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|”

This review explores how cell-cell communication, through “survival” and “death” signals,
contributes to the control of the spatiotemporal propagation of cell death in photosynthetic

organisms.
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Abstract:

As in metazoans, life in oxygenic photosynthetic organisms relies on the accurate regulation of cell
death. During development and in response to the environment, photosynthetic cells activate and
execute cell death pathways that culminate in the death of a specific group of cells, a process known
as regulated cell death (RCD). RCD control is instrumental, as its mis regulation can lead to growth
penalties and even the death of the entire organism. Intracellular molecules released during cell
demise may act as “survival” or “death” signals and control the propagation of cell death to
surrounding cells, even in unicellular organisms. This review explores different signals involved in
cell-cell communication and systemic signaling in photosynthetic organisms, in particular Ca**, ROS,
lipid derivates, NO and eATP. We discuss their possible mode-of-action as either “survival” and
“death” molecules and their potential role in determining cell fate in neighboring cells. By comparing
the knowledge available across the taxonomic spectrum of this coherent phylogenetic group, from
cyanobacteria to vascular plants, we aim at contributing to the identification of conserved

mechanisms that control cell death propagation in oxygenic photosynthetic organisms.

Keywords: Cell-cell communication, regulated cell death, spatiotemporal propagation, symplast,

apoplast, phytoplankton
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Introduction

In metazoans, development and homeostasis are regulated by opposing survival and death
pathways (Flusberg and Sorger, 2015). Regulated cell death (RCD), a highly coordinated process that
relies on a dedicated molecular machinery, plays a major role in nearly every aspect of physiology
and in preserving homeostasis under stress conditions (Galluzzi et al., 2015). Signaling related to
stress responses often plays a dual role in activating survival pathways that attempt to repair
damage and recover homeostasis, as well as in the activation of RCD (Galluzzi et al.; 2016). Thus,
signaling pathways that regulate cell life and death are tightly linked, and are mediated by several
molecules among which some exert both functions (Mufioz-Pinedo, 2012; Flusberg and Sorger,

2015).

Several RCD subroutines have been described and are well-characterized in metazoans (Galluzzi et
al., 2018). It is now evident that these subroutines have distinct effects on the surrounding cells and,
therefore, affect cell population dynamics. In this sense, RCD can be an autonomous event with no
impact on neighboring cells, but it can-also affect the viability of surrounding cells either by providing
a survival advantage, or inducing cell death (Galluzzi et al., 2018; Riegman et al., 2020). Indeed, some
modes of RCD spread between cells and synchronize death across cell populations. (Riegman et al.,
2019). For instance, recent studies in mammalian cell lines show that ferroptosis, an iron-dependent
RCD characterized by the accumulation of lipid hydroperoxides to lethal levels, propagates cell-cell in

a wave-like manner, allowing the elimination of large cell populations (Riegman et al., 2020).

Oxygenic photosynthetic organisms, who, share ancestry through the chloroplast, undergo RCD (Box
1) (Raven and Allen, 2003; Reape et al., 2008; Bidle, 2016; Daneva et al., 2016; Aguilera et al., 2021).
RCD is triggered under biotic and abiotic stress in phytoplankton, a diverse group of cyanobacteria
(prokaryotes) and eukaryotic microalgae that are central to global primary productivity in aquatic
systems (Berges and Choi, 2014; Bidle, 2016; Aguilera et al., 2021; Franklin, 2021). Although less

explored, RCD has been described in multicellular algae as well, including colonial chlorophytes and
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brown macroalgae (Wang et al., 2004, 2013b; Desnitskiy, 2021). Similarly, plants activate RCD during
the response to biotic and abiotic stress and rely on RCD to maintain whole-organism homeostasis
(Distéfano et al., 2017, 2021; Locato and De Gara, 2018). Since RCD is a common feature of
development and adaptation to the environment in photosynthetic organisms, mechanisms must be
in place to regulate its execution both temporally and spatially. Furthermore, in photosynthetic
organisms, death of one cell might affect the viability of surrounding cells, as described in metazoans
(Riegman et al., 2019, 2020). Furthermore, the question emerges of how do photosynthetic
organisms coordinate and regulate the death of large groups of cells? Even though there is limited
knowledge about mechanisms of death synchronization and propagation in cell populations of
photosynthetic organisms, evidence suggests that communication between dying cells may be a

more commonly utilized strategy than is currently appreciated.

Here, we review the available data on signaling molecules involved in stress surveillance, systemic
signaling, and RCD across the photosynthetic lineage (Fig. 1), with a focus on their survival and death
function. We define, as survival those-molecules that are secreted by dying cells and prevent RCD in
surrounding cells, whereas death molecules will have the opposite effect and induce RCD in
neighboring cells. We also discuss potential mechanisms of RCD synchronization and propagation in
photosynthetic organisms, including prokaryotic and eukaryotic phytoplankton, macroalgae and

vascular plants.

Cell-cell communication and RCD in photosynthetic organisms

During the evolution of both unicellular and multicellular organisms, the actively controlled demise
of cells (also termed PCD and RCD, see Box 1) has been recruited to fulfill a variety of functions such
as development, differentiation, response to environmental stress, and maintaining whole-organism

homeostasis (Ameisen, 2002). A large body of evidence demonstrates that heterotrophic bacteria
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evolved different forms of RCD that play important roles in developmental programs (see Lewis,
2000; Ameisen, 2002 and references therein). At the same time, it is becoming evident that
heterotrophic bacteria (but also cyanobacteria and unicellular eukaryotes, as discussed below) live
and die in complex communities that in many ways resemble a multicellular organism (Lewis, 2000;
Claessen et al., 2014). In this regard, examples of cell-cell communication and RCD have been
identified in heterotrophic bacteria (Engelberg-Kulka et al., 2006). For example, Bacillus subtilis
sporulating cells destroy their siblings and consume the nutrients thus liberated. An as-yet-
unidentified extracellular killing factor mediates this cannibalism response, causing RCD and

preventing sporulation of neighboring cells (Gonzalez-Pastor et al., 2003).

RCD has been documented in both cyanobacteria (prokaryotic) and eukaryotic phytoplankton
(Berges and Choi, 2014; Bidle, 2016; Aguilera et al., 2021). Eukaryotic phytoplankton are diverse and
RCD has been best studied in green algae (mainly in chlorophytes, e.g., Chlamydomonas and Volvox),
diatoms (e.g., Thalassiosira, Phaeodactylum and Skeletonema), dinoflagellates (e.g., Peridinium), and
haptophytes (e.g., the coccolithophore Emiliania huxleyi) (Bidle, 2016; Desnitskiy, 2021; Barreto
Filho et al., 2022). Therefore, in an evolutionary context, RCD operates in independently evolving
phytoplankton lineages including i) cyanobacteria, present in marine ecosystems for at least 2,600-
2,300 Mya/2.6- 2.3 billion years (Sanchez-Baracaldo, 2015), ii) representatives of the green lineage
which gave rise to land plants, and iii) diverse representatives of the red lineage, which after

subsequent endosymbiotic events gave origin to several algal lineages (Fig. 1).

Phytoplankton presents several traits of multicellularity. While filamentous cyanobacteria represent
true multicellular forms composed by different and mutually dependent cell types connected
through septal junctions (Herrero et al., 2016; Kieninger and Maldener, 2021), unicellular
phytoplankton frequently resembles a multicellular community as opposed to a haphazard assembly
of cells (Abada and Segev, 2018). Growing evidence suggests that phytoplankton dynamics are

regulated at the population level through cell-cell communication (Bidle, 2016; Venuleo et al., 2017,
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Abada and Segev, 2018). Phytoplankton blooms, the massive proliferation of some phytoplankton in
a short time both in fresh and marine water, represent a nice example of tight regulation and
specific cell-cell communication (Glibert et al., 2005). During bloom development and demise,
phytoplankton is subjected to diverse environmental abiotic (e.g., nutrient deprivation, high light,
and excess salinity) and biotic (grazers, viruses, and allelopathic interactions) stress conditions.
These lead to the production of signaling molecules that mediate cell-cell communication and elicit a

population-level response, ultimately shaping population dynamics (Hay, 2009; Saha et al., 2019).

In the multicellular chlorophyte Volvox carteri, somatic cells undergo RCD as a final step of
differentiation (Pommerville and Kochert, 1981; Desnitskiy, 2021). The task division between
somatic and germline cells, which culminates in the death of a specific cell type, has led to studies on
the evolution of multicellularity in the green lineage (Michod et al., 2003). Indeed, RCD is considered
an instrumental step in the evolution of multicellularity, since it allows conflict mediation between
individual cells and the multicellular organism (Durand et al., 2019). Therefore, considering the
conservation of -survival and -death signals within the green lineage (Chlorophytes + Streptophytes)
may provide an insight into the role of cell-cell communication in the evolution of multicellularity
leading to vascular plants. Finally, RCD has also been described in macroalgae such as Laminaria
japonica and Saccarina japonica (Wang et al., 2004, 2013b). However, knowledge of the role of cell-
cell communication during RCD in macroalgae is very scarce. In the following sections, we review
cellular signaling molecules with pivotal functions in RCD induction and propagation in prokaryotic

and eukaryotic phytoplankton, and their link in phytoplankton blooms when possible.

In vascular plants, cell-cell communication mediated by signaling molecules can be achieved through
the symplastic (via plasmodesmata and vascular tissue) or apoplastic (extracellular) route. Recently,
membrane-bound extracellular vesicles were identified in plants as an alternative route for signal
spreading. In the following sections, we examine the role of symplastic and apoplastic signals, as well

as extracellular vesicles in mediating cell-cell communication during RCD.
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Extracellular ATP

Extracellular ATP (eATP) is a signaling molecule that participates in diverse physiological processes in
vascular plants, including stomatal opening, pollen tube growth, gravitropism, wounding and
response to pathogens (Tang et al., 2003; Rieder and Neuhaus, 2011; Clark et al., 2011; Lim et al.,
2014; Wang et al., 2019). In vascular plants, eATP is secreted during anther dehiscence, stomatal
movement, and even under unchallenged conditions (Jeter et al., 2004; Chivasa et al., 2005;
Weerasinghe et al., 2009; Rieder and Neuhaus, 2011; Clark et al., 2011; Clark and Roux, 2018).
Mechanical wounding, which leads to cell damage, results in eATP release in bean (Phaseolus
vulgaris) and Arabidopsis, and similar results have been obtained with osmotic stress in Arabidopsis
and Populus eupharatica (Jeter et al., 2004; Song et al., 2006; Sun et al., 2012b; Wang et al., 2019).
Furthermore, treatment of a Medicago truncatula root hair culture with the fungal elicitor chitin

resulted in increased eATP release (Weerasinghe et al., 2009).

eATP has been assigned a survival role in mycotoxin-induced RCD in Arabidopsis. Fumonisin B1
(FB1), produced by the maize fungal pathogen Fusarium verticilloides, induces local and systemic
RCD in Arabidopsis (Asai-et al., 2000; Stone et al., 2000; Chivasa et al., 2005). Interestingly, eATP
depletion precedes FB1-induced RCD, and exogenous ATP rescues Arabidopsis from FB1-induced
RCD (Chivasa et al., 2005; Smith et al., 2021). This indicates that changes in eATP concentration are
tightly linked to pathogen-induced RCD. Importantly, the rescue was observed locally and in
systemic leaves, reinforcing the concept of eATP-related “death signals” (Smith et al., 2021). PLCL1,
an extracellular phospholipase C, contributes to the systemic propagation of FB1l-induced RCD in
Arabidopsis (Smith et al., 2021). Arabidopsis plc/1 mutants displayed reduced FB1-triggered RCD
propagation in the infiltrated leaves and limited RCD systemic spread (Smith et al., 2021). How PLCL1
and eATP limit RCD propagation remains elusive. However, these results show that plant cells

communicate during control of RCD propagation, and that eATP is an important pillar in this process.
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Further evidence on eATP as a survival signal comes from cell suspensions of Nicotiana tabacum
(tobacco) treated with SA (Feng et al., 2015a,b). Treatment with SA caused a reduction in cell
viability, which was alleviated by ATP. Furthermore, the effect of eATP on SA-induced RCD was
abolished when Ca®* uptake from the extracellular space was suppressed by the Ca** channel
inhibitor GdCl; and the Ca®* chelator EGTA. This suggests eATP may exert its survival role through an
increase in Ca”* influx from the extracellular space. Indeed, Ca** has previously been reported as a
signaling molecule downstream of eATP perception (Demidchik et al., 2009; Sueldo et al., 2010). In a
similar study, copper (Cu®*) induced RCD in tobacco cell suspensions and wheat roots (Jia et al.,
2019). The authors used a chamber with compartments separated by semipermeable membrane to
allow Cu®" and ATP to diffuse, but not larger molecules (such as ATPase). Cells or wheat roots were
treated with Cu®* or Cu®* and ATPase, and then incubated in one compartment of the chamber,
while untreated cells or roots were placed in the other compartment. Untreated cells next to a
compartment with Cu**-treated cells showed increased RCD compared to the control, and RCD was
higher in the treatment Cu®* + ATPase. In line with these findings, Cu®*-induced RCD resulted in
increased eATP in both the treated and untreated compartments, suggesting that tobacco cells and

wheat roots secreted ATP during RCD (Jia et al., 2019).

On the flip side of the coin, exogenous application of ATP triggers RCD. A cell suspension of Populus
euphratica (poplar) treated with exogenous ATP displayed the typical characteristics of RCD in a
Ca’*-dependent manner — i.e., activation of caspase-like activities, cytochrome C release from the
mitochondria.and DNA fragmentation (Sun et al., 2012a). This indicates that eATP can activate a RCD

pathway in plants, with some similarities to what has been described in animals.

Arabidopsis plants exposed to cadmium (Cd**) experienced lipid peroxidation and RCD (Hou et al.,
2017). Cd** exposure also led to increased lipoxygenase activity, and several antioxidant enzymes
including catalase, peroxidase, and superoxide dismutase, suggesting the initial production of

lipoxygenase-derived molecules are then quenched. Remarkably, the dornl mutant, which is
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compromised in eATP perception, displayed reduced lipoxygenase, catalase, and superoxide
dismutase activity, but increased lipid peroxidation. Furthermore, eATP in the apoplast increased
upon Cd*" treatment. These findings suggest that eATP participates in the response to Cd*, and that

its perception is required to limit lipid peroxidation.

Exposure to the ATP analog AMP-PCP (B-g-methyleneadenosine 5’-triphosphate) also induced
macroscopic RCD in Arabidopsis and tobacco (Chivasa et al., 2005). Since AMP-PCP mimics ATP but
cannot be hydrolysed by endogenous nucleases, it potentiates responses linked to eATP perception.
However, non-hydrolysable ATP analogs may also act as competitive inhibitors of apoplastic
enzymes that use ATP as a substrate (Chivasa et al., 2009). Therefore, this dual effect might provide
a technical explanation to the contrasting effects in RCD when apoplastic eATP is manipulated.
Importantly, these results confirm previous observations showing that there is an optimal eATP

concentration for life (Clark and Roux, 2018).

The findings discussed here indicate eATP participates in plant RCD and that eATP acts as a death
and as a survival signal upon different scenarios. Furthermore, manipulation of eATP in the apoplast
can lead to systemic RCD, hinting at the moving nature of plant RCD (Chivasa et al., 2009; Smith et
al., 2021). Therefore, both increased and decreased eATP concentration can lead to compromised
cell viability. Although it is still challenging to interpret this data, it provides evidence that cells
engage in cellular communication during RCD. An important point to address is whether loss of cell
viability is'the result of the induction of a RCD program. In other words, does eATP induce RCD in all
cases, or can cell death be the result of accidental necrosis due to limited or excess of ATP? Diving
deeper into the signaling cascade associated with eATP-cell death will help unravel this question.
Similarly, combining different ATP non-hydrolysable agonists with mutants impaired in eATP
perception will help discriminating eATP perception-dependent from eATP hydrolysis-dependent

processes in the apoplast. Efforts should be increased to expand the identification of eATP receptors
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in more photosynthetic species. This will allow addressing the mechanism by which eATP contributes

to the control of RCD propagation in the green lineage, which is still obscure.

eATP perception is conserved amongst photosynthetic organisms beyond vascular plants. In the
seaweed Mazzaella laminarioides (Rhodophyte), eATP and other purines influence spore motility,
congregation and coalescence in a dose-dependent manner, and high eATP concentration induce
spore death (Huidobro-Toro et al., 2015). Furthermore, mild shaking induced eATP secretion from
thalli of M. laminariodies, suggesting eATP might be involved in cell-cell communication during
wounding induced-cell damage (Huidobro-Toro et al., 2015). eATP perception has also been
observed in unicellular green algae and macroalgae. In the green macroalgae Dasycladus
vermicularis and Acetabularia acetabulum, eATP perception leads to nitric oxide (NO) and reactive
oxygen species (ROS) production, whereas wounding-induced ROS and NO production is inhibited by
the purinoreceptor antagonist PPADS (Torres et al., 2008). These findings indicate that eATP is
released by wounded macroalgae cells, and that eATP perception in macroalgae is mediated by a
purinoreceptor-like protein (Torres et al., 2008). Similarly, the genome of the single-celled green
algae Ostreococcus tauri has four sequences with homology to P2X, one the human eATP receptor
families (Fountain et al., 2008). Heterologous expression and characterisation revealed that OtP2X
partially localizes to the plasma membrane and induces ATP-dependent inward current in HEK293
cells, which normally do not respond to eATP (Fountain et al., 2008). Though the evidence is still
limited to a few species and our understanding of the physiology of eATP signalling in Chlorophytes
and other algae is scarce, these findings show eATP perception and release to the extracellular space
upon wounding is conserved in eukaryotic photosynthetic organisms. Given the conserved role of
eATP in cell-cell communication during RCD in animals and plants, it is tempting to speculate that a

similar function is fulfilled in algae.
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Extracellular peptides

Small peptides (<100 amino acids) participate in a wide range of cellular functions in all
kingdoms (Sousa and Farkas, 2018; Fabre et al., 2021). Cyanobacteria and microalgae
produce a large diversity of peptides, though research has mainly focussed on their
characterization as antibacterial, antitumoral or others biotechnological traits (Rojas et al.,
2020). Among cyanobacterial secondary metabolites, microcystins are a group of cyclic
hepatotoxic heptapeptides produced by several genera that have received special attention as
they pose an ecotoxicological and sanitary risk worldwide (Sviréev et al., 2019).
Microcystins are typically intracellular metabolites, but their extracellular multifunctional
traits have been gradually recognized, for example in cell-cell communication (Schatz et al.,
2007). In this sense, a conceptual model coupling RCD and extracellular microcystins have
been proposed for Microcystis (Hu and Rzymski, 2019), the most common bloom-forming
cyanobacteria in freshwater ecosystems (Harke et al., 2016; Svircev et al., 2019). During
stress response and RCD, microcystins are released from some cells within the colony into
the extracellular environment. Extracellular microcystins increase the production of
extracellular polysaccharides that are involved in colony formation, thus improving the
survival of the remaining cells under stressful conditions (Gan et al., 2012; Hu and Rzymski,
2019). Taken together, these findings would point to the role of extracellular microcystins as
survival signals.

Plant peptides can be synthesized from a protein precursor or can be encoded by short open reading
frames (SORFs) (Tavormina et al., 2015; de Bang et al., 2017; Lyapina et al., 2021). Recent reviews
address peptide biosynthesis, activity, and function, and the technologies used to study such a
complex world (Stihrwohldt and Schaller, 2018; Chen et al., 2020; Kim et al., 2021). There are

numerous examples of peptide-mediated growth regulation, development and stress response
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(Murphy et al., 2012; Vitorino et al., 2021), but evidence on their role in RCD regulation is is only just

starting to emerge (Table 1).

Developmental RCD (Box 1) provides a clear example where death must be restricted to a specific
cell and prevented in adjacent ones. During tracheary elements (TE) differentiation at least two
functional peptides are secreted, Kratos and Bia, providing good evidence of how RCD
communication may operate (Escamez et al., 2019). Kratos is released from TE cells preventing RCD
in neighboring non-tracheary element cells. Furthermore, Kratos infiltration into Arabidopsis leaves
reduces RCD induced by abiotic stress. In contrast, Bia enhances mechanical stress-induced RCD,
although it has no effect on increasing developmental RCD (Escamez et al., 2019). The activity of
cytosolic metacaspase 9 (MC9) is required to regulate Kratos and Bia in Arabidopsis, although
protein precursors of both peptides are not direct targets of MC9. Since MC9 regulates autophagy
flux during TE development, Kratos and Bias could be regulated through MC9-modulation of
autophagic flux (Escamez et al., 2019). Thus, protein and peptide secretion in plants may depend on
autophagy, similar to what happens during RCD caused by inflammation in metazoans (Escamez et

al., 2019).

GRI (Grim Reaper) is another example of a peptide that induces RCD (Wrzaczek et al., 2009, 2015)
and could be involved in cell-cell communication. GRI was identified in Arabidopsis and is produced
through direct processing of GRI precursor protein by extracellular MC9. Upon infiltration in
Arabidopsis, GRI binds to a plasma membrane-localized receptor (PRK5), inducing ROS-dependent
RCD (Wrzaczek et al., 2015). Thus, only cells expressing PRK5 would die, making this a good system
to strictly confine RCD. Interestingly, GRI protein has more than two cleavage sites recognized by
MC9; thus more than one peptide can be produced, potentially with antagonists functions
(Wrzaczek et al., 2015). Similar mechanisms were described previously reported for CLAVATA3/ESR-
RELATED 18, from which two different peptides with probably antagonistic functions (Murphy et al.,

2012).
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KOD (kiss of death) is so far the only peptide encoded by a SORFs that has been involved in RCD
(Blanvillain et al., 2011; Fesenko et al., 2019). Biotic and abiotic stress induce KOD expression,
causing caspase-like activity and mitochondria misfunction-dependent RCD (Blanvillain et al., 2011).
Also, Arabidopsis kod mutants show reduced RCD of the embryo suspensor cells, pointing out a
potential role for KOD in developmental RCD (Blanvillain et al., 2011). There is yet no evidence of

KOD movement, thus its role in cell-cell communication remains elusive.

The evidence described here supports a role for peptides as either survival or death molecules in
plants and cyanobacteria. However, the peptides identified so far are limited, given the high number
and diversity of peptides, proteases, and membrane receptors, it is conceivable that other already

characterized and uncharacterized peptides mediate RCD propagation.

Extracellular Calcium

Several environmental factors trigger cytosolic increase of Ca®* in photosynthetic organisms, leading
to induction of RCD upon stress and development (Takabatake et al., 2007; Clapham, 2007; Vardi,

2008; Ren et al., 2021).

In vascular plants, Ca** fluxes occur via plasmodesmata, vascular tissues and apoplastic
(extracellular) routes (Steinhorst and Kudla, 2014; Choi et al., 2017; Toyota et al., 2018). Several
processes related to RCD involve systemic long-distance transmission of Ca**. There is now also
evidence for the systemic spread of a Ca** as waves that couple local sensing of stimuli like wounding
or abiotic stress to plant-wide adaptive responses (Choi et al., 2014; Gilroy et al., 2016). Calcium
elevation is a critical step in plant innate immunity. Pathogen perception is translated into elevated
intracellular Ca** (iCa**) (mediated by plasma membrane and intracellular channels) as an early step
in the signaling cascade (Ma and Berkowitz, 2007). This iCa** elevation is mainly mediated by an

increase in Ca** influx from the apoplast (Ma and Berkowitz, 2007)
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In systemic RCD (Box 2), Ca** likely acts as a death signal. An increase in Ca®* is observed at the root
tip one day post inoculation (1dpi) of tomato leaves with Tobacco mosaic virus (TMV), with ROS
accumulating in the root-tip cells at 5dpi. Elevated Ca®" at the root tip continue until the 15dpi.
Finally, at 20 dpi, root tips showed RCD (Li et al., 2018). The underlying physiological mechanisms of
systemic RCD are poorly understood, and how Ca** waves - and other molecules- are involved in the

RCD signal transmission from leaf to root remains to be elucidated.

External addition of Ca** induces RCD in cell cultures of Alyssum inflatum (Ghasemi et al., 2020).
Several experiments suggest the role of extracellular Ca®* (eCa*) as a signal molecule promoting
RCD. The eCa2" chelator EGTA blocks ferroptosis in Arabidopsis roots (Distéfano et al., 2017).
Inhibition of Ca®* influx , with the Ca** channel-blocker lanthanum chloride (LaCls), prevented RCD in
Arabidopsis suspension cultures exposed to ceramides (Townley et al., 2005) and in the rice root tip

challenged by salt stress (Li et al. 2007).

Recent work performed in Arabidopsis root cells damaged by multiphoton laser shows that cytosol-
localized PRECURSOR OF PEP1 (PROPEP1) and METACASPASE4 (MC4) react only after the loss of
plasma membrane integrity and prolonged eCa** entry. Ca** mainly originates from the extracellular
space and potentially from vacuole, activating Ca**-dependent MC4 to cleave PROPEP1. PEP1 is
released from the tonoplast into the cytosol, from where it can passively diffuse (or potentially
actively secreted) through the compromised plasma membrane to bind the membrane-localized
BAK1-PEPR1/2 receptor kinase complex, inducing RCD activation in the surrounding intact cells.
These results suggest direct evidence of eCa®* as a regulator in RCD of damaged cells of plants

(Hander et al., 2019).

Upon sensing of wounding by herbivore attack or mechanical damage, plant cells transmit systemic
signals activating defense responses in undamaged parts (referred to as systemic wound response
SWR, Box 2). Glutamate released after wounding is perceived by glutamate receptor-like ion

channels that convert this signal into an increase in iCa2* concentration, which propagates to distant
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organs, inducing an immune response. Transmission of Ca®* takes place through the phloem and
plasmodesmata (Toyota et al., 2018). Therefore, Ca** acts as a death signal for the damaged cells

and survival signal to the undamaged cells that activate a defense response.

Phytoplankton live in environments where Ca®* ions can reach 10 mmol L™, while free Ca** in the
cytosol is maintained at ~ 0.1 pmol L™ (Midiller et al., 2015). Upon stress, transient Ca®* increases go
in hand with ROS or NO) production (Vardi et al., 2006; Agostoni and Montgomery, 2014).
Furthermore, exogenous Ca’* supplementation improves the tolerance to heat stress in the
cyanobacteria Anabaena sp. PCC 7120 and prevents RCD in Synechocystis sp. PCC 6803, suggesting a
role for Ca®* in maintaining cell viability under abiotic stress (Tiwari et al., 2016; Aguilera et al.,
2022). Still, there is limited evidence for Ca’* as an extracellular molecule mediating cell-cell
communication and RCD in phytoplankton. Considering its conserved role in RCD in metazoans and
vascular plants, it would be interesting to investigate a potential function for Ca** in mediating cell-

cell communication during RCD in this group.

ROS

Reactive oxygen species are chemical species produced upon electron transfer to oxygen (hydrogen
peroxide, H,0,; superoxide, O,; hydroxyl radical superoxide, OH-; and hydroxyl radicals). In
photosynthetic organisms, ROS are a byproduct of respiration and photosynthesis and are mainly
generated in the thylakoid membranes (cyanobacteria), cellular compartments such as chloroplasts,
mitochondria, and peroxisomes (eukaryotic phytoplankton and plants), and on the cell surface
(eukaryotic phytoplankton and vascular plants) (Schmitt et al., 2014; Diaz and Plummer, 2018). The
over accumulation of ROS damages organelles and important biomolecules leading to cellular injury
and RCD (Schmitt et al., 2014; Mittler, 2017). However, ROS are also key players in physiological

processes such as cell differentiation and proliferation, and serve as important signals during
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acclimation to stress conditions and RCD (Jauzein and Erdner, 2013; Schmitt et al., 2014; van Creveld
et al., 2015; Bidle, 2016; Mittler, 2017; Mizrachi et al., 2019; Aguilera et al., 2021). Moreover, ROS
molecules can generate further oxidation products (e.g., lipoperoxides) that are also involved in
signaling pathways. All this supports the dual role of intracellular ROS as survival death signals in
photosynthetic organisms, depending on different levels of reactivity, sites of production and

potential to cross biological membranes (Mittler, 2017; Huang et al., 2019).

Extracellular ROS (eROS) can occur naturally in aquatic environment as the result of both non-
biological and biological chemical reactions. Several eukaryotic phytoplankton and cyanobacteria
produce eROS (in particular H,0,, O,) under optimal growth conditions in culture (Diaz and
Plummer, 2018; Sutherland et al., 2019). The majority of these are bloom-forming species,
potentially linking eROS production with bloom formation (Diaz and Plummer, 2018). In eukaryotic
phytoplankton, O, is produced extracellularly, mainly by cell surface NADPH oxidases (Kim et al.,
2007; Diaz et al., 2019). On other hand, eROS have been implicated in survival functions related to
iron acquisition, cell growth and proliferation, as well as in modulation of biological interactions such
as grazing and viral infection (Diaz and Plummer, 2018). Furthermore, ROS -in particular O, - was
proposed to mediate cell-cell communication and transmit information on cell density in bloom
forming species (Marshall et al., 2005; Hansel et al., 2016). During cyanobacterial blooms, the
production of ROS can be substantial and influence the structure and function of the

photoautotrophic community (Cory et al., 2016).

eROS production has also been observed in green, brown, and red macroalgae and associated to
development and response to biotic and abiotic stress (for a recent comprehensive review see
Hansel and Diaz, 2021). In the red algae Glacilaria conferta, treatment with cell wall fragments lead
to production of eROS, likely through the activity of a plasma membrane-localised NADPH oxidase,
as described for vascular plants (Weinberger et al., 2005; Torres et al., 2005). Similarly, eROS have

also been described upon wounding in Euchema platycladum (Collén et al., 1994). However, in these

2202 1890100 G0 U Jasn 1daq sienss Aq 6061£.9/€9£0B10/axXl/E601"01/10p/a[oNe-80UBAPE/X(/W00"dNO*olWapEdE/:SARY WO} POpeojumod



examples, a role for eROS in mediating cell-cell communication during RCD in macroalgae remains to

be addressed.

In vascular plants, ROS play a central role in response to abiotic stress, pathogen attack and
wounding, as well as during development (Mittler et al., 2011; Schmitt et al., 2014; Mittler, 2017). In
addition to triggering responses at the site directly exposed to the stress, ROS regulate rapid
systemic responses in the whole plant such as the systemic acquired acclimation (SAA), the systemic

acquired resistance (SAR), and the systemic wound response (SWR) (Box 2).

The respiratory burst oxidase homolog genes D and F (RBOHD and RBOHF) participate in the
apoplastic ROS burst induced in Arabidopsis upon infection with Pseudomonas syringae DC3000
expressing AvrRpm1. The ROS burst is abolished in the rbohD single mutant and the rbohD/rbohF
double mutant, but not in the rbhoF single mutant, suggesting RBOHD plays a major role in eROS
production (Torres et al., 2002). Activation of RCD was also affected in these mutants, as both the
double mutant and rbohF showed less RCD, supporting a death role RBOH-derived ROS. These
findings suggest a strong participation of RBOHD in the ROS burst, whereas RBOHF appears to be
involved in RCD activation (Torres et al.,, 2002).The different roles of RBOHD and RBOHF in
controlling ROS burst and RCD activation and propagation probably reflect specific spatiotemporal

regulation of their activities.

In a follow-up study, the role of RBOH-derived ROS burst in RCD propagation was further
investigated (Torres et al., 2005). Arabidopsis LSD1 is a zinc-finger protein that negatively regulates
RCD propagation to uninfected cells (Dietrich et al., 1997). Therefore, the Isd1 mutant cannot control
RCD spread, resulting in runaway RCD from the initial activation site. This runaway RCD can be
triggered by O, and by SA (Jabs et al., 1996). RCD induced in the /sd1 mutant by SA was restricted to
the treated leaf. However, RCD in the double mutants Isd1 rbohd and Isd1 rbohf spread beyond the
treated leaf and became systemic. This indicates that ROS produced by RBOHD and RBOHF acts a as

a survival signal limiting systemic spread of SA-induced RCD (Torres et al., 2005).
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The different roles of RBOHD and RBOHF in controlling ROS burst and RCD activation and
propagation probably reflect specific spatiotemporal regulation of their activities. Furthermore, ROS
derived from RBOHF acts as death or survival signals depending on the pathogen and the strength of
the immune response (Torres et al., 2005).This result stresses the importance of investigating
multiple pathogens, as their distinct immune responses they trigger may induce specific survival or

death signals.

Oxidized lipids and lipid-derived molecules

Oxylipins are derived from the oxidative metabolism of poly-unsaturated fatty acids via
enzymatic and non-enzymatic pathways, and are involved in RCD induction (Wasternack and
Feussner, 2018; Mehta et al., 2021). Oxylipins have been reported in several photosynthetic
organisms, including cyanobacteria (Wasternack and Feussner, 2018; Aguilera et al., 2022),
diatoms (D’Ippolito et al., 2009; Gallina et al., 2016), dinoflagellates (Dorantes-Aranda et
al., 2009), raphidophytes (Giner et al., 2008) and vascular plants (Wasternack and Feussner,
2018). While cyanobacteria produce only simple oxylipins, eukaryotic phytoplankton and
plants have evolved complex pathways leading to different molecules (Wasternack and
Feussner, 2018).

In phytoplankton, oxylipins have been extensively investigated for their deleterious effects on
grazers and hemolytic activities (lanora et al., 2004; Dorantes-Aranda et al., 2009). However, it is
now evident that they also mediate phytoplankton dynamics and interactions (Casotti et al., 2005;
Vardi et al., 2006; van Creveld et al., 2015). Oxylipins can be produced in large amounts upon
wounding during grazing (Pohnert, 2000), but can also be released from intact microalgal cells
(Vidoudez and Pohnert, 2008). Laboratory studies with the diatom Skeletonema marinoi further

support the characterization of oxylipins as death/life signals, showing that both production and
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effect of oxylipins are dependent on physiological state of cells, mainly nutrient status and age

(Ribalet et al., 2007; Vidoudez and Pohnert, 2008).

A common oxylipin produced by marine diatoms, the polyunsaturated aldehyde (2E,4E/Z)-
decadienal (DD), strongly impacts grazers reproduction (lanora et al., 2004) and diatoms themselves.
DD regulates intercellular signaling and monitors stress levels, and it has both survival and death
functions depending on the released concentration (Casotti et al., 2005; Vardi et al., 2006). In
Thalassiosira weissflogii, DD-like aldehydes released in the water trigger a stress response leading to
Ca’*- and NO- dependent RCD in surrounding cells (Casotti et al, 2005). In Phaeodactylum
tricornutum, DD perception similarly leads to Ca* and NO signaling, and the integration of these
intracellular signals determines cell fate (Vardi et al., 2006). Such death mechanisms, acting in cell-
cell interactions within diatom populations, could regulate the synchronization of bloom demise
(Vardi et al., 2006; D’lppolito et al., 2009). Interestingly, from a survival point-of-view, the
pretreatment of cells with sublethal doses of DD initiates an intracellular signaling cascade, also
involving Ca®* and NO, that immunizes cells against subsequent lethal concentrations of DD (Vardi et
al., 2006) (Figure 2B). This adaptive response could increase the chance of survival for a part of the

population in a decaying or highly grazed bloom.

Recently, sulfate-containing lipids such as sterol sulfates have been suggested to have a
similar death role as oxylipins in marine diatoms (Gallo et al., 2017). Three major active
sterols (B-sitosterol sulfate, dihydrobrassicasterol sulfate and cholesterol sulfate) accumulate
in senescent cells of Skeletonema marinoi. When exposed to the sterol sulfates, intracellular
ROS and NO increased in S. marinoi cells leading to growth arrest or RCD depending on the
dose. Thus, as for some oxylipins, these small metabolites could have an active role in
regulating bloom dynamics and demise (Gallo et al., 2017).

Massive blooms of coccolithophore Emiliania huxleyi (haptophyte) are routinely infected and

terminated by lytic Coccolithoviruses (Bratbak et al., 1993; Vardi et al., 2009, 2012). Upon infection
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of natural populations, coccolithoviruses-derived glycosphingolipids accumulate in infected cells and
trigger the production of ROS, NO, and caspase-specific activity in E. huxleyi leading to RCD. In
addition, purified viral glycosphingolipids also induce biochemical hallmarks of RCD in uninfected
cells in a dose-dependent manner (Vardi et al., 2009, 2012). The induction of RCD in both infected
and uninfected cells of E. huxleyi could limit production and propagation of viruses (Vardi et al.,
2009; Bidle, 2016). In such biotic interactions, a death signal at the cellular scale becomes survival at

the population scale.

Plant oxylipins are antibacterial agents. Volatile phyto-oxylipins are produced by wounded
plant tissues during defense (Bleé 2002), as described in phytoplankton (Pohnert, 2000).
Methyl jasmonate (Me-JA) is volatile and can diffuse between cells, triggering different
responses including RCD. A complete review of JA-derived oxylipins as mediators of plant—
pathogen interaction was recently published. A complete review of JA-derived oxylipins as
mediators of plant—pathogen interaction was recently published (Mehta et al., 2021).
Oxophytodienoic acid (OPDA), hydroxides, triols, ketones, epoxides, ketols, and the JA
group, are implicated as communication signals in tomato—root-knot nematode (Meloidogyne
javanica) interaction (Fitoussi etal., 2021).

JA and Me-JA have been implicated as signals involved in RCD communication induced by
abiotic stress (temperature, radiation, nutrients) and leaf senescence. They repress the
synthesis of photosynthetic proteins, causing a drastic drop in photosynthesis and carbon
dioxide fixation, which results in the induction of leaf senescence (Baldwin et al., 2006;
Reinbothe et al., 2009). After Me-JA treatment, ROS induction in mitochondria and
chloroplasts, leads to photosynthetic dysfunction and subsequent RCD (Zhang and Xing,
2008). Under senescent conditions, membrane fatty acid peroxidation would predominate and

initiate regulated organelle destruction (Reinbothe et al., 2009). Therefore, oxylipins might
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act in cell-cell communication during RCD in damaged tissues due to biotic and abiotic

stresses.

Extracellular nitric oxide

NO, a gaseous, highly reactive radical, is an intra- and extracellular messenger that mediates
diverse signaling pathways across all kingdoms of life (Tuteja et al., 2004; Jeandroz et al., 2016;
Astier et al., 2021). NO is synthesized enzymatically by nitric oxide synthase or nitrate reductase
and non-enzymatically from nitrite in acidic compartments such as the apoplast of plant cells
(Yamasaki et al., 1999; Jeandroz et al., 2016). Once produced, NO readily crosses membranes by
simple diffusion triggering a multitude of responses in the surrounding cells. NO stands as a key
signaling molecule involved in development, cell-cell communication, stress surveillance, and

RCD in photosynthetic organisms (Bidle, 2016; Jeandroz et al., 2016; Astier et al., 2021).

In open oceans, NO was originally associated with nitrite photolysis and bacterial
denitrification and nitrification processes without a precise biological function (Ward and
Zafiriou, 1988; Galluzzi et al., 2018). However, extracellular NO (eNO) is also produced by
photosynthetic microorganisms and may act as a signal that spreads through the cell
population triggering RCD or a survival message in neighboring cells. The ability of NO to
act as a diffusible extracellular signal in aquatic environments was first proposed in diatoms
(T.-weissflogii and P. tricornutum) where it is a critical component of stress perception,
possibly triggering RCD in neighboring cells (Vardi et al., 2006, 2008). In cultures of the
marine alga E. huxleyi, intracellular NO production was detected 24 h after viral infection
(Schieler et al., 2019) and before ROS burst, which appears to be required for RCD induction
and host cell lysis (Sheyn et al., 2016). Moreover, eNO was also detected in the cell-free
media after infection and was proposed to function as a signal, communicating infection to

neighboring cells (Schieler et al., 2019)
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Furthermore, co-cultivation of E. huxleyi with the aerobic bacterium Phaeobacter inhibens
triggers RCD in the algal population (Abada et al., 2021). E. huxleyi secretes nitrite to the
culture media during exponential growth, while P. inhibens reduces nitrite to NO through
denitrification. Interestingly, NO production and RCD were abolished when the alga was co-
cultured with a P. inhibens strain mutated in denitrification genes (e.g., nirK). Therefore, this
suggests that eNO produced by bacteria-mediated denitrification can diffuse to induce E.
huxleyi RCD. Indeed, the authors suggested that inorganic nitrogen exchange between
bacteria and photosynthetic microorganisms is an ecologically significant microbial
communication across kingdoms (Abada et al., 2021). Likewise, eNO has been implicated in
the response of Chlorella vulgaris to Cu®* stress, protection of Scenedesmus obliquus against
H,0,, and reduction of UV-B damage in the cyanobacterium Spirulina platensi (Astier et al.,
2021). Whether NO spreads through the aqueous solution in these cases acting as a cell
death/survival molecule remains elusive.

In plants, NO has a survival role by acting both as a protection against RCD and as an
antioxidant molecule diminishing ROS levels. Paradoxically, in some cases, NO can be
cytotoxic, resulting in RCD. These cytotoxic and protective functions are often dependent on
the NO concentration (Beligni and Lamattina, 1999). eNO also plays a role in cell-cell
communication in vascular plants. Aleurone cell layers, a secretory tissue that surrounds the
starchy endosperm and embryo in barley, release NO under aerobic conditions (Vitecek et al.,
2008). Gibberellins (GAs) trigger the synthesis and secretion of a-amylase and other
hydrolytic enzymes that provide nutrients for the growing embryo. Following GA-induced
enzyme secretion, the aleurone layer undergoes ROS burst and RCD (Bethke and Jones,
2001; Fath et al., 2001). GA also induces non-enzymatic NO production in the apoplast of
barley aleurone cells (Bethke et al., 2004). Curiously, exogenous application of NO delayed

RCD in aleurone cells treated with GA by increasing their capacity to metabolize ROS. The
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NO effect is specific since it has no effect on GA-induced secretion of hydrolytic enzymes
(Beligni et al., 2002). These results indicate that NO produced by aleurone cells in barley acts
as a regulator of RCD exerting a protective and antioxidant role, possibly for the growing
embryo. The role of eNO in the aleurone layer as a cell-to-cell signal in seeds needs to be

explored.

The role of NO during plant defense responses has also received attention. Tobacco cells
exposed to the elicitor cryptogein show a burst in NO detected in the cellular medium
(Besson-Bard et al., 2008; Vitecek et al., 2008). The hypersensitive response (HR) is a well-
known process in all higher plants characterized by rapid RCD surrounding the pathogen-
infection site. NO acts synergistically with ROS to potentiate the induction of HR-RCD upon
pathogen challenge (Delledonne, 2005; Laxalt et al., 2007). First evidence that NO may
contribute to cell-cell communication during HR comes from Arabidopsis plants infected
with Pseudomonas siringae expressing the effectors avrB or avrRpt2. Kinetics of NO
accumulation appeared closely parallel to HR progression. Since NO was detected intra and
extracellularly, authors speculate that NO functions as a spreading signal communicating the
HR process in plants (Zhang et al 2003).Later studies in Arabidopsis using S-
nitrosoglutathione reductase (gsnor) mutants indicate that NO positively regulates HR-RCD.
However, NQ also triggers a feedback loop limiting the HR by the inhibition of RBOHD
activity through S-nitrosylation (see ROS section), abolishing ROS production (Yun et al.
2011). Therefore, this suggests that NO may act in cell-cell communication to inhibit RCD

signaling in the leaf tissue and restrain the HR response.
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Other signaling molecules in mediating communication and RCD in phytoplankton
While ROS and NO are general death/survival signals and shared across kingdoms, others are
more specific to a single group of organisms. In this section, we briefly review a series of
signaling molecules that specifically mediate phytoplankton interactions and have recently
received increased attention.

Phytoplankton demise through RCD influences the flow and fate of photosynthetically fixed
organic matter in aquatic systems (Bidle, 2016). The dissolved organic matter (DOM)
comprises various organic compounds and amino acids that are assimilated and re-
mineralized by other organisms either within the same population, or by other prokaryotes
and protozoa (Bidle, 2016; Durand et al., 2016). These released compounds are signals that
affect surrounding cells and their survival. In the chlorophyte Dunalliela salina, RCD causes
the release of organic nutrients such as glycerol, which can be used by other individuals of
the same species or others, like Halobacterium salinarum, a co-occurring halophilic archaeon
(Orellana et al., 2013).. Similarly, the growth of the dinoflagellate Alexandrium minutum can
be stimulated by the release of DOM from dead individuals of the same species or closely
related ones (other species of the same genus) (Lu et al. 2016; Brown and Kubanek 2020). In
the chlorophyte C. reinhardtii, how cells die directly impacts the fitness of their neighbors
(Durand et al., 2011). During RCD, unidentified thermostable molecules released by C.
reinhardtii promote survival of neighboring cells of the same species. However, when C.
reinhardtii cells dye by ACD (accidental cell death, non-RCD) they release molecules that
are harmful to neighboring individuals of the same species, suggesting different cell death

mechanisms (RCD vs ACD) affect population dynamics differently (Durand et al., 2011).
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Plasmodesmata as cellular gate keepers restricting /spreading death signals

In human cells, Gap Junction Channels connect neighboring cells allowing a two-way exchange of
death and survival signals (Krysko et al., 2005). In fact, certain cells can “kill” the adjacent ones
through such junctions, an effect known as the “bystander cell death” or “kiss of death” (Decrock et
al., 2009). In spite of the presence of a rigid cell wall, neighboring plant cells are also interconnected
(Raven, 1997; Brunkard and Zambryski, 2017). In land plants most cells present plasmodesmata (PD),
projections of the plasma membrane that interconnect adjoining cells, thus creating a symplastic
continuum within tissues, organs, or the whole organism (Tilsner et al., 2016; Li et al., 2021). PD
from vascular plants are traversed by strands of endoplasmic reticulum, called desmotubules (Sager
and Lee, 2018), and have been demonstrated to represent crucial signaling hubs for the
spatiotemporal regulation of different developmental and stress related pathways that might
involve RCD (Sager and Lee, 2012). For instance, PD regulate the cell-cell flux of nutrients, hormones,
proteins, RNAs, viruses and other foreign compounds (White and Barton, 2011; Burch-Smith et al.,
2011). Their highly dynamic structure, frequency and connectivity allow modulation of cell
communication and isolation. This is necessary to regulate cell fate and for rapid responses to

external stimuli (Sager and Lee, 2014; Godel-Jedrychowska et al., 2020).

Adjustments in PD dynamics accompany the execution of many differentiation programs, some of
which lead to RCD. For instance, PD degeneration is required for pollen development as it allows the
separation of tapetal cells from the middle layer before these cells undergo RCD (Niu et al., 2013).
During leaf abscission, PD number and branching increase at the proximal side of the fracture zone,
along with hallmark features of RCD (e.g., DNA fragmentation, increased levels of nuclease activity,
expression of RCD-related genes) (Bar-Dror et al., 2011). The root cap is characterized by high RCD
rate, and a balance between cell division and cell death shapes root size and architecture (Fendrych

et al., 2014). Interestingly, while the outermost cells show decreased PD frequency and become
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sealed prior to RCD, the PD in the inner cells remain permeable up until protoplasts condensate and

shrink, suggesting PD functionality is associated to RCD in the root cap (Zhu and Rost, 2000).

PD permeability is regulated by proteins located within the PD and the plasma membrane. These
proteins, in concert with Ca*" and ROS fluxes, act as crucial regulators of the plasmodesmal pore size
(Sager and Lee, 2014). In turn, PD connectivity modulates the spreading of local and long-distance
signals. Integrative responses to biotic and abiotic stimuli, such as SAR, SAA and SWR rely on a
central mechanism of PD gating (Box 2). Briefly, this gate mechanism requires.plasmodesmata-
localized protein 5 (PDLP5) and RBOHD-mediated oxidative burst, to promote wave-like propagation
patterns (Lim et al., 2016; Fichman et al., 2021). Besides PDLP5, many other receptor-like proteins
relocate from the plasma membrane to the PD upon ligand recognition, and induce callose

deposition to restrict signal sharing between cells (Vu et al., 2020; Cheval et al., 2020).

PD closure plays a crucial role restraining RCD in response to pathogen infections. The HR is
characterized by rapid RCD at the infection site, isolating the area from the uninfected surrounding
cells, thus preventing the spread of the infection (Wang et al., 2013a) (Box 2). PDLP5-mediated
callose deposition in a SA-dependent process results in PD closure and the concomitant cell
confinement (Lee et al., 2011). Before their confinement, cells committed to die might signal the
surrounding healthy cells through PD (as a burst of ROS intermediates), priming them for

subsequent infections.

Early land plants and aquatic multicellular photosynthetic organisms also show cell-cell connections
through PD and PD-like structures with different degree of complexity (Raven, 1997). In bryophytes,
the moss Physcomitrium patens has become a model species for PD studies (Falz and Miiller-
Schissele, 2019; Pfeifer et al., 2022). P. patens cells develop PD that show certain degree of
structural and functional conservation with Arabidopsis (Johnston et al., 2022), although no
apparent PDLP5 orthologous has been identified in the moss (Brunkard and Zambryski, 2017).

Callose deposition and SAR-like responses (constrained to adjacent cells) take place in P. patens
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exposed to different stresses (Carella and Schornack, 2018; Muller et al., 2022). ROS burst and SA
induction, the molecular signature of RCD in vascular plants, is also triggered in moss by Botrytis

infection (Ponce De Ledn et al., 2012).

Besides the central role of SA, abscisic acid (ABA) seems to be the key hormonal regulator of PD
mediated cell-cell communication in P. patens upon abiotic stress (Kitagawa et al., 2019). Under
adverse environmental conditions, or ABA stimulation, cells from the vegetative body of the moss
can develop resistant structures, diaspores, while the adjacent cells, tmema, undergo RCD, serving
as predetermined breaking points (Arif et al., 2019; Falz and Miiller-Schissele, 2019). This
mechanism resembles RCD associated to cell-cell separation processes such as leaf abscission or
dehiscence in higher plants. Diaspores formation and tmema RCD require cell reprogramming (Sato
et al., 2017; Kubo et al., 2019; Gu et al., 2020). This process might also involve an ancient death

signal, albeit evidence is lacking.

In aquatic environments, members of diverse algal lineages show different types of cytoplasmic
bridges, from PD in brown algae to more rudimentary structures called pit connections in red algae
(Raven, 1997; Kim et al., 2022; Chaigne and Brunet, 2022). PD in multiseriate brown algae are line
channels without desmotubules, usually clustered in specific areas (Terauchi et al., 2015). Besides
participating in intercellular translocation of molecules (Nagasato et al., 2017) these PD also mediate
wound signal propagation and H,0, generation in response to cell damage (Tanaka et al., 2017), that

might also involve RCD.

Within photosynthetic prokaryotes, filamentous cyanobacteria develop gated septal junctions
(SJ) functionally analogous to eukaryotic PD (Flores et al., 2018). Under unfavorable circumstances,
there is a conformational rearrangement of the SJ that leads to the loss of cell-cell communication.
Sls are involved in the filament resealing upon RCD due to environmental stress or predation

(Kieninger and Maldener, 2021).
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Different structures involved in cell-cell symplastic communication evolved
independently during the evolution of multicellular photosynthetic organisms, allowing
intercellular molecule trafficking, signaling and differentiation (Brunkard and Zambryski,
2017; Chaigne and Brunet, 2022). Some elements are conserved across major taxonomic
groups; therefore, a convergent mechanism involving intercellular symplastic movement of a

death / life signal molecule would be plausible.

The potential role of extracellular vesicles in mediating cell death in photosynthetic
organisms

Extracellular vesicles (EVs) are produced by organisms from all kingdoms (Kim et al., 2015; Gill
et al., 2019). They carry a wide repertoire of molecules, e.g., proteins, lipids, different types of RNA,
and serve diverse functions in disease, stress response, cell wall metabolism, systemic signaling, and
both intra and interspecific communication (Schatz and Vardi, 2018; de la Canal and Pinedo, 2018;

Cai et al., 2019, 2021; Cui et al., 2020).

Mammalian EVs have been widely studied in a medical context for their emerging roles
as circulating biomarkers in degenerative diseases (Bernardi and Balbi, 2020; Teng and
Fussenegger, 2021). These EVs vary in size from 50 nm to 1 um, and can be secreted as
exosomes through the endosomal pathway, as microvesicles budding from the plasma
membrane, or as apoptotic bodies (Meldolesi, 2018). Interestingly, specific markers identified
distinct human EVs (hEVs) that mediate different modes of cell death (Li et al., 2021). For
instance, hEVs related to apoptotic cancer cells are decorated by the death-receptor family
member TRAIL-R2 (Setroikromo et al., 2020), whereas hEV released from Synovial fluid of
Rheumatoid arthritis contain the Death-Receptor PD-1 and miRNAs that favroe PD-1
expression (Greisen et al., 2017). An abundant number of EVs are released from THP-1

monocytes undergoing lytic cell death (Baxter et al., 2019).
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The current knowledge on Plant EVs (plEVs) is lagging far behind compared to mammalian EVs
(Rutter and Innes, 2020; Pinedo et al., 2021), but emerging information on their biogenesis,
composition and specific functions suggest their potential role in plant RCD-related pathways (Cui et
al., 2020; He et al., 2021). EVs isolated from different plant sources contain similar cargos, and even
overlapping proteomes related to multiple functions, i.e., hydrolytic activities, transport of ions, RNA
silencing, protein and lipid signaling (Rutter and Innes, 2017; De Palma et al., 2020; Pinedo et al.,
2021). PIEVs have been predominantly studied in the context of defense responses, which evoke
changes in either plEVs composition or abundance in the extracellular space. Steady state plEVs
populations increase in the apoplast of Arabidopsis leaves upon bacterial infection and in response
to wounding, as well as upon SA and JA treatment (Liu et al., 2020b). plEVs released in response to
wounding-induced JA accumulation are enriched in lipids presumably precursors of JA (Liu et al.,
2020a). It remains unclear whether plEVs composition varies in response to specific stimuli, or
whether the extracellular space harbors heterogeneous plEVs with different cargo. The identification
of specific plEV markers is needed to explore this question. The plEV-located membrane protein
tetraspanin 8 (TET8) is emerging as a potential plEV marker (Pinedo et al., 2021), based on its
structural similarity to the mammalian tetraspanin CD63, a diagnostic marker of a sub-type of hEVs
(Jimenez-lJimenez et al., 2019; Cashikar and Hanson, 2019). Arabidopsis tet8 plants release less plEVs

than wild type plants exposed to wounding (Liu et al., 2020q).

Proteomic analysis of Arabidopsis EVs revealed the presence of a member of the plasmodesmata
related remorin family, recently linked to RCD (Rutter and Innes, 2017). PIEVs might be stably
incorporated by pathogenic fungi, and trigger multiple reactions such as epigenetic regulation of
virulence genes, inhibition of fungal growth, and induction of RCD (Regente et al., 2017; Cai et al.,
2018; Baldrich et al., 2019). Proteomes of plEVs purified from N. benthamiana and Arabidopsis
infected with the Turnip mosaic virus (TuMV) identified viral proteins together with plant immune
response proteins (Movahed et al., 2019). Viral components from TuMV that entered the host cells

might be packaged into plEVs and then released into the extracellular space of the infected leaves as
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a propagation strategy. Alternatively, plEVs could represent in this case a plant defense strategy,
removing viral particles from the cytoplasm to prevent their spread through plasmodesmata. In this
regard, isolated plEVs from Arabidopsis leaves exposed to RNAase and Trypsin activities reveal that
plEV-associated RNAs are not encapsulated, but locate to the outside of plEVs, which may mediate

host-induced gene silencing (Karimi et al., 2022).

A robust core of evidence shows that plEVs originate from intraluminal vesicles of late endosomes
(called Multivesicular Bodies) and from the Exocyst-Positive Organelle (EXPO), and. are secreted out
of the cell upon fusion to the plasma membrane (Wang et al., 2010; Cui et al., 2020). PIEVs might
also arise from the disintegration of the tonoplast in cells undergoing “Destructive vacuolar cell
death” a HR-related fast RCD triggered by the collapse of the vacuole and the concomitant release of
hydrolytic enzymes into the cytosol (Hatsugai et al., 2006; Hara-Nishimura and Hatsugai, 2011,
page). Under this scenario, it is plausible that plEVs enriched in vacuolar proteases would be

secreted into the apoplast, and cooperate fighting pathogens present at the site of HR.

Other extracellular vesicles named paramural bodies accumulate between the plasma membrane
and the cell wall in areas undergoing RCD, such as abscission zones (Bar-Dror et al., 2011, page). It is
conceivable that Paramural Bodies represent another type of vesicle released from the plasma
membrane as part of signaling or executing mechanisms underlying RCD in certain developmental

processes.

PIEVs seem to serve as stable compartments for the safe extracellular transport of different cargo.
They might even be considered a functional compartment inside the extracellular compartment.
Proteomic studies revealed that half of the proteins located in the apoplast of a mature leaf lack a
secretion signal in their sequence and follow unconventional secretion pathways (Robinson et al.,
2016; Rabouille, 2017; Borniego et al., 2020). PIEVs might function as a secretory pathway for these
proteins (Regente et al., 2012; de la Canal and Pinedo, 2018; Cui et al., 2020). If plEVs represent

different sub-types of vesicles with unique functions, it is conceivable that specific plEVs would be
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involved in the propagation of death signals and /or death receptors, as hEVs, enhancing other,

symplastic and apoplastic, death or survival mechanisms.

Vesicles are abundant in aquatic environments, but the understanding of their functions is still very
limited. However, emerging information highlights the importance of EVs in cell-cell communication
in aquatic microbial ecosystems and suggests a potential role in modulating cell fate. In this sense,
recent studies suggest that EVs released by phytoplankton mediate a wide variety of biological
functions such as energy and nutrient transfer and regulating host—virus dynamics (Biller et al., 2014;
Schatz et al., 2017, 2021). EVs mediate viral infection in marine bloom forming E. huxley. In this case,
EVs released by infected cells were shown to have a pro-viral function since they expedite viral
infection and prolong the half-life of viruses in the environment (Schatz et al., 2017, 2021), On the
other hand, EVs produced by marine Prochlorococcus (Cyanobacteria) may prevent phage attack by
acting as decoys. EVs enriched in outer membrane components would harbor phage receptors that
could directly bind viral particles and thus reduce the effective titer of phages in the environment

(Biller et al., 2014).

Interestingly, a recent work in Prochlorococcus combining omic approaches (lipidomics, proteomics,
and metabolomics) suggests a role of EVs in mitigating ROS toxicity. The analysis of EVs content
revealed the presence of plastoquinone, oxidized carotenoid products and oxidized intact polar
lipids, suggesting that vesicles might be involved in removing damaged compounds and ROS (Biller et

al., 2020).

The study of EVs in photosynthetic organisms is therefore key for understanding the flow of energy
and information in vascular plants and aquatic environments. However, whether EVs participate in
RCD in photosynthetic organisms still needs to be tested. Despite being largely overlooked so far,
EVs start to be taken into consideration. The development of technologies and the use of combined
approaches that allow their isolation, enumeration and molecular characterization offers a

promising venue for their study in the context of cell death.

2202 1890100 G0 U Jasn 1daq sienss Aq 6061£.9/€9£0B10/axXl/E601"01/10p/a[oNe-80UBAPE/X(/W00"dNO*olWapEdE/:SARY WO} POpeojumod



Conclusion

RCD participates in normal physiology and in stress responses in photosynthetic organisms.
However, death at the cell population level is not yet well understood. Here we have
reviewed the molecules that are involved in cell-cell and systemic signaling in photosynthetic
organisms and their potential role in determining cell fate in neighboring cells. The examples
discussed here highlight the variety of survival and death signals photosynthetic organisms
across the taxonomic spectrum from phytoplankton to vascular plants, utilized to control
RCD propagation during development and stress adaptation.

Ca®*, ROS, lipid derivates, NO and eATP seem to play dual roles in photosynthetic
organisms- death vs survival - depending on the concentration and the source, among other
possible factors. However, survival or death assignment for Ca®* and ROS is in some cases
challenging. Considering the extracellular role of Ca®* and ROS in RCD in metazoans and
plants, it would be interesting to further investigate their potential function in mediating cell-
cell communication during RCD.in phytoplankton and macroalgae.

The development of novel approaches and techniques to investigate localized RCD responses
(e.g microscopy and mass spectrometry) will be important in future studies to identify novel
survival and death signals and evaluate spatiotemporal patterns of RCD. In addition, the
investment on field studies is extremely important to accelerate the discovery and
characterization of death and survival molecules in phytoplankton and macroalgae, and their
participation in algal bloom succession.

Understanding survival and death mechanisms will reveal how different types of RCD
balance communication during cell death, and is therefore an important area of research in

photosynthetic organisms.
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Box 1: Nomenclature of cell death used in this work

In metazoans, cell death is divided into two main types: accidental cell death (ACD) and regulated
cell death (RCD). ACD is an unpreventable and uncontrollable process caused by extreme physical,
chemical or mechanical triggers. In contrast, RCD involves precise signaling cascades, relies on the
intracellular molecular machinery, and can therefore be modulated pharmacologically or genetically.
Programmed cell death (PCD) occurs in strictly physiological scenarios (for instance, development)

and represents a specific type of RCD (Galluzzi et al., 2015).

In plants, cell death involved in vegetative and reproductive development is commonly referred to
as developmental PCD (dPCD), while environmental PCD (ePCD) refers to cell death induced by
external environmental stresses (Daneva et al., 2016; Huysmans et al., 2017). In phytoplankton, the
term most frequently used for controlled cell death is PCD. However, the use of RCD as a term to
encompass all instances of genetically encoded and actively controlled cell death has been recently
proposed for plants, cyanobacteria-and yeast (Carmona-Gutierrez et al., 2018; Aguilera et al., 2021;
Distéfano et al., 2021). Accordingly, in this review we will use the term to RCD in an attempt to
standardize the nomenclature related to cell death in photosynthetic organisms in a precise and

consistent manner.
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BOX 2: Systemic signaling networks in plants

Plants possess several mechanisms that allow them to cope with different abiotic and biotic stress
conditions. In addition, plant cells can activate systemic response that primethe whole plant to
prepare for future challenges. These systemic responses can be divided into three major classes: (i)
systemic acquired resistance (SAR), typically triggered by pathogens; (ii) systemic acquired
acclimation (SAA) induced by abiotic stress, such as high light, temperature and osmotic stress; and
(iii) systemic wound response (SWR) that occurs in plants upon wounding (Gilroy et al., 2016; Choi et
al., 2017; Zandalinas et al., 2020). A number of different signaling molecules, including hormones,
peptides, nucleotides, RNAs and different metabolites, and mechanisms including ROS waves, the
Ca*? wave, electric signals, and hydraulic waves are implicated in these systemic responses (Fig. 3).
(Chivasa et al., 2005; Miller et al., 2009; Choi et al., 2014; Gilroy et al., 2016; Toyota et al., 2018;
Choudhury et al., 2018; Vega-Mufioz et al., 2020, page; Fichman and Mittler, 2021). For a complete

model for the propagation of rapid systemic signals during SAA and SAR see (Gilroy et al., 2016).

RCD takes place as part of SAR response mechanism, for instance during the HR (Pontier et al., 1998;
Loebenstein, 2009), and systemic RCD (Li et al., 2018). Recent studies show that local tobacco
mosaic virus (TMV) infection of tomato leaves can induce systemic RCD in the root tip (Li et al.,
2018). Such an observation might be the result of an excessive systemic response, resulting in the
death of unwanted tissue. To understand whether this RCD is a controlled, adaptive response it is
necessary to evaluate the survival rate of tomato plants that show TMV-induced RCD in the root tip.
Finally, during the SWR, the death of a few cells adjacent to the damaged cells results in physical
closure of the wound and prevents water loss or pathogen attack (Cui et al., 2013; Zandalinas et al.,

2020).

2202 1890100 G0 U Jasn 1daq sienss Aq 6061£.9/€9£0B10/axXl/E601"01/10p/a[oNe-80UBAPE/X(/W00"dNO*olWapEdE/:SARY WO} POpeojumod



Author Contributions:

Conceptualization, AA, DJS, MVM; Writing — Original Draft Preparation, AA, DJS, MVM, DM, CJ, AD,
NCA; Writing — Review & Editing, AA, DJS, MVM, DM, CJ, AD, NCA. All authors have read and agreed

to the final version of the manuscript.

Conflicts of Interest:

The authors declare no conflict of interest.

Acknowledgments

We apologize to the many research groups whose work is not cited in this review due to space

constraints. We would like to thank Dr. Maria José Iglesias and Dr. Daniel Lundin for insightful

comments.

Funding

AA received a grant from Linnaeus University to cover the Article Processing Charge (APC).

DJS is supported by the Norwegian University of Science and Technology.

CJ is supported by IFREMER

MVM, DM, AD and NCA are supported by Consejo Nacional de Investigaciones Cientiificas y Técnicas

(CONICET).

2202 1890100 G0 U Jasn 1daq sienss Aq 6061£.9/€9£0B10/axXl/E601"01/10p/a[oNe-80UBAPE/X(/W00"dNO*olWapEdE/:SARY WO} POpeojumod



References:

Abada A, Segev E. 2018. Multicellular Features of Phytoplankton. Frontiers in Marine
Science 5, 144.

Abada A, Sperfeld M, Carmieli R, Ben-Dor S, Zhang IH, Babbin AR, Segev E. 2021.
Aerobic bacteria produce nitric oxide via denitrification and trigger algal population collapse.
, 2021.11.14.468512.

Agostoni M, Montgomery BL. 2014. Survival strategies in the aquatic and terrestrial world:
the impact of second messengers on cyanobacterial processes. Life (Basel, Switzerland) 4,
745-769.

Aguilera A, Berdun F, Bartoli C, et al. 2022. C-ferroptosis is an iron-dependent form of
regulated cell death in cyanobacteria. Journal of Cell Biology 221, e201911005.

Aguilera A, Klemenci¢ M, Sueldo DJ, Rzymski P, Giannuzzi L, Martin MV. 2021. Cell
Death in Cyanobacteria: Current Understanding and Recommendations for a Consensus on
Its Nomenclature. Frontiers in Microbiology 12.

Ameisen JC. 2002. On the origin, evolution, and nature of programmed cell death: a timeline
of four billion years. Cell Death & Differentiation 9, 367-393.

Arif MA, Hiss M, Tomek M, Busch H, Meyberg R, Tintelnot S, Reski R, Rensing SA,
Frank W. 2019. ABA-Induced Vegetative Diaspore Formation in Physcomitrella patens.
Frontiers in Plant Science 10, 315.

Asai T, Stone JM, Heard JE, Kovtun Y, Yorgey P, Sheen J, Ausubel FM. 2000.
Fumonisin Bl-induced cell death in arabidopsis protoplasts requires jasmonate-, ethylene-,
and salicylate-dependent signaling pathways. The Plant Cell 12, 1823-1836.

Astier J, Rossi J, Chatelain P, Klinguer A, Besson-Bard A, Rosnoblet C, Jeandroz S,
Nicolas-Franceés V, Wendehenne D. 2021. Nitric oxide production and signalling in algae.
Journal of Experimental Botany 72, 781-792.

Baldrich P, Rutter BD, Karimi HZ, Podicheti R, Meyers BC, Innes RW. 2019. Plant
Extracellular Vesicles Contain Diverse Small RNA Species and Are Enriched in 10- to 17-
Nucleotide ‘Tiny” RNAs. The Plant Cell 31, 315-324.

Baldwin IT, Halitschke R, Paschold A, von Dahl CC, Preston CA. 2006. Volatile
signaling in plant-plant interactions: ‘talking trees’ in the genomics era. Science (New York,
N.Y.) 311, 812-815.

de Bang TC, Lundquist PK, Dai X, et al. 2017. Genome-Wide Identification of Medicago
Peptides Involved in Macronutrient Responses and Nodulation1[OPEN]. Plant Physiology
175, 1669-1689.

Bar-Dror T, Dermastia M, Kladnik A, et al. 2011. Programmed Cell Death Occurs
Asymmetrically during Abscission in Tomato. The Plant Cell 23, 4146-4163.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Barreto Filho MM, Bagatini IL, Durand PM. 2022. How shall we measure programmed
cell death in eukaryotic microalgae? European Journal of Phycology 0, 1-22.

Baxter AA, Phan TK, Hanssen E, Liem M, Hulett MD, Mathivanan S, Poon IKH. 2019.
Analysis of extracellular vesicles generated from monocytes under conditions of lytic cell
death. Scientific Reports 9, 7538.

Beligni MV, Fath A, Bethke PC, Lamattina L, Jones RL. 2002. Nitric oxide acts as an
antioxidant and delays programmed cell death in barley aleurone layers. Plant Physiology
129, 1642-1650.

Beligni MV, Lamattina L. 1999. Is nitric oxide toxic or protective? Trends in Plant Science
4, 299-300.

Beloshistov RE, Dreizler K, Galiullina RA, et al. 2018. Phytaspase-mediated precursor
processing and maturation of the wound hormone systemin. New Phytologist 218, 1167—
1178.

Berenguer E, Minina EA, Carneros E, Beréeny |, Bozhkov PV, Testillano PS. 2020.
Suppression of Metacaspase- and Autophagy-Dependent Cell Death Improves Stress-Induced
Microspore Embryogenesis in Brassica napus. Plant and Cell Physiology 61, 2097-2110.

Berges JA, Choi CJ. 2014. Cell death in algae: physiological processes and relationships
with stress. Perspectives in Phycology, 103-112.

Bernardi S, Balbi C. 2020. Extracellular Vesicles: From Biomarkers to Therapeutic Tools.
Biology 9, E258.

Besson-Bard A, Griveau S, Bedioui F, Wendehenne D. 2008. Real-time electrochemical
detection of extracellular nitric oxide in tobacco cells exposed to cryptogein, an elicitor of
defence responses. Journal of Experimental Botany 59, 3407-3414.

Bethke PC, Badger MR, Jones RL. 2004. Apoplastic synthesis of nitric oxide by plant
tissues. The Plant Cell 16, 332-341.

Bethke PC, Jones RL. 2001. Cell death of barley aleurone protoplasts is mediated by
reactive oxygen species. The Plant Journal: For Cell and Molecular Biology 25, 19-29.

Bidle, K. D. (2015). The molecular ecophysiology of programmed cell death in marine
phytoplankton. Annual review of marine science, 7, 341-375.

Bidle KD. 2016. Programmed cell death in unicellular phytoplankton. Current biology: CB
26, R594-R607.

Biller, S. J., Lundeen, R. A., Hmelo, L. R., Becker, K. W., Arellano, A. A., Dooley, K., ...
& Chisholm, S. W. (2022). Prochlorococcus extracellular vesicles: molecular composition
and adsorption to diverse microbes. Environmental Microbiology, 24(1), 420-435.

Biller SJ, Schubotz F, Roggensack SE, Thompson AW, Summons RE, Chisholm SW.
2014. Bacterial Vesicles in Marine Ecosystems. Science 343, 183-186.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Blanvillain R, Young B, Cai Y, Hecht V, Varoquaux F, Delorme V, Lancelin J-M,
Delseny M, Gallois P. 2011. The Arabidopsis peptide kiss of death is an inducer of
programmed cell death. The EMBO Journal 30, 1173-1183.

Blée E. 2002. Impact of phyto-oxylipins in plant defense. Trends in Plant Science 7, Issue 7, 315-322.

Borniego ML, Molina MC, Guiamét JJ, Martinez DE. 2020. Physiological and Proteomic
Changes in the Apoplast Accompany Leaf Senescence in Arabidopsis. Frontiers in Plant
Science 10, 1635.

Bratbak G, Egge JK, Heldal M. 1993. Viral mortality of the marine alga Emiliania huxleyi
(Haptophyceae) and termination of algal blooms. Marine Ecology Progress Series 93, 39-48.

Brown ER, Kubanek J. 2020. Harmful alga trades off growth and toxicity in response to
cues from dead phytoplankton. Limnology and Oceanography 65, 1723-1733.

Brunkard JO, Zambryski PC. 2017. Plasmodesmata enable multicellularity: new insights
into their evolution, biogenesis, and functions in development and immunity. Current
Opinion in Plant Biology 35, 76-83.

Burch-Smith TM, Stonebloom S, Xu M, Zambryski PC. 2011. Plasmodesmata during
development: re-examination of the importance of primary, secondary, and branched
plasmodesmata structure versus function. Protoplasma 248, 61-74.

Cai Q, He B, Wang S, Fletcher S, Niu D, Mitter N, Birch PRJ, Jin H. 2021. Message in a
Bubble: Shuttling Small RNAs and Proteins Between Cells and Interacting Organisms Using
Extracellular Vesicles. Annual Review of Plant Biology 72, 497-524.

Cai Q, He B, Weiberg A, Buck AH, Jin H. 2019. Small RNAs and extracellular vesicles:
New mechanisms of cross-species communication and innovative tools for disease control.
PLOS Pathogens 15, e1008090.

Cai Q, Qiao L, Wang M, He B, Lin F-M, Palmquist J, Huang S-D, Jin H. 2018. Plants
send small RNAs in extracellular vesicles to fungal pathogen to silence virulence genes.
Science (New York; N.Y.) 360, 1126-1129.

de la Canal L, Pinedo M. 2018. Extracellular vesicles: a missing component in plant cell
wall remodeling. Journal of Experimental Botany 69, 4655-4658.

Carella P, Schornack S. 2018. Manipulation of Bryophyte Hosts by Pathogenic and
Symbiotic Microbes. Plant & Cell Physiology 59, 651-660.

Carmona-Gutierrez D, Bauer MA, Zimmermann A, et al. 2018. Guidelines and
recommendations on yeast cell death nomenclature. Microbial Cell 5, 4-31.

Cashikar AG, Hanson PIl. 2019. A cell-based assay for CD63-containing extracellular
vesicles. PLoS ONE 14, e0220007.

Casotti R, Mazza S, Brunet C, Vantrepotte V, lanora A, Miralto A. 2005. Growth
Inhibition and Toxicity of the Diatom Aldehyde 2-Trans, 4-Trans-Decadienal on
Thalassiosira Weissflogii (bacillariophyceae)l. Journal of Phycology 41, 7-20.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Chaigne A, Brunet T. 2022. Incomplete abscission and cytoplasmic bridges in the evolution
of eukaryotic multicellularity. Current biology: CB 32, R385-R397.

Chen Y-L, Fan K-T, Hung S-C, Chen Y-R. 2020. The role of peptides cleaved from protein
precursors in eliciting plant stress reactions. New Phytologist 225, 2267-2282.

Cheng, S., Xian, W., Fu, Y., Marin, B., Keller, J.,, Wu, T., ... & Melkonian, M. (2019).
Genomes of subaerial Zygnematophyceae provide insights into land plant
evolution. Cell, 179(5), 1057-1067.

Cheval C, Samwald S, Johnston MG, de Keijzer J, Breakspear A, Liu X, Bellandi A,
Kadota Y, Zipfel C, Faulkner C. 2020. Chitin perception in plasmodesmata characterizes
submembrane immune-signaling specificity in plants. Proceedings of the National Academy
of Sciences of the United States of America 117, 9621-9629.

Chichkova NV, Shaw J, Galiullina RA, et al. 2010. Phytaspase, a relocalisable cell death
promoting plant protease with caspase specificity. The EMBO Journal 29, 1149-1161.

Chivasa S, Murphy AM, Hamilton JM, Lindsey K, Carr JP, Slabas AR. 20009.
Extracellular ATP is a regulator of pathogen defence in plants. The Plant Journal: For Cell
and Molecular Biology 60, 436-448.

Chivasa S, Ndimba BK, Simon WJ, Lindsey K, Slabas AR. 2005. Extracellular ATP
functions as an endogenous external metabolite regulating plant cell viability. The Plant Cell
17, 3019-3034.

Choi W-G, Miller G, Wallace I, Harper J, Mittler R, Gilroy S. 2017. Orchestrating rapid
long-distance signaling in plants with Ca2+, ROS and electrical signals. The Plant Journal 90,
698-707.

Choi W-G, Toyota M, Kim S-H, Hilleary R, Gilroy S. 2014. Salt stress-induced Ca2+
waves are associated with rapid, long-distance root-to-shoot signaling in plants. Proceedings
of the National Academy of Sciences of the United States of America 111, 6497-6502.

Choudhury FK, Devireddy AR, Azad RK, Shulaev V, Mittler R. 2018. Local and
Systemic Metabolic Responses during Light-Induced Rapid Systemic Signaling. Plant
Physiology 178, 1461-1472.

Claessen D, Rozen DE, Kuipers OP, Sggaard-Andersen L, van Wezel GP. 2014.
Bacterial solutions to multicellularity: a tale of biofilms, filaments and fruiting bodies. Nature
Reviews Microbiology 12, 115-124.

Clapham DE. 2007. Calcium Signaling. Cell 131, 1047-1058.

Clark G, Fraley D, Steinebrunner I, Cervantes A, Onyirimba J, Liu A, Torres J, Tang
W, Kim J, Roux SJ. 2011. Extracellular nucleotides and apyrases regulate stomatal aperture
in Arabidopsis. Plant Physiology 156, 1740-1753.

Clark G, Roux SJ. 2018. Role of Ca2+ in Mediating Plant Responses to Extracellular ATP
and ADP. International Journal of Molecular Sciences 19, 3590.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Collén J, Pedersén M, Bornman CH. 1994. A stress-induced oxidative burst in Eucheuma
platycladum (Rhodophyta). Physiologia Plantarum 92, 417-422.

Cory RM, Davis TW, Dick GJ, Johengen T, Denef VJ, Berry MA, Page SE, Watson SB,
Yuhas K, Kling GW. 2016. Seasonal Dynamics in Dissolved Organic Matter, Hydrogen
Peroxide, and Cyanobacterial Blooms in Lake Erie. Frontiers in Marine Science 0.

van Creveld SG, Rosenwasser S, Schatz D, Koren I, Vardi A. 2015. Early perturbation in
mitochondria redox homeostasis in response to environmental stress predicts cell fate in
diatoms. The ISME Journal 9, 385-395.

Cui F, Brosché M, Sipari N, Tang S, Overmyer K. 2013. Regulation of ABA dependent
wound induced spreading cell death by MYB108. New Phytologist 200, 634-640.

Cui Y, Gao J, He Y, Jiang L. 2020. Plant extracellular vesicles. Protoplasma 257, 3-12.

Daneva A, Gao Z, Van Durme M, Nowack MK. 2016. Functions and regulation of
programmed cell ceath in plant development. Annual Review of Cell and Developmental
Biology 32, 441-468.

De Palma M, Ambrosone A, Leone A, Del Gaudio P, Ruocco M, Turidk L, Bokka R,
Fiume I, Tucci M, Pocsfalvi G. 2020. Plant roots release small extracellular vesicles with
antifungal activity. Plants (Basel, Switzerland) 9.

Decrock E, Vinken M, De Vuyst E, Krysko DV, D’Herde K, Vanhaecke T,
Vandenabeele P, Rogiers V, Leybaert L. 2009. Connexin-related signaling in cell death: to
live or let die? Cell Death and Differentiation 16, 524-536.

Delledonne M. 2005. NO news is good news for plants. Current Opinion in Plant Biology 8,
390-396.

Demidchik V, Shang Z, Shin R, et al. 2009. Plant extracellular ATP signalling by plasma
membrane NADPH oxidase and Ca2+ channels. The Plant Journal: For Cell and Molecular
Biology 58, 903-913.

Desnitskiy AG. 2021. Volvox as a model for studying cell death and senescence. Russian
Journal of Developmental Biology 52, 259-267.

Diaz JM, Plummer S. 2018. Production of extracellular reactive oxygen species by
phytoplankton: past and future directions. Journal of Plankton Research 40, 655-666.

Diaz JM, Plummer S, Hansel CM, Andeer PF, Saito MA, Mcllvin MR. 2019. NADPH-
dependent extracellular superoxide production is vital to photophysiology in the marine
diatom Thalassiosira oceanica. Proceedings of the National Academy of Sciences 116,
16448-16453.

Dietrich RA, Richberg MH, Schmidt R, Dean C, Dangl JL. 1997. A Novel Zinc Finger
Protein Is Encoded by the Arabidopsis LSD1 Gene and Functions as a Negative Regulator of
Plant Cell Death. Cell 88, 685-694.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



D’Ippolito G, Lamari N, Montresor M, Romano G, Cutignano A, Gerecht A, Cimino G,
Fontana A. 2009. 15S-lipoxygenase metabolism in the marine diatom Pseudo-nitzschia
delicatissima. The New phytologist 183, 1064-1071.

Distéfano AM, Lopez GA, Setzes N, Marchetti F, Cainzos M, Cascallares M, Zabaleta
E, Pagnussat GC. 2021. Ferroptosis in plants: triggers, proposed mechanisms, and the role
of iron in modulating cell death. Journal of Experimental Botany 72, 2125-2135.

Distéfano AM, Martin MV, Cdérdoba JP, et al. 2017. Heat stress induces ferroptosis-like
cell death in plants. J Cell Biol 216, 463-476.

Dorantes-Aranda JJ, Parra LMG la, Alonso-Rodriguez R, Morquecho L. 2009.
Hemolytic activity and fatty acids composition in the ichthyotoxic dinoflagellate
Cochlodinium polykrikoides isolated from Bahia de La Paz, Gulf of California. Marine
Pollution Bulletin 58, 1401-1405.

Durand PM, Barreto Filho MM, Michod RE. 2019. Cell death in evolutionary transitions
in individuality. The Yale Journal of Biology and Medicine 92, 651-662.

Durand PM, Rashidi A, Michod RE. 2011. How an organism dies affects the fitness of its
neighbors. The American Naturalist 177, 224-232.

Durand PM, Sym S, Michod RE. 2016. Programmed cell death and complexity in microbial
systems. Current biology: CB 26, R587-R593.

Engelberg-Kulka H, Amitai S, Kolodkin-Gal I, Hazan R. 2006. Bacterial programmed
cell death and multicellular behavior in bacteria. PLoS genetics 2, e135.

Escamez S, Stael S, Vainonen JP, Willems P, Jin H, Kimura S, Van Breusegem F,
Gevaert K, Wrzaczek M, Tuominen H. 2019. Extracellular peptide Kratos restricts cell
death during vascular development and stress in Arabidopsis. Journal of Experimental Botany
70, 2199-2210.

Fabre B, Combier J-P, Plaza S. 2021. Recent advances in mass spectrometry-based
peptidomics workflows to identify short-open-reading-frame-encoded peptides and explore
their functions. Current Opinion in Chemical Biology 60, 122—130.

Falz A-L, Miller-Schissele SJ. 2019. Physcomitrella as a model system for plant cell
biology and organelle-organelle communication. Current Opinion in Plant Biology 52, 7-13.

Fath A, Bethke PC, Jones RL. 2001. Enzymes that scavenge reactive oxygen species are
down-regulated prior to gibberellic acid-induced programmed cell death in barley aleurone.
Plant Physiology 126, 156-166.

Fendrych M, Van Hautegem T, Van Durme M, et al. 2014. Programmed cell death
controlled by ANACO033/SOMBRERO determines root cap organ size in Arabidopsis.
Current biology: CB 24, 931-940.

Feng HQ, Guan DD, Bai JY, Jia LY, Fang Y, Sun K. 2015a. Extracellular ATP alleviates
the salicylic acid-induced inhibition of cell viability and respiration through a Ca2+-
dependent mechanism. Biologia plantarum 59, 193-197.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Feng H, Guan D, Sun K, Fang Y, Zhao Y, Jia L. 2015b. Extracellular ATP is involved in
the salicylic acid-Induced cell death in suspension-cultured tobacco cells. Plant Production
Science 18, 154-160.

Fesenko I, Azarkina R, Kirov I, et al. 2019. Phytohormone treatment induces generation of
cryptic peptides with antimicrobial activity in the Moss Physcomitrella patens. BMC Plant
Biology 19, 9.

Fichman Y, Mittler R. 2021. A systemic whole-plant change in redox levels accompanies
the rapid systemic response to wounding. Plant Physiology 186, 4-8.

Fichman Y, Myers RJ, Grant DG, Mittler R. 2021. Plasmodesmata-localized proteins and
ROS orchestrate light-induced rapid systemic signaling in Arabidopsis. Science Signaling 14.

Fitoussi N, Borrego E, Kolomiets MV, Qing X, Bucki P, Sela N, Belausov- E, Braun
Miyara S. 2021. Oxylipins are implicated as communication signals in tomato-root-knot
nematode (Meloidogyne javanica) interaction. Scientific Reports 11, 326.

Flores E, Nieves-Morién M, Mullineaux CW. 2018. Cyanobacterial Septal Junctions:
Properties and Regulation. Life 9, 1.

Flusberg DA, Sorger PK. 2015. Surviving apoptosis: life-death signaling in single cells.
Trends in Cell Biology 25, 446-458.

Fountain SJ, Cao L, Young MT, North RA. 2008. Permeation Properties of a P2X
Receptor in the Green Algae Ostreococcus tauri*. Journal of Biological Chemistry 283,
15122-15126.

Franklin DJ. 2021. Examining the Evidence for Regulated and Programmed Cell Death in
Cyanobacteria. How Significant Are Different Forms of Cell Death in Cyanobacteria
Population Dynamics? Frontiers in Microbiology O.

Gallina AA, Palumbo A, Casotti R. 2016. Oxidative pathways in response to
polyunsaturated aldehydes in the marine diatom Skeletonema marinoi (Bacillariophyceae).
Journal of Phycology 52, 590-598.

Gallo C, d’Ippolito G, Nuzzo G, Sardo A, Fontana A. 2017. Autoinhibitory sterol sulfates
mediate programmed cell death in a bloom-forming marine diatom. Nature Communications
8, 1292.

Galluzzi L, Bravo-San Pedro JM, Kepp O, Kroemer G. 2016. Regulated cell death and
adaptive stress responses. Cellular and molecular life sciences: CMLS 73, 2405-2410.

Galluzzi L, Bravo-San Pedro JM, Vitale I, et al. 2015. Essential versus accessory aspects
of cell death: recommendations of the NCCD 2015. Cell Death and Differentiation 22, 58-73.

Galluzzi L, Vitale I, Aaronson SA, et al. 2018. Molecular mechanisms of cell death:
recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death and
Differentiation 25, 486-541.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Gan N, Xiao Y, Zhu L, Wu Z, Liu J, Hu C, Song L. 2012. The role of microcystins in
maintaining colonies of bloom-forming Microcystis spp. Environmental Microbiology 14,
730-742.

Ghasemi R, Sharifi R, Ghaderian SM. 2020. Studying the roles of calcium and magnesium
in cell death in the serpentine native plant Alyssum inflatum NYARADY through cell
suspension culture technique. Plant physiology and biochemistry: PPB 151, 362-368.

Gill S, Catchpole R, Forterre P. 2019. Extracellular membrane vesicles in the three
domains of life and beyond. FEMS Microbiology Reviews 43, 273-303.

Gilroy S, Bialasek M, Suzuki N, Gorecka M, Devireddy AR, Karpinski S, Mittler R.
2016. ROS, calcium, and electric signals: Key mediators of rapid systemic signaling in
plants. Plant Physiology 171, 1606-1615.

Giner J-L, Zhao H, Tomas C. 2008. Sterols and fatty acids of three harmful algae
previously assigned as Chattonella. Phytochemistry 69, 2167-2171.

Glibert P, Anderson D, Gentien P, Granéli E, Sellner K. 2005. The Global, Complex
Phenomena of Harmful Algal Blooms. Oceanography 18, 136-147.

Godel-Jedrychowska K, Kulinska-Lukaszek K, Horstman A, Soriano M, Li M, Malota
K, Boutilier K, Kurczynska EU. 2020. Symplasmic isolation marks cell fate changes during
somatic embryogenesis. Journal of Experimental Botany 71, 2612-2628.

Gonzélez-Pastor JE, Hobbs EC, Losick R. 2003. Cannibalism by sporulating bacteria.
Science 301, 510-513.

Greisen SR, Yan Y, Hansen AS, Veng MT, Nyengaard JR, Moestrup SK, Hvid M,
Freeman GJ, Kjems J, Deleuran B. 2017. Extracellular Vesicles Transfer the Receptor
Programmed Death-1 in Rheumatoid Arthritis. Frontiers in Immunology 8, 851.

Gu N, Tamada Y, Imai A, Palfalvi G, Kabeya Y, Shigenobu S, Ishikawa M, Angelis KJ,
Chen C, Hasebe M. 2020. DNA damage triggers reprogramming of differentiated cells into
stem cells in Physcomitrella. Nature Plants 6, 1098-1105.

Hander T, Fernandez-Fernandez AD, Kumpf RP, et al. 2019. Damage on plants activates
Ca2+-dependent metacaspases for release of immunomodulatory peptides. Science (New
York, N.Y.) 363, eaar7486.

Handrich, M., de Vries, J., Gould, S. B., Serddio, J., & Christa, G. (2017). Ulvophyceaen
photophysiology and research opportunities. Perspect Phycol, 4, 83-92.

Hansel CM, Buchwald C, Diaz JM, Ossolinski JE, Dyhrman ST, Mooy BASV, Polyviou
D. 2016. Dynamics of extracellular superoxide production by Trichodesmium colonies from
the Sargasso Sea. Limnology and Oceanography 61, 1188-1200.

Hansel CM, Diaz JM. 2021. Production of extracellular reactive oxygen species by marine
biota. Annual Review of Marine Science 13, 177-200.

Hara-Nishimura I, Hatsugai N. 2011. The role of vacuole in plant cell death. Cell Death &
Differentiation 18, 1298-1304.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Harke MJ, Steffen MM, Gobler CJ, Otten TG, Wilhelm SW, Wood SA, Paerl HW.
2016. A review of the global ecology, genomics, and biogeography of the toxic
cyanobacterium, Microcystis spp. Global Expansion of Harmful Cyanobacterial Blooms:
Diversity, ecology, causes, and controls 54, 4-20.

Hatsugai N, Kuroyanagi M, Nishimura M, Hara-Nishimura 1. 2006. A cellular suicide
strategy of plants: vacuole-mediated cell death. Apoptosis 11, 905-911.

Havé M, Balliau T, Cottyn-Boitte B, et al. 2018. Increases in activity of proteasome and
papain-like cysteine protease in Arabidopsis autophagy mutants: back-up compensatory
effect or cell-death promoting effect? Journal of Experimental Botany 69, 1369-1385.

Hay ME. 2009. Marine chemical ecology: chemical signals and cues structure marine
populations, communities, and ecosystems. Annual Review of Marine Science 1, 193-212.

He B, Hamby R, Jin H. 2021. Plant extracellular vesicles: Trojan horses of cross-kingdom
warfare. FASEB BioAdvances 3, 657-664.

Herrero A, Stavans J, Flores E. 2016. The multicellular nature of filamentous heterocyst-
forming cyanobacteria. FEMS microbiology reviews 40, 831-854.

Hou Q, Ye G, Wang R, Jia L, Liang J, Feng H, Wen J, Shi D, Wang Q. 2017. Changes by
cadmium stress in lipid peroxidation and activities of lipoxygenase and antioxidant enzymes
in Arabidopsis are associated with extracellular ATP. Biologia 72, 1467-1474.

Hu C, Rzymski P. 2019. Programmed cell death-like and accompanying release of
microcystin in freshwater bloom-forming cyanobacterium Microcystis: From identification to
ecological relevance. Toxins 11.

Huang H, Ullah F, Zhou D-X, Yi M, Zhao Y. 2019. Mechanisms of ROS Regulation of
Plant Development and Stress Responses. Frontiers in Plant Science 10, 800.

Huidobro-Toro JP, Donoso V, Flores V, Santelices B. 2015. ATP and related purines
stimulate motility, spatial congregation, and coalescence in red algal spores. Journal of
Phycology 51, 247-254.

Huysmans M, Lema A S, Coll NS, Nowack MK. 2017. Dying two deaths — programmed
cell death regulation in development and disease. Current Opinion in Plant Biology 35, 37—
44,

lanora A, Miralto A, Poulet SA, et al. 2004. Aldehyde suppression of copepod recruitment
in blooms of a ubiquitous planktonic diatom. Nature 429, 403—407.

Jabs T, Dietrich RA, Dangl JL. 1996. Initiation of Runaway Cell Death in an Arabidopsis
Mutant by Extracellular Superoxide. Science 273, 1853-1856.

Jauzein C, Erdner DL. 2013. Stress-related responses in Alexandrium tamarense cells
exposed to environmental changes. The Journal of Eukaryotic Microbiology 60, 526-538.

Jeandroz S, Wipf D, Stuehr DJ, Lamattina L, Melkonian M, Tian Z, Zhu Y, Carpenter
EJ, Wong GK-S, Wendehenne D. 2016. Occurrence, structure, and evolution of nitric oxide
synthase-like proteins in the plant kingdom. Science Signaling 9, re2.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Jeter CR, Tang W, Henaff E, Butterfield T, Roux SJ. 2004. Evidence of a novel cell
signaling role for extracellular adenosine triphosphates and diphosphates in Arabidopsis. The
Plant Cell 16, 2652-2664.

Jia L-Y, Bai J-Y, Sun K, Wang R-F, Feng H-Q. 2019. Extracellular ATP released by
copper stress could act as diffusible signal in alleviating the copper stress-induced cell death.
Protoplasma 256, 491-501.

Jimenez-Jimenez S, Hashimoto K, Santana O, Aguirre J, Kuchitsu K, Céardenas L.
2019. Emerging roles of tetraspanins in plant inter-cellular and inter-kingdom
communication. Plant Signaling & Behavior 14, e1581559.

Johnston MG, Breakspear A, Samwald S, Zhang D, Papp D, Faulkner C, Keijzer J de.
2022. Comparative phyloproteomics identifies conserved plasmodesmal proteins.
2022.06.01.494363.

Kieninger A-K, Maldener 1. 2021. Cell—cell communication through septal junctions in
filamentous cyanobacteria. Current Opinion in Microbiology 61, 35-41.

Kim JS, Jeon BW, Kim J. 2021. Signaling Peptides Regulating Abiotic Stress Responses in
Plants. Frontiers in Plant Science 12, 704490.

Kim D-K, Lee J, Simpson RJ, Loétvall J, Gho YS. 2015. EVpedia: A community web
resource for prokaryotic and eukaryotic extracellular vesicles research. Seminars in Cell &
Developmental Biology 40, 4-7.

Kim GH, Nagasato C, Kwak M, et al. 2022. Intercellular transport across pit-connections in
the filamentous red alga Griffithsia monilis. Algae 37, 75-84.

Kim D, Nakashima T, Matsuyama Y, Niwano Y, Yamaguchi K, Oda T. 2007. Presence
of the distinct systems responsible for superoxide anion and hydrogen peroxide generation in
red tide phytoplankton Chattonella marina and Chattonella ovata. Journal of Plankton
Research 29, 241-247.

Kitagawa M, Tomoi T, Fukushima T, Sakata Y, Sato M, Toyooka K, Fujita T,
Sakakibara H. 2019. Abscisic acid acts as a regulator of molecular trafficking through
plasmodesmata in the moss Physcomitrella patens. Plant & Cell Physiology 60, 738-751.

Krysko DV, Leybaert L, Vandenabeele P, D’Herde K. 2005. Gap junctions and the
propagation of cell survival and cell death signals. Apoptosis: An International Journal on
Programmed Cell Death 10, 459-469.

Kubo M, Nishiyama T, Tamada Y, et al. 2019. Single-cell transcriptome analysis of
Physcomitrella leaf cells during reprogramming using microcapillary manipulation. Nucleic
Acids Research 47, 4539-4553.

Laxalt AM, Raho N, Have AT, Lamattina L. 2007. Nitric oxide is critical for inducing
phosphatidic acid accumulation in xylanase-elicited tomato cells. The Journal of Biological
Chemistry 282, 21160-21168.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Lee J-Y, Wang X, Cui W, et al. 2011. A plasmodesmata-localized protein mediates
crosstalk between cell-to-cell communication and innate immunity in Arabidopsis. The Plant
cell 23, 3353-3373.

Lewis K. 2000. Programmed death in bacteria. Microbiology and molecular biology reviews:
MMBR 64, 503-514.

Li J-Y, Jiang A-L, Chen H-Y, Wang Y, Zhang W. 2007. Lanthanum Prevents Salt Stress-
induced Programmed Cell Death in Rice Root Tip Cells by Controlling Early Induction
Events. Journal of Integrative Plant Biology 49, 1024-1031.

Li Y, Li Q, Hong Q, Lin Y, Mao W, Zhou S. 2018. Reactive oxygen species triggering
systemic programmed cell death process via elevation of nuclear calcium ion level in
tomatoes resisting tobacco mosaic virus. Plant Science: An International Journal of
Experimental Plant Biology 270, 166-175.

Li ZP, Paterlini A, Glavier M, Bayer EM. 2021. Intercellular  trafficking via
plasmodesmata: molecular layers of complexity. Cellular and Molecular Life Sciences 78,
799-816.

Lim G-H, Kachroo A, Kachroo P. 2016. Role of plasmodesmata and plasmodesmata
localizing proteins in systemic immunity. Plant Signaling & Behavior 11, €1219829.

Lim MH, Wu J, Yao J, et al. 2014. Apyrase suppression raises extracellular ATP levels and
induces gene expression and cell wall changes characteristic of stress responses. Plant
physiology 164, 2054-2067.

Liu N-J, Bao J-J, Wang L-J, Chen X-Y. 2020a. Arabidopsis leaf extracellular vesicles in
wound-induced jasmonate accumulation. Plant Signaling & Behavior 15, 1833142.

Liu N-J, Wang N, Bao J-J, Zhu H-X, Wang L-J, Chen X-Y. 2020b. Lipidomic Analysis
Reveals the Importance of GIPCs in Arabidopsis Leaf Extracellular Vesicles. Molecular Plant
13, 1523-1532.

Locato V, De Gara L. 2018. Programmed cell death in plants: An overview. Methods in
Molecular Biology (Clifton, N.J.) 1743, 1-8.

Loebenstein G. 2009. Chapter 3 - Local Lesions and Induced Resistance. In: Loebenstein G,,
In: Carr JP, eds. Natural and Engineered Resistance to Plant Viruses, Part I. Advances in
Virus Research. Academic Press, 73-117.

Lyapina I, Filippova A, Kovalchuk S, et al. 2021. Possible role of small secreted peptides
(SSPs) in immune signaling in bryophytes. Plant Molecular Biology 106, 123-143.

Ma W, Berkowitz GA. 2007. The grateful dead: calcium and cell death in plant innate
immunity. Cellular Microbiology 9, 2571-2585.

Marshall J-A, Ross T, Pyecroft S, Hallegraeff G. 2005. Superoxide production by marine
microalgae. Marine Biology 147, 541-549.

Masclaux-Daubresse C, Cléement G, Anne P, Routaboul J-M, Guiboileau A, Soulay F,
Shirasu K, Yoshimoto K. 2014. Stitching together the Multiple Dimensions of Autophagy

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Using Metabolomics and Transcriptomics Reveals Impacts on Metabolism, Development,
and Plant Responses to the Environment in Arabidopsis[C][W]. The Plant Cell 26, 1857-
1877.

Mehta S, Chakraborty A, Roy A, Singh IK, Singh A. 2021. Fight hard or die trying:
Current status of lipid signaling during plant-pathogen interaction. Plants (Basel,
Switzerland) 10, 1098.

Meldolesi J. 2018. Exosomes and ectosomes in intercellular communication. Current
biology: CB 28, R435-R444.

Michod RE, Nedelcu AM, Roze D. 2003. Cooperation and conflict in the evolution of
individuality. IV. Conflict mediation and evolvability in Volvox carteri. Bio Systems 69, 95—
114.

Miller G, Schlauch K, Tam R, Cortes D, Torres MA, Shulaev V, Dangl JL, Mittler R.
2009. The plant NADPH oxidase RBOHD mediates rapid systemic signaling in response to
diverse stimuli. Science Signaling 2, ra45.

Mittler R. 2017. ROS Are Good. Trends in Plant Science 22, 11-19.

Mittler R, Vanderauwera S, Suzuki N, Miller G, Tognetti VB, Vandepoele K, Gollery
M, Shulaev V, Van Breusegem F. 2011. ROS signaling: the new wave? Trends in Plant
Science 16, 300-3009.

Mizrachi A, Graff van Creveld S, Shapiro OH, Rosenwasser S, Vardi A. 2019. Light-
dependent single-cell heterogeneity in the chloroplast redox state regulates cell fate in a
marine diatom. eLife 8, e47732.

Movahed N, Cabanillas DG, Wan J, Vali H, Laliberté J-F, Zheng H. 2019. Turnip
Mosaic Virus Components Are Released into the Extracellular Space by Vesicles in Infected
Leaves. Plant Physiology 180, 1375-1388.

Miuller MN, Barcelos e Ramos J, Schulz KG, et al. 2015. Phytoplankton calcification as an
effective mechanism to alleviate cellular calcium poisoning. Biogeosciences 12, 6493-6501.

Muller A, Fujita T, Coudert Y. 2022. Callose Detection and Quantification at
Plasmodesmata in Bryophytes. Methods in Molecular Biology (Clifton, N.J.) 2457, 177-187.

Mufoz-Pinedo C. 2012. Signaling pathways that regulate life and cell death: evolution of
apoptosis in the context of self-defense. Advances in Experimental Medicine and Biology
738, 124-143.

Murphy E, Smith S, De Smet I. 2012. Small Signaling Peptides in Arabidopsis
Development: How Cells Communicate Over a Short Distance. The Plant Cell 24, 3198—
3217.

Nagasato C, Tanaka A, Ito T, Katsaros C, Motomura T. 2017. Intercellular translocation
of molecules via plasmodesmata in the multiseriate filamentous brown alga, Halopteris
congesta (Sphacelariales, Phaeophyceae). Journal of Phycology 53, 333-341.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Niu N, Liang W, Yang X, Jin W, Wilson ZA, Hu J, Zhang D. 2013. EAT1 promotes
tapetal cell death by regulating aspartic proteases during male reproductive development in
rice. Nature Communications 4, 1445.

Orellana MV, Pang WL, Durand PM, Whitehead K, Baliga NS. 2013. A Role for
Programmed Cell Death in the Microbial Loop. PLOS ONE 8, €62595.

Pastor-Fernandez J, Gamir J, Pastor V, Sanchez-Bel P, Sanmartin N, Cerezo M, Flors
V. 2020. Arabidopsis Plants Sense Non-self Peptides to Promote Resistance Against
Plectosphaerella cucumerina. Frontiers in Plant Science 11, 529.

Pfeifer L, Mueller K-K, Classen B. 2022. The cell wall of hornworts and liverworts:
innovations in early land plant evolution? Journal of Experimental Botany 73, 44544472,

Pinedo M, de la Canal L, de Marcos Lousa C. 2021. A call for Rigor and standardization
in plant extracellular vesicle research. Journal of extracellular vesicles 10.

Pohnert G. 2000. Wound-activated chemical defense in unicellular planktonic algae.
Angewandte Chemie International Edition 39, 4352-4354.

Pommerville JC, Kochert GD. 1981. Changes in somatic cell structure during senescence of
Volvox carteri. European Journal of Cell Biology 24, 236-243.

Ponce De Ledn I, Schmelz EA, Gaggero C, Castro A, Alvarez A, Montesano M. 2012.
Physcomitrella patens activates reinforcement of the cell wall, programmed cell death and
accumulation of evolutionary conserved defence signals, such as salicylic acid and 12-oxo-
phytodienoic acid, but not jasmonic acid, upon Botrytis cinerea infection. Molecular Plant
Pathology 13, 960-974.

Pontier D, Balagué C, Roby D. 1998. The hypersensitive response. A programmed cell
death associated with plant resistance. Comptes rendus de I’ Academie des sciences. Serie III,
Sciences de la vie 321, 721-734.

Rabouille C. 2017. Pathways of Unconventional Protein Secretion. Trends in Cell Biology
27, 230-240.

Raven JA. 1997. Miniview: Multiple origins of plasmodesmata. European Journal of
Phycology 32, 95-101.

Raven JA, Allen JF. 2003. Genomics and chloroplast evolution: what did cyanobacteria do
for plants? Genome Biology 4, 209.

Reape TJ, Molony EM, McCabe PF. 2008. Programmed cell death in plants: distinguishing
between different modes. Journal of Experimental Botany 59, 435-444.

Regente M, Pinedo M, Elizalde M, de la Canal L. 2012. Apoplastic exosome-like vesicles:
A new way of protein secretion in plants? Plant Signaling & Behavior 7, 544-546.

Regente M, Pinedo M, San Clemente H, Balliau T, Jamet E, de la Canal L. 2017. Plant
extracellular vesicles are incorporated by a fungal pathogen and inhibit its growth. Journal of
Experimental Botany 68, 5485-5495.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Reinbothe C, Springer A, Samol I, Reinbothe S. 2009. Plant oxylipins: role of jasmonic
acid during programmed cell death, defence and leaf senescence. The FEBS journal 276,
4666—4681.

Ren H, Zhao X, Li W, Hussain J, Qi G, Liu S. 2021. Calcium signaling in plant
programmed cell death. Cells 10, 1089.

Ribalet F, Wichard T, Pohnert G, lanora A, Miralto A, Casotti R. 2007. Age and nutrient
limitation enhance polyunsaturated aldehyde production in marine diatoms. Phytochemistry
68, 2059-2067.

Rieder B, Neuhaus HE. 2011. Identification of an Arabidopsis Plasma Membrane—Located
ATP Transporter Important for Anther Development. The Plant Cell 23, 1932-1944.

Riegman M, Bradbury MS, Overholtzer M. 2019. Population Dynamics in Cell Death:
Mechanisms of Propagation. Trends in cancer 5, 558-568.

Riegman M, Sagie L, Galed C, et al. 2020. Ferroptosis occurs through an osmotic
mechanism and propagates independently of cell rupture. Nature Cell Biology 22, 1042—
1048.

Robinson DG, Ding Y, Jiang L. 2016. Unconventional protein secretion in plants: a critical
assessment. Protoplasma 253, 31-43.

Rojas V, Rivas L, Cardenas C, Guzman F. 2020. Cyanobacteria and eukaryotic microalgae
as emerging sources of antibacterial peptides. Molecules 25, 5804.

Rutter BD, Innes RW. 2017. Extracellular Vesicles Isolated from the Leaf Apoplast Carry
Stress-Response Proteins. Plant physiology 173, 728-741.

Rutter BD, Innes RW. 2020. Growing pains: addressing the pitfalls of plant extracellular
vesicle research. The New Phytologist 228, 1505-1510.

Sager R, Lee J-Y. 2012. To close or not to close: plasmodesmata in defense. Plant Signaling
& Behavior 7, 431-436.

Sager R, Lee J-Y. 2014. Plasmodesmata in integrated cell signalling: insights from
development ‘and environmental signals and stresses. Journal of Experimental Botany 65,
6337-6358.

Sager RE, Lee J-Y. 2018. Plasmodesmata at a glance. Journal of Cell Science 131,
jcs209346.

Saha M, Berdalet E, Carotenuto Y, et al. 2019. Using chemical language to shape future
marine health. Frontiers in Ecology and the Environment 17, 530-537.

Sanchez-Baracaldo P. 2015. Origin of marine planktonic cyanobacteria. Scientific Reports
5,17418.

Sato Y, Sugimoto N, Hirai T, Imai A, Kubo M, Hiwatashi Y, Nishiyama T, Hasebe M.
2017. Cells reprogramming to stem cells inhibit the reprogramming of adjacent cells in the
moss Physcomitrella patens. Scientific Reports 7, 1909.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Schatz D, Keren Y, Vardi A, Sukenik A, Carmeli S, Borner T, Dittmann E, Kaplan A.
2007. Towards clarification of the biological role of microcystins, a family of cyanobacterial
toxins. Environmental Microbiology 9, 965-970.

Schatz D, Rosenwasser S, Malitsky S, Wolf SG, Feldmesser E, Vardi A. 2017.
Communication via extracellular vesicles enhances viral infection of a cosmopolitan alga.
Nature Microbiology 2, 1485-1492.

Schatz D, Schleyer G, Saltvedt MR, Sandaa R-A, Feldmesser E, Vardi A. 2021.
Ecological significance of extracellular vesicles in modulating host-virus interactions during
algal blooms. The ISME Journal, 1-8.

Schatz D, Vardi A. 2018. Extracellular vesicles - new players in cell-cell communication in
aquatic environments. Current Opinion in Microbiology 43, 148-154.

Schieler BM, Soni MV, Brown CM, Coolen MJL, Fredricks H, Van Mooy BAS, Hirsh
DJ, Bidle KD. 2019. Nitric oxide production and antioxidant function during viral infection
of the coccolithophore Emiliania huxleyi. The ISME Journal 13, 1019-1031.

Schmitt F-J, Renger G, Friedrich T, Kreslavski VD, Zharmukhamedov SK, Los DA,
Kuznetsov VV, Allakhverdiev SI. 2014. Reactive oxygen species: Re-evaluation of
generation, monitoring and role in stress-signaling in phototrophic organisms. Biochimica et
Biophysica Acta (BBA) - Bioenergetics 1837, 835-848.

Setroikromo R, Zhang B, Reis CR, Mistry RH, Quax WJ. 2020. Death receptor 5
displayed on extracellular vesicles decreases TRAIL sensitivity of colon cancer cells.
Frontiers in cell and developmental biology 8, 318.

Sheyn U, Rosenwasser S, Ben-Dor S, Porat Z, Vardi A. 2016. Modulation of host ROS
metabolism is essential for viral infection of a bloom-forming coccolithophore in the ocean.
The ISME Journal 10, 1742-1754.

Smith SJ, Goodman H, Kroon JTM, Brown AP, Simon WJ, Chivasa S. 2021. Isolation of
Arabidopsis extracellular ATP binding proteins by affinity proteomics and identification of
PHOSPHOLIPASE C-LIKE 1 as an extracellular protein essential for fumonisin B1 toxicity.
The Plant Journal: For Cell and Molecular Biology 106, 1387—-1400.

Song CJ, Steinebrunner I, Wang X, Stout SC, Roux SJ. 2006. Extracellular ATP induces
the accumulation of superoxide via NADPH oxidases in Arabidopsis. Plant Physiology 140,
1222-1232.

Sousa ME, Farkas MH. 2018. Micropeptide. PLOS Genetics 14, e1007764.

Steinhorst L, Kudla J. 2014. Signaling in cells and organisms - calcium holds the line.
Current Opinion in Plant Biology 22, 14-21.

Stone JM, Heard JE, Asai T, Ausubel FM. 2000. Simulation of Fungal-Mediated Cell
Death by Fumonisin B1 and Selection of Fumonisin B1-Resistant (fbr) Arabidopsis Mutants.
The Plant Cell 12, 1811-1822.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Stihrwohldt N, Schaller A. 2018. Regulation of plant peptide hormones and growth factors
by post-translational modification - Stlhrwohldt - 2019 - Plant Biology - Wiley Online
Library. Plant biology.

Sueldo DJ, Foresi NP, Casalongué CA, Lamattina L, Laxalt AM. 2010. Phosphatidic acid
formation is required for extracellular ATP-mediated nitric oxide production in suspension-
cultured tomato cells. The New Phytologist 185, 909-916.

Sun J, Zhang C-L, Deng S-R, Lu C-F, Shen X, Zhou X-Y, Zheng X-J, Hu Z-M, Chen S-
L. 2012a. An ATP signalling pathway in plant cells: extracellular ATP triggers programmed
cell death in Populus euphratica. Plant, Cell & Environment 35, 893-916.

Sun J, Zhang C, Zhang X, Deng S, Zhao R, Shen X, Chen S. 2012b. Extracellular ATP
signaling and homeostasis in plant cells. Plant Signaling & Behavior 7, 566—569.

Sutherland KM, Coe A, Gast RJ, Plummer S, Suffridge CP, Diaz JM, Bowman JS,
Wankel SD, Hansel CM. 2019. Extracellular superoxide production by key microbes in the
global ocean. Limnology and Oceanography 64, 2679-2693.

Sviréev Z, Lali¢ D, BojadzZija Savi¢ G, Tokodi N, Drobac Backovi¢ D, Chen L,
Meriluoto J, Codd GA. 2019. Global geographical and historical overview of cyanotoxin
distribution and cyanobacterial poisonings. Archives of Toxicology 93, 2429-2481.

Takabatake R, Karita E, Seo S, Mitsuhara |, Kuchitsu K, Ohashi Y. 2007. Pathogen-
induced calmodulin isoforms in basal resistance against bacterial and fungal pathogens in
tobacco. Plant & Cell Physiology 48, 414-423.

Tanaka A, Hoshino Y, Nagasato C, Motomura T. 2017. Branch regeneration induced by
sever damage in the brown alga Dictyota dichotoma (dictyotales, phaeophyceae).
Protoplasma 254, 1341-1351.

Tang W, Brady SR, Sun Y, Muday GK, Roux SJ. 2003. Extracellular ATP Inhibits Root
Gravitropism at Concentrations That Inhibit Polar Auxin Transport. Plant Physiology 131,
147-154.

Tavormina P, De Coninck B, Nikonorova N, De Smet I, Cammue BPA. 2015. The Plant
Peptidome: ‘An Expanding Repertoire of Structural Features and Biological
FunctionsfOPEN]. The Plant Cell 27, 2095-2118.

Teng F, Fussenegger M. 2021. Shedding Light on Extracellular Vesicle Biogenesis and
Bioengineering. Advanced Science 8, 2003505.

Terauchi M, Nagasato C, Motomura T. 2015. Plasmodesmata of brown algae. Journal of
Plant Research 128, 7-15.

Tilsner J, Nicolas W, Rosado A, Bayer EM. 2016. Staying tight: Plasmodesmal membrane
contact sites and the control of cell-to-cell connectivity in plants. Annual Review of Plant
Biology 67, 337-364.

Tiwari A, Singh P, Asthana RK. 2016. Role of calcium in the mitigation of heat stress in
the cyanobacterium Anabaena PCC 7120. Journal of Plant Physiology 199, 67—75.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Torres MA, Dangl JL, Jones JDG. 2002. Arabidopsis gp91 phox homologues AtrbohD and
AtrbohF are required for accumulation of reactive oxygen intermediates in the plant defense
response. Proceedings of the National Academy of Sciences 99, 517.

Torres MA, Jones JDG, Dangl JL. 2005. Pathogen-induced, NADPH oxidase—derived
reactive oxygen intermediates suppress spread of cell death in Arabidopsis thaliana. Nature
Genetics 37, 1130-1134.

Torres J, Rivera A, Clark G, Roux SJ. 2008. Participation of extracellular nucleotides in
the wound response of Dasycladus vermicularis and Acetabularia acetabulum (Dasycladales,
Chlorophyta) (1). Journal of Phycology 44, 1504-1511.

Townley HE, McDonald K, Jenkins GI, Knight MR, Leaver CJ. 2005. Ceramides induce
programmed cell death in Arabidopsis cells in a calcium-dependent manner. Biological
Chemistry 386, 161-166.

Toyota M, Spencer D, Sawai-Toyota S, Jiagi W, Zhang T, Koo AJ, Howe GA, Gilroy S.
2018. Glutamate triggers long-distance, calcium-based plant defense signaling. Science (New
York, N.Y.) 361, 1112-1115.

Tuteja N, Chandra M, Tuteja R, Misra MK. 2004. Nitric Oxide as a Unique Bioactive
Signaling Messenger in Physiology and Pathophysiology. Journal of Biomedicine and
Biotechnology 2004, 227-237.

Vardi A. 2008. Cell signaling in marine diatoms. Communicative & Integrative Biology 1,
134-136.

Vardi A, Bidle KD, Kwityn C, Hirsh DJ, Thompson SM, Callow JA, Falkowski P,
Bowler C. 2008. A Diatom Gene Regulating Nitric-Oxide Signaling and Susceptibility to
Diatom-Derived Aldehydes. Current Biology 18, 895-899.

Vardi A, Formiggini F, Casotti R, Martino AD, Ribalet F, Miralto A, Bowler C. 2006. A
Stress Surveillance System Based on Calcium and Nitric Oxide in Marine Diatoms. PLOS
Biology 4, e60.

Vardi A, Haramaty L, Mooy BASV, Fredricks HF, Kimmance SA, Larsen A, Bidle KD.
2012. Host-virus dynamics and subcellular controls of cell fate in a natural coccolithophore
population. Proceedings of the National Academy of Sciences 109, 19327-19332.

Vardi A, Van Mooy BAS, Fredricks HF, Popendorf KJ, Ossolinski JE, Haramaty L,
Bidle KD. 2009. Viral glycosphingolipids induce lytic infection and cell death in marine
phytoplankton. Science (New York, N.Y.) 326, 861-865.

Vega-Mufioz |, Duran-Flores D, Fernandez-Fernandez AD, Heyman J, Ritter A, Stael
SS. 2020. Breaking Bad News: Dynamic Molecular Mechanisms of Wound Response in
Plants. Frontiers in Plant Science 11, 610445.

Venuleo M, Raven JA, Giordano M. 2017. Intraspecific chemical communication in
microalgae. The New Phytologist 215, 516-530.

Vidoudez C, Pohnert G. 2008. Growth phase-specific release of polyunsaturated aldehydes
by the diatom Skeletonema marinoi. Journal of Plankton Research 30, 1305-1313.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Vitecek J, Reinohl V, Jones RL. 2008. Measuring NO production by plant tissues and
suspension cultured cells. Molecular Plant 1, 270-284.

Vitorino R, Guedes S, Amado F, Santos M, Akimitsu NA. 2021. The role of micropeptides
in biology | SpringerLink.

Vu MH, Iswanto ABB, Lee J, Kim J-Y. 2020. The Role of Plasmodesmata-Associated
Receptor in Plant Development and Environmental Response. Plants (Basel, Switzerland) 9,
E216.

Wang J, Ding Y, Wang J, Hillmer S, Miao Y, Lo SW, Wang X, Robinson DG, Jiang L.
2010. EXPO, an exocyst-positive organelle distinct from multivesicular endosomes and
autophagosomes, mediates cytosol to cell wall exocytosis in Arabidopsis and tobacco  cells.
The Plant cell 22, 4009-4030.

Wang Q-W, Jia L-Y, Shi D-L, Wang R-F, Lu L-N, Xie J-J, Sun K, Feng H-Q, Li X.
2019. Effects of extracellular ATP on local and systemic responses of bean (Phaseolus
vulgaris L) leaves to wounding. Bioscience, Biotechnology, and Biochemistry 83, 417-428.

Wang G, Lin W, Zhang L, Yan X, Duan D. 2004. Programmed cell death in Laminaria
japonica (Phaeophyta) tissues infected with alginic acid decomposing bacterium. Progress in
Natural Science 14, 1064-1068.

Wang X, Sager R, Cui W, Zhang C, Lu H, Lee J-Y. 2013a. Salicylic acid regulates
Plasmodesmata closure during innate immune responses in Arabidopsis. The Plant Cell 25,
2315-2329.

Wang S, Zhao F, Wei X, Lu B, Duan D, Wang G. 2013b. Preliminary study on flg22-
induced defense responses in female gametophytes of Saccharina japonica (Phaeophyta).
Journal of Applied Phycology 25, 1215-1223.

Ward BB, Zafiriou OC. 1988. Nitrification and nitric oxide in the oxygen minimum of the
eastern tropical North Pacific. Deep Sea Research Part A. Oceanographic Research Papers
35, 1127-1142.

Wasternack C, Feussner 1. 2018. The oxylipin pathways: Biochemistry and function.
Annual Review of Plant Biology 69, 363—-386.

Weerasinghe RR, Swanson SJ, Okada SF, Garrett MB, Kim S-Y, Stacey G, Boucher
RC, Gilroy S, Jones AM. 2009. Touch induces ATP release in Arabidopsis roots that is
modulated by the heterotrimeric G protein complex. FEBS letters 583, 2521-2526.

Weinberger F, Leonardi P, Miravalles A, Correa JA, Lion U, Kloareg B, Potin P. 2005.
Dissection of two distinct defense-related responses to agar oligosaccharides in Gracilaria
chilensis (Rhodophyta) and Gracilaria conferta (Rhodophyta)l. Journal of Phycology 41,
863-873.

White RG, Barton D. 2011. The cytoskeleton in plasmodesmata: a role in intercellular
transport? Journal of experimental botany 62, 5249-5266.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Wrzaczek M, Brosché M, Kollist H, Kangasjarvi J. 2009. Arabidopsis GRI is involved in
the regulation of cell death induced by extracellular ROS. Proceedings of the National
Academy of Sciences of the United States of America 106, 5412-5417.

Wrzaczek M, Vainonen JP, Stael S, et al. 2015. GRIM REAPER peptide binds to receptor
kinase PRKS5 to trigger cell death in Arabidopsis. The EMBO Journal 34, 55-66.

Yamasaki null, Sakihama null, Takahashi null. 1999. An alternative pathway for nitric
oxide production in plants: new features of an old enzyme. Trends in Plant Science 4, 128—
129.

Yun, B. W., Feechan, A,, Yin, M., Saidi, N. B., Le Bihan, T., Yu, M., ... & Loake, G. J. (2011). S-
nitrosylation of NADPH oxidase regulates cell death in plant immunity. Nature, 478(7368), 264-268.

Zandalinas Sl, Fichman Y, Devireddy AR, Sengupta S, Azad RK, Mittler R. 2020.
Systemic signaling during abiotic stress combination in plants. Proceedings of the National
Academy of Sciences 117, 13810-13820.

Zhang L, Xing D. 2008. Methyl jasmonate induces production of reactive oxygen species
and alterations in mitochondrial dynamics that precede photosynthetic dysfunction and
subsequent cell death. Plant & Cell Physiology 49, 1092-1111.

Zhang H, Zhang H, Lin J. 2020. Systemin-mediated long-distance systemic defense
responses. New Phytologist 226, 1573-1582.

Zhang, C., Czymmek, K. J., & Shapiro, A. D. (2003). Nitric oxide does not trigger early programmed
cell death events but may contribute to cell-to-cell signaling governing progression of the
Arabidopsis hypersensitive response. Molecular plant-microbe interactions, 16(11), 962-972.

Zhu T, Rost TL. 2000. Directional cell-to-cell communication in the Arabidopsis root apical
meristem 1ll. Plasmodesmata turnover and apoptosis in meristem and root cap cells during
four weeks after germination. Protoplasma 213, 99-107.

2202 1990}20 GO Uo Jasn jdaq s|euss Aq 6061€.9/€9€0B1/AXI/E60L 0 L/10p/a[oI1E-80UBAPE/qX]/W0D dNO"ILSPEDE//:SARY WOI) POPEOJUMOQ



Figure legends

Figure 1: Simplified scheme of groups of photosynthetic organism described in this
review. Figure was inspired from Bidle 2016, Handrich, et al 2017, Cheng et al 2019 and

Sanchez-Baracaldo P. 2015.

Photosynthetic organisms named in this manuscript,

e Cyanobacteria; Microcystis, Anabaena sp. PCC 7120 Synechocystis sp. PCC 6803, Spirulina
platensis, Prochlorococcus, Lyngbya majuscula, Trichodesmium erythraeum

o Rhodophyta; Mazzaella laminarioides, Glacilaria conferta, Euchema platycladum

e Chlorophyta;, Dunalliela salina. Chlamydomonas reinhardtii. Volvox carteri, Dasycladus
vermicularis and Acetabularia acetabulum, Ostreococcus  tauri , Chlorella vulgaris,
Scenedesmus obliquus,

e Diatoms; Skeletonema marinoi ,Thalassiosira ‘weissflogii, Thalassiosira pseudonana and
Phaeodactylum tricornutum

e Raphidophytes; Chattonella antiqua, Heterosigma akashiwo, Chattonella marina

e Dinoflagellates, Alexandrium minutum. Alexandrium fundyense, Alexandrium tomarense,
Peridinium, Karenia bravis.

e Phaeophytes; Laminaria japdnica, Saccarina japonica, Margalefidinium polykrikoides

o Haptophytes; Emiliania huxleyi

e  Bryophytes; Physcomitrium patens

e Vascular plants; Arabidopsis, Phaseolus vulgaris (bean), Populus eupharatica (poplar) ,
Medicago truncatula , Nicotiana tabacum (tobacco), Triticum aestivum (wheat), Solanum

lycopersicum (tomato), Alyssum inflatum, Euchema platycladum

Another non-photosynthetic organisms named in this manuscript,
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Fusarium verticilloides, Pseudomonas syringae DC3000, Meloidogyne javanica, Phaeobacter

inhibens, Halobacterium salinarum, Botrytis, Bacillus subtilis

Figure 2: Examples of cell-cell communication during cell death in phytoplankton and vascular

plants.

A: Upon exposure to Cadmium (Cd** stress), Copper (Cu* stress) or salicylic acid (SA treatment),
Arabidopsis cells undergo cell death and release eATP. For Cu stress and SA treatment, eATP acts as
a survival signal for surrounding cells (cells in green), whereas during Cd** stress eATP induces cell

death (yellow cells), thereby acting as a death signal.

B: Phaeodactylum tricornutum exposed to grazing undergoes cell lysis and releases the oxylipin
(2E,4E/Z)-decadienal (DD). Exposure to high (lethal) concentrations of DD leads to cell death in
surrounding cells, whereas low (sub-lethal) concentrations lead to acclimatation and further

resistance to lethal concentrations of DD.

Dark orange arrows represent regulated cell death induction, whereas pink arrows represent release

of survival/death signals

Figure 3: Systemic signalling in plants. Hypersensitive response, wounding and tobacco mosaic virus
(TMV) infection generate ROS, hydraulic signals and Ca®* waves, among other signals.The individual
signals are proposed to interact and are transmitted long-distance, sometimes across the whole

plant. TMV infection in leaves induces also systemic PCD in roots.
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Table 1. Cellular signaling molecules with pivotal functions in stress surveillance and cell death

induction and propagation in photosynthetic Organism

Signal
Molec | classific | Organ
ule ation ism Species Treatment Results Reference
Non-
hydrolyza Chivasa et
Phaseolus vulgaris leaves ble ATP Macroscopic RCD al., 2005
Nicotiana tabacum leaves analog. Systemic RCD in tobacco
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Cytochrome c release from
Death Populus euphratica Exogenous mitochondria Sun et al.,
ea
cell suspension ATP Activation of caspase-like 2012
proteases
DNA fragmentation
Cd stress induces eATP
. . Cadmiun release Hou et al.,
Arabidopsis leaves . .
stress ATP secretion correlates with 2017
electrolyte leakage
Arabidopsis cell culture eATP Dose-dependent reductionin  Chivasa et
Extrac Vascul Arabidopsis leaves depletion cell viability al., 2005
ellular ar
ATP plant RCD induction
RCD is alleviated by
L Lo Feng et
Nicotiana tabacum Salicylic exogenous ATP L 2015
al.,
cell suspension acid eATP-mediated increased cell b
a,
viability is mediated by Ca
uptake
ATP is secreted upon copper-
Survival L .
Nicotiana tabacum cell induced cell death .
. Copper . Jiaetal.,
suspension eATP released by dying cells
. stress ) ) 2019
Wheat root seedlings alleviates cell death in
neighbouring cells
FB1-induced RCD reduces
eATP levels
. . . Fungal Exogenous ATP prevents FB1- Smith et
Arabidopsis seedlings . .
toxin (FB1) induced RCD al., 2021
FB1-induced systemic RCD is
suppressed by eATP
Participates in xylem
. Vascul . . . o Escamez
Peptid Arabidopsis cell culture . differentiation
Death ar . ) Bia o et at.,
es Arabidopsis leaves Enhances wounding-induced
plant 2019

RCD
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Wrzaczek

Involved in extracelular ROS- etal.,,
. . . induced RCD 2009
Arabidopsis leaves Gri .
Induces superoxide- Wrzaczek
dependent RCD etal.,,
2015
Participates in
wounding/damage response
; . . . . . Hander et
Arabidopsis roots PEP1 Perceived in neighbouring by L 2019
al.,
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Arabidopsis leaves KOD RCD depends on caspase-like etal.,,
activity 2011
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Vascul . . differentiation Escamez
Arabidopsis cell culture o . .
ar . . Kratos Limits ectopic RCD during et at.,
Arabidopsis leaves . .
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Hu and
Cyano . . . . Rzymski
. . . Microcysti Promotion and maintenance
bacter Microcystis aeuroginosa . 2019
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ia Ganetal,,
2012
Tobacco Infection on leaves induces
Mosaic Ca2+ and ROS signalling in Lietal,
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Virus root tips. 2018
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Heat . s
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Arabidopsis roots . extracellular Ca2+ chelator etal.,,
induced
EGTA 2017
RCD
Extrac Vascul — -
LaClI3 inhibits ceramide-
ellular Death ar Exposure . Townley
2 . . induced RCD
Ca plant Arabidopsis cell culture to . etal.,
. RCD is independent of the
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generation of ROS.
. RCD induction Ghasemi
Alyssum inflatum cell Exogenous . o
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ROS 2020
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2007
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Vascul Long-distance transmission of
Death/S ) . ) Toyota et
. ar Arabidopsis leaves Wounding  Ca2+ through PD and phloem
urvival ) al., 2018
plant Systemic defense response
Heat .
Cyano o Aguilera
. . shock- Inhibition of heat shock-
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Death
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Figure 1: Simplified scheme of groups of photosynthetic organism described in this
review. Figure was inspired from Bidle 2016, Handrich, et al 2017, Cheng et al 2019 and Sanchez-
Baracaldo P. 2015 .
Photosynthetic organisms named in this manuscript ,
Cyanobacteria; Microcystis, Anabaena sp. PCC 7120 Synechocystis sp. PCC 6803, Spirulina
platensis, Prochlorococcus, Lyngbya majuscula, Trichodesmium erythraeum
Rhodophyta,; Mazzaella laminarioides, Glacilaria conferta, Euchema platycladum
Chlorophyta; Dunalliela salina. Chlamydomonas reinhardtii. Volvox carteri, Dasycladus vermicularis
and Acetabularia acetabulum, Ostreococcus tauri, Chlorella vulgaris, Scenedesmus obliquus,
Diatoms; Skeletonema marinoi ,Thalassiosira weissflogii, Thalassiosira pseudonana  and
Phaeodactylum tricornutum
Raphidophytes; Chattonella antiqua, Heterosigma akashiwo, Chattonella marina
Dinoflagellates, Alexandrium minutum. Alexandrium fundyense, Alexandrium tomarense,
Peridinium, Karenia bravis.
Phaeophytes; Laminaria japonica, Saccarina japonica, Margalefidinium polykrikoides
Haptophytes; Emiliania huxleyi
Bryophytes; Physcomitrium patens
Vascular plants; Arabidopsis, Phaseolus vulgaris (bean), Populus eupharatica (poplar) , Medicago
truncatula , Nicotiana tabacum (tobacco), Triticum aestivum (wheat), Solanum lycopersicum
(tomato), Alyssum inflatum, Euchema platycladum

Another non-photosynthetic organisms named in this manuscript ,

Fusarium verticilloides, Pseudomonas syringae DC3000, Meloidogyne javanica, Phaeobacter
inhibens, Halobacterium salinarum, Botrytis, Bacillus subtilis
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Figure 2: Examples of cell-cell communication during cell death in phytoplankton and vascular

plants.

A: Upon exposure to Cadmium (Cd?* stress), Copper (Cu®* stress) or salicylic acid (SA treatment),
Arabidopsis cells undergo cell death and release eATP. For Cu stress and SA treatment, eATP acts as a
survival signal for surrounding cells (cells in green), whereas during Cd?* stress eATP induces cell death
(yellow cells), thereby acting as a death signal.

B: Phaeodactylum tricornufum exposed to grazing undergoes cell lysis and releases the oxylipin
(2E,4E/Z)-decadienal (DD). Exposure to high (lethal) concentrations of DD leads to cell death in
surrounding cells, whereas low (sub-lethal) concentrations lead to acclimatation and further resistance to
lethal concentrations of DD.

Dark orange arrows represent regulated cell death induction, whereas pink arrows represent release of
survival/death signals
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Figure 3: Systemic signalling in plants. Hypersensitive response, wounding and tobacco mosaic virus
(TMV) infection generate ROS, hydraulic signals and Ca?* waves, among other signals.The individual
signals are proposed to interact and are transmitted long-distance, sometimes across the whole plant. TMV
infection in leaves induces also systemic PCD in roots.
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