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Summary

e To investigate the role of intracellular Ca" signaling in the perception and response
mechanisms to light in unicellular microalgae, the genetically encoded ratiometric Ca®" indica-
tor Yellow Cameleon (YC3.6) was expressed in the model organism for green algae Chlamy-
domonas reinhardtii, targeted to cytosol, chloroplast, and mitochondria.

* Through in vivo single-cell confocal microscopy imaging, light-induced Ca?" signaling was
investigated in different conditions and different genotypes, including the photoreceptors
mutants phot and acry. A genetically encoded H,O, sensor was also adopted to investigate
the possible role of H,O, formation in light-dependent Ca®* signaling.

* Light-dependent Ca®" response was observed in Chlamydomonas reinhardtii cells only in
the chloroplast as an organelle-autonomous response, influenced by light intensity and photo-
synthetic electron transport. The absence of blue and red-light photoreceptor aCRY strongly
reduced the light-dependent chloroplast Ca®* response, while the absence of the blue photo-
receptor PHOT had no significant effects. A correlation between high light-induced chloro-
plast H,O, gradients and Ca®" transients was drawn, supported by H,O,-induced chloroplast
Ca®" transients in the dark.

* In conclusion, different triggers are involved in the light-induced chloroplast Ca®* signaling
as saturation of the photosynthetic electron transport, H,O, formation, and aCRY-dependent

light perception.

Introduction

Growth and survival of living organisms depend on their ability
to sense the environmental conditions and respond to external
stimuli. In plants, calcium (Ca”*)-dependent signaling plays a
well-characterized role in the perception and response mechan-
isms to a great variety of environmental stresses, including tem-
perature fluctuations, drought, salinity, pathogen attack, and
mechanical stimulation (Dodd e# 4/, 2010; Kudla et al., 2018).
Some of these response mechanisms are conserved among unicel-
lular microalgae, a large and diverse group of photosynthetic
eukaryotes, where Ca”" is a crucial second messenger and a key
player in signal transduction pathways (Edel ez 4/, 2017). In the
green model alga Chlamydomonas reinhardtii, Ca*" signaling has
been described in many motile responses, in stress responses to
environmental stimuli, bacterial toxins and also in the regulation
of photosynthesis (Wakabayashi ez af, 2009; Petroutsos
et al., 2011; Bickerton er al., 2016; Rose er al, 2021; Hou
et al., 2023). Many of these signal transduction pathways, how-
ever, still need to be characterized, and our knowledge on Ca*t
signaling mechanisms in green algae remains limited.
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Upon perception of specific environmental stimuli, the inter-
play between Ca”" influx and efflux pathways rapidly changes
within the cell; this consequently modulates the cytosolic Ca®*
concentrations ([Ca*'] o) and causes Ca*" binding-induced con-
formational changes in a specific set of proteins, finally leading to
the downstream activation of consequent biological processes
(Edel ez al., 2017). Uptake and extrusion of Ca*" across biologi-
cal membranes is favored by Ca®’-permeable channels, Ca®*
transporters, and pumps (Demidchik ez al, 2018; Resentini
et al, 2021b). Ca*"-decoding ‘tools’ instead are represented by
Ca2+—binding sensor proteins (Kudla ez 4/, 2018). These mole-
cules are part of the Ca*" signaling toolkit, that in unicellular
microalgae is characterized by a surprising diversity, differing sig-
nificantly from both land plants and animal counterparts (Verret
et al., 2010). C. reinbardtii Ca** signaling toolkit, in particular,
presents several unique elements (i.e. channelrhodopsins, ChRs),
accompanied by other Ca®"-related molecular players conserved
among Viridiplantae and other ‘animal-like’ Ca** signaling com-
ponents (Pivato & Ballottari, 2021).

Ca®" signaling mechanisms have also evolved at the endomem-
brane level, exploiting intracellular organelles as Ca?" storage
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compartments, as in the case of the apoplast/cell wall, vacuole,
and the endoplasmic reticulum (Resentini et al, 2021a,b), but
also as compartments able to generate their own intraorganellar
Ca?* signals, as in the case of chloroplasts, mitochondria, and the
nucleus (Stael ez al, 2012; Costa er al, 2018; Pirayesh
et al., 2021).

Chloroplasts have long been known to be involved in the shap-
ing of intracellular Ca** signaling and homeostasis (Navazio
et al., 2020). In plants, imaging analysis using the bioluminescent
Ca”" reporter aequorin or fluorescent Forster Resonance Energy
Transfer (FRET)-based Ca®" reporter proteins revealed specific
chloroplast Ca*" signals in response to elicitors of plant defense
responses, cold, heat, oxidative, salt, and osmotic stresses
(Nomura et al, 2012; Loro et al., 2016; Sello et al., 2016, 2018;
Lenzoni & Knight, 2019; Navazio et al., 2020; Volkner ez al.,
2021). Changes in free [Ca®'] are reported to modulate crucial
aspects of photosynthesis, including the assembly and function of
PSII, the regulation of stromal enzymes of the Calvin cycle, as
well as stomatal movements, chloroplast import of nuclear-
encoded proteins, or photoacclimation (Rocha & Vothknecht,
2012; Hochmal et 4/, 2015). In C. reinbardtii, Ca*" is involved
also in the high light induction of the major protein necessary for
the regulation of the photoprotective mechanism of nonphoto-
chemical quenching (NPQ), LHCSR3, which requires the Ca*'-
sensing protein Ca$S (Petroutsos ez al., 2011). Moreover, cellular
Ca®" homeostasis was reported to provide a fine-tuning modula-
tion of cyclic photosynthetic electron flow (CEF) under anaero-
bic conditions in a CaS-dependent manner, thereby regulating
photosynthetic electron transfer (Terashima ez al., 2012).

Light has been shown to modulate plant chloroplast [Ca*'],
affecting Ca?" fluxes and causing an increase of stromal [Ca?']
upon dark transition (Sai & Johnson, 2002; Nomura
et al., 2012; Sello et al,, 2016, 2018). This rise of stromal [Ca']
has been suggested to act as a post-translational regulator of the
activity of some Calvin cycle enzymes, resulting in a further inhi-
bition of CO, fixation during the night (Sai & Johnson, 2002).
The circadian gating of dark-induced chloroplast and cytosolic
Ca®" elevations has recently been demonstrated (Marti Ruiz
et al., 2020); however, the molecular mechanisms underlying
chloroplast dark-induced Ca®" fluxes remain to be unraveled.
Moreover, many studies have focused on the physiological
response to low light or to light-to-dark transition, but photosyn-
thetic organisms within their natural habitats can also experience
high light illumination or rapid changes in solar irradiance (sun
flecks). Under these conditions, the supply of light energy could
exceed the dissipation capacity of the photosynthetic machinery,
leading to the photoreduction of O, and to the formation of
reactive oxygen species (ROS; Erickson ez al, 2015). The accu-
mulation of ROS can oxidatively damage macromolecules, and
some of the released oxidation products, as oxylipins, can act as
signaling molecules and mediate cell responses to biotic and abio-
tic stresses. Nevertheless, some ROS have also been proposed as
direct signaling molecules, triggering cell adaptation and mitigat-
ing the risk of oxidative stress (Suzuki ez al, 2012). Among the
different ROS molecules, the longer half-life of H,O, and its

ability to permeate cell membranes through aquaporins make this
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molecule the most likely ROS involved in cell signaling events.
The interplay between Ca**- and ROS-mediated signaling events
has also been described in several responses to endogenous and
environmental stimuli in plants (Choi et 4/, 2016).

Chlamydomonas reinbardtii has been widely exploited as a
model organism to study redox regulation and ROS signaling
(Wakao & Niyogi, 2021): Here, light can be perceived by a spe-
cific network of photoreceptors, including a phototropin
(PHOT), four cryptochromes (one animal-type, aCRY, one plant
cryptochrome, pCRY, and two DASH cryptochromes), two
channelrhodopsins (ChR1 and ChR2) and eight histidine-kinase
rhodopsins, as well as the UV-B photoreceptor UVR8 (Greiner
et al., 2017; Petroutsos, 2017). The role of most of these proteins
in Chlamydomonas cell physiology has been unraveled in recent
works, indicating PHOT as a blue-light photoreceptor essential
in the feedback regulation of photosynthesis and photoprotec-
tion, and aCRY as a blue-light photoreceptor that can respond
also to red or yellow light (Beel et al, 2012; Petroutsos et al.,
2016). The functional characterization of aCRY through an
insertional acry mutant showed a significantly lower induction of
the transcript levels of several genes of chlorophyll and carotenoid
biosynthesis, light-harvesting complexes, nitrogen metabolism,
the cell cycle, and the circadian clock in response to blue and red
light (Beel ez al., 2012). A recent work showed indeed that aCRY
plays also a key role in different steps of gametogenesis and zygote
germination (Zou et al., 2017); however, its role in the regulation
of light perception and harvesting still remains elusive.

Here, we report the establishment of different Yellow Came-
leon (YC3.6; Nagai et al., 2004) C. reinbardtii lines, expressing
the Ca®" FRET-based biosensor at the level of specific subcellular
compartments: cytosol, mitochondrial matrix, and chloroplast
stroma, as a tool to explore the characteristics of intracellular
Ca®" dynamics. We apply iz vivo single-cell imaging techniques
to study C. reinhardtii light-dependent Ca”* signaling at subcel-
lular resolution. Through this approach, we report chloroplast
blue and red light-induced [Ca®'] transients, characterized by
stimulus-specific kinetic parameters. Moreover, we investigated
the role in light-dependent Ca®" signaling of photosynthetic
activity, ROS production, and photoreceptors activity.

Materials and Methods

Algal strains and culture conditions

The Chlamydomonas reinbardtii Dangeard strains used in
this study were UVM4 (UV-mediated mutant 4; Neupert
er al., 2009), photl (CC-5392), CC-125 mt+, acry-A3 mt+
(CC-5396) and SAG73.72. photl was kindly provided by
Dr Dimitris Petroutsos (CNRS/CEA Grenoble), whereas acry
was purchased from Chlamydomonas Resource Center (https://
www.chlamycollection.org/). Transgenic roGFP2-Tsa2ACk lines
(Niemeyer et al., 2021) were kindly provided by Prof. Michael
Schroda (Molecular Biotechnology & Systems Biology, TU
Kaiserslautern, Germany). Algal cells were cultivated in Tris-acet-
ate-phosphate (TAP) or High Salts (HS) minimal medium
(Harris, 2008; Kropat er al, 2011). Liquid cultures were
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shake flasks at 25°C and 70-100 pmol
photons m~*s™" of continuous white light, unless otherwise sta-
ted. High light acclimation of photoautotrophically grown cells
was performed for 15d in shake flasks at 400 pmol
photons m™?s™" of continuous white light. All the experiments

maintained in

herein reported were done on cells at exponential phase.

Chlamydomonas reinhardtii genetic transformation

The YC3.6 coding sequence (Nagai e¢r al, 2004; Yang
et al., 2008) was synthetically redesigned, to enhance transgene
expression, by codon usage optimization and intron spreading, as
recently described (Baier ez 4/, 2018). Synthetic YC3.6 nucleotide
sequence (Thermo Scientific, Waltham, MA, USA) was cloned
into pOptimized (pOpt2) vector backbone by Ndel-Bglll sites
(Lauersen et al, 2015) using Hsp70A/Rbsc2 hybrid promoter
obtaining the cytosolic localization of the probe. To respectively
obtain chloroplast and mitochondrial subcellular localization of
YC3.6 protein product, C. reinbardtii photosystem I subunit D
(PsaD) and mitochondrial ATP synthase subunit A (AtpA) N-
terminal targeting peptides were cloned at the N-terminus of
YC3.6 cassette, through Xbal-Bgll sites (Lauersen et al., 2015).
Strep-tag” 11 flag, a short peptide of eight amino acids
(WSHPQFEK), was fused to the C-terminal of the protein in all
the mentioned vectors. Two different antibiotic resistance genes,
respectively for hygromycin (aphVII) or paromomycin (aphVIII),
were used in this study for the selection of transformed strains
(Lauersen et al., 2015). Stable nuclear transformation was carried
out by glass beads agitation, as described previously (Kin-
dle, 1990), using 10 pg of linearized plasmid DNA. Transformant
strain selection was performed on TAP agar plates supplied with
antibiotics (12 ugml™" of paromomycin and 15pgml™" for
hygromycin), for 5-7d at 200 pmol m™?s™" light intensity.
Antibiotic-resistant colonies were picked to fresh plates and inocu-
lated in 96-well microtiter plates with TAP medium, cultivating
at 200 pmol m~* s~ light intensity until sufficiently dense. Selec-
tion of strains expressing YC3.6 was done by measuring fluores-
cence emission at 520-560 nm upon excitation at 509 nm with
an Infinite PRO 200 plate reader (Tecan, Mannedorf, Switzer-
land). Fluorescence emissions were normalized to 720 nm cell
scattering of the same sample as a proxy of cell density.

Protein extraction and SDS-PAGE

Protein extracts were analyzed by SDS-PAGE as described in
Laemmli (1970). Western blot analysis was performed using
anti-GFP (Green Fluorescent Protein) antibody (Merck, Darm-
stadt, Germany) and an anti-rabbit Immunoglobulin G Alkaline
Phosphatase-conjugated secondary antibody (Merck).

Confocal laser scanning microscopy and cells imaging

Confocal laser scanning microscopy (CLSM) analyses were per-
formed using a TCS-SP5 inverted confocal microscope (Leica
Microsystem, Wetzlar, Germany). Images were acquired by a
63x 1.40 NA oil immersion objective with different digital
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zoom. Ca*" imaging of living cells was performed as described in
Loro & Costa (2013). YC3.6 was excited at 458 nm, and emis-
sion of FRET pair proteins ECFP and cpVenus was collected at
475-505 nm and 525-545 nm, respectively, with two Hybrid
spectral detectors. Laser light stimuli were administered by
switching on the laser line (405 nm, 633 nm, or 514 nm) at the
desired intensity. Laser incident power on sample was measured
through a power meter, considering the specific objective trans-
mission at the different wavelengths (Supporting Information
Fig. S1). Tsa2ACg fluorescence was measured as described in
Morgan er al. (2011, 2016), with 405 and 488 nm excitations
used sequentially with emission in the 500530 nm range.

Mid/Late-log phase C. reinbardtii cell cultures were kept in
light until the experiment, when they were placed into a home-
made glass-bottomed chamber slide. The bottom of the chamber
was coated with 0.01% poly-L-lysine (Merck) to facilitate adher-
ence of the cells. All the experiments were done at room tempera-
ture (24°C). To test YC3.6 subcellular localization, cpVenus,
and chlorophyll were excited, respectively, by the 514 nm and
633 nm laser lines, and the emission was collected, respectively,
at 525-545 nm and 670-690 nm, with the pinhole set to 1 airy
unit. Mitochondria were visualized using MitoLite™ Red
CMXRos (AAT Bioquest, Pleasanton, CA, USA). For the latter,
cultures were incubated for 30 min with MitoLite at a final con-
centration of 1 UM and then washed with fresh medium before
imaging. MitoLite excitation/emission settings were 543 nm/
590-620 nm HyD hybrid detector and collected sequentially and
separately from those of cpVenus and chlorophyll to maximize
the specificity of detection. Before measurements, steady-state
FRET ratio was monitored by illuminating the cells by continu-
ous laser light at 458 nm for 2 min to ensure signal stability.
CaCl,, H,0,, and DTT stimuli at different final concentrations
were applied by direct injection of a 1000x stock solution into
the imaging chamber. When required, 10 um 3-(3,4-dichloro-
phenyl)-1, 1-dimethylurea (DCMU) and 2 pm 2,5-dibromo-6-
isopropyl-3-methyl-1,4-benzoquinone (DBMIB) were added at
to the samples at least 15 min before measurements. To assess
whether extracellular Ca?* is involved in chloroplast [Ca®"] eleva-
tions in response to high light, 200 uM EGTA was added to the
cells” external medium 10 min before measurements. Images were
analyzed using IMAGE] software. cpVenus and CFP emissions of
the analyzed regions of interest were used for the FRET ratio cal-
culation (cpVenus : CFP) and, where suitable, normalized to the
initial ratio and plotted vs time. Background subtraction was per-
formed independently for both channels before calculating the
ratio. Maximal FRET ratio variation was calculated subtracting
the median of the prestimulus FRET ratio values. In the case of
RoGFP2-Tsa2 ACR fluorescence background, subtraction was
applied normalizing the values to the initial ratio and plotting
vs time.

Measurement of photosynthetic activity

Photosynthetic parameters ®PSII (yield of Photosystem I upon
illumination), qL (indicating the redox state of plastoquinones),
electron transport rate (ETR), and NPQ (indicating the
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nonphotochemical quenching, being the quenching of the fluor-
escence emitting due to thermal dissipation of a fraction of the
energy absorbed) were measured with a DUAL-PAM-100 fluori-
meter (Heinz—Walz) on dark-adapted intact cells, at room tem-
perature in a 1 x 1cm cuvette, according to van Kooten &
Snel (1990) and Baker (2008). The different intensities of the
actinic light used were reported in the different cases.

Spectroscopy and pigment content analysis

Pigments were extracted from intact cells using 80% acetone buf-
fered with NayCOj and their absorption spectra analyzed as
described previously (Croce et al., 2002).

Statistical analysis

Student’s two-tailed #test or one-way ANOVA for independent
samples were applied to statistically evaluate results as reported in
the figure legends. Error bars indicate SD. The number of inde-
pendent biological replicates used to calculate SD is indicated in
the figure legends.

Results

Expression and targeting of YC3.6 indicator to different
Chlamydomonas reinhardtii subcellular compartments

To obtain C. reinhardtii lines stably transformed with the Ca®"
sensor Yellow Cameleon (YC3.6), smart synthetic gene design
strategy was applied to optimize nuclear transgene expression
(Baier er al, 2018). YC3.6 sensor was expressed in UVM4
strain, previously selected for efficient expression of nuclear
transgenes (Neupert er al., 2009), with cytosolic, chloroplast,
and mitochondrial localization (Fig. 1a): For each subcellular
localization, 96 transformed colonies grown on selective plates
were screened for cpVenus fluorescence, selecting for subsequent
analysis the two lines showing the highest fluorescence. The
accumulation of YC3.6 protein was confirmed in the transgenic
lines by western blot analysis (Fig. 1b). The subcellular localiza-
tion of accumulated protein into the three different compart-
ments was confirmed by confocal microscopy for the transgenic
lines selected using chlorophyll and MitoTracker MitoLite™
Red CMXRos fluorescence to visualize respectively chloroplasts
and mitochondria (Fig. 1c). Immunotitration analysis revealed
a significantly lower accumulation of the YC3.6 in the cells
expressing the chloroplast and mitochondrial localized probes
(Fig. S2). However, ratiometric Ca>" probes as YC3.6 rely
completely on ratio changes to monitor [Ca*']; thus, the
obtained measurements are not influenced by the actual amount
of the indicator or by changes in the focusing position of the
imaging system (Grenzi et al., 2021). Potendal effects of YC3.6
protein accumulation on C. reinhardtii photosynthetic perfor-
mance were also tested by measuring photosystem II (PSII)
maximum quantum efficiency (PSII®) in dark-adapted cells,
showing no significant differences between the transgenic lines

and wild-type (Fig. S2).
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To investigate the functionality of the YC3.6 probe in vivo in
C. reinhardtii cells, we performed a series of Ca>" imaging analyses
at single-cell resolution. Previous works demonstrated how Ca®'-
dependent signaling pathways in C. reinhardtii can be influenced
by the concentration of external Ca®" in the medium (Quarmby &
Hartzell, 1994; Petroutsos er al., 2011). Cell cultures previously
depleted of external Ca®" (three consecutive washing steps with -
Ca®" medium) were thus exposed to different CaCl, concentra-
tions, exhibiting increased FRET ratios due to [Ca®"] elevations at
the level of all the three different subcellular compartments where
YC3.6 is expressed (cytosol, chloroplast stroma, and mitochondrial
matrix; Fig. §3), even if with different dynamics and kinetic para-
meters. Similarly, previous works reported that the rapid addition
of 20mM external Ca*" to C. reinhardtii cells causes cytosolic
[Ca®"] elevations (Wheeler ez al., 2007; Wheeler, 2017). It is worth
noting that the application of high extracellular CaCl, concentra-
tions may cause a hyper-osmotic shock, with ionic and osmotic
components, that could trigger [Ca®"] transients. Salt stress, in fact,
triggers cytosolic [Ca®"] elevations in C. reinbardtii and both a
cytosolic and chloroplast [Ca®'] elevation in plant cells (Bickerton
et al., 2016; Sello ez al., 2016). YC3.6 probe efficiently reported
Ca®" dynamics at the level of all the three different compartments;
however, at this point of the analysis, we cannot assess whether the
[Ca®"] elevation was triggered because of the sensing of the high
extracellular [Ca®"] itself or as a response to the hyper-osmotic

shock.

Subcellular Ca?* monitoring reveals high light-induced
chloroplast-specific Ca* elevations

Ca®" imaging analyses on YC3.6 expressing lines were performed
subsequently in response to a light stimulus. The 633 nm and
405 nm laser lines of the confocal microscope used to perform
Ca®" imaging in single cells were used to apply 90's of respec-
tively 55~ pulsed red or blue light directly to C. reinbardtii cells,
while monitoring [Ca®"] at the level of each specific subcellular
compartment. Exciting the cells with a laser light caused a slight
change in the FRET ratio during the stimulus onset in all
the three tested compartments, positive when stimulated with the
633 nm line and negative with the 405 nm line (Fig. 2a—c). The
high-intensity illumination might transiently influence YC3.6
emission properties during the stimulation phase, without affect-
ing its functionality. The 405 nm line, for instance, could prefer-
entially excite the CFP moiety of the YC3.6 probe, resulting in a
negative change in the FRET ratio. When the light stimulus was
switched off, however, the FRET ratio change in the case of
YC3.6 probe localized in the cytosol or mitochondria compart-
ments was close to zero, indicating no alteration of the [Ca®"].
Differently, the lines expressing YC3.6 probe in the chloroplast
showed a significantly higher transient [Ca®"] elevation, charac-
terized by bona fide FRET responses (Figs 2b,d, S4). Interest-
ingly, we found that both the tested laser wavelengths induced
chloroplast-specific [Ca®"] transients, with similar dynamic and
kinetic parameters (Fig. 2). The same light stimuli, however, did
not induce [Ca®"] elevations at the level of the cytosolic or
mitochondrial compartments (Fig. 2a,c). Similarly, green light
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Fig. 1 YC3.6 expression, accumulation, and subcellular localization in Chlamydomonas reinhardtii. (a) Schematic representation of the expression vectors
used for C. reinhardtii transformation with YC3.6. The 2546-bp coding region (exons shown as boxes), interrupted by the three Rbcs2 introns (thin lines),
was synthesized with optimal Chlamydomonas codon usage. Different N-terminal targeting signals were inserted to target the sensors to the cytosol
(CYTO), the chloroplast stroma (CHLORO), and the mitochondria (MITO). (b) Western blot analysis showing YC3.6 accumulation in transformant strains
compared with the background strain UVM4 (UV-mediated mutant 4). (c) Representative confocal microscopy images of individual cells of the transfor-
mant lines selected. Shown are cpVenus (cpVenus) fluorescence, chlorophyll autofluorescence (Chlorophyll), MitoLite fluorescence (MitoLite), and all sig-
nals merged (MERGE). Localization panel shows schematic representations of a typical C. reinhardtii cell, highlighting in yellow the subcellular localization
of the YC3.6 probe. UVM4 line herein used as a background strain does not harbor full and functional flagella.

stimulus from the 514 nm laser light did not induce significant
[Ca®"] increases at the level of all the three subcellular compart-
ments (Fig. S5). Even so, the 514 nm line preferentially excite
the cpVenus moiety of the YC3.6 probe, resulting in a positive
change in the FRET ratio during the stimulation phase and likely
bleaching fluorescence emission at high intensities. Accordingly,
after-stimulus maximal FRET ratio change was significantly
lower in all the three compartments at the higher intensities of
light stimulation (Fig. S5). The stroma resting steady-state FRET
ratio before the light stimulus was significantly lower in the chlor-
oplast compared with the cytosol, indicating lower free Ca** con-
centrations (Fig. 2e). This is in accordance with what has been
observed so far in plants for the relative stromal vs cytosolic
[Ca®'] (Sai & Johnson, 2002; Loro ez al., 2016).

Mitochondrial matrix steady-state level of FRET ratio was sig-
nificantly higher than stroma, but still lower than cytosol, conver-
sely to what have been shown in plant cells (Wagner ez 2/, 2015).
A recent work in plant cells, however, reported comparable
steady-state levels of FRET ratio between mitochondrial matrix
and cytosolic compartments (Ruberti ¢t al., 2022). Intracellular
Ca®" dynamics were here monitored in C. reinhardtii UVM4
background cells (Neupert ez al., 2009), originally based on the
cell wall-deficient, arginine prototrophic strain cw!5-302, which
has no flagella. C. reinhardtii flagella represent a highly dynamic

© 2023 The Authors
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and excitable signaling compartment, able to act in Ca®" signal-
ing either independently or in combination with the cell body
(Collingridge er al, 2013; Fort er al, 2021). To investigate
whether the presence of flagella is influencing light-dependent
Ca?* signaling, we expressed YC3.6 Ca** probe in a background
strain bearing functional flagella (WT SAG73.72; Aiyar
et al., 2017). Subcellular localization of YC3.6 probe in the
selected lines was confirmed by confocal microscopy (Fig. S6).
The new YC3.6 expressing lines in WT SAG73.72 background
were characterized by similar light-dependent chloroplast-specific
[Ca®"] elevations compared with the lines in UVM4 background,
while in both backgrounds, no significant change in cytosolic or
mitochondrial [Ca®"] was detected (Fig. S6). To further dissect
the link between the high light stimuli and the induced chloro-
plast Ca®" rransients, we evaluated the dose dependency of the
response by using different laser light intensities (Fig. 3a,b).
The chloroplast maximal FRET ratio variation and the time to
reach maximal amplitude of FRET ratio correlate with the inten-
sity of the stimulus applied, both using 633 nm or 405 nm laser
lines (Fig. 3c,d). Treating the cells with increasing 633 nm light
intensities, a proportional higher maximal amplitude of the
response was obtained, while the time to reach the maximal
FRET ratio values proportionally decreases (Fig. 3c). Ca*"-signal
amplitude and speed thus quantitatively reflect the intensity of

New Phytologist (2023)
www.newphytologist.com

85U8017 SUOWWIOD A1) 8|qeot[dde au) Aq peuenob e sejoie O ‘88N JO S9N 0} Akeiq18UI|UO /8|1 UO (SUONIPUOD-PUR-SLLIBY/LID"AB|IM ARIq U1 |UO//SdNL) SUORIPUOD PUe SWie | 8U18es *[£202/20/y2] Uo A%iqiauljuo A8 |Im ‘oue|iN I eISeAIUN Ad ZyT6T Udu/TTTT 0T/I0p/Woo A8 |1m Aiqipuljuoydu//sdny woly pepeojumoq|



New
e Phytclogs
a b c
) cYTO &) CHLORO © MITO
9 2.0q .2 2.0 2 2.0
s — 405 nm E — 405 nm E — 405 nm
& — 633nm L — 633nm & — 633nm
[ [+ -4
w . w
1.5 1.5+ 1.5
1.0- 1.0 .“""‘"
T T 1 T T 1 T T 1
0 200 400 600 0 200 400 600 0 200 400 600
Time (s) Time (s) Time (s)

(d)
€15 ) o 2.5+
2 [ 405 nm B 633nm =
(] -
‘(>i KKk Frkx E 2.0 o
o 1.0 EETTY Hrrx uw
= P *kkk
B %
- £ 1.5+
w 1

8

3 1.0

wlE = |F
T T T T T T 0.5 —F—7—T—
o O O o O O o O O
oM (y\é & oM é\\d‘ & & &o‘ &

Fig. 2 Cytosolic, chloroplast, and mitochondrial Ca?* dynamics in Chlamydomonas reinhardtii cells in response to high light stimuli. (a—c) Averaged and
normalized FRET ratio + SD of cytosolic (a, n=45 cells), chloroplast (b, n = 15), and mitochondrial (c, n =41 cells) YC3.6 in C. reinhardtii cells in response
to high light stimuli (gray rectangle indicate the treatment, 90s of 55~ pulsed laser light, 405 nm 15% — 42 uW or 633 nm 75% — 550 uW). (d) Maximum
FRET ratio variations triggered by light treatment at the level of the different subcellular compartments. Error bars indicate SD. (e) Basal steady-state FRET
ratios at the level of the different subcellular compartments (averaged over a 25 s time before treatment, n =150 cells). Error bars indicate SD. One-way

ANOVA: **** P <(0.0001; ***, P<0.001.

the applied stress. 405 nm light-induced [Ca®"] transient showed
a weaker dose-dependence, with a trade-off ac 7 pW, that was not
triggering any significant Ca*" transient (Fig. 3d) while maxi-
mum FRET ratio was obtained already with a light intensity of
20 pW. Taken together, these data suggest the presence of a clear
dependency of the amplitude and kinetics of the chloroplast Ca®"
transient from the intensity of the light stimulus applied.

Light-induced chloroplast Ca" transients are influenced by
high light acclimation and are partially dependent from
photosynthetic activity

To investigate the origin of the high light-dependent stromal
Ca®" transient, its connection to extracellular Ca®" availability
was initially evaluated. Neither the depletion of extracellular
[Ca**] by several consecutive washing steps (i.e. TAP medium
without added CaCl,) nor the treatment of the cells with the
Ca®" channel blocker CoCl, (Cho et al., 1999) affected the stro-
mal red high light-induced Ca?" increase (Fig. 4a,b). Further-
more, the addition of the chelating agent EGTA to the external
medium before measurements (as in Bickerton ez a/, 2016) did
not affect the light-induced Ca** response (Fig. S7). In all these
cases, the chloroplast-specific Ca®" transient remains unchanged
and the maximum FRET ratio variation upon high light expo-
sure was not distinguishable between control and treated cells
(Figs 4b, S7). These results indicate that the observed stromal
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Ca®" signature does not depend on extracellular sources of Ca*".
Moreover, high light stimuli do not trigger any cytosolic [Ca®']
variation that precedes the stromal Ca*" increase (Fig. 2a), sug-
gesting the presence of an organelle-autonomous response or the
participation of other subcellular compartments as Ca>" sources.
To determine the molecular players at the base of high light-
dependent chloroplast Ca”" transients, the potential role of pig-
ments and photosynthetic activity was investigated.

Chlorophyll molecules can absorb both blue and red wave-
lengths, and they might participate in the perception of light sti-
muli, thus being involved in the light-induced chloroplast Ca®"
signaling. Moreover, the photosynthetic process itself has a cru-
cial role in the maintenance of the homeostasis of different ions
across thylakoid membranes, indirectly regulating also [Ca®'].
The trans-thylakoid pH gradient is indeed exploited not only for
ATP production, but also for the import of Ca®" into the lumen
(Hochmal et al., 2015). To assess the role of the photosynthetic
machinery in the regulation of this chloroplast-specific Ca*"
response, we treated C. reinhardtii cells with specific photosyn-
thetic electron transport inhibitors as DCMU, inhibiting PSII
electron transport and thus linear electron flow, and DBMIB,
inhibiting plastoquinone reduction and thus blocking both linear
and cyclic electron flow (Uhmeyer ez al., 2017). Upon red light
stimulation for 90 s, it was possible to observe that the inhibition
of the photosynthetic electron transport, either with DCMU or
with DBMIB, affects the chloroplast high light-induced Ca®*
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Fig. 3 Chloroplast Ca®" transients in Chlamydomonas reinhardtii in response to different high light wavelengths and intensities. (a, b) Averaged and
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values are marked with different letters (a, b, c) as determined by One-way ANOVA (P<0.01).

response only at the lower intensities of the applied red-light sti-
mulus, namely 144 pW and 39 pW (30 and 15% of maximum
laser power, respectively; Fig. 4c,d). In these cases, the maximal
FRET ratio variation and the ‘Area Under the Curve’ (AUC,
indicating both the amplitude and the duration of the Ca*" tran-
sient) were significantly lower in the treated cells. At higher light
intensities, when the photosynthetic electron transport is already
saturated, the inhibitors were not significant. These results indi-
cate a partial role of the photosynthetic apparatus and its physio-
logical state in the onset of the chloroplast-specific Ca**
response, triggered by high light stimulation.

The photosynthetic apparatus and the onset of light-
dependent photosynthetic electron transport are modulated as a
response to high light acclimation to minimize the harmful
effects of an excessive irradiance, both on short and long time
scales (Bonente et al, 2012; Erickson et al, 2015). To test
whether high light acclimation could also influence the percep-
tion and response to light stimuli, affecting the high light-
induced stromal Ca®" transient, YC3.6 expressing lines were
acclimated in photoautotrophy under high light irradiance
(400 pmol photons m s ). High light acclimated cells showed
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significantly lower resting stromal Ca®" levels compared with cells
grown in control light (Fig. 4e), reported as a lower resting
steady-state FRET ratio. Moreover, when exposed to red high
light treatment, high light acclimated cells displayed a signifi-
cantly lower maximal FRET ratio variation of the induced chlor-
oplast Ca?" transient (Fig. 4f). These data suggest that an
acclimation to high light condition can alter the chloroplast
Ca®"-mediated response to a high light stimulus. High light accli-
mation might indeed influence the perception of a light stimulus,
change the chloroplast resting [Ca®"], but also affect the pigment
composition and the photosynthetic apparatus, mitigating the
risk of saturation of electron transport flow upon high light expo-
sure (Bonente et al., 2012).

High light triggers H,O, production in the chloroplast
stroma that correlates with high light-induced Ca**
transients

Reactive oxygen species, produced in the chloroplast as by-
products of oxygenic photosynthesis, have been demonstrated as
essential signaling molecules (Wakao & Niyogi, 2021; Foyer &
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Fig. 4 Components of Chlamydomonas reinhardtii chloroplast Ca®" dynamics in response to 633 nm high light stimulation. (a) Normalized FRET

ratios + SD of chloroplast YC3.6 in C. reinhardtii cells in response to 633 nm laser light stimulus (gray rectangle indicates the treatment, 90s of 55~ pulsed
laser light at 550 uW — 75%). Black line represents the control, yellow line the cells depleted of external Ca®*, and gray line the treatment with 10 mM
CoCl, before the measurement (n > 8 cells). (b) Maximal FRET ratio variation upon stimulus and treatments explained in a. (n > 8 cells, one-way ANOVA:
P>0.05). (c, d) Maximal FRET ratio variation and AUC of FRET ratios in response to 633 nm laser light stimulus at the indicated intensities, control, and

treatments with photosynthetic electron transport inhibitors (DCMU and DBMI
ns, not significantly different values. (e) Maximal FRET ratio variation (left) and

B; n>12 cells, one-way ANOVA: *, P<0.05; ** P<0.01; *** P<0.001).
basal steady-state FRET ratio before stimulus (right) upon conditions

explained in (f). (n =22 cells, Unpaired t-test: *, P<0.05; *** P <0.001). (f) FRET ratios & SD of chloroplast YC3.6 in C. reinhardtii cells autotrophically
grown in control (black line) or high light (gray line) conditions, in response to 633 nm laser light stimulus (gray rectangle indicates the treatment, 90 s of

55" pulsed laser light at 550 uW — 75%). For all panels, error bars indicate SD.

Hanke, 2022). To test whether H,O, levels within chloroplast
stroma changed when the cells are exposed to our high light st-
muli, we employed a cell line expressing the H,O, sensor
roGFP2-Tsa2ACy in this subcellular compartment (Niemeyer
et al., 2021). We first confirmed the feasibility of H,O, measure-
ments with the stromal roGFP2-Tsa2ACy sensor by monitoring
in real time its reduction and oxidation in response to exogen-
ously applied DTT and H,O, respectively (Fig. S8). Similarly to
what have been previously shown (Niemeyer er al, 2021), we
detected a decrease in the 405/488 nm ratio signal in response to
DTT direct injection (reduction), followed by a ratio increase
upon H,0, treatment (oxidation). In accordance with what has
been reported in previous experiments using whole-cell cultures
exposed to high light (Niemeyer er al., 2021), we observed in a
real-time single-cell setup, stromal H,O, levels increases follow-
ing red (633 nm) high light exposure (Fig. 5a). The increase in
stromal H,O, levels exhibited a significant correlation with the
intensity of the light treatment, increasing both the 405/488 nm
ratio variation and the AUC of the traces at increasing light
intensity (Fig. 5¢). Red light induced also an increase in H,O,
levels in the cytosol (Fig. S9), as revealed using C. reinbardtii lines
with  roGFP2-Tsa2ACr  cytosolic  localization ~ (Niemeyer
et al., 2021). The effect of blue light could not be analyzed due
to the direct absorption of the sensor in the 400-500 nm region.
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Treating C. reinhardtii cells with DCMU or DBMIB signifi-
cantly increased the chloroplast high light-induced H,O, pro-
duction, both at high and low 633 nm laser light intensities of
the stimulus (Fig. S10). Accordingly, DCMU or DBMIB treat-
ments were previously reported to strongly oxidize redox buffers
in the chloroplast stroma of plant cells (Brunkard ez al., 2015). In
addition, DCMU treatment significantly decreases the basal
steady-state 405/488 nm ratio of the chloroplast stroma roGFP2-
Tsa2ACr in C. reinhardtii cells (Fig. S10), further indicating that
blocking the photosynthetic electron transport can alter the
chloroplast H,O, production and homeostasis, differentially
influencing the high light-induced H,O, responses.

Interestingly, the effect of red light, increasing H,O, in the
chloroplasts, is positively correlated with the [Ca®"] transients
induced in the stroma by the same light stimuli (Fig. 5b): Both
Ca*" and H,O, levels in the chloroplast showed significant
increases upon high light treatment, proportional to the intensity
of the applied stimulus. These results suggest a potential connec-
tion between the Ca®>" and H,0, signaling systems in response
to high light stimuli. To evaluate whether increased H,O, could
influence Ca*" signaling, extracellular H,O, concentration was
increased to 1 mM by direct injection of a H,O, solution to cells
kept in the dark. In these conditions, a transient increase [Ca®")
in the stromal YC3.6 expressing line could be observed even in
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Fig. 5 Real-time single-cell monitoring of H,O, levels in Chlamydomonas reinhardtii chloroplast stroma under high light exposure. (a) Normalized fluores-
cence measurement of roGFP2-Tsa2ACx (as 405/488 nm ratio) after 633 nm laser light exposure at different intensities. The data are reported as

means + SD. Red rectangle indicates the treatment, 90's of 55~ pulsed laser light at the reported intensity. (b) Correlation between average maximal var-
iation of FRET ratio (stromal YC3.6, y-axis) and 405/488 nm ratio (stromal roGFP2-Tsa2 ACg, x-axis) for each 633 nm laser intensity stimulation

(Mean =+ SD). (c) Maximal ratio variation and AUC of 405/488 nm ratios in response to 633 nm laser light stimulus (a) at the indicated intensities. Control
(CTR) represents untreated cells. Error bars indicate SD (n > 63 cells, One-way ANOVA: *** P <0.001; **** P<0.001). (d) Normalized FRET ratio + SD of
chloroplast YC3.6 in C. reinhardtii cells in response to external H,O, injection at the final concentration of 1 mM (black line at 80 s). n=7 cells.

the absence of light stimuli (Fig. 5d). A H,O,-induced stromal
[Ca®"] transient has already been reported in Arabidopsis cell sus-
pension cultures (Sello ez al., 2018), suggesting the presence of a
conserved mechanism in C. reinbardtii in the response to an oxi-
dative stress. An interplay between Ca®" and ROS signaling
might be present at the chloroplast level also in C. reinhardtii
cells, potentially regulating the responses to high light stimuli.

The high light-induced stromal Ca?" transient is
significantly altered in C. reinhardtii acry mutant

Eukaryotic photosynthetic organisms have evolved different
classes of light-sensitive receptors, among which cryptochromes
(CRYs) and phototropins (PHOTs; Hegemann, 2008;
Petersen et al, 2021). In the case of C. reinbardtii, PHOT is a
blue-light photoreceptor reported to be involved in several
blue-light-dependent responses in C. reinhardsi (Huang &
Beck, 2003; Petroutsos ez al., 2016), while the cryptochrome
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aCRY is the only photoreceptor known to be involved in red-
light photoreception (Beel et al., 2012; Greiner et al., 2017). To
investigate the possible involvement of photoreceptors in the high
light-induced chloroplast Ca*" transients, phot and acry mutants,
with the respective wild-type background strains (WT CC-125
and WT SAG73.72; Petroutsos et al, 2016; Greiner
et al., 2017), were engineered to express YC3.6 Ca*t probe in the
chloroplast. The chloroplast subcellular localization of YC3.6
probe in the selected lines was then confirmed by confocal micro-
scopy (Fig. S11). Ca®" imaging analysis on selected YC3.6
expressing lines for each different genetic background was per-
formed in response to red (633 nm) and blue (405 nm) high light
stimuli. phot mutant did not display any altered response to the
applied high light stimuli compared with its background WT
CC125 (Fig. 6a,b), excluding a possible contribution of PHOT
protein in high light-induced Ca®" transients. Interestingly, acry
mutant showed a lowered high light-dependent stromal Ca®*
response compared with its background (WT SAG73.72) for
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Fig. 6 Light-induced chloroplast Ca®" and H,O, transients in Chlamydomonas reinhardtii phot and acry mutants. Normalized chloroplast YC3.6 FRET ratio
traces and Maximal FRET ratio variation distribution (right corner inset) of C. reinhardtii cells upon stimulation with 633 nm (a, ¢, 550 pW - 75%) and

405 nm (b, d, 42 uW — 15%) laser light (colored rectangles indicates the treatments, 90555~ "). (a, b) FRET ratios 4 SD of phot and wild-type background
(WT CC125) cells (n> 40 cells). (c, d) FRET ratios & SD of acry and wild-type background (WT SAG72.73) cells (c, n>40 cells and d, n >57). Results are
reported as mean of at least 3 independent experiments. (e) Normalized fluorescence measurement of roGFP2-Tsa2ACk (as 405/488 nm ratio) after

633 nm laser light exposure. The data are reported as means + SD (red rectangle indicates the treatment, 90s of 55" pulsed laser light at 550 yW — 75%).
(f) Maximal variation of 405/488 nm ratios in response to 633 nm laser light stimulus (e, n > 99 cells). Unpaired t-test: **, P<0.01; **** P <0.0001.

both red and blue-light stimuli tested (Fig. 6¢,d), indicating an
impairment but not a complete disruption of the light-induced
stromal [Ca®"] transient in this mutant line. These results suggest
an important role for aCRY photoreceptor in mediating
light-dependent Ca®" signaling in Chlamydomonas reinbardtii.
To better understand the molecular basis of acry impairment on
light-dependent chloroplast Ca®" signaling, different photosyn-
thetic parameters were measured in acry mutant and compared
with its background strain (Fig. S11) obtaining no significant dif-
ferences, consistently with previous (Petroutsos
et al., 2016). However, acry mutant, compared with its parental

results

line, displayed significantly higher Chl #: 4 ratios in photoauto-
trophic conditions in control light and high light acclimated cells
(Table S1). A slightly lower content of Chl(pg)/Cell in all the
tested conditions was also observed, even if not with a significant
difference. To investigate the potential role of aCRY in the high
light-dependent H,O, response, acry mutant and the respective
background strain (WT SAG73.72) were engineered to express
the roGFP2-Tsa2 ACr H,O, sensor in the chloroplast. The sub-
cellular localization of roGFP2-Tsa2ACk in the selected lines was
confirmed by confocal microscopy for one strain of each trans-
genic line (Fig. S12). acry mutant displayed even a slight increase
of the chloroplast red light-induced H,O, elevation compared
with wild-type (Fig. Ge,f). These data exclude that the reduced
light-induced chloroplast Ca*" signaling observed in acry might
be related to reduced photosynthetic activity or reduced H,O,
production, highlighting instead a different pigment content in
the mutant, that might indirectly influence high light perception.
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Discussion

In this work, C. reinhardtii lines stably expressing YC3.6 Ca*"
indicator at different subcellular localizations were generated to
explore and dissect intracellular iz vivo Ca>* dynamics (Fig. 1).
Light regulates chloroplast [Ca®']in plant cells, causing a stromal
[Ca®**] elevation upon dark transition (Sai & Johnson, 2002;
Nomura et al., 2012; Sello ez al., 2016, 2018), which is essential
to modulate the activity of some Calvin cycle enzymes and inhi-
bit CO, fixation during the night (Sai & Johnson, 2002). Here,
our findings reveal a chloroplast Ca** transient elevation in
response to high light stimulation in the green alga C. reinhardtii
(Fig. 2) while no significant change in [Ca®"] in the cytosolic and
mitochondrial compartments was detected, suggesting the exis-
tence of a chloroplast-specific response. These results were
obtained in UVM4 background, where flagella structures are not
assembled; therefore, similar investigations were performed in a
background strain bearing functional flagella (WT SAG73.72
background), confirming the results obtained in UVM4 back-
ground (Fig. S6). Chloroplast Ca*" transients were triggered by
both red and blue light, observing amplitude and kinetic proper-
ties related to the intensity of the applied stimuli (Fig. 3). The
depletion of external Ca®" or the treatment with a Ca®" channel
blocker did not affect the onset of the light-dependent chloro-
plast Ca®" transients: similar independency from external Ca®*
was previously reported in the case of chloroplast Ca*" transients
measured in Arabidopsis plants expressing YC3.6 in the stroma
(Loro et al., 2016). These results, together with the absence of a
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cytosolic Ca®" response to light stimuli, lead to the hypothesis of
a chloroplast-autonomous light-dependent Ca®" response. In this
model, thylakoid lumen might represent the main source for
Ca®" efflux in the stroma, even though other Ca®" sources cannot
be excluded, like the endoplasmic reticulum (ER), operating
through  chloroplast-ER  membrane interaction domains
(Pérez-Sancho et al, 2016; Suzuki et al., 2018). C. reinhardtii
channelrhodopsin photoreceptors (ChR1 and ChR2) are green
light-responsive ion channels localized in the plasma membrane
above the eyespot, at the edge of the chloroplast, participating in
the light-gated Ca®'-dependent phototaxis mechanism (Nagel
et al., 2002, 2003; Berthold er al, 2008; Pivato & Ballot-
tari, 2021). No significant change in [Ca®"] in the three tested
compartments was detected upon green light stimuli (Fig. S5),
likely excluding the contribution of channelrhodopsins in the
observed red or blue light-dependent chloroplast Ca®" transients.
However, it is also worth noting that YC3.6 is likely not suitable
to monitor intracellular Ca*" dynamics in response to green light,
as it can selectively excite cpVenus moiety of the probe, causing
its specific bleaching and ultimately compromising [Ca*'] mea-
surements. Moreover, Ca>" indicators with a higher sensitivity
than YC3.6 could better reveal subtle Ca** increases that cannot
be reported by the Cameleon indicator (Grenzi et al, 2021).
Thus, different Ca®* probes should be considered in order to
properly analyze the contribution of green light to light-
dependent Ca*" signals in C. reinbardtii.

Photosynthetic activity and light acclimation have a role in the
shaping of the high light-induced chloroplast Ca®" transients
(Fig. 4): at the lower intensities of the light stimuli applied, sig-
nificantly lower Ca®" elevations were reported upon treatment
with inhibitors of the photosynthetic electron transport chain
(DCMU and DBMIB). Inhibitors of photosynthetic electron
transport strongly affect the light-dependent proton import into
lumen (Bonente ez al., 2012); thus, photosynthetic activity might
have a role in the shaping of the Ca** chloroplast response, influ-
encing ion homeostasis across thylakoid membranes and regulat-
ing also [Ca*1].

Consistently with this view, in high light acclimated cells, where
light proton accumulation in the lumen is generally reduced (Bone-
nte et al, 2012), light-dependent Ca®" transients were reduced
(Fig. 4f). High light exposure over long time scales can induce in
C. reinhardtii cells several adaptations, affecting the photosynthetic
apparatus and light harvesting, altering pigment composition and
antioxidant accumulation (Erickson er 4, 2015). The adaptation
of the perception and photoprotective mechanisms to high light
conditions might thus alter the perception of a high light stimulus,
consequently lowering the induced stromal Ca®* transient. How-
ever, the electrochemical proton gradient across thylakoid mem-
branes is likely not the only possible trigger for Ca** chloroplast
response, due to the similar Ca®" transient observed at higher light
intensity of the applied stimuli in presence or absence of the elec-
tron transport inhibitors DCMU and DBMIB.

By monitoring intracellular H,O, levels at the single-cell level
through the genetically encoded sensor roGFP2-Tsa2ACg (Nie-
meyer et al., 2021), it was possible to observe that chloroplast
H,0, production is enhanced upon high light stimulation,
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advancing the hypothesis of the presence of an interplay between
Ca*" and H,0, signaling in this subcellular compartment
(Fig. 5). As previously shown in plants, we reported in C. rein-
hardtii that an increase of extracellular H,O, levels is causing a
chloroplast Ca*" increase, supporting the presence of an interplay
at this level (Fig. 5d; Sello ez al., 2018). The positive correlation
between stromal Ca?' and H,O, elevations, and light-
independent chloroplast Ca*" increase by treatment with external
H,0,, suggest a molecular connection between H,O, and Ca*"
signaling pathways that could be modulated by integrating mole-
cules, such as ion channels or binding proteins. Plant annexins
link ROS and cytosolic Ca** signaling but no annexins-like pro-
tein have been identified so far in C reinbardtii (Jami
et al., 2012; Bickerton et al, 2016). Alternatively, a plasma
membrane-localized leucine-rich-repeat receptor kinase HPCAL1
has been shown to mediate H,O5-induced activation of Ca®"
channels in guard cells (Richards ez al., 2014; Wu ez al., 2020);
however, HPCA1 homologs could not be found up to now in
Chlamydomonas genome. The C. reinhardtii chloroplast protein
calredoxin might represent a further candidate, containing two
domains to integrate Ca®" and H,0, signals, Ca2+—sensing (four
EF-hands) and TRX (Hochmal ez 4l, 2016). Future investiga-
tions in this direction might involve specific C. reinhardtii
mutant lines for the candidate chloroplast Ca** ion channels/
binding proteins or for the H,O, generation/scavenging.

In C. reinhardtii cells, light can be perceived by photosynthetic
pigments, including chlorophyll and carotenoid molecules, but also
by specific photoreceptors. The Ca** response to both blue and red
light was significantly altered in the absence of aCRY protein, the
only photoreceptor that has been reported to our knowledge to
respond to red or yellow light, in addition to blue light. Differently,
the absence of PHOT did not influence chloroplast Ca®* transi-
ents. C. reinhardtii aCRY is localized in the nucleus to a significant
extent during the day in vegetative cells, but can be found through-
out the cell body during the night and during gametogenesis (Zou
et al., 2017). aCRY participates in the cell cycle control, acting as a
negative regulator for mating ability as well as for mating mainte-
nance (Zou et al., 2017); however, its role in the regulation of other
light-dependent physiological processes has been poorly invest-
gated. A direct role for aCRY in light-dependent chloroplast Ca**
signaling could be based on the light-dependent activation of a sig-
nal transduction pathway, leading to the modulation of chloroplast
Ca®" concentration. Further research efforts are required to dissect
the possible molecular components of this aCRY-dependent Ca**
signal transduction pathway. Alternatively, an indirect role of
aCRY could be proposed: The acry mutant indeed displays lowered
transcript levels of some genes encoding components of the light-
harvesting complex of photosynthesis (LHCBMG6), as well as pro-
teins involved in chlorophyll or carotenoid biosynthesis, upon red-
light induction (Beel ez al., 2012, 2013). Accordingly, we reported
a significanty higher Chl 4: 4 ratio in photoautotrophically grown
acry cells, even if the photosynthetic parameters were not affected
(Table S1; Fig. S11). Therefore, the lack of aCRY protein might
indirectly affect light perception mechanisms in C. reinhardtii cells,
influencing also the monitored high light-induced chloroplast Ca**
responses. It should be considered that the acry strain, generated
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with CRISPR/Cas9 technique, still shows small levels of aCRY
protein in immunoblotting analysis (Greiner ez al, 2017). The pre-
sence of residual levels of aCRY protein might account for an
incomplete impairment of the stromal Ca®" response.

In summary, this work establishes a toolset to study Ca*"
dynamics at a subcellular level in C. reinbardtii cells and identifies a
chloroplast-specific Ca®* signaling response to light, which is posi-
tively related to the intensity of the applied stimuli. These findings
demonstrate the role of intracellular Ca*" signaling in the percep-
tion of the environment in green algae, suggesting the presence of
conserved mechanisms among Viridiplantae, but also the existence
of uncharacterized responses in C. reinbardti, likely related to its
unique Ca*" signaling toolkit (Pivato & Ballottari, 2021). In
C. reinhardtii, different triggers are involved in the light-induced
signal transmission pathway that leads to chloroplast [Ca®']
increase: saturation of the photosynthetic electron transport, that
induces proton accumulation in the lumen and affects ion homeos-
tasis, ROS formation and aCRY-dependent light perception. Addi-
tional work is required to understand whether these elements work
in parallel or in series to each other: aCRY and ROS could modu-
late the light-dependent expression of photosynthetic genes and
photosynthetic electron transport saturation could boost ROS for-
mation. In conclusion, the findings herein reported provide new
information on stress signaling in green algae and pave the way
toward the investigation of chloroplast Ca*" signaling and the dis-
section of its underlying molecular machinery.
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