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Carlos Jiménez1, Juan M. Capasso2, Charles L. Edelstein2, Christopher J. Rivard2, Scott Lucia3,

Sophia Breusegem2, Tomás Berl2 and Marı́a Segovia1,*

1 Department of Ecology, Faculty of Sciences, University of Málaga, Bvd. Louis Pasteur s/n, E-29071 Málaga, Spain
2 Department of Renal Diseases and Hypertension, School of Medicine, University of Colorado Health Sciences Center, 4200 E. 9th
Av. Denver, CO 80262, USA
3 Department of Pathology, School of Medicine, University of Colorado Health Sciences Center, 4200 E. 9th Av. Denver, CO 80262,
USA

Received 4 July 2008; Revised 20 November 2008; Accepted 24 November 2008

Abstract

Programmed cell death is necessary for homeostasis in multicellular organisms and it is also widely recognized to

occur in unicellular organisms. However, the mechanisms through which it occurs in unicells, and the enzymes

involved within the final response is still the subject of heated debate. It is shown here that exposure of the unicellular

microalga Dunaliella viridis to several environmental stresses, induced different cell death morphotypes, depending on
the stimulus received. Senescent cells demonstrated classical and unambiguous apoptotic-like characteristics such

as chromatin condensation, DNA fragmentation, intact organelles, and blebbing of the cell membrane. Acute heat

shock caused general swelling and altered plasma membrane, but the presence of chromatin clusters and DNA strand

breaks suggested a necrotic-like event. UV irradiated cells presented changes typical for necrosis, together with

apoptotic characteristics resembling an intermediate cell-death phenotype termed aponecrosis-like. Cells subjected

to hyperosmotic shock revealed chromatin spotting without DNA fragmentation, and extensive cytoplasmic swelling

and vacuolization, comparable to a paraptotic-like cell death phenotype. Nitrogen-starved cells showed pyknosis,

blebbing, and cytoplasmic consumption, indicating a similarity to autophagic/vacuolar-like cell death. The caspase-
like activity DEVDase was measured by using the fluorescent substrate Ac-DEVD-AMC and antibodies against the

human caspase-3 active enzyme cross-reacted with bands, the intensity of which paralleled the activity. All

the environmental stresses tested produced a substantial increase in both DEVDase activity and protein levels. The

irreversible caspase-3 inhibitor Z-DEVD-FMK completely inhibited the enzymatic activity whereas serine and aspartyl

proteases inhibitors did not. These results show that cell death in D. viridis does not conform to a single pattern and

that environmental stimuli may produce different types of cell death depending on the type and intensity of the

stimulus, all of which help to understand the cell death-dependent and cell death-independent functions of caspase-

like proteins. Hence, these data support the theory that alternative, non-apoptotic programmed cell death (PCDs),
exist either in parallel or in an independent manner with apoptosis and were already present in single-celled organisms

that evolved some 1.2-1.6 billion years ago.
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Introduction

Whether cell death is beneficial or detrimental for the

organisms depends on the biological circumstances in

which this happens and on the cell type or species. For

both, the question arises concerning the significance of

programmed cell death (PCD) in the biology of multi- and

unicellular organisms. The origin of the capacity for self-

destruction may be as ancient as the origin of the very first

cell (Ameisen, 1998). Thus, if effectors of the cell survival

machinery can also be effectors of the self-destruction of

the cell in which they operate, then the requirement for

coupling cell survival to the prevention of self-destruction

may be as old as the origin of the first cell, and cell suicide

is therefore an unavoidable consequence of self-organiza-

tion. PCD is ubiquitous in multicellular systems and is

essential for normal growth and development (Leist and

Nicotera, 1997). The PCD type known as apoptosis, is

characterized by very specific morphological and biochem-

ical requirements such as chromatin condensation and

margination, ordered DNA cleavage while the cytoplasm

and organelles remain unchanged, and the participation of

a family of cysteine proteases named caspases, as central

regulators (Kerr et al., 1972). Apoptosis is clearly different

from necrosis which is characterized by a loss of mem-

brane integrity, cell swelling, and lyses. However, the

classical necrotic nature described as passive, unpro-

grammed cell death, can be questioned. There are exam-

ples of cells presenting necrotic morphologies that are

subjected to an active cell death programme called

‘necrotic-like’-PCD that can be either caspase-dependent

or -independent (Edelstein et al., 1999; Kitanaka and

Kuchino, 1999). Consistently, it is considered a type of

PCD due to the presence of underlying regulatory mecha-

nisms. However, other types of PCDs, which do not

completely fulfil either the typical apoptotic features or

the necrotic ones, have also been reported (Clarke, 1990;

Sperandio et al., 2000; Leist and Jäätelä, 2001; Papucci

et al., 2004; Elmore, 2007). In this regard, a cell death type

named ‘paraptosis’, which is fundamentally different from

apoptosis, was discovered. It involves cytoplasmic vacuo-

lization, mitochondrial swelling, and the absence of

caspase activation or typical nuclear changes, including

pyknosis and DNA fragmentation, and is mediated by

mitogen-activated protein kinases (MAPKs) (Sperandio

et al., 2000, 2004). Other cells have been shown to exhibit

features of both apoptosis and necrosis and the term

‘aponecrosis’ was coined (Formigli et al., 2000; Papucci

et al., 2004). These authors suggested that apoptosis and

necrosis represent two extremes of a wide range of

aponecrotic responses that operate under caspase activa-

tion. One distinct model is ‘autophagic/vacuolar’-like cell

death. The typical hallmark of this form of cell death is the

consumption of the cytoplasm in the absence of leakage of

the intracellular content and intact cell membranes. This

type of cell death may display nuclear degradation and

pyknosis, depending on the nature of the cell (Jones, 2000)

and it has been shown to be a lysosomal degradation

pathway, since final evidence for lysosome-like organelles

in plants has been reported (Swanson et al., 1998).
Among all the cell death classes, apoptosis has been

mainly studied in metazoans, but vascular plants, as well as

some unicellular eukaryotic organisms, show characteristic

apoptotic-like features. Apoptosis-like phenomena occur in

vascular plants (Greenberg, 1996; Pennell and Lamb, 1997;

Lam and del Pozo, 2000; Lam et al., 2001) and they have

also been portrayed in unicellular organisms, including

chlorophytes (Berges and Falkowski, 1998; Segovia et al.,

2003; Segovia and Berges, 2005), dinoflagellates (Vardi

et al., 1999; Dunn et al., 2004; Franklin and Berges, 2004;

Segovia, 2007), diatoms (Casotti et al., 2005), yeast

(Frohlich and Madeo, 2000), kinetoplastids and slime

moulds (Cornillon et al., 1994), and bacteria (Lewis, 2000),

including cyanobacteria (Berman-Frank et al., 2004). Berges

and Falkowski (1998) described a form of autocatalysed cell

death in the single cell algae D. tertiolecta. When this

chlorophyte was deprived of light, it underwent apoptotic

cell death (Segovia et al., 2003). During the process of cell

dismantling in D. tertiolecta, the DNA suffered fragmenta-

tion and the nucleus disintegrated while the cytoplasm and

organelles remained intact. In parallel, both caspase-like

activity and expression increased. Despite the identification

of metacaspases in vascular plants and protists their roles

are not clear yet (Vercammen et al., 2007; Deponte, 2008)

and neither is the nature of caspase-like activities in

vascular plants (Bonneau et al., 2008). In the majority of

cases, measurements of these activities in unicellular species

have been carried out by using the classical aspartate-

containing caspase substrates. Consequently, the activities

measured must be ‘caspase-like’ activities. Although data

are scarce, modes of cell death different from apoptosis are

adopted by other phytoplanktonic species under stress

conditions (Dunn et al., 2002, 2004; Franklin and Berges,

2004). The factors that cause cell death in unicells, their

roles, and the details of the apoptotic process remain

unclear and, nowadays, the existence and evolution of PCD

in unicellular organisms is still controversial (Deponte,

2008). Hence evidence that these alternative, non-apoptotic,

PCDs exist has important implications for understanding

the fate of unicellular organisms.

Microalgae from the genus Dunaliella are among the

most ubiquitous eukaryotic organisms in hypersaline envi-

ronments, and often the major primary producers in salt

lakes and in the evaporation ponds of salt works

(Borowitzka, 1981). As an adaptation to the strong environ-

mental seasonal changes operating in these systems, they show

a remarkable degree of acclimation to salinity, temperature,

nitrogen, and irradiance (Ginzburg, 1987). These features

make this species a perfect candidate as a model organism.

Exposure ofD. viridis to environmental stresses that impair

cell division such as hyperosmotic shock, UV radiation, heat

shock, and nutrient starvation, causes a marked decrease in

the phosphorylated form of an extracellular signal-regulated

kinase (ERK), known to be involved in cell proliferation and
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differentiation in mammalian cells, through protein kinase

cascades (Jimenez et al., 2007). The authors had formerly

demonstrated that ERK phosphorylation was critical for cell

division in D. viridis (Jiménez et al., 2004). Cell numbers and

viability of D. viridis cultures under these conditions were

tested and suffered no changes when exposed to sub-lethal

stress conditions.

In the present study, evidence is presented that D. viridis

has the capacity to undergo different modes of cell death

depending on the stress factor and on its intensity. The

existence of several biochemical and morphological features

typical of each cell death-like morphotype in this microalga

is further demonstrated. In all the cases, cell death in D.

viridis was linked to an increase in the caspase-like activity

DEVDase that matched their accumulation.

Materials and methods

Culture conditions

Dunaliella viridis Teodoresco was grown in Johnson et al.

(1968) medium, at 2 M NaCl (Jiménez et al., 2004) and 25 �C
under continuous photosynthetic active radiation (PAR)

(400–700 nm) at 150 lmol quanta m�2 s�1, while maintaining

gentle stirring and bubbling with filtered air. When cultures
reached mid log-phase they were submitted to the following

environmental stress treatments: (i) osmotic shock, (ii) UV

radiation, (iii) heat shock, (iv) nitrogen starvation, and (v)

cells were left to reach late stationary phase (senescence). All

experiments were performed in triplicate and each sample

was measured by triplicate.

Stress treatments

Osmotic shock: Osmotic stress consisted of an increase in

the osmotic pressure of the medium by the addition of

NaCl. In acute hypertonic stress experiments, a final
concentration of 4 M was considered non-lethal while 5.5 M

NaCl was lethal. Cells were sampled at 0, 0.5, 1, and 2 h

after the shock.

UV radiation (UVR): Cultures were placed in 14 cm diameter

Petri dishes transparent to UVR and exposed to either 40

(non-lethal) or 70 mJ cm�2 (lethal) of UVR in the range

200–400 nm using a GS Gene Linker UV chamber (Bio-
Rad). The UVR spectral band is divided into three sub-

bands corresponding to UV-C (<280 nm), UV-B (280–315

nm), and UV-A (315–400 nm). After UV exposure, cultures

were maintained with continuous orbital shaking and 150

lmol m�2 s�1 PAR. Cultures were sampled at 0, 2, 4, and 6

h after UV radiation.

Heat shock: For thermal stress, cultures were transferred to
50 ml conical tubes and submerged in a water bath at either

35 �C (non-lethal) or 40 �C (lethal). Continuous light was

provided at the same irradiance as the PAR used during

culture growth. Cultures were sampled at 0, 1, 2, 3, and 4 h

after the heat shock.

Nitrogen starvation: Cells were harvested by centrifuging the

cultures at 1500 g for 10 min and resuspending them in

nitrogen-free growth medium for 7 d. Control cultures were

maintained with normal nitrogen-containing medium under

the same conditions. Cultures were sampled at 0, 2, 5, and 7 d.

Senescence: Cells were left to grow under continuous

PAR, at the same irradiance as above, for 12 d until they
reached late stationary phase. Sampling took place at 0, 2,

5, 7, 9, and 12 d after inoculation.

Transmission electron microscopy (TEM)

Cell pellets of the last point of the time-course for each

treatment were used for morphological analysis. For that,

such pellets were fixed in 2% glutaraldehyde for 1 h, washed

and resuspended in 1 ml of 0.01 M phosphate buffer (pH 8).

The pellets were post-fixed in 1% buffered osmium tetroxide

followed by dehydration in a graded series of ethanol and

embedded in epoxy resin. Ultra-thin sections were viewed
and photographed on a Philips EM 201 electron micro-

scope. TEM images of all the treatments were examined

at 33750, 311 750, and 325 000. Representative pictures

(325 000) under the different stress conditions are pre-

sented. Quantification of the cells under the TEM is always

difficult, therefore counting of cells showing each different

morphotype was carried out by analysing three fields of

view (FOV) for each treatment under the smallest magnifi-
cation.

Dead cells staining

Evans Blue is an acidic dye which has the inverse staining
properties of a vital stain when determining the survival of

plant and planktonic cells. Cells with intact semi-permeable

membranes exclude the dye, whereas the dye penetrates and

stains dead cells. Therefore, Evans Blue is referred as

a mortal stain rather than a vital stain (Crippen and Perrier,

1974). Since this method does not give an indication of the

mode of cell death, it should only be used in conjunction

with other techniques. Accordingly, the method described
by Crippen and Perrier (1974) was applied for marine

plankton. Samples were measured in triplicate independent

cultures for each treatment. Two aliquots of 1 ml of each

culture were taken. One of them was preserved in Lugols

iodine for counting the total number of cells. The other, was

used for counting the number of Evans Blue-stained cells,

by using a final concentration of 1:2000 (w/v) of Evans Blue

stock 1% (w/v). Samples were counted under the microscope
using a haemocytometer.

Confocal laser microscopy (CLM)

DAPI is a popular nuclear counterstain for use in multi-
colour fluorescent techniques. Its blue fluorescence stands

out in vivid contrast to green, yellow, or red fluorescent

probes of other structures and stains nuclei specifically, with

little or no cytoplasmic labelling. DAPI (Invitrogen) was

added to a concentration of 1–10 lM and incubated for
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5 min at room temperature. A small droplet of algae

suspension was placed on a pre-cleaned glass slide (VWR,

Aurora, CO) and trapped under a coverslip. Algae were

imaged on an inverted laser scanning confocal microscope

(LSM 510, Carl Zeiss Inc., Thornwood, NY) through a 340

1.2 N.A. water immersion objective. DAPI and endogenous

chlorophyll fluorescence were simultaneously excited using

two-photon excitation at 780 nm from a Ti: sapphire laser
(Coherent Inc., Santa Clara, CA). A dichroic filter (HFT

KP 700/543) was used to split the fluorescence emission into

two channels. DAPI fluorescence was observed through

a 435–485 nm band pass filter and chlorophyll fluorescence

through a 650–710 nm bandpass filter. More than 100 cells

from each condition were examined under a 340 objective

and representative pictures were taken.

TUNEL staining

Nuclear DNA fragmentation was identified in situ by

TUNEL labelling (Gavrieli et al., 1992). Basically, cells

were fixed with 0.1% glutaraldehyde, centrifuged for 5 min

at 14 000 g at 4 �C. The pellet containing cells was

permeabilized by the addition of 0.1% Triton-X100 for

15 min, washed with PBS, and labelled following the

manufacturers’ instructions (Apoptag Direct Kit, Chem-

icon). Samples were then resuspended in PBS, and green
fluorescence was observed using an epifluorescence micro-

scope (Nikon, Eclipse E 800, Japan) (excitation 490 nm,

emission of 525 nm). Samples were also analysed by using

a DAKO cytomation flow cytometer (MoFlo, Beckman

Coulter, Fullerton, CA, USA). Counts were triggered using

forward scatter (FSC) signals. Positive controls consisted of

cells pretreated with 10 lg ml�1 of DNAse I (nickase); for

negative controls, distilled water was substituted for the
terminal deoxynucleotidyl transferase.

DEVDase activity

For estimating the protein concentration of samples, 50 ml of

culture were centrifuged at 1500 g for 10 min. The pellets

were resuspended in 1 ml of lysis buffer and kept at 4 �C for

1 h. The lysis buffer contained 25 mM Na+ HEPES, 2 mM

dithiothreitol (DTT), 1 mM EDTA, 0.1% 3-[(3-cholamido-

propyl) dimethylammonio]-1-propanesulphonate (CHAPS),

10% sucrose, 1 mM phenylmethylsulphonyl fluoride (PMSF),
and 1 lM pepstatin A, pH 7.2. Then the homogenate was

sonicated and centrifuged at 4 �C at 100 000 g in a Beckman

ultracentrifuge using a Ti70 rotor for 1 h. The resultant

supernatants were immediately frozen in liquid N2 and stored

at –80 �C until use. Lysate protein concentration was mea-

sured by the bicinchoninic acid method (Pierce, Rockford,

IL), with bovine serum albumin as standard.

The DEVDase activity was determined by use of fluores-
cent substrates as previously described (Edelstein et al.,

1999). The DEVDase assay was performed using 20–50 ll
of the supernatant obtained as described above containing

50 lg total protein. A caspase assay buffer was added to the

supernatant to achieve a total sample volume of 190 ll. The

assay buffer consisted of 250 mM K+ HEPES, 50 mM KCl,

1 mM dithiothreitol, 1 mM EDTA, and 0.1% CHAPS, pH

7.4. The solution was pre-incubated for 10 min at 30 �C
before the addition of the caspase substrate (Ac-Asp-Glu-

Val-Asp-7-amido-4-methyl coumarin (Ac-DEVD-AMC) in

10% DMSO) (Thornberry et al., 1997). Ten ll of the

substrate (25 lM final concentration) were added to make

a final assay volume of 200 ll. Peptide cleavage was
measured over 1 h at 25 �C using a Cytofluor 4000 series

fluorescent plate reader (Perseptive Biosystems) at an excita-

tion wavelength of 380 nm and an emission wavelength of

460 nm. An AMC standard curve was determined for each

experiment. Caspase activity was expressed in nmol AMC

released min�1 of incubation time mg�1 of lysate protein. To

check whether or not these activities were real DEVDase,

increasing concentrations of the irreversible caspase-3 in-
hibitor Z-DEVD-FMK (Calbiochem) were added to the

homogenates according to Segovia et al. (2003) and samples

were pre-incubated for 60 min before running reactions.

Immunodetection

SDS-PAGE electrophoresis in 12% gels run in Tricine
buffer, as well as immunedetection and band analysis were

carried out according to Capasso et al. (2001). Antibodies

against the full-length precursor form of caspase-3 of

human origin were purchased from Santa Cruz Biotechnol-

ogy Inc. (Santa Cruz, CA). This antibody is highly specific

and reacts with the active form and the full-length precursor

of caspase-3. Jurkat (human T-cell leukemia) whole cell

lysates were used (Santa Cruz Biotechnology Inc., Santa
Cruz, CA) as positive controls.

Statistical analysis

Multiple group comparisons were performed using a one-

way analysis of variance (ANOVA). Where significant

differences were detected, post-hoc multiple comparisons

were made by using the Tukey tests. A P value of <0.05 was
considered statistically significant. To quantify the relation-

ship between the variables, the Pearson product moment

correlations were performed (considering P <0.05 as

significant). Values are expressed as means 6standard

deviation. The statistical analyses were carried out by using

the STATISTICA 7 statistical package (StatSoft Inc. Tulsa,

Oklahoma, USA).

Results

Cellular morphology

TEM micrographs of control cells actively growing in light

(Fig. 1A) showed that D. viridis has one big cup-shaped
chloroplast that occupies more than 50% of the cell volume

with the pyrenoid in the centre containing starch granules.

The nucleus is located in the apical part of the cell sur-

rounded by a well-defined nuclear membrane. Mitochondria

and Golgi apparatus are easily recognized. The flagellar

818 | Jiménez et al.



insertion point can also be seen in the cellular apex. Ninety-

eight per cent of the cells presented this morphology (Table

1). When cells were injured with sub-lethal doses of the

environmental stressors, they did not die and were able to

cope with the damage (essentially identical to that described

by Jimenez et al., 2007). However, exposure of cells to

sudden hyperosmotic shock (5.5 M NaCl) (Fig. 1B) revealed

that 55% of the cells had swollen and showed chromatin
condensation but also extensive cytoplasmic vacuolation

(arrow 1) in the absence of nuclear fragmentation and

cellular blebbing (arrow 2). This morphology seems to

resemble the paraptotic cell death phenotype. Seventy-six

per cent of cells exposed to lethal UV radiation (Fig. 1C)

presented symptoms of morphological changes typical of

necrosis such as cell swelling, disruption of organelle

membranes, condensation of mitochondria, and the forma-
tion of cytoplasmic blebs (arrow 1). Nevertheless, other

features clearly indicated some apoptotic characteristics

such as an intact cell membrane and neat membrane

blebbing (arrow 2). This appearance gives the impression of

an intermediate cell-death phenotype combining both

apoptotic and necrotic features, or aponecrosis. However,

chromatin condensation was not clear. Fig. 1D corresponds

Fig. 1. Representative transmission electron micrographs showing the morphological changes in Dunaliella viridis subjected to different

lethal stress treatments. C, chloroplast; Fi, flagellar insertion; G, Golgi, M, mitochondria; Mb, plasmalemma; N, nucleus; P, pyrenoid; S,

starch. Arrows indicate the alterations indicated in the text. (A) Normal vegetative cells grown in PAR. (B) Cells After 3 h of lethal

hyperosmotic shock (5.5 M NaCl). Note chromatin condensation together with extensive cytoplasmic swelling and vacuolation (arrow 1)

in the absence of nuclear fragmentation and cellular blebbing (arrow 2). (C) Cells after 4 h of UV radiation. Characteristic cell swelling,

organelle membranes are disrupted, mitochondria are condensed and cytoplasmic blebs appear (arrow 1). Cell membrane is intact and

shows blebbing (Arrow 2). (D) Cells after 2 h of heat shock. Cells experience nuclear edema and swelling, mitochondrial rupture,

disrupted organelle membranes and eventually altered plasma membrane (arrow 1), some chromatin clusters are observed (arrow 2). (E)

Cells after 7 d of nitrogen starvation. Note pyknosis (arrow 1) but not margination of chromatin, cell membrane with blebbing (arrow 2),

and cytoplasmic consumption (arrow 3). (F) Senescent cells after 12 d. Nucleus suffers margination in the cell, chromatin is condensed

(arrow 1), clumped and marginated in the nucleus, while cell membrane is intact with blebbing (arrow 2) and undamaged organelles.

Picture augmentation was 325 000.

Table 1. Percentage of cells showing each different morphotype

(Fig. 1) counted for each environmental stress under the TEM with

the smallest magnification used (33750)

Standard deviation in brackets. (A) Control cells growing in PAR. (B)
Cells exposed to sudden hyperosmotic shock (5.5 M NaCl). (C) Cells
exposed to lethal UV radiation. (D) Cells submitted to acute heat
shock. (E) Cells under nitrogen deprivation. (F) Cells left to reach the
late stationary phase of growth, i.e. senescence. n¼200–250 (cells
treatment�1).

Cell morphotype % of cells

(A) (normal) 98 (8.76)

B (paraptotic-like) 65 (11.23)

C (aponecrotic-like) 76 (10.57)

D (necrotic-like) 96 (2.23)

E (autophagic-like) 77 (6.16)

F (apoptotic-like) 83 (5.44)
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to cells exposed to acute heat shock (40 �C). Under these

conditions, 96% of the cells displayed swelling and nuclear

oedema. Mitochondrial rupture and disrupted organelle

membranes were also observed (arrow 1). Eventually,

altered plasma membranes typical of necrosis were also

apparent. However, since some chromatin clusters can be

identified as spots within the nucleus, it is suggested that the

morphology might be necrotic-like (arrow 2). In nutrient-
starvation experiments, cells were deprived of nitrogen for

7 d (Fig. 1E) and 77% of the cells demonstrated margination

of the nucleus in the cell, pyknosis, clumping and condensa-

tion in the nucleus (arrow 1), and intact cell membrane with

blebbing (arrow 2) and the absence of leakage of the

intracellular content. However, cytoplasmic consumption

was observed as indicated by the disappearance of chloro-

plast as well as other organelles (arrow 3). This morphotype
is very difficult to interpret as it seems to be coincident with

autophagic/vacuolar cell death. When control cultures of

Dunaliella are allowed to reach a late stationary phase of

growth or senescence (Fig. 1F), cell death started to happen

and cell density declined sharply. In this case, chromatin

aggregation and a certain level of karyorrhexis can be seen

(arrow 1) as well as membrane blebs (arrow 2). Cytoplasmic

disassembling suggests secondary necrosis after apoptosis.
Eighty-three per cent of the cells were in this state.

Dead cells

Counting of Evans Blue-stained cells revealed that under the

non-lethal stress the cells did not incorporate the dye. After

the first 30 min following osmotic shock around 35% of the

cells were already dead. One and 2 h later, more than half of

the population was dead (Fig. 2A). The response was

different after UV radiation and thermal shock. After the
UV stress, the cells also died during the first 4 h of treatment.

However, the amount of dead cells increased 2-fold between

4 h and 6 h, reaching almost 80% of the total number of cells

(Fig. 2B). The number of dead cells rose to about 3-fold, 2 h

after the heat shock treatment and remained constant during

the whole period of time (Fig. 2C). Sixty per cent of the cells

died suddenly after day 7 under nitrogen deprivation whilst

during the previous days only 5% or 10% (days 2 and 5,
respectively) of the cells showed blue staining (Fig. 2D).

Senescent cells started to die during day 7 and by the end of

the sampling period (day 12), around 90% of the population

was already dead (Fig. 2E).

DNA condensation

D. viridis cells were also analysed by means of CLM using

DAPI nuclear staining. Normal cells growing in PAR (Fig.

3A) showed homogeneous DAPI staining well confined to

the nuclear area. Two hours after the onset of a lethal
osmotic shock (5.5 M NaCl) (Fig. 3B) cells presented

irregular DAPI staining and a slight degree of chromatin

clumping could be observed. Fig. 3C represents cells exposed

for 2 h to lethal UV irradiation. In this case, chromatin

aggregation was not only restricted to the nuclear area, blue-

stained granules were also observed in the centre of the cell,

therefore suggesting some degree of karyolysis. After 2 h of

acute heat shock (Fig. 3D) cells demonstrated chromatin

aggregation but again, not strictly restricted to the nuclear

area. Figure 3E corresponds to cells subjected to 7 d of

nitrogen starvation in which well-defined DNA condensation

is observed, appearing only in the nuclear zone. Senescent

cells also showed clear chromatin condensation in the
nucleus (Fig. 3F).

DNA strand breaks

While the morphological changes mentioned above occurred,

nuclear DNA was concurrently degraded in some of the

stress treatments. Free 3# OH ends of DNA, generated by

activation of endonuclease activity in dying cells, were

fluorescently labelled with a conventional TUNEL assay

(Gavrieli et al., 1992). No labelling was observed either in
cells growing in PAR (Fig. 4A) or in the the non-lethal

conditions. In the FACS chart, quadrant R1 contain cells

with positive TUNEL labelling, and quadrant R3 corre-

sponds to the absence of TUNEL green fluorescence. Red

chlorophyll fluorescence comprised both quadrants. After

osmotic shock (Fig. 4B) only about 5% of the cells presented

green fluorescence and such labelling was very faint. Around

68% of cells showed labelling after UV radiation (Fig. 4C)
and a similar pattern, was observed after 3 h of heat shock

(Fig. 4D). Results similar to those obtained under osmotic

shock were also found under the nitrogen-starvation treat-

ment (Fig. 4E), in which the number of green fluorescent

cells was about 28%. A greater number of cells (93%)

presented green fluorescence under the senescence treatment

(Fig. 4F) after 12 d. Some of the counts in R1 correspond to

cellular debris (for instance the dots at 100 both for FITC
and red chlorophyll). Positive controls, consisting of cells

treated with DNAse showed strong staining, indicative of

DNA degradation. Negative controls were analysed by using

9 d senescent cells and by substituting MilliQ water for the

TdT enzyme. These cells did not stain (controls data not

shown).

DEVDase activity

DEVDase activity was detected in D. viridis cell extracts, in

response to the different stress conditions tested in this
work (Fig. 5). Exposure of cultures of D. viridis to either

lethal or sub-lethal hyperosmotic stress by the addition of

NaCl (5.5 M and 4 M final concentrations, respectively)

produced different results (Fig. 5A). While non-lethal

hyperosmotic stress did not result in significant increases in

activity, cells exposed to 5.5 M NaCl exhibited a rapid

increase in DEVDase activity within 0.5 h after the shock,

and resulted in values of 337667 nmol min�1 mg�1 protein
after 2 h (about a 17-fold increase). An increase in activity

was also determined for cultures subjected to either lethal

doses of UV radiation (70 mJ cm�2; Fig. 5B) or tempera-

ture (40 �C; Fig. 5C). In these cases a similar increase in

DEVDase activity (100–120 nmol min�1 mg�1 protein) was
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noted under both treatments in the first few hours with

a significant drop in activity at later time points most likely
representing cell death. The activity of the enzymes was

around half of that obtained under osmotic shock. Unlike

hyperosmotic stress, sub-lethal UV and temperature shock

did not induce a significant increase of DEVDase activity.

Nitrogen starvation (Fig. 5D) is a much slower process

leading to cell death, and a peak of maximal DEVDase

activity (17-fold increase compared with control cells) was

found 5 d after nitrogen removal from the medium. The
maximum DEVDase activity in nitrogen-starved cells at

5 d was more than double compared to treatment with

UV or temperature and similar to that caused by osmotic

stress (Fig. 5B, C, respectively), reaching average values of

250 nmol min�1 mg�1 protein.

Having demonstrated that DEVDase activity was in-

duced in cells exposed to different forms of lethal stress, the
influence of natural cell deterioration due to culture ageing

was studied. Fig. 5E depicts a dramatic increase in

DEVDase activity in senescent cultures of D. viridis at 12 d

following initial inoculation (late stationary phase of

growth). The activity reached values of more than 350 nmol

min�1 mg�1 protein, indicating that activation of this

particular caspase-like activity naturally occurs in ageing

cultures of D. viridis. DEVDase activity dropped 50% after
the addition of 100 lM of the irreversible caspase 3

inhibitor Z-DEVD-FMK (Fig. 5F), and was not inhibited

at all by 1 mM PMSF or 1 lM pepstatin A, well-known

inhibitors of serine proteases and acid proteases (aspartyl

peptidases), respectively.

Fig. 2. Cell death judged by Evans Blue mortal staining of cells under light microscopy with lethal stress treatments. The dashed

horizontal line represents live control cells in PAR at t¼0. (A) Cells after osmotic shock. (B) Cells after UV radiation. (C) Cells after heat

shock. (D) Cells under nitrogen starvation. (E) Culture senescence.
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Immunoblot analysis

A mammalian anti-caspase 3 antibody was used to detect
the caspase-like protein in D. viridis in response to lethal

environmental stress (Fig. 6). Such protein was essentially

absent in normal steady-state cells; however, a rapid in-

crease in the intensity of the active 32 kDa caspase-like

band was detected after the shock treatments. According to

the apparent molecular weight and to the migration of the

caspase-3 positive control, the band is similar to the

caspase-3 of human origin. The presence of the caspase-like
band was only slightly detected after the lethal hyper-

osmotic shock (Fig. 6A) and no bands appeared under the

sub-lethal condition. Under UV radiation (Fig. 6B), maxi-

mal band intensity occurred 4–6 h after the treatment, while

3–4 h was needed following heat shock (Fig. 6C). It started

to accumulate 4 d after the transfer of cells to nitrogen-free

medium, reaching maximal band intensity after 7 d (Fig.

6D). Senescence of cultures of D. viridis also induced the
appearance of the caspase-like enzyme (Fig. 6E) 9 d after

inoculation, showing maximal band intensity after 12 d (late

stationary phase of growth). Thus, there was a clear in-

duction of caspase-like enzyme synthesis in response to

lethal stress, irrespective of the cell death morphology

presented.

Discussion

Apoptosis is an active form of cell death by which individual
cells commit suicide. It is a highly controlled and organized

process characterized by well-defined morphological changes.

The possible role of programmed cell death (PCD) in

unicellular organisms has received much attention recently

(Cornillon et al., 1994; Ameisen, 1996; Vardi et al., 1999;

Frolich and Madeo, 2000; Lewis, 2000; Ning et al., 2002;

Segovia et al., 2003). The presence of key components of cell

death pathways in some of the earliest-evolved organisms
(Berman-Frank et al., 2004) suggests that their origins are

truly ancient, and it has been speculated that they may be the

result of viral-eukaryote genomic mixing during ancient

evolutionary history (Berges and Falkowski, 1998; Segovia

et al., 2003; Bidle and Falkowski, 2004). However, the

existence and evolution of PCD in unicellular organisms is

controversial (Deponte, 2008) and obviously confusing

because unlike multicellular organisms, it results in complete
loss of the organism. However, apoptosis is not the only way

by which cells may die. Evidence shows that other alternative

forms of non-apoptotic PCD exist in parallel or in an

independent manner with apoptosis (Golstein and Kroemer,

2005; Bredesen, 2007), with important implications for

understanding the type of PCD that occurs in unicellular

microalgae and how they operate. It is now commonly

thought that subtle or dramatic changes in the cell-death
phenotype are a direct result of the relative degree of the

injury to which the cells are exposed. Supporting this

contention, there are data that environmental stimuli can

produce different types of cell death depending on the

intensity of the stimulus and on ATP availability within the

cell, and that classic apoptosis and necrosis may represent

only two extremes of a continuum of intermediate forms of

cell death (Papucci et al., 2004).
In the present work, both morphological and biochemical

approaches have been used to study the forms of cell death

in D. viridis. Only senescent cultures showed unambiguous

features of apoptosis, followed by secondary necrosis; in

turn, the other stress factors provoked different cell-death

phenotypes under lethal conditions. In the case of heat

shock, necrosis-like was the single cell-death process, whilst

Fig. 3. DNA condensation in Dunaliella viridis revealed by DAPI staining and confocal laser microscopy. (A) Control cells in PAR. (B) Cells

after osmotic shock (5.5 M NaCl). (C) Cells after 4 h of UV radiation. (D) Cells after 2 h of heat shock. (E) Cells after 7 d of nitrogen

starvation. (F) Culture senescence. Horizontal bar is 1 lm.
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UV radiation produced an intermediate cell-death morpho-

type combining both apoptotic and necrotic features, with

aponecrotic-like characteristics. A different pattern was

observed under hyperosmotic shock, where cells highly
resembled the paraptotic-like phenomenon. Finally, algae

exposed to nitrogen starvation showed a different death

morphotype, that, acording to the results obtained, suggest

that it is a similar mechanism to that of autophagic/

vacuolar-like cell death. The ends of the death chain would

then correspond to necrosis and apoptosis (Aigner, 2002;

Papucci et al., 2004), fitting within the cell-death phenotypes

found in D. viridis under heat shock and senescence,
respectively. The necrotic-like morphology observed after

heat stress implies active cell death (Kitanaka and Kuchino,

1999). Chromatin condensation was not observed, but the

cells presented chromatin clusters as well as disorganized

spots accompanied by cytoplasmic swelling, also described

by Leist and Jäätelä (2001), and TUNEL labelling was

positive. This is opposed to the necrotic event per se, which

is passive and unprogrammed. Cell disintegration under

heat stress seems to be programmed and organized in

Chlorella pyrenoidosa (Leu and Hsu, 2004) and shows
apoptotic morphology as well as intermediate morphotypes

in Chlorella saccharopila (Zuppini et al., 2007). Interest-

ingly, the temperature used in both species was higher than

the temperature used for D. viridis, which showed a ne-

crotic-like pattern. In the same context, Symbiodinium sp.,

the symbiotic dinoflagellate of the sea anemone Aiptasia sp.,

presented PCD characteristics under experimental bleach-

ing, that shifted between both necrosis and apoptosis,
depending on the extent of the stress (Dunn et al., 2002,

2004). When D. viridis cells were left to reach late stationary

phase, they died apoptotically-like. The cell-death pheno-

type shown by these cells was totally coincident with that

described for D. tertiolecta under light deprivation (Segovia

et al., 2003). This is not surprising as ageing has been widely

Fig. 4. DNA fragmentation in Dunaliella tertiolecta after different environmental stresses revealed by TUNEL staining. (A) Control cells in

PAR. (B) Cells after 3 h of osmotic shock. (C) Cells after 4 h of UV radiation. (D) Cells after 3 h of heat shock. (E) Cells after 7 d of nitrogen

starvation. (F) Senescence after 12 d. Horizontal bar is 20 lm.
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reported to be one of the conditions by which apoptosis
takes place in vascular plants (Fukuda, 1994; Buchanan-

Wollaston et al., 2003) and by which phytoplankton blooms

disappear (Berges and Falkowski, 1998; Vardi et al., 1999;

Ross and Sharples, 2007). In fact, dead cells in natural

phytoplankton populations closely resemble senescent cul-

tured cells (Veldhuis et al., 2001).

Intermediate features of both apoptosis and necrosis

morphotypes or aponecrosis (Formigli et al., 2000) were
exhibited when D. viridis was irradiated with UV, including

a high degree of TUNEL labelling. UV has been reported to

cause apoptotic-like cell death in the unicellular alga

Chlamydomonas reinhardtii subjected to high doses of UV

(100 J m�2) (Moharikar et al., 2006). However, the

difference between D. viridis showing an aponecrotic-like

appearance and C. reinhardtii with apoptotic-like morphol-
ogy might reside in the UV doses received, i.e. in the level of

the injury caused to the cells. So, depending on the damage

infringed, the cells seem to ‘choose’ how to die.

Completely distinct responses took place under nitrogen

starvation and hyperosmotic shock. Under nitrogen starva-

tion, cells may die by means of a mechanism similar to

autophagic/vacuolar-like cell death as indicated by the

disappearance of clear cytoplasm. Nevertheless, the nucleus
was not degraded and chromatin was slightly clumped and

condensed. Strikingly, a small percentage of cells showed

TUNEL positive labelling. Several reports support that

autophagic cell death goes through without the generation

of DNA strand breaks (Kissova et al., 2006; Bassham,

2007). Nuclear degradation and pyknosis seem not to be

Fig. 5. DEVDase activity in Dunaliella viridis following exposure to various stresses. Changes in enzymatic activity were measured as

hydrolysis of 7-amino-4-fluoromethyl coumarin-labelled specific substrate DEVD, in all stress treatments. (A) Osmotic shock. (B) UV

radiation. (C) Heat shock. Lethal conditions of stress factors are represented by black bars and sub-lethal conditions by white bars. (D)

Nitrogen starvation. (E) Senescent cultures. (F) Inhibition of the enzymatic activity by using the irreversible caspase-3-inhibitor Z-DEVD-

FMK after 4 h of UV lethal stress. The highest point of DEVDase activity for the rest of the treatments was inhibited with the highest

concentration of the inhibitor (200 lM) and any of them showed activity. Statistical differences (P <0.05) during the time-course for the

lethal stress are marked with letters. Same letter means no differences.
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universal in all cells undergoing autophagic death (Jones

2000), and this would rather depend on the cell type.

Although the positive TUNEL assay was not statistically

significant, the reason lying beyond the chromatin cluttering

observed with DAPI and TEM, deserves further studies. Yet,

the most important fact is that autophagic/vacuolar cell

death occurs in nutrient-starved cells, serving as a cellular
protective mechanism up-regulated by nutrient starvation

(Yue et al., 2003; Shimizu et al., 2004; Levine and Yuan,

2005). In vascular plants, autophagy has been known for

some time to be important for nutrient remobilization during

sugar and nitrogen starvation and leaf senescence, and recent

reports focus on its role in housekeeping functions related to

oxidative stress (Bassham, 2007).

Finally, when cells were subjected to hyperosmotic shock
they showed an analogous appearance to paraptotic-like

morphology, i.e. chromatin condensation and also cytoplas-

mic swelling and vacuolation. Like apoptosis, it seems to be

an active process requiring transcription and de novo protein

synthesis (Aigner, 2002). Paraptosis has been reported to

occur in the unicellular dinoflagellate A. carterae when

cultured in darkness and during culture senescence (Franklin

and Berges, 2004) concurring with rapid vacuolization, loss
of internal structure, intact membranes, and lack of DNA

fragmentation. Paraptosis is mediated by mitogen-activated

protein kinases (MAPKs) in human cells (Sperandio et al.,

2004). Coincidently, authors have demonstrated the presence

of mitogen-activated protein (MAP) kinase signalling path-

ways in D. viridis, and that operation of the p38 and the

c-Jun N-terminal kinase (JNK) cascades are crucial for

adaptation and survival of this microalga upon hyperosmotic
stress (Jiménez et al., 2004), the very stress treatment

described in this work under which the cells seem to

undertake a paraptotic-like demise. Moreover, hyperosmotic

shock, nitrogen starvation, and UV irradiation, impaired cell

division and caused a marked decrease in the phospho-ERK

levels in D. viridis (Jiménez et al., 2007). These data suggest

that, indeed, D. viridis might undergo a paraptotic-like event.

Hence, it is now generally accepted that multiple forms of

programmed cell death exist and that some of them do not

require the activation of caspases (Leist and Jäätelä, 2001;

Clarke, 2002). Thus, the term apoptosis in most cases, but
not always, is exclusively used for caspase-dependent cell

death (Blagosklonny, 2000; Leist and Jäätelä, 2001). On the

other hand, while necrosis does not require caspase activa-

tion, necrosis-like, being active cell death might or might not

require caspase activation (Kitanaka and Kuchino, 1999),

and the same is true for aponecrosis (Papucci et al., 2004).

However, paraptosis and autophagic/vacuolar cell death

traditionally do not call for the participation of caspases
(Sperandio, 2000; Jones, 2000; Wyllie and Golstein, 2001;

Leist and Jäätelä, 2001). A highly significant increase of

DEVDase activity and activation in cell extracts was found

after the induction of cell death by means of the environ-

mentally relevant stresses. Caspase-like enzymatic activities

and immunodetection were reported for the first time in the

unicellular cholorophyte D. tertiolecta (Segovia et al., 2003),

other reports regarding metacaspase activity in several
microalgal species have also been described (Berman-Frank

et al., 2004; Moharikar et al., 2006; Zuppini et al., 2007) and

analyses of completed genome sequences of prokaryotic and

eukaryotic phytoplankton have revealed the widespread

presence of metacaspases in some cyanobacteria, and in

unicellular eukaryotic microalgae (Bidle and Falkowski,

2004). However, despite the fact that metacaspases have been

reported to operate in an analogous manner to caspases, they
are distinct in terms of target site specificity from caspases, at

least in vascular plants [their target substrate contains either

lysine or arginine at the P1 position, whilst caspase-like

enzymes seem to have specificity for aspartate (Vercammen

Fig. 6. Western blot showing cross-reactions of protein extracts from Dunaliella viridis with antibodies raised against human caspase 3.

Lanes correspond to the hours or days exposed to each particular stress treatment. (A) Osmotic shock. (B) UV radiation. (C) Heat shock.

(D) Nitrogen starvation. (E) Culture senescence.
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et al., 2004., 2007; Watanabe and Lam, 2005)], and their

roles in protists are not obvious yet (Deponte, 2008).

DEVDase was not apparent in steady-state D. viridis cells;

however, a rapid increase in the intensity of the 32 kDa band

was detected after shock treatments. Our data suggest that

these activities must be DEVDases because PMSF (an

inhibitor of serine proteases) and pepstatin A (an inhibitor

of aspartyl peptidases) did not inhibit the activity, whilst the
irreversible caspase-3 inhibitor Z-DEVD-FMK inhibited

them completely. In this context, it seems clear that envir-

onmental treatments induced the activation and the increase

in DEVDase activity in unicellular organisms. Yet, the

nature of caspase-like proteins in plants is diverse (Bonneau

et al., 2008) and a more thorough inhibitor analyses is

necessary. Similar results were obtained in other unicellular

chlorophytes exposed to UV (Moharikar et al., 2006) and to
heat shock (Zuppini et al., 2007). In both cases, antibodies

against a mammalian caspase-3 from human origin cross-

reacted with a protein of 28–32 kDa and its pattern of ex-

pression correlated with the onset of cell death. DEVDase

activity and accumulation of the 32 kDa band was observed

in cells undergoing all the different cell-death types described

in this work, despite the fact that some of those cell-death

events, as for example autophagic-like or paraptotic-like
deaths, do not necessarily concur with caspase activation. A

non-apoptotic role for proapoptotic caspases was previously

proposed (Zeuner et al., 1999), indicating that high caspase-3

activity is not exclusive of apoptotic cell death, and in

phytoplankton they have been reported to be constitutive

and having housekeeping functions (Segovia and Berges,

2005). Thus, growing evidence suggests the participation of

caspases in other cellular processes such as development,
cell cycle, cell proliferation, and receptor internalization

(Algeciras-Schimnich et al., 2002), in addition to their well-

characterized role in apoptosis, helping to understand

apoptosis-dependent and apoptosis-independent functions of

caspases.

PCD is difficult to explain as it is a mechanism that offers

negative selective pressure. In spite of this, cells have managed

to use PCD for several ecologically relevant purposes. One
theory suggests that PCD in unicellular organisms would

provide for evolutionary advantage for their genome to

survive harsh conditions, optimize adaptation of cell numbers

to environmental conditions (i.e. nutrient availability), main-

tain tight regulation of the cell cycle and differentiation (i.e.

formation of resistant forms: cysts), enhance defence against

pathogens (i.e. viral infection), and to promote and maintain

clonality within the population (Welburn et al., 1997;
Ameisen, 2000). In this sense, PCD in unicellular organisms

may be considered as a safety mechanism for the population.

The evidence that alternative, non-apoptotic PCD exists in

unicellular organisms has important implications for under-

standing cell dynamics. That environmental stimuli can pro-

duce different types of cell death depending on the intensity of

the stimulus, and that classic apoptosis and necrosis may

represent only two extremes of a continuum of intermediate
forms of cell death, is also applicable to unicellular organisms.

If PCD in phytoplankton is truly the result of a programme

activated by environmental factors, then it is important to

understand how activation happens and what occurs within

the cell in response. The existence of genetically driven cell-

death phenomena in phytoplankton indicates that the regula-

tion mechanisms responsible for the dichotomy cell survival/

cell death were already present in single-celled organisms 1.2–

1.6 billion years ago and preceeded multicellularity.

It has been demonstrated in this work, by using
morphological and biochemical approaches, that the pres-

ence of different cell-death programmes, mediated by

DEVDase activity, can occur in a single-celled organism

such as the unicellular chlorophyte D. viridis, and that cell

death may vary from apoptosis to necrosis, going through

different intermediate morphotypes such as aponecrosis, or

adopt autophagic/vacuolar or paraptotic-like appearance,

depending on the stimulus received. New advances in the
elucidation of the molecular pathways leading to cell death

in phytoplankton will decipher the genes involved in the

responses to different stress factors.

Acknowledgements

This research was supported by grants from the Ministry of

Science and Innovation (MICINN) (Spain) to C Jimenez

(CGL05-01071 partially funded by FEDER) and to M
Segovia (CTM06-09710), and grants from the National

Institutes of Health (NIH) to CL Edelstein (DK-56851).

We thank the two anonymous reviewers for their exhaustive

criticisms.

References

Aigner T. 2002. Apoptosis, necrosis, or whatever: how to find out

what really happens? Journal of Pathology 198, 1–4.

Algeciras-Schimnich A, Barnhart BC, Peter ME. 2002. Apoptosis:

independent functions of killer caspases. Current Opinion in Cell

Biology 14, 721–726.

Ameisen JC. 1996. The origin of programmed cell death. Science

272, 1278–1279.

Ameisen JC. 1998. The evolutionary origin and role of programmed

cell death in single celled organisms: a new view of executioners,

mitochondria, host–pathogen interactions, and the the role of death in

the process of natural selection. In: Lockshin R, Zakeri Z, Tilly J, eds.

When cells die. New York: Wiley-Liss, 3–56.

Ameisen JC. 2002. On the origin, evolution, and nature of pro-

grammed cell death: a timeline of four billion years. Cell Death and

Differentiation 9, 367–393.

Bassham DC. 2007. Plant autophagy: more than a starvation

response. Current Opinion in Plant Biology 10, 587–593.

Berges JA, Falkowski PG. 1998. Physiological stress and cell death

in marine phytoplankton: induction of proteases in response to

nitrogen or light limitation. Limnology Oceanography 43, 129–135.

Berman-Frank I, Bidle KD, Haramaty L, Falkowski PG. 2004. The

demise of the marine cyanobacterium, Trichodesmium spp., via an

826 | Jiménez et al.
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