were generated using IMAGE] software (Schneider ef al, 2012).
For this an ‘K image was first generated by averaging the first
five frames of the stack. Each individual image was then divided
by the £, image to generate a series of ‘F/ £’ images.

Hypo-osmotic shock Ca®*-imaging experiments

P. tricornutum cells grown in liquid culture for 72 h were imaged
by epifluorescence microscopy. Rapid shifts in hypo-osmotic
conditions were delivered by switching the perfusion from ASW
(without nutrients) to ASW diluted with distilled water. Cells
exposed to hypo-osmotic shock in the absence of Ca”" were
preperfused with at least 30 ml Ca*'-free medium (+200 uM
EGTA) (corresponding to ¢. 5 min). Gradual shifts in osmolarity
were generated using a gradient mixer consisting of a main cham-
ber (containing ASW) and a feeding chamber (with MilliQ
water). A magnetic stirrer was used to mix the main chamber as
the valve was opened (with a flow speed of 16 ml min ).

Imaging of P. tricornutum cells stained with vacuolar mem-
brane dye MDY-64

Vacuolar membrane dye MDY-64 (Invitrogen) was used to stain
P. tricornutum tonoplast membranes, as previously reported
(Huang et al., 2016). We added 1 pl of a 0.1 mM stock (diluted
in DMSO) to 500 pl of wild-type (WT) P. tricornutum cells (fi-
nal concentration of 0.2 uM). Cells were bathed in a glass-bot-
tomed dish for 2 min before hypo-osmotic shock treatment.
MDY-64 was excited with a 470 nm LED (CooLED), with a
500-550 nm emission filter. As P. tricornutum cells usually pos-
sess two large vacuoles either side of the central cytoplasmic
region containing the nucleus and chloroplast, we defined ‘tono-
plast rupture’ as the clear loss of both of these large vacuole struc-
tures by the end of the 60 s hypo-osmotic shock treatment.

Quantification of the Ca®" dependency of organic
osmolyte and K" efflux in P. tricornutum

Sample preparation and quantification methods for organic
+ . . .
osmolyte measurements, and K" efflux experiments are given in

Methods S2.

Results

Phenotypic plasticity in Ca®*-signalling responses is
apparent between cells exposed to repeated hypo-osmotic
shocks

We have previously generated a transgenic line of P. tricornutum
(PtR1) expressing the genetically encoded fluorescent Ca*" indi-
cator R-GECOL1 in the cytosol (Zhao et al, 2011; Helliwell
et al., 2019) (Fig. 1a). To examine hypo-osmotic Ca*" signalling
responses within individual PtR1 cells, we employed live-cell epi-
fluorescence imaging, coupled with a controlled perfusion sys-
tem. Treatment of cells with 60% artificial seawater (ASW)
diluted with ddH,O led to rapid single elevations in cytosolic
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Fig. 1 Phenotypic plasticity in Ca®*-signalling responses is apparent between cells exposed to repeated hypo-osmotic shock. (a) Confocal laser microscopy
image of a Phaeodactylum tricornutum PtR1 cell demonstrating R-GECO1 fluorescence in the cytosol (yellow), along with chlorophyll autofluorescence
(red). A bright field (BF) image is also displayed. Bars, 10 um. (b) Representative trace of fluorescence changes (amplitude) over time of a PtR1 cell exposed
to three successive 30 s hypo-osmotic shocks from 100% to 60% artificial seawater (ASW). The % change in cell length is also shown, measuring the
length between the apical cell tips (schematic, above graph). Hypo-osmotic shocks were elicited at 30, 90 and 150 (grey), and between each shock cells
were returned to standard 100% ASW medium for 30 s before the next treatment (white). (c) Mean maximal fluorescence (F / Fo) of cells exposed to three
successive hypo-osmotic shocks (data from the 1t shock, 2" shock and 3" shock are colour coded and labelled in the key) with ASW at a range of
dilutions. The experiment was repeated three times with a different sample of cells, and a minimum total of n =14 cells was examined per treatment. Only
cells that exhibited a [Caz*]cyt elevation (above F / Fy threshold of 1.15) were included (mean + SEM). Baseline fluorescence (i.e. F / Fo=1) is indicated
with a dashed grey line. (d) Mean time to maximum response (s) following successive hypo-osmotic shocks with ASW at a range of dilutions as described
in (c). Data from the 1%t shock, 2" shock and 3" shock are colour coded and labelled in the key (error bars: SEM, n>14). (e) Percentage of cells exhibiting
a [Ca”1. elevation > 1.15 (relative to the fluorescence just before the shock) to successive hypo-osmotic shocks with ASW at a range of dilutions as

described in (c).

Ca”" that attenuated upon successive exposures (Fig. 1b). For the
third exposure, F/ K values drifted below 1, most likely due to
intracellular rearrangement resulting from repetitive exposures.
Elevations in intracellular Ca®" in response to hypo-osmotic
shock were closely coupled with increases in cell length (Fig. 1b).
The timing of the Ca** elevations in response to the first hypo-
osmotic shock apparently occurred simultaneously with increases
in cell length. However, upon exposure to the second shock,
changes in cell length preceded the [Caﬂ]cyt elevation. These
data demonstrate that hypo-osmotic shock causes cell swelling
followed by transient elevations in cytosolic Ca**. To check that
alterations in cell size were not responsible for the observed
changes in R-GECOl fluorescence, we generated a
P. tricornutum clone encoding both R-GECO1 and GFP (PtR1-
GFP) (Methods S1), and exposed cells to a 60% ASW hypo-os-
motic shock treatment (Fig. S1). These experiments revealed that
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GFP fluorescence did not change substantially from baseline flu-
orescence upon exposure to hypo-osmotic shock, and therefore
indicated that increases in R-GECO1 fluorescence were due to
changes in cytosolic Ca®" concentrations, rather than to artefacts
caused by more general alterations in cell volume.

Previous work demonstrated that the amplitude of Ca®*-sig-
nalling responses in populations of P. tricornutum, increased with
stronger hypo-osmotic shocks (Falciatore ez al., 2000). We tested
whether this effect was due to an increased proportion of
responding cells and/or a greater amplitude in [Ca*'], eleva-
tions. We exposed cells to hypo-osmotic shocks ranging from
99% ASW to 25% ASW (Fig. S2). The intensity of the responses
varied according to stimulus strength (Fig. 1c) (Falciatore ez al,
2000), although the maximal fluorescence (F/ Fp) plateaued with
the strongest hypo-osmotic shock treatments (i.e. 50% and 25%
ASW). The time from stimulus to response also tended to
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New Phytologist © 2020 New Phytologist Foundation



New
Phytologist

decrease with stronger shock strength, and increased with succes-
sive exposures (Fig. 1d). Notably, examination of individual cell
responses revealed single-cell variability. For instance, only
31.3% of cells responded to first exposure to 97.5% ASW (above
F | Fy threshold of 1.15) (Fig. le). Moreover, pre-exposure to
osmotic shock influenced the propensity of cells to respond to
successive shocks. For instance, whereas 100% of cells responded
to first exposure to 50% ASW, 85.7% responded the second
time, and 64.3% to the third. Similarly, upon second exposure to
95% ASW the mean maximal F/ Fy (including all cells within
the population and including those that did not respond) was
1.254+0.05 (=31, SEM). However, within this population
only 45% of cells gave a response with an average F/ K, of 1.49
(n=14). Our data illustrated that, in addition to differences in
signal amplitude, the proportion of responding cells correlated
with stimulus strength, suggesting that a threshold needed to be
reached for cells to respond. Therefore, bulk population averages
did not convey the intricate dynamics and significant single-cell
variability within diatom populations well.

Hypo-osmotic shock induces stimulus-strength dependent
subcellular patterns of [Ca®"1.,+ and [Ca®Tnyc

We observed that cell swelling occurred as a consequence of hypo-
osmotic shock, which precedes cytosolic Ca®" elevations. More-
over, the nature of the osmotic stimulus influenced the amplitude,
the proportion of cells responding and temporal properties of
[Ca%]Cyt elevations in P. tricornutum. This suggested that Ca%t
signalling responses convey important information regarding
strength of the stimulus. In embryos of the multicellular brown
alga Fucus, Ca** waves induced by hypo-osmotic shock propa-
gated from the sensitive apex to the rest of the cell and these spa-
tial properties had important outcomes on cell division (Goddard
et al., 2000). We therefore determined whether Ca®" elevations in
diatoms also displayed distinct spatial patterning, based on stimu-
lus strength and reflecting differential sensitivity within regions of
the cell. Examination of P. tricornutum cells exposed to different
levels of hypo-osmotic shock revealed that many of the [Ca®'],
elevations caused by mild hypo-osmotic shocks (95% ASW) initi-
ated in the apical tip before spreading to the rest of the cell (13
out of 20 cells examined exhibited propagating Ca®" elevations,
the remaining 7 cells exhibited Ca®" elevations that arose simulta-
neously across the whole cell) (Fig. 2a,b; Video S1). The average
speed for the Ca®" wave propagation was 37.1 ums ' 4 6.0
(n=13, SEM; including only cells initiating in one of the cell
tips). By contrast, 50% ASW caused a rapid and transient Ca®"
elevation that arose simultaneously along the length of the cell (8/
8 cells) (Fig. 2a,b; Video S2). Maximal fluorescence (F/ Fp), was
greatest at the cell tips compared with the centre of the cell,
although this effect was most pronounced following the 95%
ASW treatment (Fig. 2¢), compared with the stronger 75% ASW
shock (Fig.2d). This was particularly noticeable with repeat
shocks, for which Ca®" elevations were almost undetectable in the
centre of the cell, compared with the cell tips upon exposure to a
second hypo-osmotic shock (Fig. S3). The mean time between the
Ca®" elevations in the tip regions (measured by comparing the
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time between maximal fluorescence in each tip) (Fig.2c,d),
decreased with stronger treatments (Fig. 2e). In all hypo-osmotic
treatments the first shock caused Ca®" elevations that were appar-
ent in all cell regions (detected in both tips) (Fig. 2f). However,
the propensity of the signal to remain localised to just one tip (or
to be absent entirely) increased in successive shocks, particularly
with more mild shocks. Together these data pointed to an impor-
tant role for the apical tip regions in sensing osmotic stress,
whereby weaker stimuli resulted in a localised Ca*" elevation in
the tip(s) that can propagate information to the rest of the cell. By
contrast, more severe hypo-osmotic shocks resulted in a response
that occurred simultaneously across the whole cell. Therefore,
stimulus-specific temporal and spatial Caztsignalling patterns,
encode important information on the nature of the environmental
change experienced by the cell.

Dynamic changes in [Caer]Cyt are clearly integral to diatom
responses to hypo-osmotic conditions. However, accumulating evi-
dence indicates that distinct organellar compartments such as the
nucleus can influence cellular Ca®" signalling pathways. Nuclear-
Ca®" signals are reported to be particularly important in governing
responses to osmotic stress (Goddard er al, 2000; Pauly ez al,
2001; Huang er al, 2017). Fucus rhizoid cells show distinct
[Ca®],u elevations in response to hypo-osmotic stress that were
dependent on stimulus strength (Goddard ez 2/, 2000). Such
nuclear Ca”" transients are likely to directly link to transcriptional
regulation, and thus could control distinct physiological outcomes
(Bootman e al, 2009). To investigate how [Ca2+]Cyt elevations
translate to changes in Ca®" levels in the nucleus, we generated a
transgenic P. tricornutum line expressing R-GECO1 (fused to
nuclear-localised Histone H4) in the nucleus (strain PtR1-N)
(Rosenwasser et al., 2014). The specific growth rate of PtR1-N did
not differ from the PtR1 line (0.15h™ "' +0.005 (SEM) and
0.14h™' +0.001, respectively; Student’s #test, P=0.102). Simi-
lar to the cytosol, robust Ca®" elevations that attenuated upon suc-
cessive exposures were observed in the nucleus of fusiform cells
following sequential treatments with 50% ASW (Fig. 3a,b). How-
ever, unlike in the cytosol in which 96.8% of cells responded even
to subtle (95% ASW) shocks upon first exposure (Fig. le), we
detected a nuclear response in only 21.4% of cells (Fig. 3¢c). Thus
the lower amplitude propagating [CaH]Cyt elevations generated by
exposure to 95% ASW did not give rise to distinct [Ca?"],,. eleva-
tions (Fig. 2a). A simple explanation for this is that the propagating
[Caer]Cyt elevations induced by 95% ASW resulted in a much
smaller increase in [Ca®'] o in the central perinuclear region of the
cell (Fig.2c), compared with the global [Caﬂ]cyt elevations
induced by 75% ASW (Fig. 2d). It therefore seems likely that this
contributes to the lower incidence of [Ca*'],,. elevations at 95%
ASW. However, similar to [Ca”]cyt elevations, the time from
stimulus to response for [Ca%]nuc elevations tended to increase
with successive exposures, albeit in general the time to maximum
response was longer for nuclear than for cytosolic elevations
(Figs 1d, 3d). It should be noted that for the PtR1 line, R-GECO1
was not fused to a nuclear export signal (Keinath ez al, 2015),
although the relatively small size of the nucleus in P. tricornutum
meant that the R-GECOL signal reflected predominantly the per-
inuclear cytosol in that region. Our results suggested a stimulus-
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Fig. 2 Hypo-osmotic shock induces stimulus-strength specific spatial patterns of [Ca**] . (a) Pseudocoloured time-lapse images of fusiform PtR1 cells
following perfusion with diluted ASW (95% ASW, top; 50% ASW, bottom). Time (s) after commencement of the experiment is indicated, when the hypo-
osmotic shock was given after 30's. Pseudocolour represents the change in fluorescence (F / Fo), indicating a rise in [Ca®*]cyr. Temporally separated Ca®*
waves that propagate from the apical cell tips are evident with milder (95% ASW) shocks. The initial blue signal represents chloroplast autofluorescence.
Bars, 10 um. (b) Kymographs of representative cells (from (a)) exposed to three sequential 30 s hypo-osmotic shocks with 95% or 50% ASW. Hypo-
osmotic shocks were given at 30, 90 and 150 s (grey bars) and between each shock cells were returned to standard ASW medium before the next
treatment (white bars). The cell at t =0 for each respective treatment is also shown, and a red line indicates how the kymograph was generated. The time
(s) that the threshold F / Fo value exceeded 1.15 for each tip is indicated for the first exposure to hypo-osmotic shock, for quantitative comparison (red
arrows). Bars, 5 um. (c) Representative fluorescence traces (F / Fo) showing the timing and amplitude of the Ca®" elevations in the cell tips (tip 1 and tip 2)
vs the centre of the cell shown in (a) after exposure to 95% ASW. The traces indicate the change in F / Fq of the tip regions and the centre of the cell
during the initial hypo-osmotic shock, applied at 30 s for a duration of 30 s. The pseudocoloured images on the right correspond to the maximal amplitude
in the two regions of interests (ROIs) at the tip of the cell, at 39.2 s (blue ROI) and 42.6 s (red ROI) respectively. Bars, 10 um. (d) Representative
fluorescence traces (F / Fo) showing the timing and amplitude of the Ca®" elevations in the cell tips (tip1 and tip 2) vs the centre of a cell exposed to 75%
ASW. (e) Mean time between Ca®" elevations in the tip regions during the initial hypo-osmotic shock. Cells that showed an elevation of 1.15 or above in
both cell tips following first exposure to 30 s hypo-osmotic shock with 95%, 90% or 75% or 50% ASW were included (error bars indicate SEM; the
experiments were repeated three times with a different sample of cells including a minimum of three cells in each independent sample, that is at least nine
cells were examined in total for each treatment). Note that camera exposure was 300 ms. Timings represent difference between frames in which the Ca®*
elevations were detected. (f) Percentage of cells exposed to three sequential 30 s hypo-osmotic shocks with 95%, 90% or 75% or 50% ASW responding
with either both, one or neither tips above a threshold F / Fo of 1.15 or above.
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strength dependent decoupling of cytosolic and nuclear Ca*" com-
partments to hypo-osmotic stress: weaker osmotic shocks gave rise
to smaller Ca*" elevations that propagate from the tip region,
whereas larger shocks resulted in substantial Ca®" elevations across
the whole cytosol and led to Ca”" elevations that could be detected
in the nucleus. These distinct patterns are likely to be important
for governing different downstream responses.

Gradual decreases in osmolarity evoke repetitive [Ca2+]cyt
elevations

We have found that transient elevations in intracellular Ca*" are
evoked by rapid shifts in ASW dilution. However, natural diatom
populations experience diverse osmotic regimes, from dramatic
changes to more gradual decreases in osmolarity (Lewin & Guil-
lard, 1963). Diatoms therefore need mechanisms to constantly
monitor and adjust to incremental changes in osmolarity. To
investigate whether and how hypo-osmotic-Ca®" signals enable
cells to detect more persistent gradual shifts in ASW dilution,
that is whether Ca®" elevations relate to the onset of hypo-os-
motic stimuli or act to constantly monitor changes in osmolarity,
we treated the PtR1 line to a ASW gradient using a gradient
mixer. First, we exposed PtR1 cells to a steady decrease in osmo-
larity from 100% ASW to 75% ASW over 4 min. In this treat-
ment, fusiform cells exhibited multiple, repetitive cytosolic Ca®"
elevations within 42.4s (when the osmolarity reached c¢. 95%
ASW), which continued for the duration of the treatment at a
relatively uniform amplitude (Fig. 4a). Cells exhibited a maxi-
mum Ca”" signal response in the tips of the cells. These eleva-
tions tended to propagate from the cell tip and, in many
instances, occurred only in one tip (Fig. 4a, kymograph), suggest-
ing that stress arising from the osmotic gradient is perceived
locally rather than globally. Notably, repetitive elevations often
alternated between tips. By contrast, exposure to a more severe
gradient from 100% to 0% ASW caused a more rapid initial
response within 9.5 0.6 s (Fig. 4b), yet the threshold of osmo-
larity at which signalling initiated was at a similar range (96.1%).
Moreover, these [Caler]Cyt spikes rarely returned to resting levels
and had a higher frequency, although both the amplitude
(Fig. 4c) and frequency of [Caer]cyt spikes (Fig. 4d) attenuated
over time. These data indicated that specific spatiotemporal pat-
terns of hypo-osmotic-induced Ca®" elevations within the cell
also encoded important information about the nature of the envi-
ronmental osmotic change. Ca®" signals, therefore, not only arise
following rapid shifts in osmotic conditions (via a single large
Ca”" elevation), but also enable continual sensing and adaptation
to a dynamic osmotic environment through repetitive signalling
events that differ in frequency and amplitude depending on the
rate and/or extent of the change.

Oval cells exhibit a reduced sensitivity and enhanced
tolerance to hypo-osmotic stress

P. tricornutum is pleomorphic, existing in different morphotypes
in response to environmental conditions. These morphotypes
include fusiform, triradiate and oval forms (De Martino et al.,

© 2020 The Authors
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2011). Unlike the planktonic fusiform and triradiate forms, the
oval morphotype typically grows in benthic biofilms, and is thus
likely to encounter different osmotic gradients to planktonic cells.
Moreover, hypo-osmotic stress is known to cause the
CCAP1055/1 strain to transition from fusiform to oval morpho-
type (De Martino ez al., 2011). The experiments described above
have focused on fusiform cells, and revealed that specific features
of this cell morphotype (i.e. the apical tip regions) are particularly
important for sensing hypo-osmotic shocks. We therefore investi-
gated whether the different morphotypes have differing sensitivi-
ties and spatiotemporal patterns of Ca>" signals in response to
hypo-osmotic shock. Like fusiform cells, triradiate cells exhibited
a Ca®" wave that propagated from the cell tips following exposure
to 95% ASW (3/3 cells) (Fig. 5a). However, very few oval mor-
photype cells exhibited an elevation in [Ca®'] ., with this treat-
ment (2/18 cells compared with 30/31 fusiform cells) (Fig. 5b).
Oval cells exposed to 90% ASW exhibited an elevation in
[Ca®") oo although there was no evidence for propagation from a
localised region within the cell (Fig. 5¢; Video S3). Importantly,
control experiments treating oval morphotype PtR1-GFP cells to
hypo-osmotic shock (with 60% ASW), did not cause changes in
baseline GFP fluorescence, confirming that the observed increases
in R-GECO1 fluorescence described were due to changes in
cytosolic Ca®" concentrations, rather than cell expansion artefacts
(Fig. S4). Therefore, the reduced response of oval cells to 95%
and 90% ASW compared with fusiform cells (Fig. 5b,d) sug-
gested that this morphotype is less sensitive to subtle hypo-os-
motic shocks. Indeed, whilst the average maximal increase in
fluorescence (F/ F,) increased in a dose-dependent manner for
the oval morphotype, it did not plateau with 50% and 25%
ASW in contrast with fusiform cells (Fig. 5¢). Furthermore, oval
cells showed reduced responsiveness to fusiform cells when
exposed to gradual changes in ASW (Fig. 5f,g). As triradiate cells
only occur at very low frequencies in P.tricornutum strain
CCAP/1055/1 (De Martino et al, 2011) a full quantitative
examination of the sensitivity of this morphotype was not possi-
ble. Nevertheless, these data demonstrated that the benthic oval
morphology was less sensitive to hypo-osmotic stress, compared
with planktonic fusiform cells, and may therefore be more
resilient to fluctuating osmotic conditions.

Hypo-osmotic-induced decreases in organic osmolytes
occur in a Ca*"-independent manner

Our study highlights the widespread occurrence of hypo-osmotic
Ca** signals, in different cellular compartments and to differing
hypo-osmotic regimes. However, the specific roles of Ca" sig-
nalling in cellular acclimation to osmotic stress in diatoms remain
unknown. Previous work has shown that external Ca®" is neces-
sary for hypo-osmotic-induced [Caﬂ]Cyt elevations in
P. tricornutum (Vardi et al., 2006; Helliwell et al, 2019). We
therefore used the removal of Ca®" as a tool to study the down-
stream consequences of hypo-osmotic shock, and examine
whether such adjustments are dependent on Ca**. Proline,
DMSP and GBT are the major organic osmolytes that accumu-
late in P. tricornutum under hyper-osmotic conditions (Schobert,
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Fig. 3 Stimulus-strength specific nuclear Ca* signals in Phaeodactylum tricornutum. (a) Pseudocoloured time-lapse images of fusiform cell expressing
nuclear-targeted R-GECO1 (PtR1-N) following perfusion with diluted ASW (50%). Time (s) after commencement of the experiment is indicated, when the
hypo-osmotic shock was given after 30's. Pseudocolour represents the change in fluorescence (F / Fo), indicating a rise in [Ca®Tpyue. The chloroplast and
nucleus are labelled ‘c’ and ‘n’, respectively, and the dashed yellow line indicates the cell boundary. Bars, 5 um. (b) Representative traces of nuclear Ca**
responses (F / Fo) over time for treatments with 50%, 75%, 90% or 95% ASW. Hypo-osmotic shocks were elicited at 30, 90 and 150 s (grey) and
between each shock cells were returned to standard ASW medium (white) before the next treatment. Experiments were carried out on three independent
occasions with similar results. (c) The percentage of cells expressing nuclear-targeted R-GECO1 that responded (above a threshold F / Fq value of 1.15) to
three sequential 30 s hypo-osmotic shocks with 95%, 90%, 75% or 50% ASW. (d) Mean time to maximum response (s) following successive hypo-
osmotic shocks with ASW at a range of dilutions as described in (c). Data from the 1% shock, 2" shock and 3 shock are colour coded and labelled in the
key shown in (c) (error bars: SEM, n>13).

1980; Dickson & Kirst, 1987). It has previously been shown that concentrations of proline, DMSP and GBT were the same in the

proline is expelled during hypo-osmotic stress, with substantial  control ‘no-shock’ treatment with or without Ca®", suggesting
decreases in intracellular concentrations detected when measured ~ that the —Ca*" treatment did not cause solute loss due to
after 30 min (Schobert, 1980). To investigate whether Ca*" ele- impaired membrane integrity (Fig. 6a—c). However, we observed
vations regulated the loss of these organic osmolytes, we quanti-  a significant decrease in intracellular concentrations of all three

fied via HPLC-MS analysis concentrations of proline, DMSP metabolites, following just 2 min treatments with 75% ASW,
and GBT in fusiform cells exposed to hypo-osmotic shock in the =~ compared with the no-shock control (two-way ANOVA,
presence or absence of external Ca®". Notably, the intracellular P<0.001 (proline and DMSP) and P<0.05 (GBT)). Notably, a
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(F / Fo, in which Fo was an average of the first 16 frames) over time of a PtR1 cell exposed to gradual decreases in osmolarity from 100% to 75% ASW over
a period of 4 min (0.11% decrease in salinity/second) (a), or 100% to 0% ASW (0.41% decrease in salinity/second) (b). Kymographs showing R-GECO1
fluorescence over time for each cell, as measured by epifluorescence microscopy, are displayed below each trace. A differential interference contrast (DIC)
image of the cell examined for each respective treatment is shown, and the red dashed line indicates how the kymograph was generated (bar, 10 um).
Similar responses were observed in n =16 cells for each treatment, respectively. (c) Mean maximal fluorescence change (F / Fo) (within 30 s time intervals) of
a population of cells (=16, error bars represent SEM) exposed to the different gradient treatments described in (a) and (b). (d) Average number of Ca**
spikes (within 30 s time intervals) in cells exposed to the gradient treatments described in (a) and (b) (data are compiled from n= 16 cells, == SEM).

~Ca®" treatment; no sig-
nificant difference in osmolyte concentration was apparent
between the different Ca®" conditions (two-way ANOVA,
P>0.2). Together these data demonstrated that the rapid regula-
tion of organic osmolytes following hypo-osmotic stress occurred
in a Ca®'-independent manner. NB: The slight reductions in
intracellular concentrations on DMSP, GBT and proline in the
100% ASW treatment compared with the =0 control treat-
ment, are likely to be due to loss of cells during the extra centrifu-
gation step used in the treatment/harvesting of the 100% ASW
treatment.

similar decrease was also observed in the

Hypo-osmotic-induced Ca**
cell bursting

signals are required to prevent

We have shown that hypo-osmotic-induced Ca®" elevations do
not control the efflux of key organic osmolytes. We therefore
determined if osmotic-induced Ca”* signals were important for
maintaining cell health more broadly. We found that treatment
with 75% ASW —CaCl, (+200 uM EGTA) had no obvious dam-
aging effect on cell integrity (Fig.7a). However, a substantial
increase in cell area, which far exceeded that seen in the +Ca*" (s-
tandard ASW) treatment was apparent (Fig. 7b). This indicated a
Ca®"-dependent regulation of cell expansion, and suggested that

the Ca2+—independent loss of organic osmolytes could not

© 2020 The Authors
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prevent cell expansion during hypo-osmotic shock. This effect
was most severe with stronger shocks. Exposure of fusiform cells
to 50% ASW without CaCl, (+200 pM EGTA) caused bursting
in 11% of cells (Fig. 7c). However, the 25% ASW treatment
without Ca** (+200 uM EGTA), led to cell bursting in 91% of
cells, compared with 4.8% of cells in the presence of Ca*" (stan-
dard ASW) (Fig. 7c). We found that treatment of cells to a ASW
gradient —CaCl, also led to cell bursting in 97.4% cells (Fig. 7d),
unlike in the presence of external Ca®" (in which 0/11 cells burst)
(Fig. 7e). Therefore, hypo-osmotic-induced Ca** signals are criti-
cal for maintaining cell volume and integrity. Notably, this effect
was less pronounced in oval morphotype cells: only 43.8% burst
following exposure to 25% ASW —CaCl, (compared with 91%
in the fusiform treatment) (Fig. 7¢), consistent with the hypothe-
sis that this morphotype is more resilient to osmotic shock.

As removing Ca®" from the medium could potentially have
indirect effects on the exterior of the cell, for example influencing
cell wall integrity, we also examined whether Ca®* was required
for volume regulation internally. In eukaryotes, cell volume regu-
lation requires coordinated changes between the plasma and vac-
uolar membrane (Matile, 1978; Shabala & Lew, 2002). To
examine, 77 situ changes to vacuole architecture we stained cells
with the tonoplast stain MDY-64 (Huang ez al, 2016). We
observed that MDY-64 stained P. tricornutum cells exhibited two
large vacuoles either side of the central cytoplasmic region
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Fig. 5 Benthic oval Phaeodactylum tricornutum morphotype exhibits reduced sensitivity to subtle hypo-osmotic shocks compared with planktonic fusiform
and triradiate cells. Ca** imaging using R-GECO1 P. tricornutum PtR1 strain, displaying pseudocoloured time-lapse images of representative triradiate (a)
and oval (b) cells following perfusion with 95% ASW. An oval cell treated with 90% ASW is also shown (c). Bars, 10 um. The total number of cells that
displayed a [Ca2+]cyt elevation > 1.15 (over the number of cells examined in total), for (a—c) is indicated in parentheses. (d) Percentage of oval cells
exhibiting a [Ca®"].; elevation > 1.15 to hypo-osmotic shocks with ASW at a range of dilutions. The % of fusiform cells responding (exposed to the same
treatments), as previously described in Fig. 1e are also shown, for comparison. Data collated from three independent replicate experiments per line and a
minimum of n =13 cells were examined in total per treatment. (e) Mean maximal fluorescence change (F / Fo) of oval and fusiform cells exposed to hypo-
osmotic shocks with ASW at a range of dilutions. Data collated from three independent replicate experiments (error bars: SEM). Only cells that exhibited a
[Caz*]cyt elevation (above F / Fq threshold of 1.15) were included, and a minimum total of n =13 cells were examined per treatment. Baseline fluorescence
(i.e. F/ Fo=1) is indicated with a dashed grey line. (f, g) Representative trace of [Ca®].,: response (F / Fo_in which Fo represents an average of the first 16
frames for this experiment) over time of an oval PtR1 cell exposed to gradual decreases in osmolarity from 100% to 75% ASW over a period of 4 min
(0.11% decrease in salinity/second) (f), or 100% to 0% ASW (0.41% decrease in salinity/second) (g), compared with a fusiform cell grown under the
same conditions (as shown previously in Fig. 4a,b).

containing the nucleus and the chloroplast, as is typically
observed in this species (Huang ez al., 2016) (yellow labelling,
Fig. 7f). Treatment of stained fusiform cells with 50% ASW for
60s caused a slight tonoplast rearrangement including the
appearance of small vacuoles (Fig. 7g, red arrows), but in general
the two large vacuole structures remained intact (9.1% cells

New Phytologist (2021)
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showed tonoplast rupture (as defined in the Methods)). In the
absence of extracellular Ca®" (+200 pM EGTA) the rearrange-
ment was more pronounced, with clear tonoplast rupture in 64%
of cells (Fig.7g). This finding suggested that removing Ca*"
affected cell bursting primarily through the inhibition of
[Ca%]cyt elevations, rather than an indirect effect on cell wall

© 2020 The Authors
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Fig. 6 Rapid decreases of organic osmolytes occur in a Ca®*-independent manner. Intracellular concentrations of (a) proline, (b) DMSP and (c) glycine
betaine (GBT) in response to different 2 min hypo-osmotic shock treatments with or without Ca®". For this, cells were treated with ASW (i.e. with 10 mM
CaCly) (+) or ASW without Ca%* +200 pM EGTA (—) diluted to 75% (75% treatment) or undiluted (100% treatment). For treatments without Ca?",

200 pM EGTA was added (see the Materials and Methods section). Data are means + SEM (n =5). Two-way ANOVA analyses (with a Holm-Sidak post
hoc test) determined that, in all instances, a significant difference in osmolyte concentration was observed in the shock (75% ASW) vs no-shock (100%
ASW) treatment: P <0.001 (proline and DMSP) and P <0.05 (GBT). By contrast, the presence/absence of Ca?* did not have a significant effect.

integrity, for example. Together, these results demonstrated that
hypo-osmotic-induced Ca®" signals are essential for coordinated
cell and vacuolar volume regulation and survival. Moreover, the
data indicated that Ca®"-independent efflux of organic osmolytes
was not sufficient to withstand the damaging consequences of
osmotic shock to cell integrity.

Ca**-signalling is necessary to coordinate K" efflux during
hypo-osmotic shock

In P. tricornutum, the osmotic balance is maintained by coordina-
tion of organic osmolytes, and inorganic ions (predominantly
K") (Dickson & Kirst, 1987). Certainly, steady-state intracellular
concentrations of K" increase in P. tricornutum cells grown at ele-
vated salinities (Dickson & Kirst, 1987). To investigate real-time
intracellular K™ concentrations in response to hypo-osmotic
shock in single P. tricornutum cells, we developed a transgenic
line expressing the genetically encoded K* biosensor (GINKO1)
(Shen et al., 2018). However, although we detected changes in
GINKO1 fluorescence intensity in response to hypo-osmotic
shock (Fig. S5a), our interpretation of these results was hindered
by the substantial pH sensitivity of this eGFP-based biosensor
(Fig. S5b). As cytosolic Ca”" elevations are closely associated with
changes in pH in plant cells (Behera e al, 2018), we sought
alternative methods to measure K transport, using fabricated
K"-selective microelectrodes.

We measured changes in extracellular K™ concentration in
dense cultures of P. tricornutum, exposed to a 75% ASW shock.
Addition of ddH,O to induce hypo-osmotic shock (by lowering
the salinity from 100% ASW to 75% ASW) would lead to a dilu-
tion in the K" concentration in ASW from 10 mM to 7.5 mM.
However, any release of intracellular K by the cells during the

© 2020 The Authors
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shock would result in a smaller decrease in external K' concentra-
tion. In this regard, we saw a rapid reduction in extracellular K
concentration in cell suspensions following addition of ddH,O
to the culture (Fig. 8a). However, the reduction in external K"
(measured from immediately before the shock to 30 s after the
shock) was significantly lower in the presence of Ca** compared
with cells in the absence of external Ca*" (+100 uM EGTA)
(n=16 and 13 independent treatments, respectively) (Fig. 8a).
Furthermore, the A[K'] in the absence of external Ca®"
(+100 uM EGTA) was very similar to the value expected if no
K" efflux occurred during hypo-osmotic shock (mean A[K']
—2.42+£0.27 mM) (Fig. 8b). These experiments strongly sug-
gested that rapid K efflux occurred during hypo-osmotic shock
in P. tricornutum and that Ca®" signals played a direct role in reg-
ulating this process.

Discussion

Diatoms encounter dynamic and severe fluctuations in osmotic
spatiotemporal Metabolic
attributes enabling these important phytoplankton to sense and

conditions over diverse scales.
rapidly acclimate to rapid osmotic shifts are therefore critical to
their ecological success. We have applied novel single-cell imag-
ing approaches, coupled with osmolyte analysis, to gain new
insights into the dynamic real-time responses of P. tricornutum
cells to hypo-osmotic stress. Our results demonstrated that dis-
tinct spatiotemporal patterns of intracellular Ca** encode impor-
tant information regarding osmotic change, such as severity and
temporal features of the environmental stimuli. We found that
localised Ca*" signals evoked by mild or gradual shifts in % ASW
were propagated globally from the apical cell tips, enabling pre-

cise cell volume regulation across the whole cell. Importantly,
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Fig. 7 Ca®'-dependent signalling is required for cell volume regulation to prevent cell bursting in Phaeodactylum tricornutum. (a) Live-cell DIC video
microscopy of fusiform P. tricornutum cells exposed to ASW —Ca** + 200 uM EGTA diluted to 75%, 50% and 25%, or undiluted (100%). Bars, 10 um. (b)
Changes in cell surface area, relative to preshock values of cells exposed to 75% ASW vs 75% ASW made up without CaCl, (for the ASW —Ca?" medium,
200 pM EGTA was added (see the Materials and Methods section)). In total, n =9 cells over three independent replicate experiments were examined (error
bars denote SEM). (c) The percentage of fusiform and oval cells that bursts during exposure to hypo-osmotic shocks in ASW or ASW without CaCl, in the
medium (+200 pM EGTA in the ASW —Ca?" medium) (see the Materials and Methods section). The number of burst cells/the number of cells examined in
total of three independent experiments is also given for each treatment. (d, e) [Ca®*].,: response (F / Fo) over time of fusiform PtR1 cells exposed to ASW
gradient from 100% to 0% ASW over a period of 240 s (0.67% decrease in salinity/second) either without (d) or with Ca* (e) in the perfusion medium.
The number of cells that burst/total number of cells, is shown in parentheses. (f) Vacuolar membrane (MDY-64) stained cells exposed to 50% ASW or
50% ASW without CaCl, (+200 uM EGTA in the ASW —Ca®" medium) (see the Materials and Methods section). The two large vacuoles either side of the
central cytoplasmic region containing the nucleus and chloroplast, as typically reported in P. tricornutum cells (Huang et al., 2016), are labelled ‘1" and 2’
in yellow. Bars, 10 um. In total, n =11 cells were examined over three independent replicate experiments per treatment. Rearrangements in tonoplast
structure, including the appearance of small vacuoles and/or fragmentation of the larger vacuoles into smaller vacuoles are highlighted with red arrows.
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Fig. 8 Ca®'-dependent signalling is necessary to coordinate K* efflux during hypo-osmotic shock. (a) Representative traces of K* concentration in a
suspension of Phaeodactylum tricornutum cells in ASW being exposed to a hypo-osmotic shock with diluted ASW or diluted ASW made up without CaCl,
(+100 uM EGTA for the -Ca®" treatment). ddH,O was added at 30's to lower salinity from 100% ASW to 75% ASW, resulting in a change in external K*
from 10 mM to 7.5 mM in the absence of any biological activity. The shaded area indicates electrode noise caused by the addition of ddH,O to the cell
suspension. (b) The change in K™ concentration (A[K'] in mM) post hypo-osmotic shock (30 s) in ASW vs ASW —CaCl, (+100 uM EGTA) (see the Materials
and Methods section) for the experiments described in (a). Data represent mean + SD, and is compiled from n =16 and n =13 independent treatments,
for+Ca?" and -Ca?* (+100 uM EGTA) treatments, respectively. **The difference between ASW and ASW-CacCl, (+100 uM EGTA) treatments was
significantly different (Student's t-test, P <0.01). The expected A[K'] due to the addition of ddH,O (i.e. 2.5 mM) is indicated by the broken grey line. NB:
For the experiments displayed in this figure the concentration of K* in the ASW medium was 10 mM.

hypo-osmotic-induced Ca*" signals were essential for maintain-
ing cell integrity and prevented ultrastructural damage. Charac-
terisation of rapid physiological adaptations to hypo-osmotic
shocks, and examination of their Ca®" dependency, led us to
identify Ca*'-dependent and Ca*'-independent mechanisms for
early osmoregulation (Fig. 9). We found that efflux of organic
osmolytes (including proline, DMSP and glycine betaine)
occurred within minutes following hypo-osmotic shock, but were
detected even in the absence of external Ca®*, and were not suffi-
cient to prevent cell bursting. By comparison, hypo-osmotic-in-
duced Ca®" signals were necessary for precise and rapid
coordination of K content, which is likely to be responsible for
the immediate Ca®'-dependent regulation of cell volume
observed during acute hypo-osmotic stress. Together our findings
allowed us propose an advanced model for P.tricornutum
osmoregulation (Fig. 9) and demonstrate that the hypo-osmotic
Ca®" signalling pathway is likely to be critical to diatom survival
in dynamic osmotic environments.

The role for Ca®" signalling for sensing hypo-osmotic shock
appears to be universally conserved in eukaryotes, including
across animals, fungi, plants, green algae, brown seaweeds and
diatoms (Takahashi ez 2/, 1997; Cessna et al., 1998; Falciatore
et al., 2000; Goddard ez /., 2000; Bickerton ez al., 2016). In ani-
mal and fungal cells, cell volume alterations following hypo-os-
motic shock are coupled to several osmotic-signalling responses
that coordinate regulatory volume decrease (RVD) (Hoffmann
et al., 2009). Activation of mechanosensitive and/or osmosensi-
tive channels causes a transient increase in intracellular Ca®*. Sev-
eral members of the transient receptor potential (TRP) subfamily
of cation channels are activated by osmotic stimuli and/or con-
tribute to the volume regulatory response in animals (Hoffmann
et al., 2009). In yeast (Saccharomyces cerevisiae), two mechanosen-
sitive channels (Msyl and Msy2) have been identified to be
involved in cell volume regulation following hypo-osmotic shock.
Likewise, the mechanosensitive channel MSL10 was recently

© 2020 The Authors
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demonstrated to potentiate responses to hypo-osmotic shock in
Arabidopsis thaliana (Basu & Haswell, 2020). P. tricornutum
encodes a suite of channels resembling mechanosensitive/stretch-
activated  channels (including seven small conductance
mechanosensitive channels (MscS) and four TRP channels) (Ver-
ret et al., 2010). Additionally, this species also encodes OSCA
channels, representatives of which have also been shown to be
mechanosensitive channels that are important for osmo-sensing
in A thaliana (Yuan et al., 2014; Murthy et al., 2018; Zhang
et al., 2018). This raises the possibility that one or more of these
channels may be involved in generating cytosolic Ca®" elevations.
However, further work is necessary to deduce the specific channel
(s) that initiate rapid hypo-osmotic-induced Ca** signals, which
are clearly vital for enduring stressful downshifts in osmolarity.

Our experiments also clearly demonstrated that fusiform and
triradiate P. tricornutum cells exhibited fast [Cav2+]Cyt waves in
response to subtle hypo-osmotic shocks. The speed of
P. tricornutum Ca>" waves (37.11 pm s~ ' + 5.97) are not dissim-
ilar from those documented in animal cells (Jaffe, 2010) that are
generated by Ca**-dependent activation of ER-localised inositol
triphosphate receptors (IP3Rs) (Supattapone ez al., 1988). There
is evidence for iz vivo IPs-induced Ca®" release in plants, point-
ing to the significance of IP; signalling outside the Opisthokonta
(Krinke ez al., 2006). However, no plant IP;R has been identified
so far, and P. tricornutum does not encode IP3R (Verret ez al.,
2010). The specific roles and mechanisms for Ca**-induced Ca®*
release in diatoms clearly warrant future investigation.

Notably, the cytosolic Ca** waves of P. tricornutum were con-
fined to milder shocks. Thus, whilst subtle osmotic changes may
be perceived locally, this localised primary signal can then be
propagated more broadly, to enable global cellular responses.
Moreover, these stimulus-specific Ca*" signals encode important
information about the nature of the osmotic change. This was
particularly appropriate in light of our evidence that nuclear Ca**
signals were only detected in P. tricornutum in response to severe
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Fig. 9 Model for hypo-osmotic shock regulation in Phaeodactylum tricornutum. Schematic diagram of the cellular processes coordinating short-, medium-
and long-term acclimation responses to hypo-osmotic stress in P. tricornutum, via Ca**-dependent and Ca?"-independent mechanisms.

hypo-osmotic shock, compared with cytosolic Ca*" elevations,
which were evoked even with very mild treatments. Whilst it is
possible that the small volume of the nucleus may influence our
ability to detect nuclear Ca*" elevations, our results pointed to a
decoupling of Ca®" signalling in the cytosolic and nuclear com-
partments that could lead to alternative outputs in gene expres-
sion to distinct osmotic stimuli (Bootman et 2/, 2009; Stael
et al., 2012). Moreover, the fact that Ca®" wave propagation ini-
tiates in the cell tip(s) suggests that this part of the cell may func-
tion as a hypersensitive micro-sensor/antenna. Whether this is
due to regional channel localisation, or because cell expansion
exerts the greatest forces on the apical tips, remains to be eluci-
dated. Certainly, evidence of regional cation channel localisation,
has emerged from other systems (Korchev ez al, 2000), with
important functional implications.

Key acclimation responses of diatoms to mitigate the harmful
consequences of hypo-osmotic shock include critical short-term
adjustments in inorganic ions (namely K" (Dickson & Kirst,
1987)) to control immediate changes in cell volume, and regula-
tion of organic osmolytes. Longer-term changes in gene expres-
sion occur subsequently (De Martino ez al., 2011), and could be
a consequence of [Ca®],uc elevations. In animal cells, rapid
RVD is mediated by two major ion efflux mechanisms: (1) swell-
activated anion (carried by CI” ions and organic osmolytes), and
(2) cation (K") channels. The volume-regulated anion current is
fully Ca*" independent in animals (Hoffmann & Pedersen,
2011). Several types of swell-activated K™ channels are also impli-
cated, and at least some of these are Ca*" dependent (Hoffmann
et al., 2009). We found evidence for Ca2+—independent regula-
tion of organic osmolytes efflux in P. tricornutum. By compar-
ison, we reported that extracellular Ca®" is necessary for

New Phytologist (2021)
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mediating K™ transport in response to hypo-osmotic shock in
P. tricornutum. In particular, using K" -selective microelectrodes,
we demonstrated that P. tricornutum cells suspended in ASW
rapidly released K™ upon hypo-osmotic shock (to 75% ASW),
but that this response was inhibited in the absence of external
Ca”" (+100 uM EGTA). Therefore, Ca2+—dependent regulation
of K efflux for example through Caz+—regulated K" channels, is
likely to be involved in mediating this important protective
response. As an aside, our study also demonstrated the pH sensi-
tivity of the genetically encoded K'-sensitive fluorescent probe,
GINKO1 (Shen er al., 2019), cautioning its use as a reliable K"
indicator without simultaneous examination of intracellular pH.
Finally, our work demonstrated that these Ca®'-dependent
responses are essential for the ecological tolerance of diatoms to
withstand hostile osmotic conditions, as removal of the external
Ca®" leads to cell bursting., These signalling mechanisms there-
fore are likely to underpin the ability of diatoms to colonise estu-
aries and sea-ice environments. These findings, coupled with
recent evidence that diatoms employ Ca**-dependent signalling
mechanisms for nutrient (phosphate) sensing (Helliwell ez af,
2020), underline the important role of Ca*" signalling for diatom
environmental perception. The adoption of distinct mechanisms
for osmoregulation in diatoms, controlled by different Ca®*-de-
pendent and Ca”**-independent regulatory pathways, may be a
necessary ecological strategy to minimise the unnecessary loss of
costly organic metabolites. These two mechanisms may also
occur over different timescales to facilitate short-term and
medium-term adaptations (Fig. 9). Going forward, the elucida-
tion of specific molecular components of the osmotic Ca®"-sig-
nalling pathway will allow a greater understanding of how Ca®"-
dependent and Ca*"-independent responses are coordinated to

© 2020 The Authors
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enhance ecological competitiveness of diatoms in highly dynamic
aquatic ecosystems.
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Fig. S1 Simultaneous imaging of R-GECO1 and GFP in
fusiform P. tricornutum (PtR1-GFP) cells exposed to a hypo-os-
motic shock treatment.
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