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Summary

SUMMARY

This thesis reports the results that | have obtained during my three-year Ph.D.
course in Biosciences, curriculum Cell Biology and Physiology. The research
activity that | carried out aimed to elucidate the contribution of chloroplasts and
the endoplasmic reticulum to Ca? homeostasis and Ca?*-based signal
transduction events in response to environmental stimuli in the model plant

Arabidopsis thaliana.

Calcium is a fundamental intracellular messenger involved in a wide range of
different signalling pathways in all eukaryotes, and possibly prokaryotes as
well. Since high concentrations of Ca?* are toxic for the cell metabolism, due
to the direct role of this ion in precipitating the phosphates into insoluble
complexes, cells have evolved mechanisms to keep cytosolic Ca?®*
concentration ([Ca®*]eyt) at a low level (about 100 nM). In eukaryotic cells the
main strategy to achieve this tight regulation of [Ca®*]cyt is represented by the
export of Ca?* in the extracellular space and sequestration of the ion in several
intracellular Ca?* storage compartments. The occurrence of a complex Ca?*
homeostatic apparatus has, in turn, allowed for the evolution of Ca?*-based
signalling pathways, based on the generation of finely controlled [Ca®*]cyt

changes.

In plants, Ca?* is a signalling intermediate involved in the transduction of a
large plethora of abiotic and biotic stimuli. The spatial and temporal
characteristics of the elicited Ca?* transients are connected with the nature and
intensity of the inducing stimulus, enabling specific stimulus-response
coupling. For a long time the scientific attention has mainly focused on the
vacuole, because of its prominent role as major Ca?* storage compartment of
the plant cell. However, increasing evidence suggests that also additional
organelles may play key roles in Ca?* homeostasis and signalling in the plant
cell, such as plastids and the endoplasmic reticulum (ER). Concerning
plastids, recent evidence indicates that chloroplasts, as well as non-green
chloroplasts, may indeed generate specific stromal Ca?* signals and contribute
to the fine tuning of cytoplasmic Ca?* signalling in response to different

environmental stimuli. However, information about intra-chloroplast Ca?*
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fluxes and Ca?* transporters localized at chloroplast membranes (envelope
and thylakoids) is still scarce. Likewise, the involvement of the ER in Ca?
handling in plant cells has long been underappreciated, in contrast to animal
cells, because of the lack of direct measurements of ER luminal [Ca?*] and its
potential variations during signal transduction. Both chloroplasts and ER seem
to be able not only to influence the Ca?* signalling pathways of the cytoplasm,
but also undergo Ca?* regulation themselves. In chloroplasts, both light
reactions and carbon reactions of photosynthesis are modulated by Ca?*.
Furthermore, Ca?* plays some role also in the regulation of various chloroplast
enzymes, the import of nuclear-encoded proteins and the plastid division.
Similarly, protein folding and quality control in the ER are known to be
regulated by Ca?*.

Analysis of the potential ER-chloroplast crosstalk in Ca?* homeostasis and
signalling is noteworthy also in consideration the structural interactions
between these two organelles, mediated by plastid envelope protrusions,
called stromules, that continuously extend and retract in an ER-aided manner.
The occurrence of specific contact sites through which chloroplast and ER may
exchange not only lipids, but also ions such as Ca?*, opens up the possibility

of an even more complex and finely-tuned Ca?* regulation.

The work presented in this thesis was hence aimed at the investigation of how
these organelles — chloroplasts and the ER — are integrated in the Ca?*
signalling networks of the plant cell. Three distinct major points were thus
addressed: the first one concerned the elucidation of the role of thylakoids in
Ca?* homeostasis and modulation of chloroplast Ca®* signals; the second one
focused on the characterization of Ca?*-permeable channels localized at
chloroplast membranes and their role in shaping organellar and cytosolic Ca?*
signals; finally, the third one regarded the monitoring of Ca?* dynamics in the
ER, with an initial attempt towards the elucidation of potential crosstalk
between the ER and chloroplasts in terms of Ca?* handling.

As described in Chapter 2, the generation of new toolkit of aequorin-based
Ca?* indicators targeted to the thylakoid membrane and the thylakoid lumen
was successfully achieved, thus increasing the number of subcellular
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localizations for which organelle-targeted genetically encoded Ca?* indicators
(GECIs) are available. Moreover, these newly developed aequorin chimeras
allowed for the monitoring of Ca?* concentrations inside the thylakoid lumen
and just outside the thylakoid membrane surface, providing evidence for the
involvement of the thylakoid system in the Ca* homeostasis and signalling
network in Arabidopsis. In particular, [Ca?*] variations in the thylakoid lumen
were found to be triggered in response to some abiotic stimuli (such as
oxidative and salt stress), as well as in the transition from light to dark.

Chapter 3 deals with the identification and the functional characterization of
one of the six Arabidopsis homologues of the mammalian mitochondrial
calcium uniporter (MCU). The protein encoded by the gene At5g66650,
displaying a strong predicted consensus targeting motif for chloroplasts, was
demonstrated to localize to the chloroplast envelope, and was therefore
named cMCU. lIts functioning as an ion channel mediating Ca?* fluxes was
assessed both in vitro and in vivo, and insights into its structural features were
provided, highlighting a spontaneous assembly into a tetrameric conformation.
The involvement of cMCU in chloroplast-specific osmotic stress-triggered
responses was also found to link the observed organellar [Ca?*] transients to
chloroplast-to-nucleus signalling, that in turn led to an increased plant

tolerance to drought, as well as an improved recovery after rewatering.

In Chapter 4 a research line (still ongoing in the laboratory) regarding other
putative Ca?*-permeable channels located at chloroplast envelope
membranes is briefly presented. In order to investigate the role of the
glutamate receptor-like channels GLR3.4 and GLR3.5 in the whole cell Ca?*
handling, knockout lines for these channels were transformed to stably
express a stromal aequorin and then used in Ca®* measurements assays. The
preliminary data collected showed a potential involvement of GLR3.5 in the
transduction of cold stress, whereas GLR3.4 knockout plants exhibited instead
a differential response to salinity compared to the wild-type. Additional
experiments will be required in order to support the hypothesis that different
Ca?*-permeable channels may be involved in the transduction of specific

environmental stimuli.



Chapter 5 focuses on the procedures required to establish both photosynthetic
and heterotrophic cell suspension cultures of Arabidopsis thaliana.
Suspension-cultured cells are widely employed in plant sciences as
experimental systems that can be used e.g. for signalling investigations, but
their generation often require time-consuming protocols. In this manuscript,
the detailed workflow description of how to establish and maintain Arabidopsis
suspension-cultured cells, containing either chloroplasts or amyloplasts, is
presented, together with an additional section of experience-based tips that

should facilitate beginners in the generation of in vitro cell cultures.

The work described in Chapter 6 deals with the targeting of a newly generated
aequorin-based Ca?* indicator to the ER. The successful development of this
ER-targeted Ca?* reporter, as well as the set up of a proper reconstitution
protocol, allowed the first accurate in vivo measurements of the basal free
[Ca%*] in this compartment. Data collected in response to several
environmental stimuli revealed stimulus-specific ER [Ca?*] transients, each
displaying distinct kinetics. Moreover, the use of cyclopiazonic acid (CPA),
specific inhibitor of plant ER-type IIA Ca?* pumps, suggested the involvement
of an active transport mediated by ECA1 in the observed ER Ca?* fluxes. The
comparison of the ER Ca?* traces with cytosolic and chloroplast Ca?* dynamics
suggests that the ER is potentially involved in the dissipation of cytosolic Ca®*
signatures, whereas a more complex interplay in terms of Ca?* handling

possibly underlies the functional interactions between ER and chloroplasts.

Chapter 7 summarizes the results of a side project performed during my Ph.D.
activity, concerning the elucidation of the Ca?* signalling pathway triggered in
the model legume Lotus japonicus by HYTLO1, the major hydrophobin of the
biocontrol fungus Thricoderma longibrachiatum. By using aequorin-expressing
L. japonicus cell suspension cultures, the fungal hydrophobin was shown to
trigger a rapid cytosolic Ca?* increase, followed by the activation of some
defence-related genes. The abolishment of HYTLO1-induced cytosolic Ca*
transient by pharmacological approaches combining EGTA and Ned-19 (a
NAADP receptor blocker) indicated a role of both the extracellular milieu and
an internal store sensitive to NAADP, most likely the ER, in this Ca®
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mobilization. These findings highlight the Ca?*-related perception by plant cells
of a fungal metabolite that may be considered as a mild elicitor, involved in the

priming of plant defence responses against subsequent pathogen infections.

In conclusion, the research work that | have carried out during my Ph.D. has
addressed the highly-solicited demand for new tools of investigation in the
plant organellar Ca?* signalling field, by providing novel aequorin-based Ca?*
sensors targeted to subcompartments of the chloroplast (the thylakoid lumen
and the thylakoid membrane) and the endoplasmic reticulum. Ca?*
measurement assays carried out in entire seedlings of Arabidopsis thaliana,
as well as in cell suspension cultures from them derived, allowed for the
elucidation of subchloroplast Ca?* dynamics in response to specific abiotic and
biotic environmental cues. The putative molecular players mediating
chloroplast Ca?* fluxes were also investigated, by exploring the role of both
cMCU and GLRs 3.4/3.5 as components of plant environmental sensing.
Accurate measurements of [Ca?*] in the ER under both resting and stress-
related conditions were provided, and the functional interaction of the ER and
chloroplasts was inferred by the comparison of the kinetics of the Ca?* traces
recorded in the respective compartments. Additional analyses using Ca®
chelators/specific inhibitors of organellar calcium transporters, as well as
knockout mutant plants defective in these putative molecular players, will help
to unravel the precise interplay of chloroplasts and ER in the plant Ca®

signalling network.
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Introduction

INTRODUCTION

The early emergence of Ca?* homeostasis and evolution of Ca%*
signalling

Calcium is the fifth most abundant element on earth. Initially it existed mostly
as silicates in igneous rocks of the hot crust, unavailable to living cells. As the
earth cooled and primitive life began, chemical and biological reactions caused
leaching of ions, steadily raising the dissolved calcium load of sea water to the
current 10 mM saturated solution. However, calcium per se is a dangerous
element, which may display a high cytotoxicity if its intracellular concentration
is not strictly controlled. Indeed, a sustained cytosolic calcium concentration
([Ca?*]) at the submillimolar level or above would lead to several cellular
damages, such as the precipitation of phosphate into insoluble salts, thus
disrupting ATP-based reactions that occur in the cell. Also lipid membranes
may be affected by an excessive Ca?* concentration, which is deleterious for
their integrity, as well as proteins and nucleic acids that in the presence of a
continuous high [Ca?*] are subjected to aggregation (Stael et al., 2012; Costa
et al., 2018). In this context, one of the compelling necessities that cells had to
evolve was the ability to remove any excess of Ca?* from their cytosol: indeed,
Ca?* resting levels in the cytosol of cells are required to be maintained as low
as 100 nM.

Many biochemical reactions involved in the cell metabolic processes require a
moderate range of [Ca?] and thus, in order to maintain [Ca?*]cyt levels
compatible with life, biological systems developed two main strategies to keep
free [Ca?*] in the cytosol at about 1:1000 ratio with respect to the extracellular
concentrations (~1 mM). The first one already evolved in prokaryotes and is
represented by active transport mechanisms aimed at the extrusion of Ca?* in
the extracellular space; the latter, instead, is relative to eukaryotic cells, that
possess organelles into which further sequestrate any Ca?* excess (Case et
al., 2007; Nomura and Shiina, 2014). In eukaryotes, overabundant Ca?* is
thereby compartmentalized and stored into internal membrane systems where
the ion is generally bound to buffering proteins, free polyvalent inorganic and
organic anions (such as phosphates, ADP and ATP) or other complexes
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Chapter 1

(mainly anionic heads of lipids and carboxyl residues of biopolimers)
(Demidchik et al., 2018). It has to be noted, however, that Ca®* may play
additional roles inside these compartments, such as the regulation of
organelle-specific processes and/or enzymes that could require precise
concentrations of the ion for their proper functioning (Berridge et al., 2000;
Rocha and Vothknecht, 2012). Sequestering and compartmentalization of
Ca?* outside the cytosol is also responsible for the generation of a steep
electrochemical gradient across biological membranes: this is the case, in
particular, for the plasma membrane, where the difference between the
internal and the external [Ca?*] is above 10000 times (Sanders et al., 1999;
Case et al., 2007). Internal organelles typically show a more modest Ca?*
gradient across their membranes, with only a limited number of examples of
high [Ca?*] storage compartments represented by the ER and, in plants, by the

vacuole.

The appearance of Ca?* mobilization pathways — both from internal and
external stores — is thereby linked to the emergence of Ca?*-permeable
channels as well as of active Ca?* transporters. The former group can be
further subdivided by classifying channels based on their activation
requirements, if any: channels can thus be either freely permeable according
to their selectivity filter or their activity may be gated by specific triggers, such
as stretch (mechanosensitive channels) or a change in the polarization state
(voltage-gated channels) of the hosting membrane as well as the binding of a
specialized domain of the channel to a narrow group of molecules (ligand-
gated channels) (Steinhorst and Kudla, 2014; Hamilton et al., 2015; DeFalco
et al., 2016; Teardo et al., 2017; Vincent et al., 2017a; Demidchik et al., 2018;
Hedrich et al., 2018). Concerning active Ca®* transporters, instead, the major
difference between the known subsets consists in on the origin of the energy
required for the Ca?* transport against the electrochemical gradient: direct
ATP-consuming transporters are represented by Ca®* ATPases, while indirect
ones consist in Ca?+ exchangers in antiport with protons (CAXs) or other mono-
or divalent cations (CCXs) (Bose et al., 2011; Frei dit Frey et al., 2012; Pittman
and Hirschi, 2016; Costa et al., 2017; Corso et al., 2018; Demidchik et al.,

2018). Moreover, the presence of various homologues and isoforms for these
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active and passive transporters, each defined by a unique combination of
characteristics (stoichiometry, transport mechanism, ligand specificity,
selectivity for Ca?+, free Ca?* affinity, sensitivity to inhibitors, other types of
regulation) as well as their membrane localization, opens up for an extremely
complex integration of the different internal and external compartments
contribution to the modulation of the cytosolic Ca?* concentration, thus setting
the founding stone for the development of a finely-tuned Ca®* homeostasis
(Bonza et al., 2011; Jammes et al., 2011).

In a condition in which cells are actively maintaining an internal low [Ca?'], the
next step is the evolution of a signalling system based on Ca?* fluxes, since
each change (even feeble) in the concentration of this ion could be readily
perceived and likewise immediately responded to (Kudla et al., 2010).
Considering in fact the low energy barrier that has to be overcome but also the
lack of constraints about the formation of covalent bonds, the flux of Ca?*
through ion channels is actually one of the most rapid “elementary” processes
affecting cell physiology, with kinetics in the range of nanoseconds (Kuyucak
et al., 2011). Conversely, the removal of Ca?* by the means of active transport
(and so against its electrochemical gradient) is much slower and estimated
around microseconds, while buffering of the ion via high-affinity proteins and
other compounds is thought to happen with an intermediate speed (Demidchik
et al., 2018). Indeed, changes in cytosolic [Ca?*] are known to be triggered in
response to the perception of a wide variety of signals, such as abiotic and
biotic interactions in the external environment but also developmental stimuli
coming from the inside of the cell or the organism itself (Sanders et al., 2002;
Stael et al., 2012). In particular, the controlled occurrence of these finely-
regulated cytosolic Ca?* transients harbours a crucial feature that was vastly
exploited by biological systems: the so-called calcium signatures represented
by these [Ca?*]cyt elevations are in fact defined by precise spatio-temporal
kinetics as well as by dynamic characteristics such as amplitude, frequency
and duration of the Ca?* transient, and this allowed a straightforward coupling
with communication functions (Trewavas et al., 1996; Evans et al., 2001; Xiong
et al., 2006; Monshausen, 2012; Whalley and Knight, 2013).
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Ca?* has long been known as a fundamental intracellular messenger that plays
a key role in the transduction of a wide range of different environmental stimuli
in all eukaryotes. Its universality along the whole life tree is mainly dependent
on the great versatility that Ca?* itself shows in the cell context: despite being
an essential step through which most of the transduction pathways are
processed, often simultaneously, Ca?* signalling is able to retain the signal
specificity, thus allowing an efficient coupling between signal perception and
the opportune recruitment of cellular responses (McAinsh and Pittman, 2009).
This is possible thanks to the high complexity degree that is obtainable by
combining all the different components that are part of the signalling toolkit,
ranging from active and passive Ca?* transporters (Fig. 1) to proteins whose
Ca?*-dependent activity results in an extremely diversified array of cellular
processes or regulations (Berridge et al, 2000; Kudla et al., 2010). Ca®*
signals triggered in the cell are thereby unique by means of stimulus-specific
dynamics that allow a clear-cut recognition of the inducing stimulation, despite
the occurrence of overlapping Ca’*-mediated signals in response to
concurrent perceptions. Emerging evidence thus points to the fact that Ca®*
signalling can be no longer considered as a sequence of linear pathways (as
oversimplified in the past) but is rather a complex network of intersecting signal
transduction pathways involving many interconnected nodes and hubs (Costa
et al., 2018).

By relying on high speed and rapid clearance, Ca®*-based signalling thus
offers a suitable way to specifically transduce perceived stimulations: this is
achieved by linking changes in [Ca®*]eyt to downstream transcriptional and
metabolic responses through the action of Ca?+-binding sensors (Dodd et al.,
2010). These proteins, which are part of a toolkit classically divided in two
groups depending on their operative mechanism, owe their Ca2*-sensitivity to
EF-hand motifs characterized by domains in which helix-loop-helix structures
can bind Ca?* with high affinity. Sensor relays, such as calmodulins (CaMs),
calmodulin-like proteins (CMLs) and calcineurin B-like proteins (CBLs), derive
their name from the absence of any enzymatic activity and are so limited to the
conveyance of the encrypted message to other elements of the signalling

pathway, primarily through protein-protein interactions; sensor responders
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(represented in plants by Ca?*-dependent protein kinases (CDPKs) and CBL
interacting protein kinases (CIPKs)) are instead endowed with kinase domains
and can directly act by phosphorylating target proteins, thus translating the
information encoded in the Ca?* signals by triggering a subsequential
signalling cascade (DeFalco et al., 2009; Zhu, 2016; Tang and Luan, 2017).
Ultimately, the conformational changes to which both these types of protein
sensors undergo upon Ca?* binding lead to the specific activation of
transcription factors controlling gene and protein expression, as well as to the
regulation of the metabolic activity through enzymes recruitment or to the
interplay with other membrane transporters involved in different cellular
pathways, hence inducing complex and concerted phenomena like
development or acclimatation that allow plants to actively face the current
situation (McAinsh and Pittman, 2009; Ranty et al., 2016; Simeunovic et al.,
2016; Kudla et al., 2018).

Glutamate

CNGCs \ GLRs ? Plasma Membrane
A=) P

Chloroplast q
D/ I ECA3

_5’7

ER 1[]50/\1 UIDACAZ

ACA4/11 8 CAX1/4 | CAX
Vacuole |

cNMPs

ACA8/9/10

Cytoplasm

Calcium Influx Calcium Efflux
Ca?* Ca?*
U Ca?* Permeable P-ATPases Ca?*/H* Antiporters
Channels
Ca?*

Fig. 1. Subcellular localization of some plant cell Ca?* mobilization pathways. Both active
transporters and Ca?*-permeable channels are indicated. Recent advances in the field have
added further insights with respect to the scenario illustrated in this figure (modified from Kudla
etal., 2010).
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Plant organellar Ca%* homeostasis and signalling

The generation of cytosolic Ca?* signatures may stem from the influx of the ion
from the external milieu but also from the release from intracellular Ca?*
storage compartments. Moreover, Ca?* stores may be involved in the following
sequestration of the ion in order to restore the physiological [Ca?*]cyt (Dodd et
al., 2010; Kudla et al, 2010). In this context, investigations about the
contribution of each organelle to the whole cell Ca?* signalling network has
emerged as a crucial research field. Many efforts have been devoted (and are
still ongoing) to the establishment of Ca®* reporters targeted to different
subcellular localizations, in order to unravel the potential interplay of the
various compartments in terms of Ca?* handling. However, so far the overall
picture is rather incomplete, with only a partial elucidation of the precise role
of each organelle in Ca?* mobilization during signal transduction events (Stael
et al., 2012; Nomura and Shiina, 2014; Costa et al., 2018) (Fig. 2).

i I
Vacuole

[Ca*],=80 mM
[Ca®”],=0.2-5mM

2
/ [Ca"].= \®
/ Nucleus \ 150nM / 2uM *

| [Ca™],=100nM |
\

Ca”]l,=15mM
Ca™], =150 nM

——

[Ca”],=2mM*
[Ca*],=0.05-0.5mM*

Apoplast [Ca”];=~1mM [Ca®]=0.33 mM

Fig. 2. Ca®* concentrations in the intracellular compartments of the plant cell. [Ca?]r and
[Ca?+]r report total and free Ca?* content, respectively. Values may vary according to cell types
and species considered. Asterisks mark [Ca2*] recorded in animal cells, due to the absence of
[Ca2*] measurements in the plant counterpart (from Stael et al., 2012).
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Concerning plant organellar Ca?* signalling, the first compartment on which
the scientific attention has focused is certainly the vacuole, mainly because of
its prominent volume (up to 80% in mature plant cells) as well as for its high
free Ca?* concentration and widely recognized role in Ca?* sequestration and
complexation with organic anions (Costa et al., 2018). Nonetheless, also other
players were taken into account, in particular the plant cell wall (which can be
defined as an intracellular, but extracytoplasmic compartment of the plant cell),
the nucleus, the endoplasmic reticulum (ER), the Golgi apparatus,
peroxisomes as well as bioenergetic organelles, i.e. mitochondria and

chloroplasts.

Understanding the integration of the different plant organellar contributions in
intracellular Ca?* homeostasis and signalling represents an exciting challenge
that requires detailed analyses also based on the future availability of proper
methodological tools suitable to investigate Ca?* dynamics in each intracellular

compartment.

The vacuole

The vacuole in plant cells is considered as the major Ca?* store, with a free
concentration for this ion that ranges around the low millimolar level (0.2-1.5
mM) (Felle, 1989). However, the total calcium content of the vacuole is
estimated to reach values up to 50-80 mM, although most of it is not readily
available, since it is present in a bound form with chelating agents such as
malate, citrate and isocitrate or Ca?* buffering proteins (Conn and Gilliham,
2010). Due to their highly acidic internal environment, plant vacuoles are
sometimes described as the plant counterpart to animal lysosomes, and
indeed their similarity in ion handling is extended also to Na* (Costa et al.,
2018). Nevertheless, vacuoles in plant cells are involved in a plethora of
different other functions, especially the temporary accumulation of primary
metabolites and the permanent storage of secondary metabolites, including
compounds that are toxic to the cell (Kruger and Schumacher 2018; Shimada
et al., 2018).
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Concerning its contribution to the whole cell Ca?* signalling, the vacuole is
considered to be involved in ion regulation through two distinct mechanisms:
the first one regards the influence that its high Ca®* content may exert over the
activity of ion transporters localized at the tonoplast level (Peiter, 2011); the
second one depends on the mobilization of massive quantities of Ca?* into the
cytosol, on the basis of vacuolar Ca?* fluxes recorded in response to cold
stress or the application of inositol-tris/hexakis-phophates (Alexandre and
Lassalles, 1990; Allen et al., 1995; Knight et al., 1996; Lemtiri-Chlieh et al.,
2003; Munnik and Nielsen, 2011). The putative role of the vacuole in the
generation of cytosolic Ca?* transients has been assessed in experiments
regarding the two-pore cation channel TPC1, a voltage-gated channel
(previously called the slow-vacuolar channel) located at the vacuolar
membrane: in a wide set of studies its structure was solved and its function as
a Ca?+-activated non-selective Ca?+- and K+-permeable channel finally proven
(Peiter et al., 2005; Guo et al., 2016; Carpaneto and Gradogna, 2018). The
ability of TPC1 to conduct Ca?* has long been debated because experiments
using mutant plants either lacking or overexpressing TPC1 indicated that
cytosolic Ca?* signals evoked by some abiotic and biotic environmental stimuli
were unaltered (Ranf et al., 2008). On the other hand, recent evidence has
clearly demonstrated the involvement of TPC1 in the generation and
propagation of Ca?* waves triggered by either salt stress or wounding and
herbivory signals (Choi et al., 2014; Kiep et al., 2015; Vincent et al., 2017a).
Conversely, other reports showed an opposite activity for TPC1 that should be
linked to an influx of Ca?* from the cytosol to the vacuole lumen, as in external
Ca?*-induced stomatal closure movements or in the fou2 mutant which carries
a hyperactive TPC1 variant (Beyhl et al., 2009; Rienmdiller et al., 2010).

Concerning active transporters localized at the vacuolar membrane (Martinoia
et al., 2012; Xu et al., 2015), P-type Ca?* pumps as well as Ca?*/proton
exchangers (CAXs) were molecularly identified in Arabidopsis thaliana, with
the isolation of two members for CaM-regulated autoinhibited Ca?* ATPases
(ACAs, namely AtACA4 and AtACA11) and four CAXs (AtCAX1-4),
respectively (Cheng et al., 2002; Pittman et al., 2005; Lee et al., 2007; Edel et

al., 2017) that are all thought to be responsible for the Ca?* entry in the vacuole.
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The former group was found to be involved in the control of a programmed cell
death (PCD) pathway triggered by defence-related hormone salycilic acid (SA)
(Boursiac et al., 2010), while the use of knockout plants for the latter one
showed altered phenotypes at the level of whole plant development, mainly
due to perturbed hormone sensitivity, disrupted stomatal closure as well as
impaired root growth in the presence of heavy metal stress conditions (Cheng
et al., 2003; Mei et al., 2009; Cho et al., 2012).

To date, the lack of a Ca?* reporter targeted to the vacuole lumen (due to
extremely low pH values that hamper the proper functioning of the protein-
based Ca?* indicators so far available) is thereby one of the greatest obstacles
that prevents further investigations inside this compartment. Pioneering
studies have targeted aequorin to the cytosolic surface of the tonoplast (Knight
et al., 1996); however, the information obtainable with such an approach are
not sufficient to completely describe Ca®* homeostasis as well as Ca?*
signalling events occurring in the vacuole (Krebs et al., 2012). The recent
generation of new pH-resistant Ca®* sensors (either based on pH-resistant
GFPs or not) and their targeting to lysosomes in animal cells (Albrecht et al.,
2015; Horikawa, 2015; Shinoda et al., 2018) should pave the way to the
development of similar probes that could be employed in the vacuole of plant
cells. Nevertheless, since these probes are not totally insensitive to pH,
calibration of the emitted signal and thus interpretation of the obtained data
have to be performed with special care in order to avoid the risk of detection
artifacts.

The apoplast

Together with the vacuole, the apoplastic space (formed by the continuity of
plant cell walls between adjacent cells) is another relevant Ca2* store from
which plant cells take up the ion during signal transduction events, as well as
for nutritional purposes (Demidchik et al., 2018). Free Ca?* concentration in
this compartment is reported to vary around the submillimolar levels (reports
indicate about 0.33 mM) while total Ca?* is up to three times higher (Conn and
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Gilliham, 2010; Stael et al., 2012). Bound calcium in the plant cell wall is mostly
complexed to negatively charged carboxyl groups of acidic pectines and
oxalates, however this process needs to be strictly regulated because the
crosslinking of pectines increases the rigidity of the plant cell wall, thus
impairing its remodelling and related processes, such as stomatal closure
operated via changes in the volume of guard cells (Hepler, 2005; Kim et al.,
2010). Interestingly, it has been reported that the lack of vacuolar CAX cation
exchangers (which are tonoplast-located H*/Ca?* antiporters able to remove
any excess of Ca? by pumping it into the vacuolar lumen) causes an
overaccumulation of Ca?* in the apoplast, leading to plant growth defects. The
above observations suggest a potential communication between these two
major Ca?* stores (Conn et al., 2011; Wang et al., 2017).

The apoplast is considered as the first compartment of the plant that is
subjected to environmental stimulation and indeed as an upstream node in the
perception of external signals it well correlates with evidence suggesting that
it serves also as the primary source for Ca?* entry in the cell (Gao et al., 2004;
Costa et al., 2018). This fact appeared evident by observing the conspicuous
reduction, and sometimes even total abolishment, of stress-evoked [Ca?*]cyt
elevations either by removal of the free Ca?* outside the cell (by using the
chelating agents EGTA or BAPTA) or by inhibition of the non-selective voltage-
gated cation channels located at the plasma membrane (via pre-treatment with
La3®+ or Gd®*) (Knight et al., 1996; Lamotte et al., 2004; Ali et al., 2007; Navazio
et al., 2007). Nonetheless, other Ca?*-permeable channels were reported to
be located at the plasma membrane (Fig. 3), i.e. several members belonging
either to cyclic nucleotide-gated channels (CNGCs) or to glutamate receptor-
like channels (GLRs) families, whose peculiar characteristics and specific
activity are still under investigation (Ali et al.,, 2007; Kaplan et al., 2007;
Jammes et al., 2011; Stael et al., 2012).

Considering that the cell wall harbours a situation, in terms of high [Ca?*] and
low pH, that is somewhat similar to the vacuole, it is of no surprise that the
same limitations concerning the inquiry of Ca* dynamics also apply (Costa et
al., 2018). Indeed, only few studies involving in vivo direct measurements of
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[Ca?*] have been carried out in the apoplast, despite its remarkable relevance
in the generation of cytosolic Ca?* signatures: by applying appropriate
protocols, it was however possible to detect apoplastic [Ca?*] variations that
were found to be different from those observed in the cytosol (Gao et al., 2004).

Extracellular T - MCA1**

Fig. 3. Transmembrane topology of plasma membrane- and vacuolar membrane-located
Ca?+-permeable channels in plants. Pore regions are highlighted in red, whereas ligand-
binding domains are represented in violet (from Jammes et al., 2011).

The endoplasmic reticulum

Differently from animal cells, in which the endoplasmic reticulum (ER) has
been widely investigated, thus assessing its role as a major Ca?* store with
free [Ca?*] quantified at about 50-500 uM out of a total of 2 mM (Rossi and
Dirksen, 2006; Coe and Michalak 2009; Rizzuto et al., 2009; Sammels et al.,
2010; Raffaello et al., 2016), very little is known about the Ca?* handling
properties of plant ER (Stael et al., 2012). Third in order of importance after
the vacuole and the apoplast, the plant ER is however thought to act in a
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similar way by contributing to Ca?-mediated signal transduction with the
mobilization of Ca?* ions towards the cytosol upon perception of environmental
stimulation. Despite the absence of direct measurements of its luminal [Ca?*]
([Ca?*]er), the ER continuity to the nuclear envelope has led to the suggestion
that this compartment may serve as the source from which Ca?* is taken prior
to ion release in the nucleoplasm and perinuclear cytosol during symbiosis-
related nuclear Ca?* spiking events (Capoen et al., 2011; Charpentier et al.,
2016). Similarly, in pollen tubes the ER is thought to be involved in the
generation of the cytosolic Ca?* gradient that regulates the growth of the pollen
tube tip (lwano et al., 2009). The presence of calreticulin inside the ER is an
additional piece of evidence pointing to submillimolar [Ca®*]er: as a high-
capacity (15-30 mol of Ca?* per mol of protein) and low-affinity (K¢ = 0.5 mM)
ER luminal Ca?*-binding protein, calreticulin actively participates in the
modulation of ER Ca?* homeostasis, carrying out also chaperone-like
functions aimed at glycoprotein folding and quality control (in concert with
calnexin) (Mariani et al., 2003; Jia et al.,, 2009; Jin et al., 2009). When
overexpressed, calreticulin was also proven to increase both plant survival in
low Ca?* medium and plant tolerance to high salinity (Persson et al., 2001;
Xiang et al., 2015).

Concerning Ca?* transporters, two Ca?* pumps were found to be present and
located at the ER membranes in Arabidopsis: one belongs to the ER-type Ca?*
ATPases (ECAs, specifically ECA1) while the other belongs instead to the
Autoinhibited Ca?* ATPases group (ACAs, in this case ACA2). Both are
thought to be involved in the uptake of Ca?* into the ER lumen, although with
different kinetic properties and specificity (ECAs, for example, are not fully
selective for Ca?*, being able to transport also Mn?+) (Costa et al., 2018).
Evidence suggest that the former mediates Ca?* and Mn?* uptake into the ER
that is crucial for plant growth in either low Ca®* of toxic-high Mn?*
environments, while the lack of the latter was linked to an alteration of
intracellular Ca?* signalling, leading to a faster PCD during innate immune
responses (Wu et al., 2002; Zhu et al., 2010).
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Ca?*-permeable channels have not yet been identified at the molecular level
in plants, mainly because genes encoding homologues of the animal inositol
trisphosphate (InsPs) and ryanodine receptors are absent in plant genomes
(with the only exception being represented by genomes of several algal
species — among which Volvox and Chlamydomonas — suggesting that the
divergence from chlorophytic algae might have been followed by the loss of
these receptor proteins) (Wheeler and Brownlee, 2008; Stael et al., 2012).
Nonetheless, early biochemical evidence reported the occurrence of Ca?*
fluxes from the inside of ER membrane vesicles upon administration of InsPs3,
cyclic ADP-ribose (cCADPR) and nicotine acid adenine dinucleotide phosphate
(NAADP) (Muir and Sanders, 1997; Navazio et al., 2000 and 2001). Moreover,
ER membrane preparations obtained from Bryonia dioica and Lepidium
sativum L. allowed to measure voltage-gated Ca®* releases from the ER
(Klusener et al.,, 1995 and 1997; Klusener and Weiler, 1999). These data
support the hypothesis that the ER may play a relevant, yet rather unexplored
role, as Ca?* source for the plant cell.

In recent times, the successful targeting of a Cameleon-based Ca?* probe to
the ER has allowed in vivo imaging of Ca?* dynamics in this compartment in
response to different environmental stimuli (salt stress, external ATP,
glutamate). In particular, Ca®* uptake in the ER was observed, rather than a
Ca?* release, pointing the attention to a role of this membrane system as a
Ca?* capacitor able to buffer transient cytosolic Ca?* signals (Bonza et al.,
2013; Corso et al., 2018). This hypothesis is further supported by the slower
ER accumulation kinetics that seem to follow in time the cytosolic ones, as well
as the demonstration that the use of cyclopiazonic acid (CPA) — a known
blocker of the ECAs — was able to reduce luminal [Ca?*]er while increasing it
in the cytosol (Zuppini et al., 2004; Bonza et al., 2013; De Vriese et al., 2018).
Another active transporter, the calcium/cation exchanger CCX2, was reported
to be located at ER membranes and to be involved in the Ca?* fluxes occurring
between the cytosol and the ER, in particular showing a role in the ability of
plants to cope with an osmotic stress (Corso et al., 2018).
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As a final note concerning this compartment, its peculiar structural architecture
as well as its continuous dynamic remodelling are thought to allow the ER to
establish physical interactions with other organelles, thus potentially forming
highly interconnected intracellular communication networks. Microdomains
involving a close relationship between the ER and the plasma membrane have
reported not only in animal but also in plant cells, and have been proposed to
function as signalling hubs directly integrated in the whole cell perception of
external stimulations (Son et al., 2016; Demaurex and Guido 2017; Bayer et
al.,, 2017). Moreover, the ER is known to interact both structurally and
functionally with stroma-filled protrusions — called stromules — that extend and
retract from plastid bodies in an ER-aided manner (Fig. 4). The occurrence of
specific contact sites through which the two organelles exchange lipids leaves
open the possibility that also ions are transferred and so this type of close
interaction could be directly relevant in terms of Ca?* homeostasis and
signalling (Schattat et al., 2011; Mehrshahi et al., 2013). Conversely, the well-
documented ER-mitochondria interplay that has been observed in mammalian
cells is still uninvestigated in plants. It is tempting to speculate that the
occurrence of contact sites between plant ER and mitochondria, if confirmed,
would add an extra-level of intrinsic complexity to the integration of intracellular
organelles in the overall cell Ca?* handling (Rizzuto et al., 2012; Brini et al.,
2017; Costa et al., 2018).
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Fig. 4. Schematic representation of the physical interactions occurring between plastid
stromules and the ER (from Mathur et al., 2013).

The nucleus

Estimates obtained for the nucleus of both animal and plant cells set nuclear
Ca?* concentration ([Ca?*]nuc) at values similar to those recorded in the cytosol
(Brini et al., 1993; Mazars et al., 2009). Indeed, nuclear free [Ca®*] keeps at
around 100 nM, as if the large pores found at the nuclear envelope did not
exert any type of control. Likewise, Ca?* fluxes were measured in response to
several environmental stimuli, both abiotic and biotic (Pauly et al., 2000;
Lecourieux et al., 2005; Oldroyd and Downie, 2006; Sieberer et al., 2009).
Nevertheless, and despite a high degree of continuity between the
nucleoplasm and the cytosol through the nuclear pores, the idea of a nucleus
dependence on the cytosolic [Ca?*] variations was disproved, setting instead
the hypothesis of an autonomous generation of nuclear [Ca®*] transients.
Experiments carried out under different conditions proved in fact that nuclear
and cytosolic Ca?* responses to external stimuli are not synchronous.
Moreover, the administration of a jasmonate derivative has been reported to
trigger a nuclear Ca?* flux without affecting the [Ca?*]cyt in tobacco cells (Walter
et al., 2007; Stael et al., 2012). Additional confirmation came from analyses
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performed on isolated nuclei, which further demonstrated the autonomous
behavior of nuclei (Xiong et al., 2004 and 2008).

As mentioned above, the nucleus is also involved in the generation of repeated
[Ca?*] oscillations (a phenomenon called Ca?* spiking) upon the perception of
symbiotic signals from arbuscular mycorrhizal fungi or rhizobial bacteria
(Sieberer et al., 2009; Genre et al., 2013). Extensive efforts spent on studies
about these beneficial plant-microbe interactions allowed the identification of
several active Ca?* transporters and Ca?*-permeable channels located at the
nuclear envelope membranes involved in the modulation of the nuclear Ca?*
spiking, in particular a Ca®* ATPase (Capoen et al, 2011) and cyclic
nucleotide-gated channels (Charpentier et al., 2016).

Regarding the specific function that Ca?* exerts in the nucleus — and besides
its involvement in symbiosis-related signalling — the most straightforward
hypothesis has proven incredibly difficult to be explored and required
numerous inquiries in order to be properly addressed: in fact, nuclear [Ca?*]
changes were expected to regulate gene expression in order to accommodate
plant responses to the perceived stimuli, thus allowing the plant to enact fitting
strategies for survival (Ikura et al., 2002; Kaplan et al., 2006; Galon et al., 2010;
Reddy et al., 2011). However, genes exhibiting Ca2*-dependent expression
are only a recent discovery, mainly because it has been difficult to discriminate
the role of Ca?* from that of different elements belonging to other signaling
pathways, also activated by stress conditions (Finkler et al., 2007; Wurzinger
et al., 2011). For example, most of the Ca?*-regulated genes are also sensitive
to abscisic acid (AB) through AB-responsive elements (Hirayama and
Shinozaki, 2010). The identification of Ca2*-binding transcription factors, CaM-
binding transcription activators as well as a conspicuous number of nuclear
CDPKs, which are involved in the phosphorylation of transcription factors,
finally confirmed the direct role of this ion in the modulation of downstream
transcriptional responses (Dammann et al., 2003; Choi et al., 2005; Zhu et al.,
2007; Boudsocq et al., 2010; Mehlmer et al., 2010).
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The Golgi apparatus

Not much is known about the Ca?* handling properties of the Golgi apparatus
in plants: in parallel with its unique structure (discrete stacks dispersed
throughout the cytoplasm and moving at high speed along the ER surface via
actin filaments (Robinson et al., 2015)) which differs from the animal
counterpart, also the free [Ca?'] levels seem to diverge between the two
eurakyotic branches, with reports for submillimolar concentrations in animal
cells (ranging from about 250 uM in the cis-Golgi to 130 uM in the trans-Golgi,
(Pizzo et al., 2011)) while submicromolar levels were estimated for plants (with
a steady state at around 0.7 uM, (Ordenes et al., 2012)). This could be due to
plant-specific Ca?*-buffering phenomena, possibly linked to the presence of
calreticulin in the plant Golgi (Navazio et al., 2002; Nardi et al., 2006). This
apparatus was also found to respond to abiotic stimuli such as a cold shock,
hyperosmotic stress or mechanical stimulation by increasing its luminal [Ca?*],
in contrast to a slow reduction observed when the synthetic auxin 2,4-

dichlorophenoxyc acetic acid (2,4-D) was administrated (Ordenes et al., 2012).

Concerning Ca?* decoding mechanisms, the calmodulin-like proteins CML4
and CML5 were identified in the Golgi-to-endosomes intermediate vesicles in
Arabidopsis; however, their CaM domain was found to be exposed to the
cytosolic side, thus suggesting a role in the decodification of cytosolic Ca®*
signals rather than Golgi-related ones (Ruge et al., 2016). Concerning
mechanisms of active Ca?* uptake into the Golgi, ECA3 — a homologue of the
ER-specific Ca?* ATPase — is known to reside in the Golgi membranes with a
proposed role in the transport of Ca?+ and/or Mn?+ towards the organelle lumen
(Mills et al., 2008).

In addition to classical functions exerted in all eukaryotic cells, plant Golgi plays
additional roles in the synthesis of cell wall matrix polysaccharides.
Interestingly, the architecture of hemicelluloses and pectines at the cell wall,
as well as endo- and exocytotic events at the plasma membrane, were
reported to be modulated by Ca?* (Vitale and Galili 2001; Cucu et al., 2017;
Mravec et al., 2017).
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Peroxisomes

Like the Golgi apparatus, also peroxisomes are quite elusive organelles when
Ca?* homeostasis and signalling are considered. With few reports of their free
[Ca?*] available only for mammalian cells (namely 150 nM or 2 uM, (Drago et
al., 2008), but Ca?* dynamics imaged also in plants, the peroxisomal
contribution to the whole cell Ca?* signalling network seems to be limited to
equilibration of cytosolic variations, as highlighted by stimulus-evoked
dynamics that are in fact reminiscent of cytosolic Ca?* signatures (Costa et al.,
2010 and 2013). Furthermore, no Ca?* transporters have been identified so far
on peroxisomes: the membranes of these organelles are thought to lack any
sort of electrochemical gradient or electron transport chain and indeed —
despite their impermeability to molecules with MW >1 kDa, thus requiring
specific carriers for metabolite transport — Ca?* fluxes detected in peroxisomes
of animal cells required no ATP, H* gradient or membrane potential at all
(Drago et al., 2008; Linka and Weber, 2010; Linka and Esser, 2012; Costa et
al., 2018). Nonetheless, considering that the activity of a peroxisomal catalase
isoform (CAT3) controlling H202 levels in epidermal guard cells is dependent
on Ca?* (either at the level of peroxisomes via CaM o in the cytosol via the
Ca?*-dependent protein kinase CPK8), [Ca?*] variations in these organelles
could implement a second level of regulation for this enzyme other than the
one already occurring in the cytosol (Yang and Poovaiah, 2002; Zhou et al.,
2014). Likewise, evidence suggests that Ca?* in peroxisomes is required for
the import of resident enzymes (either with antioxidant, photorespiratory or
nitric oxide production functions) through a CaM-dependent mechanism
(Corpas and Barroso, 2017), while another CPK (CPK1) — which in
Arabidopsis mediates pathogen resistance — also localizes to the external
surface of these organelles (Coca and San Segundo, 2010).

Mitochondria

In animal cells, mitochondrial Ca?* dynamics have been extensively studied
and are still a central point in order to understand the role of this bioenergetic
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organelle in the entire cell Ca?* handling, mainly because of its involvement in
the regulation of crucial Krebs cycle enzymes, as well as by mediating the
release of apoptotic signals (McCormack et al., 1990; Giacomello et al., 2007;
Szabadkai and Duchen, 2008). In contrast, plant mitochondrial Ca?* signalling
is still lacking unambiguous evidence that could clarify the precise contribution
of mitochondria to the whole framework (Costa et al., 2018). Nevertheless, the
general idea is that plant mitochondria act in a similar way to the animal
counterpart, thus participating to intracellular Ca?* homeostasis by modulating
cytosolic Ca?* signatures. Indeed, whereas free [Ca?'] inside plant
mitochondria was found to range between 100 nm and 600 nM depending on
cell types and plant species (Zottini and Zannoni, 1993; Logan and Knight,
2003; Wagner et al., 2015a), the administration of stimuli of environmental
nature triggered mitochondrial Ca®* responses that strictly mimicked cytosolic
one (and were likewise dependent on them) with only few exceptions, such as
H202 and touch-related stimulations (Logan and Knight, 2003; Loro et al.,
2012; Manzoor et al, 2012; Teardo et al., 2015; Wagner et al., 2015b).
Moreover, the slow rate of Ca?* accumulation into (or release from)
mitochondria, with respect to faster cytosolic [Ca?*] variations, has suggested
that this organelle may actually act as a Ca?* capacitor (McAinsh and Pittman,
2009).

Ca?* fluxes across mitochondrial membranes are made possible by the activity
of two distinct classes of transporters, with either low or high Ca?+ affinity,
respectively (Costa et al., 2018). The former is represented by Ca?+-permeable
channels that are either homologues of the mammalian mitochondrial calcium
uniporter (MCU) or members of the glutamate receptor-like family, while the
latter consist in Ca?* exchangers, the putative Ca?*/H* antiporters LETM1/2
and a Na*/Ca?* one named NCLX. Moreover, these plant mitochondrial Ca?*
transporters have been however investigated only recently: concerning MCU
homologues, the identification of six MCU members in Arabidopsis led to the
actual confirmation of their localization and ability to transport Ca?* at least for
some members (MCU1 and 2), while the absence of striking differences in the
single knockout mcu1 mutant led to the consideration of a potential functional

redundancy with other homologues (despite each MCU isoform is predicted to
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have tissue-specific distribution) (Stael et al., 2012; Tsai et al., 2016; Teardo
et al.,, 2017; Selles et al., 2018). Also the involvement of MICU1 — short for
mitochondrial Ca?* uptake regulator protein — was evaluated observing that its
absence is intimately linked to an overaccumulation of Ca?* inside
mitochondria, causing altered stress-related mitochondrial Ca?* dynamics in
root tip cells but not in the cytosol (as if the two events were not dependent on
each other) (Wagner et al., 2015b). GLRs channels, instead, belong to a wide
family whose members show numerous intracellular localizations: GLR3.5, in
particular, displays a double targeting, either to plastids or to mitochondria, this
latter one resulting from a splicing variant. Its Ca?* transport activity was
confirmed by experiments employing the knockout mutant which allowed the
observation of a reduced mitochondrial Ca?* accumulation with respect to the
wild-type (Teardo et al., 2015). At last, with regards to LETM1/2, early reports
indicate that these Ca?*/H* antiporter reside in the inner mitochondrial
membrane and could be implied in the high-affinity Ca2* influx from the cytosol
as well as in its efflux from mitochondria when the channel activity is reversed
(also stating that the double knockout is not even viable) (Zhang et al., 2012;
Shao et al., 2016; Austin et al., 2017). However, more recent investigations
have raised a debate about the actual ion species transported by these
proteins, supported also by the lack of any Ca?* dynamics measurement either
in the cytosol or in mitochondria of single LETM knockout mutants (Costa et
al., 2018). Similarly, NCLX was found to be targeted to mitochondria but details
about is activity and functioning specifics are still missing (Palty et al., 2010).

To conclude this brief overview on the contribution of mitochondria to the plant
Ca?* signalling network, it has to be noted that only one single study has
addressed so far the presence of CaM inside mitochondria, revealing in
particular the presence for this high-affinity Ca®* binding protein in the
intermembrane space (Biro et al, 1984). However, additional inquiries
highlighted a Ca?*/CaM-related promotion of protein import into mitochondria
in a similar fashion to chloroplasts, claiming that it represents a plant-specific
trait since no parallelism was found in yeast mitochondria (Kuhn et al., 2009).
The presented data — together with other indications on the importance of

mitochondrial Ca?* in the regulation of the organelle metabolic and energetic
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functions — thus point to a required crucial regulation of mitochondrial [Ca?*] in
order to maintain a proper homeostatic state of both the organelle and the

whole cytosol.

Chloroplasts

As crucial organelles that define the uniqueness of the plant cell, in the last
decades the scientific community has spent extensive effort in the study of
chloroplasts — and plastids in general. As the site of photosynthetic reactions,
chloroplasts were also vastly investigated under several aspects, among which
Ca?t signalling has rapidly emerged only in recent times (Rocha and
Vothknecht, 2012; Nomura and Shiina, 2014; Kmiecik et al., 2016). Free [Ca®*]
in the stroma of this organelle was quantified revealing a slightly increased
level with respect to the cytosol, namely 150 nM: however, total [Ca?*] in the
chloroplast is known to be much higher (at around 15 mM), being most of it
bound to stromal Ca?' buffering proteins or to the negatively-charged
membranes of thylakoids (Stael et al., 2012; Hochmal et al., 2015). Indeed,
despite evidence for a chloroplast role in acting as a cytosolic Ca?* capacitor
able to accumulate high quantities of this ion and thus being implied in shaping
cytosolic Ca?* signatures. Ca?* also exerts other fundamental functions that
are essential for the homeostasis of the organelle itself. Hence stromal [Ca?*]
([Ca?*]st) must be kept at low levels and its variations finely regulated (Rocha
and Vothknecht, 2012; Loro et al., 2016; Sello et al., 2016; Costa et al., 2018).
The light-dependent phosphorylation of the photosynthetic complexes by
thylakoid membrane protein kinases STN7 and 8 (State Transition 7 and 8)
was suggested to potentially contribute in buffering Ca?* inside this organelle
(Depege et al., 2003). Moreover, stromal [Ca?*] transients were linked to the
activation of plant immunity responses (Nomura et al., 2012) and non-green
plastids showed differential Ca?* levels (both in resting conditions and in
response to various stimulations), possibly underlying a regulatory role in
plastid development (Stael et al., 2015; Sello et al., 2016). Asynchronous Ca?*
spiking events were also recorded in chloroplasts belonging to guard cells,
strongly suggesting that Ca?* signals are modulated independently in each
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organelle even though the cytosolic source to which they are exposed is the
same (Loro et al., 2016).

In a similar fashion, inquiries about Ca®* transporters located at chloroplast
membranes are also a matter of recent times: the general idea, however, is
that due to the negative electrochemical gradient found across the chloroplast
envelope (-110 mV at the inner envelope membrane) the influx of Ca?* could
be simply driven into the organelle by the stimulus-induced opening of Ca?*
channels, without the need for active transporters (Wu et al., 1991, Finazzi et
al., 2015; Carraretto et al., 2016; Pottosin and Shabala, 2016). Likewise, the
outer membrane of the envelope is generally considered permeable to Ca?*,
thanks to porin-like proteins, thus pointing additional investigation towards the
identification of Ca?*-permeable channels located at the level of the inner
envelope membrane (Szabo and Zoratti, 2014; Carraretto et al., 2016).
Nonetheless, the potential presence of Ca?* ATPases and/or Ca?* exchangers
involved in the active maintenance of the organelle proper Ca?* levels (as

mentioned above) is not discarded.

Accordingly, the best candidates for passive Ca?*-influx into chloroplasts were
hence represented by plastid-located members of the GLR family (in particular
the GLR3.4, also targeted to plasma membrane (Teardo et al., 2010 and
2011), and the already described GLR3.5, with a second localization in
mitochondria (Teardo et al., 2015)) or the mechanosensitive channels MSL2
and 3 (Haswell and Meyerowitz, 2006). However, no actual identification of
their role in Ca?* transport and chloroplast Ca®* dynamics have so far been
provided, except for a GLR-related glutamate- and glutamine-induced ion
current that was found to be inhibited by the administration of non-selective
cation channels blockers, typically considered as inhibitors of animal ionotropic
glutamate receptors (such as La3+, the 6,7-dinitroquinoxaline-2,3-dione
(DNQX) or the 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)) (De Vriese et
al., 2018). Interestingly, one of the six MCU homologues (At5966650) encoded
by the Arabidopsis genome was equally predicted to be targeted either to
mitochondria or chloroplasts, but again a characterization of its activity as Ca?*
channel as well as its localization were lacking (Stael et al., 2012; Costa et al.,
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2018). On the other hand, presence and/or actual selectivity of putative
chloroplast ACA1 and HMA1 Ca?* ATPases (the latter standing for Heavy
Metal P-type ATPase) are highly debated (Huang et al., 1993; Ferro et al.,
2010; Hochmal et al., 2015). Conversely, the identified PAM71 and PAM71-
HL exchangers (located to thylakoid membranes and the chloroplast envelope,
respectively, and whose name is derived from the so-called
PHOTOSYNTHESIS AFFECTED MUTANT71 knockout mutant) were initially
linked to Mn?* mobilization and only more recently they were renamed BICAT1
and 2 for their role in both Ca?* and Mn?* transport against protons (Schneider
et al., 2016; Eisenhut et al., 2018; Frank et al., 2019). These bivalent cations
antiporters are of crucial importance for the regulation of both pH as well as
Ca?* and Mn?* homeostasis in chloroplasts, and specifically inside thylakoids,
where both the ions are required for proper assembly of the photosystem Il
(PSIl) (Wang et al., 2016; Frank et al., 2019). In this sense, also other ions
could exert fundamental roles inside chloroplasts and their regulation might be
related to that of Ca?* through still uninvestigated mobilization pathways: the
case for potassium shows indeed that the envelope-located K+/H* antiporters
KEA1 and 2 are actually of equal importance since their double knockout was
responsible for a reduced cytosolic Ca?* level in response to a sorbitol-induced
hyperosmotic stress (Stephan et al., 2016).

Concerning Ca?*-binding proteins present inside the chloroplast, the thylakoid-
localized Ca®* sensor CAS was found to modulate intracellular Ca?* signals
during stomatal closure by controlling cytosolic Ca?* transients induced by
external Ca?* uptake (Nomura et al., 2008; Weinl et al., 2008). Its knockout
proved in fact impaired in both stomatal movements and plant growth, while it
also failed to evoke the production of salicylic acid in response to pathogen
infections (in agreement with transcriptome analyses showing that CAS was
involved in PAMP-triggered nuclear reprogramming of plant defense genes in
a chloroplast-mediated way) (Nomura et al., 2012; Wang et al., 2012 and 2016;
Fu et al., 2013). Moreover, being involved in plastid-to-nucleus retrograde
signalling, CAS was reported to regulate mitogen-activated protein kinases
(MAPK) activity in the framework of a close Ca?*-related interorganellar

communication in response to several stimuli such as salt and drought
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stresses (Zhao et al., 2015; Guo et al., 2016; Leister et al., 2017; Zheng et al.,
2017). Similarly, also the glycosyltransferase QUASIMODO1 (QUA1) was
recently demonstrated to act as a regulator of cytosolic [Ca?*] changes in
response to these two last-mentioned stress conditions (Zheng et al., 2017).

Overall, Ca?* in chloroplasts has to be tightly regulated, since low
concentration of this ion are necessary for the correct functioning of limiting
CO:z2 fixation enzymes in the Calvin-Benson-Bassham cycle (the fructose-1,6-
bisphosphatase and the sedoheptulose bisphosphatase), while an
uncontrolled increase of chloroplast [Ca?*] would instead lead to inactivation
of the same enzymes (Rocha and Vothknecht, 2012). Likewise, the
requirement for Ca?* at the oxygen evolving complex level as well as its binding
to the 8 kDa subunit of the thylakoid-targeted ATP synthase highlight the role
of this ion in controlling both the photosynthetic proton flow and the consequent
ATP production (Zakharov et al., 1993; Ifuku et al., 2010). Furthermore, in
addition to being a basic component for the above-mentioned retrograde
signalling to the nucleus, Ca?* is also required for the import into chloroplasts
of nuclear-encoded proteins, mediated by the Ca?*/CaM regulated TOC and
TIC complexes (translocons at the outer/inner envelope) (Chigri et al., 2005
and 2006; Balsera et al., 2009). However, CaM and CaM-like proteins as well
as Ca’*-regulated kinases and their targets inside chloroplasts have not yet
been identified (Stael et al., 2012).

From Ca?*-sensitive dyes to genetically encoded Ca?* indicators: the
ever-increasing toolkit of Ca?* reporters

Ca?* probes are necessarily required in order to measure [Ca?*] values and to
monitor Ca?* dynamics during signal transduction events: most — if not all — of
our knowledge in the field has in fact been obtained in this manner. However,
molecules which bind Ca?* with high affinity may be suitable to carry out this
purpose only if their free and bound physicochemical characteristics are
sufficiently different to enable precise recognition of the probe state (Rudolf et
al., 2003). Indeed, actual quantification of the Ca?*-complexed indicator with
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respect to the non-bound one is the founding stone in order to effectively
measure Ca?* content in the selected intracellular compartment. This is
achieved mainly by the detection of either luminescence or fluorescence
changes in the Ca?* probe upon Ca?*-binding, thus discriminating two major
classes of Ca?* indicators based on the origin of the emitted light signal.
Moreover, owing to different intrinsic characteristics, available Ca2* reporters
were also initially subdivided between Ca®+-sensitive dyes and genetically
encoded Ca?* indicators (GECIs), with the former ones representing the
historical starting point in cell [Ca?*] investigations in contrast to the latter ones,
stemming instead as the expression of more modern and efficient ways to fulfill

the same task (Pérez Koldenkova and Nagai, 2013).

Ca?+-sensitive dyes are fluorescent derivatives of the Ca?* chelator EGTA,
whose conformational change caused by binding to Ca?* ions leads to an
alteration of excitation/emission properties of the associated fluorophore.
However, many dyes such as fluo-4, rhod-2 and Oregon Green BAPTA are
non-ratiometric, meaning that the [Ca?*] values detected are based uniquely
on the relative increase in fluorescence intensity: this condition is clearly
dependent on the actual quantity of the Ca®* dye loaded into the cell, as well
as it appears prone to artifacts linked to sample bleaching, differential
illumination intensity or unequal optical path length. The subsequential
development of ratiometric fluorescent dyes such as fura-2 and indo-1 —
characterized by either dual excitation or dual emission spectra in which one
of the two wavelength signal is insensitive to Ca?* binding — allowed to
determine in a more precise way the actual cell [Ca?*], but still resulted limited
in the type of spatial information they could provide for the monitoring of Ca?*
dynamics. Indeed — and in parallel with their difficult loading in some cell types,
e.g. plant cells due to the presence of a thick cell wall — injected Ca?*-sensitive
dyes diffuse in the whole cytosol, thus making impossible to target them to
subcellular compartments of interest (Brownlee, 1986; Sanders et al., 1999;
Goddard et al., 2000; Rudolf et al., 2003; Wheeler and Brownlee, 2008; Costa
et al., 2018).
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For these reasons, GECIs development represented a revolutionary advance
in the field by providing Ca?* signalling studies with a powerful toolkit of
differently-targeted Ca?* indicators that permitted non-invasive monitoring of in
vivo free Ca?* levels. The possibility to perform real-time Ca?* recording in
various cell types and organisms with a high spatial and temporal resolution is
thus a key feature that guided the progressive transition from the employment
of dyes to the well-established use of GECls, on the basis of which extensive
efforts are still ongoing in order to broaden the number of intracellular
localization for which these Ca?* indicators are available to date. GECls — both
luminescent and fluorescent ones — are based on the high-affinity binding of
Ca?* ions to 3-to-4 EF-hand motifs of the protein and on its subsequent
conformational change (Pérez Koldenkova and Nagai, 2013; Costa and Kudla,
2015; Costa et al., 2018).

Concerning luminescent GECls, the most relevant one is represented by
aequorin, a Ca?*-sensitive photoprotein widely employed in organellar Ca?*
measurements. |t consists in an apoprotein (apoequorin) that has to be
reconstituted with its prosthetic group coelenterazine. Upon Ca?* binding, the
resulting conformational change of the photoprotein drives the oxidation of
coelenterazine to coelenteramide with a concurrent emission of a single
photon of blue light (Fig. 5) that, once detected by a proper apparatus, is easily
converted into [Ca?*] values by using a reliable calibration procedure (Fig. 6).
Many advantages can be ascribed to this specific Ca?* reporter, such as a
nearly insensitiveness to variations of pH and [Mg?*], a great dynamic range
(spanning from 107 to 103 M and extendable even further via suitable low
Ca?*-affinity mutants and coelenterazine variants (Fig. 7)), a high signal-to-
noise ratio, as well as the lack of any damaging excitation light (which allows
prolonged measurements even in organelles containing chlorophylls) (Brini et
al., 1995; Brini, 2008; Marti et al., 2013; Ottolini et al., 2014; Costa et al., 2018).
Although the use of recombinant aequorin still remains the method of choice
to accurately quantify Ca?+ concentrations, the low amount of emitted light per
single aequorin molecule is not compatible with single-cell imaging studies (i.e.
cell populations or entire seedlings are required). In this context, the

development of novel bioluminescence resonance energy transfer (BRET)-
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based green fluorescent protein (GFP)-aequorin probes has overcome the
problem, allowing the visualization of Ca?* signals that spread systemically in
intact plants (Baubet et al., 2000; Rogers et al., 2005; Xiong et al., 2014).
Aequorin-based reporters have been extensively used for plant Ca?* signalling
studies: indeed they were targeted not only to the cytosol but also to
intracellular compartments such as the vacuolar membrane facing the cytosol
(Knight et al., 1996), the nucleus (van Der Luit et al, 1999), mitochondria
(Logan and Knight, 2003), and the Golgi apparatus (Ordenes et al., 2012), in
addition to the apoplast (Gao et al., 2004). Obviously, chloroplasts were not
left uninvestigated, with aequorin chimeras targeted to the stroma (Johnson et
al., 1995; Sai and Johnson, 2002) and more recently even to the outer and
inner membrane of the envelope (Mehlmer et al., 2012; Sello et al., 2016).
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Fig. 5. Schematic representation of the Ca?*-dependent bioluminescence of aequorin. Upon
binding to 3 Ca?* ions, the holoprotein undergoes a conformational change that leads to
oxidation of the prosthetic group coelenterazine to coelenteramide and to the emission of a
single photon of blue light (from Brini, 2008).
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in a luminometer plus a software that converts the recorded luminescence data into [Ca?*]
values (from Brini, 2008).
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Fig. 7. Ca%* response curves for wild-type and mutated aequorin, correlating luminescence
and [Ca?*] (modified from Brini, 2008).

Fluorescent Ca?* reporters are instead classified according to the number of
GFP variants interacting with the Ca?*-binding protein CaM and the CaM-
binding peptide M13. Single-fluorescent protein (FP) Ca?* probes are
represented by GECOs, Camgaroos, Pericams and GCaMPs and are able to
increase their fluorescence emission in conjunction with the binding of Ca?*
(Fig. 8). Conversely, Cameleons are based on the Férster Resonance Energy

Transfer (FRET) occurring between two GFP variants (typically cyan and
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yellow, CFY and YFP) when they come in close vicinity to each other as a
consequence of the Ca?*-binding-induced conformation change of the probe
(Miyawaki et al., 1997; Pérez Koldenkova and Nagai, 2013; Costa and Kudla,
2015) (Fig. 9). The simultaneous use of Cameleon indicators — as well as of
GECOs - built from different spectral variants FPs also allowed the parallel
measurement of Ca®* dynamics in distinct subcellular compartments (Krebs et
al., 2012; Costa and Kudla, 2015; Kelner et al., 2018). Whereas Cameleons
have been targeted to many different subcellular localizations, i.e.
mitochondria (Loro et al.,, 2012 and 2013), chloroplasts (Loro et al., 2016),
peroxisomes (Palmer et al., 2006; Costa et al., 2010), the endoplasmic
reticulum (lwano et al., 2009; Bonza et al., 2013), the plasma membrane
(Krebs et al., 2012; lwano et al., 2015) and the vacuolar membrane (Krebs et
al., 2012) the targeting of GECO and GCaMP reporters is so far limited to the
cytosol and the nucleus only (Ngo et al., 2014; Zhu et al., 2014; Keinath et al.,
2015; Liu et al., 2017; Vincent et al., 2017a and 2017b; Waadt et al., 2017;
Kelner et al., 2018).

It has to be noted that, since each of the above-mentioned classes of GECls
displays its own advantages and limitations, a joint use of both luminescent
and fluorescent GECls would be advisable, in order to obtain a precise
photograph of the complex Ca?* signalling and homeostatic network of the
plant cell. Indeed, the comparative use of both aequorin-based and GFP-
based Ca?* reporters has provided in recent times a solid knowledge in terms
of organellar Ca?+ handling, which can be further advanced by tackling new
challenges aimed at a deeper investigation of the relative contribution of the
different plant intracellular compartments to Ca?*-mediated signal transduction
(Costa et al., 2018).
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Fig. 8. Single-fluorescent protein GECIs. A, GCaMPs; B, GECOs; C, Pericams; D,
Camgaroos. Different wavy arrows indicate different light frequencies required for the
excitation of the fluorescent proteins (modified from Pérez Koldenkova and Nagai, 2013).
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Cameleons

Fig. 9. FRET-based two-fluorescent protein GECls (Cameleons). Different wavy arrows
indicate different light frequencies required for the excitation of the fluorescent proteins
(modified from Pérez Koldenkova and Nagai, 2013).
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AIM OF THE WORK

The main goal of my Ph.D. project was the investigation of the relative
contribution and potential functional interactions between chloroplasts and the
endoplasmic reticulum (ER) in terms of calcium homeostasis and signalling in
the plant cell. Ca?* is known to play a crucial role in the transduction of a large
plethora of environmental stimuli of both abiotic and biotic nature in all plant
lineages. Although the participation of organelles to plant intracellular Ca?*
signalling is increasingly emerging, the relative contribution of the different
intracellular compartments in shaping Ca?* signatures awaits further
investigation. Moreover, detailed information about the pathways mediating
Ca?* fluxes across plant intracellular membranes is still scarce. For example,
the involvement of the plant ER in Ca?* handling has long been overlooked,
because of the lack of direct measurements of [Ca?*] in the lumen of this
compartment and Ca?* transporters localized at chloroplast have just started
to be identified.

In order to fulfill the proposed tasks, transgenic lines of the model plant
Arabidopsis thaliana stably expressing the bioluminescent Ca?* reporter
aequorin targeted the cytosol, to the chloroplast stroma and to the outer
membrane of the chloroplast envelope were used. In addition to these lines,
already available in our laboratory, a new toolkit of aequorin-based Ca?*
indicators targeted to thylakoids, in particular the thylakoid lumen and the
thylakoid membrane, was generated, thus allowing the monitoring of Ca?*
dynamics in subchloroplast compartments. Ca?* measurement assays were
performed in transgenic seedlings and cell cultures from them derived to get a
better understanding of how this Ca?* capacitor-acting organelle is involved in
Ca?* storage and signal transduction in the plant cell. The results were
published in Plant Physiology in 2018 and are presented in Chapter 2 of this
thesis.

My research activity also focused on the characterization of Ca?*-permeable
channels localized at chloroplast membranes, as well as their role in shaping
organellar and cytosolic Ca?* signals, in particular a chloroplast homologue of
the mitochondrial calcium uniporter (cMCU) and plant glutamate receptor-like
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homologues (GLRs). The obtained data suggest a likely involvement for each
Ca?*-permeable channel in transducing given stresses in Arabidopsis, thus
adding an extra-dimension to specificity in stimulus-response coupling. The
results about cMCU were published in Nature Plants in 2019 and are
presented in Chapter 3. Preliminary results obtained for GLR3.4 and 3.5 are
presented in Chapter 4.

During my research activity | made wide use of suspension-cultured cells as a
simplified experimental system useful to dissect the otherwise complex
integration of organelles in the whole cell Ca?* signalling network. A detailed
description of the experimental procedures used in our laboratory to set up and
maintain A. thaliana photosynthetic and heterotrophic cell suspension cultures
is the subject of an invited review, currently under revision, in Methods in
Molecular Biology and is presented in Chapter 5.

Concerning the potential involvement of the ER in the Ca?* signalling network,
the design of a specifically targeted aequorin probe allowed for the monitoring
of ER Ca?* dynamics in a quantitative and reliable way. Analyses of [Ca?*]er
and its variations during signal transduction events in Arabidopsis
demonstrated the occurrence of stimulus-specific [Ca*]er elevations in
response to environmental stimuli as well as their putative integration with Ca2*
signatures evoked in the cytosol and the chloroplast stroma. The results of this
research line are the subject of a manuscript in preparation and are presented
in Chapter 6.

Finally, during my Ph.D. activity | have also participated, as a side project, to
a study aimed at the elucidation of the Ca®*-mediated signalling pathway
evoked in Lotus japonicus in response to a fungal hydrophobin released by
antagonistic fungi, used as biocontrol agents and plant biostimulants. Ca?*-
dependent upregulation of plant defence-related genes indicated a role of the
fungal hydrophobin in priming the plant responses against subsequent
pathogen infections. Moreover, the use of pharmacological approaches
suggested the occurrence of an ER-mediated Ca?* release into the cytosol
during a beneficial plant-fungus interaction. The results were published in
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International Journal of Molecular Sciences in 2018 and are presented in
Chapter 7.
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PROLOGUE

Chloroplasts and plastids in general are one of the major cellular distinctive
features of plants among Eukarya (Jarvis and Lépez-Juez, 2013). In the last
few years considerable effort has been spent to unravel how plastids are
integrated in the cellular regulatory circuits that coordinate plant development
and functions (Rocha and Vothknecht, 2012), since these organelles not only
are the site for the photosynthetic process but also host (at least in part) many
other fundamental metabolic pathways of the plant cell (Rocha and
Vothknecht, 2012) as well as biological processes related to plant defences in
response to pathogen attack (Lu and Yao, 2018). It is well-established that
calcium plays both regulatory and structural roles in the chloroplast (Rocha
and Vothknecht, 2012) and its concentration is finely-tuned to prevent
inhibition of photosynthesis as well as the impairment of other chloroplast-
localized processes (Stael et al., 2012).

Concerning Ca?* dynamics taking place in these organelles, it has long been
known that chloroplasts act as calcium capacitors, since they possess a high
concentration of this ion (estimates are around 15 mM) most of which,
however, is buffered by Ca?*-binding proteins or bound to the negatively
charged thylakoid membranes, leaving in ultimate analysis only a small
fraction (about 150 nM) as free stromal [Ca?*] eligible for rapid mobilization
(Costa et al., 2018). Their impact over the whole cell Ca?*-based signalling
network — and in particular in shaping cytosolic Ca®* signals — has been
recently demonstrated in response to various abiotic stimuli such as salinity,
drought, oxidative stress and cold shock, as well as a biotic one, represented
by a cell wall-derived elicitor of plant defence responses (Sello et al., 2016).
Moreover, chloroplasts has also been shown to have the ability to generate
their own unique Ca?* signals under peculiar stimulation. Light-to-dark
transition (Johnson et al., 1995; Sai and Johnson, 2002; Loro et al., 2016; Sello
et al., 2016) as well as heat stress (Lenzoni and Knight, 2019) were shown to
trigger chloroplast-specific Ca?* responses, since Ca?* increases are evoked

in the chloroplast stroma, but no corresponding Ca?* changes are detected in
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the cytosol. The origin of these organelle-autonomous Ca?* signatures is still

unclear (Loro et al., 2016).

The research work described in this chapter was performed to analyze the
involvement of thylakoids, the chloroplast-specific internal membrane system,
in terms of Ca?* handling and signalling within chloroplasts and plant cells. The
analysis of thylakoid Ca?* dynamics was addressed by engineering two new
aequorin-based Ca?* sensors targeted to the thylakoid lumen (TL-YA) and the
stromal surface of the thylakoid membrane (TM-YA). This was achieved by
fusing the cDNA for YFP-aequorin to nucleotide sequences encoding domains
of organellar proteins known to reside in the two different chloroplast locations
(the thylakoid lumen protein (TLP18.3) and the state transition kinase 7
(STN7), respectively). The transformation of Arabidopsis seedlings was
carried via the floral dip method (Clough and Bent, 1998) and photosynthetic
cell suspension cultures were subsequently set up from the obtained
transgenic lines. Both the TL-YA and TM-YA lines showed unaltered
phenotype, chloroplast ultrastructure and photosynthetic activity compared to
the wild-type. RT-PCR and immunoblot analyses confirmed aequorin
expression in both the Arabidopsis transgenic lines. The subcellular
localization of the YFP-aequorin chimeras was then checked by confocal
microscopy analyses of seedling leaves, together with immunogold labelling
with an anti-aequorin antibody and biochemical analyses carried out on
isolated thylakoids using the proteolytic enzyme thermolysin, hence revealing
the correct targeting of the aequorin chimeras. Ca?+ assays were performed in
these lines, along with a stroma-targeted aequorin one, by using both entire
seedlings and photosynthetic cell cultures: this latter approach was pursued in
order to avoid the detection of Ca?* signals stemming from the stroma of non-
green plastids that do not contain thylakoids (i.e. root amyloplasts). The intra-
chloroplast Ca?* fluxes detected were found to be characterized by specific
dynamics and to be triggered in response to some abiotic stimuli (such as an
oxidative and salt stress), whereas a biotic one (oligogalacturonides, pectic
fragments of the plant cell wall released during pathogen attack) was found to
evoke a response only in the chloroplast stroma of cell cultures, possibly due

to an amplification of the signal in homogeneous cell populations. The
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temporal comparison of the Ca?* traces recorded in the three subcloroplast
compartments (i.e. stroma, thylakoid membrane and lumen) indicated that, at
least in some cases, the thylakoid lumen may be involved in the dissipation of
Ca?* gradients across the thylakoid membrane, thereby shaping stromal Ca?*
signals.

The effect of light-to-dark transition on chloroplast Ca?* dynamics was also
evaluated, since the lights-off stimulus is known to trigger a transient increase
in stromal Ca?* that is intimately linked with the regulation of some enzymes of
the Calvin-Benson-Bassham cycle. No detectable Ca?* changes were
measured in either the bulk cytosol or at the outer envelope level, suggesting
that the cytosol does not participate in the generation of the stromal Ca?*
change. On the contrary, the thylakoid lumen — and to a minor extent also the
thylakoid membrane microdomain — both showed a gradual increase in Ca®*
that was found to be abolished by the administration of nigericin, a ionophore
able to dissipate the thylakoid proton gradient, thus pointing to a likely
involvement in this Ca®* uptake of a Ca®*/H* antiporter (Wang et al., 2016;
Frank et al., 2019).

My contribution to this work, which was initiated by a previous Ph.D. student
(Simone Sello) in the laboratory, mainly consisted in aequorin-based Ca?*
measurement assays carried out in plants in toto and suspension-cultured
cells. Moreover, | carried out the pharmacological approach to the analysis of
the origin of dark-induced Ca?* fluxes.

Taken together, the data collected in this work clearly demonstrate that
thylakoids have an active role in the modulation of chloroplast Ca?* responses
upon perception of environmental stimuli. The newly developed thylakoid-
targeted aequorin-based Ca?* reporters may represent a useful tool to carry
out further studies about the role of chloroplast Ca?* signals in thylakoid-
specific processes (Finazzi et al., 2015; Hochmal et al., 2015), as well in the
modulation of intracellular Ca?* signalling networks. This novel toolkit of
subchloroplast Ca?* reporters improves the current understanding of Ca®*
homeostasis and signal transduction in chloroplasts and provides new insights
into plant organellar Ca?* signalling.
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Chloroplasts require a fine-tuned control of their internal Ca®* concentration, which is crucial for many aspects of photosynthesis
and for other chloroplast -localized processes. Increasing evidence suggests that calcium regulatron w1thm chloroplasts also may
influence Ca®* signaling pathways in the cytosol To investigate the involvement of thylako1ds in Ca** homeostasis and in the
modulation of chloroplast Ca®* signals in vivo, we targeted the bioluminescent Ca®* reporter aequorin as a YFP fusion to the
lumen and the stromal surface of thylakoids in Arabidopsis (Arabzdopszs thaliana). Thylakoid localization of aequorin-based
probes in stably transformed lines was confirmed by confocal microscopy, immunogold labeling, and biochemical analyses. In
resting conditions in the dark, free Ca** levels in the thylakoid lumen were maintained at about 0.5 um, which was a 3- to 5-fold
higher concentration than in the stroma. Monitoring of chloroplast Ca** dynamics in different mtrachloroplast subcompartments
(stroma thylakoid membrane, and thylakoid lumen) revealed the occurrence of st1mulus—spec1f1c Ca? signals, characterized by
unique kinetic parameters. Oxidative and salt stresses initiated pronounced free Ca®" changes in the thylakoid lumen. Localized
Ca” increases also were observed on the thylakoid membrane surface, mirroring transient Ca®* changes observed for the bulk

stroma, but with specific Ca?* dynamics. Moreover, eV1dence was obtained for dark-stimulated intrathylakoid Ca®* changes,

suggesting a new scenario for light-to-dark-induced Ca

fluxes inside chloroplasts. Hence, thylakoid-targeted aequorin

reporters can provide new insights into Chloroplast Ca storage and signal transduction. These probes represent novel tools
with which to investigate the role of thylakoids in Ca*" signaling networks within chloroplasts and plant cells.

Intracellular calcium signaling is universal among
eukaryotes, med1at1ng a wide range of physiological
processes. Plant Ca** homeostasis and signaling reflect
both structures and organelles unique to the plant cell
as well as differences in the growth and development of
plants compared with eukaryotes that lack plastids. In
plants, Ca?' isinvolved in environmental sensing, and a
wide variety of abiotic and biotic stimuli (such as os-
motic stress, oxidative stress, and pathogen attack)
can induce trans1ent changes in intracellular free Ca*
concentration ([Ca**]) with unique spatiotemporal
patterns, thus enabling specific stimulus-response cou-
pling (Dodd et al., 2010). Several 1ntracellular compart-
ments of the plant cell participate in Ca** homeostasis,
including the vacuole, endoplasmic reticulum, rmto-
chondria, and plastids. However, the mobilization of Ca”
" from the drfferent organelles and their potential inter-
play in plant Ca®" signaling networks are still under
investigation (Stael et al., 2012).

The vacuole is the main intracellular Ca** reservoir in
plant cells, in terms of both function and volume, with a
prominent role in overall ion homeostasis in mature
cells. It is a major intracellular stimulus-releasable Ca**

store in the signal transduction pathways triggered by
cold shock (Knight et al., 1996) as well as drought and
salinity (Knight et al., 1997). The vacuolar cation chan-
nel TPC1 (Peiter et al., 2005), the structure of which was
reported recently (Guo et al., 2016; Kintzer and Stroud,
2016) was shown to be involved in mediating systemic
Ca”" signaling upon salt stress (Choi et al., 2014),
wounding, and herbivory (Kiep et al., 2015) and in the
generation of highly localized cytosohc Ca”" elevations
during aphid feeding (Vincent et al., 2017).
Chloroplasts also have been shown to participate in
Ca”* homeostasis and signaling. Numerous studies in-
dicate that chloroplasts require a fine-tuned control of
the organellar Ca” concentration. It is known that free
Ca®" modulates crucial aspects of photosynthesis,
including the assembly and function of PSII, the
regulation of stromal enzymes of the Calvin cycle, as
well as other plastid-localized processes such as the
import of nucleus-encoded proteins and organelle
division (Rocha and Vothknecht, 2012; Nomura and
Shiina, 2014; Hochmal et al., 2015). However, little is
known about the mechanisms that underlie the gen-
eration and dissipation of Ca®" transients and the
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transduction of environmental signals within plas-
tids or their localization inside the organelle.

To better understand how chloroplasts are integrated
into the plant Ca®* signaling network, specific high-
resolution tools are required to monitor and quantify
plastid Ca** dynarmcs In early studies, the biolumi-
nescent Ca®* reporter aequorin was targeted to the
chloroplast stroma, highlighting the induction of stro-
mal Ca** fluxes upon light-to-dark transition (Johnson
et al.,, 1995; Sai and ]ohnson 2002). Studies on the
thylak01d -localized Ca**-sensing receptor CAS showed
that chloroplasts modulate intracellular Ca** signals by
controlling external Ca**-induced cytosolic Ca** tran-
sients during stomatal closure (Nomura et al., 2008;
Weinl et al., 2008). Stromal Ca** signals also have been
implicated in the activation of plant immunity
(Nomura et al., 2012; Stael et al., 2015). Constructs en-
coding YFP-aequorin chimeras targeted to the stroma
as well as outer and inner membranes of the chloroplast
envelope are available to investigate Ca** dynamics in
these compartments (Mehlmer et al., 2012). Plastid-
targeted aequorin probes also were used recently to
determine differential stimulus-specific Ca** responses
between amyloplasts and chloroplasts (Sello et al.,
2016). However, information about free Ca* levels and
their changes during signal transduction on thylakoid
membranes and inside the thylakoid lumen is lacking.

Here, we present the targeting of YFP-fused aequo-
rin probes to the thylakoid lumen and the stromal
surface of the thylakoid membrane. Arabidopsis (Ara-
bidopsis thaliana) lines stably expressmg these aequorin
chimeras were used in Ca®>* measurement assays
in response to different abiotic and biotic stimuli,
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revealing the occurrence of stimulus-specific thyla-
ko1d Ca*" signals. This novel toolkit of thylakoid-targeted
Ca** reporters advances the current understanding
of Ca®* regulation in chloroplasts and paves the  way
for future investigations on plant organellar Ca** sig-
naling.

RESULTS

Generation of Arabidopsis Transgenic Lines Stably
Expressing YFP-Aequorin Chimeras Targeted
to Thylakoids

To monitor Ca®** dynamics in Arabidopsis thyla-
koids, we expressed YFP-aequorin (YA) chimeras tar-
geted to the thylakoid lumen (TL-YA) and the stromal
surface of the thylakoid membrane (TM-YA). YA was
fused to the first 92 amino acids of the thylakoid lumen
protein TLP18.3 (Sirpi6 et al., 2007; Wu et al., 2011) to
obtain TL-YA and to the N-terminal transmembrane
domain of the thylakoid protein kinase STN7 to obtain
TM-YA (Supplemental Table S1). In the latter, the
transmembrane domain anchors the protein in an ori-
entation that exposes the C-terminal tag to the stroma
(Bellafiore et al., 2005; Tikkanen et al., 2012). Aequorin
expression was confirmed with reverse transcription
(RT)-PCR and immunoblot analyses on transgenic
Arabidopsis plants expressing these constructs under
the control of the UBI10 promoter (Fig. 1). Aequorin
activity was measured in the T2 generation by screen-
ing five independent TL-YA and TM-YA sublines for
aequorin-based total luminescence. In vivo discharge
gave positive results for all subl1nes, with luminescence
levels ranging from 10° to 2 X 10° counts per seedling.
The established thylakoid-targeted aequorin sensor
lines (T3 generation) did not exhibit any significant
difference in either phenotype or photosynthetic activ-
ity when compared with wild-type plants. Moreover,
the ultrastructural organization of chloroplasts was
well preserved (Fig. 2).

Subcellular Localization of YA Fusion Proteins

Confocal microscopy observations of leaves from the
TL-YA and TM-YA lines showed that the fluorescent
signal of YFP overlapped perfectly with the red chlo-
rophyll fluorescence of mesophyll cells, indicating that
the recombinant proteins indeed reside inside chloro-
plasts (Fig. 3A). Fluorescence was not detected in roots,
except a faint signal in the external cell layers. This was
likely due to the light exposure of roots growing on the
surface of the agar-containing medium for confocal
microscopy experiments (Supplemental Fig. S1A).
Conversely, roots of dark-grown seedlings from both
TL-YA and TM-YA lines exhibited no fluorescence
(Supplemental Fig. S1B).

TEM after immunogold labeling with an anti-
aequorin antibody showed the presence of electron-
dense gold particles on thylakoids in both the TL-YA
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Figure 1. Overview of the cloning strategy for the creation of expression vectors targeting YA to the thylakoid lumen and thylakoid mem-
brane, and analysis of aequorin expression in Arabidopsis transgenic lines. A and B, The targeting sequences for the thylakoid lumen (A) and for
the thylakoid membrane (B) were cloned into an expression cassette in front of YA using the restriction enzymes Apal and Notl. The complete
expression cassettes were transferred subsequently into the binary vector pBIN19 carrying Basta resistance. C and D, Analysis of aequorin
expression by RT-PCR (C) and immunoblotting (D) in Arabidopsis transgenic lines stably transformed with the constructs encoding TL-YA and
TM-YA. For RT-PCR analyses, actin was used as a housekeeping gene. For immunoblot analyses, total protein extracts (50 u.g) were separated
by 10% SDS-PAGE, transferred to PVDF, and incubated with an anti-aequorin antibody (diluted 1:10,000). Black and white arrowheads
indicate the YA chimeras targeted to the thylakoid lumen and the thylakoid membrane, respectively. The black arrow indicates the YA targeted
to the cytosol, excluding the nucleus, in the Arabidopsis line CPK17,,-NES-YA (Cyt-YA), used here as a positive control.

and TM-YA lines (Fig. 3, B and C). The wild-type neg-
ative control lacked labeling anywhere in the cell. As a
positive control, the Str-YA line (Mehlmer et al., 2012)
was used, revealing gold particles in the chloroplast
stroma (Fig. 3, B and C). Furthermore, intact thylakoids
were isolated from Arabidopsis leaves of the TL-YA
and TM-YA transgenic lines, with half of the prepara-
tion incubated for 20 mm with the proteolytic enzyme
thermolysin (0.1 ug pL™ 1 to remove all proteins ex-
posed on the membrane surface. Immunoblot analyses
showed that aequorin targeted to the thylakoid lumen
was protected from proteolysis, indicating that the
chimeric TL-YA protein resides inside the thylakoid
lumen. For the TM-YA line, the signal from chimeric
protein targeted to the thylakoid membrane was re-
moved by the proteolytic treatment, indicating its ex-
pected exposure on the stromal thylakoid surface (Fig.
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3D). Together, these data document the correct sub-
cellular localization and topology of the thylakoid lu-
men- and thylakoid membrane surface -targeted YA
fusion proteins for the subsequent Ca** signaling study.

Stimulus-Specific Ca** Signals Are Triggered in the
Thylakoid Lumen and at the Thylakoid External Surface
by Different Environmental Stimuli

Arabidopsis photosynthetic cell lines expressing the
thylakoid-targeted YA probes were established
(Supplemental Fig. 52, A-C) by using a recently de-
Veloped procedure (Sello et al., 2017) and assayed in
Ca** measurement experlments to elucidate potential
changes in free [Ca*"]in thylakoids. The Str-YA line also
was used for comparison (Sello et al., 2016). In this first
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validation stage, photosynthetic cell suspension cul-
tures were used instead of seedlings to avoid the de-
tection of Ca** signals originating from the stroma of
nongreen plastids that lack thylakoids, such as amylo-
plasts in roots (Sello et al., 2016). Aequorin protein
levels in the TL-YA and TM-YA lines were suitable to
perform reliable Ca®* assays, even though these levels
were lower than in the Str-YA lines (Supplemental Fig.
52D). This was expected based on the level of aequorin-
derived total luminescence observed in Ca** assays af-
ter the dlscharge step. In resting conditions in the dark,
free [Ca®'] in the thylakoid lumen was maintained
around 0.5 um. This concentration is 3- to 5-fold higher
than the level recorded in the bulk stroma (~0.1-0.15 um)
as well as in the stromal region just outside the thylakoid
membrane (Fig. 4, A-C). Next, suspension-cultured cells
were exposed to different environmental cues, which were
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Figure 2. Phenotype, chloroplast ultrastruc-
ture, and photosynthetic activity of Arabi-
dopsis transgenic lines stably expressing
TL-YA and TM-YA. A, Representative photo-
graphs of 4-week-old seedlings of TL-YA,
TM-YA, and wild-type (WT) lines. B, Trans-
mission electron microscopy (TEM) observa-
tions of chloroplast ultrastructure, showing
good preservation of thylakoids. Bars = 1 um
(left column) and 250 nm (right column). C,
Pulse amplitude modulation imaging analyses
of Arabidopsis seedlings at 4, 5, and 6 weeks.
Data are means * st of five independent ex-
periments. No significant differences were
observed (Student’s t test).

6 weeks

demonstrated previously to induce both cytosolic and
stromal Ca** signals (Sello et al., 2016). In particular, 10 mm
H,0, and 0.3 M NaCl were apphed as abiotic stimuli sim-
ulating oxidative and salt stress, respectively (Price et al.,
1994; Knight et al., 1997; Ranf et al., 2008; Mart1 etal., 2013;
Abdul-Awal et al., 2016). Plus, 20 ug mL ™ ohgogalactur—
onides (OGs) with degree of polymerization 10 to 15 were
applied as elicitors that mimicked a pathogen attack
(Navazio et al., 2002; Moscatiello et al., 2006). These treat-
ment doses did not affect cell viability, as demonstrated by
Evans blue-based assays (Supplemental Fig. S3), and
touch-control experiments ruled out that the stress
application itself caused remarkable changes in [Ca*]
within the chloroplasts (Supplemental Flg S4).
Oxidative stress triggered a gradual [Ca**] increase to
well over 1.5 um at the external surface of the thylakoid
membrane that followed the trend recorded in the bulk
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Figure 3. Confocal microscopy analy-

ses, immunogold labeling, and bio-
chemical analyses of Arabidopsis
seedlings of the TL-YA and TM-YA
lines. A, Fluorescence microscopy im-
ages of mesophyll cells of Arabidopsis
seedling leaves with a YFP filter and a
chlorophyll filter. An overlay of the two
channels also is shown. Bars = 25 um
(top row) and 5 um (bottom row). B,
Immunocytochemical analyses of ae-
quorin subcellular localization. The
wild-type (WT) line and a line
expressing YA in the stroma (Str-YA)
were used as negative and positive YFP
controls, respectively. White arrow-
heads indicate gold particles. Bars =
100 nm. S, Starch granule; Str, stroma;
Th, thylakoids. C, Quantitative analyses
of immunogold-labeled particles. Data
are means * st of 40 different fields
from three biological replicates. D,
Immunoblot analyses of isolated thyla-
koids, incubated in the absence (—) or
presence (+) of 0.1 ug ul! thermoly-
sin, as indicated. Isolated thylakoids
corresponding to 50 ug of protein were
probed with an anti-aequorin antibody
(top gel). Equal loading was confirmed
by Ponceau Red staining of the blot
membrane (bottom gel). Black and
white arrowheads indicate YA chimeras
targeted to the thylakoid lumen and the
thylakoid membrane, respectively.

stroma, although characterized by a higher magnitude.
Ca®" dynamics in the thylakoid lumen started from a
higher resting level and quickly reached a plateau at an
intermediate level of about 1 um (Fig. 4, D-F). In the
case of salt stress, NaCl triggered a very rapid and
transient [Ca®’] increase in all three chloroplast sub-
compartments. However, distinct differences in the
amplitude and shape of the transient could be ob-
served. Notably, a microdomain of high [Ca*] was
found to be transiently established in proximity to the
thylakoid membrane surface, whose d1ss1pat10n tem-
porally coincided with the sustained [Ca®'] increase in
the thylakoid lumen (Fig. 4, G-I). These data suggest
that the thylako1d lumen may be involved in dissipat-
ing Ca®* gradients across the thylakoid membrane and,
thus, shaping stromal Ca** signals. By contrast OGs
induced a transient and relatively smail Ca** change in
the bulk stroma and on the thylakoid surface, although
charactenzed by slower dynamics. However, no de-
tectable Ca** changes were triggered in the thylakoid
lumen (Fig. 4, ]-L). Altogether, these data strongly in-
dicate that the intrachloroplast [Ca**] changes mea-
sured by the TL-YA and TM-YA lines are specific,
stimulus-induced responses.
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Aequorin-based Ca** assays in response to the same
stimuli were conducted subsequently in entire seed-
lings (Fig. 5; Supplemental F1§ S4), reinforcing the in-
volvement of thylakoids in Ca —med1ated responses to
environmental stimuli. Resting Ca®" levels and Ca**
responses to oxidative stress were found to be very
similar in seedlings (Fig. 5, A-F) and cultured cells (Fig.
4, A-F). The sustained chloroplast Ca** changes in-
duced by 10 mm H,O, did not dissipate within 1 h
(Supplemental F1g S5, A-C), indicating a prolonged
organellar Ca** response. However, a direct effect of
H,0, on coelenterazine oxidation to coelenteramide
independent of aequorin was ruled out by comparing
luminescence levels in seedlings of the TL-YA, TM-YA,
and Str-YA lines with those in wild-type (non-
transformed) seedlings preincubated with coelenter-
azine (Supplemental Fig. S5, D-F).

For the salt stress treatment, the magnitude of chlo-
roplast [Ca®*] change was found to be higher in entire
seedlings (Fig. 5, G-I) than in cultured cells (F1g 4,G-I),
possibly as a consequence of systemic Ca*" signaling in
plants in toto (Choi et al., 2014). The different Ca**
dynamics observed in the three intrachloroplast sub-
compartments suggested a role of thylakoids in
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Figure 4. Monitoring of subchloroplast free [Ca**] in Arabidopsis cell suspension cultures in response to environmental stimuli. Ca?*
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switching off stromal Ca** signals (Fig. 5G, inset), as
observed previously in cultured cells (Fig. 4G). On the
other hand, exposing the seedlings to OG ehc1tors
caused only modest and transient chloroplast Ca**

changes (Fig. 5 J-L). These data indicate that subtle
chloroplast Ca** signals, such as those triggered by
OGs, may be amplified in homogenous cell populations
(i.e. suspension cell cultures) compared with the in vivo
situation, where Ca*" signals may be limited only to a
particular tissue or cell type (Moscatiello et al., 2013).
These findings demonstrate that the thylakord lumen-
and thylakoid membrane surface—targeted Ca”" probes
can effectively monitor Ca®" changes elicited by specific
stimuli in the respective chloroplast subcompartments.

Unique Ca** Dynamics in the Thylakoid Lumen Are
Induced by the Transition from Light to Dark

Light is one of the most important factors for plant
growth and development. Therefore, Arabidopsis lines
stably expressmg the thylakoid-targeted biolumines-
cent Ca®* reporter were used to evaluate the effect of
light-to-dark transition on chloroplast Ca** dynamics.
In this set of experiments, whole seedlings were used
(instead of plant cell suspension cultures), srnce previ-
ous studies had shown a transient stromal Ca** signal
increase in response to the light-to-dark transition in
chloroplasts but not in amyloplasts (Sello et al., 2016).
Hence, the presence of roots should not affect the
readout. Moreover, analyses of the organism in toto
may more closely mimic the actual in vivo situation,
especially if the overall Ca**-mediated response entails
systemic integration (Gilroy et al., 2014). In agreement
with previous reports (Nomura et al., 2012), the hghts—
off stimulus was found to trigger a transient [Ca*] in-
crease in the stroma, which peaked at about 0.35 um
after 15 min and slowly decayed to the basal level
within 3 h (Fig. 6A). Concurrently in the thylakoid lu-
men, [Ca**] was found to increase gradually from a
basal level of about 0.25 uMm to about 0.45 um (Fig. 6B).
The Ca®" trace recorded at the thylak01d membrane
exposed to the stroma differed from the Ca** dynamics
recorded in the whole stroma being character-
ized by a gradual, moderate Ca” increase; this suggests
that the stromal Ca** increase likely occurred in
microdomain(s) far from the thylakoid surface (Frg 6C).
In addition to Str-YA, TL-YA, and TM-YA, Ca®" mea-
surement assays in response to light-to-dark transition
were performed in previously established Arabidopsis
lines with aequorin localized in the cytosol (Cyt-YA)
and on the cytosolic surface of the outer membrane of
the plastid envelope SOE—YA; Mehlmer et al., 2012).
Lights-off-induced Ca”" transients were not observed

in the cytosol or at the cytosolic surface of the plastid
envelope (Fig. 6, D and E), confirming that the cytosol
does not seem to be involved in Ca”" changes in re-
sponse to light-to-dark transition, as suggested previ-
ously (Nomura et al., 2012). Control measurements
of luminescence values in either aequorin-expressing
lines that were not reconstituted with coelenterazine
or wild-type (nontransformed) seedlings incubated
with coelenterazine (Supplemental Fig. 56) suggested
that the initial decrease of [Ca>'] commonly observed
upon light-to-dark transition (Fig. 6) is actually due to
chlorophyll fluorescence emission.

Ca*" assays in seedlings that had been exposed to 6 h
of light and then moved rapidly to darkness confirmed
that [Ca®'] is maintained around 0.2 uM in the thylakoid
lumen during the light phase and that the lights-off
stimulus induces a gradual increase in thylakoid [Ca*]
(Supplemental Fig. S7A). Moreover at the end of the
dark transition, lumen [Ca*'] persisted at high levels
(~0.5 um), and this concentration remained unchanged
when plants were kept in the dark at the beginning
of the followmg day (Supplemental Fig. S7B). The high
level of Ca** recorded in the thylakoid lumen at the
end of light-to-dark experiments (Fig. 6B; Supplemental
Fig. 57) corresponded to the thylakoid luminal [Ca ]
detected in resting conditions in the dark (Figs. 4A
and 5A).

To test if the activity of a putative H*/Ca?* antiporter
localized at the thylakord membrane could be involved
in the dark-induced Ca®" fluxes into the thylakoid lu-
men, Arabidopsis seedlings were pretreated with 5 um
nigericin (an H"/K" ionophore able to dissipate ApH
without affecting the Ay component of the proton
motive force). Upon disruption of the H gradient
across the thylakoid membrane, the gradual increase
of luminal [Ca*"] was abohshed suggesting that the
slow dark—mduced Ca®* uptake into the thylakoid
lumen requires a pH gradient across the membrane
(Supplemental Fig. 58, A-C). Notably, in the presence
of nigericin, a rapid and transient Ca’" rise was recor-
ded in the lumen, peaking at about 1 um after ~3 min
and dissipating promptly w1th1n 30 min (Supplemental
Fig. S8, A-C). A luminal Ca** increase was observed
at a smaller amplitude when nigericin was added
45 min after the onset of darkness, when the relaxation
of the Ca** signal in the stroma had already begun
(Supplemental Fig. S8A, inset). The transient [Ca®']
increase, activated in response to dark in the bulk
stroma, displayed a higher amplitude in the presence of
5 uM nigericin and maintained a higher steady-state
level at the end of light-to-dark experiments without
falling to the basal level observed in Control conditions
(Supplemental Fig. S8, D-F). A similar Ca*" signature,
although characterized by a slightly higher and delayed

Figure 4. (Continued.)

growth replicates. Arrows indicate the time of stimulation (100s). B, C, E, F, H, I, K, and L show statistical analyses of Ca?* levels recorded in
the different transgenic lines at two different time points: after 150 s (B, E, and K) and 600 s (C, F, I, and L). In H, the maximum [Ca*] (atthe
peak) is reported. Bars labeled with different letters differ significantly (P < 0.05, Student’s ¢ test).
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Ca”" peak, was observed at the stromal surface of the
thylakoid membrane (Supplemental Fig. S8, G-I).
These data suggest that the rise in dark-induced stro-
mal Ca®* may be amplified as a consequence of the in-
hibition of Ca* uptake in the thylakoid lumen,
indirectly triggered by the proton-translocating un-
coupler nigericin.

DISCUSSION

The participation of chloroplasts, and plastids in
general, in the cellular Ca** response and their ability to
generate their own Ca®* transients have long been de-
bated. Previous studies of chloroplast Ca®" dynamics
provided information only on stromal [Ca*"] (Johnson
et al., 1995; Sai and Johnson, 2002; Manzoor et al., 2012;
Nomura et al., 2012; Loro et al., 2016; Sello et al., 2016;
Stephan et al., 2016). A novel set of YA chimeras were
targeted recently to the outer and inner surfaces of the
chloroplast envelope membranes as well as the stroma
(Mehlmer et al., 2012). However, information on thy-
lakoid lumen [Ca**] was lacking.

In this work, TL-YA and TM-YA chimeras were
engineered, and Arabidopsis lines stably transformed
with the above constructs were generated for in vivo
Ca* measurements. The thylakoid lumen and outer
thylakoid surface localizations of TL-YA and TM-YA
were confirmed by laser scanning confocal microscopy,
plus immunocytochemical and biochemical analyses.
Since aequorin is largely insensitive to pH (Brini, 2008),
it was used as a reliable probe to monitor thylakoid
lumen [Ca®'], where the pH can drop to 5.5 (Szabé
et al., 2005). Its bioluminescent properties, high signal-
to-noise ratio, and lack of damaging excitation light
permit Ca** measurement in chlorophyll-containing
tissues for long time intervals, an advantage over flu-
orescent Ca** reporters (Marti et al., 2013; Xiong et al.,
2014).

Monitoring of [Ca?*] in transgenic Arabidopsis lines
resulted in [Ca®'] values measured just outside the
thylakoid surface and within the thylakoid lumen.
Thylakoid-targeted aequorin revealed that lumen Ca**
levels in the dark are 3- to 5-fold higher than in the
stroma. Oxidative and salt stresses triggered chloro-
plast Ca®* signals in both the chloroplast stroma and
inside the thylakoid lumen, characterized by specific
kinetic parameters. On the other hand, exposure to OGs
elicited a moderate Ca* increase only in the stroma and
only when suspension-cultured cells were used (i.e.
homogenous cell populations), compared with entire
seedlings. Because the basal [Ca®'] in the thylakoid

lumen in the dark is high, it is possible that the extent of
the transient stromal [Ca*"] increase was not sufficient
to induce elevated [Ca®'] in the lumen, potentially
mediated by passive Ca®" transporters located at the
thylakoid membrane. Further work will be required to
clarify whether the thylakoid lumen may have a role in
Ca** responses to other biotic stresses.

The proteins mediating Ca** flux into and out of the
thylakoid lumen are not known. Although a Ca**
-permeable ion channel was detected in the thylakoid
membrane by patch clamp (Enz et al., 1993) and
compelling evidence for the presence of Ca®*/H" ex-
change activity has been provided (Ettinger et al.,
1999), genes encoding these proteins are still uniden-
tified (Carraretto et al., 2016). A putative chloroplast-
localized Ca**/H* antiporter was identified recently
in Arabidopsis (Wang et al., 2016). The same protein
has been proposed to function instead as a transporter
for Mn** and to be located in the thylakoid membrane
(Schneider et al., 2016).

The effect of light on chloroplast [Ca**] is known to
encompass a lights-off stimulus that induces a slow,
long-lasting [Ca®'] increase in the stroma (Sai and
Johnson, 2002; Nomura et al., 2012). This dark-induced
Ca*" transient also was observed in our stroma-targeted
aequorin line. The lack of any detectable [Ca**] varia-
tion in either the bulk cytosol or the cytosolic micro-
domain close to the chloroplast envelope is consistent
with earlier reports indicating that the cytosol does not
participate in the generation of the stromal [Ca®]
change in response to light-to-dark transition (Nomura
etal., 2012). However, [Ca®*] measured in the thylakoid
lumen revealed unexpected Ca** dynamics in response
to darkness. In particular, the light-to-dark transition
induced a long-lasting and sustained [Ca®'] increase in
the thylakoid lumen. After 16 h of light, thylakoid lu-
men [Ca**] was maintained at about 0.25 um (a slightly
higher concentration than in the stroma). After lights
off, [Ca**] in the thylakoid lumen showed a progressive
increase to about 0.5 uM after 3 h of darkness. This high
[Ca**] remained unchanged during the night and cor-
relates well with the dark resting level observed in both
autotrophic cell cultures and seedlings. Due to the
lack of any detectable [Ca®'] changes either in the
cytosol or on the chloroplast surface, the dark-
induced intrachloroplast Ca** fluxes likely originate
from inside the organelle. Since the lights-off stimu-
lus was found to induce increases of [Ca®'] in both
stroma and thylakoid lumen, a possibility for the origin
of these Ca®* fluxes is the release of the ion from thy-
lakoid membrane proteins. Since there was a lack of
evident high—[Ca2+] microdomains close to the thylakoid

Figure 5. (Continued.)

), data are presented as means =+ st (black shading) of 15 traces obtained from 15 different plants derived from five independent
growth replicates. Arrows indicate the time of stimulation (100 s). In the inset in G, a magnification of the region between 150 and
400sisshown. B, C, E, F, H, I, K, and L show statistical analyses of Ca’* levels recorded after 150's (B, E, and K), after 600's (C, F, I,
and L), and at the peak (H). Bars labeled with different letters differ significantly (P < 0.05, Student’s t test).
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transition. Ca?* assays were conducted in Arabidopsis seedlings stably
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membrane, the involvement of soluble Ca*"-binding/
buffering proteins potentially located in the chloroplast
stroma cannot be ruled out. At later time points, the [Ca*]
peak in the stroma seemed to dissipate by the continuous
Ca®* uptake into the thylakoid lumen. This was respon-
sible for the generation of the high intraluminal [Ca®']
established progressively during the dark phase. The
finding that transient stromal Ca®* signals in response
to light-to-dark transition occurred only in chloroplasts
(but not in nongreen plastids of Arabidopsis cell cultures
[Sello et al., 2016], as confirmed recently by in vivo Ca**
imaging based on stroma-targeted cameleon [Loro et al.,
2016]) is consistent with our current data suggesting a
modulation of the lights-off-induced stromal Ca** tran-
sient by thylakoids.

As mentioned above, nigericin was reported to dis-
sipate ApH without affecting the Ay component of the
proton motive force in higher plants (Joliot and John-
son, 2011). Abolishment of the dark-induced Ca*
uptake into the thylakoid lumen observed after niger-
icin addition suggests that the ApH built up during
illumination is necessary for the dark-phase return
of stromal Ca** to the lumen. In the presence of niger-
icin, a sustained increase in thylakoid luminal Ca®* was
not observed. Instead, stromal Ca** was significantly
higher over prolonged time scales. The presence of a
residual ApH maintained across the thylakoid mem-
brane in the dark (Bailleul et al., 2015) may provide a
driving force for the uptake of Ca** into the lumen via a
Ca**/H" antiporter suggested previously to be local-
ized at thylakoid membranes (Ettinger et al., 1999). In-
terestingly, in the presence of nigericin during the light
phase (30 min before the shift to dark), aequorin-based
Ca®* measurements revealed an immediate, fast, and
unexpected Ca®" increase in the thylakoid lumen upon
transition to dark, which then dissipated just as quickly.
These rapid changes may be mediated by still uniden-
tified channel proteins that would allow the flux of
calcium ions according to the actual electrochemical
gradient, depending on both the concentration gradient
for Ca** and the membrane potential. One hypothesis is
that indirect inhibition of a Ca**/H" exchange activity
might cause a transient microdomain of high [Ca**] just
outside the thylakoid membrane, leading to a rapid and
transient opening of a still unidentified Ca®*-permeable
thylakoid channel. This is supported by the nigericin
experiments conducted with the TM-YA line. However,
the identities of Ca**-permeable channels/transporters
in the plastid envelope and thylakoid membranes re-
main unknown (Pottosin and Dobrovinskaya, 2015; Xu
etal., 2015; Carraretto et al., 2016). Unless the molecules

blue trace), thylakoid lumen (B; green trace), thylakoid membrane (C;
violet trace), cytosol (D; gray trace), and cytosolic surface of the plastid
outer envelope (E; brown trace). Data are presented as means * SE
(black shading) of 15 traces obtained from 15 different plants derived
from five independent growth replicates. In all graphs, the lights-off
stimulus starts at time 0.
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responsible for intraplastidial Ca®* transport and their
ion specificity are clarified, only a tentative interpreta-
tion of these results can be provided. Moreover, we
cannot exclude that nigericin also may affect H" gra-
dients across the inner envelope membrane (Checchetto
etal., 2016), thus participating in the observed increase
in stromal [Ca**] upon addition of the K*/H* iono-
phore. Furthermore, proton gradients in additional in-
tracellular membranes (such as the inner membrane of
mitochondria and the tonoplast) could be affected by
nigericin, and these changes might a priori contrlbute
indirectly to the observed intrachloroplast Ca** tran-
sients. In summary, the determination of the exact role
of transmembrane pH gradients in the regulation of
chloroplast Ca** fluxes requires further exploration.
Unfortunately, neither aequorin (a bioluminescent probe)
nor cameleon (a fluorescent probe) can be used for direct
[Ca?] measurements under white light conditions, such
that the luminal [Ca*] response to lights-on stimuli can-
not be easily measured.

In conclusion, the new toolkit of aequorin reporters
targeted to thylak01ds has provided estimates of the
thylakoid luminal [Ca**] and has shown that thylak01ds
have an active role in the modulation of chloroplast Ca**
responses to environmental cues. The 1nvolvement of
chloroplasts in switching off stromal Ca®" signals, such
as those triggered by salt stress, may be essenhal to quickly
restore low basal stromal [Ca”"] after a Ca** signaling event
that traverses into the organelle from the cytosol without
prolonging the transient in that compartment via a back
flux. For the light-to-dark transition, thylakoids may
play a key role in shaping the stroma-located tran-
sient Ca*" increase. This latter change in stromal [Ca*]
has been suggested to regulate the activity of some
Calvin cycle enzymes, resulting in a further inhibition
of CO, fixation during the night (Sai and Johnson, 2002;
Johnson et al., 2006) in addition to that provided by the
well-studied, light-driven thioredoxin system.

Thylakoid-targeted aequorin probes provide new tools
to analyze the role of thylakoid Ca** signals in modulat-
ing the many processes specific to the thylakoid lumen
(for review, see e.g. Finazzi et al., 2015; Hochmal et al.,
2015). This toolkit should initiate the identification and
eluc1dat10n of the functions of protein(s) that may medi-
ate Ca”" fluxes across thylakoids (e.g. the Ca> [Mn**]/H*
transporter) under different light and stress conditions.

MATERIALS AND METHODS

Molecular Cloning and Construction of
Expression Plasmids

The nucleotide sequences encoding the first 92 amino acids of TLP18.3
(At1G54780.1) and the first 137 amino acids (including the transmembrane
domain) of the thylakoid protein kinase STN7 (At1G68830) were used as tar-
geting sequences for the thylakoid lumen and the stromal surface of the thy-
lakoid membrane, respectively. These were cloned into vectors carrying the
coding sequence for YA to create expression cassettes driven by the UBI10
promoter (Supplemental Table S1). Afterward, expression cassettes were cloned
into pBIN19 vectors carrying Basta resistance via the Apal and NotI restriction
sites as described previously (Mehlmer et al., 2012), creating the final constructs
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pBIN19-TLP18.3-YA and pBIN19-STN7-YA (Fig. 1). For cloning of TLP18.3, the
primers 5'-AATAACCATGGAGACCCTTCTCTCCCCTCG-3" and 5'-ATTAT-
TAGCGGCCGCCATCGTTGAGGATATTGAAC-3" were used. For cloning of
STN7, the primers 5-TTATAAGGGCCCATGGCTACAATATCTCCGGG-3’
and 5-TAATTATGCGGCCGCTCCCAACAACAAAATCATCC-3" were used.

Generation of Transgenic Arabidopsis Lines

Arabidopsis (Arabidopsis thaliana) ecotype Columbia plants were trans-
formed with the floral dip method (Clough and Bent, 1998) with the constructs
pBIN19-TLP18.3-YA and pBIN19-STN7-YA to generate lines called TL-YA and
TM-YA, respectively. Primary T1 transformants were identified by Basta
(0.25%, w/v) spraying on soil. Successful transformation and expression of the
constructs were confirmed by the analysis of YFP fluorescence. Selected plants
were transferred into single pots, and the T2 generation was assayed for ae-
quorin expression and activity.

Analysis of Aequorin Expression

RT-PCR analyses were carried out using Arabidopsis leaves from 1-month-
old Basta-resistant plants. Total RNA was extracted using the RNeasy Plant Mini Kit
(Qiagen) and reverse transcribed with SuperScript III (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Primers designed on the cDNA se-
quence of aequorin (forward, 5-TCGACAACCCAAGATGGATTGGA-3'; re-
verse, 5'-TGATAGCATGCGAATTCATCAGTGTTTTAT-3') were used to analyze
aequorin gene expression. The coding sequence of actin was used as a
control (forward, 5'-GGTTGCACCGCCAGAGAGAAAATAC-3'; reverse,
5'-AACAAACTCACCACCACGAACCAGA-3’). Immunoblot analyses were
carried out on total protein extracts obtained from leaves of 1-month-old Ara-
bidopsis plants as described previously (Zonin et al., 2011). Aequorin fusion
proteins were decorated with a polyclonal anti-aequorin antibody (Abcam)
diluted 1:10,000. An Arabidopsis line stably expressing aequorin in the cytosol
(CPK17,,-NES-YA; Mehlmer et al., 2012) was used as a positive control.

Analysis of Aequorin Activity

For the initial screening of the T2 generation of Arabidopsis TL-YA and
TM-YA lines, luminescence levels were monitored in planta with a custom-built
luminometer (Electron Tubes) containing a 9893/350A photomultiplier (Thorn
EMI). Arabidopsis seeds were surface sterilized for 60 s in a 70% (v/v) ethanol
and 0.05% (v/v) Triton X-100 solution, 60 s in 100% (v /v) ethanol, and then dried
on an autoclaved Whatman paper disc for at least 10 min. Seeds were subse-
quently plated on one-half-strength Murashige and Skoog (MS) medium
(Duchefa Biochemie) containing 0.8% (w /v) plant agar supplemented with 1.5%
(w/v) Suc and 50 uMm Basta. After 48 h of stratification in darkness at 4°C, MS
plates were incubated in a growth chamber at 21°C with a 16-h/8-h light/dark
cycle. Five 11- to 14-d-old seedlings from all sublines were reconstituted
overnight with 5 uM coelenterazine (Prolume) and kept in the dark. The next
day, seedlings were placed singly in the luminometer chamber containing
300 uL of water, and total aequorin was discharged by injection of an equal
volume of the discharge solution (30% [v/v] ethanol and 1 m CaCl,). Total lu-
minescence values from every plant line were pooled, and the average lumi-
nescence was calculated. All subsequent analyses were carried out in the T3
generation.

Setup of Autotrophic Cell Suspension Cultures from the
Transformed Arabidopsis Lines

Arabidopsis seeds (T3 generation) from the TL-YA and TM-YA sublines that
revealed the highest aequorin activity were used to establish photosynthetic
cell cultures, as described recently (Sello et al., 2017). Briefly, surface-sterilized
seeds were plated on MS medium containing 3% (w/v) Suc, 0.8% (w/v)
agar, pH 5.5, 0.5 ug mL™! 2,4-dichlorophenoxyacetic acid, 0.25 pug mL ™
6-benzylaminopurine, and 50 um Basta. After exactly 3 weeks, well-developed
green calli formed at the hypocotyl. Those showing the highest YFP fluores-
cence were separated from roots and cotyledons, cut in small pieces with a
sterilized scalpel, and transferred into liquid MS medium containing 2% (w/v)
Suc with the same concentrations of phytohormones and herbicide as described
above. Cell suspension cultures were maintained at 24°C with a 16-h/8-h light/
dark cycle under an illumination rate of 110 umol photons m s ™' on a rotary
shaker at 80 rpm. They were subcultured every week by transferring 1 packed
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cell volume of cell culture in 20 mL of fresh medium containing decreasing Suc
concentration (up to 0.5%, w/v) to stimulate photosynthetic activity (Hampp
et al., 2012). The expression of thylakoid-targeted aequorin in the cell cultures
was confirmed by western-blot analyses of total protein extracts from mid-
exponential phase cultured cells. Densitometric analysis was carried out using
Quantity One software (Bio-Rad). Aequorin protein levels were normalized
against calreticulin (by using an anti-spinach calreticulin antibody diluted
1:2,000; Navazio et al., 1995) and compared with a cell line stably expressing
aequorin in the stroma (Sello et al., 2016).

Fluorescence and Confocal Microscopy Analyses

Developing calli were observed with a Leica MZ16F fluorescence stereo-
microscope equipped with a GFP filter (excitation at 450 /490 nm and emission at
500/550 nm) and a chlorophyll filter (excitation at 460/500 nm and emission
above 605 nm). Images were acquired with a Leica DFC480 digital camera using
the Leica Application Suite software. Arabidopsis seedlings (14-d-old) grown
either under a 16-h-light/8-h-dark cycle or in the dark (etiolated seedlings) in
vertical square petri dishes (100 X 100 X 20 mm) and suspension-cultured cells
(4-d-old) were observed with a Leica TCS SP5 II confocal laser scanning system
mounted on a Leica DMI6000 inverted microscope. Excitation with the argon
laser was carried out at 488 nm, and the emitted fluorescence was detected at
505 to 530 nm for YFP and at 680 to 720 nm for chlorophyll.

Pulse Amplitude Modulation Analyses

Arabidopsis seedlings and exponentially growing cell suspension cultures
were placed in a Closed FluorCam 800 MF (Photon Systems Instruments), and
the photosynthetic activity was measured as F,/F,, (where F, is the difference
between the maximal [F ] and the basal [F;] fluorescence of chlorophyll).
Chlorophyll fluorescence images were recorded using a CCD camera, and data
analysis was conducted using the FluorCam 7 software (Photon Systems In-
struments).

Immunocytochemistry and TEM Analyses

Leaf fragments from 2-week-old Arabidopsis plants were fixed overnight at
4°C in 4% (v/v) paraformaldehyde and 0.5% (v/v) glutaraldehyde in 0.1 m
cacodylate buffer, pH 7. After three washes in cacodylate buffer, dehydration in
a graded ethanol series was performed. Samples were then embedded pro-
gressively in medium-grade London Resin White (PolySciences). Ultrathin
sections (500 A) were obtained on a Reichert-Jung ultramicrotome and mounted
on uncoated nickel grids. For immunogold labeling, grids were incubated for
45 min in 0.1% (v/v) Tween 20, 1% (w/v) BSA in TBS, and then for 1 h with
rabbit anti-aequorin antibody at a 1:1,000 dilution. After three washes with
0.1% (v/v) Tween 20 in TBS, samples were incubated for 1 h with an anti-rabbit
secondary antibody conjugated with colloidal gold particles of 10 nm diameter
(Sigma-Aldrich) diluted 1:100. After two washes as above and one wash in
distilled water, samples were exposed to osmium tetroxide vapors overnight.
After extensive washing with distilled water, samples were counterstained with
uranyl acetate and lead citrate and observed using a Tecnai 12-BT transmission
electron microscope (FEI) operating at 120 kV and equipped with a Tietz
camera. Arabidopsis wild-type plants and plants stably expressing aequorin in
the chloroplast stroma (Mehlmer et al., 2012) were used as negative and positive
controls, respectively. TEM analyses of chloroplast ultrastructure were carried
out as described by Zuppini et al. (2004).

Chloroplast Isolation and Thermolysin Treatment

Chloroplasts were isolated from leaves of 1-month-old Arabidopsis plants
using the procedure described by Aronsson and Jarvis (2011). Chloroplasts were
resuspended in wash buffer (0.3 M sorbitol, 50 mm HEPES/KOH, 3 mm MgCl,,
and 1 mm CaCl,, pH 7.6), vigorously diluted with 10 volumes of osmotic shock
buffer (50 mm HEPES/KOH, 3 mm MgCl,, and 1 mm CaCl,, pH 7.6), and then
centrifuged at 48,000¢ for 10 min at 4°C to isolate thylakoids. The thylakoid-
containing pellet was then resuspended in wash buffer. Treatment with the
proteolytic enzyme thermolysin was carried out as described by Mehlmer et al.
(2012). Briefly, the thylakoid suspension (50 ug of protein) was incubated with
0.1ug ul™? thermolysin (Sigma-Aldrich) for 20 min on ice, and the reaction was
stopped by the addition of 5 mm EDTA. Immunoblot analyses were conducted
as described above.
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Aequorin-Based Ca®* Measurement Assays

For Ca® measurement assays in the Arabidopsis cell lines stably expressing
aequorin targeted to the thylakoid system, exponentially growing (4-d-old)
autotrophic cell suspension cultures were reconstituted overnight with 5 um
coelenterazine. On the following day, after extensive washing, 50 uL of cells
was placed in the luminometer chamber and exposed to different environ-
mental stimuli, as described by Sello et al. (2016). Oxidative stress (10 mm H,O,),
salt stress (0.3 M NaCl), and pathogen attack (20 ug mL™' OGs with degree of
polymerization from 10 to 15; Moscatiello et al., 2006) were simulated by
injection into the cell suspension culture of an equal volume of a 2-fold-
concentrated stimulant dissolved in plant cell culture medium. Touch
controls were performed by injecting an equal volume of plant cell culture
medium. Ca®" dynamics were recorded for a total of 700 s before the in-
jection of 100 uL of the discharge solution (30% v/v ethanol and 1 m CaCl,).
The light signal was collected and converted offline into Ca®* concentration
values using a computer algorithm based on the Ca®* response curve of
aequorin (Brini et al., 1995). In parallel experiments, an Arabidopsis auto-
trophic cell line stably expressing aequorin in the chloroplast stroma (Sello
et al., 2016) was used. Cell viability was determined, after 1 h of treatment
with the above stimuli, by the Evans blue method (Baker and Mock, 1994).

To perform Ca®* measurements in aequorin-expressing seedlings in toto,
seeds (T3 generation) were surface sterilized and sown on agarized (0.8% [w/V]
plant agar) one-half-strength MS medium supplemented with 1.5% (w/v) Suc
to germinate under a 16-h/8-h light/dark cycle at 21°C. After overnight re-
constitution with 5 um coelenterazine, 7- to 14-d-old seedlings were exposed to
the same stimuli used for the in vitro cell cultures, as described above. For the
monitoring of Ca®* dynamics in response to light-to-dark transition, Arabi-
dopsis lines stably expressing aequorin targeted to the cytosol and outer surface
of the plastid envelope (Mehlmer et al., 2012) also were used. At the beginning
of the dark phase, reconstituted seedlings were quickly transferred into the
luminometer chamber containing 300 uL of water, and Ca®* dynamics were
monitored for a total of 3 h. In some experiments, seedlings were pretreated
with 5 uM nigericin (Sigma-Aldrich) for 30 min before the end of the light phase
or for 45 min after the onset of darkness. The final concentration of ethanol was
0.1% (v/v).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: NP_564667 (Arabidopsis TLP18.3,
At1G54780.1), NP_564946 (Arabidopsis STN7, At1G68830), NP_565954 (Arabi-
dopsis NTRC, At2G41680), NP_190810 (Arabidopsis OEP7, At3G52420) and
NP_196779 (Arabidopsis CPK17, At5G12180).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Confocal microscopy analyses of roots of Arabi-
dopsis seedlings of the TL-YA and TM-YA lines.

Supplemental Figure S2. Setup of Arabidopsis photosynthetic cell suspen-
sion cultures from the TL-YA and TM-YA lines.

Supplemental Figure S3. Effect of the treatment with different stimuli on
Arabidopsis cell viability.

Supplemental Figure S4. Monitoring of subchloroplast free [Ca®*] in Ara-
bidopsis transgenic lines in response to touch.

Supplemental Figure S5. Monitoring of subchloroplast free [Ca*'] in Ara-
bidopsis transgenic lines in response to oxidative stress over 1 h, and
comparison of luminescence levels in aequorin-expressing seedlings ver-
sus wild-type seedlings.

Supplemental Figure S6. Control measurements of luminescence levels
upon light-to-dark transition in Arabidopsis seedlings.

Supplemental Figure S7. Monitoring of thylakoid luminal [Ca*"] in Ara-
bidopsis seedlings that were transferred to the luminometer chamber
after 6 h of dark or at the end of the dark phase.

Supplemental Figure S8. Effect of the H'-translocating uncoupler nigericin
on dark-induced Ca?* dynamics in the thylakoid lumen, stroma, and
stromal surface of thylakoids.
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Supplemental Table S1. Amino acid and corresponding nucleotide se-
quences used for the targeting of the YA fusion proteins to the thylakoid
lumen and thylakoid membrane.
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Supplemental Figure S1. Confocal microscopy analyses of roots of Arabidopsis
seedlings of the TL-YA and TM-YA lines. Seedlings were grown under a 16h/8h
light/dark photoperiod (panel A) or in the darkness (panel B). Bars, 25 pym.
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Supplemental Figure S2. Set up of Arabidopsis photosynthetic cell suspension cultures from the
TL-YA and TM-YA lines. A, Observations at the fluorescence stereomicroscope of green calli
derived from dedifferentiation of hypocotyls from Arabidopsis seeds germinated on hormone-
enriched MS solid medium. Bar, 1 mm. B, Photosynthetic cell suspension cultures obtained after
the transfer of green calli from solid to liquid medium containing a progressively reduced sucrose
concentration (from 2% to 0.5%). C, PAM imaging analyses of TL-YA (F/F, = 0.67) and TM-YA
(F,/F, = 0.72) suspension-cultured cells. D, Analysis of aequorin protein levels in TL-YA and TM-YA
cell cultures, in comparison with a cell line expressing stroma-targeted aequorin (Str-YA).
Densitometric analysis of Western blots. Relative abundance of aequorin was normalized against
calreticulin. Data are the means = SD (n = 3).
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Supplemental Figure S3. Effect of the treatment with different stimuli on
Arabidopsis cell viability. Exponentially growing cells were incubated for 1 h with 10
mM H,O,, 0.3 M NaCl, or 20 pg/ml OGs (grey columns). Control cells (white
column) were incubated with cell culture medium only. The 100% value corresponds
to cells treated for 10 min at 100°C (black column). Data are the means + SE (n=5).
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Supplemental Figure S6. Control measurements of luminescence levels upon
light-to-dark transition in Arabidopsis aequorin-expressing seedlings that were
not reconstituted with coelenterazine (A) versus wild-type (non-transformed)
seedlings incubated with coelenterazine (B). Data are presented as means + SE
of 8 experiments.
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Supplemental Figure S8. Effect of the H*-translocating uncoupler nigericin on
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of thylakoids. Arabidopsis seedlings stably expressing YFP-aequorin in the
thylakoid lumen (TL-YA, A-C), stroma (Str-YA, D-F) or stromal side of the
thylakoid membrane (TM-YA, G-l) were subjected to light-to-dark transition in
control conditions (A, green trace; D, blue trace; G, violet trace) or after 30 min
pre-treatment with 5 uM nigericin (A, D, G, grey trace). In the insert of panel A,
nigericin was added (arrow) 45 min after darkness. Traces represent average
[CaZ*] responses * SE (black shading) of at least four independent
experiments. B-C, E-F, H-I, Statistical analysis of [Ca2*] levels measured at the
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Supplemental Table S1. Amino acid and corresponding nucleotide sequences used for

the targeting of the YA fusion proteins to the thylakoid lumen and thylakoid membrane.

TLP18.3 — thylakoid lumen
METLLSPRALSPPLNPKPLSLHQTKPTSHSLSLSKPTTFSGPKHLSTRFTKPESRN
WLIDAKQGLAALALSLTLTFSPVGTALASEFNILND
atggagacccttctctccectegtgegetctetectectetcaatcccaaacctttgtecettcaccagaccaaacccacttcacat
tcattgtctctctcaaaacccaccaccttctccggtectaaacacctctccacceggttcactaaaccggaatcaagaaactggtt
aatagatgcaaagcaaggactagctgctttagctttatctctaactctcactttctcacctgttggcactgcetttagectctgagttc

aatatcctcaacgat

STN7 — thylakoid membrane
MATISPGGAYIGTPSPFLGKKLKPFSLTSPILSFKPTVKLNSSCRAQLIDTVHNLFI
GVGVGLPCTVMECGDMIYRSTLPKSNGLTITAPGVALALTALSYLWATPGVAPGF
FDMFVLAFVERLFRPTFRKDDFVVG
atggctacaatatctccgggaggagcttacatcggaactccctcaccgtttctcggcaaaaaactcaaacctttctctctaactte
accgattttgagttttaaaccaacggttaagctcaattccagttgtcgcgctcaattgatcgatacggttcacaatctcttcatcgga
gttggagttggacttccatgtacggttatggagtgtggteatatgatatatcgaagtacttitgeccgaaatctaatggtttaacgate
actgctcctggagtagcetttagctctcactgctctttcgtatctatgggcaacacctggtgttgctectgggtttttcgatatgtttgtt
cttgcttttgttgagagattgtttcgacctacttttagaaaggatgattttgttgttggg
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PROLOGUE

Although increasing knowledge supports the integration of chloroplasts in the
overall cell Ca?* homeostasis and signalling, very little is known to date about
the molecular players that regulate Ca?* fluxes across chloroplast membranes.
Concerning active transporters that may mediate Ca?* mobilization in
chloroplasts, a few reports have suggested the presence of the Ca?* ATPase
ACA1 (Huang et al., 1993) and the P-type ATPase HMA1 (Ferro et al., 2010)
on chloroplast envelope, but their intracellular localization is still under debate.
Moreover, early biochemical evidence provided compelling evidence for the
presence of a Ca?*/H* antiporter at the thylakoid membrane (Ettinger et al.,
1999). More recently, PAM71 and PAM71-HL (also called BICAT1 and 2) were
demonstrated to act as divalent cation/proton exchangers able to transport
either Mn?* or Ca?* in exchange with H* (Schneider et al., 2016; Frank et al.,
2019). The Ca?*/H* antiporters, which were suggested to play a key role in
Ca?* and pH homeostasis (Wang et al., 2016), are localized at the thylakoid
membrane and inner membrane of the chloroplast envelope, respectively.
Interestingly, a reduced cytosolic Ca?* transient upon treatment with a
hyperosmotic stress was observed in knockout mutants lacking the envelope-
located K*/H* antiporters KEA1 and KEA2, suggesting a specific but still
elusive link between these K* transporters and Ca?* mobilization pathways at
chloroplast membranes (Stephan et al., 2016).

Concerning Ca?*-permeable channels located at plastidial membranes, the
most promising candidates were a chloroplast-targeted homologue of the
mitochondrial calcium uniporter (cMCU) (De Stefani et al.,, 2011) as well as
two members (GLR3.4 and GLR3.5) of the glutamate receptor-like family, a
group of ligand-gated cation channels mainly activated by glutamate (Wudick
et al., 2018a and 2018b). This chapter deals with the identification and
functional characterization of cMCU in Arabidopsis thaliana, whereas Chapter
4 focuses on preliminary analyses carried out in Arabidopsis mutant lines
defective in either GLR3.4 or GLR3.5, respectively.

The research study regarding cMCU has involved the collaborative work of

several laboratory teams, mainly located at the Department of Biology,
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University of Padova. Among the six Arabidopsis homologues of MCU, only
one (encoded by At5g66650 gene) displays an N-terminal signal sequence
that is predicted to target the protein to chloroplasts (Stael et al., 2012). In the
work presented in this chapter evidence was provided that this chloroplast-
localized MCU homologue serves as an ion channel mediating Ca?* fluxes into
the organelle in vivo. Indeed, Western blot analyses as well as confocal
microscopy analyses of Arabidopsis seedlings and protoplasts (derived from
photosynthetic and heterotrophic suspension-cultured cells) transformed with
a cMCU-GFP construct confirmed the localization of the protein at the
chloroplast envelope. The ability of cMCU to conduct Ca?* was investigated
using electrophysiology and the channel was found to be inhibited by Gd3* and
ruthenium red, two classical blockers of MCU in animal cells. Functional
characterization of this chloroplast Ca?*-permeable channel was performed by
heterologous expression in E. coli of both cMCU and its mutated version
cMCU(QQ) (in which crucial acidic residues of the selectivity filter had been
replaced by two glutamine residues). Ca?* assays performed in E. coli strains
expressing aequorin as a cytosolic Ca®* probe demonstrated the induction of
robust Ca?* transients in response to external Ca?* pulses only in the bacterial
line expressing wild-type cMCU. Moreover, ruthenium red was found to inhibit
the bacterial Ca®* uptake in a dose-dependent manner. Functional and
structural aspects of the cMCU channel were further investigated on the
purified recombinant cMCU N-terminal domain (NTD) by conducting native
polyacrilamide gel electrophoresis (PAGE), crosslinking experiments, size-
exclusion chromatography and #°Ca’*-overlay studies. All these in vitro
biochemical assays confirmed the cMCU NTD tendency to oligomerize into
tetramers and to weakly bind Ca?*; nevertheless, Ca?* does not interfere with
the oligomerization state of NTD.

In addition to the functional characterization of cMCU, my contribution to this
work mainly focused on Ca?* measurement assays performed on two
independent Arabidopsis knockout lines and respective wild-type lines (Col-0
and Col-4 genetic backgrounds), that were stably transformed with a construct
encoding YFP-aequorin targeted to the plastid stroma. Among the different

environmental stimuli that were tested on these lines, acute oxidative stress
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and osmotic stress were found to trigger Ca?* transients characterized by a
significantly lower amplitude in the knockout lines with respect to wild-type
ones. Interestingly, wild-type and cMCU knockout plants expressing cytosolic
aequorin exhibited similar Ca?* signatures in response to osmotic stress,
suggesting that drought may affect only stromal Ca?* concentrations in a
cMCU-dependent manner, without altering the bulk [Ca?*]cyt. Plants lacking
cMCU did not display constitutive growth defects, impaired photosynthetic
efficiency or altered chloroplast ultrastructure; on the contrary, prolonged water
starvation (up to 18 days) resulted in an improved drought tolerance of cmcu
lines compared to wild-type one (both at the phenotypic and at the
photosynthesis efficiency level). Moreover, in contrast to wild-type plants,
cmcu knockout plants were able to fully recover leaf turgor and photosynthetic
activity after irrigation for 1 day. The key components of the Ca?*-related
signalling pathway underlying this improved tolerance of cmcu mutants to
drought were also investigated. Osmotic stress was found to increase
MAPK®S/6 phosphorylation in leaves of both cMCU ko lines compared with wild-
type leaves, together with an altered expression of the ERF6 and MYB60
transcript factors, which in turn are responsible for the modulation of stomata

closure.

In summary, in this work the first bone fide Ca?*-permeable channel targeted
to chloroplasts was identified and functionally characterized. Moreover, it was
demonstrated to be involved in the plant cell response to osmotic stress via a
Ca?*-dependent signalling pathway that involves MAPK3/6, ERF6 and MYBGO0.
These data indicate that cMCU is involved in the regulation of chloroplast-to-
nucleus signalling evoked by osmotic stress and demonstrate that a
chloroplast-located Ca?* channel acts as a component of environmental
sensing. The increased resistance of cMCU knockout plants to long-term H20
deficit and improved recovery on rewatering suggest a possible
biotechnological exploitation for the development of new strategies to mitigate
the negative impact of climate change on plant productivity.

This work, that was published in Nature Plants (Teardo et al., 2019), was also
commented in the “news and views” section of the journal issue (Stael, 2019).
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In that commentary, relevance was given to the new insights provided by our
findings into the impact of chloroplast Ca?+-signalling on drought tolerance and
plant physiology in general (Fig. 1).
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Fig. 1. cMCU-mediated chloroplast calcium signals modulate stomata closure and tolerance
to drought in Arabidopsis. a, Environmental stress conditions of both abiotic and biotic nature
trigger [Ca?*] transient elevations in the chloroplast stroma. b, Identification of cMCU as the
first chloroplast-located Ca?*-permeable channel involved in Ca?*-mediated signal
transduction in response to osmotic stress. Compared to the recently identified potential
Ca2t/H* antiporters BICAT1 and 2, cMCU was shown to transport Ca?+ from the cytosol into
the chloroplast stroma during specific osmotic stress-induced events. These chloroplast-
specific Ca?* signatures were also linked to downstream activation of a MAPK3/6-mediated
signalling pathway (from Stael, 2019).
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The study about cMCU, published in Nature Plants (Teardo et al., 2019), has also
attracted a great deal of interest from the local and national press, as attested by several
articles that appeared either online or in printed versions in newspapers/magazines
sections such as:

« ANSA
(http://www.ansa.it/canale scienza tecnica/notizie/biotech/2019/06/12/scoperto-
il-segreto-che-fa-resistere-le-piante-alla-siccita- 7c0a6f30-12bc-46bf-806a-
8ac45b7e9be3.html);

* |l Bo Live (https://ilbolive.unipd.it/it/news/piante-proteina-resistenza-siccita);

» Le Scienze
(https://www.lescienze.it/news/2019/06/11/news/piante scoperta proteina che
genera resistenza alla siccita -4442934/);

 BBC Scienze (vol. Sept./Oct. 2019);

» Treccani Atlante
(http://www.treccani.it/magazine/atlante/scienze/La proteina della siccita.html);

» la Repubblica
(https://www.repubblica.it/scienze/2019/06/11/news/scoperto il segreto che fa
resistere le piante alla siccita -228501105/);

» Corriere del Veneto (Moranduzzo S. "Equipe padovana scopre il segreto che fa
resistere le piante alla siccita" Corriere del Veneto. Ed. Venezia. (2019): Pagina
6. Stampato il 12 giugno 2019).

This work was also the subject of an interview on Rai Radio3 Scienza
(https://media.mimesi.com/cacheServer/serviet/CNcacheCopy?file=pdf/201906/18/2477
7 binpage1932145619.pdf&authCookie=-1056898719&trc=pMailCN-t20190618-
a443568106-h43663-c2784-18274-n24777-u7474).
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A chloroplast-localized mitochondrial calcium
uniporter transduces osmotic stress in Arabidopsis

Enrico Teardo'>, Luca Carraretto’, Roberto Moscatiello', Enrico Cortese
1, Lorenzo Maso', Sara De Bortoli', Tito Cali
1, Lorella Navazio

Margherita Festa

Elide Formentin ©'#*, Laura Cendron

Chloroplasts are integral to sensing biotic and abiotic stress in
plants, but their role in transducing Ca**-mediated stress sig-
nals remains poorly understood'?. Here we identify cMCU, a
member of the mitochondrial calcium uniporter (MCU) family,
as an ion channel mediating Ca?* flux into chloroplasts invivo.
Using a toolkit of aequorin reporters targeted to chloroplast
stroma and the cytosol in ¢cMCU wild-type and knockout
lines, we provide evidence that stress-stimulus-specific Ca?+
dynamics in the chloroplast stroma correlate with expression
of the channel. Fast downstream signalling events triggered
by osmotic stress, involving activation of the mitogen-acti-
vated protein kinases (MAPK) MAPK3 and MAPK®6, and the
transcription factors MYB60 and ethylene-response factor
6 (ERF6), are influenced by cMCU activity. Relative to wild-
type plants, cMCU knockouts display increased resistance to
long-term water deficit and improved recovery on rewatering.
Modulation of stromal Ca?* in specific processing of stress
signals identifies cMCU as a component of plant environmen-
tal sensing.

Plants have evolved a complex suite of responses that are exqui-
sitely fine-tuned to enable them to cope with abiotic and biotic
stresses. Chloroplasts sense environmental conditions and chlo-
roplast-specific responses are indispensable for the survival of
plants following abiotic and biotic stress (for example, in ref. °).
Although Ca®* is a ubiquitous intracellular messenger involved in
physiological and stress responses of plants’, recent data indicate
that chloroplasts respond to environmental stimuli with specific
Ca?* signals™'°. Chloroplasts contain high concentrations of Ca*",
although most of it is present in bound form and may serve as intra-
cellular cytosolic ‘Ca®* capacitors” for plant cells, thereby shaping
cytoplasmic Ca?* transients''""”. However, the molecular entities
that mediate negative-voltage-driven (—100 mV) Ca®" uptake across
the inner envelope membrane remain elusive'*'".

To fully understand the impact of chloroplast Ca** dynamics
on plant physiology, it is necessary to identify the Ca** transport-
ers involved. Among the six homologues of mitochondrial calcium
uniporter (MCU)’ in Arabidopsis thaliana, At5g66650, named here
cMCU, displays a strong predicted consensus targeting motif for
chloroplasts and a lower probability sequence for mitochondria
(scores of 18.5 and 8.8, respectively) (http://aramemnon.uni-koeln.
de). To experimentally test its localization, protoplasts isolated from
wild-type plant mesophyll cells (Fig. 1a) and from cultured autotro-
phic (Supplementary Fig. 1a) or heterotrophic (Supplementary Fig.
1b) cells were transformed with cMCU::EGFP::35S construct for

1, Mattia Vicario',
2, Ute C. Vothknecht®3,
14* and lldiko Szabo ©4*

expression of a cMCU fusion with green fluorescent protein (GFP).
Localization of the protein to the chloroplast envelope was observed,
similar to that of the envelope marker ‘outer envelope membrane
protein 7' (OEP7) (Supplementary Fig. 1c) and in contrast to the thy-
lakoid-located potassium channel TPK3'® (Supplementary Fig. 1d).
This localization was also observed in protoplasts from meso-
phyll cells of cMCU knockout Arabidopsis plants (Supplementary
Fig. 2a) either transiently transformed (Supplementary Fig. 2b-d)
or stably transfected with cMCU-GFP under the control of the
endogenous promoter (Fig. 1b and Supplementary Fig. 2e). In addi-
tion, when protoplasts from plants were transformed with both
OEP7::GFP::35S and cMCU::tdTomato::35S constructs, a clear
co-localization of the two signals was observed, further indicat-
ing envelope localization of cMCU (Fig. 1c and Supplementary
Fig. 3a,b). In intact plants stably expressing mitochondrial B-F1-
ATPase-EGFP that were transformed with cMCU::tdTomato, the
channel localized predominantly to chloroplasts (Supplementary
Fig. 3c and Supplementary Video 1). In accordance with chloro-
plast localization—further confirmed by western blot using chlo-
roplasts from plants stably expressing cMCU-GFP (Fig. 1d and
Supplementary Fig. 3d)—quantitative PCR (qPCR) analysis showed
prevalent expression of cMCU in fully expanded leaves (Fig. 1e). In
leaf epidermal cells (Supplementary Fig. 4a-c and Supplementary
Videos 2 and 3) and in the root (Supplementary Fig. 4d), cMCU was
preferentially targeted to mitochondria. In guard cells harbouring
green chloroplasts, cMCU was observable in chloroplasts but not in
mitochondria, as shown by tetramethylrhodamine staining of mito-
chondria (Supplementary Fig. 4e,f and Supplementary Video 4),
suggesting that the predicted dual localization is cell type-depen-
dent and that in the absence of mature plastids or chloroplasts,
c¢MCU can be targeted to mitochondria.

Next, we investigated the ability of cMCU to conduct Ca?* using
electrophysiology. Similarly to the mammalian MCU" and to A.
thaliana MCU1', in vitro-expressed cMCU (Supplementary Fig. 5a)
can conduct sodium when divalent cations are not present (Fig. 2a)
and forms channels with low conductance (8+2 pS) in Ca*-
gluconate solution. cMCU is inhibited by gadolinium (Gd**) and
ruthenium red (RR), two classical inhibitors of MCU (Fig. 2a,b and
Supplementary Fig. 5b). In a previous study, uptake of Ca** into iso-
lated chloroplasts was proposed to be mediated by a ruthenium red-
sensitive uniport-type carrier in the envelope membrane®.

To functionally characterize cMCU in vivo, we first established
a heterologous system using Escherichia coli cells expressing the
Ca’*-sensitive photoprotein aequorin as a cytosolic Ca*" reporter.
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Fig. 1| cMCU localizes to chloroplasts in Arabidopsis mesophyll cells.

a,b, Mesophyll protoplasts isolated from mesophyll cells of wild-type (WT)
Arabidopsis plants transiently transformed with cMCU:GFP:35S construct
(a) or from cMCU knockout plants stably transfected with plasmid
encoding cMCU-GFP under the control of the endogenous promoter (b),
showing localization of cMCU to chloroplasts in protoplasts. ¢, Protoplasts
from plants expressing OEP7-GFP and cMCU-tdTomato. cMCU clearly
localizes to the chloroplast envelope. Scale bars in a-¢, 10 um. d, Western
blot of lysate from purified chloroplasts from wild-type Arabidopsis

plants and from plants expressing cMCU-GFP under the control of two
35S promoters (OEx) (100 pg total protein per lane). cMCU-GFP was
detected with GFP antibody; the predicted molecular weight of cMCU-
GFP is 67 kDa. The loading control is D1 core protein of photosystem 1.
Contamination by mitochondria is negligible (see Supplementary Fig. 3d).
Localization studies in a-d are representative of 3-5 biological replicates
with independent plants giving the same results. e, cMCU expression

in different plant tissues (n = 3; data are mean +s.d.). Transcript levels
relative to the young leaf (YL) sample are shown. ACTIN 2 was used as the
reference gene. FEL, fully expanded leaves; OL, old leaves (external leaves
from four-week-old rosette); FLW, flowers; Seeds, imbibed seeds.

E. colicells were transformed with constructs encoding either the full-
length wild-type cMCU homologue or a mutated version, in which
crucial acidic residues of the selectivity filter (WDVMEP) had been
replaced by two glutamine residues (cMCUQQ)"” (Supplementary
Fig. 6a). Potent Ca’* transients were detected in the bacterial cells
expressing wild-type cMCU in response to external Ca** pulses
in a dose-dependent manner, whereas in cMCUQQ-harbouring
cells, such transients were as low as in the E. coli control (Fig. 2c,d).
Moreover, ruthenium red effectively inhibited the Ca** uptake in
a dose-dependent manner (Fig. 2e and Supplementary Fig. 6b).
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Altogether, these results confirmed that cMCU is a pore-form-
ing unit defining the minimal element sufficient for the Ca®*
uniporter activity.

MCU homologues are detectable in most branches of eukaryotic
life from protists to metazoan. The recently reported cryo-electron
microscopy (cryo-EM) and X-ray structures of MCU proteins®~*
have enabled reconstruction of a reliable model for the highly con-
served pore- and vestibule-forming cMCU tetramer by homology
modelling (Supplementary Fig. 7a). The N-terminal subdomain
(NTD) sequences of all the Arabidopsis cMCU isoforms do not
share sequence homology with any of the MCU structures deter-
mined so far (Supplementary Fig. 6a). Multiple independent predic-
tion servers identified similarities of cMCU NTD to the C-terminal
of Roc (COR) dimerization device of Ras of complex proteins—C-
terminal of Roc (RocCOR) GTPase from Chlorobium tepidum and
to calmodulin-like structures such as red fluorescent genetically
encoded Ca?* indicator for optical imaging (RGECO). The similar-
ity to RocCOR supports the intrinsic tendency of cMCU NTD to
oligomerize, whereas the similarity to RGECO leads to the hypoth-
esis of Ca** binding by the NTD (Supplementary Fig. 6a).

Next, structural and functional aspects of cMCU were investi-
gated in vitro: recombinant NTD domain (Supplementary Fig. 7b)
clearly showed a tendency to oligomerize into tetramers in cross-
linking experiments (Fig. 2h), native polyacrylamide gel electro-
phoresis (PAGE) (Supplementary Fig. 7c) and in size-exclusion
chromatography (Supplementary Fig. 8a). *Ca?*-overlay stud-
ies indicated the ability of NTD to bind Ca**, albeit more weakly
than well-characterized Ca**-binding proteins (Supplementary
Fig. 8b). However, size-exclusion chromatography in the presence
of a large excess of Ca?* or the chelating agent EGTA suggested
that Ca?* does not interfere with the oligomerization state of NTD
(Supplementary Fig. 8a). cMCU primary sequence analysis and a
homology model built using Phyre2* enabled us to identify three
segments reminiscent of EF-hand motifs (107-118, 159-172 and
194-205), with only the first showing a conserved pattern (Fig. 2g
and Supplementary Fig. 6a). Mutation of the 107-118 EF-hand-like
motif (Supplementary Fig. 8c)) resulted in a significant reduction
in Ca?* uptake (Fig. 2f and Supplementary Fig. 8d). Together, these
results support the hypothesis that NTD may play a role in both
the tetramerization of cMCU channel and the regulation of Ca**-
transporting efficiency, possibly through conformational dynamics
or changes involving the EF-hand-like motif.

Various stress stimuli including osmotic stress and oxidative
stress can cause increases in the cytosolic free-Ca*" concentration
in plants (for example, in refs. >**), and these transient Ca?* changes
may trigger, in turn, the uptake of Ca®" into the chloroplast'’. To
analyse the involvement of cMCU in the organellar Ca** fluxes
evoked by different environmental stimuli in vivo, two independent
Arabidopsis knockout lines and respective wild-type lines (Col-0
and Col-4 genetic backgrounds) were stably transformed with a
construct encoding yellow fluorescent protein—aequorin targeted to
the plastid stroma'>*>*°, Evidence for the correct subcellular local-
ization of the Ca?* probe was provided by laser-scanning confocal
microscopy analysis (Supplementary Fig. 9). In accordance with the
localization of cMCU in the chloroplast envelope membrane, we
observed a clear difference in stromal Ca** levels between wild-type
plants and those lacking cMCU on application of acute oxidative
stress (Fig. 3a,b) or osmotic stress, triggered by application of either
mannitol”” (Fig. 3¢,d) or sorbitol*® (Supplementary Fig. 10a,b). Such
differences were not observable when seedlings were subjected to salt
stress (Fig. 3e,f) or to the biotic stress elicitor flg22 (Supplementary
Fig. 10c), indicating the involvement of this Ca** channel in the
organellar response to specific environmental cues. In addition,
wild-type and cMCU knockout plants displayed similar Ca** signa-
tures in the thylakoid lumen, in accordance with the envelope local-
ization of cMCU (Supplementary Fig. 11a-d). This is in agreement
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Fig. 2 | Recombinant cMCU mediates Ca?* fluxes in electrophysiological experiments and in a heterologous expression system. a,b, Representative
current traces recorded in a planar lipid bilayer using in-vitro-expressed and solubilized cMCU in 100 mM Na-gluconate solution (n=12) (a) and in 100 mM
Ca-gluconate (n=7) (b) before (left) and after (right) addition of 100 uM gadolinium (Gd**) (n=6) or of 10 uM ruthenium red (RR) (n=5). Vcis (voltage
applied on the cis side of the bilayer chamber): =60 mV (a) and =120 mV (b). Closed (c) and open (o1 and 02) states are indicated. Amplitude histograms
from current traces of >30s are shown in Supplementary Fig. 5b. ¢, Cytosolic Ca?* concentration ([Ca**].,) measured using cytosol-targeted aequorin in

E. coli cells transformed with aequorin only, with aequorin and cMCU or with aequorin and inactive cMCU harbouring two single point mutations (from E/D
to Q) in the pore region (cMCU QQ), and challenged with a single dose of 12uM CaCl, added to the external medium. d, Peak cytosolic Ca?* concentration
measured as in ¢ as a function of externally added Ca?*. e, Dose-dependent inhibition of Ca?* uptake by increasing doses of ruthenium red. f, Cytosolic

Ca?* peak measured in E. coli cells transformed with aequorin and wild-type cMCU or one of the following mutated variants: D107A/E118K, D159A, D194A,
E205K, D194A/E205K (cMCUASP variants that harbour the specified single or double point mutations in the NTD in putative calcium binding motifs)

and QQ mutant (D248Q/E251Q). The histogram shows the average cytosolic Ca** peaks, normalized to the wild-type cMCU (n=6 biological replicates;
data are mean + s.e.m.) following addition of maximal free Ca?* to the cells. Statistically significant differences (P < 0.001, Student's t-test) were observed
between the WT and QQ mutant, as well as the WT and the D107A/E118K mutant. g, Structural overview of the studied cMCU mutations. Grey and blue
cartoon view of cMCU hypothetical tetrameric assembly built by homology modelling (Phyre2 server), adjusted with graphical software, crude molecular
dynamics and geometry optimization (Phenix Interface). For clarity, mutated residues side chains are shown as spheres and labelled only on the blue
monomer. h, Cross-linking studies with purified NTD using glutaraldehyde vapours, analysed by SDS-PAGE with silver staining.
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Fig. 3 | Monitoring of stromal Ca?* concentration reveals differential calcium dynamics and signalling in wild-type versus cMCU knockout plants.

a-f, Stromal calcium concentration ([Ca?*],,) in two Arabidopsis wild-type ecotypes (red and blue) and in two independent cMCU knockout (violet and
green) lines. Traces represent average [Ca*] responses + s.e.m. (black shading) of n> 6 independent plants from three biological replicates. Stimuli

(a,b, 10mM H,0,; ¢,d, 600 MM mannitol; e,f, 300 mM NaCl) were applied (arrows) after 60s. In b,d.f, statistical analysis of Ca?* concentration at the
peak: *P<0.05 (Student's t-test). g h, MAPK3 and MAPKS6 activation in leaves subjected to mannitol stress applied to plants kept in the light (g) or in
the dark (h) for 24 h before stress. Total proteins were extracted after treatment for 10 min; phosphorylated MAPK6 and MAPK3 were detected using
phospho-p44/42 MAPK (Erk1/2) antibody. Equal loading was indicated using VDAC antibody (g) or Ponceau red (h). Western blots are representative of
five experiments giving similar results. i,j, Transcript level analysis of ERF6 (i) and MYB6O (j). llluminated leaves were treated as in g h, for 10 min and
RT-gPCR was performed to compare transcript levels of ERF6 and MYB60. Transcript levels are reported relative to mock-treated; ACTIN 2 was used

as a reference gene. *P < 0.05, Student's t-test. Experiments were repeated four times for three leaves per plant in two different sets of Arabidopsis plants.
Data are mean+s.e.m.
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with the recent evidence that Ca** signals might be independently
regulated in the chloroplast stroma and thylakoid lumen®. A sig-
nificant increase in the transient cytosolic Ca** elevation triggered
by 10mM H,0, was observed in cMCU knockout plants compared
with the wild type (Supplementary Fig. 12a), possibly as a conse-
quence of the impaired Ca*" uptake into the chloroplast stroma,
since chloroplasts seem to be involved in the dissipation of cytosolic
Ca?* signals". The cytosolic Ca** traces recorded in the cMCU-
deficient and in the wild-type lines in response to mannitol and
salt stress were found to be nearly superimposable (Supplementary
Fig. 12b,c). This finding is not surprising as osmotic (mannitol or
sorbitol) and salt stress trigger overlapping but distinct signals (for
example, in ref. »°).

Plants lacking ¢cMCU did not display growth defects
(Supplementary Fig. 13a,b), impaired photosynthetic efficiency
(Supplementary Fig. 13c) or altered chloroplast ultrastructure
(Supplementary Fig. 13d) under normal growth conditions. In
Arabidopsis, the plastidial calcium sensor CAS shapes stress-
related stromal Ca’* transients'’ and is involved in the regulation
of the pathogen response-linked ABI4 transcription factor by
Ca’*-modulated MAPK’. Thus, we investigated ¢cMCU-depen-
dent activation of MAPK3 and MAPKG6 (collectively, MAPK3/6).
MAPK cascades are activated by various endogenous and exog-
enous stimuli and participate in cellular functions ranging from
developmental processes to biotic and abiotic stress responses (for
example, in ref. ). Short-term exposure of plants to 20mM H,O, or
to osmotic stress are known to activate MAPKS, resulting in phos-
phorylation of the kinase itself"’. Some MAPKs can be activated in
a Ca’*-dependent manner’. Others, such as MAPK3/6, can be deac-
tivated by dephoshorylation mediated by Ca**-dependent MAPK
phosphatase 1 (MPK1)*. Here we focused on mannitol-induced
osmotic stress, since it affected only stromal Ca?* concentration in
a cMCU-dependent manner but did not influence the bulk cyto-
solic Ca** concentration. Acute application of mannitol for 10 min
increased MAPK3/6 phosphorylation in leaves of both cMCU
knockout lines compared with wild-type leaves (Fig. 3g), suggesting
that in wild-type plants, stromal Ca** transients are either required
for activation of a phosphatase that downregulates MAPK3/6 or
for modulating the production or release of metabolic factor(s)
that regulate MAPK3/6 phosphorylation and thereby MAPK3/6-
dependent signalling®. The mannitol-induced MAPK3/6 phos-
phorylation was instead comparable between wild-type and cMCU
knockout lines in the dark and in the presence of the cell-permeable
reactive oxygen species scavenger N-acetylcysteine (NAC) (Fig. 3h
and Supplementary Fig. 13e), suggesting that changes induced by
osmotic stress were strictly dependent on reactive oxygen species
and/or photosynthesis-related chloroplast metabolism. Similarly,
it should be noted that differences in chloroplast Ca** dynam-
ics between wild-type and cMCU knockout lines (Fig. 3c,d) were
observed only when Ca’* measurement assays were performed
after seedlings were exposed to light, but not when they were kept
in the dark (Supplementary Fig. 14a-c). The importance of the
photosynthetically active status of chloroplasts in enhancing the
organellar Ca?* response to environmental stimuli has been
previously highlighted'”.

MAPKS6 can be activated in fast retrograde signalling between
chloroplast and nucleus™, where it regulates gene expression of
several key transcription factors, including ERF6*. On short-term
exposure to mannitol, ERF6 is significantly upregulated, suggest-
ing that a transcriptional cascade involving ERFG6 initiates the early
response to mannitol*® that finally leads to stomata closure. Ca**
signalling is required for expression of ERF6* that is among the few
genes that are directly connected with cMCU in network analysis
(http://atted.jp/cgi-bin/locus.cgi?loc=At5g66650). In our experi-
ments, expression levels of ERF6 remained low within 10 min after
mannitol (Fig. 3i) or sorbitol (Supplementary Fig. 15a) treatment in
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both knockout lines compared with their respective wild-type lines,
suggesting that reduced stromal Ca?* transients prevent activation
of ERF6. ERF6 acts as a master regulator of early mannitol-induced
stress response by activating various transcription factors, including
MYB factors™. Given the presence of cMCU in guard cells, we inves-
tigated by reverse transcription with qPCR (RT-qPCR) the expres-
sion of the stomata-related transcription factor myb domain protein
60 (MYB60) to gain further information about downstream cellular
effects related to cMCU-mediated Ca?* uptake into chloroplasts in
response to acute osmotic stress in leaves using mannitol (Fig. 3j) or
sorbitol (Supplementary Fig. 15b). The regulatory region of MYB60
specifically drives gene expression in guard cells of Arabidopsis
leaves, and levels of MYB60 transcript increase or decrease under
conditions that promote stomata opening (for example in light) or
closure (for example in drought or dark), respectively’. Whereas
MYB60 transcript level decreased in wild-type leaves within
10min following application of strong osmotic stress, it remained
stable in the two independent cMCU knockout lines (Fig. 3j and
Supplementary Fig. 15b). Thus, MYB60 expression appears to be
regulated in response to chloroplast Ca’" concentration follow-
ing osmotic stress (given the lack of cMCU-dependent changes in
the bulk cytosolic Ca®* concentration (Supplementary Fig. 12b)).
Blocking photosynthesis with 3-(3,4-dichlorophenyl)-1,1-dimeth-
ylurea abolished differences in activation of ERF6 and MYB60
between wild-type and ¢cMCU knockout plants (Supplementary
Fig. 15¢,d), in accordance with results in Fig. 3h and Supplementary
Fig. 14a-c. In sum, these data indicate that in light conditions,
cMCU is involved in the regulation of plastid-to-nucleus signalling
following osmotic stress. In response to osmotic stress, stomata clo-
sure normally reduces transpiration and water loss. In contrast to
both wild-type ecotypes, stomata pore area did not decrease follow-
ing osmotic stress applied to detached Arabidopsis leaves in cMCU
knockout lines (Fig. 4a and Supplementary Fig. 16a). Stomata
opening on dark-to-light transition was not impaired in the knock-
out lines compared with wild-type (Supplementary Fig. 16b). To
further investigate this aspect, whole four-week-old plants were
cut-off and absolute water content was measured. In agreement
with the results shown in Fig. 4a, deficiency of cMCU had a signifi-
cant impact on normalized water loss (indicating transpiration rate
of the plants) within 60 min (Fig. 4b). Both cMCU knockout lines
were characterized by constitutive reduction in stomata opening
(Fig. 4a), mirroring the behaviour of the MYB60 knockout, which
exhibits increased long-term drought tolerance®. Both mannitol
and sorbitol mimic drought stress. When we subjected intact plants
to drought stress by long-term (18 d) water starvation, both cMCU
knockout lines were more tolerant than wild-type plants (Fig. 4c—e
and Supplementary Fig. 16¢), suggesting that both short- and long-
term drought responses are cMCU-dependent, but the underly-
ing mechanisms may differ in the two cases. This is illustrated, for
example, by changes in photosynthetic efficiency that occur only
on the longer-term timescale (Supplementary Fig. 17a,b). Following
irrigation for 1d, cMCU knockouts were able to fully recover leaf
turgor and photosynthetic activity, in contrast to wild-type plants
(Fig. 4f and Supplementary Fig. 17c).

In summary, these results indicate that specific, osmotic-stress-
induced, rapid cMCU-dependent downstream signalling involves
MAPK3/6, ERF6 and MYB60, and affects stomata opening (Fig. 4g).
Our results identify a bona fide Ca** channel of chloroplasts with a
crucial role in intracellular stress signalling that is able to fine-tune
the response of cells to osmotic stress. As the channel is not local-
ized to mitochondria in mesophyll cells, a contribution of mito-
chondria to the observed signalling is unlikely, although it cannot
be excluded. Our data are in line with the findings that mesophyll
chloroplasts are key players in extracellular Ca**-induced stoma-
tal closure’ and that mutation of the putative chloroplastic Ca**
sensor CAS leads to impaired stomatal movement (reviewed in
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Fig. 4 | Plants lacking cMCU are drought resistant and recover quickly following rewatering. a, Mean stomata size was determined in epidermal

strips 30 min following treatment with mannitol (600 mM). n > 155 for each sample. Statistically significant differences are marked by letters; one-way
ANOVA(a=0.05) followed by Student’s t-test (P < 0.01). b, Four-week-old plants grown under the same conditions and in the same soil were subjected
to drought stress. Transpiration rate was calculated as normalized percentage variation of absolute water content. The water content lost in the first

20 min was considered as 100%. n > 10 for each point. Statistically significant differences are marked by asterisks; one-way ANOVA (a=0.05) followed
by Student's t-test (*P < 0.01). c-e Wild-type and cMCU knockout plants after 15d (c,d) and 18 d (e) of water deprivation. f, One day of recovery following
irrigation was sufficient to restore leaf turgidity and complete photosynthetic efficiency of cMCU mutants; wild-type plants never recovered. n=6 for
each genotype. In d-f, photosynthetic efficiency is indicated by PAM imaging; chlorophyll fluorescence (F,/F,) values are indicated on the right scale

of the images. g, Hypothetical short-term signalling pathway following mannitol-induced osmotic stress in wild-type (top) and cMCU knockout (KO,
bottom) plants. In this model, Ca?* concentration changes in the chloroplast stroma fine-tune cytosolic MAPK3/6 phosphorylation. In the absence of
c¢MCU, a plastid-derived factor (a photosynthesis-related metabolite) is either not released or is not active, thereby leading to excessive phosphorylation
of MAPK3/6, which alters its kinase activity, leading to reduced stomata closure. This ultimately results in unchanged levels of transcription factors ERF6
and MYBG60 (the latter transcription factor is specifically expressed in guard cells). In turn, this inefficient signalling in the cMCU knockout alters stomata
closure and, in the longer term, leads to preservation of photosynthetic efficiency and water content in drought-stressed plants.
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ref. 1). Rapid changes in calcium concentration in the chloroplast
stroma may directly regulate the production and/or release of dif-
ferent molecules known to be involved in chloroplast-to-nucleus
signalling: Calvin cycle-related metabolite export through the tri-
ose phosphate-phosphate translocator has been shown to rapidly
(within few minutes) activate MAPK6 in response to high light lev-
els™. Several enzymes in this pathway, which is active in light (but
not in the dark), are known to be inhibited by high stromal Ca**
concentration®’. Therefore, one possible explanation for our obser-
vations involves stromal Ca**-regulated production and/or export
of Calvin-cycle metabolites to optimize MAPK3/6 phosphorylation
(and to avoid over-phosphorylation)*. Alternatively, H,O, may have
a role: extracellular Ca**-induced stomatal closure did not occur in
plants treated with NAC, due to the inhibition of chloroplast H,0O,
synthesis in mesophyll, which has been shown to be dependent on
phosphorylation of CAS and light-harvesting complex II*. Whether
the above players and cMCU affect stomata closure solely by influ-
encing the behaviour of guard cells or whether they also mediate a
mesophyll chloroplast-driven guard-cell response is a question for
future studies. Likewise, the relationship between CAS and cMCU
and the recently described chloroplast Mn**/H* transporters**
affecting Ca?* dynamics remains to be understood. The observa-
tions reported here have the potential to be exploited for the bio-
technological development of new strategies to alleviate the impact
of climate change on agricultural productivity.

Methods

Plasmid construction. cMCU was cloned into the following vectors: (1)
pGREAT::EGFP'® or pGREAT::tdTomato for confocal microscopy; (2) pIVEX1.4
WG (Roche) for in vitro-expression'®; (3) pET28a (Novagen) for E. coli
expression*. Primers and restriction enzymes used are listed in Supplementary
Table 1.

In vitro characterization of cMCU. Electrophysiological bilayer experiments
using recombinant cMCU were performed as described in ref. **. The His-tagged
N-terminal domain was expressed and purified from E. coli and cross-linking
using glutaraldehyde'’ was performed as described in Supplementary Methods.
*Ca**- overlay assay with recombinant cMCU and other Ca**-binding proteins
was carried out as described*>**. A molecular model of cMCU was obtained on
the basis of recently solved metazoan MCU structures using the fold-recognition
server Phyre2.0”” and was refined with Phenix Interface”. See Supplementary
Methods for further details.

Calcium uptake into E. coli cells expressing aequorin and cMCU. For Ca**-
uptake measurements in E. coli, C41(DE3) E. coli competent cells were co-
transformed with pACYCDuet-1(HA1-Aeq) and pET28a::cMCUASP or mutant
forms and used as described in Supplementary Methods.

Subcellular localization of cMCU. The subcellular localization of cMCU

was examined by confocal microscopy in plants stably expressing cMCU-

eGFP or through the agroinfiltration of four-week-old A. thaliana leaves'®

and by transformation of protoplasts with pGREAT::cMCU:EGFP'® or
PGREAT::cMCU::tdTomato as described'>*. Chlorophyll and EGFP were excited
at 488 nm, tdTomato was excited at 543 nm (this wavelength excites chlorophyll
to a very low extent). Fluorescence emission was detected at 515-525nm,
560-620nm and 680-720 nm for EGFP, tdTomato and chlorophyll, respectively.
See Supplementary Methods for further details. Percoll-purified chloroplasts were
obtained from plants expressing cMCU-EGFP according to the protocol described
in ref. ¥ and tested for the presence of the fusion protein by western blot.

Plant material and characterization. Two independent transfer DNA insertion
lines for the At5g66650 locus were SK16605 (cmcu-1) and SALK_031408 (cmcu-2).
Photosynthetic efficiency was measured by pulse amplitude modulator (PAM) as
in ref. %,

Aequorin-based Ca** measurements in intact plants. For Ca** measurements,
wild-type and knockout Arabidopsis lines were transformed with constructs
encoding yellow fluorescent protein-aequorin chimaeras targeted to the cytosol,
chloroplast stroma® or thylakoid lumen*. Calibration and analysis was performed
according to refs. "',

Stress assessment. Intact plants were treated with 600 mM mannitol or sorbitol

to induce osmotic stress. MAPK3/6 assay was performed using phospho-p44/42
MAPK (ERK1/2) (Thr202/Tyr204) antibody (Cell Signaling Technology).
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Determination of absolute water content and stomatal pore area is described in the
Supplementary Methods. RT-qPCR was performed to assess expression of cMCU
in different tissues and expression of ERF6 and MYB60 under different conditions.
Data were analysed by the AAC, method* with respect to untreated samples.
Further experimental details are given in the Supplementary Methods.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon request.
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population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

D Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state, event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition
Imaging type(s) Specify: functional, structural, diffusion, perfusion.
Field strength Specify in Tesla
Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.
Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined. %‘
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Diffusion MRI [ ] Used [ ] Not used N
X
S

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).




Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types
used for transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first
and second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.
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Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte
Carlo).

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective con nectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial
correlation, mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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Supplementary Figure 1. An isoform of the mitochondrial calcium uniporter (¢cMCU) displays
localization to chloroplasts when expressed in cultured Arabidopsis cells. a-d Confocal
microscopy analyses of protoplasts derived from autotrophic or heterotrophic cell suspension cultures
transiently transformed with cMCU:GFP (a,b), with the outer envelope membrane OEP7:GFP (c)
and with the thylakoid-located TPK3 channel (d). Bars in a) and d): 2,5 um and in b) and c): 5 pm.
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Supplementary Figure 2. Localization of AtcMCU to chloroplasts in cMCU KO plants
transiently transformed with ¢cMCU-GFP. (a) Transcript level of cMCU in the indicated lines.
After genotyping, transcript analysis was made to confirm the absence of cMCU transcript. (b, ¢)
Examples of confocal images of protoplasts from cMCU KO plants that were transiently transformed
with cMCU-GFP. (d) Representative control image obtained from non-transformed cMCU KO plant
protoplasts under the same settings of the confocal microscope of (b) and (c). Bars: 10 pm. (e)
Analysis of cMCU transcript level in the stable lines shows the over-expression in the 2x35S promoter
lines and a comparable transcript level (increasing in old leaves (O) with respect to young leaves (Y)

in the full locus lines) as revealed by qPCR.
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Supplementary Figure 3. Co-localization of AtcMCU and AtOEP7, a marker of the chloroplast
envelope membrane. (a) Localization of cMCU to chloroplasts in mesophyll cell-derived protoplasts
from ¢cMCU KO Arabidopsis plants following transient expression of both OEP7:GFP and
cMCU:tdTomato. Autofluorescence of chlorophyll and fluorescence of GFP were recorded following
excitation at 488 nm, while that of tdTomato at 543 nm on the same sample in sequential order. (b)
control images of cMCU:tdTomato -expressing protoplasts excited at only 543 nm, where chlorophyll
excitation is negligible. (¢) Images from intact plants stably expressing mitochondrial 3-F1-ATPase-
EGFP that have been transformed with cMCU:tdTomato (see also Supplementary Video 1). Bars: 10
um. (d) Purity of chloroplasts isolated from Arabidopsis plants used in Fig. 1d was assessed using an
antibody against mitochondrial alternative oxidase and against chloroplast D1 protein. TE: total

extract; Chl: chloroplasts; Mito: mitochondria.
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Supplementary Figure 4. Mitochondrial localization of cMCU in epidermal cells and in root of
intact plants. (a and b) AtcMCU expressed in Arabidopsis plants of the indicated genetic
background. For a) see Supplementary Video 3. (¢) the same as in a and b, but mitochondrial
localization is illustrated by co-localization of the cMCU-EGFP signal with TMRM, a membrane
potential sensitive dye. In addition, these organelles were moving similarly to mitochondria (see
Supplementary Video 2)?2. From a-c, bars: 10 um. (d) As in ¢, performed on root tissue. Bars: 25
pm. (e,f) cMCU:GFP co-localizes at least in part with auto-fluorescence of chlorophyll (blue) in
guard cells of stomata, while does not fully co-localize with TMRM-stained mitochondria (red) (see

also Supplementary Video 4). Bars in e: Sum, in f: 10 pm.



N

O 0\/

anti-His tag (1: 1000)

97kDa =—
66kDa =—

45kDa =

PSP S PSPSP S PS P S

cMCU (g es apen@ib=@H - & @&

Number of counts

Number of counts

LysoPC Triton SDS B-DMM DM oG CHAPS

anti-His tag (1: 1000)

Control + Gd™

35000 - 30000 -
30000 -
25000
25000 -
20000
2
20000 5
Q
2 15000 -
©
15000 5
Qo
§ 100004
10000 -| z
5000 4 5000
0- 0 T T ¥
-14 -12 -10 -8 6 -4 2 14 12 10 -8 6 4 2
Current (pA) Current (pA)
12000 Control 60000 - + RR
10000 - 50000
8000 40000 -
2
c
>
8
6000 - w5 30000
o
[
o
4000 4 E 200001
z
2000 10000 o
0 T T 0 T T
12 -10 8 2 12 10 8 6 -4 2 0 2

Current (pA) Current (pA)

Supplementary Figure 5.



Supplementary Figure 5. In vitro characterization of cMCU (a) cMCU was expressed using a
Wheat Germ Lysate Kit. Empty reaction mix (WGL) and mix following expression of the protein
were separated by SDS-PAGE and assayed with anti-His tag antibody (upper part). Solubilization of
in vitro-expressed cMCU with 2% (w/v) of each indicated detergent (lower part). SDS was used as a
positive control. Following centrifugation, pellets (P) and supernatants (S) were separated by SDS-
PAGE; anti-His tag antibody was used to detect cMCU. Non-denaturant B-DDM (B-dodecyl-
maltoside) was selected for protein treatment before electrophysiological experiments. (b) Amplitude
histograms obtained from the same experiment shown in Fig. 2 a and b. 100 mM Na-gluconate
solution (n=12) (upper panels) and in 100 mM Ca-gluconate (n=7)(lower panels) before (left
histograms) and after (right histograms) addition of 100 uM Gadolinium (n=6) or of 10 uM
Ruthenium Red (RR)(n=5). Vcis: -60 mV (a) and -120 mV (b).
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Supplementary Figure 6. The N-terminal domain of cMCU. (a) Sequence alignment (ClustalW,
Mview) of chloroplast localized MCU (at5g66650) with mitochondrial MCU isoforms: Arabidopsis
thaliana at5g09575, human MCU (Q8NES86) and metazoan MCU (E9DVV4). Membrane spanning
regions are shown by yellow bars. Acidic residues in partially conserved EF-hand like stretches (grey
bars), mutated in E. coli Ca** uptake studies, are indicated by black and yellow asterisks. Numbering
system is indicated as follow: black dots every ten aminoacids while 1,2,3 correspond to 100, 200
and 300 aa respectively. Colored boxes are used to group aminoacids according to their properties
(acidic, basic, hydrophilic, amidic, hydrophobic, aromatic and sulphur containing side chains). (b)
Monitoring of Ca?" uptake at different doses of RR in E. coli (n=3 biological replicates £SEM).

Quantification of data shown in Fig. 2e.
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Supplementary Figure 7. Homology modelling of ¢cMCU and its tetramerization. (a) A.
Homology modelling of the cMCU uniporter (A, B, C): the model (side view, left and top view, right)
has been obtained by a combined approach, through the server Phyre2, followed by manual
adjustments, crude molecular dynamics and geometry optimization (Phenix Interface). Membrane
spanning subdomain (192-312), including the pore and the channel vestibule (shown in panel B) has
been modelled and assembled into a tetramer based on templates 6C5W, 6D80, 6DTO0, while the the
N-terminus domain has been tentatively built based on the homology with Roco proteins dimerization
domain (3DPU. 4WNR) and calmodulin-like structures (e.g.412Y, 1SWS). Each of the protomer
forming the tetramer is shown by cartoon view in a different color (A,C). C. Superposition of cMCU
model (blue, yellow, pink and gold) and mitocondrial uniporter structure from Neurospora crassa
(tetrameric assembly in grey). (b) Commassie blu staining of SDS-PAGE where 2 and 4 pg (lanes 1
and 2, respectively) of purified cMCU-NTD (NTD) were loaded. (¢) Native PAGE analysis of
purified NTD (5 pg) and BSA (as control), stained with Coomassie Blue.
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Supplementary Figure 8. Calcium binding by the N-terminal domain of ¢cMCU. (a) Size
exclusion chromatography of cMCU-NTD as purified and after treatments with EGTA or CaCl,.
Inset: FER: ferritin (443,000 Da with 24 subunits); BGG: Bovine Gamma Globulin (150,000 Da);
BSA: bovine serum albumin (66,400 Da); OVA: ovalbumin (42,700 Da), GST: Glutathione S-
transferase (59,200 Da in dimeric form); CA: carbonic anhydrase (29,000 Da); RNase A: ribonuclease
A (13,700 Da) and Cyt-C: cytochrome C (12,400 Da). (b) **Ca*'-ligand overlay analysis of
Arabidopsis cMCU NTD. Proteins were dot-blotted onto nitrocellulose and then incubated
with ¥CaCl: in a calcium overlay assay. **Ca-labeled proteins were visualized by autoradiography
(7-d exposure) (5 pg each). Spinach calreticulin (lane 1), AtMICU (lane 4) and aequorin (lane 5) were
used as positive controls, BSA (lane 3) was used as negative control and lane 2 contained cMCU
NTD. (¢) Immunoblot analysis of recombinant cMCUASP (cMCU sequence from P61 to C321) QQ
double mutant in E. coli (DE3) cell culture, with and without EGTA added to the medium (LB broth).
The samples (total lysate) has been separated by SDS-PAGE and detected by mouse anti-His
antibody. 1: -1 pET28a::AtctMCUASP; 2: +I pET28a::AtcMCUASP; 3: +1 pET28a::AtcMCUASP
plus 03 mM EGTA; MW  standard; 4: -1 pET28a:AtctMCUASPAQQ; 5: +I
pET28a::AtcMCUASPAQQ ; 6: +I pET28a:: AtctMCUASPAQQ plus 0.3 mM EGTA. (d) Cytosolic
[Ca®"] response monitored in vivo in E. coli cells transformed with AEQ and wt cMCU
(pET28a::cMCUASP) or one of the following mutated variants: D107A/E118K, D159A, D194A,
E205K, D194A/E205K, E248Q/D251Q (QQ mutant). Ca’>" dynamics were monitored for 100
seconds after 500 uM free [Ca’'] stimulus. Traces represent average [Ca’'] responses of n>6

independent experiments. Quantification of data is shown in Fig. 2f.
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Supplementary Figure 9. Expression of YFP-aequorin in chloroplast stroma. Confocal
microscopy analysis of mesophyll cells from wild-type (Col-4 and Col-0) and ¢cMCU knockout

(cmcu-1 and cmcu-2) lines stably expressing YFP-aequorin in the chloroplast stroma. Bar:10 pm.
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Supplementary Figure 10. ¢cMCU-dependent changes in chloroplast stroma calcium level. (a-
b) [Ca?']sw was measured in two Arabidopsis WT ecotypes (Col-4, red trace; Col-0, blue trace) and
in two independent cMCU knockout lines (cmcu-1, violet trace; cmcu-2, green traces) in response to
600 mM sorbitol. Traces represent average Ca’" responses + SEM (black shading) of n>10
independent plants from >3 biological replicates. The stimulus was applied after 60 s (arrow). Right
panels: Statistical analysis of [Ca*] at the peak * P<0.05 (Student’s t test). (¢) Stromal Ca*" response
upon treatment with flg22 (1 uM) of WT and MCU KO plants.
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Supplementary Figure 11. Lack of cMCU-dependent changes in calcium level in the thylakoid
lumen. (a) Confocal microscopy images of mesophyll cells from WT (Col-4) and cMCU knockout
(cmcu-1) lines stably expressing YFP-aequorin in the thylakoid lumen. Bar, 10 um. (b-d) [Ca?]y was
measured in Arabidopsis WT (red traces) and cMCU knockout (violet traces) lines in response to 10
mM H>03, 600 mM mannitol, 300 mM NaCl. Traces represent average Ca>" responses + SEM (black
shading, n=6). Stimuli were applied after 60 s (arrow). No statistically significant differences among

[Ca?"] at the peak were observed (Student’s t test).
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Supplementary Figure 12. cMCU-dependent changes cytosolic calcium level upon stimulation.
(a-¢) Monitoring of [Ca?*]¢y in Arabidopsis wild-type (red trace) and chl-MCU knockout (violet
trace) lines. Ca?* dynamics were monitored in Arabidopsis seedlings stably expressing YFP-aequorin
targeted to the cytosol. Traces represent average [Ca®'] responses £ SEM (black shading) of n>6
independent experiments. The different stimuli were applied after 60 s. Statistical analysis of [Ca*']

at the peak. * P<0.05 (Student’s # test).
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Supplementary Figure 13. Growth and phenotypic analysis of cMCU knock-out mutants. (a-d)
Mutant plants not subjected to stress display the characteristics of WT plants. (a,b) WT and mutant
plants have similar growth under normal conditions, as illustrated by mean rosette size at 4 weeks in
b (n=16, =SEM). (c¢) Photosynthetic efficiency of cMCU mutants is not altered. PAM image analysis
(¢) of 4-week old plants (n=5, £SD). (d) Chloroplast ultrastructure is not altered in the mutant plants.
Representative images (of 20 images for each line) are shown. Bars: 500 nm. (¢) MAPK3/6
phosphorylation in plants pre-treated with N-acetyl cystein (I mM), a potent anti-oxidant
(representative of 3 Western blots giving similar results). Loading control: staining with Ponceau

Red.
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Supplementary Figure 14. Lack of cMCU-dependent changes in chloroplast stroma calcium
level in the dark. (a-¢) Measurement of stromal [Ca*"] changes in wild-type versus cMCU knock-
out seedlings after 8 h darkness. [Ca®']sw was measured in Arabidopsis WT (Col-4, red traces) and
cMCU knockout (cmcu-1, violet traces) lines in response to 10 mM H»O; (a), 600 mM mannitol (b),
300 mM NaCl (c). Traces represent average Ca>" responses + SEM (black shading, n>3). Stimuli
were applied after 60 s (arrow). Right panels: Statistical analysis of [Ca*'] at the peak. No statistically

significant differences were observed (Student’s t test).
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Supplementary Figure 15. Analysis of ERF6 and MYB60 transcription factor levels upon
application of sorbitol. (a,b) Transcript level analysis of ERF6 and MYB60 transcription factors
challenged with sorbitol, respectively. [lluminated leaves were treated as in Fig. 3g,h for 10 minutes
and qPCR was performed to compare transcript levels of ERF6 and MYB60 with respect to mock-
treated plants. (¢,d) as in a and b, following addition of 10 uM DCMU to intact leave slices. DCMU
and sorbitol were added together. Experiments in (a-d) were repeated 3 times for 3 leaves/plant in
two different sets of Arabidopsis plants. Values are mean = SEM. Statistically significant differences

are indicated by asterisks (p<0.05, t-test).
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Supplementary Figure 16. Drought stress response in cMCU mutants. (a) Representative images
of stomata under the indicated conditions. (b) Mean stomata size was determined in epidermal strips
following dark to light transitions. n>95 for each sample. SEM is shown. (¢) Arabidopsis plants grown

for 4 weeks under the same conditions and at the same time were subjected to drought stress.
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Supplementary Figure 17. Analysis of photosynthetic parameters of cMCU knock-out plants
(a) Plants at the beginning of the drought period are shown as a control for plants shown in Figure
4c. (b-¢) NPQ and Y(II) graphs for WT and mutant plants at the indicated times following drought
stress and re-watering (n>5, £SD). Y(II) is indicative of the Photosystem II charge separation while

NPQ indicates the non-photochemical quenching, i.e. a photoprotective mechanism.



Supplementary Videos:

Supplementary Video 1. Plants stably expressing mitochondrial B-F1-ATPase-EGFP (green)
that have been transformed with cMCU:tdTomato (red). Chlorophyll autofluorescence is in blue.

Supplementary Video 2. cMCU:EGFP in epidermal cells stained with TMRM, a dye that
accumulates in the mitochondria in a membrane potential-dependent manner

Supplementary Video 3. cMCU:EGFP in epidermal cells. Please note co-localization of cMCU
with chloroplasts in the guard cell (chlorophyll autofluorescence is in red).

Supplementary Video 4. cMCU:EGFP in guard cells stained with TMRM (accumulates in
mitochondria). cMCU:GFP co-localizes at least in part with auto-fluorescence of chlorophyll (blue)
in guard cells of stomata, while does not co-localize with TMRM-stained mitochondria (red).



Supplementary Table 1. Primers used in this study.

Primer Sequence 5°- 3’ Restriction | Final vector
site
cMCU _Ndel for | ctaCATATGTCGTCGAAGAAATCCCT Ndel pET28a and
pIVEX1.4WG

cMCU_Sacl rev | tagGAGCTCTCAACAACGACCAGATTT | Sacl pET28a and
AG pIVEX1.4WG

cMCUASP Ndel | tttCATATGAAAGGTGGTAACTTGATGG | Ndel pET28a and

_for AG pIVEX1.4WG

cMCU_QQ for | GTGGCAAGTGATGCAACCTATATGCT pET28a
TCTACGTAAC

cMCU _QQ rev | GGTTGCATCACTTGCCACGACAGTTC pET28a
CCAAAAC

cMCU NTD for | GAAGGAGATATACATATGGCGGTCAC pETite:: AtMCU
GGTGGAAGACGTG NTD

cMCU NTD rev | AGAGCCGATGATCTGGTTCGACATCA pETite:: AtMCU
TCACCACCATCAC NTD

HA1-Aeq for GAAGATCTTTATGATGTTCCTGATTAT pACYCDuet-
GC 1(HA1-Aeq)

HA1-Aeq rev GCGCTCGAGTTAGGGGACAGCTCCAC pACYCDuet-
CG 1(HA1-Aeq)

cMCU_Pstl for

ctaCTGCAGAATGTCGTCGAAGAAATC
CCT

Pstl

pGREAT:GFP::3
5S

cMCU D107A f | CGGTCACGGTGGAAGCCGTGAAGAA pET28a
or GCTCATG

cMCU DI107A r | CATGAGCTTCTTCACGGCTTCCACCG pET28a
ev TGACCG

cMCU E118K f | GAGCAGCGGAAATGAAGCTGGTGAA pET28a
or ATCGAAGC

cMCU E118K r | GCTTCGATTTCACCAGCTTCATTTCCG pET28a
ev CTGCTC

cMCU D159A GTCGCGAATATGCTTGCCGAAGCTGG pET28a

fw

AAACGTC




cMCU DI159A rv | GACGTTTCCAGCTTCGGCAAGCATAT pET28a
TCGCGAC

cMCU D194A f | CTCGAACCCAGTCTCGCCGCCGAGAC pET28a

or AAGAC

cMCU DI194A r | GTCTTGTCTCGGCGGCGAGACTGGGT pET28a

ev TCGAG

cMCU_E205K f | CAAGACAAGAGTTCGAACAACTTAA pET28a

or GATCATAAAATCAGATATCGAC

cMCU _E205K r | GTCGATATCTGATTTTATGATCTTAAG pET28a

ev TTGTTCGAACTCTTGTCTTG

cMCU_Smal rev | tagCCCGGGTAAACAACGACCAGATTT | Smal pGREAT:GFP::3
AG 5S

cMCU_FL Agel | ctaACCGGTcatcccgtecttaaggaaaat Agel pGREAT:GFP::F

_for L

cMCU_FL Xhol | tagCTCGAGAAACAACGACCAGATTTA | Xhol pGREAT:GFP::F

G

L

cMCU_for TACAGTTCGGATCCTGAACAAGG Transcript
analysis
cMCU rev CTTCGTCTCGAACCGGCTTTTG Transcript
analysis
Act_for ATTCAGATGCCCAGAAGTCTTGTTCC Transcript
analysis
Act_rev ACCACCGATCCAGACACTGTACTTCC Transcript
analysis
ERF6_for ACGAATTGTCTCCGTTGCCT qPCR
ERF6 rev CGGTTTGGGAGTGACGAGAT qPCR
MYB60 for GTTCCCACCAACACTGGGTTA qPCR
MYB60 rev GCTATGGACGCCCATTTGTT qPCR
ACT2_for CATTCCAGCAGATGTGGATCTC qPCR
ACT2 rev ACCCCAGCTTTTTAAGCCTTTG qPCR




Teardo et al, SUPPLEMENTARY METHODS

Supplementary materials and methods
Cloning and qPCR
RNeasy Plant Mini kit (Qiagen) was used to extract total RNA from Arabidopsis leaves: 5 ug of RNA

were reversely transcribed with the SuperScriptll Reverse Transcriptase (Invitrogen). The coding
sequence (CDS) of cMCU was amplified by PCR and cloned into the following vectors:
pGREAT::EGFP! for confocal microscopy; pIVEX1.4 WG (Roche) for in vitro expression; pET28a
(Novagen) for E. coli expression. Several construct were generated in pET28a vector:
pET28a::cMCUASP (cMCU sequence from P61 to C321); pET28a::cMCUASP(QQ) (the same as
before with two single point mutations in the pore loop, D248Q e E251Q), loss-of-function mutation;
pET28a::cMCUNTDI1 (128 aminoacids, from L83 to D210 located in the soluble n-terminal region)
for purification. Further constructs were designed and obtained for structural and functional studies
as follows: pET28a::cMCUASP(D107A E118K),
pET28a::cMCUASP(D159A)/pET28a::cMCUASP(D194A), pET28a::cMCUASP(E205K),
pET28a::cMCUASP(D194A E205K) pETite::cMCUNTD2, coding for N terminal domain cMCU
from A102 to R220, Cterm-His6-tagged, and pACYCDuet-1(HA1-Aeq) coding for hemagglutinin
epitope (HA)-tagged wild type Aequorin.

The entire cMCU gene locus (At5g66650) was also cloned for localization study from Arabidopsis
genomic DNA (pGREAT:FL:cMCU:EGFP vector): Plant Promoter DB (http://ppdb.agr.gifu-
u.ac.jp/ppdb/cgi-bin/index.cgi) was used to determine the promoter length. A 3 kb region upstream
the ATG codon was amplified together with the entire At5g66650 gene by PCR and cloned into
pGREAT::EGFP vector after removing the internal 2x35S over-expressing promoter. Thus,
expression of cMCU::EGFP protein is driven by its endogenous promoter. Another version of the
pGREAT::cMCU::EGFP, where the green fluorescence protein was replaced by a dimeric tdTomato
(pGREAT::35S::cMCU::tdTomato), was also obtained and used for mesophyll protoplast
transformation and Agrobacterium tumefaciens-mediated leaf transfection.

100 mg of plant material was used for RNA extraction and retrotranscription (Plant RNeasy mini kit,
Qiagen; Superscript II Reverse Transcriptase, Thermo Fisher Scientific). Quantitative RT-PCR was
performed using GoTaq® qPCR Master Mix (Promega) in an AB Applied Biosystems 7500 Real-
Time PCR System, by using standard cycling parameters. Actin2 (At3g18780) was amplified as the
reference gene . Enzymes are from NEB Biolabs (USA).

In vitro expression of cMCU



cMCU protein was expressed in an in vitro wheat germ lysate system based on the continuous
exchange cell-free (CECF) technique, using the RTS 100 Wheat Germ CECF Kit (Roche) according
to manufacturer instruction. After expression, the reaction mixture was directly solubilized with
different detergents added at a final concentration of 2 % (w/v). After centrifugation, the supernatant
containing the solubilized proteins selected for electrophysiological characterization was diluted 1:10
in 10 mM HEPES, pH 7.4 and used in planar lipid bilayer experiments either directly (5 pl of mixture
was added to 3 recording solution of the chamber) or following incorporation into liposomes as in 2.
Detergents alone, added at the same final concentration, never induced activity (n=30).

Bilayer experiments

An asolectin solution in decane/chloroform with a 100:1 ratio per mg of lipids was used for artificial
membrane construction. A membrane of 100 mV/pF was constructed between 2 compartments
(cis/trans) and 3 ml of Na-gluconate (low divalent cation medium, 100 mM Na-gluconate, 5 mM
EDTA, 10 mM HEPES, pH 7.4) or CaCl, (100 mM CaCl,, 10 mM HEPES pH 7.4) or Ca-gluconate
(100 mM Ca-gluconate, 10 mM HEPES pH 7.4)* were added to the cis and trans compartments. 10
pL of the solubilized and diluted cMCU was added to the cis side. Control experiments (n = 50)
showed no activity without addition of the protein. GACl3 or RR were added to both compartments
to the required concentration for inhibition assays. Analysis of data was performed using the
PCLAMPS8.0 and Origin 6.1 programs (for Gaussian and linear fitting). Conductance value was
determined from the slope of the fitting of current-voltage relationship.

Protoplast transformation

Arabidopsis suspension cell cultures containing either chloroplasts or amyloplasts were established
and maintained as recently described*. The same enzymatic digestion was used for rosette leaves of
4-week-old plants. Protoplasts were isolated from mid-exponential phase (4-day-old) cultured cells
or from leaves and transformed by PEG with 8 ug of either pPGREAT:cMCU:EGFP plasmid DNA or
of pPGREAT:cMCU:tdTomato plasmid DNA, then kept at 23°C in W5 solution supplemented with 5
mM glucose and ampicillin 100 pg/ml for up to 3 days°.

Plant growth, transformation and phenotyping

Arabidopsis plants were grown under controlled conditions: 20°C, long day photoperiod (16h light
(white led light, 3000 K, Philips), 8h dark), 120 umol photons m™? s, 60% relative humidity. Seeds
were surface-sterilized, incubated for 2 days at 4°C in the dark, and allowed to germinate in half-
strength Murashige and Skoog (MS; Duchefa, Netherlands) medium solidified with 0.8% (w/v) plant
agar supplemented with 1% sucrose. Seedlings were picked and transferred to soil.

Two independent T-DNA insertion lines for the At5g66650 locus were obtained from NASC
(European Arabidopsis Stock Centre): SK16605 from Saskatoon Arabidopsis T-DNA mutant
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collection (cmcu-1) and SALK 031408 from the SALK collection (cmcu-2). Total genomic DNA
was extracted from each line following standard procedures for plant genotyping. Transcript analysis
was also performed to confirm the lack of the transcript in the two knockout lines. Primers used are
listed in table S1.

The subcellular localization of the cMCU was examined through the agroinfiltration of 4-week-old
Arabidopsis thaliana wt Col-0 plant leaves. For stable transformation, Arabidopsis plants (cmcu-1)
were transformed by floral dip with Agrobacterium tumefaciens GV3101, carrying the
pGREAT:35S:cMCU:EGFP or pGREAT:FL:cMCU:EGFP constructs in the presence of pSoup.

For plant phenotyping, the following parameters were considered at weeks 3, 4, 5 and 6. Rosetta area
was measured by using ImageJ software (Rasband, W.S., ImageJ, U.S. National Institutes of Health,
Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2014). PAM imaging was used to detect
chlorophyll fluorescence using FluorCam?7 (Photon Systems Instruments) applying a saturation pulse
of 5322 uE m? s! for 800 ms; PSII quantum yield (YII) and NPQ (non-photochemical quenching)
were analyzed.

Isolation of purified chloroplasts and mitochondria

The expression of the cMCU:EGFP fusion protein was tested on Percoll-purified chloroplasts
obtained as described in °. Purified mitochondria from the same Arabidopsis line were obtained as in
7.

Stress assays and measurement of stomata area and absolute water content

Stress assays: For MAPK assay, Arabidopsis leaves were cut, weighted and incubated for 24 h in
water to dephosphorylate MAPKSs. Following, stress stimuli (or water for mock treatment) were
applied as a 2x solution and leaves were collected. For MAPK assay and qPCR, leaves were grinded
in liquid nitrogen and dissolved in loading buffer in a 1:1 ratio (viw). After boiling, samples were
loaded on SDS-PAGE and immunoblotted with Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)
antibody (Cell Signaling Technology)®. For qPCR, leaf slices were powdered in liquid nitrogen and
cDNA was synthetized as described above. Drought assay: 4 week-old plants were subjected to
drought stress through long-term water starvation. Then, recovery was achieved by irrigation. Plants
were photographed and PAM Imaging was used to test photosynthetic efficiency during drought
stress.

Determination of stomatal pore area: after stress treatment, leaves were collected and the abaxial
sides were coated with nail polish to fix stomata. Tape was used to remove the epidermal layer and
stomata size was measured by using an optic microscope. The length and width of the stomatal pore
were determined by Imagel and the stomata area was calculated as the area of the ellipse fitting the

stomata.



Determination of absolute water content: 4 week-old plants were cut below the rosette and the weight
was measured every 20 minutes; dry weight was obtained after over-night incubation at 70°C.
Absolute water content was calculated as the difference between fresh and dry weight. Transpiration
rate was calculated as normalized percentage variation of plant weight.

Transmission electron microscopy and confocal microscopy

Transmission electron microscopy and confocal microscopy was performed as previously described
!, Plants were examined to detect transformation after 4 days using the confocal microscope Leica
TCS SP5 1T (Leica Microsystems). Images were collected with Leica Application Suite software
(LAS AF, Leica Microsystems). Chlorophyll and EGFP were excited at 488 nm, tdTomato was
excited at 543 nm. For fluorescence emission, we used wavelengths of 515-525 nm, 560-620 nm and
680-720 nm for EGFP, tdTomato and chlorophyll, respectively.

Aequorin-based Ca?* measurements

For Ca?" measurements, Arabidopsis WT and knock-out lines were transformed with constructs
encoding YFP-aequorin chimeras targeted to the cytosol, chloroplast stroma’ or thylakoid lumen'®.
Successful transformation and expression of the constructs was confirmed in the T2 generation by
Western blot analyses using an anti-aequorin antibody (Abcam, Cambridge, UK) and confocal
microscopy analysis of YFP fluorescence.

7-day-old seedlings were used in Ca®" assays after reconstitution in H,O with 5 uM native
coelenterazine (Cat#303, Prolume Ltd., Pinetop, AZ, USA) for 4 h in the dark, followed by 16 h
exposure to the light. Ca?" measurements were performed by using an Envision Multilabel Plate
Reader (Perkin-Elmer) equipped with a two-injector unit. Seedlings were floated onto 200 pul H20 in
24-well CulturPlate microplates. After measuring luminescence from each well for 60 s, seedlings
were challenged with an equal volume of different 2-fold concentrated solutions, mimicking salt
stress (0.3 M NacCl), drought (0.6 M mannitol/sorbitol), oxidative stress (10 mM H>0O3) or pathogen
attack (1 uM flg22). At the end of the experiments, discharge of the remaining aequorin pool was
carried out by automatic injection of 200 pl discharge solution (1 M CaClz, 30% ethanol). The curve
representing the relationship between photon emission by aequorin and Ca>" concentration has been
mathematically modeled to develop an algorithm that is currently employed in the calibration of light
emission to [Ca?"] values, using a custom-made macro-enabled Excel workbook!!*12,

Arabidopsis thaliana ¢cMCU uniporter expression in E. coli and Ca?" uptake measurements

E. coli C41(DE3) and ArcticExpress competent cells were transformed with pET28a::cMCUASP or
or one of the plasmids encoding for cMCUASP mutants: pET28a::cMCUASP(QQ)/ (D107A
E118K)/(D159A)/ (D194A)/ (E205K)/ (D194A E205K). The day after a single colony was used to
inoculate a liquid culture (LB medium supplemented with kanamycin) at 30°C. When the ODsoo

4



reached 0.6, protein expression was induced at 18°C with 0.5 mM IPTG in the presence or absence
of 0.2 mM EGTA.

Cell extracts were prepared by solubilizing cells in Laemmli sample buffer (50 mM Tris-HCI pH6.8,
100 mM DTT, 2% (w/v) SDS, 0.05% (w/v) bromphenol blue). Samples were heated for 5 min at
100°C, loaded on a NuPAGE Novex 4-12% Bis-Tris Gels (Thermo Fisher) and blotted onto a PVDF
membrane. The membrane was incubated overnight with anti-His mouse monoclonal primary
antibody at 4°C diluted in TBS-T (Tris Buffered Saline-Tween: 20 mM Tris, 0,137 M NaCl, 0,1%
Tween 20 pH7,6) after 1h blocking in 5% milk in TBS-T. Detection was carried out by incubation
with alkaline phosphatase-conjugated anti-mouse secondary antibody for one hour at room
temperature followed by incubation with the 1-step NBT/BCIP substrate solution (Thermo Fischer
Scientific).

For Ca*' uptake measurements, C41(DE3) E. coli competent cells were co-transformed with
pACYCDuet-1(HA1-Aeq) and pET28a::cMCUASP or with pACYCDuet-1(HAI-Aeq) and
pET28a::cMCUASP(QQ) mutant as well as the other mutants mentioned in Fig. 2. In parallel,
C41(DE3) E. coli competent cells were transformed with the only aequorin expressing pACY CDuet-
1(HA1-Aeq) as a control. Subsequently, a single colony was used to inoculate a liquid culture (LB
medium) overnight at 37°C containing the appropriate antibiotics. The day after, overnight cultures
were diluted 1:50 in 50 mL of fresh medium and grown at 37°C until ODsoo reached 0.4, before the
induction of protein expression using 1 mM IPTG for 2 h at room temperature in the presence of 0.25
mM EGTA.

Cells were harvested, resuspended in 1 mL of buffer solution containing 25 mM HEPES pH 7.5, 125
mM NaCl, 1 mM MgCl», 500 uM EGTA and reconstituted with 5 uM celenterazine for 90 minutes
at room temperature in dark conditions. After reconstitution, cells were plated onto a 96 well plate
and challenged with Ca** pulses of different concentrations. For inhibition studies, Ruthenium Red
was added to the samples 10 min before Ca** stimuli. Experiments were stopped by lysing the cells
with a hypotonic Ca?* rich solution (1 mM CaCls, 30% ethanol). All the experiments were carried out
in a Perkin-Elmer Envision plate reader equipped with a two-injection unit, and conversion of
luminescence into [Ca**] values was performed as described above for Arabidopsis seedlings.
Expression and purification of cMCU N-terminal domains

For cMCUNTD expression, E. coli C41(DE3) cells harboring the corresponding expression plasmids
have been cultured in LB medium. Protein expression was induced by adding 0.5 mM IPTG and
prolonged for 18 hours at 28°C. Cell pellets were resuspended in Buffer A (200 mM NaCl, 20 mM
Hepes, pH 7.5) in the presence of protease inhibitors (Complete Mini EDTA free, Roche) and lysed
twice by cell homogenizer (Constant Ltd, One-shot Cell Disruptor) at 1.35 MPa. Clarified
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supernatants were purified by affinity chromatography on Nichel-charged resin (HisTrap excel, GE-
Healthcare). The 6xHis-tagged cMCUNTD protein were eluted by an Imidazole gradient ranging
from 20 to 500 mM in Buffer A. Eluted peaks were checked by SDS-PAGE electrophoresis and
fractions with highest purity collected and concentrated by ultrafiltration (10 kDa MWCO) to 30
mg/ml. Protein samples were further purified by size-exclusion chromatography on a Superose 12
column HR10/300 (GE-Healthcare) and the fractions obtained stored at -80° C. cMCUNTD was used
for structural and functional studies. Protein concentration was estimated by UV-visible absorption
at 280 nm, using theoretical absorption coefficient (0.59 ml*cm™'*mg") calculated by ProtParam
software (ExPASy server).

Size exclusion chromatography studies

Size exclusion chromatography analyses were run on a Superose 12 10/300 column (GE Healthcare),
equilibrated in GF buffer (20 mM HEPES, 200 mM NaCl, 5% v/v glycerol pH 7.5), 0.6 ml/min flow
rate. Samples elution was monitored by UV absorbption at 280 nm. For calcium buffered
experiments, cMCUNTD2 was treated with 10 mM EGTA or 10 mM CacCl; in buffer GF, loaded on
the same column and run in the same conditions as the untreated sample.

Cross linking studies

The applied method was originally described for the crosslinking of protein crystals and subsequently
adapted to study protein oligomers in native conditions!®. By this approach, the glutaraldehyde
vapours are exploited as crosslinking reagent, avoiding the direct mixing with the protein and assuring
very mild conditions. The reservoir chambers of a MRC maxi 48-well crystallization plate (Molecular
Dimensions Ltd) were filled with 100 ul of 25 % (v/v) glutaraldehyde solution. 15 pl of 0.2 mg/ml
purified cMCUNTD were deposited on the top of each sitting drop well and the chamber rims closed
by transparent Clear-seal film to guarantee saturation by cross-linking reagent vapour. All the steps
were carried out at room temperature. The reaction in each well was sequentially blocked at 0, 15,
30, 60, 120, 180, 240, 300 minutes by SDS-page denaturing buffer before analysing the results by
SDS-PAGE electrophoresis (4-12 % precast gels). The acrylamide gel was stained by Silver staining
and the size of the different oligomers compared to a mix of protein standards (Precision Plus Protein
Standards Dual color, Bio-Rad).

Molecular model of mitochondrial calcium uniporter

The model has been predicted using the fold recognition server Phyre 2.0 '*. The software has
identified best template structures based on heuristics in order to maximise confidence, percentage
identity and alignment coverage, the first four with a homology confidence (Phyre 2.0 parameter)
higher than 90%. According to the overall model built by multi-template modelling tool Poing (Phyre

2.0) and further refined by simulated annealing and geometries optimization by Phenix Interface!.
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N-terminus domain (38-187) has been studied and predicted as part of the overall protomer but also
separately, through a dedicated search. Both the servers identified a significant identity (between 25
and 30%) of the transmembrane region, forming the pore and vestibule of the uniporter (192-312),
with the structure of MCU uniporters from fungi, recently determined by single particle cryo-EM
studies and X-Ray crystallography (6DT0, 6C5W, 6D80). N-terminus domain (38-187) has been
reconstructed according to its similarity toward the following PDB structures: 4WNR, 3DPU, 412Y.
The homology toward 4WNR and 3DPU RocCOR proteins structures pertains the residues range
119-186 (based on 25% sequence identity) and concerns structural elements involved in the
oligomerization and conformational dynamics of Leucine-rich-repeat RocCOR domain, while 412Y,
and many others, with similar and weaker homologies in the region 79-158, are strikingly involved
in Ca?" binding (calmodulin or calmodulin-like domains, sensors, polcalcin etc.). The tetrameric
assembly has been tentatively reconstructed with the help of molecular graphics tools for model

building and refinement'®!”

, according to 6DTO assembly. Reciprocal orientation of N-terminus
domain and the core of the uniporter is merely hypothetical, as well as N-term contacts are not
predictable, based on similarities and feasible data.

45Ca?" overlay

1.8, Spinach calreticulin'®

43Ca’" overlay assay was carried out as described by Maruyama et a
recombinant aequorin®’ and Arabidopsis MICU?! were used as positive controls, BSA (Sigma-
Aldrich) was used as negative control. Proteins were spotted directly onto nitrocellulose membranes.
4CaCl, was purchased from Perkin-Elmer (Boston, MA, USA). **Ca?" labeled proteins were
visualized by autoradiography on Amersham Hyperfilm MP (GE Healthcare, Little Chalfont,

Buckinghamshire, UK) after 7 d exposure.
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Glutamate receptor-like channels (GLRs) are a group of ligand-gated non-
selective cation channels with a widespread distribution inside the plant cell
(Wudick et al., 2018a,b). Due to the lack of a nervous system in plants, GLRs
are obviously not linked to neurotransmission as instead is for the homologues
belonging to the well-studied mammalian ionotropic glutamate receptors
(iGluRs) family (Lacombe et al., 2001; Julio-Pieper et al., 2011). In particular,
early evidence for the production of GLR agonists by plants led to the
hypothesis of these molecules being defence-related compounds evolved as
a survival strategy against herbivores. It was only with the sequencing of the
Arabidopsis thaliana genome that GLRs channels were eventually identified
and suggested to be involved in ion homeostasis for plant cells (Lam et al.,
1998; Weiland et al.,, 2015). To date, more than twenty years later, our
knowledge is now sufficiently broad to clearly link these ion channels to several
physiological processes of the plant itself (De Vriese et al., 2018). Most studies
were indeed carried out in the model plant Arabidopsis thaliana, revealing that
its genome encodes for 20 members of this channel family (Lam et al., 1998;
Davenport, 2002; Aouini et al., 2012; Ni et al., 2016); other higher plants,
however, show a significantly different number of homologues — such as, for
example, the poplar with its 61 GLRs (Ward et al., 2009) — pointing to the
general idea that GLRs families consist in large groups of functionally
redundant genes (Roy et al., 2008; De Vriese et al., 2018). Actually, in the
Arabidopsis genome (as well as in the Solanum lycopersicum one) genes
encoding GLRs are often found in tandem along the same chromosome,
meaning that many of them presumably originated as a result of single gene-
or genome-wide duplication events (Taylor and Raes, 2004; Aouini et al.,
2012). Moreover, bioinformatic inquiries resulted in the separation of GLRs of
Arabidopsis into three distinct clades (plus 10 additional subclades) which all
demonstrate early evolutionary divergence with respect to animal iGluRs and
according to which each gene derives its name (Chiu 1999, Davenport, 2002;
Aouini et al., 2012).

Owing to the high structural and sequence similarity between animal and plant
glutamate receptors, plant GLRs are thought to function as Ca?*-permeable

channels involved in a great number of crucial plant cell processes (Kim et al.,
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2001; Roy et al., 2008; Tapken and Hollmann, 2008; Kwaaitaal et al., 2011;
Michard et al., 2011; Forde et al., 2014; Ortiz-Ramirez et al., 2017; Vincent et
al., 2017; Toyota et al., 2018). Indeed, comparative analyses with respect to
the extensively-studied mammal iGluRs suggested that plant GLRs domain
structures, channel orientation as well as the membrane topology are quite
conserved (Lam et al., 1998; Chiu et al., 2002; Dubos et al., 2003; Furukawa
et al., 2005; Price et al., 2012; Weiland et al., 2016). Moreover, also the
tendency to form multimeric complexes is thought to be a retained character
in plant GLRs, featuring a common hypothesis that suggests that GLRs
actually assemble into tetrameric structures consisting in different subunits
(Price et al., 2013). Unfortunately, experiments performed in order to clarify
whether these interactions occur in specific patterns ended in conflicting
results and were thus unable to provide a definitive answer, possibly due to an
intimate dependence of GLRs assembly on the peculiar metabolic state and/or
cell type (Stephens et al., 2008; Price et al., 2013; Vincill et al., 2013).

Conversely, plant GLRs show some distinctive differences at the level of key
domains in terms of the channel functioning, thus providing a challenging
scenario that need to be further investigated: it is well assessed, indeed, that
GLRs ion selectivity cannot be directly compared to that of iGluRs, since
crucial residues in the selectivity filter are not conserved in all GLRs
homologues (De Bortoli et al., 2016). In a similar way, the lack of two highly
conserved residues in one of the transmembrane regions as well as the
presence of second (instead of just one) ligand-binding motif in the N-terminal
domain are both remarkable differences that could significantly alter the
channel activity with respect to our current knowledge in the mammalian
counterpart (Davenport, 2002, Acher and Bertrand, 2005). Moreover,
increasing evidence also suggest that GLRs are not activated exclusively by
glutamate and indeed the amino acidic range of plant GLRs agonists is broader
compared to the animal one (each GLR member shows in fact its own
specificity). Considering the high redundancy of plant GLRs genes and the
numerous combinations that can be obtained by heterotetramerization as well
as their differential expression profiles in distinct cell types or tissues, but also

-the possibility for splicing variant, the above-mentioned GLRs distinctive
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features may thus represent the molecular basis from which a great potential
specificity (with a high spatial and temporal resolution) evolved in plant cells in
order to precisely perceive and respond to environmental stimuli (Weiland et
al., 2015).

Electrophysiological studies performed on GLRs chimeras as well as patch
clamp experiments carried out on full length GLRs expressed in heterologous
systems have demonstrated the actual functioning of at least some GLRs
(AtGLR1.1, 1.4, 3.4 and 3.7): other than being inhibited by classical iGluRs
antagonists (6,7-dinitroquinoxaline-2,3-dione (DNQX), 5,7-dinitro-1,4-dihydro-
2,3-quinoxalinedione (MNQX) and 2-amino-5-phosphonopentanoic acid (AP5)
(Dubos et al., 2003; Meyerhoff et al., 2005; Vatsa et al., 2011; De Vriese et al.,
2018)), these ion channels operate as non-selective cation channels (NSCCs)
able to conduct both Na* and Ca?*, with some of them being involved even in
the transport of K*, Mg?* or Ba* (Roy et al., 2008; Tapken and Hollmann, 2008;
Vincill et al., 2012; Tapken et al., 2013). Their significance in terms of cellular
and organellar ion homeostasis requires however an explanation, in particular
considering that NSCCs are quite abundant both in plant and animal cells,
although highly selective ion channels allow for a more precise recruitment of
the required ion. In this context, several potential NSCCs advantages have
been proposed, such as the use of a single channel to transport more than one
ion species (and possibly different ions towards the two opposite directions) in
order to quickly restore a membrane potential, or to allow the target cation
uptake even if its specific highly-selective channel is blocked due to other bulky
cations, as well as considering an indiscriminate flux of cations as a form of
regulation for turgor-controlled ion channels (Davenport, 2002; Demidchik et
al., 2002).

Taken together, the data currently available indicate that glutamate, as well as
other amino acids, may exert the role of short- and long-distance signalling
molecules in the Ca?*-mediated transduction of various physiological and
developmental responses via the activity of GLRs. The consequent activation
of GLRs channels located at the plasma membrane would thereby lead to an
influx of Ca?* from the extracellular space into the cytosol, thus generating
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[Ca®*]eyt transients that determine a cascade of downstream responses
(Dennison and Spalding, 2000; Vatsa et al., 2011; De Vriese et al., 2018).

However, although most GLRs are predicted to have a plasma membrane
targeting, GLR3.4 and 3.5 members were recently found to possess a dual
intracellular localization: the former is in fact targeted both to the plasma
membrane and to the inner envelope of chloroplasts, while the latter shows an
alternative splicing-related targeting to either mitochondria or chloroplasts
(Teardo et al., 2010, 2011 and 2015). Due to reports suggesting GLR.3.4
transcript being upregulated in response to cold (Meyerhoff et al., 2005), the
research work of a previous Ph.D. student (Sara De Bortoli) in the group of
Prof. I. Szabo (Department of Biology, University of Padova) focused on the
search of a conditional phenotype to cold or chilling in the Arabidopsis
knockout line lacking the above-mentioned channel. A similar effort was
carried out also with other abiotic stimuli, and experiments were repeated in
the gir3.5 knockout line as well (the rationale being GLR3.5 as the homologue
displaying the highest similarity and an identical pore region compared to
GLR3.4) (De Bortoli, 2017, Ph.D. thesis).

The research work subsequently went on by transforming Arabidopsis gir3.4
and g/r3.5 knockout lines with the construct encoding aequorin targeted to the
chloroplast stroma. After analysis of aequorin expression via Western Blot
analyses (see Fig. 1), as well as confirmation of the correct targeting of the
YFP-tagged aequorin chimera to the chloroplast stroma by confocal
microscopy observations (carried out by members of the Szabo’s laboratory),
transgenic lines stably expressing stromal aequorin were used in our
laboratory for [Ca®*] measurement experiments in response to several abiotic

and biotic stress conditions.

kDa
50 - «

37 - -
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168



Sensing environmental cues by chloroplast GLRs

Fig. 1. Analysis of aequorin expression by immunoblotting in Arabidopsis g/r3.4 and gir3.5
knockout transgenic lines stably transformed with a construct encoding YFP-aequorin targeted
to the chloroplast stroma (STR-YA). Total protein extracts (50 pg) were separated by 12.5 %
SDS-PAGE, transferred to PVDF and incubated with an anti-aequorin antibody (1:5000
diluted). Arrowhead indicates STR-YA transformed in a wild-type background and used as
positive control. The wild-type (Col-0) line was used as negative control.

According to the aequorin-based Ca?* assays that | performed (which are
presented in Fig. 2 and 3), by comparing knockout mutants with wild-type
controls, the GLR3.5 channel seems to be involved in response to cold,
whereas the GLR3.4 shows instead a differential response to salinity. These
preliminary results suggest that different Ca*-permeable channels may be

involved in the transduction of specific environmental stimuli.

The present work, however, is clearly incomplete and further investigations will
be carried out, after the end of my Ph.D. activity, in both the collaborating
laboratories at the Department of Biology, University of Padova. In particular,
a double giIr3.4gIr3.5 knockout line transformed with stromal aequorin has just
be obtained, so that in the future additional Ca?* measurements, as well as the
search for a conditional phenotype, will be performed in order to avoid potential
compensatory effects between the two GLRs homologues. This issue must be
taken into careful consideration, especially on the basis of a potential
heterotetramerization between the two close GLR3.4 and 3.5 homologues.
Moreover, the establishment of GLRs knockout transgenic lines stably
expressing cytosolic aequorin is under way, allowing the monitoring of Ca?*
dynamics in another subcellular compartment strictly linked to chloroplasts in
terms of Ca?* handling and exchange of the ion during signalling events.
Moreover, quantitative RT-PCR experiments aimed at the analysis of the
relative expression levels of these channels will be performed under
constitutive and stress-induced conditions. These studies may further advance
our understanding of the precise physiological role and regulatory mechanisms

of the two considered GLRs homologues.
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Fig. 2. Monitoring of [Ca?*]st dynamics in response to environmental stimuli of abiotic nature.
Ca?+ assays were conducted in Arabidopsis wild-type (green) and gir3.4 knockout (red) lines
stably-expressing STR-YA. Seedlings were challenged (100 s, black arrowhead) with: (a) 300
mM NacCl; (b) 600 mM mannitol; (¢) 10 mM H20z; (d) H20 at 0°C. Data are the means (solid
lines) £ SE (shadings) of =210 independent experiments. Asterisk indicates data that differ
significantly (P < 0.05, Student’s f test).
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Fig. 3. Monitoring of [Ca?*]st dynamics in response to environmental stimuli of abiotic nature.
Ca?+ assays were conducted in Arabidopsis wild-type (green) and g/r3.4 knockout (violet) lines
stably-expressing STR-YA. Seedlings were challenged (100 s, black arrowhead) with: (a) 300
mM NaCl; (b) 600 mM mannitol; (¢) 10 mM H20z; (d) H20 at 0°C. Data are the means (solid
lines) £ SE (shadings) of =210 independent experiments. Asterisk indicates data that differ
significantly (P < 0.05, Student’s f test).
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PROLOGUE

While physiological investigations in the plant biology fields often deal with
entire plants subjected to a wide range of natural and/or artificial environmental
conditions, the use of simplified systems such as cell suspension cultures still
represents a valuable methodology for structural, metabolic and signalling
studies (Hampp et al., 2012). The demand in fact stems from the necessity to
reduce the complexity of a whole plant system, in order to dissect intricate
phenomena into their basic components. Plant cell suspension cultures indeed
provide a convenient way to more easily analyze complex plant physiological
processes. By resolving the complexity of an in toto plant into its elementary
units, suspension-cultured cells often represent a useful tool to investigate a

wide range of phenomena (Moscatiello et al., 2013).

Indeed, in the last few decades the plant science field has made an extensive
use of suspension-cultured cells as a key experimental technique in many
fields of investigation: ion transport, secondary metabolite production, gene
expression and defence responses are some examples of research topics that
commonly employ explant-derived cell cultures to explore plant physiology at
the cellular and molecular levels (Moscatiello et al., 2013). Notably, Ca?*-
mediated signalling studies have greatly benefited from the use of these
experimental systems, due to the fact that organisms in toto are not always
suitable to dissect specific responses. For example, the Ca?*-sensitive
photoprotein aequorin allows for the monitoring of changes in the Ca?*-
dependent bioluminescence deriving from the whole plant, making it difficult to
dissect the contribution of different tissue/cell types to the observed Ca?®*
response. Moreover, the homogeneity of a cell suspension culture can help
the amplification and hence the detection of even faint Ca®* signals, as
demonstrated by several works on Ca?*-based signalling pathways during
plant-microbe interactions (Lecourieux et al., 2005; Moscatiello et al., 2006;
Navazio et al., 2007a,b). On the other hand, studies based only on cell
suspension cultures fail to unravel the potential systemic integration between

different plant organs, suggesting the necessity to carry out in vivo studies in
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order to confirm and expand in vitro observations (Choi et al., 2017, Hilleary
and Gilroy, 2018).

Suspension-cultured cell systems have proved to be fundamental keystones
in the past by helping to uncover the role of several plant hormones (Caplin
and Steward, 1948; Miller et al., 1955; Skoog and Miller, 1957). More recently,
they have become suitable intermediate step in plant genetic engineering, by
allowing transient expression of new characters via transfection of exogenous
DNA into protoplasts, that can be easily obtained in bulk quantities by the
incubation of suspension-cultured cells with mixtures of cell wall-degrading
enzymes. Also the pharmaceutical research field is greatly interested in this
experimental system, since the employment of plant cell suspension cultures
has allowed the large-scale production of secondary metabolites and other
molecules of interest, such as recombinant proteins (Wilson and Roberts,
2012; Vasilev et al., 2016; Schilloerg et al., 2019). Extensive efforts have been
spent searching for specific stress conditions and/or stimulations which may
increase the production and the accumulation of the desired compounds in in
vitro culture conditions (see e.g. Guarnerio et al., 2012; Toffali et al., 2013;
Commisso et al., 2016). Accordingly, a more detailed knowledge of the
different plant requirements could allow for the development of new strategies
that use plant cell cultures as production platforms for the obtainment of
valuable compounds for industrial applications (Schmitz et al., 2016). In the
Ca?* signalling field, the generation of photosynthetic and heterotrophic cell
suspension cultures of Arabidopsis thaliana, containing either chloroplasts or
amyloplasts, respectively, has allowed the detection of stimulus-specific Ca?*
signals in the stroma of the two distinct plastid types (Sello et al., 2016), as
well as the elucidation of the role of thylakoids in shaping chloroplastic Ca?*
dynamics (see Chapter 2, Sello et al., 2018).

Thanks to the functional plasticity that typically characterizes plastids,
Arabidopsis cell cultures can be slowly interconverted between a heterotrophic
and a photosynthetic state by a stepwise decrease in the sucrose
concentration in the culture medium. However, until recent times, this

interconversion has required a time-consuming procedure (about 2 years)
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(Hampp et al., 2012). More recently, a novel procedure developed in our
laboratory has provided a faster and efficient method to obtain Arabidopsis
photosynthetic cell suspension cultures (Sello et al., 2017). The direct
germination of Arabidopsis seeds on a hormone-containing medium (MS, 3%
sucrose, 0.25 ug/pl 6-benzylaminopurine, 0.5 pg/ul 2,4-dichlorophenoxyacetic,
0.8% agar, pH 5.5) made it possible to generate green calli at the level of
seedling hypocotyls in 3 weeks. The subsequent transfer of these calli into
liquid culture medium containing the same concentrations of phytohormones
and gradually decreasing sucrose levels allowed for the establishment of cell
suspension cultures containing functional chloroplasts in a faster (about 2-3
months) and easier way than previously described procedures. The combined
use of both heterotrophic and photosynthetic cell cultures may allow to obtain
insights into the unique features of chloroplasts versus non-green plastids, as
well as their integration in the structural and metabolic compartmentalization

of the plant cell.

In this chapter | have described in detail the procedures commonly used in our
laboratory to establish and maintain Arabidopsis photosynthetic and
heterotrophic cell suspension cultures. This manuscript represents an invited
contribution to the fourth edition of the Arabidopsis Protocols book for the
Methods in Molecular Biology series of Springer, providing a handy manual for
those who wish to approach to the field. After briefly dealing with theoretical
aspects of plant suspension-cultured cells, the chapter mainly focuses on the
detailed description of the procedures required to establish photosynthetic and
heterotrophic cell suspension cultures of Arabidopsis. The intention was to
provide researchers, who are starting to work with Arabidopsis cell cultures,
with a beginner guide. Besides the detailed description of the protocols
underlying the generation and maintenance of Arabidopsis cell suspension
cultures, a section consisting in a list of experience-based tips was also
included to facilitate a potential user in generating in vitro cell cultures. Figures
illustrating macroscopic observations of the different cell cultures, together with
confocal microscopy and transmission electron microscopy observations,
were prepared. Moreover, data concerning the determination of the cell culture

growth curve and evaluation of the photosynthetic efficiency of the cell
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suspension cultures, measured by PAM analyses, were also provided.
Photosynthetic and heterotrophic cell suspension cultures can be used for
many different structural and functional studies, including signalling ones, as
shown in Chapter 2. Moreover, they are also suitable experimental systems
to perform intracellular localization studies of recombinant proteins, as
demonstrated in Chapter 3.

The described protocols provide useful experimental tools to investigate the
participation of chloroplasts, as well as non-green plastids, in intracellular Ca?*
handling and to highlight differences between the different functional types of

plastids in terms of Ca?* responses to environmental stimuli.
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Photosynthetic and heterotrophic cell suspension cultures
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Abstract

Cell suspension cultures represent a widely used experimental tool suitable to
perform a variety of structural and physiological studies in a more simplified system
compared to the organism in toto. In this chapter we describe the methods routinely
used in our laboratory to establish and maintain Arabidopsis photosynthetic and
heterotrophic cell suspension cultures, containing either chloroplasts or amyloplasts,
respectively. The use of these in vitro systems may allow to obtain insights into the
unique features of green plastids versus nongreen plastids, as well as their integration

in the structural and metabolic compartmentalization of the plant cell.

Key words Arabidopsis, Seeds, Culture medium, Phytohormones, In vitro growth,

Calli, Cell suspension cultures, Chloroplasts, Amyloplasts, Protoplasts.
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1. Introduction

Arabidopsis in vitro cultures have been established a long time ago, with the first
reports dating back to the sixties and seventies of the last century [1-2].
Methodologies for the production of calli - clusters of dedifferentiated cells growing
on solid culture media - as well as the set up of Arabidopsis cell suspension cultures -
cells growing in liquid culture media under constant shaking - have been described in
details [e.g. 3-4]. In vitro technologies, allowing for the dissection of the entire
Arabidopsis plant into its elementary units, represent an invaluable tool in basic
research, and have greatly contributed to advancing our knowledge of the cellular
and molecular biology, biochemistry, physiology of this model plant.

For a long time most techniques have allowed only for the obtainment of Arabidopsis
heterotrophic cell suspension cultures - i.e. containing amyloplasts -, whereas the
production of photosynthetic cell suspension cultures - i.e. containing chloroplasts -
has proven more difficult to obtain. More recently, methods have been described to
successfully establish them [5-6], and the advantages of working with Arabidopsis
cell cultures containing functional chloroplasts have become increasingly evident [5,
71.

Cell suspension cultures can be used for a number of structural and functional
studies, including signalling ones. The use of Arabidopsis photosynthetic and
heterotrophic cell suspension cultures has recently highlighted differences between
non-green plastids and chloroplasts in terms of organellar calcium signals in response
to environmental stimuli [8]. Moreover, they have been useful to demonstrate the
restriction of light-to-dark induced Ca** fluxes to chloroplasts only [8], and to

investigate the integration of thylakoids in the Ca?* signalling network [9].
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Nevertheless, an intrinsic limitation of cell culture systems is given by their
incompatibility with systemic signalling studies, focused on the communication and
exchange of signals among different tissues and organs in the elaboration of long-
distance responses [10-11].

Cell suspension cultures are also suitable experimental systems to perform
intracellular localization studies of recombinant proteins. Indeed, they can be
obtained from transgenic plants expressing fluorescently tagged versions of the
proteins of interest [8]. Moreover, cell suspension cultures represent a convenient
system for the isolation of protoplasts (i.e. cells enzymatically deprived of the cell
wall), that can be isolated with high yields starting from mid-exponential phase
suspension-cultured cells. Protoplasts can be useful for a number of studies, e.g. after
transient expression of proteins of interest [12]. For example, we have recently
demonstrated that an Arabidopsis homologue of the mitocondrial calcium uniporter
(cMCU) localizes to the chloroplast envelope [13]. The intracellular localization of
this organellar calcium-permeable channel was ascertained by using protoplasts
obtained by both photosynthetic and heterotrophic cell cultures, transiently co-
transformed with constructs encoding a GFP-fused version of cMCU and membrane
markers of the different chloroplast subcompartments [13].

It has to be noted that photosynthetic and heterotropic cell suspension cultures are
somehow interconvertible, by modulating sucrose concentration and light regime [5-
6, 8]. This is possible thanks to the innate plasticity of plastids, highly dynamic
organelles that can interconvert in response to developmental and environmental
cues [14-15].

In this chapter, we describe in detail the protocols routinely used in our laboratory to

establish and maintain Arabidopsis photosynthetic and heterotrophic cell suspension
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cultures. This simple and precise guide will take the operator, including an absolute
beginner, through the basic steps of Arabidopsis cell cultures. Modifications to the
described protocols can be made and procedures can be tailored according to the host

laboratory needs and habits.

2. Materials

2.1 Growth Facilities

The establishment and maintenance of plant cell cultures requires the availability of
several in vitro growth facilities, such as a growth chamber equipped with
light/temperature control and a laminar flow hood where all the procedures that
require sterile conditions are conducted. The growth chamber for cell cultures is set

at a temperature of 24°C and a photoperiod of 16 h light / 8 h dark.

Herewith is a list of laboratory equipment and material needed for the different
procedures described in this Chapter to set up and maintain Arabidopsis

photosynthetic and heterotrophic cell cultures.

2.2 Preparation of Phytohormones and Culture Media

1. 6-Benzylaminopurine (BAP).

2. 2,4-Dichlorophenoxyacetic acid (2,4-D).

3. Kinetin.

4. Murashige and Skoog basal medium (micro- and macroelements including
vitamins).

5. Gamborg B5 basal medium (micro- and macroelements including vitamins).
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6. Sucrose.

7. Plant agar.

8. 2-(N-Morpholino)ethanesulfonic acid (MES).
9. 1N KOH.

10. 0.1 N HCIL.

11. Ethanol.

12. Distilled H>O.

13. 50 ml syringes.

14. Sterile disposable 0.22 um filter units.

15. Sterile 1.5 ml Eppendorf-like tubes.

16. Pipet-aid and sterile disposable 2 ml pipettes.
17. Beakers, cylinders, Duran bottles.

18. Analytical balance.

19. Magnetic stirrer and stir bar.

20. pH meter.

21. Autoclave.

22. Oven.

23. Autoclave tape.

24. Refrigerator and freezer.

2.3 Preparation of plates containing agarized medium

1. Round sterile Petri dishes for cell cultures (100 mm diameter x 20 mm height).
2. Cell culture media (see Subheadings 3.2.2 and 3.3.2).

3. Proper antibiotic/herbicide, P20 micropipette and sterile tips (for transgenic

lines).
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4. Pipet-aid and sterile disposable 25 ml and 10 ml pipettes.
5. Parafilm.

6. Microwave oven.

2.4 Surface sterilization of seeds and sowing on Petri dishes

1. Seeds of Arabidopsis thaliana, Columbia 0 (Col-0) ecotype (see Note 1).

2. 1.5 ml or 2 ml Eppendorf-like tubes.

3. Filter paper.

4. P200 and P1000 micropipettes and sterile tips.

5. Ethanol.

6. Triton X-100.

7. Distilled H2O.

8. Petri dishes containing Solid Medium for Green Callus Induction (see Subheading

3.2.2) or Solid Medium for Seed Germination (see Subheading 3.3.2).

2.5 Manipulation of callus cultures

1. Sterile forceps and scalpel.

2. Petri dishes containing the Solid Medium for Callus Maintenance (see
Subheadings 3.3.2).

3. Parafilm.

4. Ethanol.

5. Bunsen burner.

2.6 Initiation of cell suspension cultures

1. Sterile 50 ml Erlenmeyer flasks.
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2. Liquid Medium for Cell Suspension Cultures (see Subheadings 3.2.2 and 3.3.2).
3. Pipet-aid and sterile disposable 25 ml and 10 ml pipettes.

4. Proper antibiotic/herbicide, P20 micropipette and sterile tips (for transgenic lines).
5. Sterile forceps and scalpel.

6. Orbital shaker.

7. Bunsen burner.

8. Scissors.

2.7 Subculturing of cell suspension cultures

1. Sterile 100 ml (or larger volume) Erlenmeyer flasks.

2. Liquid Medium for Cell Suspension Cultures (see Subheadings 3.2.2 and 3.3.2).

3. Pipet-aid and sterile disposable 25 ml and 10 ml pipettes.

4. Proper antibiotic/herbicide, P20 micropipette and sterile tips (for transgenic
lines).

5. Orbital shaker.

6. Scissors

7. Bunsen burner.

2.8 Measurement of fresh weight

1. 1.5 ml Eppendorf-like tubes.

2. Pipet-aid and sterile disposable 10 ml pipettes.
3. P1000 micropipette and sterile tips.

4. Sterile scalpel.

5. 1 ml syringe with a thin needle.

N

Benchtop centrifuge.
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7. Analytical balance.

2.9 Protoplast Isolation

1.

Cellulase “Onozuka” R-10.

2. Macerozyme R-10.

3. Liquid Medium for Cell Suspension Cultures (see Subheading 3.2.2 and 3.3.2).

4.

5.

10.

I11.

12.

13.

14.

15.

16.

17.

18.

Mannitol.

Analytic balance.

Beakers, cylinders.

Magnetic stirrer and stir bar.

Sterile 50 ml and 15 ml tubes.

Pipet-aid and sterile disposable 10 ml pipettes.
Sterile disposable vacuum filtration units.
Aluminum foil.

50 wm nylon mesh.

100 ml glass beaker.

Rubber bands.

Sterile scalpel.

Sterile disposable plastic Pasteur pipettes.
Orbital shaker.

Benchtop centrifuge.

2.10 Pulse-Amplitude Modulation Fluorometry

1. PAM imaging fluorometer.

2. Sterile disposable 6-well plates.
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3. Methods

3.1 Sterility Conditions

The maintenance of sterility at all times is a conditio sine qua non for the
establishment of in vitro cultures.

1. All appropriate manipulations must be carried out in a laminar flow hood,
using sterile disposable plasticware (pipettes, tips, tubes, Petri dishes), sterilized
glassware (Erlenmeyer flasks, beakers, bottles) and sterilized metalware (forceps,
scalpels) (see Note 2).

2. Wash your hands and clean them with ethanol before working in the laminar
flow hood, or wear gloves.

3. Wipe the bench under the laminar flow hood with denatured alcohol before
and after use.

4. Never pass over open sterile labware with your hands or arms, when you are
working in the laminar flow hood. Avoid to speak, caugh, sneeze.

5. Once a week, sterilize the environment under the laminar flow cabinet by

using the UV lamp according to manufacturer’s instructions.

3.2 Establishment and maintenance of photosynthetic cell suspension cultures
Herewith we describe a method based on the direct germination of Arabidopsis seeds
on a sucrose-containing agarized culture medium supplemented with exogenous
phytohormones, that leads to the formation of green calli at the hypocotyl level [6].
The subsequent transfer of these green calli in liquid media containing stepwise

decreased sucrose concentrations allows for the set up of photosynthetic cell cultures
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in a time interval greatly reduced in comparison to other described procedures (about
2-3 months).

For the establishment and maintenance of in vitro cultures, it is necessary to prepare
in advance the required phytohormones and culture media, so that they are already

available when needed.

3.2.1 Preparation of phytohormones

1. 0.25 mg/ml BAP.

Slowly dissolve 25 mg of BAP in 5 ml of 0.1 N HCI, then make up to 100 ml volume
with distilled H>O. In the laminar flow hood sterilize the solution by filtration through
sterile disposable 0.22 pum filter units and store at 4°C.

2. 0.5 mg/ml 2,4-D.

Slowly dissolve 50 mg of 2,4-D in 5 ml of 95% (v/v) ethanol, then make up to 100 ml

volume with distilled H,O. Sterilize and store as described above.

3.2.2 Preparation of culture media

Culture media are based on Murashige and Skoog (MS) basal medium (micro- and
macroelements including vitamins). Sterilize them by autoclaving on the same day of
the preparation, because most of them contain sucrose. They can be stored at room
temperature for several months (see Note 3).

1. Solid Medium for Green Callus Induction: full-strength MS, 3.0% (w/v)
sucrose, 0.25 ug/ml BAP, 0.5 ug/ml 2,4-D, 0.8% (w/v) agar, pH 5.5.

To obtain this medium, first prepare a liquid medium containing a two-fold
concentration of phytohormones (Component A), and a solid medium, containing a

two-fold concentration of agar (Component B).
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For Component A, dissolve 4.4 g of Murashige and Skoog basal medium in a beaker
containing about 800 ml of deionized H>O. Use a magnetic stirrer in order to ensure
optimal and rapid dissolution of the reagents. Add 30 g sucrose and stir until
completely dissolved. Adjust the pH to 5.5 using 1 N KOH. Add deionized H>O and
bring the volume up to 1 1 in a cylinder. Transfer the solution into a 1 1 Duran bottle.
Autoclave for 20 min at 121°C. After autoclaving and cooling down the culture
medium, in the laminar flow hood add 2 ml/I stock solutions of phytohormones (see
Subheading 3.2.1) in order to obtain a 2X concentration. Gently shake the bottle (lid
closed) to ensure accurate mixing.

For Component B, proceed as described above for Component A. After bringing the
solution to pH 5.5, divide it into two 500 ml Duran bottles and add 8 g agar directly
into each bottle (2X concentration of agar, 16 g/1) before autoclaving (see Note 4).
The medium for callus induction is obtained by mixing Component A and
Component B in equal volume directly in the Petri dishes, as explained in
Subheading 3.2.3.

2. Liquid Media for Photosynthetic Cell Suspension Cultures: full-strength MS,
variable amount (w/v) of sucrose, 0.25 ug/ml BAP, 0.5 ug/ml 2,4-D, pH 5.5.

To set up photosynthetic cell suspension cultures, culture media containing
progressively reduced sucrose concentrations (2%, 1%, 0.5%, w/v) are used. To
prepare them, proceed as described above, adding the proper amount of sucrose (20
g/1, 10 g/1, 5 g/1) depending on the desired final concentration. Stir until dissolution,
bring to pH and final volume, autoclave, and cool them down before adding 1 ml/l1 of

the stock solution of phytohormones (see Subheading 3.2.1).

3.2.3 Preparation of plates containing agarized medium
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1. By using the microwave at low power, melt Component B of the Solid Medium
for Green Callus Induction (see Subheading 3.2.2) until it is fully melted (see Note
5).

2. Close the bottle and gently shake it in order to mix its content to homogeneity.
3. Let the medium cool down until you can easily handle the bottle in your hands
without scorching (see Note 6).

4. By using the pipet-aid and a sterile disposable 10 ml pipette inside the laminar
flow hood, transfer in round sterile Petri dishes (100 x 20 mm) 10 ml Component A
and 10 ml Component B (see Note 7).

5. Gently mix the content of the Petri dish by sliding the plate on the surface of the
bench under the laminar flow hood with a cross-like motion for 3 times.

6. Partially close the dish with its lid, placing it on top slightly inclined and let the

medium solidify (it takes about 15 minutes).

3.2.4 Surface sterilization of seeds

1. Transfer the seeds into a clean 1.5 or 2 ml Eppendorf-like tube. This step can be
performed on a bench, in the laboratory (see Note 8).

2. In the laminar flow hood, slowly add 1 ml of Seed Sterilization Solution 1 (70%
ethanol, 0.05% Triton X-100) to the Eppendort-like tube containing the seeds. Close
the tube and shake it vigorously for 1 min by inverting it several times (see Note 9).
3. Remove the solution by using a P200 micropipette and a sterile tip. Make sure you
do not suck the seeds into the tip.

4. Add 1 ml of Seed Sterilization Solution 2 (100% ethanol). Close the tube and
shake it vigorously for 1 min as above (see Note 9). Immediately proceed with

sowing on Petri dishes.
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3.2.5 Sowing on Petri dishes and induction of green calli

1. In the laminar flow hood open a Petri dish containing Solid Medium for Green
Callus Induction (see Subheading 3.2.2) and put the lid upside down.

2. Using a P1000 micropipette suck the seeds into a sterile tip (see Note 10) and
transfer them onto the inner side of the Petri dish lid.

3. By using the same sterile tip, distribute the seeds so that they are homogenously
scattered inside the Petri dish lid. Let the ethanol evaporate for a few min.

4. Reverse the Petri dish, containing the solid medium, upside down over the
lid, containing the seeds. Overturn the closed Petri dish, in order to let the seeds fall
onto the solid medium. If some of them remain on the lid, gently flick the lid with
your fingers from outside to help their fall (see Note 11). If a large amount of seeds
needs to be sown, use more than one Petri dish.

5. Seal the Petri dish with parafilm and place it horizontally, lid side up, in the
growth chamber (see Note 12). After exactly 3 weeks, well-developed green calli

will have formed at the hypocotyl level (Fig. 1A, 1D-E).

3.2.6 Initiation of photosynthetic cell suspension cultures

1. In the laminar flow hood carefully open a sterile 50 ml Erlenmeyer flask, and place
the aluminum foil lid upside down.

2. Transfer in the flask, by using the pipet-aid and a sterile disposable pipette, 10
ml Liquid Medium for Cell Suspension Cultures containing 2% sucrose (see

Subheading 3.2.2) (see Note 7 and Note 13).
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3. Using sterile forceps, transfer the green calli (Fig. 1A, D-E) one by one inside
the Petri dish lid (placed upside down on the surface of the bench in the laminar flow
hood).

4. With a sterile scalpel remove the residues of non-dedifferentiated cotyledons
and cut the green calli in two or four pieces (see Note 14).

5. With sterile forceps carefully transfer the material deriving from about ten
calli into the 50 ml Erlenmeyer flask containing the liquid culture medium (see Note
15).

6. Reduce the dimension of the aluminum foil lid by using scissors, taking care
to preserve sterility during this operation (see Note 16).

7. Quickly pass the aluminum foil lid, as well as the flask neck, over the Bunsen
burner flame (paying extreme attention not to burn your hands!) and close the flask
by wrapping the aluminum foil around the top of the flask (Fig. 1B).

8. Place the flask on an orbital shaker set at 80 rpm with continuous motion in
the growth chamber under a light intensity of 130 + 20 umol photons m? s (to
stimulate photosynthetic activity).

9. After a couple of days, gently resuspend the culture about ten times, using the
pipet-aid and a sterile disposable 10 ml pipette deprived of the tip (see Note 17) to
favour the fragmentation of calli.

10.  After one week, by using the pipet-aid and a sterile disposable 10 ml pipette
without the tip, transfer all the calli in a 100 ml sterile Erlenmeyer flask, containing
20 ml fresh medium with the same concentration (2%, w/v) of sucrose and

phytohormones.

3.2.7 Set up and subculturing of photosynthetic cell suspension cultures
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Cell suspension cultures are renewed weekly by transferring 1 ml packed cell volume
(PCV) of late-exponential phase (7-day-old) (see Subheading 3.2.8) cells into 20 ml
fresh culture medium. Sucrose concentration in the culture medium is gradually
reduced from 2% to 1% and then to 0.5% (w/v) every 2-3 weeks, in order to
stimulate the photosynthetic activity of the cells.

1. Transfer 20 ml fresh Liquid Medium for Photosynthetic Cell Cultures
(containing stepwise 50% less sucrose content every 2-3 weeks) (see Subheading
3.2.2) into a sterile 100 ml Erlenmeyer flask.

2. Resuspend the content of the 7-day-old cell suspension culture at least ten
times, by using the pipet-aid and a sterile disposable 10 ml pipette, taking care not to
form air bubbles in the flask.

3. Suck in the pipette about 5 ml of the culture, then position the pipette tip
against the inner bottom of the flask, slowly forcing out only the liquid medium (the
cells will remain inside the tip). Repeat this step until you have amassed 1 ml PCV
inside the tip (see Note 18).

4. Start the new subculture by transferring 1 ml PCV in the 100 ml Erlenmeyer
flask containing 20 ml fresh culture medium prepared above (see Note 19).

5. Pipette up and down at least ten times in order to accurately resuspend the
new subculture and fully release all the cells sticking inside the pipette.

6. Close the flask with the aluminum foil lid and place it on the orbital shaker in
the growth chamber.

7. After about 2-3 months, fine photosynthetic cell suspension cultures,
consisting in very small cell aggregates, are obtained (Fig. 1C). They contain

chloroplasts as functional types of plastids, as confirmed by confocal microscopy
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observations of chlorophyll autofluorescence (Fig. 1F-G) and transmission electron

microscopy (TEM) analyses (Fig. 1H-K) For TEM procedures, see [16].

3.2.8 Determination of the cell suspension culture growth curve

The evaluation of the cell growth is important to determine the lag phase,
exponential phase and stationary phase of the cell suspension culture. This is
essential in order to identify the best time interval in which to perform experiments
(usually with mid-exponential phase cells) and the subculturing time, when the cell
culture has to be renewed in fresh culture medium (i.e. with late-exponential phase
cells).

To determine the growth curve, the fresh weight (mg/ml) of the suspension-cultured
cells can be measured at fixed days after the onset of the subculture, using the
following procedure:

1. Weigh a 1.5 ml Eppendorf-like tube (see Note 20).

2. Open the Erlenmeyer flask containing the cell suspension culture and
resuspend the flask content at least ten times, by using the pipet-aid and a sterile
disposable 10 ml pipette.

3. Transfer exactly 1 ml of the resuspended cell culture into the tube by using a
P1000 micropipette and a sterile tip with a wide bore (see Note 21).

4. Centrifuge the tube containing the cell culture aliquot at maximum speed for
1 min at room temperature.

5. Remove most of the culture medium by using a 1 ml syringe with a thin
needle.

6. Centrifuge the tube again and remove all the remaining culture medium as

above.
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7. Weight the tube again and take note of the gross weight.
8. Subtract the tare to calculate the net weight and plot it against time in order to

visualize the growth curve of the cell suspension culture (Fig. 1L).

3.3. Establishment and maintenance of heterotrophic cell suspension cultures
3.3.1 Preparation of phytohormones

1. 2 mg/ml kinetin.
Weigh 30 mg kinetin in a 15 ml tube, dissolve in 3 ml 0.1 N KOH, then make up to 15
ml volume with distilled H>O. In the laminar flow hood sterilize the solution by
filtration through sterile disposable 0.22 pm filter units and store at -20°C in 1 ml
aliquots in sterile 1.5 ml Eppendorf-like tubes.

2. BAP and 2,4-D are prepared as described in Subheading 3.2.1.

3.3.2 Preparation of culture media

Culture media are based on MS and Gamborg B5 basal medium (micro- and
macroelements including vitamins).

1. Solid Medium for Seed Germination: half-strength (Y2) MS, 1.5% (w/v)
sucrose, 0.8% (w/v) agar, pH 5.5.

Dissolve 2.2 g/l MS basal medium and 15 g/l sucrose in distilled H>O, bring to pH,
make up to volume, add 8 g/l agar directly into the bottle and autoclave. Store at room
temperature.

2. Solid Callus Induction Medium (CIM) for heterotrophic cultures: 3.2 g/l
Gamborg B5 basal medium, 0.5 g/l MES, 2% (w/v) sucrose, 0.05 pg/ml kinetin, 0.5

pug/ml 2,4-D, 0.8% (w/v) agar, pH 5.7.
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To obtain this medium, first prepare a liquid medium containing a two-fold
concentration of phytohormones (Component A’), and a solid medium, containing a
two-fold concentration of agar (Component B’), analogously to what described in
Subheading 3.2.2. The medium for callus induction is obtained by mixing
Component A’ and Component B’ in equal volume (10 ml + 10 ml) directly in the
Petri dishes, as described in Subheading 3.3.3.

3. Solid Medium for Heterotrophic Callus Maintenance: full-strength MS, 3%
(w/v) sucrose, 0.25 pg/ml BAP, 0.5 ug/ml 2,4-D, 0.8% (w/v) agar, pH 5.5.

First prepare a liquid culture medium containing a twofold concentration of
phytohormones (Component A’”) and a solid medium containing a twofold
concentration of agar (Component B’”), analogously to what described in
Subheading 3.2.2. Combine them in equal volumes (10 ml + 10 ml) when you
prepare the plates containing agarized medium, as described in Subheading 3.3.3.

3. Liquid Medium for Heterotrophic Cell Suspension Cultures: full-strength
MS, 3% (w/v) sucrose, 0.25 ug/ml BAP, 0.5 ug/ml 2,4-D, pH 5.5.

Proceed as explained for photosynthetic cell cultures in Subheading 3.2.2, but adding

30 g/l sucrose.

3.3.3. Preparation of plates containing agarized medium

1. For seed germination: melt the Solid Medium for Seed Germination (see
Subheading 3.3.2) in a microwave oven and then transfer 20 ml in a Petri dish.

2. For callus induction: transfer 10 ml of Component A’ + 10 ml Component B’

of CIM (see Subheading 3.3.2) in a Petri dish and gently mix (see Subheading 3.2.3).
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3. For callus maintenance: transfer 10 ml of Component A’’ + 10 ml
Component B”” of Solid Medium for Heterotrophic Callus Maintenance (see

Subheading 3.3.2) in a Petri dish and gently mix (see Subheading 3.2.3).

3.3.4 Surface sterilization of seeds, Sowing on Petri dishes and Growing of
seedlings

Surface sterilize the seeds as described in Subheading 3.2.4. Proceed with sowing as

described in Subheadings 3.2.5, by transferring the seeds on Petri dishes containing

Solid Medium for Seed Germination (see Subheading 3.3.2). After 1 week the seeds

will have germinated and developed into small seedlings (Fig. 2A).

3.3.5 Induction and maintenance of heterotrophic calli

1. In the laminar flow hood gently transfer the seedlings onto the inner side of
the Petri dish lid by using sterile forceps.

2. Remove the roots by using the sterile scalpel.

3. Excise the cotyledons and the hypocotyl, then transfer them separately in two
different Petri dishes containing CIM for heterotrophic cell cultures (see Subheading
3.3.2) (Fig. 2B-C).

4. Seal the Petri dishes with Parafilm and store them horizontally, lid side up, in
the growth chamber. Greenish or pale yellow calli develop in about three weeks (Fig.
2D-E).

5. Every 3 weeks, transfer the calli into new Petri dishes, containing fresh CIM

medium.
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6. After the third renewal in CIM, calli will consist in big, yellow, friable
clusters of completely dedifferentiated cells, almost indistinguishable regardless their
origin from either cotyledons or hypocotyls (Fig. 2F).

7. Fractions of these calli can be subcultured monthly onto Solid Medium for
Heterotrophic Callus Maintenance (see Subheading 3.3.2) (see Note 22) or used to

set up heterotrophic cell suspension cultures.

3.3.6 Initiation and subculturing of heterotrophic cell suspension cultures

1. Proceed as described in Subheading 3.2.6, using as starting material
heterotrophic calli (instead of the green ones), and the Liquid Medium for
Heterotrophic Cell Suspension Cultures, containing 3% (w/v) sucrose (instead of
progressively reduced sucrose concentrations) (see Subheading 3.3.2) (Fig. 2G).

2. Place the flask on an orbital shaker set at 80 rpm with continuous motion in
the growth chamber under a light intensity of 50 + 10 umol photons m? sl

3. Do the subculturing once a week, by transferring 1 ml PCV into 20 ml fresh
medium, containing the same percentage of sucrose.

4, After about 2-3 months, fine heterotrophic cell suspension cultures are
obtained (Fig. 2H). They are maintained in the darkness by wrapping the flasks in
aluminum foil. They contain amyloplasts as functional types of plastids, as
confirmed by the absence of chlorophyll autofluorescence (Fig. 2I-J), Lugol staining

of starch granules (Fig. 2K-L) and TEM analyses (Fig. 2M-P).

3.4 Interconversion of photosynthetic and heterotrophic cell suspension cultures
Photosynthetic cell suspension cultures (see Subheading 3.2) and heterotrophic cell

suspension cultures (see Subheading 3.3) are, at a certain degree, interconvertible.
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Indeed, the gradual transfer of photosynthetic cultures to liquid culture media
containing stepwise higher sucrose concentration allows, together with the gradual
transition from a 16 h light/8 h dark photoperiod to a condition of constant darkness,
for the obtainment of heterotrophic cell suspension cultures [6] (Fig. 3) (see Note
23). Even the transition in the other direction, i.e. from heterotrophic to autotrophic

cell suspension cultures, has been obtained and described [5, 8].

3.4.1 Pulse Amplitude Modulation (PAM) fluorometry

The photosynthetic efficiency of the cell suspension cultures growing in the presence
of different sucrose concentrations can be measured by Pulse Amplitude Modulation
(PAM) analyses.

1. In the laminar flow hood transfer 3 ml of 6-day-old suspension cell culture
into a sterile disposable 6-well plate.

2. Keep the plate in the dark for at least 20 min.

3. Measure at the PAM fuorometer the quantum yield of photosystem II (Fy/Fn,
where F, is the difference between the maximal (Fn,) and the basal (Fo) fluorescence
of chlorophyll).

Fig. 3 shows that the photosynthetic cell culture maintained in a culture medium
containing 0.5% sucrose, although growing bit less than that maintained in 1%

sucrose (Fig. 1L), exhibits the highest photosynthetic efficiency (see Note 24).

3.5 Isolation of protoplasts from cell suspension cultures
Protoplasts can be conveniently isolated from Arabidopsis cell suspension cultures,
every week and with high yields, high percentage of vitality, and very good

reproducibility [6]. They can be obtained from wild-type cultures, and then subjected
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to transient transformation [12] or from transgenic lines, stably expressing proteins

of interest (Fig. 4).

3.5.1 Preparation of Enzymatic Solution and Protoplast Resuspension Buffer

1. Enzymatic Solution: 1.5% (w/v) cellulase “Onozuka” R-10, 0.5% (w/v)
Macerozyme R-10, 0.55 M mannitol in Liquid Culture Medium (see Subheadings
3.2.2 and 3.3.2) without phytohormones. Dissolve mannitol and the enzymes in the
liquid medium and make up to volume. In the laminar flow hood sterilize the
solution through sterile disposable vacuum filtration units. Store at -20°C in 10 ml
aliquots in sterile 15 ml tubes, wrapped in aluminum foil (see Note 25).

2. Protoplast Resuspension Buffer: 0.55 M mannitol in Liquid Culture Medium
(see Subheadings 3.2.2 and 3.3.2) without phytohormones. Sterilize the solution in

autoclave and store at -20°C in sterile 15 ml tubes.

3.5.2 Preparation of protoplasts

1. Transfer 2.5 ml PCV of a mid-exponential phase (4 to 5-day-old) (see
Subheading 3.2.8) cell suspension culture into a sterile 50 ml tube (see Note 26).

2. Add 10 ml Enzymatic Solution to the tube by using the pipet-aid and a sterile
disposable 10 ml pipette.

3. Wrap the tube in aluminum foil and incubate for 2 h horizontally on the
orbital shaker set at 80 rpm in the growth chamber.

4. At the end of the incubation time, in the laminar flow hood transfer the cell
suspension on top of a sterile 50 um concave nylon mesh, mounted on a 100 ml glass

beaker thanks to a rubber band (see Note 27).
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5. Let the solution completely leach through the nylon mesh, gently helping the
process with the tip of a sterile disposable plastic Pasteur pipette.

6. Cut the rubber band with a sterile scalpel and discard the nylon mesh with the
undigested cell debris on top.

7. Use a new sterile disposable plastic Pasteur pipette to transfer the filtered
protoplast solution in a sterile 15 ml tube.

8. Centrifuge the tube at 60 g for 5 min at room temperature, brake off.

0. Discard the supernatant by using a sterile disposable plastic Pasteur pipette.
10.  Add 5 ml of Protoplast Resuspension Buffer to the tube and gently resuspend
the pellet by slowly swinging the tube.

11.  Repeat centrifugation and washes twice.

12.  Centrifuge the tube again, then resuspend the pellet in 1 ml of Protoplast

Resuspension Buffer (see Note 28) (Fig. 4).

4. Notes

1. Arabidopsis seeds are kept in 1.5 ml or 2 ml Eppendorf-like tubes, that have
to be properly labelled (especially if there are many different transgenic lines in the
lab). For collection and preservation of seeds, see [17].

2. Erlenmeyer flasks and beakers, covered with thick aluminum foil, are sterilized in
the oven at 180°C for 4 h. Bottles, tip boxes, cell culture media and all other
solutions (except ethanol) are sterilized in autoclave at 121°C for 20 min. Before
sterilization, apply autoclave tape on all glassware and tip boxes: it will become
black after autoclaving. Forceps and scalpels can be wrapped in aluminum foil and

sterilized in the oven.
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3. Large volumes of liquid medium, such as 3 1 or 5 1, can be prepared.
Remember to clearly label bottles containing different culture media, possibly with
different coloured tapes, to avoid confusion when you use them. Before use, gently
shake the bottle containing the liquid medium in order to mix the content and
resuspend salts potentially sedimented on the bottom. In case of bacterial/fungal
contamination immediately discard it. Add the phytohormones when you start using
a new liquid medium bottle. When you open the last bottle, remember to prepare new
culture medium as soon as possible, in order not to run out of medium when you
urgently need it.

4. Add the agar only after the pH has been adjusted and the medium (brought to
the final volume) has been transferred into the bottle, because agar does not dissolve
at room temperature. Use two 500 ml bottles instead of 1 1 bottle, because microwave
ovens (used later to melt the medium) are usually not high enough to host 1 1 bottle.
5. Loosen the lid of the bottle before inserting it in the microwave oven, so that
the hot air inside the bottle is not under excessive pressure. Do not completely
remove the lid, otherwise sterility will be lost.

6. This is important to preserve phytohormone activity, once Component A and
B have been mixed. On the other hand, avoid excessive cooling down, otherwise the
medium will solidify again in the bottle or cause wrinkled plates.

7. If in vitro cultures have to be set up from a transgenic line, add the proper
concentration of antibiotic/herbicide in the medium.

8. Seeds can be poured from the storage tube onto a clean filter paper. This step
is particularly useful if you have to precisely count the seeds. To facilitate the
transfer into the Eppendorf-like tube, fold the piece of filter paper like a chute or

bend it in a funnel-shape manner. Alternatively, if only very few seeds are needed,
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you can simply make them stick to your index finger and then carefully release them
into the Eppendorf-like tube. Do not fill the tube with too many seeds (<0.5 cm? final
volume), otherwise the sterilization process may be less efficient. If a large amount
of seeds needs to be surface-sterilzed, subdivide them in multiple Eppendort-like
tubes. The number of seeds required for a single round Petri dish is usually small
(20-50 maximum).

9. Do not incubate seeds in either Seed Sterilizations Solutions for more than 5
minutes. Exceeding this time interval may severely impair seed germination.

10.  Try to suck the seeds in about 0.5 ml of ethanol. In this way the seeds will not
remain in ethanol for too long because ethanol will dry out quickly.

11. The described procedure is, in our hands, the fastest and most straightforward
way to sow the seeds on Petri dishes. Less experienced researchers may prefer to
transfer the seeds individually by using a sterile toothpick, or a sterilized glass
Pasteur pipette (previously bent and sealed at the tip on a Bunsen burner). In this
case, pick up the seeds and transfer them in the Petri dishes by gently positioning the
seeds on the surface of the agarized medium. To facilitate the transfer, touch the
surface of the agarized medium with either the toothpick or the glass Pasteur pipette
before picking up the seeds.

12.  To better synchronize seed germination, after sowing the plates can be placed
in the dark at 4°C for 2 days, before moving them to the growth chamber
(stratification).

13.  The volume of the liquid cell culture medium is always one fifth of the flask
total volume, in order to ensure sufficient aeration of the cell suspension culture.

14.  Forceps and scalpel need to be often re-sterilized during these operations. To

do this, soak the tip of the metal labware in a tube containing 100% (v/v) ethanol,
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then pass it on the flame of the Bunsen burner until it is red-hot. Cool it down before
use. Pay extreme attention when you work with ethanol close to the Bunsen burner
flame. Alternatively, a glassbeads sterilizer can be used, following manufacturer’s
instructions.

15.  While transferring the callus portions, adopt the maximal care to maintain
sterile conditions. To minimize the risk of contamination, avoid inserting the forceps
in the flask, but rather drop each callus portion from the top of the flask mouth.
Sterilize repeatedly the forceps and the scalpel, as described in Note 14.

16.  Cut the aluminum foil lid so that about 1-2 cm of it are left around the mouth
of the flask. This allows a better exposition of the cell cultures to the light regime of
the growth chamber.

17. You can either buy sterile wide-bore pipettes or obtain them from standard
pipettes, by manually removing the tip. To do so, simply break with your hands the
tip while the pipette is still inside its sterile package, paying attention to maintain
sterility.

18.  In our hands this procedure is the fastest way to measure and transfer 1 ml
PCV at every subculturing step. For less experienced researchers it may be easier to
determine the PCV by transferring 5 ml of the cell suspension culture into a sterile 15
ml tube and centrifuging at 500 g for 2 min. The new subculture will be started by
inoculating the appropriate volume of the 1-week old suspension culture,
corresponding to 1 ml PCV, into 20 ml fresh culture medium.

19.  When large volumes of suspension cell cultures are needed, subculturing can
be performed in larger flasks, containing a larger volume of cell culture medium (e.g.

250 ml flasks, containing 50 ml culture medium; 500 ml flasks, containing 100 ml
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culture medium; 1 1 flasks, containing 200 ml culture medium). Remember to respect
the rule of the inoculum size (1 ml PCV in 20 ml fresh medium).

20.  If multiple measurements have to be carried out, weigh separately each tube,
because there can be small differences in the weight between tubes.

21.  Boxes of sterile tips with a wide bore can be prepared in advance, by cutting
the tip ends with a sterile scalpel and then autoclaving them. Before the transfer,
clean the micropipette with a paper towel and denatured alcohol. Use extreme
caution while you enter the flask with the micropipette: avoid touching the inner
glass sides, in order to minimize contamination risks.

22.  Heterotrophic calli can be maintained in vitro almost indefinitely, by
subculturing them once a month onto new plates. This is particularly useful, because
they represent a reservoir of cells ready to use when cell suspension cultures have to
be set up again, for example in the unfortunate event of a fungal/bacterial
contamination.

23.  Changes in sucrose concentration must be stepwise and the subcultures have
to be kept in the same concentration of sucrose for 2-3 weeks.

24.  In our hands, total deprivation of sugar in the culture medium is not advisable
because, although not compromising the photosynthetic activity of the cell culture, it
causes a drastic reduction of the cell growth rate, making the performance of weekly
experiments unfeasible.

25.  The Enzymatic Solution cannot be autoclaved, because enzymes are
thermolabile. Moreover, it must be protected from light, because the enzymes are

photolabile.
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26.  Determine the PCV as detailed in Note 18. Then transfer the cell culture
volume corresponding to 2.5 ml PCV in the 50 ml tube, centrifuge at 500 g for 2 min
and discard the supernatant.

27. Prepare this filter system by using non sterile labware, wrap it in aluminum foil
and sterilize by autoclaving.

28.  Ifrequired, a counting assay can be carried out to determine protoplasts
concentration, viability and yield by using a light microscope, Trypan blue staining

and a Biirker chamber, as previously described [3].
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Fig. 1 Establishment and maintenance of Arabidopsis photosynthetic cell suspension
cultures. (A) Exogenous hormone-induced production of green calli after 3 weeks
from sowing Arabidopsis seeds on MS, 3% (w/v) sucrose, 0.25 pg/ml BAP, 0.5
ug/ml 2,4-D, 0.8% (w/v) agar. Bar, 1 cm. Insert: magnification of a green callus. (B)
Initiation of photosynthetic cell suspension cultures, by transferring 10 green calli
into a 50 ml Erlenmeyer flask, containing 10 ml of MS, 2% (w/v) sucrose, 0.25
ug/ml BAP, 0.5 pg/ml 2,4-D, Bar, 1 cm; (C) Photosynthetic cell suspension culture,
maintained in 100 ml Erlenmeyer flask containing 20 ml of MS with the same
concentration of phytohormones and a stepwise reduced sucrose content, down to
0.5% (w/v). Bar, 1 cm. (D-E) Stereomicroscopy observations of a green callus (D),
showing chlorophyll autofluorescence (E). Bar, 1 mm. (F-K) Confocal microscopy
(F-G) and TEM (H-K) analyses of cell suspension cultures, containing chloroplasts
as functional types of plastids. F, bright field; G, chlorophyll autofluorescence. Bar,
25 um. (H-K) Ultrastructure of photosynthetic suspension-cultured cells. chl,

chloroplasts; cw, cell wall; m, mitochondria; st, starch; v, vacuole. Bars: H-I, 2 um;
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J-K, 500 nm. (L) Growth curve of photosynthetic cell suspension culture, growing in
1% (grey trace) and 0.5% (black trace) sucrose-containing medium. Data are the

means = SE of n > 6 independent replicates for each time point.

Fig. 2 Establishment and maintenance of Arabidopsis heterotrophic cell suspension
cultures. (A) 7-day-old seedlings growing on MSY2, 1.5% (w/v) sucrose, 0.8% (w/v)
agar. Bar, 1 cm. (B-C): After 1 week from sowing of seeds, cotyledons (B) and
hypocotyls (C) are axenically cut from seedlings and transferred on CIM (3.2 g/l
Gamborg B5 basal medium, 0.5 g/l MES, 2% (w/v) sucrose, 0.05 pg/ml kinetin, 0.5
pg/ml 2,4-D, 0.8% (w/v) agar, pH 5.7). (D-E) After 3 additional weeks,
heterotrophic calli start developing from cotyledons (D) and hypocotyls (E),
respectively. (F) After 3 subsequent transfers on fresh CIM (carried out every 3

weeks) heterotrophic calli consist in huge clusters of dedifferentiated cells, regardless
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their organ origin. In the inserts (A-F), stereomicroscopy images of the material
contained in the different plates are shown. (G) Initiation of heterotrophic cell
suspension cultures, by transferring calli into a 50 ml Erlenmeyer flask, containing
10 ml of MS, 3% (w/v) sucrose, 0.25 pg/ml BAP, 0.5 pg/ml 2,4-D. Bar, 1 cm; (H)
100 ml Erlenmeyer flask containing 20 ml of MS supplemented with the same
concentration of sucrose and phytohormones. Bars: A-H, 1 cm. (I-L)) Confocal and
light microscopy observations of heterotrophic cell suspension cultures, showing the
lack of chlorophyll autofluorescence (J) and the presence of Lugol-stained starch
granules (K-L). (M-P) TEM analyses of heterotrophic cell suspension cultures,
confirming the occurrence of amyloplasts. a, amyloplasts; cw, cell wall; m,

mitochondria; st, starch; v, vacuole. Bars: I-L, 25 pym; M-N, 2 pm; O-P, 500 nm.
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Fig. 3 Phenotype and photosynthetic activity of Arabidopsis cell suspension cultures
maintained in different sucrose concentrations. Representative photographs of the
flasks and PAM imaging analyses were carried out on 6-day-old cell suspension
cultures. PAM data are the means + SE of 3 independent experiments, each one
conducted in triplicate. Bars labeled with a different letter differ significantly (P <
0.05) by Student’s ¢ test. The sample spots shown under the bars are representative of

the Fv/Fi, mean value of the different cell suspension cultures.
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Fig. 4 Arabidopsis photosynthetic cell suspension cultures stably expressing a YFP-
tagged cytosolic protein (aequorin) [8] (A-B) and freshly isolated protoplasts from

them derived (C-D). Confocal microscopy analyses were carried out with excitation
at 488 nm, emission at 505-530 nm for YFP and at 680-720 nm for chlorophyll. An

overlay of the two channels is shown. Bars: A-C, 50 um; B-D, 10 pum.
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ABSTRACT

In contrast to animal cells, the involvement of the plant endoplasmic reticulum
(ER) in Ca?* handling has long been overlooked, possibly clouded by the
prominent role commonly ascribed to the vacuole and because of the lack of
direct measurements of ER luminal Ca?*. In this work a construct encoding a
new ER-targeted aequorin-based probe was designed, by fusing the cDNA for
a mutated version of aequorin, characterized by a reduced Ca?* affinity, to the
nucleotide sequence encoding a defective, uncleavable N-terminal ER signal
peptide. The expression of the recombinant probe was evaluated by RT-PCR
and immunoblot analyses, and the correct targeting was confirmed by confocal
microscopy observations and immunogold labelling. Monitoring ER Ca?*
dynamics in vivo required separate steps of ER Ca?* emptying (during
reconstitution of the holoprotein with the prosthetic group coelenterazine) and
subsequent Ca?* refilling (before challenge with the different stimuli). The use
of this novel ER-targeted aequorin chimera provided the first actual
measurements of [Ca?*] in the plant ER, highlighting significant differences
with the animal counterpart. Moreover, the observed stimulus-specific ER
[Ca?*] increases suggest that the plant ER acts more as a Ca®* sink than as a
Ca?* source, in contrast to the well-recognized role of this compartment as a

major stimulus-releasable Ca?* store in animal cells.
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INTRODUCTION

The ever-expanding field of organellar calcium signalling has led to a well-
established knowledge on how cells and their intracellular compartments
orchestrate complex and specific responses to a wide range of physiological
stimuli (Dodd et al., 2010; Carafoli and Krebs, 2016; Kudla et al., 2018). In
animals, in particular, the advances obtained through the implementation of
new technologies applied to Ca®*-sensors (Pérez Koldenkova and Nagai,
2013) resulted in a clear photography of the complexity of the Ca?* signalling
network, opening up the possibility to study the fine-tuned integration of the
internal compartments in achieving an efficient Ca?* homeostasis and signal
transduction (Brini et al., 2013a and 2013b). In plants, despite the crucial role
played by Ca?* in the transduction of a plethora of environmental stimuli (Feijé
and Wudick, 2018), precise knowledge of the exact role of intracellular Ca®*
stores is stillincomplete and under frantic exploration, with compartments such
as the vacuole, peroxisomes and the endoplasmic reticulum about which only
partial or putative estimates are available of basal [Ca?*] and its changes
(Costa et al., 2018).

Concerning the plant endoplasmic reticulum (ER) — and in contrast to the well
explored animal counterpart (Sammels et al., 2010; Raffaello et al., 2016),
where reports of free [Ca?*] in the lumen range between 50 and 500 uM on a
total [Ca?*] of 2 mM (Rizzuto et al., 2009), thus highlighting this compartment
as a major intracellular store for Ca?* — the little information available in terms
of its Ca?* storage properties comes either from the presence of Ca?* buffering
proteins in the ER lumen (mainly calreticulin, whose high-capacity and low-
affinity Ca®*-binding properties points to submillimolar [Ca?*]er, (Joshi et al.,
2019)) and from circumstantial estimates carried out with cameleon-based
Ca?* sensors (lwano et al., 2009; Bonza et al., 2013; Corso et al., 2018). These
fluorescent Ca?* reporters, although representing a useful tool to image Ca?*
dynamics, are not the ideal method to accurately and precisely measure [Ca?*]
and its changes (Ottolini et al., 2014).

Concerning Ca?* transporters localized at ER membranes, two distinct types
of Ca®* ATPases were identified, ECAs and ACAs (Bonza et al., 2013). In
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particular, ECA1 proved to be fundamental for proper ER Ca?* homeostasis,
as its specific blocker cyclopiazonic acid (CPA) led to a reduced ER luminal
[Ca?*] and a parallel increase in the cytosolic one (Zuppini et al., 2004; Bonza
et al., 2013). More recently, the ER-located Ca?*/cation exchanger CCX2 was
reported to be involved in the Ca?*-mediated signal transduction taking place
upon perception of an osmotic stress (Corso et al., 2018). Conversely, no
molecular identification of Ca?*-permeable channels present at the ER
membranes is yet available, despite biochemical evidence for the occurrence
of voltage-gated (Kllsener et al., 1995) and ligand-gated (Navazio et al., 2000
and 2001) ER Ca?* mobilization pathways involved in Ca?* fluxes between this
compartment and the cytosol.

The plant ER is also known to be able of multiple contacts with other
intracellular compartments through which Ca?* fluxes may happen. For
example, due to its continuity to the nuclear outer membrane, the ER may play
a key role in the modulation of nucleus-associated Ca?* oscillations during
plant-microbe symbioses (Capoen et al., 2011; Charpentier et al., 2016).
Moreover, spatially-confined microdomains between the ER and the plasma
membrane (the so-called ER-PM contact sites, EPCSs) have been detected
both in plants (Bayer et al., 2017; Wang et al., 2017) and animal systems (Son
et al., 2016; Demaurex and Guido, 2017) where they are crucial for lipid
transfer as well as in generating cytosolic Ca®* signals through ER Ca?*
release (Saheki and De Camilli, 2017) and subsequent replenishment (Chung
et al., 2017). So far, knowledge about contacts sites joining the ER to
mitochondria and their role in shaping the cytosolic Ca?* signalling is limited to
the animal field (Rizzuto et al., 2012; Brini et al., 2017), with no accurate
reports in plant cells (Costa et al., 2018). Distinctive of plant cells are, however,
interactions occurring between the ER and stromules, stroma-filled protrusions
stemming from both green and non-green plastids: these organelle projections
were observed to extend and retract from the plastid body in an ER-aided
manner (Schattat et al., 2011) and were demonstrated to be the site of lipid
exchange (Block and Jouhet, 2015; Liu and Li, 2019). The possible occurrence
of ion fluxes at these contact sites, and in particular a potential ER-plastid
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crosstalk in terms of Ca?* handling, adds a further level of complexity to the
already intricate plant calcium signalling scenario (Mehrshahi et al., 2013).

In order to shed light on the precise role of the ER in terms of Ca?*-mediated
environmental signal transduction, one of the major research line that | have
pursued during my Ph.D. project aimed at the precise measurement of the
Ca?* concentration in this intracellular compartment, as well as at the
monitoring of the ER Ca?* dynamics taking place during stress-related events.
The results presented in this chapter were achieved by the design of a novel
ER-targeted aequorin-based Ca?* sensor, engineered by fusing a defective,
uncleavable signal peptide (floury2, fl2) (Coleman et al., 1995; Gillikin et al.,
1997) to a mutated version of aequorin endowed with a reduced Ca?* affinity
(Montero et al., 1995). Confocal and electron microscopy analyses confirmed
the correct targeting of fl2-fused probes to the ER membranes. The proper
functionality of the probe was confirmed by in vitro reconstitution assays.
However, preliminary in vivo reconstitution assays demonstrated that the
protocol typically applied to seedlings expressing aequorin targeted to the
cytosol or chloroplasts (Sello et al., 2018) could not be applied in the case of
the ER-targeted aequorin probe, due to the expecting much higher [Ca?*] in
the ER lumen, causing the irreversible discharge of the probe prior to Ca?*
measurements. A long setup phase was therefore necessary, that led to the
formulation of a procedure involving a “Ca®* emptying step” before aequorin
reconstitution, followed by a “Ca?* refilling step”, analogously to what
described for the animal counterpart (Ottolini et al., 2014). Experiments carried
out with the new probe reconstitution protocol provided the first accurate
measurements of [Ca®*]er (about 7-8 uM) for the plant ER under resting
conditions. Monitoring of ER Ca?* dynamics in response to different abiotic and
biotic stresses provided evidence for stimulus-specific Ca?* increases in
response to salinity, drought and oxidative stress, whereas no changes in
[Ca?*]er were observed in response to elicitors of plant defence responses.
Pharmacological approaches demonstrated the involvement of the ER-type
Ca?* ATPase ECA1 (Bonza et al., 2011) in the observed Ca?* fluxes. The
comparison of cytosolic and ER Ca?* traces highlighted a temporal delay in the

generation of ER Ca?* transients with respect to cytosolic ones, suggesting a
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functional link further supported by data obtained when seedlings were pre-
treated with the extracellular chelator EGTA. Experiments carried out on
Arabidopsis seedlings stably expressing aequorin in the chloroplast stroma
suggested an even more complex scenario, with the participation of these
organelles either in between the cytosol and the ER, or at a later stage.

In summary, this work adds to the currently available toolkit of Ca?* indicators
a new aequorin-based probe, that has at last allowed for quantitative
measurements of [Ca®]er. Aequorin-based Ca?** measurements have
increased our knowledge about plant ER as a major intracellular Ca®* store in
the plant cell, highlighting its role as a Ca?* sink for the ion rather than a Ca®*
source, thereby shaping intracellular Ca?* signals. The obtained results also
pave the way for a better understanding of how the ER, chloroplasts and the
cytosol functionally interact to maintain Ca®* homeostasis and handle the
complex signalling events taking place in the plant cell upon environmental

stimulation.
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RESULTS AND DISCUSSION

Targeting an aequorin probe to the plant endoplasmic reticulum

In order to quantify free [Ca?*] that is present in resting condition in the plant
ER, as well as the Ca?* dynamics triggered upon perception of common
environmental stimuli, in this work Arabidopsis seedlings were transformed
with the aim of a stable expression of an aequorin-based Ca?* probe targeted
to the ER. The nucleotide sequence encoding floury2 (fl2), a defective,
uncleavable N-terminal ER signal peptide originally described in the nineties
and responsible for an abnormal retention of storage a-zeins in the ER of a
maize mutant (Gillikin et al., 1997) was fused to the cDNA for a mutated
version of aequorin, characterized by a point substitution (Asp119—Ala)
leading to a reduced Ca?* affinity (Montero et al., 1995) and previously
successfully used for Ca?* investigations in the animal field (Ottolini et al.,
2014).

The sequence for this aequorin chimera was cloned in an expression cassette
under the control of the 35S CaMV promoter in the pGreen 0029 plasmid.
Arabidopsis seedlings were transformed via the floral dip technique using
Agrobacterium tumefaciens (Clough and Bent, 1998).

After selection of the primary F1 transformants on kanamycin (50 pg/ml),
expression of the fl2_AEQmut probe in the transgenic seedlings was checked
by RT-PCR and immunoblot analyses carried out on total RNA and protein
extracts, respectively. 11 out the 12 independent Fz sublines were positive at
the level of aequorin gene expression (Fig. 1a), with sublines #6 and #10

revealing the highest protein level (Fig. 1b).
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Fig. 1. Analysis of aequorin expression by RT-PCR (a) and immunoblotting (b) in Arabidopsis
transgenic lines stably transformed with the fl2_AEQmut construct. RT-PCR analyses were
performed on 12 different F2 kanamycin-resistant sublines; a wild-type line (WT) was used as
negative control. Actin was used as a housekeeping gene. Among the 12 screened sublines,
only one (fl2_AEQmut #2) turned out to be a false positive. For immunoblot analyses, total
protein extracts (50 pg) were separated by 12.5 % SDS-PAGE, transferred to PVDF and
incubated with an anti-aequorin antibody (1:5000 diluted). An His-tagged aequorin
(Moscatiello et al., 2014) was used as a control. Only the two lines fl2_ AEQmut #6 and #10
showing the highest expression levels are shown. Arrow indicates fl2-aequorin.
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Analysis of the subcellular localization of the fl2-fused probes

To investigate the subcellular localization of fl2-fused recombinant proteins, a
construct encoding fl2_YFP was engineered and used in transient and stable
transformation of Arabidopsis. The former method was conducted by
agroinfiltrating fully-expanded leaves of 1-month-old seedlings or by PEG-
related transformation of protoplasts derived from 4-days-old heterotrophic
suspension-cultured wild-type cells (Fig. 2a). Confocal microscopy
observations were also performed on leaves and roots of stably transformed
seedlings, as well as on cell suspension cultures from them derived (Fig. 2b,
c). In all cases the YFP fluorescent signal was consistent with the distribution
of ER membranes. The red signal due to chlorophyll autofluorescence never
overlapped with the YFP one, but rather highlighted the close vicinity between
ER and chloroplasts, which seem to be caged by a YFP-labelled reticular
structure (Fig. 2a, b). Co-localization studies carried out on both seedlings and
in vitro cell cultures by using the ER marker ER-Tracker Red further confirmed

the ER targeting of fl2-fused proteins.

The actual localization at the ER level not only of the fl2_YFP probe but also
of the fl2_AEQmut probe was ascertained by immunofluorescence (Fig. S1)
and immunogold experiments (Fig. 3) carried out by using the anti-aequorin
antibody on transgenic seedlings and cell cultures derived from them. TEM
analyses after immunogold labelling showed the presence of electron-dense
gold particles in close proximity with the rough ER membranes, whose profiles

are clearly distinguishable due to ribosomes decorating their external surfaces.
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Fig. 2. Confocal microscopy analyses demonstrated the ER localization of the fl2_YFP probe
in Arabidopsis: (a) transient transformation was carried out by PEG-mediated delivery of the
fl2_YFP construct in protoplasts derived from wild-type heterotrophic cell suspension cultures
and in wild-type leaves infiltrated with Agrobacterium tumefaciens carrying the fl2_YFP
construct. (b, €) Leaves and roots from stably transformed seedlings, as well as cell cultures
from them derives, were used. Fluorescence microscopy images with a YFP, chlorophyll and
N21 filter plus an overlay of the two channels are shown. In (c), co-localization studies using
the ER marker ER-Tracker Red were performed. In all images, the fl2_YFP signal shows a
reticular distribution compatible with ER profiles (a, b), perfectly overlapping with the red
fluorescent signal of the ER marker (c). Bars =5 ym.
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Fig. S1. Immunofluorescence analyses in Arabidopsis heterotrophic cell suspension cultures
stably-expressing the fl2_AEQmut probe. After fixation, cells were incubated with anti-
aequorin antibody followed by a red fluorescent Alexa Fluor 594 secondary antibody. Bright
field and fluorescence microscopy images of the same field are shown. A clear red fluorescent
signal was observed in the decorated sample, but not in the control (incubated only with
secondary antibody). Bars = 10 ym.

Fig. 3. Immunocytochemical analyses of fl2-aequorin subcellular localization in transgenic
Arabidopsis seedlings. Immunogold labelling was carried out by incubation with anti-aequorin
antibody followed by a secondary antibody conjugated with 10 nm diameter gold particles.
White arrowheads indicate gold particles. Immunogold-labelled particles, present only in the
decorated sample (b), but not in the control (incubated only with secondary antibody) (a), are
visible at the level of ER profiles. Bars = 100 nm.
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Setup of an efficient aequorin reconstitution protocol to enable in vivo
ER Ca?* measurements

Once the expression and correct targeting of the Ca?* probe had been
assessed, the next step was to perform in vitro and in vivo Ca?
measurements. The functioning of the ER-targeted aequorin probe was
verified by in vitro reconstitution assays. Light emitted by total proteins
contained in the lysates from wild-type and transgenic lines was monitored
after reconstitution of the apoprotein with coelenterazine. The luminescence
signal detected in protein extracts from A. thaliana transformed with the
fl2_AEQmut construct confirmed the functionality of the reporter (Fig. S2).
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Fig. S2. In vitro reconstitution assays in fl2_AEQmut Arabidopsis transgenic lines. A wild-type
line was used as negative control. Both fl2_AEQmut #6 and #10 Arabidopsis transgenic lines
(light blue bars) showed significantly higher luminescence levels with respect to the wild-type
one (grey bar) and are suitable for subsequent in vivo Ca?* measurements at the luminometer.
Luminescence data are presented as means + SE of =3 independent experiments and bars
labelled with different letters differ significantly (P < 0.05, Student’s t test).
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As a first trial for in vivo experiments, 2-weeks-old fl2_ AEQmut Arabidopsis
seedlings were simply challenged with a discharge solution (1 M CaClz, 30 %
(v.v) ethanol) in order to evaluate the total luminescence available. However,
standard reconstitution protocols commonly employed in aequorin-based Ca?*
assays (overnight reconstitution with 5 uM wild-type coelenterazine) proved
unsuitable, since recorded luminescence levels were too low for adequate
analyses (Fig. S3). This was likely due to the high [Ca?*] expected in the ER,
in agreement with the reports in the animal field (Brini, 2008), leading to an
almost complete discharge of the Ca?* probe during the holoprotein
reconstitution procedure, despite the use of a mutated version of aequorin
endowed with a reduced affinity for Ca®+. A step of temporary emptying of this
compartment was necessary to allow proper reconstitution of the fl2_AEQmut
probe, and to this aim a large screening of different reconstitution procedures
was carried out, both by reducing the incubation time interval and by applying
specific ionophores or blockers of ER-located Ca?* ATPases. These
approaches were conducted not only with wild-type coelenterazine but also
with coelenterazine n, a synthetic derivative that further reduces the aequorin
affinity for Ca2* with the aim of lowering its rate of consumption even in high
[Ca?*] compartments (Ottolini et al., 2014). As shown in Fig. S3, the use of
coelenterazine n proved to be inadequate to our aims, since it was found to
reduce the luminescence emitted by aequorin. On the other hand, the use of
wild-type coelenterazine and the combination of a reduced incubation time (2
h) plus a pre-treatment with the ER-type Ca?* ATPase blocker cyclopiazonic
acid (CPA) revealed suitable levels of emitted luminescence, and was
therefore chosen as the appropriate reconstitution protocol for all the

subsequent Ca?* assays.

Following ER Ca? emptying, and in agreement with standard procedures
commonly employed for studies in mammalian cells, prior to the addition of
any tested stimulus it was necessary to remove CPA by extensive washing as
well as to restore the resting [Ca®*]er. ER refill by injection of 1 mM CaClz
induced a rapid and sustained increase in [Ca?*]er, which mimicked what
commonly observed for the animal counterpart, even if with a greatly reduced
magnitude (Fig. 4).
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Fig. S3. In vivo reconstitution assays in fl2_AEQmut Arabidopsis transgenic lines in order to
assess the best reconstitution protocol. Seedlings were reconstituted at 22 °C in the dark with
5 uM of either wild-type (dark bars) or n (light bars) coelenterazine for different incubation
times: overnight (16 h, purple bars), 8 h (red bars), 4 h (orange bars), 2 h (green, light blue
and blue bars). Prior to reconstitution, some seedlings were infiltrated with 10 yM A23187
(green bars), 50 yM CPA (light blue bars) or both (blue bars). The probe reconstitution protocol
employing pre-treatment with CPA and 2 h incubation with wild-type coelenterazine provided
the highest luminescence yield. Luminescence data collected are presented as means + SE
of 26 independent experiments and bars labelled with different letters differ significantly (P <
0.05, Student’s t test).

The application of even higher CaClz2 concentrations led to similar results,
ruling out the possibility that the reached ER Ca?* levels could be limited by
the external Ca?* concentration ([Ca®*]ext) provided: restored basal [Ca?*]er
remained at about 7-8 yM even when the “refill” step was performed with a
ten-fold concentration of CaClz (Fig. S4). These Ca?* levels were consistent in
all the subsequent Ca?* measurements presented throughout this work;
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therefore, our bona fide suggestion is that they represent the actual free [Ca?*]
present in the plant ER in resting conditions. A concentration value of [Ca®*]er
just below 10 uM marks a striking difference with previously hypothesized
values for [Ca?*]er of > 60 uM in Arabidopsis roots (Bonza et al., 2013) or 100-
500 pM in Arabidopsis pollen tubes (lwano et al., 2009). This discrepancy is
likely to be due to the different Ca?* indicator (cameleon) used in those
previous studies, that, in contrast to aequorin, does not allow precise
quantification of Ca?* levels. Although [Ca?*]er in the plant ER was found to be
up to 50 times lower than that measured in mammalian cells (Brini, 2008), it is
still 100 times higher than [Ca?*]eyt, rendering this compartment the second

main intracellular Ca?* store of the plant cell, after the vacuole.
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Fig. 4. Free basal [Ca?*]er in Arabidopsis seedlings in resting conditions. Ca?* measurements
were performed in Arabidopsis seedlings stably-expressing fl2_ AEQmut. Data are the means
(solid lines) = SE (shadings) of >10 independent experiments. After 100 sec (black arrow) 1
mM CaClz2 was added in order to restore the resting [Ca?*]er.
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Fig. S4. Basal [Ca?*]er levels are independent of the injected [CaClz] used in the refilling step.
[Ca2*]er refill trials were performed in stably-expressing fl2_ AEQmut Arabidopsis seedlings
following the probe reconstitution protocol. Representative traces out of 3 independent
experiments are shown. The application of various concentrations of CaClz (100 s, black

arrow: 1 mM (light blue trace), 2 mM (blue trace), 5 mM (violet trace) or 10 mM (pink trace))
led to similar basal [Ca?*]er levels.

Monitoring ER Ca?* signals in response to abiotic and biotic
environmental cues

Although the participation of organelles to plant intracellular Ca?* signalling is
increasingly emerging (Costa et al., 2018), the relative contribution of the ER
in shaping Ca?* signatures still awaits further investigation. In particular, given
the above-mentioned data — i.e. plant ER shows a higher [Ca?*] compared to
other subcellular compartments — our expectations were to find this
compartment able to release Ca?* into the cytosol upon challenge with some
physiological cues, similarly to animal ER which acts as a major Ca?
mobilizable store of the cell. However, none of the tested abiotic stimuli
(salinity, drought, oxidative stress) was able to trigger ER Ca?* release but
rather evoked transient [Ca®*]er increases characterized by stimulus-specific
dynamics. Indeed, while application of a touch-control (H20) did not affect
resting [Ca®']er levels (Fig. 5a, insert), the application of 300 mM NacCl
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(mimicking a salt stress) led to a rapid and transient increase in [Ca®*]er up to
about 45 pM (Fig. 5a), which is 5-to-6 times higher than resting values. When
Arabidopsis seedlings were challenged with 600 mM mannitol to simulate
drought, a similar Ca?* transient, peaking just above 30 uM, was recorded after
about 30 sec (Fig. 5b), while an oxidative stress, represented by the injection
of 10 mM H20z, turned out to induce a much slower and less pronounced Ca?*

elevation, whose magnitude reached about 15 uyM (Fig. 5c¢).

In subsequent experiments, biotic stimuli involve in the activation of plant
defence responses were tested, in particular the flg22 peptide (1 uM), derived
from bacterial flagellin (Fig. S5a), and OGs (20 pg/ul), pectic fragments of the
plant cell wall originating after pathogen attack (Fig. S5b). In neither case a
[Ca?*]er change was recorded, suggesting that other Ca?* stores in the plant
cell may be responsible for the Ca?*-mediated signal transduction underlying
these biotic interactions. Moreover, also a mixture of short chitin oligomers was
tested (CO-MIX, 1 uM), but again no [Ca?'|er response was detected (Fig.
S5c¢). However, this was expected, because short chitin chains have been
demonstrated to represent a fungal symbiotic signal for arbuscular mycorrhizal
(AM) symbiosis that is established between AM fungi and the 80 % of land
plants, but not Arabidopsis.
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Fig. 5. Monitoring of [Ca?*]er dynamics in response to environmental stimuli of abiotic nature.
Ca?* assays were conducted in stably-expressing fl2_AEQmut Arabidopsis seedlings.
Following the application of
[Ca?]er, seedlings were challenged with (300 s, black arrowhead) (a) 300 mM NaCl; (b) 600
mM mannitol; (¢) 10 mM H202. Data are the means (solid lines) + SE (shadings) of =26
independent experiments. The insert in panel (a) shows a touch control (injection of an equal
volume of H20)

1 mM CaClz2 (100 s, black arrow) in order to restore the basal

237



Chapter 6

(a) Bacterial elicitor (1 uM flg22)

[Ca?'Jgg (HM)
- R-EE-EEERERER]

B sttt TR

0 100 200 300 400 500 600 700 800 900 1000
time (s)

(b) Cell wall-derived elicitor (20 pg/ml OGs)

[Ca**]er (M)
caoa3BR8K88588 8

0 100 200 300 400 500 600 700 800 900 1000
time(s)

(€©)  Fungal symbiotic signal (1 uM CO-MIX)

w-
55-
w.
45
Sl
235
o«
5 30 1
3 251
20<
15 | l
10 v
B e e st ———— o —r—————_t v
0

0 100 200 300 400 500 600 700 800 900 1000

Fig. S5. Monitoring of [Ca?*]er dynamics in response to environmental stimuli of biotic nature.
Ca?* assays were conducted in stably-expressing fl2_AEQmut Arabidopsis seedlings.
Following the application of 1 mM CaClz (100 s, black arrow) in order to restore the basal
[Ca?]er, seedlings were challenged with different biotic stresses (300 s, black arrowhead): (a)
1 uM flg22; (b) 20 pg/ml OGs; (¢) 1 uM CO-MIX. Data are the means (solid lines) + SE
(shadings) of =3 independent experiments.
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An ER Ca?* ATPase is involved in the observed ER Ca?* increases during
signal transduction

A pharmacological approach based on the use of specific inhibitors of plant
Ca?* ATPases was applied to get insights into the putative Ca?* transporters
localized at the ER membrane and responsible for the observed ER Ca?*
increases. Due to the significant difference between [Ca?']c,t and [Ca?']er
(~100 nM in the cytosol versus ~10 uM in the ER, respectively) the participation
of active Ca?* transporters located at ER membranes seem to be likely. There
are two types of ER Ca?* ATPases: ECAs (ER-type Ca?* ATPases) and ACAs
(Autoinhibited Ca?* ATPases). ECAs are a class of Ca®* ATPases able to
transport not only Ca?* but also other divalent cations (such as Mn?* and Zn?+):
they include two members targeted either to the ER (ECA1) or the Golgi and
post-Golgi vesicles (ECA3), plus two members (ECA2 and 4) with still
unidentified intracellular localization. They exhibit an affinity constant in the
submicromolar range and they are specifically inhibited by cyclopiazonic acid
(CPA), a pharmacological inhibitor already employed in this work in order to
empty the ER during the aequorin in vivo reconstitution protocol. ACAs
represent a wide family of Ca?* ATPases that are found not only at the level of
the ER membranes (ACA2 and possibly ACA1, about which discordant reports
are present in literature pointing either to the ER or to the plastid inner
envelope) but also at the tonoplast (ACA4 and 11) and plasma membrane
(ACA 8, 9, 10 and perhaps even ACA12), with still unknown subcellular
localization for ACA7 and 13: these Ca?* pumps were reported to be highly
specific for Ca?* ions, to possess an affinity constant in the micromolar range
(thus higher than that of ECAs) and to be blocked by fluorescein derivatives
such as eosin yellow (EY) and erythrosin blue (EB) (De Michelis et al., 1993;
Bonza and De Michelis, 2011). To uncover the contribution of the different ER
Ca?* ATPases involved in Ca?* increases during signal transduction, Ca®*
measurements were carried in fl2_AEQmut seedlings by pre-treating for 5 min
Arabidopsis seedlings with either CPA (50 uM), eosin Y (1 uM) or erythrosine
B (1 uM), before challenge with environmental stimuli. Fig. 6 shows that, at
least in the case of salt stress (300 mM NaCl) CPA caused a 50 % inhibition

of the ER Ca?* increase, whereas EY and EB did not induce any change in the
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[Ca?*] elevation with respect to the untreated control. These data indicated the
main involvement of the ER-targeted ECA1 Ca?* pump in the observed ER
Ca?* uptake. Since the contribution of ER-located ACAs seem to be negligible,
it cannot be ruled out that also ER Ca?* buffering proteins, such as calreticulin
(Mariani et al., 2003; Joshi et al., 2019), may be involved in [Ca?*]er increases.

Salinity (300 mM NaCl)
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Fig. 6. Pharmacological approach for the analysis of salinity-induced ER Ca?* fluxes. Ca?*
analyses were carried out in stably-expressing fl2_ AEQmut Arabidopsis seedlings. Data are
the means (solid lines) £ SE (shadings) of 6 independent experiments. Following the
application of 1 mM CaClz (100 s, black solid arrow) in order to restore the basal [Ca?*]er,
seedlings were incubated with H20 (control, in light blue) or with different inhibitors of ER Ca?*
ATPases (50 uM CPA (green), 1 uM EY (yellow), 1 uM EB (red)) (300 s, black dashed arrow)
and then challenged with 300 mM NaCl (600 s, black arrowhead). The inset shows statistical
analyses of [Ca?]er at the peak. Bars labelled with different letters differ significantly (P < 0.05,
Student’s ttest).
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Integration of ER Ca?* dynamics in the plant cell Ca?* signalling network:
comparison of Ca3* signatures evoked in the cytosol, ER, chloroplasts

Ca?* assays in response to the same environmental stimuli were also carried
out in Arabidopsis seedlings stably expressing aequorin in the cytosol and
chloroplast stroma (Sello et al., 2018), and the Ca?* traces in the respective
locations were compared to those in the ER. Fig. 7 shows that in all the cases
considered, ER Ca?* transients temporally followed cytosolic Ca?* changes. In
particular, while the ER Ca?* response evoked by salt stress (Fig. 7a)
appeared only slightly delayed compared to the cytosolic one, [Ca®']er
elevations triggered by both drought (Fig. 7b) and oxidative stress (Fig. 7¢)
showed a Ca?* peak occurring 20-60 sec after the cytosolic one. These data
suggest that the ER is involved in the dissipation of the cytosolic Ca?* signals,
rather than in their generation.

Concerning the experiments carried out in Arabidopsis seedlings expressing
the stroma-targeted aequorin probe, the comparison of the Ca?* traces
recorded in the different intracellular localizations (cytosol, ER, chloroplasts)
suggest that chloroplasts are involved either in between the cytosol and the
ER (Fig. 7a, b) or at a later stage (Fig. 7c), thus implying a complex interplay

between these organelles in terms of Ca?* handling.

To functionally link cytosolic and ER [Ca®*] elevations, an additional set of
experiments was performed with the aim of elucidating a possible correlation
between the two Ca?* responses: Arabidopsis seedlings stably expressing
aequorin either in the cytosol or in the ER were pre-treated with different
concentrations of the extracellular Ca®* chelator EGTA. Fig. 8 shows that pre-
treatment with either 1 or 5 mM EGTA reduced to about 50 % the magnitude
of cytosolic Ca?* elevations evoked in response of both high salinity (Fig. 8a)
and drought (Fig. 8c), whereas [Ca?*]¢yt changes in response to oxidative
stress remained unaltered (Fig. 8e).
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Fig. 7. Comparison between [Ca?*] dynamics in the cytosol, chloroplast and ER in response
to environmental stimuli. Ca?* measurements were performed in Arabidopsis seedlings stably
expressing aequorin in the cytosol (orange trace), in the chloroplast stroma (green trace) or in
the ER (light blue trace). Seedlings were challenged with different abiotic stresses (300 s,
black arrowhead): (a) 300 mM NaCl; (b) 600 mM mannitol; (¢) 10 mM H202. Data are the
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Similarly, salt- (Fig. 8b) and drought- (Fig. 8d) induced ER Ca?* responses
were highly reduced (at about 50 %) by 1 mM EGTA pre-treatment and
completely abolished by 5 mM EGTA. On the other hand, pre-treatment of
seedlings with 1 mM EGTA did not reduce the magnitude of the ER Ca?*
transient in response to an oxidative stress (Fig. 8f) and 5 mM EGTA caused
a significant reduction in the ER Ca?* uptake that however was not as harsh
as that recorded for the other two abiotic stimuli. Taken together, these data
indicate the existence of not only a temporal but also a causal link between the
Ca?* transients in the cytosol and the ER. Indeed, the abolishment of the
[Ca®*]cyt changes observed in response to a salt and osmotic stress in the
presence of EGTA was mirrored by a corresponding inhibition of the [Ca?*]er.
The slightly different scenario observed in response to oxidative stress is
probably due to a different management of the Ca?* uptake from the apoplast
and/or Ca?* release from intracellular storage compartments (such as the
vacuole) in response to distinct environmental stimulations. Indeed, it is known
that Ca?* signalling in response to salinity and drought partially relies on the
entry into the cell of external Ca?+ (Knight et al., 1997), whereas oxidative
stress may be mainly transduced through the release of Ca?* from intracellular
pools (Rentel and Knight, 2004).

In summary, in this work a novel genetically-encoded calcium probe targeted
to the ER was engineered, which provided accurate quantifications of [Ca?*] in
the plant ER and for its variations in response to different environmental
stimuli. Our findings add new insights into the role of this compartment in Ca?*

homeostasis and signalling in the plant cell.
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Fig. 8. Effect of pre-treatment with EGTA on abiotic stresses-triggered [Ca?*]cyt and [Ca?]er.
Ca?+ assays were conducted in Arabidopsis seedlings stably expressing either the Cyt-YA (a,
c, e) or the fl2_AEQmut (b, d, f) probes. Seedlings were pre-treated with various
concentrations of EGTA (100 uM control (light traces), 1 mM (intermediate traces), 5 mM (dark
traces)) for 10 min, then challenged with different abiotic stresses (300 s, black arrowhead):
(a, b) 300 mM NaCl; (¢, d) 600 mM mannitol; (e, f) 10 mM H202. Insets show statistical
analyses for [Ca?*] at the peak and bars labelled with different letters differ significantly (P <
0.05, Student’s t test). Data are the means (solid lines) = SE (shadings) of 26 independent
experiments.
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MATERIALS AND METHODS

Molecular cloning and construction of expression plasmids

In order to monitor the calcium concentration in the plant ER, the signal peptide of the maize
mutant floury2 (Coleman et al., 1995) was fused to a mutated version of aequorin, endowed
with a reduced Ca?+ affinity (Montero et al., 1995). The sequence encoding aequorin was
amplified by PCR using as forward primer Xbal_fl2_aeq, encoding the 21 amino acid (a-helix)
of the uncleaved signal peptide of the 24-kDa a-zein protein, and Aeq_rev as reverse primer
(Table S1). After digestion with Xbal and Sacl, the amplicon (751 bp) was cloned into the 35S-
CaMV cassette (677 bp) of the plasmid p35SCaMV. The entire cassette 35-CaMV-
fl2_AEQmut was then amplified in order to create additional restriction sites (Notl and Xhol)
and moved into the binary vector pGreen 0029. To obtain the fl2_YFP construct, the sequence
encoding the YFP was amplified by PCR using Xbal_fl2_Yfp and Yfp_rev as primers (Table
S1). The amplicon (808 bp) was digested with Xbal and Sacl and cloned into the 3535S-CaMV
cassette. After digestion with EcoRV the entire cassette was then moved into the binary vector
pGreen 0029.

Table S1. Nucleotide sequences of the primers used in this work for the targeting of the fI2-

fused probes to the ER.

Primer Sequence

Xbal_fl2_aeq | 5-
cttactctagaatggctaccaagatattagccctecttgegcttettgeccttttagtgagege
aacaaatgtgaagctttatgatgttcctga-3’

Aeq_rev 5’-tgatagagctcgaattcatcagtgttttat-3’

35S Notl_for | 5-atggcggccgcegatatcgtaccectactccaaaaat-3°

35S Xhol _rev | 5-catgctcgaggatatcgatctggattttagta-3’

Xbal_fl2_Yfp | 5-
cttactctagaatggctaccaagatattagccctecttgegcttettgeccttttagtgagege
aacaaatgtgggcagcaagggcgaggagct-3°

Yip_rev 5’-tgatagagctcctagatcaccttgtacage-3’

Xbal fI2 5'- cttactctagaatggctaccaagatattag-3’

Generation of transgenic Arabidopsis lines

Arabidopsis thaliana wild-type plants belonging to Columbia 0 ecotype were grown on soil and
transformed by the floral dip technique (Clough and Bent, 1998) with the pGreen 0029-
fl2_AEQmut construct in order to generate multiple independent transgenic lines. The same
approach was repeated also for the pGreen 0029-fl2_YFP construct. The seeds of the F1
generation were surface-sterilized and screened on agarized (0.8 % wi/v) half-strength
Murashige and Skoog (MS) medium, pH 5.5 supplemented with 1.5 % (w/v) sucrose and
containing 50 pg/ml kanamycin (seedlings were grown at 22 °C under a 16 h-light/8 h-dark

cycle). Plants which survived were transferred in single pots and grown on soil so that their F2
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generation seeds could be collected separately: the progeny of each Fi seedling was

subsequently screened for aequorin expression both at the DNA and protein levels.

Analysis of aequorin expression

Leaves from each of the Arabidopsis fl2_AEQmut independent transgenic lines were collected
from the F2 generation (kanamycin-resistant, 1-month-old plants) and flash-frozen in liquid
nitrogen. Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen) and then reverse
transcribed with SuperScript Il (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Primers designed on the cDNA sequence of fl2_AEQmut and on the coding
sequence of actin (used as control) were used to analyze gene expression (Table S1).

Total protein crude extracts were obtained by grinding leaves in presence of a lysis buffer (0.1
M Tris-HCI pH 7.8, 0.2 M NaCl, 0.2 % Triton X-100, 1 mM EDTA, 1 uM leupeptin, 0.5 mM
PMSF). After centrifugation at 13000g at 4 °C for 5 min the were collected and protein
concentration was determined by Bradford assay (Bradford, 1976). Equal amounts (50 pg) of
total protein crude extracts were loaded onto 12.5 % polyacrylamide gels and separated by
SDS-PAGE, then transferred to polyvinylidene difluoride (PVDF) membranes (Immobilon-P,
Millipore) and immunoblotted with a polyclonal anti-aequorin antibody (Abcam) diluted 1:5000

(1 hincubation).

Setup of cell suspension cultures from the transformed Arabidopsis lines

Arabidopsis fl2_ AEQmut sublines #6 and #10 (Fz), which revealed the highest expression of
the probe — as well as the fI2_YFP subline (F2) showing the highest YFP fluorescence — were
used to establish photosynthetic and heterotrophic cell suspension cultures as described by
Cortese et al. (in revision, Sept. 2019; see Chapter 5).

For photosynthetic cultures, seeds were surface-sterilized and sown on agarized (0.8 w/v) full-
strength MS medium pH 5.5 supplemented with 3 % (w/v) sucrose, 0.5 pug ml' 24-
dichlorophenoxyacetic acid, 0.25 uyg ml'* BAP and 50 ug/ml kanamycin. After 3 weeks, de-
differentiated hypocotyl-derived green calli were excised from cotyledons and roots by using
a sterile scalpel, then transferred to a liquid version of the same medium as above with the
sole exception of sucrose concentration which started at 2 % (w/v) and was progressively
reduced by half (down to 0.5 % w/v) every 2 or 3 weeks of subculturing. To stimulate
photosynthesis, cell suspension cultures were maintained on an orbital shaker (80 rpm) at 22
°C under a 16 h-light/8 h-dark cycle with an illumination rate of 110 umol photons m=2 s,
Heterotrophic cultures were obtained by surface-sterilizing seeds and sowing them on
agarized (0.8 w/v) half-strength MS medium pH 5.5 supplemented with 1.5 % (w/v) sucrose
and 50 pg/ml kanamycin. After 1 week, well-developed cotyledons and hypocotyls were
excised with a sterile scalpel and transferred separately to agarized (0.8 % w/v) Callus
Induction Medium supplemented with 2 % (w/v) sucrose and 50 pg/ml kanamycin. Two
renewals on similar, fresh medium were performed after 3 weeks each, while for the third time

now developed yellow calli were transferred to exactly the same liquid medium employed for
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photosynthetic cultures (as described above) with the sole difference of gradually increasing

the sucrose concentration up to 3 % (w/v) instead of reducing it.

Protoplast isolation

Protoplast isolation was carried out from 4-days-old photosynthetic wild-type Arabidopsis cell
cultures by incubating 2 ml of packed cell volume with 5 volumes of 0.75 % (w/v) cellulase
‘Onozuka’ R-10, 0.25 % (w/v) macerozyme R-10 (Yakult Honsha Co., Ltd.), 0.55 M mannitol
in cell culture medium for 2 h in the dark. Protoplasts were separated from cellular debris and
undigested cells by filtration through 55 ym nylon meshes, centrifuged at 60 x g for 5 min at
room temperature, washed twice with isosmotic buffer (0.55 M mannitol in cell culture medium)

and resuspended at a final density of 108 protoplasts ml-'.

fl2_YFP transient expression in Arabidopsis wild-type lines

Transient expression of the fl2_YFP construct for localization studies was performed both on
isolated protoplasts and on fully-expanded leaves in 4-weeks-old wild-type Arabidopsis
seedlings. The former ones were transformed by PEG as described by Yoo and colleagues
(Yoo et al., 2007), whereas the latter ones were subjected to standard agroinfiltration

procedure (Lee and Yang, 2006).

Fluorescence and confocal microscopy analyses

Developing calli from fl2_YFP sublines were observed with a LEICA MZ16F fluorescence
stereomicroscope equipped with a GFP filter (excitation at 450/490 nm and emission at
500/550 nm) and a chlorophyll filter (excitation at 460/500 nm and emission above 605 nm).
Confocal microscopy observations of fl2_YFP transformed seedling (14-days-old) and cell
suspension cultures (4-days-old) as well as on agroinfiltrated leaves (1-month-old) or
transformed protoplasts (4-days-old) were performed with a Leica TCS SP5 Il confocal laser
scanning system mounted on a Leica DMI6000 inverted microscope. Samples were excited
with two argon lasers set at 488 nm (for YFP and chlorophyll) and 543 nm (for the ER-Tracker
Red), while fluorescence emissions were collected at 505 to 540 nm for YFP, 680 to 720 nm
for chlorophyll or 600 to 633 nm for the ER-Tracker Red.

Immunofluorescence

fl2_AEQmut heterotrophic cell suspension cultures were fixed in 3.8 % (w/v)
paraformaldehyde for 15 min. After extensive washing in phosphate-buffered saline (PBS),
cells were sedimented onto poly-L-lysine coverslips and permeabilized with 0.1 % (w/v) Triton
X-100 in PBS for 3 min. Unspecific binding sites were blocked with 1 % (w/v) BSA in PBS for
15 min and then labelling was performed with the anti-aequorin primary antibody diluted
1:1000 for 1 h at 37 °C in a moist chamber, followed by Alexa Fluor 594 donkey anti-rabbit Ig
(Thermo Fisher Scientific) diluted 1:250 for 30 min at room temperature. All incubations were

followed by three washes (2 min each) in PBS and 0.1 % (w/v) Tween-20, with an additional
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wash with distilled H20 before the addition of the mounting medium ProLong Gold antifade
reagent (Thermo Fisher Scientific). Cells were observed under a Leica DM5000B fluorescence
microscope, with excitation at 515/560 nm and emission above 580 nm and images acquired

with a Leica DFC300FX digital camera, using the LAS software.

Immunogold labelling

Leaf and root fragments from 2-week-old Arabidopsis plants were fixed overnight at 4 °C in 4
% (v.v) paraformaldehyde and 0.25 % (v.v) glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4.
After three washes in cacodylate buffer, dehydration in a graded ethanol series was
performed. Samples were then embedded progressively in medium-grade London Resin
White (PolySciences). Ultrathin sections (500 A) were obtained on a Reichert-Jung
ultramicrotome and mounted on uncoated nickel grids. For immunogold labelling, grids were
incubated for 45 min in 0.1 % (v.v) Tween 20, 1 % (w/v) BSA in TBS, and then for 1 h with
rabbit anti-aequorin antibody at a 1:500 dilution. After three washes with 0.1 % (v.v) Tween 20
in TBS, samples were incubated for 1 h with an anti-rabbit secondary antibody conjugated with
colloidal gold particles of 10 nm diameter (Sigma-Aldrich) diluted 1:100. After two washes as
above and one wash in distilled H20, samples were exposed to osmium tetroxide vapours
overnight. After extensive washing with distilled H20, samples were counterstained with uranyl
acetate and lead citrate and observed using a Tecnai 12-BT transmission electron microscope

(FEI) operating at 120 kV and equipped with a Tietz camera.

In vitro reconstitution of apoaequorin to aequorin

Total protein crude extracts were obtained as described above, with the sole exception of a
non-denaturing buffer composed of 150 mM Tris-HCI, 10 mM EGTA, 0.8 mM PMSF, pH 8.0
(reconstitution buffer). 50 ug of total protein crude extracts were resuspended at 1 pg/ul in
reconstitution buffer and incubated with 1 mM B-mercaptoethanol and 5 uM coelenterazine for
4 h at 4 °C in the dark. Aequorin luminescence was detected from 50 pl of the in vitro aequorin
reconstitution mixture and integrated for a 200 sec time interval after the addition of an equal
volume of 100 mM CaCl..

In vivo reconstitution of apoaequorin to aequorin

14-to-17-days-old Arabidopsis fl2_AEQmut seedlings (Fs) grown in sterility conditions on
agarized medium were transferred in a microtitration plate well and incubated in 600 uM EGTA
solution additioned with 5 uM coelenterazine (wild-type or n variant) for time intervals ranging
from 2 h to about 16 h (overnight) at 22 °C. To set up an efficient in vivo reconstitution protocol,
different procedures were experimented by pre-treating seedlings with 10 uM ionophore
A23187, 50 uM cyclopiazonic acid (CPA) or both in the presence of 600 uM EGTA. Solutions
were syringe-infiltrated to create vacuum, then after 10 min either wild-type or n coelenterazine
was added and incubation prolonged for 2 h. At the end of the in vivo aequorin reconstitution,

seedlings were washed individually via syringe-infiltration with a 100 uM EGTA solution and
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allowed to recover for at least 10 min. Each seedling was then subjected to in vivo probe
discharge by applying the same procedure described for in vitro assays. In some experiments,
Arabidopsis seedlings stably expressing aequorin either targeted to the cytosol or to the
chloroplast stroma (Sello et al., 2018) were used. Luminescence data were converted off-line
into [Ca?*] values by using computer algorithms based on the Ca?* response curves of wild-

type aequorin or mutated aequorin (Ottolini et al., 2014).

Aequorin-based Ca?* measurement assays

The best reconstitution protocol (pre-treatment with 50 uM CPA + 2 h wild-type coelenterazine
incubation) was applied to all the subsequent Ca?* measurements carried out at the
luminometer. Each of the independent experiments (with the exception of higher-EGTA (1 and
5 mM) pre-treated runs) started with a single fl2_AEQmut seedling incubated in a 100 pM
EGTA solution, to which an equal volume of a two-fold (2 mM) CaClz solution was added after
100 sec in order to restore resting [Ca?*]er. ER refill trials with higher concentration of CaClz
followed the same procedure but with appropriate [CaClz] solutions. At 300 sec, an equal
volume of a two-fold concentrated solution for each tested stimulus was injected in the
luminometer chamber. Discharge solution (1 M CaClz, 30 % (v.v) ethanol) was applied at 1000
sec and Ca?* dynamics were recorded up to complete discharge of the remaining aequorin

pool.
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PROLOGUE

Among all the environmental threats that plants have to face due to their
sessile nature, interactions of biotic nature are one of the most diversified and
widespread classes. Plant interacting organisms can be represented by animal
pests (such as insects or nematodes), pathogenic fungi and bacteria as well
as parasitic protists or even algae and other plants (Rubiales and Heide-
Jorgensen, 2011; Brooks et al., 2015; Schwelm et al., 2018). However, not all
interactions — especially the microbial ones — are de facto harmful or
unfavourable to the plant host. Indeed, plant associations with specific groups
of bacteria and fungi are of primary importance for the mineral nutrition and
the general fitness of the host plant and the integrated functioning of whole
ecosystems (Lanfranco et al., 2016; Zipfel and Oldroyd, 2017). This is the
case, in particular, for the mutualistic interactions that plants establish with
Gram-negative bacteria collectively called rhizobia, leading to nitrogen-fixing
symbiosis or fungi of the Glomeromycotina subphylum, leading to arbuscular
mycorrhiza. The occurrence of these beneficial synergies is in fact based on
the mutualistic exchange of mineral nutrients and organic compounds between
the two symbionts and it is mediated by a precise recognition of the partners
thanks to a molecular dialogue taking place in the rhizosphere (Oldroyd, 2013;
Bonfante et al., 2015).

A similar situation also regards the advantageous interplay between plants and
biocontrol agents, both of bacterial or fungal nature, that were extensively
demonstrated to help the plant host in priming its defence responses, thus
allowing the plant to be ready to withstand future infections (Prime-A-Plant et
al., 2006). Moreover, biocontrol agents have been shown to act as
biostimulants and Dbiofertilizers, hence promoting plant growth and
development (Benitez et al., 2004; Hermosa et al., 2012; Woo et al., 2014;
Lépez-Bucio et al., 2015). Some biocontrol agents such as the filamentous
fungi belonging to the Thricoderma genus, which were defined as opportunistic
and avirulent plant symbionts (Harman et al., 2004), have also been
demonstrated to produce indirect beneficial effects for the plant partner by
fighting fungal phytopathogens found in the soil (Punja and Utkhede, 2003;
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Vinale et al., 2008): thanks to their mycoparasitic activity, Thricoderma spp.
digest and penetrate the cell wall of other plant-deleterious fungi in order to
feed on them (Brotman et al, 2010; Harman et al., 2004); likewise, they
compete with them for nutrients during their early saprophytic phase and inhibit
their growth through the production of several antibiotic compounds (Harman
et al., 2004). However, the exact nature of the compounds contained in the
fungal exudates has been determined only for a few of the many secreted
metabolites (Vinale et al., 2008); furthermore, the specific molecules perceived
by the plant and responsible for the activation of the “priming” effect are largely
unknown together with the precise signal transduction pathway triggered
during the early stages of the plant host-microbe recognition. Cytosolic Ca?*
transients as well as the activation of plant defence responses leading to
programmed cell death were found to be triggered in soybean cell suspension
cultures when treated with Thricoderma atroviride culture filtrates (Navazio et
al., 2007), but the precise mechanisms underlying these events have not yet
been elucidated.

On the other hand, information about the molecules involved in the plant-
fungus physical interactions is rapidly emerging, with recent works elucidating
the role of hydrophobins in plant root colonization by the biocontrol fungus
(Whiteford and Spanu, 2002; Brotman et al., 2010; Hermosa et al., 2012;
Ruocco et al.,, 2015) as well as in inducing plant defences and raising
antifungal activity against phytopathogens (Guzman-Guzman et al., 2017;
Przylucka et al., 2017). Hydrophobins form a family of small amphypatic
proteins ubiquitously and exclusively found in filamentous fungi, where they
mediate the adhesion of fungal hyphae to the plant root surface (Whiteford and
Spanu, 2002). Despite their low degree of amino acidic identity, hydrophobins
are all characterized by 4 well-conserved disulphide bonds which are
responsible for the autonomous assembly in amphypatic monolayers (REF
Sunde et al., 2008; Cox and Hooley, 2009). Thanks to their ability to convert
hydrophobic surfaces into hydrophilic ones and vice versa, hydrophobins are
a crucial element of the cell wall of fungal hyphae, as well as of the fungal
exudates, with a role in mediating the fungus-environment interactions: by

reducing the surface tension of the water-air interface they work as natural
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surfactants, hence allowing the emergence of aerial hyphae, the production of
fruit bodies, the sporulation process and the cell penetration (Whiteford and
Spanu, 2002; Elliot and Talbot, 2004; Cox and Hooley, 2009). To this extent,
hydrophobins were suggested to be required for the establishment of plant-
fungus interactions of both symbiotic and pathogenic behaviour, in particular
at the early stages of the root colonization (Whiteford and Spanu, 2002):
Thricoderma hydrophobins were also thought to possibly protect the growing
hyphae from defence compounds released by the plant, thus allowing this
avirulent, opportunistic fungus to effectively penetrate the root and colonize
the intercellular spaces (Hermosa et al., 2012). A Thricoderma mutant lacking
the hydrophobin-encoding gene TasHyd1 was indeed found to be unable to
colonize the plant root, while its mycoparasitic activities were totally unaffected
(Viterbo and Chet, 2006).

The data presented in this chapter concern the analysis of Ca?-mediated
responses triggered in the model legume Lotus japonicus in response to the
major hydrophobin secreted by the biocontrol fungus Thricoderma
longibrachiatum. | was involved in this research work as a side project of my
Ph.D. activity.

Before the start of my Ph.D. activity, Lotus japonicus wild-type and Ljsym4-2
mutant plants were subjected to an Agrobacterium tumefaciens-mediated
transformation-regeneration protocol (Lombari et al., 2003; Barbulova et al.,
2005) in order to produce transgenic lines stably expressing the Ca?* reporter
aequorin in the cytosol. The Ljsym4-2 mutant was chosen because it is unable
to establish symbioses with either rhizobia and arbuscular mycorrhizal fungi
(Bonfante et al., 2000), due to the lack of the CASTOR gene encoding a cation
channel essential for nuclear and perinuclear Ca®* spiking required in legume
root symbioses (Charpentier et al., 2008 and 2016; Venkateshwaran et al.,
2012). The subsequent generation of cell suspension cultures from the
transgenic lines allowed to carry out measurements assays of the cytosolic
[Ca?*] and its variations in response to HYTLO1, a hydrophobin abundantly
secreted in the culture medium by the fungus Thricoderma longibrachiatum
strain MK1 (Ruocco et al., 2015). Transient Ca?* elevations with similar kinetics
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were observed upon challenge with HYTLO1 in both the transgenic lines,
whereas the Ljsym4-2 mutant displayed an altered Ca?* response to the
symbiotic signals Myc factors and Nod factors. A pharmacological approach
employing Ca?* chelators as well as inhibitors of Ca?* channels or of enzymes
involved in the generation of Ca?* mobilizing agents allowed to investigate the
origin of the observed Ca?* fluxes: in particular EGTA (a chelating agent for
extracellular Ca?*) and Ned-19 (a competitive antagonist of nicotinic acid
adenine dinucleotide phosphate (NAADP) (Naylor et al., 2009)) both reduced
to 50% the amplitude of the recorded [Ca®*]et elevation, indicating the
mobilization of Ca?* from both the extracellular space and an internal store
sensitive to NAADP, most likely the ER. Indeed, although the molecular
identity of NAADP receptors in plants still remains elusive, early biochemical
evidence of Ca?* release from ER vesicle preparations had previously
indicated a potential ER localization for NAADP-gated Ca?*-permeable
channels (Navazio et al., 2000).

The effect of HYTLO1 perception on the expression of defence-related genes
(such as MPK3, WRKY33, CP450 and PRT1) were also evaluated by
quantitative RT-PCR: all these genes, except PR1, were shown to be
upregulated after different time intervals (2 h, 4 h or 24 h) of incubation with
HYTLO1 in both the wild-type and Ljsym4-2 mutant lines. The viability of L.
japonicus cell cultures treated up to 24 h with HYTLO1 was found to be
unaffected with respect to the control, suggesting that the hydrophobin does
not induce the hypersensitive response leading to programmed cell death
(Pontier et al., 1998a and 1998b; Heath 2000)). Taken together, the above
data suggest that the fungal hydrophobin can be considered as a mild elicitor
of plant defence responses. The upregulation of the plant defence-related
genes was found to be Ca?*-dependent, because the combined application of
EGTA and Ned-19 was responsible for a drastic reduction (more than 85%) of
their expression levels. Immunofluorescence and immunogold labelling
experiments carried out with affinity-purified polyclonal antibodies raised
against HYTLO1 showed that the hydrophobin forms a protein film covering
the plant cell wall, with a certain degree of permeation into the apoplastic

space. This suggest the possibility that HYTLO1 may interact with specific
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binding sites at the plasma membrane. The in vivo secretion of a battery of cell
wall-degrading enzymes by Thricoderma may facilitate the access of the
hydrophobin to potential plasma membrane-located receptors (Markovich and
Kononova, 2003). In agreement with cell viability data, transmission electron
microscopy analyses demonstrated that the ultrastructural organization of L.
japonicus cells was well preserved after 24 h treatment with HYTLO1.

In conclusion, the use of aequorin-expressing cell suspension cultures of L.
japonicus allowed for the monitoring of the cytosolic Ca?* transients evoked in
the early phases of the recognition of a biocontrol fungus. On the basis of the
observed upregulation of plant defence genes, but no activation of cell death,
HYTLO1 may be considered as a mild elicitor pre-alerting the plant prior to a
potential subsequent attack by real pathogens, a phenomenon called “priming”
(Prime-A-Plant et al., 2006). The dependence of the defence priming on
[Ca?*]eyt elevations was demonstrated by using the extracellular Ca?+ chelator
EGTA and Ned-19, a potent inhibitor of the NAADP receptor in animal cells.
This pharmacological approach showed the involvement of both the
extracellular milieu and a NAADP-sensitive internal storage compartment in
the observed Ca?* fluxes. This study adds new valuable insights into the Ca?*-
mediated signal transduction evoked in the plant cell in response to a key
metabolite secreted by a biocontrol fungus and provides the first evidence for
the involvement of NAADP-gated Ca?* release in a signalling pathway
triggered by a biotic stimulus. On the basis of the previously suggested
presence of a Ca?* release pathway activated by NAADP at higher plants ER
(Navazio et al., 2000), this work suggests the occurrence of ER-mediated Ca?*
release into the cytosol during a beneficial plant-microbe interaction.
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Abstract: Trichoderma filamentous fungi are increasingly used as biocontrol agents and plant
biostimulants. Growing evidence indicates that part of the beneficial effects is mediated by the activity
of fungal metabolites on the plant host. We have investigated the mechanism of plant perception of
HYTLOL1, a hydrophobin abundantly secreted by Trichoderma longibrachiatum, which may play an
important role in the early stages of the plant-fungus interaction. Aequorin-expressing Lotus japonicus
suspension cell cultures responded to HYTLO1 with a rapid cytosolic Ca?* increase that dissipated
within 30 min, followed by the activation of the defence-related genes MPK3, WRK33, and CP450.
The Ca®*-dependence of these gene expression was demonstrated by using the extracellular Ca*
chelator EGTA and Ned-19, a potent inhibitor of the nicotinic acid adenine dinucleotide phosphate
(NAADP) receptor in animal cells, which effectively blocked the HYTLO1-induced Ca?* elevation.
Immunocytochemical analyses showed the localization of the fungal hydrophobin at the plant
cell surface, where it forms a protein film covering the plant cell wall. Our data demonstrate
the Ca?*-mediated perception by plant cells of a key metabolite secreted by a biocontrol fungus,
and provide the first evidence of the involvement of NAADP-gated Ca®* release in a signalling
pathway triggered by a biotic stimulus.

Keywords: aequorin; biocontrol fungi; calcium signalling; Lotus japonicus; hydrophobins; HYTLO1;
NAADP; Trichoderma

1. Introduction

Trichoderma is a widely spread genus of free-living filamentous fungi belonging to Ascomycota,
increasingly used in agricultural applications as biocontrol agents and biofertilizers [1-5]. The effects
exerted by Trichoderma at the plant level are both indirect, due to the mycoparasitic activity on
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a plethora of phytopathogens, and direct, due to the induction of plant defence responses and
promotion of growth and development [6]. For its peculiar lifestyle traits, plant root colonization
and favourable impact on plant physiology, Trichoderma has been defined as an opportunistic,
avirulent plant symbiont [7]. Although the beneficial effects produced by Trichoderma on the plant
have been extensively demonstrated, little is known about the molecular mechanisms underlying
signal transduction during the early stages of the interactions of plants with these biocontrol fungi.
The induction of pathogen resistance is accomplished through the secretion of a complex arsenal of
fungal molecules encompassing cell wall-degrading enzymes, secondary metabolites with antibiotic
activity, and other substances [8]. Culture filtrates of Trichoderma atroviride, grown alone or in co-culture
with the phytopathogen Botrytis cinerea, have been shown to induce in soybean cell cultures transient
elevation in cytosolic free Ca?* concentrations and defence responses, such as reactive oxygen
accumulation and programmed cell death [9]. Nevertheless, the molecular mechanisms causing
the observed effects on the plant host has been determined only for a few of the many secreted
metabolites found in Trichoderma [10].

Calcium is a universal signalling element involved in a plethora of transduction pathways in all
eukaryotes [11-13], as well as in prokaryotes [14]. In plants, Ca?* has been demonstrated to mediate a
wide array of signalling cascades in response to both abiotic and biotic stimuli [15-17]. Changes in
intracellular free Ca?* levels are a common early event during many plant-microbe interactions, of both
symbiotic and pathogenic nature [18]. In particular, the role of Ca?* signalling in the establishment of
plant defence responses has been known for many years [19].

In this work we have investigated the mechanism of plant perception and transduction of
HYTLO1, a hydrophobin abundantly secreted in the culture medium by Trichoderma longibrachiatum
strain MK1 [20]. Hydrophobins are a family of small amphypathic proteins found exclusively
in filamentous fungi, which are known to mediate the interactions between the fungus and its
environment. In addition to having a general role during formation of aereal hyphae, sporulation,
and production of fruit bodies, hydrophobins are thought to be involved in plant-fungus interactions,
both pathogenic and symbiotic, by mediating the adhesion of fungal hyphae to the root surface [21].
Information about the role of hydrophobins in biocontrol fungi in plant root colonization, induction
of plant defences, antifungal activity against phytopathogens, as well as responses to abiotic stresses
is rapidly emerging [20,22,23]. A Trichoderma mutant, defective for the TasHydl gene encoding a
hydrophobin, although unaffected in its mycoparasitic activity, was found to be unable to colonize the
plant root apparatus [24].

By using the model legume Lotus japonicus [25,26] stably expressing the genetically encoded Ca®*
indicator aequorin, we demonstrated that HYTLO1 triggers in plant cells a signal transduction pathway
leading to the activation of defence genes in a Ca?*-dependent manner. Experiments performed
by using the chemical probe Ned-19 [27] showed that the Ca?* signalling pathway activated by
HYTLOL1 is mediated by nicotinic acid adenine dinucleotide phosphate (NAADP), a metabolite of
nicotinamide adenine dinucleotide phosphate (NADP) which has been demonstrated to act as a potent
Ca®* mobilizing messenger in a wide variety of eukaryotes (see [28] for a review), including plants [29],
as well as green and brown macroalgae [30,31]. The obtained data provide the first evidence for the
involvement of this pyridine nucleotide-based Ca®* agonist in a physiological event in higher plants
and offer new insights into the mechanism of action of fungal hydrophobins.

2. Results

2.1. Generation of Transgenic L. japonicus Plants Stably Expressing the Bioluminescent Ca’* Reporter
Aequorin

To investigate the potential participation of calcium in the plant perception of HYTLOL1,
we transformed Lotus japonicus with a cDNA construct encoding the bioluminescent Ca®* reporter
aequorin. L. japonicus is a well-characterized model legume, widely used as an experimental system to
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analyse different types of plant-microbe interactions along the symbiosis-pathogenesis spectrum [32].
The aequorin coding sequence was cloned between the Cauliflower Mosaic Virus 355 promoter (CaMV
355) and the Agrobacterium tumefaciens nopaline synthase terminator (tNOS) sequences in the pCAMBIA
vector [33] to obtain the T-DNA construct pAB1 (Figure S1A). PAB1 was then used for Agrobacterium
tumefaciens-mediated transformation-regeneration procedure of L. japonicus [34,35] wild-type and
Ljsym4-2 mutant, where the latter is impaired in the symbioses with both arbuscular mycorrhizal
(AM) fungi and rhizobia [36]. Transgenic plants were selected on hygromycin-containing medium
and allowed to self-pollinate. Several independent lines of the first generation of transformants
(T1), showing a hygromycin resistance segregation of 3:1 were tested by semi-quantitative RT-PCR
to confirm aequorin expression and analyse the amount of transcript in the different transgenic
lines. Homozygous plants of the second generation (T2), exhibiting the highest aequorin expression
(Figure S1B), were selected to set up in vitro cell cultures. Suspension-cultured cells are particularly
useful to understand some complex plant physiological processes, such as Ca?*-mediated signal
transduction events [37,38].

2.2. The Hydrophobin HYTLO1 Triggers a Transient Cytosolic Ca’* Elevation in Aequorin-Expressing Lotus
japonicus Cells

HYTLO1, the major hydrophobin secreted by the strain MK1 of Trichoderma longibrachiatum, has
been previously isolated from the culture medium of the biocontrol fungus, purified to homogeneity,
and cloned [20]. To check if the perception and signal transduction of this protein involves calcium as
intracellular messenger, aequorin-expressing L. japonicus cell suspension cultures derived from the
transgenic plants were challenged with HYTLO1. The hydrophobin (0.6 uM) was found to trigger a
transient cytosolic Ca?* increase that peaked (0.48 £ 0.09 uM; n = 10) about 6 min after the injection
and slowly dissipated within 30 min. The kinetics of the cytosolic Ca?* change ([Ca**]cyt) was very
similar in L. japonicus wild-type cells and Ljsym4-2 mutant cells, stably expressing cytosolic aequorin
(Figure 1A). The Ljsym4-2 mutant is defective in the CASTOR gene that encodes a cation channel
essential for nuclear and perinuclear Ca?* spiking in legume root endosymbiosis [39-41].

As a comparison, the cytosolic Ca®* transients evoked by the symbiotic signalling molecules Myc
factors and Nod factors, produced by the arbuscular mycorrhizal fungus Gigaspora margarita and the
specific rhizobial symbiont Mesorhizobium loti are respectively shown in Figure 1B,C. In these latter
two cases the Ca®* traces exhibited by the Ljsym4-2 mutant differ from the wild-type for the lack of
the second, flattened dome-shaped [Ca2+]cyt elevation (after about 15 min), which is consistent with
the sum of the perinuclear Ca?* oscillations that were visualized in Ca?* imaging experiments in
L. japonicus wild-type, but not CASTOR mutant [39].
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Figure 1. Monitoring of cytosolic Ca** concentration ([Ca**]cyt) in aequorin-expressing L. japonicus in
response to different biotic stimuli. Suspension-cultured cells of L. japonicus wild-type (black trace)
and Ljsym4-2 mutant (grey trace), stably transformed with a cDNA construct encoding cytosolic
aequorin, were treated with: (A) the hydrophobin HYTLO1 (0.6 uM) purified from the biocontrol
fungus T. longibrachiatum; (B) Myc factors from the AM fungus G. margarita; (C) Nod factors from the
nitrogen-fixing symbiotic bacterium M. loti. Arrows indicate the time (100 s) of stimulation. These and
the following traces are representative of at least 6 independent experiments that gave similar results.

2.3. HYTLO1 Activates the Expression of Defence Genes in L. japonicus Cells, but Does Not Induce Cell Death

We next evaluated the effect of the treatment of L. japonicus cells with HYTLO1 on the expression
of some genes commonly involved in plant defence against phytopathogens, namely MPK3, encoding
the mitogen-activated protein kinase 3, WRKY33, encoding the transcription factor WRK33, CP450,
encoding the cytochrome P450, and PR1, encoding the pathogenesis-related protein 1. Exponentially
growing L. japonicus cells of the wild-type line and Ljsym4-2 mutant line were treated with 0.6 pM
HYTLOL1 for 2 h, 6 h, and 24 h. Semi-quantitative RT-PCR analyses conducted with the wild-type
cells showed a variable range of responses to the HYTLO1 application. MPK3 and WRKY33 were
significantly up-regulated (1.88 & 0.09 and 1.61 & 0.02, respectively) after 2 h of treatment, with a
subsequent decay to basal expression levels in the following 24 h (Figure 2A,B). The CP450 gene,
although remaining at constitutive level after 2 h of treatment with HYTLO]1, gradually increased its
expression after 6 h (1.67 & 0.43) up to more than a three-fold induction level compared to the control
(3.61 £ 0.78) after 24 h (Figure 2C). On the other hand, the expression of PR1 was not significantly
modified by the treatment with 0.6 uM HYTLOL1 for any of the considered time intervals (Figure 2D).
Concerning the Ljsym4-2 mutant line, the gene expression analysis showed a trend similar to that
observed in the wild-type line, but with lower values (Figure 2A-D).
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Figure 2. Analysis of HYTLOIl-induced gene expression in L. japonicus cells. Semi-quantitative
RT-PCR analysis of L. japonicus MPK3 (A), WRK33 (B), CP450 (C), and PR1 (D) in aequorin-expressing
L. japonicus cell cultures of the wild-type line (black bars) and Ljsym4-2 mutant line (grey bars) in
control conditions and after treatment with HYTLO1 (0.6 uM) for different time intervals. Data are the
means =+ SE of three independent experiments. * indicates statistically significant difference at P < 0.05.

The results concerning the statistically significant differences between HYTLO1-treated samples
and controls were validated by quantitative RT-PCR (Figure S2). Taken together, these data indicate
that HYTLO1 can be considered as a mild elicitor of plant defence responses.

To evaluate the potential cytotoxicity of the fungal hydrophobin, we tested the viability of
L. japonicus cells by using the Evans blue method [42]. This colorimetric assay revealed that the
percentage of dead cells after treatment with HYTLO1 at 0.6 uM for up to 24 h did not significantly

differ from that of control cells (Figure 3).
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Figure 3. Effect of HYTLO1 on L. japonicus cell viability. Cell suspension cultures were treated
with 0.6 uM HYTLOL1 (grey bar) for 24 h. Cells incubated with the same percentage of ethanol
(white bar) were used as control. 100% cell death corresponds to cells incubated for 20 min at 100 °C
(black bar). Cell viability was determined by the Evans blue method. Data are the means + SE of three

independent experiments.
2.4. Origin of the HYTLO1-Elicited Cytosolic Ca** Fluxes in L. japonicus

To assess whether the transient elevation in [Ca2+]cyt induced by HYTLOL1 in L. japonicus plays
a key role in the signalling pathway leading to the activation of defence genes, the effect of the
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abolition of the Ca?* change on downstream responses was analysed. Experiments based on the
use of Ca?* chelators, inhibitors of Ca?* channels and of enzymes involved in the generation of
Ca?* mobilizing agents were carried out in the attempt to effectively block the HYTLO1-induced
[Ca2+]cyt transient. When cells, 10 minutes before HYTLO1 administration, were transferred to a
culture medium depleted of CaCl, and containing 600 uM EGTA, about 56% reduction of the [Ca2+]cyt
peak was observed (Figure 4). Pre-treatment with 100 uM Ned-19, a competitive antagonist of the
intracellular Ca?*-mobilizing agent NAADP [27], caused inhibition of ~47% of the Ca* transient
(Figure 4). These data indicate that in L. japonicus cells HYTLO1 mobilizes Ca?* from both the
extracellular space and from an intracellular compartment sensitive to NAADP. Moreover, the two
stores (external and internal) seem to be involved almost at the same extent as sources of the ion for the
transduction of this signal. As expected, the [Ca?*].y¢ elevation evoked by HYTLO1 was very efficiently
blocked (83.2 & 3.5%) by pre-treating L. japonicus cells with EGTA (600 uM) in combination with Ned-19
(100 uM) in Ca?*-free medium (Figure 4). LaCl3 (3 mM), a widely used inhibitor of Ca?*-permeable
channels located at the plasma membrane [43], caused a reduction of only ~33% of the HYTLO1-Ca?*
transient (Figure 4), suggesting that additional Ca?* channels are involved in the Ca?* influx activated
by HYTLOL1 from the extracellular medium. Nicotinamide (100 M), an inhibitor of ADP-ribosyl
cyclase, involved in the production of both cyclic ADP-ribose (cCADPR) and NAADP [44,45], reduced
by ~40% the [Ca?*].y¢ in response to HYTLO1 (Figure 4), confirming the participation of NAADP-gated
Ca?* channels in the generation of HYTLO1-induced Ca2* fluxes.
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Figure 4. Pharmacological approach for the analysis of cytosolic Ca>* fluxes induced by HYTLO1
in L. japonicus cells. Cell samples were incubated with: EGTA (600 uM), Ned-19 (100 uM) (singly
or in combination with EGTA), LaClz (3 mM), nicotinamide (100 uM). After 10 min (EGTA, LaCls,
nicotinamide) or 30 min (Ned-19), cells were challenged with HYTLOL1 (0.6 uM). For assays performed
with EGTA, cells were previously washed extensively and resuspended in Ca?*-free medium. Data are
the means =+ SE of five independent experiments.

2.5. HYTLO1-Induced Activation of Defence Gene Expression is Ca>*-Dependent

In view of the efficient inhibition of the HYTLO1l-induced Ca?" transient obtained by the
pre-treatment of L. japonicus cells with 600 uM EGTA and 100 uM Ned-19 in Ca?*-free medium
(Figure 5A), the same experimental condition was used to examine the effect of the abolition of the
HYTLO1-induced Ca?* signalling pathway at the level of gene expression. The change of expression
of the defence genes MPK3 and WRKY33, observed after 2 h treatment of wild-type cells with 0.6 uM
HYTLOL1 (Figure 2A,B), was reduced by more than 85% in the presence of EGTA + Ned-19 (Figure 5B).
This result demonstrates that the activation of MPK3 and WRKY33 gene expression in response to
HYTLOL1 is Ca*-dependent.
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Figure 5. Effect of pretreatment with EGTA and Ned-19 on HYTLO1-induced [Ca2+]cyt transient and
gene expression in L. japonicus cells. (A) Monitoring of [CazJ’]cy»E in L. japonicus after treatment (arrow)
with 0.6 uM HYTLOL1 in regular cell culture medium (black trace) or after pretreatment with 600 uM
EGTA and 100 uM Ned-19 in Ca2*-free medium (grey trace). (B) RT-PCR analysis of the expression of
MPK3 and WRKY33 after treatment with HYTLOL1 (0.6 uM) for 2 h in regular medium (black bar) or in
Ca?* free medium supplemented with 600 uM EGTA and 100 uM Ned-19 (grey bar).

Even the expression of the CP450 gene after 24 h HYTLOL1 treatment was found to be significantly
inhibited (~95%) by pre-treatment with EGTA + Ned-19 (Figure S3A). However, this result must be
interpreted with caution; in fact, despite treatment with HYTLOL1 not causing, by itself, any significant
change in cell viability compared with the control (Figure 3), the pre-treatment with EGTA + Ned-19
caused, after 24 h, a significant rise of the cell death (Figure S3B). These data indicate the uselessness
of a gene expression analysis after such a prolonged incubation time of the suspension-cultured cells
with the above Ca®* chelator and Ca?* channel inhibitor.

2.6. HYTLO1 Perception Occurs at the Plant Cell Surface

Negative staining with 1% uranile acetate of a preparation of HYTLO1, dissolved in 50% ethanol,
showed that this protein, similarly to other type II hydrophobins [20], forms in aqueous solution
spherical air mycelles by autoassembling in amphypatic monolayer (Figure S4). Immunofluorescence
analysis of HYTLO1-treated L. japonicus cells carried out with affinity-purified polyclonal antibodies
raised against the purified protein indicated that HYTLOL1 interacts with the plant cell surface, with no
evidence for protein internalization inside the cell within 24 h (Figure S5).

Immunogold labelling observations showed that HYTLO1 covers the plant cell wall external
surface by forming a protein film (Figure 6), with some evidence for the permeation of the fungal
hydrophobin across the plant cell wall (Figure 6 and Figure S6).

RN o -
control HYTLO1 30 min HYTLO124 h

Figure 6. Immunocytochemical analysis of L. japonicus cells treated with HYTLO1. Cells were
incubated: (A) in control conditions; (B) with HYTLO1 (0.6 uM) for 30 min; (C) with HYTLO1
(0.6 uM) for 24 h. Immunogold labelling was carried out by incubation with an affinity-purified
anti-HYTLOL1 antibody followed by a secondary antibody conjugated with 10 nm diameter-gold
particles. Immunogold-labelled particles are visible at the external surface (arrows) and across the
plant cell wall (arrowheads). cw, cell wall. Bars, 100 nm.
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In agreement with cell viability data (Figure 3), transmission electron microscopy (TEM) analyses
demonstrated that the ultrastructural organization of L. japonicus cells was well preserved after 24 h
treatment with HYTLO1 (Figure 7).

control

HYTLO124 h

Figure 7. Electron microscopy observations of HYTLO1-treated L. japonicus cells. Cells were incubated:
(A,B) in control conditions; (C,D) in the presence of HYTLO1 (0.6 uM) for 24 h. The ultrastructure
of cells was found to be well-preserved even after 24 h treatment with the fungal hydrophobin.
a, amyloplasts; cw, cell wall; ER, endoplasmic reticulum; m, mitochondria; n, nucleus; st, starch
granules; v, vacuole. Bars, 500 nm.

3. Discussion

Hydrophobins are small molecular weight proteins that play multiple roles in the cell biology of
filamentous fungi [46]. In particular, during the early phases of plant-fungus interactions they may
play an important function by mediating adhesion to the root surface [21]. Nevertheless, their potential
role as elicitors of plant defence responses has been relatively little investigated so far.

In this work we have demonstrated that HYTLO1, a hydrophobin abundantly secreted by the
biocontrol fungus Trichoderma longibrachiatum, is perceived in a Ca2*-dependent manner by L. japonicus
suspension-cultured cells by inducing a fast, transient [Ca®*]cy¢ (Figure 1A) and the subsequent
activation of genes commonly considered as hallmarks of plant defence responses (Figure 2A-C).
Unlike complex metabolite mixtures isolated from Trichoderma culture filtrates, which have been
previously shown to cause programmed cell death in soybean cell cultures [9], no reduction in cell
viability or ultrastructural alterations were observed after treatment of L. japonicus cells with HYTLO1
(Figures 3 and 7). On the other hand, our data suggest that the fungal hydrophobin acts as a mild
proteinaceous elicitor, which may be able to pre-alert plant defence prior to a potential subsequent
attack by a real pathogen—a mechanism commonly defined as “priming” [47].

Negative staining of preparations of pure HYTLO1 suggested the assembly of the protein in
monolayers (Figure S4), that may help the fungus break the air-water interface during the early stages
of plant-fungus interactions. Indeed, the peculiar physical features of these fungal proteins [48]
have recently attracted a great deal of interest in view of their potential biotechnological applications
as natural surfactants [49]. Unlike other hydrophobins, such as HYDPt-1 from the basidiomycete
Pisolithus tinctorius that is exclusively located at the surface of fungal hyphae [50], HYTLOL1 is
secreted by T. longibrachiatum strain MK1 and interacts with the plant cell surface, as demonstrated by
immunofluorescence (Figure S5) and immunogold labelling experiments (Figure 6 and Figure S6) with
a specific antibody raised against the purified native protein.
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The research work previously carried out by Lopez-Gomez et al. [51] in the same model legume
L. japonicus highlighted the complex interplay of defence responses and symbiotic signalling pathways.
Indeed, the notion that boundaries between pathogenesis and symbiosis are subtle and fluid is rapidly
emerging [52]. Consistently, the Ljsym4-2 mutant, which is characterized by an early block of the
common symbiotic signalling pathway induced by both Myc factors and Nod factors, has shown
altered gene expression profiles both in control conditions and after treatment with different biotic
stimuli in several additional studies [53,54].

The new experimental system set up in this work, given by aequorin-expressing suspension-
cultured cells of L. japonicus, derived from both wild-type and Ljsym4-2 mutant, can be a useful
tool to analyse Ca* signalling events not only during the beneficial interaction with an avirulent
symbiont, such as the biocontrol fungus Trichoderma [7], but also in the establishment of symbioses
with rhizobia and AM fungi. The Ljsym4-2 mutant is defective in the CASTOR gene encoding for a
K*-permeable channel that has been clearly demonstrated to be an essential modulator of the Ca?*
spiking phenomenon originating in the nuclear and perinuclear region of legume cortical cells in
response to endosymbiotic microbes [39,41,55,56]. The molecular identity of the nuclear-localized
Ca?* channels responsible for symbiotic Ca?* oscillations has recently been unravelled [40]. Indeed,
when the two L. japonicus cell lines were challenged with the microbial symbiotic molecules Myc factors
and Nod factors, the [Ca2+]cyt traces observed in the wild-type and mutant cell lines were clearly
different, i.e., the Ljsym4-2 lacked the second flattened Ca?* increase occurring after about 15 min
(Figure 1B,C). This differential Ca®* response is likely due to the lack of the asynchronous cytosolic Ca®*
oscillations, stemming from the controlled Ca?* release/uptake by the nuclear envelope in the mutant
cell population, when compared to the wild-type [39,57,58]. On the other hand, the trace and kinetics
of the cytosolic Ca?* change triggered by the hydrophobin was found to be very similar in wild-type
and Ljsym4-2 mutant cell lines (Figure 1A). This was generally true also for the changes of expression
of genes involved in plant defence (Figure 2 and Figure 52). These results indicate possible differences
in the signalling transduction pathways triggered by factors secreted by different symbiotic partners,
which can be consistent with the versatility of plant receptor-like kinases (RLKSs) involved in the
response to microbial signals [59]. On the basis of our TEM analyses of an HYTLO1-derived web-like
network at the plant cell surface, we may hypothesize that the observed intracellular Ca®* elevation
and change in defence gene expression can originate, at least in part, by a mechanical stimulation
exerted by the fungal biofilm. Mechanical stimuli generate Ca?* signals in plants, and the specific
plant mechanosensing mechanisms are biological processes that have recently attracted the attention
of different research groups [60,61]. Moreover, it has been demonstrated that plant perception of soft
mechanical stress can activate defence responses [62]. However, TEM observations of HYTLO1-treated
L. japonicus cultured cells favoured the possibility that the 7.2 kDa hydrophobin [20] may also permeate
the apoplastic compartment (Figure 6 and Figure 56), possibly interacting with the plasma membrane.
Indeed, Trichoderma secretes in vivo a battery of cell wall degrading enzymes [63], which may further
facilitate the access of secreted molecules, and then HYTLO1, to specific binding sites at the plasma
membrane level. Further work will be required to identify potential receptors for hydrophobins.

The pharmacological approach used in this work suggests that HYTLO1 triggers both a Ca®*
influx from the extracellular milieu, as well as a Ca2* release from a NAADP-sensitive intracellular Ca*
store. NAADP is a pyridine nucleotide derivative that in the last two decades has been increasingly
demonstrated to act as a potent Ca** mobilizing agent in animal cells, in addition to the well-established
intracellular messenger inositol 1,4,5-trisphosphate (InsP3) and cyclic ADP-ribose (cADPR) [28].
Although NAADP has been shown to trigger Ca?* release also in higher plants [29], its involvement in
plant physiological events had yet to emerge. By using Ned-19, a newly-developed chemical probe
for NAADP [27], a NAADP-gated Ca®* release was shown to occur in response to copper excess in
the marine alga Ulva compressa [30], as well as in the brown alga Ectocarpus siliculosus [31]. These
data suggest that the spectrum of photosynthetic organisms responsive to NAADP might be broader
than previously envisaged. The results obtained in this work confirm that Ned-19 can be used as
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a valuable tool to investigate NAADP-mediated Ca?* signalling and highlight the participation of
NAADP in a plant response to a biotic stimulus (a fungal proteinaceous elicitor). Interestingly, whereas
members of the two-pore channel (TPC) gene family have been demonstrated to encode NAADP
receptors in acidic organelles (endo-lysosomes) of animal cells (see [64,65] for review), the identity
of NAADP receptors in plant cells still remain elusive. TPCI, the only member of the TPC gene
family in A. thaliana, has been shown to encode the slow-vacuolar (5V) channel, a Ca2+—permeable
channel located at the vacuolar membrane [66] and regulated by voltage and Ca?* (see [67-69] for
review). Interestingly, NAADP was found to be completely ineffective in the activation of TPC1,
as well as of other tonoplast cation channels [70]. Indeed, early biochemical studies, consisting in
#5Ca?* release assays on sucrose-fractionated membrane vesicles, indicated an endoplasmic reticulum
(ER)-localization for NAADP-gated Ca?* release [29]. Interestingly, the recently reported crystal
structure of A. thaliana TPC1 highlighted the presence of a Ned-19 binding site [71], suggesting the
potential ability of this pharmacophore to allosterically block the channel activation. However, Ned-19
does not interact with the functionally-relevant voltage sensor [72]. Future in depth-studies will be
necessary to further investigate the intracellular localization and additional physiological roles of plant
NAADP receptors.

4. Materials and Methods

4.1. Chemicals

The hydrophobin HYTLO1 was isolated and purified to homogeneity from in vitro cultures
of the biocontrol strain MK1 of Trichoderma longibrachiatum, as described by Ruocco et al. [20].
The pure protein was dissolved in 50% ethanol. Crude Myc factors were obtained by collecting
the exudates of germinated spores of the arbuscular mycorrhizal fungus Gigaspora margarita (kindly
provided by Paola Bonfante, Torino, Italy), lyophilizing and resuspending them in cell culture
medium prior to cell treatment, as previously described [57]. Crude Nod factors extracted from
Mesorhizobium loti were kindly provided by Makoto Hayashi (Yokohama, Japan). All chemicals used
in the pharmacological analysis of Ca?* fluxes (EGTA, LaCls, nicotinamide) were obtained from
Sigma-Aldrich (St. Louis, MO, USA), except trans-Ned-19, that was purchased from ENZO Life
Sciences (Farmingdale, New York, USA).

4.2. Plant Material

Lotus japonicus (ecotype Gifu) wild-type and sym4-2 mutant seeds, defective in CASTOR, were
kindly provided by J. Stougaard (Aarhus, Denmark) and M. Parniske (Munich, Germany), respectively.

4.3. Molecular Cloning and L. japonicus Transformation Procedures

To obtain the aequorin-expressing T-DNA construct, the aequorin cDNA was excised from the
cytAEQ plasmid [73] by Smal digestion. The 600 bp Smal fragment was subcloned into the pSE380
plasmid (Thermo Fisher Scientific, Waltham, MA, USA) in order to gain additional restriction sites for
the next step of subcloning. A BgllI-Sall fragment was then ligated between a CaMV-355 promoter
sequence and a tNOS terminator into pCAMBIA1300 [33] Bg/lI-Sall double digested to obtain the pAB1
T-DNA construct (Figure S1A).

Agrobacterium tumefaciens-mediated L. japonicus transformation was performed as previously
described [34,35]. Primary transformed plants of both wild-type and Ljsym4-2 symbiotic mutant lines
were selected on 5 pg/mL hygromicin B-containing medium and allowed to self-pollinate. Successful
transformation and expression of the construct was confirmed by RT-PCR analysis of aequorin gene
expression. Selected T2 homozygous plants (Figure S1B) were used to set up in vitro cell cultures.
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4.4. Establishment of Aequorin-Expressing L. japonicus Cell Cultures

Aequorin-expressing cell cultures were set up by in vitro dedifferentiation of hypocotyls from
transgenic L. japonicus seedlings. Briefly, hypocotyl explants from 8-day-old axenically grown seedlings
were transferred on agarized (0.8%, w/v) Callus Induction Medium (CIM, 3.2 g/L Gamborg B5
basal medium, 0.5 g/L MES, 2% (w/v) sucrose, 0.5 pg/mL 2,4-dichlorophenoxyacetic acid (2,4-D),
0.05 ug/mL kinetin), supplemented with 5 pg/mL hygromycin B. After two subculturing steps,
well-developed calli were transferred in Gamborg B5 liquid medium, pH 5.5, containing 2% (w/v)
sucrose, 2 pg/mL 2,4-D, 5 pg/mL hygromycin B. Suspension-cultured cells were maintained at 24 °C
on a rotary shaker at 80 rpm under 16 h light /8 h dark photoperiod. They were subcultured weekly
by inoculating 1 mL packed cell volume into 20 mL fresh cell culture medium with, as described by
Moscatiello et al. [37].

4.5. Cell Treatments

Exponentially-growing cells (five days) were treated with purified HYTLO1 (0.6 pM). The dose
applied to cells was chosen on the basis of previous work concerning in vivo bioassays of physiological
effects of HYTLO1 on plants [20]. In some experiments cells were treated with crude preparations of
Myc factors or Nod factors. The final dose applied to cells corresponded to 10-fold concentrated
AM fungal exudates and 1 uM Nod factors. In this latter case, suspension-cultured cells were
grown in low nitrogen medium (containing 5 mM KNO3) for two days prior to the onset of the
Ca?* measurement assays.

4.6. Aequorin-Based Ca** Measurements

Aequorin was reconstituted by overnight incubation of mid-exponential phase transgenic
L. japonicus cell cultures with 5 uM coelenterazine (Prolume, Pinetop, AZ, USA) in darkness. Cells were
then extensively washed with fresh culture medium and allowed to recover from the touch response
for at least 15 min. Aequorin-based Ca?* measurements were performed as recently described [38],
by using 100 pL of reconstituted cell suspension culture (containing about 5 mg cells, fresh weight).
For pharmacological studies, cells were pre-incubated with the appropriate inhibitor for 10 min
(LaCl3) or 30 min (Ned-19, nicotinamide). For experiments carried out in the absence of extracellular
Ca?*, cells were extensively washed with Ca?*-free culture medium and then resuspended in the
same medium containing 600 uM EGTA. In the case of molecules dissolved in ethanol (HYTLO1) or
DMSO (Ned-19), control cells were treated with the same percentage (maximum 0.5%, v/v) of the
organic solvent.

4.7. Immunofluorescence, Immunocytochemisty, and TEM Analyses

Immunofluorescence experiments were performed on L. japonicus suspension cultured cells as
described by Zonin et al. [74]. Labelling was carried out by using affinity-purified polyclonal antibodies
raised against purified native HYTLO1 (ProteoGenix, Schiltigheim, France), diluted 1:100, followed by
Alexa Fluor 594 goat anti-rabbit IgG (Thermo Fisher Scientific). Working concentrations and specificity
of the primary antibody were assessed in Western blot experiments against purified HYTLO1 and
crude protein extracts from L. japonicus cells.

TEM analyses were performed as described by Tagu et al. [50]. Inmunogold labelling (dilution
1:100) was performed as recently described [75]. Samples were observed with a Tecnai 12-BT
transmission electron microscope (FEI, Eindhoven, The Netherlands) operating at 120 kV equipped
with a Tietz camera.

For negative staining, purified HYTLO1 (0.6 uM) was adsorbed on carbon-coated EM grids,
washed and stained on a drop of 1% uranyl acetate solution.
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4.8. Gene Expression Analyses

For the screening of primary T1 transformants, total RNA was prepared from leaves of
two week-old L. japonicus plants by the procedure reported by Kistner and Matamoros [76] and
reversed-transcribed as described below. The oligonucleotides used for the PCR amplification
are Aeg-for 5-GCAAGCCAAACGACACAAAG-3'; Aeq-rev 5-GAACCAACGCTCATCCGTAT-3'.
The amplified 162 bp aequorin fragment was inserted in pCR2.1 cloning vector (Thermo
Fisher Scientific) and confirmed by sequencing. The PCR program used was as follows:
94 °C for 5 min and 30 cycles of 94 °C for 30 s, 58 °C for 30 s, and 72 °C for
30 s. The ubiquitin gene (UBI, AW719589) was used as an internal standard to normalize
expression levels (25 cycles of amplification; UBI-F-1 5-TTCACCTTGTGCTCCGTCTTC-3'; UBI-R-1
5-AACAACAGCACACACAGACAATCC-3').Semi-quantitative RT-PCR analyses of defence gene
expression in L. japonicus cell suspension cultures incubated in control conditions or after treatment
with HYTLO1 were performed as recently described [75]. The defence-related genes encoding for the
following proteins were chosen: MPK3, an enzyme frequently activated in signal transduction cascades
in response to phytopathogens [77]; CP450, an enzyme involved in a wide range of biosynthetic
reactions, including the synthesis of phytoalexins [78]; WRKY33, a transcriptional regulator involved
in a large array of defence responses [79,80]; PR1, which expression is induced by many pathogens,
and considered as a molecular marker of systemic acquired resistance (SAR) [81,82]. Transcript levels
were normalized to ATP synthase [51]. The oligonucleotide primers were as described by [51] for
LiMPK3, LjWRKY33, LjCP450, and LjATPsyn, and by [53] for LjPR1. The number of cycles exploited
for a linear range of gene amplification in the RT-PCR reactions was experimentally determined.
Densitometric analysis of agarose gels stained with 0.5 ng/mL ethidium bromide was carried out with
the Quantity One software (Bio-Rad, Hercules, CA, USA). RT-PCR experiments were conducted in
triplicate on at least three independent experiments.

Quantitative reverse transcription PCR, used to validate the data, was performed in 10 pL using
HOT FIREPol EvaGreen qPcr Mix Plus (Solys BioDyne, Tartu, Estonia) and 2.5 ng of the different
cDNA template. Three replicates were performed for each reaction. The qPCR reaction was conducted
in a 7500 Real-Time PCR System (Thermo Fisher) according to the following cycle: 95 °C for 12 min;
95 °C for 15 5, 59 °C for 20 s, for 40 cycles. Differences in the target genes expression were evaluated by
a relative quantification method normalizing the data to the endogenous reference gene LjATPsyn.

4.9. Cell Viability

Cell viability, after treatment for HYTLOL1 for different time intervals, in the absence or presence
of Ca?* chelating agents/Ca?* channel inhibitors, was determined by the Evans Blue method [42].

4.10. Statistical Analysis

Data are expressed as mean =+ SE. The statistical significance of differences (P < 0.05) between
means was evaluated using the Student’s ¢ test.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/19/9/
2596/s1.
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Figure S1. (A) Schematic map of the aequorin expressing cassette of pAB1
T-DNA construct. X, Xbal; Bg, Bglll; B, BamHI; S, Smal; H, Hindlll; Xm, Xmal,
Sal, Sall; K, Kpnl; Sac, Sacl. (B) Level of aequorin transcript in L. japonicus
wild-type and Ljsym4-2 mutant transformants of the T2 generation, selected
to set up cell suspension cultures. Expression levels are normalized to that of
the internal control ubiquitin. Data are the means + SE of three independent
experiments.
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Figure S2. Quantitative RT-PCR analysis of MPK3, WRKY33 and CP450 transcripts in L.
Japonicus cell cultures of the wild-type line and Ljsym4-2 mutant in control conditions (dotted
bars) and after treatment with 0.6 yM HYTLO1 (solid bars) for different time intervals.
Expression levels are normalized to the housekeeping gene ATP synthase. Data are the
means = SE of three replicates. * indicates statistically significant difference at P<0.05.
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Figure S3. Effect of pretreatment with EGTA and Ned-19 on HYTLO1-induced CP450
expression and cell viability in L. japonicus cells. (A) RT-PCR analysis of CP450 expression
after treatment with HYTLO1 (0.6 yM) for 24 h in regular cell culture medium (black bar) or
after pre-treatment with 600 uM EGTA and 100 yM Ned-19 in Ca2*-free medium (grey bar).
(B) Cell viability assay after 24 h incubation in untreated samples (white bar), in Ca?*-free
medium supplemented with 600 uM EGTA and the solvents of Ned-19 (0.5% DMSO) and
HYTLO1 (0.5% ethanol) (light grey bar), or in Ca?*-free medium supplemented with 600 uM
EGTA, 100 uM Ned-19 and 0.6 yM HYTLO1 (dark grey bar). 100% cell death corresponds to
cells incubated for 20 min at 100°C (black bar). Data are the means + SE of three
independent experiments.
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Figure S5. Immunofluorescence staining of L. japonicus cells treated with
HYTLO1. Cells were incubated: (A-A’) in control conditions; (B-B’) with
HYTLO1 (0.6 uM) for 30 min; (C-C’) with HYTLO1 (0.6 uM) for 24 h. After
fixation, cells were incubated with an affinity-purified anti-HYTLO1 antibody
followed by a red-fluorescent Alexa Fluor 494 secondary antibody. Bright field
(A-C) and fluorescence microscopy (A’-C’) images of the same fields are
shown. White arrows indicate an exclusive localization of the hydrophobin at
the cell surface. Bars, 50 ym.
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Figure S6. Immunocytochemical analysis of HYTLO1 in Lotus japonicus cells treated with the
fungal hydrophobin. Untreated cells were used as negative control (A). Immunogold-labeled
particles (arrows) are present across the plant cell wall width in 30 min-treated cells (B) and
at the internal side of the cell wall in 24 h-treated cells (C). Bars, 100 nm.
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CONCLUSIONS

Plant organellar Ca?* signalling is a rapidly expanding field of investigation that
has recently benefited from the availability of novel specifically targeted
reporters useful to monitor intracellular Ca?* dynamics (Costa et al., 2018).
Whereas the scientific attention has mainly focused for a long time on the
vacuole — as it is the major Ca?* store of the plant cell — increasing evidence
supports the idea that also other intracellular compartments may play a crucial
role in the modulation of cytosolic Ca®* signatures. In particular, recent
investigations have shown that both chloroplasts and non-green plastids
contribute to the fine-tuning of cytoplasmic Ca?* signalling by generating their
own stromal Ca?* transients in response to different environmental stimuli
(Sello et al., 2016). Despite extensive research is currently ongoing to
precisely address how chloroplasts are integrated in the whole cell Ca®*
signalling, when | started my Ph.D. no indications were available on the
specific involvement of thylakoids in the generation of the chloroplast [Ca®*]
changes, as well as on the identity of the molecular players making these
organellar Ca?* fluxes possible. Likewise, also the endoplasmic reticulum (ER)
is envisaged to exert a relevant role in transducing stress-related Ca®
mediated events, in a similar fashion to the well-established function of this
compartment in the animal counterpart. Nevertheless, only little was known
about this putative Ca?* store in plant cells, due to the lack of accurate

measurements of the [Ca?*] inside ER lumen.

This Ph.D. work thus aimed to elucidate the contribution of chloroplasts and
(ER) to Ca?* homeostasis and signalling in the plant cell and to investigate
their potential interplay both under constitutive and stress-related conditions in
the model plant Arabidopsis thaliana.

Concerning chloroplasts, the development of two new genetically encoded
Ca?* indicators (GECIs) targeted to either the thylakoid membrane or the
thylakoid lumen allowed for the monitoring of Ca2* dynamics inside this unique
chloroplast internal membrane system. The accurate quantification of resting
free [Ca?*] levels as well as their variations during signal transduction events

evoked by environmental stimuli was made possible by the use of aequorin

289



Chapter 8

chimeras specifically targeted to these compartments, both in Arabidopsis
entire seedlings and in cell suspension cultures from them derived. Among all
the available GECls, aequorin-based Ca?*-biosensors are in fact the current
method of choice for precise Ca?* quantification (Ottolini et al., 2014) thanks
to their biochemical (insensitivity to pH and Mg?* changes) and bioluminescent
properties (high signal-to-noise ratio as well as lack of damaging excitation
light) (Brini et al., 2008). Moreover, aequorin is also an excellent tool to
measure Ca?* levels in chlorophyll-containing tissues even for long time
intervals (Marti et al., 2013; Costa et al., 2018). Monitoring of subchloroplasts
Ca?* dynamics hence revealed the occurrence of stimulus-specific Ca?
signals triggered by a wide range of different abiotic and biotic stimuli, each
characterized by its own kinetics, with thylakoids that were found to actively
contribute to the dissipation of stromal Ca?* transients. Investigations on
putative Ca?*-permeable channels located at chloroplast membranes — cMCU
and GLR3.4/3.5 — further highlighted the participation of chloroplasts in
modulating the complex events involved in Ca?* homeostasis and Ca?*-
mediated signal transduction. cMCU was identified and functionally
characterized both in vitro and in vivo, revealing its involvement in osmotic
stress-related signalling pathway that confer to the plant a certain degree of
tolerance to water deprivation. GLR3.4 and GLR3.5, instead, seem to play a
role in transducing different environmental stimuli (i.e. salinity and cold), but
their full characterization is part of a still ongoing work in the laboratory and the
precise characterization of their function will be better addressed in the future.
Overall, the obtained data highlight the role of chloroplasts and of chloroplast-
located Ca?*-permeable channels in transducing Ca?*-mediated stress signals
in the plant cell.

Concerning the ER, the lack of a reliable quantification of its luminal [Ca?*] has
been overcome thanks to the successful development of a low Ca?+-affinity
aequorin-based Ca?* indicator targeted to the luminal side of the ER
membrane. Accurate quantification of free basal [Ca®*]er as well as of its
changes in response to external stresses revealed a significant difference for
the plant ER with respect to the animal counterpart. Moreover, the observed

increases in [Ca?*Jer upon perception of some abiotic environmental stimuli
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pointed to a role for the plant ER in the dissipation of cytosolic Ca?* signatures,
suggesting a role for this compartment more as a Ca?* sink than as a Ca®*
source. The comparison between Ca?* dynamics recorded in parallel in the
ER, chloroplast stroma and cytosol provided useful information about the
functional interaction of these intracellular Ca?* stores in the modulation of
cytosolic Ca?* signals.

In conclusion, new organelle-targeted aequorin-based Ca®* probes were
developed, increasing the number of subcellular localizations for which Ca?*
indicators are currently available (Fig. 1). These new probes will surely serve
as valuable tools in future studies of plant organellar Ca?* signalling.

A chloroplast-located Ca?*-permeable channel (cMCU) was identified and
characterized, and research work on chloroplast-targeted members of the
glutamate receptor-like family is ongoing.

Moreover, accurate quantifications of [Ca?*] in the plant ER and of its variations
in response to different environmental stimuli were provided, adding insights

into the role of this compartment in Ca®* homeostasis and signalling.

As future perspectives, the newly developed organelle-targeted Ca?* probes
can be used to better explore the precise interplay between chloroplasts and
ER in Ca?* handling by using pharmacological approaches, based on Ca?*
chelators and specific inhibitors of organellar Ca?* transporters, as well as
knockout plants defective in the above-mentioned molecular players.

291



Chapter 8

GLR3.4
7’

7 &
GLR3.5

-
-

fl2_AEQmut

@ Aequorin ) Yellow Cameleon @® R-Gecot @ GCaMP3, GCaMP6 or G-Geco1

Fig. 1. The currently available toolkit of organelle-targeted genetically encoded Ca?+ indicators
in the plant cell. Solid arrows indicate the novel aequorin-based Ca?* reporters generated in
this thesis: TL-YA and TM-YA, targeted to the thylakoid lumen and thylakoid membrane,
respectively, and fl2_AEQmut, targeted to the ER. Dashed arrows indicate the chloroplast-
located Ca?*-permeable channels (cMCU and GLR3.4/3.5) that were investigated in this thesis
(modified from Costa et al., 2018).
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