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e Background and Aims Under stress-promoting conditions unicellular algae can undergo programmed cell death
(PCD) but the mechanisms of algal cellular suicide are still poorly understood. In this work, the involvement of
caspase-like proteases, DNA cleavage and the morphological occurrence of cell death in wasp venom mastoparan
(MP)-treated Chlamydomonas reinhardtii were studied.

e Methods Algal cells were exposed to MP and cell death was analysed over time. Specific caspase inhibitors
were employed to elucidate the possible role of caspase-like proteases. Y VADase activity (presumably a vacuolar
processing enzyme) was assayed by using a fluorogenic caspase-1 substrate. DNA breakdown was evaluated by
DNA laddering and Comet analysis. Cellular morphology was examined by confocal laser scanning microscopy.
e Key Results MP-treated C. reinhardtii cells expressed several features of necrosis (protoplast shrinkage) and
vacuolar cell death (lytic vesicles, vacuolization, empty cell-walled corpse-containing remains of digested proto-
plast) sometimes within one single cell and in different individual cells. Nucleus compaction and DNA fragmen-
tation were detected. YVADase activity was rapidly stimulated in response to MP but the early cell death was not
inhibited by caspase inhibitors. At later time points, however, the caspase inhibitors were effective in cell-death
suppression. Conditioned medium from MP-treated cells offered protection against MP-induced cell death.

e Conclusions In C. reinhardtii MP triggered PCD of atypical phenotype comprising features of vacuolar and
necrotic cell deaths, reminiscent of the modality of hypersensitive response. It was assumed that depending on
the physiological state and sensitivity of the cells to MP, the early cell-death phase might be not mediated by
caspase-like enzymes, whereas later cell death may involve caspase-like-dependent proteolysis. The findings sub-
stantiate the hypothesis that, depending on the mode of induction and sensitivity of the cells, algal PCD may take
different forms and proceed through different pathways.
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INTRODUCTION

Programmed cell death (PCD) is an active process of cellular
suicide present throughout animal and plant kingdoms. In
plants it is involved in embryogenesis, development and senes-
cence and in the response to a variety of biotic and abiotic
challenges (Pennell and Lam, 1997; Fukuda, 2000; Heath
2000; Lam, 2004; Bozhkov et al., 2005; Rogers, 2006; van
Doorn and Woltering, 2005). In mammalian cells, a type of
PCD commonly referred to as apoptosis, is often mediated
by a caspase (cysteine-aspartic protease) enzymatic cascade
(Sanmartin et al., 2005) resulting in a typical phenotype com-
prised of cytoplasm shrinkage, chromatin condensation and
ordered nuclear DNA cleavage into oligonucleosomal frag-
ments of 180 bp and multiples thereof (Kerr et al., 1972).
Plant PCD might also be accompanied by the occurrence of
apoptotic-like DNA fragmentation and nuclear condensation
but this is not always observed (Mur et al., 2008; van Doorn
and Woltering, 2010). Although no structural homologues of

animal caspases are present in plants, there is evidence that
plant proteases with substrate specificity and functional simi-
larity to animal caspases do exist, and inhibitors designed to
target the caspase-active sites in animal cells have been
proven as potent PCD inhibitors in plant systems (del Pozo
and Lam, 1998; Sun et al., 1999; de Jong et al., 2000; Elbaz
et al., 2002; Woltering et al., 2002; Chichkova et al., 2004;
Danon et al., 2004; Rotari et al., 2005; Bonneau et al.,
2008; Twumasi et al., 2010). Vacuolar processing enzyme
(VPE), a plant asparaginyl-specific cysteine protease was iden-
tified as one of the plant protease targets of human caspase-1
inhibitors (Hiraiwa efr al., 1999; Lam and del Pozo 2000;
Rotari et al., 2001; Yamada et al., 2005; Hara-Nishimura
et al., 2005) and shown to be implicated in cell death in
tobacco induced by tobacco mosaic virus (Hatsugai et al.,
2004) and in bacteria, fungus and virus-induced cell death in
Arabidopsis thaliana (Rojo et al., 2004). The proteasome 31
subunit was demonstrated as a target of a caspase-3 inhibitor
(Hatsugai et al., 2009) and caspase-like activity has been
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established for subtilisin-like serine proteases (saspases)
involved in victorin-induced cell death in oat (Coffeen and
Wolpert, 2004). Mediators of plant PCD are also metacaspases
that different to caspases hydrolyse proteins after arginine or
lysine and not after aspartate residue (Sundstrom et al.,
2009; Carmona-Gutierrez et al., 2010). Additionally, PCD
signal transduction may proceed through a
caspase-independent proteolysis that may operate in concert
with a caspase-like cascade (Woltering et al., 2002;
Woltering, 2010; Rotari et al., 2005; Bonneau et al., 2008;
van Doorn et al., 2011). Other key components of plant cell
death mechanism are, among others, mitochondrial factors, re-
active oxygen species (ROS), nitric oxide, ethylene and other
hormones (Wang et al., 1996; Hoeberichts and Woltering,
2003; Lam, 2004; van Doorn and Woltering, 2005; Mur
et al., 2008; Reape and McCabe, 2008). Similar to animal
systems plant anti-apoptotic factors such as defender against
apoptotic death (dadl) expressed in response to UV-C stress
in Chlamydomonas and Bax inihibitor-1 (BI-1) in arabidopsis
challenged with heat shock or with the mycotoxin fumonisin
B1 have been identified (Kawai-Yamada er al, 2001;
Watanabe and Lam, 2006; Moharikar et al., 2007).

According to recently recommended morphological classifi-
cation, two major classes of plant cell death are recognized
(van Doorn et al., 2011). The cell death, which is associated
with the formation of autophagosome-like and small lytic struc-
tures, growing larger vacuoles, activation of VPE, tonoplast
rupture and vacuole-mediated engulfment of the protoplast to
form a virtually empty cell corpse, has been defined as ‘vacuolar
cell death’. Cell death showing swelling of mitochondria, proto-
plast shrinkage, early rupture of the plasma membrane resulting
in a largely unprocessed cell corpse, and biochemical features of
mitochondrial membrane permeabilization, respiratory decline,
ATP depletion and accumulation of ROS and reactive nitrogen
species has been termed ‘necrosis’. The laddering pattern of
DNA degradation may occur during both PCD categories. The
hypersensitive response (HR) at plant—microbe interactions,
self-incompatibility (SI) response — a PCD mechanism aimed
at preventing self-fertilization in angiosperm plants, fungal
toxin victorin-induced cell death in oat and cell death in cereal
starchy endosperm have been categorized as cell-death modal-
ities expressing mixed or atypical phenotype of vacuolar and
necrotic cell deaths (van Doorn et al., 2011).

Under certain stress-promoting conditions, unicellular algae
are able to undergo PCD which determines them as a useful
model system for examining the physiological factors and
molecular components of cell death-signalling pathways. It is
proposed that PCD may control the fate of individuals and,
by selecting the fittest cells to orchestrate a co-ordinated re-
sponse to stresses, and thus provide a selective advantage for
preservation of the algal population (Vardi er al., 1999;
Segovia et al., 2003; Bidle and Bender, 2008; Deponte,
2008; Segovia and Berges, 2009). It has been suggested that,
depending on intensity and type of stress stimulus, the single-
cell algae may express morphological and biochemical fea-
tures of different cell death types. For example, cell death
showing necrotic morphology and an increase in DEVDase
(a plant protease expressing caspase-3-like activity) has been
detected in Micrasterias denticulata exposed to low concentra-
tions of hydrogen peroxide (H,O,) (Darehshouri e al., 2008),
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whereas in response to another cell death inducer (salt stress),
in the same alga, symptoms of vacuolar cell death and DNA
fragmentation  have been  simultaneously  observed
(Affenzeller er al., 2009). Very recently, Andosch er al.
(2012) showed that under Cd stress Micrasterias can also
undergo autophagic cell death as shown by the occurrence of
autophagosome-like structures. In heat- and salt-stressed
Chlorella saccharophila symptoms of necrotic PCD have
been described (Zuppini et al., 2010). UV radiation, nitrogen
starvation, heat shock and senescence have been demonstrated
to produce cell death in Dunaliella viridis conforming to a mix
of morphological PCD features associated with activation of
DEVDase (Jiménez et al., 2009). Furthermore, metacaspases
have also been shown to have a role in algal cell death
(Bidle and Bender, 2008). Participation of ROS in
stress-induced cell-death signalling in microalgae has been
clearly documented (Vardi er al., 1999; Darehshouri et al.,
2008; Segovia and Berges, 2009; Zuppini et al., 2010).
Comparative analysis of PCD-related genome sequences in-
cluding unicellular green algae revealed existence of anti-
apoptotic regulators homologous to those in animals. Among
them are apoptosis antagonizing transcription factor (AATF),
tumour suppressor transcription factor p53, baculovirus inhibi-
tor of apoptosis protein repeat (BIR) domain, proteinase in-
hibitor 132 and apoptosis inhibitory protein 5 (AP15)
(Nedelcu, 2006, 2009 and references therein).

The unicellular photoautotrophic alga Clamydomonas rein-
hardtii (Chlorophyta) is an established model for research on
important physiological processes such as photosynthesis, res-
piration, cell division and nutrient uptake, genome stability
and adaptive response in presence of radiation, UV and chem-
ical mutagens, heavy-metal tolerance in relation to phytoreme-
diation and for stress validation of, for example, salinity, high
and low temperature and water, osmotic and oxidative stresses
(Harris, 2001; Hanikenne, 2003; Hema et al., 2007; Dimova
et al., 2008). Recently, Chlamydomonas has been employed
in investigations into PCD (Moharikar et al., 2006, 2007;
Pérez-Pérez et al., 2010; Yordanova er al., 2009, 2010;
Durand et al., 2011; Zuo et al, 2012). Exposure of
Chlamydomonas reinhardtii to UV-C was shown to induce
markers of animal apoptosis such as DNA laddering, occur-
rence of terminal deoxynucleotidyl transferase-mediated
dUTP nick end-labelling (TUNEL)-positive nuclei and exter-
nalization of phosphatidylserine (Moharikar et al., 2006).
Similar features of cell death have been found in conditions
of acetic acid stress (Zuo et al., 2012). C. reinhardtii was
also demonstrated to undergo autophagic PCD in response to
treatment with rapamycin (an inhibitor of the protein kinase
target of rapamycin — a negative regulator of autophagy in
mammalian cells) (Pérez-Pérez et al., 2010).

In plant cell biology, C. reinhardtii has also been used as a
classical model for studies on phospholipid signalling down-
stream of trimeric G-proteins stimulated by the wasp venom
mastoparan (MP) - a cationic amphipathic 14-residue
peptide toxin which is recognized as a modulator of
G-proteins. It has been found that MP stress triggers pathways
involving Ca*", inositol triphosphate (IP3) turnover, phospho-
lipases C and D (PLC and PLD, respectively), phosphatidic
acid and oxidative stress, and causes cell mortality
(Legendre et al., 1992; Quarmby et al, 1992; Ross and
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Higashijima, 1994; Munnik et al., 1998; van Himbergen et al.,
1999). In the earlier works, the morphological occurrence of
cell death in C. reinhardtii was estimated mainly by excising
the flagella (Quarmby er al., 1992). More up-to-date details
regarding MP-induced PCD features have not yet been
described. In human cells MP has been shown to induce apop-
tosis executed through a caspase cascade (e.g. Ellerby et al.,
1997). MP has also been demonstrated as a potent PCD
inducer in plant models. Low concentrations of 2-5 and 5 um
MP were established to trigger vacuolar collapse and DNA
fragmentation during differentiation of the tracheary elements
in zinnia cell culture (a process of xylogenesis in vitro, repre-
senting a type of developmental PCD) (Groover and Jones,
1999). The application of 25-um MP induced nuclear DNA
cleavage and death of the cells in pollen tubes resembling
the SI PCD response (Franklin-Tong er al, 1996; Jordan
et al., 2000). Our previous studies indicated that in
C. reinhardtii MP induces cell death associated with morpho-
logical features of PCD (Yordanova et al., 2010). In the pres-
ence of specific PLC and PLD inhibitors MP-induced cell
death was strongly suppressed suggesting the involvement of
lipid-derived signals downstream of G-proteins (Yordanova
et al., 2009). By employing a laser-based technology to
detect ethylene and NO, simultaneous increases in the produc-
tion of both gases in MP-treated C. reinhardtii was established,
indicating that NO and ethylene may act synchronously in the
signalling of MP-induced PCD in this alga (Yordanova et al.,
2010). However, the mechanisms through which MP triggers
PCD are still far from well known. No information is available
on whether MP-triggered PCD in plants might be similar to
that in human cells which engage caspase-like proteolytic
pathways. The characterizsation of MP-induced cell death
in model organism such as C. reinhardtii may help us to
understand better the plant response to stresses and, more spe-
cifically, to toxins of biotic origin (e.g. at plant—insect or
plant—microbe interactions). In a wider aspect, the elucidation
of the mode of action of MP on PCD in algae will expand the
existing information on general questions regarding the altruis-
tic biological role of PCD as a survival mechanism in algal
populations and will provide more insight into the evolutionary
conserved/diversified mechanisms of PCD in the eukaryotic
cells.

The present study was a follow-up to our previous work and
was aimed to characterize morphological, biochemical and
molecular determinants of PCD in MP-treated C. reinhardtii,
with a focus on the possible dependency of cell death on
caspase-like proteases, including YVADase (caspase-1-like
protease, presumably representing VPE), DNA disintegration
and the phenotypic appearance of cell death.

MATERIALS AND METHODS
Chemicals

Acetyl-Tyr-Val-Ala-Asp-chloromethylketone (Ac-Y VAD-CMK),
benzyoxycarbonyl-Asp-2,6-dichlorobenzoyloxymethylketone
(Z-Asp-CH,-DCB), N-aAcetyl-Asp-Glu-Val-1-aspartic acid al-
dehyde (Ac-DEVD-CHO), N-acetyl-Tyr-Val-Ala-Asp-AMC
(7-amino-4-methylcoumarin) (Ac-YVAD-AMC) and N-meth-
oxysuccinyl-Ala-Ala-Pro-Val-chloromethylketone (MeOSuc-
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AAPV-CMK) were purchased from Bachem AG. SYBR
Green and LysoTracker® Red DND-99 (LT) were obtained
from Molecular Probes and all other chemicals from
Sigma-Aldrich.

Algae growth and culture conditions

Chlamydomonas reinhardtii wild-type strain 137 C (+) was
maintained on solid Sager-Granick (SG) medium (Harris,
1989) in glass tubes, at 25 °C, under continuous illumination
at a light intensity of 90 pmol m ™2 s~ ' (Philips cool fluores-
cent tubes, 40-W bulbs). Vegetative cells of C. reinhardtii
were grown in liquid Tris acetate phosphate medium (Harris,
1989), in an orbital shaker at 18-5 g under the same light
and temperature conditions. Cultures with a cell density of
3 x 10° cells mL ™" at the late logarithmic phase of growth
were used for all experiments.

Chemical treatments

To induce cell death, a range of 1 to 30 uMm of the wasp
venom peptide MP isolated from Vespula lewisii was used.
MP was applied to 10 mL of cell culture in 30-mL bottles.

To study the involvement of caspase-like proteases in
MP-induced cell death, pharmacological experiments includ-
ing co-treatments with MP and synthetic peptide caspase inhi-
bitors were undertaken. Irreversible caspase-1 inhibitor
Ac-YVAD-CMK, reversible caspase-3 inhibitor Ac-DEVD-
CHO and irreversible broad-range caspase inhibitor
Z-Asp-CH,-DCB were tested in concentrations of 1 nm, 10
nM, 100 nm, 1 uMm, 10 wM, 50 wm and 100 pm and the cell
death was scored at time points 0-2, 0-5, 2, 12 and 24 h. As
a negative control the caspase-unrelated peptide
MeOSuc-AAPV-CMK was applied. To obtain information
on whether MP-induced cell death might also involve other
more-general proteolytic events, the cells were treated with
broad-range serine protease inhibitors 4-(2-aminoethyl) benze-
nesulfonyl  fluoride  hydrochloride (AEBSF)  and
Na-p-tosyl-L-lysine chloromethylketone (TLCK) and, the
broad-range cysteine protease inhibitors iodoacetamide (IA)
and N-ethylmaleimide (NEM), tested in concentrations
ranging from nM to mm. MP-treated cells were also exposed
to treatments with a range of concentrations of antioxidants:
the NADPH oxidase inhibitors diphenyleneiodonium (DPI)
and imidazole and the immediate precursor of ascorbic acid
L-galactone-y-lactone (L-gal). The effect of serine and cyst-
eine protease inhibitors and antioxidants on MP-induced cell
death was determined 24 h after the treatments.

All inhibitors and all concentrations of the chemicals were
tested alone and in combination with MP. To allow uptake
into the cells, the chemicals were introduced 20 min before
the treatment with MP. The lowest concentrations of applied
inhibitors giving significant suppression of MP-induced cell
death are presented. The chemicals were taken from concen-
trated stocks allowing L volumes to be added to the cell
cultures. MP, IA and AEBSF were dissolved in
water, Ac-YVAD-CMK, Z-Asp-CH,-DCB, Ac-DEVD-CHO,
MeOSuc-AAPV-CMK, TLCK and NEM were dissolved in
DMSO and diluted 1000 times to the final applied concentration.
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DMSO was tested alone and at a final concentration of 0-1 %
(v/v); no effect on cell viability was detected.

To examine the release of putative cell death-protecting
molecules that might be produced by the dying cells, fresh
algal cells were grown in conditioned medium collected
from culture treated for 24 h with 1-pm MP and exposed to
additional treatment with 1 v MP. Without further treatment
with MP, fresh cells were also grown in conditioned medium
from MP-treated and non-MP-treated cells. In these experi-
ments cell death was scored after 2, 12 and 24 h.

Cell death determination

Cell death was determined through fluorescence micros-
copy. The cells were stained with 0-002 % fluorescein diace-
tate (FDA). FDA allows easy quantification of cell death.
Esterases in the living cells metabolize this dye to a green
fluorescence-producing compound fluorescein which remains
trapped in the living cells, whereas dead cells do not cleave
the dye and are distinguished by red fluorescence emitted
from chlorophyll. Cell death was calculated as a percentage
of dead cells to the total number of cells. Cell counting of
each sample was executed in three different randomly
chosen non-overlapping microscopic fields, each containing
at least 80—100 cells.

Assessment of YVADase proteolytic activity

Activity of a plant caspase-1 like protease (VPE) was deter-
mined according to the combined method described in del
Pozo and Lam (1998) and Danon ef al. (2004). The cells
were collected after centrifugation at 370 ¢ for 2 min and
kept at —80 °C before further processing. Frozen samples
were ground to a fine powder with a mortar and pestle and
homogenized after addition of 400 wL caspase extraction
buffer (50 mm Hepes, pH 7-5, 20 % glycerol, 1 mm EDTA,
1 mm DTT, 1 % BSA, 1 mm PMSF). Samples were transferred
to a 2-mL microfuge tube and incubated with shaking on ice
for 15 min, centrifuged for 10 min (13200 g, 4 °C) and the
supernatants collected. Fifty microlitres from the samples
were mixed with 50 L caspase assay buffer (caspase extrac-
tion buffer containing 150 pum of the caspase-1 fluorogenic
substrate Ac-YVAD-AMC). Half of the mixture (50 wL) was
immediately transferred to a tube containing 25 pL stop solu-
tion (1 % sodium acetate in 175 pum acetic acid) and this
sample was designated as t;. The remaining amount of the
sample was incubated at 30 °C for 2 h before the stop solution
was added (sample t;). After the reactions, samples were
diluted in 2 mL water and the fluorescence (F) was measured
with a Perkin Elmer 3000 (USA) fluorometer using 380/
460 nm excitation/emission filters. Relative enzyme activity
at the different time points was calculated as F(t) — F(ty), nor-
malized to a cell number of 3 x 10° cells mL ™. Samples con-
taining 10 pM of the caspase-1 inhibitor Ac-Y VAD-CMK were
used as a negative control.

DNA laddering

Isolation, purification and separation of DNA from
C. reinhardtii were performed according to combined protocol
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of Moharikar et al. (2006) and de Jong et al. (2000) with mod-
ifications. DNA was collected from 10 mL of the suspension
with cell density of 3 x 10° cells mL™', yielding 50 mg
f. wt of pelleted cells after 2 min centrifugation at 370 g.
The cells were ground to a fine powder in liquid nitrogen.
Hexadecyltrimethyl ammonium bromide (CTAB) isolation
buffer (2 % w/v CTAB, 1-4 m NaCl, 20 mm EDTA, 100 mMm
Tris—HCI, pH 8-0), freshly supplemented with 10 mm mercap-
toethanol, was added to broken cells and mixed thoroughly.
The mixture was incubated at 65 °C for 20 min. DNA extrac-
tion procedure was optimized by additional rounds with equal
volume phenol and chloroform—isoamyl alcohol (24 : 1 v/v).
DNA was precipitated with ice-cold isopropanol and centri-
fuged at 15490 g for 15 min. The nucleic acid pellet was
washed with a mixture of ice-cold 70 % v/v ethanol and
3-mMm sodium acetate (pH 5-2), at a ratio of 1:9, and centri-
fuged for 10 min. The washing procedure was repeated with
cold 70 % ethanol and, after centrifugation, the pellet was
air dried and dissolved in 25 pL TE buffer (10 mm Tris—
HCI, pH 80, 1 mm EDTA). DNase-free RNase A (0-1 g
pL™") was added and the mixture incubated at 37 °C for
30 min. DNA was separated on 1-8 % agarose gel stained
with ethidium bromide with equal amounts of 6 pg DNA
per lane.

Comet assay

The alkaline Comet (single-cell gel electrophoresis) assay
was applied as described by Miloshev er al. (2002) and
Collins et al. (2008) with modifications. One millilitre of
Chlamydomonas suspension cells was collected and centri-
fuged for 5min at 130 g. The pellet was washed with
500 wL S-buffer (50 mm Tris—HCI pH 7-5, 10 mm MgCl,, 1
M sorbitol), centrifuged again and re-suspended in S-buffer.
Aliquots from the cell suspension containing 10> cells mL ™"
were mixed with low-melting agarose to a final concentration
of 0-7% and were spread as micro-gels on microscopic
slides.To set the gels the slides were incubated for 5 min at
4 °C and thereafter submerged in lysis solution (1 m NaCl,
50 mm EDTA, pH 8, 30 mm NaOH, 0-1 % N-lauroylsarcozine)
for 1 h at 4 °C; washed three times for 20 min at 4 °C with de-
naturing solution (30 mm NaOH, 10 mm EDTA, pH 8) and
subjected to electrophoresis (0-45 V cm ') for 10 min at
4 °C in the same denaturing solution. Following electrophor-
esis, the gels were neutralized for 5 min with dH,O and dehy-
drated at room temperature by successive washes in 75 % and
95 % ethanol for 5 min each. After dehydration the gels were
stained with 1 x SYBR green I and the DNA comets were
observed under a Leitz epifluorescence microscope (VARIO
Orthomat 2; Bunton Instrument Company Inc., Wetzlar,
Germany) using an 450-490-nm band-pass filter. One
hundred objects per slide were scored and statistically ana-
lysed. The percentage of comet nuclei was calculated from
the total number of observed objects. By visual scoring, the
comets were classified into four classes from 0 (no tail) to 4
(almost all DNA in the tails) as described by Collins (2004).
Images were taken with a digital camera (Olympus w8) at a
resolution of 3 Mpx.
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Imaging

Fluorescent field images of C. reinhardtii suspension cells
were collected using fluorescent microscope (Nikon Eclipse,
TS 100, filter B-2A, exciter 450-490, DM 505, BA 520;
Vienna, Austria) equipped with a Nikon DXM 1200 digital
camera. Cell morphology was detected using a TCS SP2
AOBS CLSM system (Leica-Microsystems GmbH,
Mannheim, Germany) mounted on an inverted Leica DM
IRE2 microscope (CLSM). Three different lasers (405, 488
and 561 nm) were employed for excitation, three emission
channels for fluorescence imaging and one separate channel
for non-confocal transmission imaging. Overlays and orthog-
onal projections were made using the Leica Confocal software.
The living cells were visualized with FDA, and propidium
iodide (PI) (penetrates the damaged plasma membrane) was
used to distinguish the nuclei in the dead cells.
LysoTracker® Red DND-99 (LT) — a specific lysosome stain-
ing dye — was used to stain acidic cellular compartments.

Data analysis

The presented data for cell death experiments, Comet assay
and YVADase activity are average values from at least four in-
dependent experiments and are compared by standard error of
the means (s.e.m.). Additionally, in the cell death experiments
with caspase inhibitors, the means of values at the individual
time points of analysis were pairwise compared using
Fisher’s LSD (P < 0-05). The statistical processing and graph-
ical artworks were performed using computer software MS
Office Excel and GraphPad Prism.

RESULTS
Effect of MP on cell death

Chlamydomonas reinhardtii suspension cells (3 x 10° cells
mL ") were collected at the late logarithmic growth phase
and exposed to treatment with a range of concentrations (0.5,
1, 5, 10 and 30 pm) of MP. Cell death was scored at intervals
of 24 h until 120 h. In control, non-treated cultures, cell death
averaged between 2 and 6 %. MP induced cell lethality in a
dose-dependent manner with cell death almost completed
within 30 min of treatment. Approximately 50-60 % cell
death was observed in 1-pm MP-treated cultures, whereas
higher MP concentrations increased the lethality up to 80 or
100 % (Fig. 1A). In further experiments the cells were routine-
ly treated with 1-pm MP. MP was also administrated in
mid-log phase of culture growth, but no effect on cell death
was detected, indicating that during the phase of active
growth the cells are unresponsive to MP treatment. The cell
death as measured by FDA-negative cells 24 h after MP treat-
ment was confirmed by increased ion leakage (data not
shown).

Experiments with fresh cells, grown in conditioned medium
collected from cells grown for 24 h in 1 um MP showed
reduced cell death in response to an additional 24-h application
of 1 wm MP (Fig. 1B). The effect of the conditioned medium
was also tested after 2 and 12 h, but at these time points the
alleviation of the severity of MP stress was not detected
(data not shown). This indicated that after longer exposure to
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MP the dying cells might release substances preventing the
cell death in the remaining living cells in the culture. No in-
crease of cell death over the control cells was observed
when the cells were grown in conditioned medium from
MP-treated cells and not exposed to additional treatment
with the elicitor (Fig. 1B).

Contribution of caspase-like proteases to MP-induced cell death

To elucidate the possible contribution of caspase-like pro-
teases to MP-induced cell death the temporal pattern of cell
death was assayed from O to 24h in cultures treated
with MP and caspase inhibitors (10 um of the irreversible

-e- Control --~MP 0.5 ym -e- MP 1 pm
~-MP 5 pm -+ MP 10 pm & MP 30 um

120 |

W 5 9

Cell death (%)

40+
35}
30|
25
20+
15}

Cell death (%)

10+
5t

oI5 - ]

FM, no MP CM, no MP CM + MP

FM +MP CM + MP;
+ MP

Fic. 1. Effect of MP on cell death in C. reinhardtii. (A) Cell-death kinetics in
1 to 30 pm MP-treated cell suspension (approx. 3 x 106 cells mL™"). Cell
death was scored at 24-h intervals (0—120 h) after MP application following
FDA staining of the living cells, and was calculated as a percentage of dead
cells to total number of cells. (B) MP-induced cell death in algal suspension
grown in fresh (FM) or in conditioned (CM) medium. Fresh algal cells were
grown in conditioned medium collected from cultures treated for 24 h with
1 M MP and cell death was scored after an additional 24-h treatment with
1 wm MP. Fresh cells without further MP treatment were also grown in condi-
tioned medium from MP-treated and non-MP-treated cells. FM-no MP, Control
non-treated cells grown in fresh medium; CM-no MP, cells grown in condi-
tioned medium collected from non-MP-treated cells; CM + MP, cells grown
in conditioned medium collected from MP-treated cells; FM + MP,
MP-treated cells grown in fresh medium; CM + MP; +MP, cells grown in
conditioned medium collected from MP-treated cells and exposed to additional
treatment with MP. Error bars indicate + s.e.m.
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pan-caspase inhibitor Z-Asp-CH2-DCB, 1 um of the caspase-3
inhibitor Ac-DEVD-CHO (Fig. 2A) or 10 uMm of the caspase-1
inhibitor Ac-YVAD-CMK) (Fig. 2B). In the same time span
the dose effect of the caspase inhibitors applied alone or in
combination with MP was also monitored. When the inhibitors
were tested alone in the concentrations indicated above and in
lower concentrations, no effect on cell death was observed in
comparison with non-treated control cells. However, the
single application of concentrations higher than 10 um
Z-Asp-CH2-DCB and Ac-YVAD-CMK and higher than
1 uM Ac-DEVD-CHO caused >15 % cell death in 2 h (data
not shown). No additional inhibition of MP-induced cell
death with the higher doses of the caspase inhibitors was estab-
lished. For this reason, the higher concentrations were
excluded from further experiments.

Until 2 h after administration of the chemicals, no significant
suppression of MP-induced cell death was detected in response
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Fic. 2. Temporal pattern of the effect of caspase inhibitors on MP-induced
cell death in C. reinhardtii. The cells were treated with 1 wm MP and combina-
tions of MP and inhibitors. (A) Cell death in response to 10 pm of the broad-
range caspase inhibitor Z-Asp-CH2-DCB and 1 wm of caspase-3 inhibitor
Ac-DEVD-CHO. (B) Cell death in response to 10 pum of caspase-1 inhibitor
Ac-YVAD-CMK. Cell death was scored at the indicated time points after ap-
plication of the chemicals following FDA staining of the living cells, and was
calculated as a percentage of dead cells to total number of cells. Error bars
indicate + s.e.m. Cell-death effect of the chemicals at the individual time
points of analyses is compared by LSD (P < 0-05) as follows: (A) 0-2 h,
9-14; 0-5h, 10-62; 2-0h, 7-16; 12-0 h, 8-54; 24-.0 h, 11-82; (B) 0-2 h, 6-17;
0-5h, 7-65; 2-0 h, 473; 12-0 h, 8-82; 24.0 h, 11-41.

Yordanova et al. — Mastoparan-induced PCD in C. reinhardtii

to Z-Asp-CH2-DCB and Ac-DEVD-CHO (Fig. 2A), and a
slight, but statistically significant, decrease of MP-induced
cell death was found in the presence of Ac-YVAD-CMK
(Fig. 2B). An effect of Ac-Y VAD-CMK, however, was observed
from 2 h onwards resulting in an approx. 40 % inhibition of cell
death at 24 h (Fig. 2B). At the later time points cell death was
also suppressed by Z-Asp-CH2-DCB (30 % inhibition at 24 h)
(Fig. 2A). Caspase-3 inhibitor Ac-DEVD-CHO suppressed
cell death at 12 h but not at 24 h (Fig. 2A). The significance
of the effect of caspase inhibitors on cell death at the later
time points of analyses was confirmed by LSD (P < 0.05)
(Fig. 1A, B). As a negative control, the algal cells were
treated with 1 wm and 10 M of the caspase-unrelated peptide
N-methoxysuccinyl-Ala-Ala-Pro-Val-chloromethylketone
(MeOSuc-AAPV-CMK) carrying a similar ketone moiety as the
caspase-1 inhibitor. The analyses were performed at 2, 12 and
24 h. This peptide did not affect MP-induced cell death at the
time points tested (data not shown). Cumulatively, the inhibitory
analyses indicated that caspase-like proteases most probably
were not involved in the rapid cell death of a major part of the
MP-responsive cells.

To verify if MP-induced cell death is indeed an active
process and not accidental death, the effect of broad-range
serine and cysteine protease inhibitors and antioxidants on
MP-induced cell death was determined 24 h after the treat-
ments. Serine protease inhibitors AEBSF (100 wMm) and
TLCK (10 wM), and cysteine protease inhibitors NEM
(1 wm) and TA (10 M) reduced MP-induced cell death by an
average of 30—-60 % (Supplementary Data Fig. S1A). These
results indicated that, at least in the late stages, MP-induced
cell death in C. reinhardtii involves processes of general pro-
teolysis. In treatments with the ascorbic acid precursor L-gal
and the NADPH oxidase inhibitors DPI and imidazole
(thought to interfere with flavonoid-containing enzymes),
after 24 h, over 50 % reduction of MP-induced cell death
was observed (Supplementary Data Fig. S1B). This indicated
that oxidative stress is implicated in MP-induced cell death
in C. reinhardtii.

Effect of MP on YVADase activity

The kinetics of cell death inhibition on administration of
10 wm of the caspase-1 inhibitor Ac-YVAD-CMK showed a
remarkable pattern. Whereas the rapid cell death during the
first 2 h of MP treatment was not influenced by the inhibitor,
at later time points in the presence of the inhibitor the
culture showed an increased viability. This suggested that
MP might stimulate activity of a caspase-1-like protease that
might be involved in later time points of cell death. To
verify this suggestion the activity of YVADase (presumably
VPE) was assayed at consecutive time points after administra-
tion of MP and the inhibitor. To avoid eventual cleavage of the
fluorogenic substrate Ac-YVAD-AMC by other plant pro-
teases, the caspase assay buffer contained PMSF (serine prote-
ase inhibitor) and EDTA (metalloprotease inhibitor) that do
not inhibit animal caspases. In MP-treated cells YVADase ac-
tivity increased very rapidly within the first 30 min and contin-
ued to rise until 2 h, consecutively reaching a plateau after 12—
24 h. In the samples treated with a combination of MP and
Ac-YVAD-CMK or with the inhibitor alone the enzyme
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activity was inhibited to zero. In control non-treated cells, ac-
tivity remained low throughout the experiment (Fig. 3). This
showed that MP stimulates caspase-1-like activity. However,
until 2 h the MP-induced cell death was not inhibited by the
caspase-1 inhibitor, which suggested that that YVADase was
not involved in the early cell-death process. The gradual de-
crease in the percentage of dead cells at later time points in
caspase-1 inhibitor-treated cultures indicated that a caspase-1-
like activity might be involved in the later stages of cell death.

Effect of MP on cellular morphology

Field fluorescent images revealed living (green FDA fluor-
escence) and dead (red chlorophyll fluorescence) cells of
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Fic. 3. Kinetics of YVADase activity in MP-treated C. reinhardtii.

Enzymatic activity was assayed in a time span of 0—24 h at consecutive
time points after administration of the chemicals (1 pm MP, 10 um
Ac-YVAD-CMK and their combination). Control cells were left untreated.
The fluorescence was measured and the relative caspase activity (normalized
by cell count — 3 x 106 cells mL™") was calculated as F(t;) — F(t,) (for
details refer to Materials and methods). Error bars indicate + s.e.m.
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different size in control non-treated culture (Fig. 4A) and in
the cultures treated with MP and MP with inhibitors. This indi-
cated that the cells in the cultures were in different stage of de-
velopment. In the presence of MP and 10 wM of the caspase-1
inhibitor Ac-YVAD-CMK, 24 h after the treatments the
number of dead cells was significantly reduced (Fig. 4C) in
comparison with the MP-only-treated culture (Fig. 4B).

Morphology of vital and dead cells was examined by
CLSM. Intact cup-shaped protoplasts with preserved integrity
and diffuse nuclei were observed in non-treated FDA-positive
cells (Fig. 5A, B). FDA-stained dead cells did not show green
fluorescence (Fig. 5B). PI-positive nuclei were detected in
MP-treated dead cells (Fig. 5SC, I-K).

Until 2 h after exposure to 1 wM MP in a portion of the dead
cells, the staining with LysoTracker Red revealed a multitude
of LT positive organelles (Fig. 5D). In the same cells a slight
retraction of the plasma membrane from the cell wall was
observed, indicating the beginning of protoplast shrinkage
(Fig. SE). No LT-positive structures were found in non-treated
cells or in the living and dead cells 12 and 24 h after MP treat-
ment (Fig. 5SF). This showed that the LT-positive vesicles oc-
curred as a part of the early cell-death process and were not
formed due to other processes (e.g. cell division or differenti-
ation). Within the extent of the microscopy performed it was
not possible to distinguish if the vesicles are double-membrane
bound autophagosome-like organelles. The appearance of
small lytic vacuoles resembled a component of vacuolar cell
death and suggested that the cell-death process in MP-treated
C. reinhardtii cells might pass through an early stage which
is associated with the formation of lysosome-like compart-
ments. Protoplast shrinkage detected in same cells resembled
a component of necrotic cell death.

Large vacuoles and condensed nuclei were clearly visible in
PI-positive cells (Fig. SH, I). Bright red chlorophyll fluores-
cence emitted from the chloroplasts in living cells indicated
an intact structure (Fig. 5G). With cell-death progression, the
chloroplasts disintegrated in parallel with the occurrence of
larger vacuoles (Fig. SH). These growing vacuoles appeared
LT negative. In vacuolated cells (vacuolization — a symptom

Fi1G. 4. Fluorescent field images of C. reinhardtii. The living cells were stained with FDA and the dead cells were distinguished by chlorophyll fluorescence: (A)

untreated control cells; (B) cells treated with 1-um MP; (C) cells treated with 1-um MP + 10 um of the caspase-1 inhibitor Ac-YVAD-CMK. The images were

collected 24 h after administration of the chemicals and cell counting was carried out at x200 magnification using a fluorescent microscope (Nikon Eclipse;

Vienna, Austria; TS 100, filter B-2A, exciter 450-490, DM 505, BA 520) equipped with Nikon DXM 1200 digital camera. Thick arrows indicate dead
cells; thin arrows indicate living cells. Scale bars = 50 pwm.
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Fic. 5. CLSM images representing the cellular morphology of MP-treated C. reinhardtii cells: (A) FDA-positive living cell showing intact protoplast; (B) FDA
staining of a living (diffuse nuclei visible) and a dead cell (FDA negative); (C) PI staining of the cells in (B) — note the PI-positive compacted nucleus and the
homogenous content of the dead cell; (D) fluorescent image showing a multitude of lysosome-like LT-positive vesicles (white stars); (E) transmission light image
of (D) in which the lytic vesicles (red stars) appear as dark round organelles — note retraction of the protoplast (black arrows) from the cell wall; (F) LT-stained
living cell — no LT-positive vesicles are detected; (G) chlorophyll fluorescence emitted from the intact cup-shaped chloroplast of a living cell; (H) chlorophyll
fluorescence emitted from a disintegrated chloroplast in a dead cell with large vacuoles; (I) PI-stained vacuolated dead cell with shrunken protoplast and com-
pacted nucleus; (J) PI-stained dead cell with compacted nucleus and nearly empty cell-walled corpse (white arrow) containing only the remains of the digested
protoplast; (K) PI-stained dead cells expressing features of different cell-death types — the upper cells show necrotic morphology with shrunken protoplast and
condensed nucleus while the lower cells show an empty cell-walled corpse which is a feature of vacuolar cell death (white arrow); (L) Pl-stained dead cell
showing a feature of necrotic cell death — the remains of a largely unprocessed protoplast and nucleus. Images (A—C) and (G—K) were collected 24 h after
treatment with 1 um MP; images (D—F) were collected 2 h after treatment with 1 um MP; image (L) was taken 24 h after treatment with 5 pm MP. Cellular
morphology was examined using a TCS SP2 AOBS CLSM (Leica-Microsystems GmbH, Mannheim, Germany) mounted on an inverted Leica DM IRE2 micro-
scope. Three different lasers (405, 488 and 561 nm) were employed for excitation and three emission channels for fluorescence imaging and one separate channel
for non-confocal transmission imaging. Overlays and orthogonal projections were made using the Leica Confocal software. Abbreviations: chl, chloroplast; dc,
dead cell; Ic, living cell; nu, nucleus; p, protoplast; pyr, pyrenoid; cw, cell wall; v, vacuole. Scale bars = 5 pum.
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of vacuolar cell death) protoplast shrinkage (a feature of necro-
sis) was also observed (Fig. 51), indicating a combination of
components of both cell-death types in the same cells. In the
later cell-death stages, dead cells with a compact PI-positive
nucleus and a nearly empty cell-walled corpse were distin-
guished (Fig. 5J). This resembled a final stage of vacuolar
cell death which is typically characterized by vacuole-
mediated engulfment of the protoplast followed by clearance
of the cellular content resulting in an empty cell-walled
corpse. Interestingly, in the same culture, cells expressing
symptoms of either necrotic or vacuolar cell death were
found next to each other (Fig. 5K): note the upper cell with
a shrunken protoplast without distinguishable large vacuoles
at the top of an empty wall-bound cell (the lower cell). This
showed that different cells may undergo different types of
PCD. When 5 pM MP was administered, in a portion of the
dead cells (approx. 30 %) a PI-positive nucleus and largely un-
processed remains of the protoplast were observed (Fig. 5L).
This resembled a feature of necrotic cell death resulting after
early rupture of the plasma membrane and indicated that the
type of cell death might be dependent on the severity of the
applied stressor. The established mix of phenotypes showed
that the low concentration of 1 pm MP triggers PCD that
expresses an atypical morphological pattern comprising com-
ponents of necrotic (protoplast shrinkage) and vacuolar (for-
mation of small lytic vesicles, growing vacuoles and nearly
empty cell-walled corpse) cell deaths. The morphology of
the dead and living C. reinhardtii cells was also assessed in
the presence of the inhibitors, alone and in combination with
MP, and after double and triple staining with FDA, PI and
LT. No effect of the inhibitors on cell-death phenotypes was
observed, including the occurrence of LT-positive vesicles
that were not eliminated in the MP + Ac-YVAD-
CMK-treated culture (images not shown).

Effect of MP on DNA disintegration

DNA degradation into oligonucleosomal fragments of
around 180 bp is a hallmark of animal apoptotic cell death
and might occur during plant necrosis. A laddering pattern
of DNA cleavage was detected within 10 min of MP treatment
and, in the time interval between 30 min and 2 h (Fig. 6). At
later time points (12 and 24h) no DNA Iladdering in
MP-treated cells was found. In control cultures DNA cleavage
was not detected. This indicated that DNA fragmentation is
initiated as an early event after administration of the elicitor.
DNA laddering assay also occurred at the same time points
with cells treated with 1 um MP and 10 pm of the peptide
caspase-1 inhibitor Ac-YVAD-CMK. In response to the inhibi-
tor, no inhibition of DNA degradation was found (data not
shown). This showed that MP-induced DNA cleavage occurs
independently on caspase-1-like enzyme.

To gain additional information about the effect of MP on
DNA disintegration, the cells were analysed by the Comet
assay which is a sensitive method for measuring double- and
single-strand breaks in DNA The samples were collected from
cell suspensions exposed to 1 um MP for 10 min, 30 min, 2 h
and 24 h. No comet pattern appeared in control non-MP-
treated cells (Fig. 7A), which indicated intact DNA. Slight
DNA degradation was observed 10 min after administration of
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FiG. 6. DNA laddering in MP-treated C. reinhardtii. DNA was isolated from

a | pm MP-treated suspension of C. reinhardtii cells and the analysis were per-

formed at consecutive time points of 10 min, 30 min, 1, 2, 12 and 24 h after

treatment with MP. DNA was subjected to agarose gel electrophoresis using

equal amounts of 6 wg DNA per lane as described in Materials and

methods. Lane 1: M, marker; lane 2: C, non-treated control; lanes 3-8, time
points after MP application.

MP. The comet tail was extended 30 min after the treatment,
showing that DNA was undergoing a relaxation of the structural
loop with an increasing number of breaks. Two hours after MP
administration, DNA appeared granular both in the tail and in
the comet head which is a symptom of progressive breakage.
After 24 h of MP treatment, class 4 comets, lacking a compact
comet head and with almost all DNA fragments in the tail, indi-
cated irreversible DNA damage (Fig. 7A). Fluorescence images
reflected the increase in the percentage of comet nuclei found at
the consecutive time points of analysis (Fig. 7B). The results of
the Comet assay provided supportive evidence that in
MP-treated C. reinhardtii DNA cleavage proceeded concomi-
tantly with the progression of cell death.

DISCUSSION
Dying cells produce survival factors

The effect of MP on cell death occurred in a concentration-
dependent manner (Fig. 1A). We have earlier shown that
about 40 % of the cells were scored dead within 30 min after
administration of 1 pM MP; increasing up to 50 % at 2h
(Yordanova et al., 2010). After 2 h the cell death percentage
increased only slightly and stabilized after approx. 24 h
(Fig. 1A). Although a dramatic increase in cell death (up to
80 %) was detected in presence of 5-pm MP, in this case
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Fic. 7. Comet assay of DNA integrity in MP-treated C. reinhardtii: (A) fluor-

escent images of comets (scale bar =50 wm); (B) percentage of comet-

positive nuclei. Chlamydomonas reinhardtii cells in suspension were treated

with 1 um MP. Samples were taken and analysed for comet DNA at consecu-

tive time points at 10 min, 30 min, 2 h and 24 h. Comets were visually categor-

ized in five classes as described in Materials and methods. Error bars
indicate + s.e.m.

also the portion of dead cells did not increase further after
24 h. This suggested that dying cells may produce factors
that protect the still-living cells and/or reduce their susceptibil-
ity to MP. Indeed, when fresh cells were grown in conditioned
medium from MP-treated cells, the cells were much less re-
sponsive to MP treatment (Fig. 1B). A protective effect of con-
ditioned media on cell death in UV-treated Chlamydomonas
has been earlier reported (Moharikar et al., 2006). Also, it
has been found that the cellular content released from
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C. reinhardtii undergoing PCD in response to heat shock is
beneficial, whereas the cellular content liberated during
non-PCD (induced by sonic waves) is detrimental to the
fitness of the population (Durand ef al., 2011). It is suggested
that volatile organic compounds released from C. reinhardtii
cells undergoing acetic acid-induced PCD transmit the
message of cell death in a population (Zuo et al., 2012).
Mobile molecules, such as ethylene and nitric oxide, might
also contribute to cell-to-cell communication (Yordanova
et al., 2010). To assess whether MP-treated cells might emit
low molecular-mass messengers we have performed
PTR-MS analysis, and volatiles with antioxidant properties
were identified. The substances were produced at the earliest
12 h after MP treatment (data not presented). Judging by the
relatively late effect of the conditioned medium (after 24 h),
we hypothesize that compounds preventing cell death might
not be produced immediately or may have to accumulate to
a certain level before exerting their cell-death protecting
effect. These findings support the suggestion that under
stress conditions the dying C. reinhardtii cells may send infor-
mation to the living cells helping to keep the population vital.

Caspase-like proteases contribute to the later but not to the early
stages of MP-induced cell death

The lack of suppression of MP-induced cell death by the
general caspase inhibitor Z-Asp-CH2-DCB and caspase-3 in-
hibitor Ac-DEVD-CHO, and only the slight inhibition of
cell death by caspase-1 inhibitor Ac-YVAD-CMK (Fig. 2A,
B) during the first 2 h of treatment indicated that caspase-like
proteases might not contribute to early cell death events.
However, at later time points the caspase-1 inhibitor
Ac-YVAD-CMK evoked a gradual recovery of culture vitality
(Fig. 2B). A small but significant decrease in cell death was
also recorded in the presence of Ac-DEVD-CHO and
Z-Asp-CH2-DCB (Fig. 2A). This indicated that at later time
points the cell-death process possibly becomes caspase-like
dependent. The efficiency of the caspase inhibitors to affect
late MP-induced cell death was confirmed by the lack of cell-
death suppression in the presence of the caspase-unrelated
peptide MeOSuc-AAPV-CMK. Elsewhere it was reported
that this peptide was also not effective in preventing
camptothecin- and Cd-induced PCD in tomato suspension
cells where specific caspase inhibitors carrying the same
ketone moiety were highly effective (de Jong et al., 2000;
Yakimova et al., 2006). The reason for the eventual switch
from caspase-like-independent to -dependent regulation
might be a change in the physiological stage or of the sensitiv-
ity of algal cells to applied stressor which, in turn, might result
in involvement of different signalling pathways.
Developmental stage is an important parameter that deter-
mines the cell response to various stresses and this was also
observed in MP-treated C. reinhardtii cells. At the stage of ex-
ponential growth, MP did not exert a cell-death effect.
Moreover, in non-treated, but also in MP-treated cultures, the
cells differed in size, indicating different developmental
stages (Fig. 4).

A peculiar observation is that at later time points in
caspase-1 inhibitor-treated cultures the percentage of dead
cells seems to have decreased. A possible reason for this
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phenomenon is that the inhibitor might, through unknown
mechanism, promote a gradual recovery over time of some
of the cells that immediately after MP treatment were severely
stressed but not really dead. It may also be that the caspase in-
hibitor offered protection to cell death in cells that perceived
MP as a milder stress and died at later time points (presumably
cells that had a lesser sensitivity to MP). These two possibil-
ities can explain the lack of a further rise in cell death, but
cannot explain a decrease in percentage cell death over time.
The latter can only be explained if we assume that the presence
of the caspase inhibitor may have ‘revitalized’ the remaining
living cells, leading to extra cell divisions. This hypothesis
needs further verification.

In MP-treated cells, YVADase activity was stimulated in a
fast mode but inhibition of the activity did not correspond to
a reduction in cell death at the early time points, thus providing
an additional indication that the rapid cell-death response is
most probably not mediated by caspase-like pathways. These
results corroborate the findings of Moharikar er al. (2006)
which also suggest that early stages of cell death in
C. reinhardtii might be caspase independent. By using
anti-caspase-3 antibody, the authors detected a 28-kDa
procaspase-3-like protein. The antibody could recognize a se-
quence in the prodomain in the inactive proform which is acti-
vated by proteolytic removal of the prodomain and separation
of the catalytic subunits. In UV-C-treated cells, the uncleaved
proenzyme decreased starting as early as 1h after the treat-
ment and disappearing at 6 h, whereas cell death continued
to increase until 24 h. This demonstrated that the early stage
of cell death in this alga might be indeed caspase-independent.

The early stimulation of YVADase (presumably a VPE)
coincided with the occurrence of lysosome-like structures. It
is not clear whether the small lytic vacuoles might host a
VPE, but lysosomal proteins might be involved in VPE activa-
tion as suggested for cathepsin B (a lysosome-localized
papain-like non-caspase cysteine protease) during senescence
and HR in arabidopsis, tomato and tobacco (Gilroy et al.,
2007; McLellan et al., 2009). The fact that YVADase inhib-
ition did not affect the early stage of cell death might be at
least partially explained by the hypothesis of Danon et al.
(2004) who assumed that in UV-C-treated arabidopsis proto-
plasts a constitutive YVADase activity might be necessary to
prime the plant cell for death, but it is by itself insufficient
to induce the process. Interestingly, different to our observa-
tion showing that Ac-YVAD-CMK did not prevent
MP-induced DNA cleavage, the same authors showed that in
their experimental model YVADase participated in the medi-
ation of DNA fragmentation, which was inhibited in the pres-
ence of the reversible caspase-1 inhibitor Ac-YVAD-CHO.
These point to a possibility of a different role for caspase-like
enzymatic pathways depending on the cell-death inducer, the
stage of cell-death process and the model under study.

Suggested signal transduction during MP-induced cell death

In C. reinhardtii, MP is shown to activate Ca®" signalling,
phospholipid turnover and oxidative stress downstream of
G-proteins (Quarmby efr al., 1992; Ross and Higashijima,
1994; Munnik et al., 1998; van Himbergen et al., 1999). In
other model systems, MP has also been established to induce
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Ca’"-dependent processes (e.g. in tobacco suspension cells,
arabidopsis seedlings and in staminal hairs of Sefcreasea pur-
purea) (Tucker and Boss, 1996; Takahashi et al., 1998;
Whalley et al., 2011). In cultured soybean cells, other
G-protein modulators, such as cholera toxin, pertussis toxin
and an elicitor extracted from the pathogenic fungus
Verticillium dahlia, have been found to induce oxidative
stress and synthesis of lipid intermediates (Legendre et al.,
1992, 1993). MP-induced cell death and DNA fragmentation
in differentiating tracheary elements in zinnia cell culture
were inhibited by Ca*" channel blockers and stimulated by
calcium ionofore A23187, suggesting that MP might exert a
PCD effect through a mechanism requiring Ca*" influx
(Groover and Jones, 1999). A similar mode of MP action
through IP;-mediated elevation of Ca®' levels has been
demonstrated during MP-induced SI PCD in Papaver rhoeas
(Franklin-Tong et al., 1996; Jordan et al., 2000). In
MP-treated C. reinhardtii we have found that calmodulin in-
hibitor W-7 and Ca®** channel blocker LaCl; inhibited the
cell death by about 80% and 40 %, respectively
(Z. P. Yordanova et al., our unpubl. res.), which also pointed
to Ca’"-mediated cell-death signalling. Our earlier findings
indicated the involvement of phospholipid factors, ethylene
and NO (Yordanova et al., 2009, 2010). Here we provide
novel information suggesting that caspase-like proteases
might contribute to the later but not to the early stages of
cell death and that the response of algal cells might be depend-
ent on their physiological state and susceptibility to MP.
Inhibition of later stages of PCD by serine and cysteine prote-
ase inhibitors and antioxidants indicates that the process also
involves other proteolytic pathways and oxidative stress.
Taken together, the information from the literature and our
findings suggest that in C. reinhardtii the effect of MP on
PCD might be exerted through pathways downstream of
G-proteins engaging lipid-derived factors and Ca®" that, in
turn, might cross-talk with other messengers such as ethylene
and NO. These pathways might converge at the level of ROS.
ROS have been established as important mediators of
caspase-like-associated cell death in algae (Vardi et al.,
1999; Darehshouri er al., 2008; Segovia and Berges, 2009;
Zuppini et al., 2010). Potentially, the levels of Ca** and ethyl-
ene, and the severity of oxidative stress might regulate the sub-
sequent caspase-like-related cell-death cascade (de Jong et al.,
2002). For example, higher amounts of ethylene, Ca*" and
ROS might trigger rapid caspase-like-independent cell death,
whereas reliable levels of these factors might drive the
process toward caspase-dependent cell death that occurs at a
slower pace. However, this hypothetical mechanism through
which MP might trigger PCD effects needs further
verification.

MP-induced PCD is associated with DNA degradation

DNA damage during MP-induced cell death was analysed
by two methods: DNA laddering and Comet assay. The
DNA laddering assay revealed a PCD pattern of DNA cleav-
age into fragments smaller than 180 bp which occurred at
the early time points of cell death — until 2 h after MP treat-
ment (Fig. 6). This shows that DNA disruption is initiated as
a quick response to MP treatment. In other experiments
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(Yordanova et al., 2010) and also here at later time points (12
and 24 h) DNA laddering was not detected. However, the
Comet assay demonstrates that DNA disintegration proceeds
during the whole 24-h period of MP-induced cell death
(Fig. 7). It has to be noted that although DNA laddering has
been shown in C. reinhardtii challenged with heat stress
(Nedelcu, 2006) and UV radiation (Moharikar et al., 2006),
the occurrence of this PCD event in unicellular algae is not
a common feature. For example, in Micrasterias denticulata
exposed to oxidative stress, biochemical and phenotypic fea-
tures of PCD have been found but they have not been asso-
ciated with DNA fragmentation (Darehshouri et al., 2008).
DNA laddering analysis specifically identifies small internu-
cleosomal fragments, whereas the Comet analysis detects
high molecular-weight DNA resulting from double-strand
breaks. In the Comet method the small cut-off fragments that
leave the nucleus cannot always be observed, so it is disput-
able, to some extent, whether this analysis is an appropriate
marker for PCD (Collins, 2004; Collins et al., 2008).
However, as proven in other model systems, when used in con-
junction with other PCD markers (e.g. DNA laddering, cellular
morphology) the comet DNA can be informative for identifica-
tion of cells in which PCD has actually taken place
(Courtois-Moreau et al., 2009). The comet pattern of DNA
damage confirmed that DNA breakage is characteristic of
MP-induced PCD in C. reinhardtii.

MP induces cell death-expressing components of vacuolar
and necrotic phenotype

To describe the cell-death phenotype in MP-treated
C. reinhardtii, we have strictly followed the criteria recom-
mended by van Doorn et al. (2011). CLSM characterization
of 1-pMm MP-treated Chlamydomonas cells revealed markers
of necrotic and vacuolar cell death expressed in one single
cell but also in different individual cells (Fig. SE, I-K). In
the cells with lytic vacuoles (presumably a feature of vacuolar
cell death), a feature of necrosis appearing as a slight detach-
ment of the protoplast from the cell wall was observed
(Fig. 5E), whereas more-pronounced protoplast shrinkage oc-
curred at later time points in cells containing larger
LT-negative vacuoles (Fig. 5I). This suggests that symptoms
of both cell-death types might occur in the same cells at differ-
ent stages of cell death. The lytic organelles reminiscent of
lysosomes are a suggested component of very early stages of
plant PCD, prior to the formation of large lytic vacuoles; the
latter followed by the final stage of cell death executed after
tonoplast rupture, resulting in massive self-degradation (van
Doorn and Woltering, 2010; van Doorn et al., 2011). In our
samples, cells with nearly empty cell-walled corpses contain-
ing only a few remains of the protoplast were detected
(Fig. 5J). This resembles HR PCD in which different to
typical vacuolar cell death the vacuolar burst might not neces-
sarily lead to complete protoplast clearance (Beers and
McDowell, 2001; Hatsugai et al., 2004; Mur et al., 2008).
Interestingly, features of necrotic (shrunken protoplast) or
vacuolar (empty cell-walled corpses) cell deaths were
expressed not only in one single cell but also in different,
even neighbouring, cells (Fig. 5K). These observations also
indicated that different cells in the culture might undergo
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different cell-death types. A higher concentration of 5 pum
MP caused cell death expressing necrotic morphology
(largely unprocessed protoplast due to possible early rupture
of plasma membrane) (Fig. SL) which complies with the sug-
gestion that the severity of the stress stimulus might determine
the type of cell death (Moharikar et al., 2006; Jiménez et al.,
2009). The established morphological peculiarities of cell
death in response to MP corroborate the assumption of other
authors that the unicellular algae might undergo PCD-
expressing features of different or intermediate categories
(Segovia et al., 2003; Mohoarikar et al., 2006; Darehshouri
et al., 2008; Affenzeller et al., 2009; Deponte, 2008; Jiménez
et al., 2009; Pérez-Pérez et al., 2010; Zuppini et al., 2010).

Concluding remarks

Here we describe morphological, molecular and biochemical
PCD events induced in C. reinhardtii in response to the wasp
toxin MP, an activator of G-protein-mediated stress signalling.
The work addresses questions related to the temporal pattern
of involvement of caspase-like proteases, DNA integrity and
phenotypic occurrence of cell death. Broad-range caspase in-
hibitor Z-Asp-CH2-DCB and specific caspase-3 (Ac-DEVD-
CHO) and caspase-1 (Ac-DEVD-CMK) inhibitors did not
inhibit the MP-induced cell death at the early time points but
they were effective in suppressing the later stages of the
process. Activity of Y VADase (presumably a VPE) was strongly
stimulated by the elicitor and inhibited in the presence of
caspase-1 inhibitor but this did not correspond to inhibition of
the rapid cell-death response. DNA analysis showed that cell
death was accompanied with DNA disintegration, but the
early-occurring ladder type of fragmentation was not prevented
in the presence of Ac-YVAD-CMK. These results indicated that
caspase-like proteases may not be crucial players in the early
stages of MP-induced cell death but they may contribute to
late cell death. This may explain the revitalisation of an
MP-treated algal population in the presence of caspase inhibi-
tors at later time points. We suggest that the response of algal
cells might be determined by the developmental stage and sen-
sitivity of the cells to MP. At earlier time points, a portion of the
cells may recognize MP as severe stress and may die immediate-
ly in a non-caspase-mediated manner, whereas at later time
points the cells that survived are possibly less responsive to
MP and may perceive the elicitor as milder stress and die at a
slower pace engaging caspase-like pathways. A release of
survival-promoting factors from MP-treated cells that might
contribute to mitigation of cell death was suggested to play a
role in sustaining the fitness of a population.

MP-induced cell death revealed the components of the two
major categories of vacuolar and necrotic cell deaths, as they
are defined in van Doorn et al. (2011). The established symp-
toms resembled vacuolar (formation of small lytic vacuoles,
growing vacuoles, activation of a presumed VPE and, finally,
possibly vacuole-mediated clearance of cellular content, result-
ing in an empty cell-walled corpse) and necrotic (protoplast
shrinkage) cell deaths. These features were accompanied by
nuclear condensation and DNA fragmentation that may occur
at any of the cell-death classes. Such an atypical combination
of cell-death components gives us reason to assume that in
C. vreinhardtii MP induces PCD of an intermediate
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morphological type, reminiscent of the modality of HR. Our
findings suggest that hallmarks specific to different types of
cell death might be expressed within the same cells but also in
different cells at different stages of the cell-death process
which, depending on the physiological state of the cells, may
proceed through caspase-like-dependent or -independent
manner. More profound analyses including the use of mutant
Chlamydomonas strains are necessary to characterize addition-
ally the enzymes giving rise to caspase-like activities in this
alga. We believe that the information reported here discloses
novel elements in the performance of C. reinhardtii in stress
conditions and, at the same time, substantiates the recent discov-
eries in unicellular algae, showing that even in one and the same
organism cell death may occur in different forms and may follow
different pathways depending either on the sensitivity of cells or
on the mode of induction.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of Figure S1: (A) effect of broad-
range serine and cysteine protease inhibitors on MP-induced
cell death in C. reinhardtii; and (B) effect of antioxidants on
MP-induced cell death in C. reinhardtii.
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