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ABSTRACT

Programmed cell death (PCD) plays a key role in unicellular microalgal ecology. However, the methodologies for detecting
PCD are problematic. Clearly, to interpret the empirical data, clarity on how to measure microalgal PCD is essential. Here,
we critically review the current measurements of PCD and provide suggestions for future methodological developments and
interpretations. We review the traditional measures of PCD and associated cellular responses in microalgae and provide
assessments of their frequencies of use and true positive rates. Traditional physiological measurements of photosynthetic
activity, change in gene regulation, measurements of reactive oxygen species and terminal deoxynucleotidyl transferase
dUTP nick end labelling are highly sensitive assays. They provide important measures of cellular physiological responses
but are not unique to PCD. Both caspase-like and metacaspase activity reveal useful information about stress responses and
demonstrate high (94% and 100%, respectively) positivity rates, however, they can play a role in cell activities other than
death. Furthermore, the controversy surrounding positive caspase assays, even though microalgae encode metacaspases
rather than orthologous caspases, is highlighted. DNA laddering had the lowest true positive rate (64%) and was not
reported in diatoms while phosphatidylserine externalization was consistently positive in all taxa except dinoflagellates.
These data illustrate the limitations of some PCD markers across different taxa. Ultrastructural alterations (transmission
electron microscopy) were highly correlated with PCD across all microalgal taxa (true positive rate of 94%) and seem
essential for the initial assessments of whether a cell is dying in an organized, ‘programmed’ way. However, in the face of
the complexity of PCD phenotypes and the non-specific nature of the methodologies, no single indicator can be used to
diagnose PCD. Here, we highlight the importance of employing a time-sensitive multi-assay approach to detect PCD in the
eukaryotic microalgae before any ecological or evolutionary interpretations can be made.

HIGHLIGHTS

● Measurements of PCD have different specificities and sensitivities.
● TEM appears essential as part of an initial investigation.
● Complementary markers provide information about cell stress and death responses.
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Introduction
Phytoplankton, which includes the eukaryotic microalgae
and prokaryotic cyanobacteria, are central to global pri
mary productivity (Worden et al., 2004), supporting sec
ondary (e.g. zooplankton) and tertiary consumers (e.g.
fish, crustaceans, marine mammals) through complex
food webs (Field, 1998; Azam & Malfatti, 2007; Fenchel,
2008). They are also key components in the recycling of
nutrients (Falkowski, 1994) by absorbing carbon dioxide
(CO2), acting as a carbon sink to the deep sea and
recycling biological minerals (Azam & Malfatti, 2007;
Fenchel 2008; Bidle, 2016; Hülse et al., 2017). Factors
that control phytoplankton losses, therefore, have enor
mous ecological implications across aquatic systems.
Phytoplankton loss rates are controlled by grazing, sink
ing, hydraulic washout and death (Reynolds, 1963). Of
these, cell mortality and its many manifestations are
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poorly understood (Franklin et al., 2006). The mechan
isms of phytoplankton death can be attributed to viruses
(Brussaard, 2004), parasites (Kühn, 1998), incidental
physicochemical damage, senescence (Franklin &
Berges, 2004) and programmed cell death (PCD) (Bidle,
2016). The latter has emerged as a much more important
player in mortality than previously thought. It is now
accepted that PCD is of great significance for understand
ing death in the eco-evolutionary dynamics of aquatic
communities (Vardi et al., 1999; Franklin et al., 2006;
Bidle, 2016) and the microbial loop (Fenchel, 2008).
PCD, for example, impacts the fitness of others in the
population and community (Vardi et al., 1999; Segovia et
al., 2003; Moharikar et al., 2006; Durand et al., 2011;
Yordanova et al., 2013), and PCD-derived dissolved
organic materials (DOMs) can be re-used by conspecifics
and/or by co-occurring prokaryotes (Franklin et al., 2006;
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Orellana et al., 2013; Berges & Choi, 2014; Durand et al.,
2014, 2016; Bidle, 2016). Thus, not surprisingly, ‘the ways
in which cells die’ (Jimenez et al., 2009) impact the
evolutionary ecology of microbial systems (Vardi et al.,
2008; Bidle, 2016; Abada & Segev, 2018), and evolution
ary transitions (Blackstone & Green, 1999; Michod &
Nedelcu, 2003; Blackstone, 2013, 2016; Iranzo et al.,
2014; Durand et al., 2019).
The concept of PCD in phytoplankton
At the outset it is important to highlight, both
mechanistically and evolutionarily, how PCD is
interpreted in this paper (and in phycology in gen
eral) as there are several noteworthy discussions and
controversies related to this (Durand, 2021). There
are numerous definitions and terms for cell death in
phytoplankton (e.g. autocatalytic cell death, lysis,
senescence), but the term PCD should only be used

when specific molecular and morphological markers
are demonstrated (Franklin et al., 2006). Here, we
adopt the Berman-Frank mechanistic definition of
PCD as ‘active, genetically controlled, cellular selfdestruction driven by a series of complex biochem
ical events and specialized cellular machinery’
(Berman-Frank et al., 2004). The term ‘programmed
cell death’ was first articulated in the field of animal
ontogeny (Lockshin & Williams, 1964; Saunders,
1966). Much later, reports of similar death pheno
types in unicellular lineages emerged (see table 1 in
Nedelcu et al., 2011) and the term was co-opted for
use in the microbial world. While its use has been
criticized because of the evolutionary ecology impli
cations (e.g. Ratel et al., 2001; Nedeclu et al., 2011;
Ramisetty et al., 2015), the term is widely used and
accepted, and evolutionary definitions have been
provided to clarify its meaning (Durand & Ramsey,
2019). For phytoplankton biologists, the Berman-

Table 1. PCD in microalgae. Taxonomy according to Guiry & Guiry (2021).
AUTHOR
Nedelcu, 2006
Moharikar et al., 2006
Durand et al., 2011, 2014
Murik & Kaplan, 2009;
Murik et al., 2014
Yordanova et al., 2013
Zuo et al., 2012
Vavilala et al., 2014
Vavilala et al., 2015
Sathe et al., 2019
Orellana et al., 2013
Segovia et al., 2003;
Segovia &
Berges, 2005, 2009
Jimenez et al., 2009

Leu & Hsu, 2005
Zuppini et al., 2007, 2009
Barreto Filho et al., 2021
Zuppini et al., 2010
Darehshouri et al., 2008
Affenzeller et al., 2009
Bidle et al., 2007; Vardi et al., 2009;
Sheyn et al., 2016
van Creveld et al., 2015, 2018
Gallo et al., 2017
Bidle & Bender, 2008
Vardi et al., 2006; Vardi, 2008
Luo et al., 2014
Wang et al., 2017
Wang et al., 2020
Zhao et al., 2020
Dunn et al., 2002, 2004;
Bouchard & Yamasaki, 2009
Franklin & Berges, 2004
Vardi et al., 1999
Johnson et al., 2014

STIMULUS
Heat
Heat
Heat
Oxidative stress

ORGANISM
C. reinhardtii
C. reinhardtii
C. reinhardtii
C. reinhardtii

PHYLUM
Chlorophyta
Chlorophyta
Chlorophyta
Chlorophyta

ORDER
Chlamydomonadales
Chlamydomonadales
Chlamydomonadales
Chlamydomonadales

Mastoporan
Acetic acid
Menadione
Oxidative stress
Nitrogen
limitation
Darkness
Darkness

C.
C.
C.
C.
C.

reinhardtii
reinhardtii
reinhardtii
reinhardtii
reinhardtii

Chlorophyta
Chlorophyta
Chlorophyta
Chlorophyta
Chlorophyta

Chlamydomonadales
Chlamydomonadales
Chlamydomonadales
Chlamydomonadales
Chlamydomonadales

D. salina
D. tertiolecta

Chlorophyta
Chlorophyta

Chlamydomonadales
Chlamydomonadales

D. viridis

Chlorophyta

Chlorelalles

C. pyrenoidosa
C. saccharophila
A. densus

Chlorophyta
Chlorophyta
Chlorophyta

Chlorelalles
Chlorelalles
Sphaeropleales

C.saccharophila
M. denticulata
M. denticulata
E. huxleyi

Chlorophyta
Charophyta
Charophyta
Haptophyta

Chlorelalles
Desmidiales
Desmidiales
Isochrysidales

P. tricornutum
S. marinoi
T. pseudonana
P. tricornutum
T. pseudonana
S. marinoi
S. marinoi

Bacillariophyta
Bacillariophyta
Bacillariophyta
Bacillariophyta
Bacillariophyta
Bacillariophyta
Bacillariophyta

Navicolales
Thalassiosirales
Thalassiosirales
Navicolales
Thalassiosirales
Thalassiosirales
Thalassiosirales

Hyperosmotic
shock UV
radiation,
Nitrogen
starvation,
Senescence
Heat
Heat
Nitrogen
deprivation
Darkness
Salt stress
Oxidative stress
Salt stress
Viral infection
DD aldehydes
Sterol sulphates
Iron limitation
DD aldehydes
Fe limitation
Silicate limitation
Nitrogen and
phosphorus
starvation
Organic
pollutants
Heat stress

T. pseudonana

Bacillariophyta

Thalassiosirales

Symbiodinium spp

Miozoa

Suessilales

Darkness
CO2
Ageing

A. carterae
P. gatunense
Karenia brevis

Miozoa
Miozoa
Miozoa

Gymnodiniales
Peridiniales
Gymnodiniales
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Frank definition above is adequate, especially when
it is simply a question of determining whether there
is a programmed component or not in the cell death
phenotype (Jimenez et al., 2009).
The complexities of measuring PCD in
phytoplankton
For phycologists, one of the main reasons for the inter
pretative complexities in PCD research can be attribu
ted to the methods themselves. As indicated above, the
measures have been imported, sometimes without due
consideration (Nedelcu et al., 2011) from the multi
cellular literature, where they were developed to detect
metazoan cell death based on simple cause-effect rela
tionships (Franklin et al., 2006; Kozik et al., 2019).
Notwithstanding the fact that there is still disagreement
about forms and characteristics of cell death in animals
and plants (van Doorn et al., 2011; Galluzzi et al., 2012),
the miscellany of ecological scenarios and taxonomic
diversity in phytoplankton further complicate the field.
A much more nuanced approach is required in unicel
lular organisms. The biotic and abiotic interactions in
highly variable environments make the evolutionary
and ecological interpretations of death more difficult
(Franklin et al., 2006; Kozik et al., 2019). The perfor
mances of the different assays (e.g. sensitivities, specifi
cities, positivity rates, etc.) in phytoplankton PCD are
unknown. Assessments of assay performance requires
an independent, dedicated study, however, a system
atization and comparative framework of the current
methods for PCD detection in unicellular phytoplank
ton is needed to avoid confusion about what the differ
ent measures are, and what they mean. At the same
time, it is important to remember Davey’s aphorism
that it will always be difficult to define ‘the moment of
death in microbes’ (Davey, 2011).
The first step towards disentangling all the com
plex philosophical and evolutionary questions, as well
as the downstream ecological interpretations,
depends on knowing that PCD, or one of its many
manifestations, is being detected accurately. The pro
blem arises because there is no single pathognomonic
sign of PCD with the possible exception of the trans
mission electron microscopy (TEM) morphological
changes, which reveal organized cellular destruction
(discussed below). There are many cellular, biochem
ical and molecular assays used to detect individual
markers of PCD in phytoplankton, but how sensitive
(sensitivity reflects the percentage of true positives) or
specific (specificity reflects the percentage of true
negatives) these markers are, is not known (Berges
& Choi, 2014), and there is sometimes only super
ficial knowledge about what the finding actually
means. There are also technical difficulties, which in
conjunction with the complexity of the cell death
activation pathways, the inconsistencies in methods,
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and the various ecological contexts are a source of
contrasting interpretations (Reece et al., 2011; Berges
& Choi, 2014).
Furthermore, although cyanobacteria and eukaryotic
microalgae share the property of photosynthesis, their
physical structures are very different, leading to different
phenotypes. For example, in the dominant oceanic cya
nobacteria, Prochlorococcus and Synechococcus, the
form of PCD is possibly asymmetric cell death, a form
of programmed death driven by asymmetric cell divi
sion (Franklin, 2014). Specific understanding and
recommendations have been proposed for cyanobacter
ial cell death (Aguilera et al., 2021). Here, therefore, we
examine the methods and markers of PCD in the eukar
yotic phytoplankton with particular emphasis on the
green microalgae. The measurements are based on the
underlying cellular mechanisms that lead to pro
grammed death phenotypes. We critically review the
methodologies in the context of the PCD mechanisms
and make suggestions for comparative and interpreta
tive purposes. These are based on our adopted definition
of PCD. They highlight the different specificities, the
different stages of PCD and the lack of universal
applicability.
Unicellular model microalgae in cell death research
Microalgae are enormously diverse with some taxa
being used as model organisms in cell death research.
The most well-known in PCD studies are the green
algae, diatoms, dinoflagellates and the coccolithophores
(e.g. Bidle et al., 2007; Zupinni et al., 2007; Bidle &
Bender, 2008; Johnson et al., 2014). The green algae
alone comprise more than 10 000 species (Guiry &
Guiry, 2021), most of them unicellular. Although recent
systematics has split this group in two clades,
Chlorophyta and Streptophyta (Leliaert et al., 2012),
or possibly three clades (Li et al., 2020). Here we will
use the term green algae to include all groups.
A categorization of morphotypes and the mechanisms
implicated in death have been proposed in metazoa
(Galluzzi et al., 2009, 2012) and yeast (CarmonaGutierrez et al., 2018), but a similar framework for uni
cellular microalgae is missing, despite our understanding
that in microalgae there are many ‘different ways to die’
(Jimenez et al., 2009). There is considerable controversy
over the kinds of cell death in microalgae. The categories
of cell death in animals and yeast have sometimes been
employed, but this has largely been unhelpful (e.g. animal
and yeast cells lack cell walls and chloroplasts), leading to
confused interpretations. Due to their common ancestry,
the PCD nomenclature in plant cells is more appropriate
for green algae (Jones, 2001; van Doorn et al., 2011;
Minina et al., 2014), but a comparison between plant
and chlorophyte cell death has not been described.
There are a range of morphological, biochemical and
cellular assays used to identify programmed forms of
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Fig. 1. Main assays of PCD detection in microalgae. 1: The general PCD experimental design. 2: Illustration of assay
mechanisms. 3: Technique description.

cell death in microalgae (the commonly used ones are
summarized in Fig. 1). The morphological changes
include cell shrinkage, chromatin condensation, orga
nelle disruption and dissolution, as well as vacuolization
(Segovia et al., 2003; Moharikar et al., 2006; Zuppini et
al., 2007; Jimenez et al., 2009; Sathe et al., 2019).
Biochemical markers involve activation or inhibition
of metacaspase enzymes (Uren et al., 2000; Aravind &
Koonin, 2002; Franklin et al., 2006; Minina et al., 2014),
although there are also metacaspase-independent
mechanisms (Broker et al., 2005). Two of the most
commonly used markers are the externalization of
membrane phosphatidylserine, and the degradation of
DNA into oligo fragments (Bidle & Falkowski, 2004).
Death phenotypes vary depending on the nature of
the stimulus (heat, nutrient depletion, oxidative stress,
UV light, anti-metabolites and physical trauma), and
may change depending on the ecological context
(Affenzeller et al., 2009; Jimenez et al., 2009; Vavilala
et al., 2014). Furthermore, the PCD molecular pathways
overlap with other stress responses such as encystment
(Vardi et al., 1999), ageing (Johnson et al., 2014), sexual
reproduction (Nedelcu et al., 2004), biofilm formation
(Vardi, 2008; Vardi et al., 2008) and cell-survival
mechanisms (Mata et al., 2019). For example, ageing
and cell death are both controlled by increased ROS
levels (Johnson et al., 2014).
How has PCD traditionally been detected in
microalgae?
The conventions for detecting PCD in microalgae have
been developed in green algae, diatoms, dinoflagellates

and coccolithophores (represented here by the cocco
lithophore Emiliania huxleyi) (Table 1).

Green algae
Some of the earliest studies of PCD in green algae
were reported in the genus Dunaliella. In Dunaliella
tertiolecta (Chlamydomonadales), laboratory cul
tures undergo cell death after 6 days in darkness
(Berges & Falkowski, 1998). It was only later, how
ever, that the hallmarks of PCD were detected in
Dunaliella tertiolecta (Segovia et al., 2003).
Transmission electron microscopy (TEM) revealed
that under prolonged darkness this microalga exhib
ited apoptotic-like features that included chromatin
marginalization and nuclear degradation. The term
apoptotic-like is used in phycology because of its
similarity to the distinct apoptosis morphotype in
animal cells, which comprises a collection of mor
phological features (Moharikar et al., 2006). The
morphological changes were followed by biochem
ical events such as DNA degradation (detected by
TUNEL staining) and caspase-like activities (the
controversy concerning a lack of identifiable cas
pases in microalgae is dealt with later), which were
detected by highly specific cleavage of diverse sub
strates (cleavage occurs after an aspartate (D) resi
due in 7-amino-4-fluoromethyl coumarin-labelled
substrates for caspases substrates 1[WEHD], 3
[DEVD], 6[VEID], 8[IETD] or 9[LEHD]). The addi
tion of caspase inhibitors suppressed the caspaselike activities and prevented cell death. This was an
important development because for the first time,
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Fig. 2. The mechanisms of PCD in phytoplankton. Only the essential steps and components are indicated. Environmental
inducers lead to a release of Ca2+ from internal stores (1) which cause the externalization of Cyt C, Cytochrome c, and Cyt f,
Cytochrome f, from the mitochondria and the chloroplast, respectively (2). This leads to an intracellular burst of ROS,
Reactive Oxygen Species (3), which can be sufficiently reduced by antioxidant enzymes (4) or lead to PCD via metacaspase
activation (5). Alternatively, metacaspases can also be activated via oxidative independent pathways (6) or via NO, nitric
oxide, production (7). PS, Phosphatidylserine, externalization is an early sign of PCD (8), while DNA fragmentation
represented later changes (9). See text for details. Based on images in Vardi (2008) and Bidle (2016). SOD: Superoxide
dismutase; APX: Ascorbate peroxidase; CAT: Catalase; DHAR: Dehydroascorbate reductase; DHA: Dehydroascorbate

death-related features were documented and linked
to caspase-like activity.
PCD in the model organism Chlamydomonas rein
hardtii (Chlamydomonadales) revealed apoptotic-like
features after prolonged exposure to ultraviolet light
(Moharikar et al., 2006) and heat shock (Nedelcu,
2006). TEM images detected markers such as cell
shrinkage, cytoplasmic vacuolization and nuclear frag
mentation (Moharikar et al., 2006). As in Dunaliella,
these features occurred in parallel with an increase in
caspase-3-like activity. In addition, hallmarks of PCD
such as translocation of phosphatidylserine (PS) using
an annexin-V labelling fluorometric assay, increased
ROS using the cell-permeant 2’,7’ dichlorodihydro
fluorescein diacetate (H2DCFDA), and DNA laddering
using nucleic acid gel electrophoresis were observed.
Heat shock was also found to induce an apoptotic-like
death in Chlorella saccharophila (Chlorellales) which was
characterized by morphological and biochemical changes
similar to those observed in Dunaliella and
Chlamydomonas (Leu & Hsu, 2005; Zuppini et al., 2007,
2009). TEM micrographs revealed classic ultrastructural
features such as chromatin condensation and

marginalization, which were followed by high caspaselike DEVDase activity, ROS production and DNA degra
dation, all of which were abolished with the addition of
the caspase-3-inhibitor Ac-DEVDCHO. Chloroplast
involvement was identified as a role player in microalgal
PCD (Zuppini et al., 2009). The morphological features
included alterations in thylakoid patterns and photosyn
thetic membrane damage, among other structural mod
ifications. The biochemical changes were assessed by way
of western blot analyses, which revealed a rapid disap
pearance of the large subunit of the enzyme ribulose-1,5biphosphate carboxylase/oxygenase (RuBisCO), and the
light-harvesting complex of photosystem II (PSII), fol
lowed by a rapid reduction in pigment content (Zuppini
et al., 2007).
As indicated earlier, the detection of markers and
morphotypes of PCD depends on the type of environ
mental stress. For example, in Dunaliella viridis
(Chlamydomonadales) exposure to different inducers
led to five different morphotypes of PCD and many
different markers (Jimenez et al., 2009). All cases tested
positive for increased caspase-3-like (DEVDase) activity.
TEM revealed different degrees of chromatin
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condensation, organellar disintegration and cytoplasmic
vacuolization. A year later, corroborating evidence was
demonstrated in the congeneric Dunaliella tertiolecta
exposed to heat shock, where the addition of the broadspectrum caspase inhibitor, Boc-D-FMK abruptly halted
caspase activity and prevented death. The inhibitor also
prevented earlier apoptotic-like features such as PS exter
nalization, increased membrane permeability and ROS
generation (Segovia & Berges, 2009). The PCD studies in
green algae have also reported forms of death that may be
independent of caspase-like activity. For instance, the
microalga Micrasterias denticulata (Streptophyta) was
negative for caspase-3-like (DEVDase) activity in
response to salt stress. The organism, nevertheless, exhib
ited a mix of apoptosis (ROS and DNA laddering) and
autophagy markers (degradation of organelles in con
junction with highly cytoplasmic vacuolization)
(Affenzeller et al., 2009).

Coccolithophores
The coccolithophores, named because of the calcified
scales known as coccoliths (Sorby, 1861), are an impor
tant model group for studying death. Emiliania huxleyi is
of particular importance because it produces massive
ocean blooms (Tyrrell & Merico, 2004). Emiliania hux
leyi is vulnerable to infection by large double-stranded
DNA viruses called coccolithoviruses or EhVs (Wilson,
2015), that activate PCD as part of its lytic cycle (Bidle et
al., 2007; Vardi et al., 2009; Bidle & Vardi, 2011). Earlier
work revealed an elevation in ROS in E. huxleyi following
viral infection (Evans et al., 2006). More specific markers
of PCD were detected a year later (Bidle et al., 2007).
These included the detection of caspase-8-like activity in
EhV-infected E. huxleyi cells using the highly specific
fluorogenic substrate IETD-AFC and confirmed by in
vivo staining with the fluorescently labelled caspase inhi
bitor FITC-VAD-FMK, which binds irreversibly to acti
vated caspases. Emiliania huxleyi recombinant
metacaspase (EhMC) polyclonal antibodies were gener
ated and identified EhV-infected cells with western blot
analysis. The addition of the caspase inhibitor (z-VADFMK) abolished caspase-like activity, protein expression
and resulted in an acute reduction in viral replication.
More recent work coupling confocal microscopy and
multispectral imaging flow cytometry with biochemical
assays demonstrated how viral infection remodels the E.
huxleyi antioxidant network by inducing H2O2 produc
tion in different subcellular localizations (Sheyn, 2016).

Diatoms
The sinking of dead diatoms is potentially the primary
way in which carbon and silica are transported to the
deep ocean and studying how diatoms die is important
for this reason alone (Benoiston et al., 2017). PCD has
been reported in Thalassiosira pseudonana and

Phaerodactylum tricornutum under iron limitation
(Bidle & Bender, 2008; Luo et al., 2014) and exposure
to reactive aldehydes (Vardi et al., 2008), respectively.
One of the first reports of a mechanism for death was in
the marine centric diatom T. weissflogii (Thalassiosirales)
after nitrogen limitation. The cells experienced a gradual
loss of proteins (especially the enzyme RuBisCO), the
activity of proteases doubled, and a specific protease
(class unknown, MW 60 kDa) was induced. These
changes, however, were at the time not interpreted as
PCD (Berges & Falkowski, 1998). PCD was formally
detailed in the congeneric T. pseudonana under ironlimited conditions (Bidle & Bender, 2008). Quantitative
reverse transcription (RT-PCR) detected the increased
expression of six T. pseudonana metacaspases (TpMCs)
and cells tested positive for purified polyclonal antibodies
previously raised against EhMCs (Bidle et al., 2007).
While not all the metacaspases were associated with
PCD, two specific TpMCs were correlated with positive
annexin assays and high caspase-like activity.
New developments emerged later in the pennate dia
tom P. tricornutum. Exposure to reactive aldehydes, led
to Ca2+ release from internal stores leading to a rapid
generation of nitric oxide (NO) (Vardi, 2006) and an
upregulation in metacaspase activity (Vardi, 2008). This
revealed the similar effects of ROS and NO in PCD. A
NO-surveillance system was proposed where subthres
hold levels of NO immunized cells against environmental
stress while high NO concentrations was involved in the
catastrophic death observed in the rapid demise of some
blooms (Vardi, 2008). The role of NO in diatom-domi
nated bloom crashes was further demonstrated in
Skeletonema marinoi where autoinhibitory sterol sul
phates were found to trigger an NO oxidative burst and
death in aged cells (Gallo et al., 2017). Differences in
mRNA levels and protein activity in S. marinoi under
nitrogen and phosphorus limitation also suggested that
the PCD phenotype differs depending on the nutrient in
question (Wang et al., 2017, 2020).
The redox sensitive green fluorescent protein sensors
(roGFP) have elucidated the role of ROS signalling on
cell death regulation in P. tricornutum under different
stresses such as light, iron and nitrogen limitation, and
diatom-derived infochemicals (Rosenwasser et al., 2014;
van Creveld et al., 2015, 2016; Mizrachi et al., 2019).

Dinoflagellates
Dinoflagellates are key components of marine food webs
and in balancing the energy flux in aquatic ecosystems
(Akbar et al., 2018). Most of the current understanding
of PCD in dinoflagellates come from the dinoflagellate
Peridinium gatunense(Peridiniales) (Vardi et al., 1999,
2007) cultured from Lake Kinneret, Israel where limiting
concentrations of CO2 triggered a coordinated death in
the population (Berman-Frank et al., 1994). Markers of
PCD included morphological changes, ROS production
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and DNA fragmentation (Vardi et al., 1999). The detec
tion of ROS and antioxidant activity was performed by
way of specific staining, and hydrogen peroxide (H2O2)
was the primary molecular species implicated.
Epifluorescence microscopy images revealed cell shrink
age, while TUNEL staining indicated DNA nicking. PCD
was corroborated with the addition of a specific cysteine
caspase inhibitor, E-64, which prevented cell death. Later
it was discovered that exposure to a specific thiol pro
tease, secreted by senescent P. gatunense cells, sensitizes
young, healthy cells to environmental stress, thus pro
moting population level PCD. Purifying the medium of
this protease prevents cell death (Vardi et al., 2007).
More recently, caspase 3/7 activity, DNA degradation,
and previously undescribed morphotypes have been
detected in ageing Karenia brevis, a toxic bloom-forming
dinoflagellate (Johnson et al., 2014). The authors con
firmed, via the development and successful cleavage of a
novel caspase 3/7 substrate, the existence of a bona fide
caspase-like protein that may play an important role in
bloom termination. The role of PCD in the demise of
blooms was also demonstrated in the toxic dinoflagellate
Alexandrium tamarense (Jauzein & Erdner, 2013).
Overview of cell signalling pathways in PCD
PCD has been described in microalgae in response to a
variety of environmental stimuli (see Table 1) including
heat shock (Nedelcu, 2006; Zuppini et al., 2007; Jimenez
et al., 2009; Durand et al., 2011), nitrogen starvation
(Berges & Falkowski, 1998; Jimenez et al., 2009; Sathe
et al., 2019; Barreto Filho et al., 2021), ultraviolet (UV)
radiation (Moharikar et al., 2006; Jimenez et al., 2009),
darkness (Berges & Falkowski, 1998; Segovia et al., 2003;
Orellana et al., 2013; Barreto Filho et al., 2021), acetic
acid (Zuo et al., 2012), salt stress (Ferroni et al., 2007;
Affenzeller et al., 2009; Jimenez et al., 2009; Zuppini et al.,
2010), iron availability (Bidle & Bender, 2008), CO2
availability (Vardi et al., 1999), oxidative stress (Vardi
et al., 1999; Darehshouri et al., 2008; Vavilala et al., 2015),
viral infection (Bidle et al., 2007; Bidle & Vardi, 2011),
anti-metabolites (Yordanova et al., 2013), and diatom
derived (DD) aldehydes (Vardi et al., 2006). In each
case the cellular pathways and PCD mechanisms in
response to these environmental stimuli are the basis
for the methodological assays (Fig. 2).
Environmental triggers are communicated via sec
ondary messengers such as intracellular Ca2+ transients
(Vardi et al., 2008; Bidle, 2016) (Fig. 2 [1]) leading to the
release of mitochondrial (C) and chloroplast (F) cyto
chromes into the cytosol (Fig. 2 [2]) (Zuppini et al., 2007;
Murik et al., 2014). CytF and CytC elicit an intracellular
burst of reactive oxygen species (ROS) such as hydrogen
peroxide (H2O2) and superoxide (O2−) (Vardi et al.,
1999, 2007; Murik et al., 2014; Bidle, 2016) (Fig. 2 [3]).
The sharp rise in intracellular ROS upregulates antiox
idant enzymes of the AsA-GSH cycle such as superoxide
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dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), monodehydroascorbate reductase (MDHR) and
dehydroascorbate reductase (DHAR) in an attempt to
deal with the change in redox potential (Fig. 2 [4])
(Murik & Kaplan, 2009; Zuo et al., 2012; Murik et al.,
2014; Vavilala et al., 2014). In severe stress situations, the
antioxidant enzymatic response cannot deal sufficiently
with intracellular oxidation, leading to an increase in
levels of the metabolite dehydroascorbate (DHA), a pro
duct of the enzyme APX (Murik et al., 2014). The higher
dehydroascorbate (DHA) levels in relation to ascorbate
(AsA) promotes cell death via the activation of metacas
pases, which are the common executioners of PCD in
microalgae (Fig. 2 [5]) (Murik et al., 2014). DHA can also
lead directly to PCD without ROS mediation via oxida
tive independent pathways (Fig. 2 [6]) (Murik et al.,
2014). Simultaneously, infochemicals (e.g. diatomderived aldehydes, DD) can also trigger the intracellular
release of Ca2+ with subsequent activation of a nitric
oxide-associated protein (NOA) (Vardi et al., 2006,
2008; Vardi, 2008), the chloroplast enzymes nitric oxide
synthase (NOS) and nitrate reductase (NR) (Sakihama et
al., 2002; Foresi et al., 2010; Bidle, 2016), resulting in a
burst of another free radical, nitric oxide (NO). NO also
induces the expression of metacaspases (Fig. 2 [7])
(Mannick et al., 2001; Vardi, 2008; Vardi et al., 2008)
that initiate the downstream responses associated with
PCD, including possible loss of membrane asymmetry
and externalization of phosphatidylserine (PS) (Fig. 2
[8]) (e.g. Moharikar et al., 2006; Segovia & Berges,
2009; Durand et al., 2014), and eventually DNA degrada
tion (Fig. 2 [9]) (e.g. Moharikar et al., 2006; Nedelcu,
2006; Yordanova et al., 2013). An understanding of these
pathways is the basis for the implementation of PCD
assays.
How accurately do the different sensors identify
PCD?
In this section the different sensors of PCD (Fig. 1) will
be analysed in the context of the mechanisms of PCD
(Fig. 2) and cellular responses. We will discuss how some
methods are more specific than others and provide
assessments of their frequencies and true positive rates
based on a set of 42 manuscripts (Tables 1 and 2). A
detailed description of how these parameters were
assessed is provided as supplementary information
(Supplementary text 1, Supplementary data S1,
Supplementary data S2). Briefly, the frequency is the
number of times the method was used (as a percentage
of the papers included in this review). It is likely that the
frequencies are not particularly informative because they
may reflect the methodological bias of using animal and
plant assays. We, therefore, included the true positive
rate, as a proxy of a method’s sensitivity or the propor
tions of true positives when claims of PCD (e.g. apoptosis
and paraptosis-like) were made by the authors. It is

Caspase-like activity

Loss of membrane asymmetry

DNA degradation

Ultrastructural morphological
alterations

SENSOR OF PCD

MAIN FINDINGS

Transmission electron microscopy
Cell shrinkage, membrane contraction and
Green algae: Jimenez et al., 2009; Moharikar et al., 2006; Sathe et al., 2019; Segovia et al., 2003; Yordanova et
blebbing, cytoplasmic vacuolization,
al., 2013; Zuppini et al., 2007; Barreto Filho et al., 2021; Affenzeller et al., 2009; Darehshouri et al., 2008.
chloroplast and mitochondrial alterations,
Diatoms: Bidle and Bender, 2008; Wang et al., 2017; Wang et al., 2020
nuclear chromatin condensation and/or
Dinoflagellates: Dunn et al., 2004; Franklin and Berges, 2004.
marginalization
Coccolithophores: Bidle et al., 2007; Vardi et al., 2019
TUNEL staining
Double or single strand DNA nicking
Green algae: Jimenez et al., 2009; Moharikar et al., 2006; Segovia et al., 2003; Vavilala et al., 2014; Zuo et al.,
DNA laddering
2012; Zuppini et al., 2007; Affenzeller et al., 2009.
Single-celled DNA degradation
Diatoms: van Creveld et al., 2015; Gallo et al., 2017; Zhao et al., 2020.
Nuclease activity.
Dinoflagellates: Vardi et al., 1999; Franklin & Berges, 2004, Johnson et al., 2014.
DNA gel electrophoresis
Green algae: Durand et al., 2014; Moharikar et al., 2006; Nedelcu, 2006; Yordanova et al., 2013; Zuo et al.,
2012; Barreto Filho et al., 2021; Affenzeller et al., 2009; Darehshouri et al., 2008.
Dinoflagellates: Dunn et al., 2002.
Alkaline comet assay/DNA migration extracellularly
Green algae: Yordanova et al., 2013; Sathe et al., 2019.
Nuclease activity assay and Zn2+ inhibition of endonucleases
Green algae: Leu & Hsu, 2005; Zuo et al., 2012.
Annexin-V labelling fluorometric or flow cytometric assay
Externalization of PS with intact plasma
Green algae: Durand et al., 2014; Leu & Hsu, 2005; Moharikar et al., 2006; Orellana et al., 2013; Segovia &
membrane
Berges, 2009); Barreto Filho et al., 2021.
Diatoms: Bidle and Bender, 2008; Luo et al., 2014; van Creveld et al., 2015; Gallo et al., 2017; Wang et al.,
2017; Wang et al., 2020; Zhao et al., 2020.
Coccolithophores: Bidle et al., 2007.
High specific caspase biochemical assays (conjugated WEHD, DEVD, VEID, IETD or LEHDases fluorometric
Caspase 1, 3, 6, 8, 9 activity
assays)
Prevention of cell death
Green algae: Orellana et al., 2013; Sathe et al., 2019; Segovia et al., 2003; Vavilala et al., 2014; Yordanova et al.,
Caspase protein detection
2013; Zuppini et al., 2007, Affenzeller et al., 2009; Darehshouri et al., 2008.
Diatoms: Bidle & Bender, 2008; Luo et al., 2014; Wang et al., 2017; Wang et al., 2020; Zhao et al., 2020.
Dinoflagellates: Bouchard & Yamasaki, 2009; Johnson et al., 2014.
Coccolithophores: Bidle et al., 2007; Vardi et al., 2009
Caspase inhibitors (such as Ac-VAD-FMK, Boc-D-FMK and AC-YEVD-CMK)
Green algae: Segovia et al., 2003; Segovia & Berges, 2005; Segovia & Berges, 2009; Yordanova et al., 2013;
Zuppini et al., 2007.
Diatoms: Bidle and Bender, 2008.
Dinoflagellates: Vardi et al., 1999.
Coccolithophores: Bidle et al., 2007.
Western blot analysis
Chlorophytes: Moharikar et al., 2006; Segovia et al., 2003; Vavilala et al., 2014.
Dinoflagellates: Johnson et al., 2014.

METHOD(S)

Table 2. Sensors of PCD in microalgae. Included are the methods for detection for each sensor, main findings, frequencies and true positive rates.
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METHOD(S)

c

b

41%

9%

92%

100%

75%

100%

16%

12%

88%

58%

100%

_c

_c

Prevention of cell death

45%

_c

_c

Metacaspase activity

Presence and increase in factors like
cytochrome f (ChspetA) apoptotic
regulators (dad-1 and APAF-1 factors), p53 like protein and AsA–GSH cycle
genes; Quantitative measurement of
antioxidant enzymes (AsA–GSH cycle
genes); Quantitative measurement of NOassociated gene, occurrence of
sulphotransferases (SULT); Quantitative
measurement of PCD-effector genes
Burst in ROS/Burst in
H2O2
Increased activity of antioxidant enzymes

100%

TRUE
POSITIVE
RATE b

25%

MAIN FINDINGS

FREQUENCY
OF USE a

Metacaspase gene expression or protein
detection, respectively

H2DCFDA or CM- H2DCFDA; Xylenol orange staining; ro-GFPd
Green algae: Affenzeller et al., 2009; Durand et al., 2011; Murik et al., 2014; Nedelcu, 2006; Zuppini et al.,
2007; Vavilala et al., 2014; Zuo et al., 2012.
Diatoms: Luo et al., 2014; van Creveld et al., 2015, 2018, Gallo et al., 2017; Zhao et al., 2020.
Dinoflagellates: Vardi et al., 1999; Johnson et al., 2014. Coccolithophores: Sheyn et al., 2016.
Antioxidant enzymatic assays; Monochlorobimane fluorescent assay
Chlorophytes: Murik et al., 2014; Zuo et al., 2012; Vavilala et al., 2014.
Coccolithophores: Sheyn et al., 2016.
DAF-FM staining
Burst in nitric oxide
Diatoms: Vardi et al., 2006; Gallo et al., 2017.
Dinoflagellates: Bouchard & Yamasaki,2009
Electron paramagnetic resonance
Green algae: Leu & Hsu, 2005.
Measurement of mitochondrial transmembrane potential; Succinate dehydrogenase activity; ro-GFPd
Disruption of the mitochondrial
Green algae: Vavilala et al., 2014, Vavilalla et al., 2015.
transmembrane potential; Mitochondrial
Diatoms: van Creveld et al., 2015.
activity; Mitochondrial redox potential
Western blot or SDS-page total protein analysis; Spectrophotometric determination of chlorophyll and
Disappearance of large unit of RuBisCO and
d
carotenoids; Dark adapted Fv:Fm; ro-GFP
reduction of light-harvesting complex of
Green algae: Leu and Hsu, 2005; Zuppini et al., 2007; Leu & Hsu, 2005; Vavilala et al., 2014; Zuppini et al.,
PSII; Reduction
2007; Darehshouri et al., 2008; Affenzeller et al., 2009.
in chlorophyll and/or carotenoid
Dinoflagellates: Franklin & Berges, 2004; Bouchard & Yamasaki, 2009; Johnson et al., 2014.
contents; quantum yield of photosystem
Diatoms: Vardi et al., 2006, 2008; Bidle & Bender, 2008; Luo et al., 2014; Van Creveld et al., 2015.
II; Chloroplast redox potential
Coccolithophores: Bidle et al., 2007; Vardi et al., 2009.

RT-PCR and (qRT)-PCR or Western blot analysis
Green algae: Murik et al., 2014; Murik & Kaplan, 2009.
Diatoms: Bidle & Bender, 2008; Vardi et al., 2008; Wang et al., 2017, Wang et al., 2020; Zhao et al., 2020.
Coccolithophores: Bidle et al., 2007; Vardi et al., 2009.
Highly specific metacaspase activity assay (fluorogenic substrates with Arg or Lys residues at the P1
position)
Diatoms: van Creveld et al., 2018.
Metacaspase inhibitors like (Arginine protease inhibitors)
Diatoms: van Creveld et al., 2018.
RT-PCR and (qRT)- PCR
Green algae: Moharikar et al., 2007; Nedelcu, 2006; Vavilala et al., 2014; Zuppini et al., 2009; Murik et al.,
2014; Murik & Kaplan, 2009.
Diatoms: Vardi et al., 2006; Gallo et al., 2017; Wang et al., 2017; Wang et al., 2020; Zhao et al., 2020.
Coccolithophores: Sheyn et al., 2016

The frequency of use is the number of times the method was used (as a percentage) to detect PCD in the 31 datasets listed in Table 1.
The true positive rate is the percentage of positive findings for a particular method when PCD was concluded.
Due to the lack of sufficient studies the frequencies of use and the efficiencies of detection were not calculated for metacaspase typical activity.
d
Data concerning the fluorescent biosensor roGFP were considered in the ROS stain category as well as the chloroplast and mitochondrial alterations.

a

Chloroplast-associated
biochemical alterations

Mitochondrial-associated
biochemical alterations

NO species

ROS

Upregulation of PCD associated
genes (e.g. ChspetA, dad-1,
APAF-1, AsA–GSH cycle
genes, p-53 like genes,
PtNOA, SULT, HSP90,
TSG101, PCD4, DAP3,
TpDSP1)

Metacaspase gene and protein
expression or enzyme activity

SENSOR OF PCD

Table 2. (Continued).
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acknowledged that there is an inherent circularity in the
logic. This is because PCD was declared in the publica
tions based on the methods used, and at the same time
we use the method to assess its efficiency in detecting
PCD. However, because there were multiple methods
used and not all the methods were simultaneously posi
tive, the circularity is, to some degree at least, eliminated.
The true positive rates were generally high, possibly
because negative findings are under-reported, or some
markers are used less frequently. The true positive rate is
simply an approximate indication of a method’s sensitiv
ity because there is not a single pathognomic detector of
PCD and the applicability of different assays will vary
across different cell types and taxa (e.g. the presence of a
cell wall or features such as diatom frustules may inter
fere with a method’s efficiency). For example, in some
cases, it is necessary to measure ROS production, PS
externalization and DNA damage with a probe that can
only cross the cellular membrane when it is perturbed
(van Creveld et al., 2015). Nevertheless, these assess
ments will provide an approximation of each methods’
applicability as they are currently being used.
Mitochondrial and chloroplast biochemical
alterations
Environmental stresses usually lead to increased intra
cellular Ca2+ levels, which are a cause of mitochondrial
and chloroplast membrane depolarization with subse
quent organellar release of cytochrome c (Heiskanen et
al., 1999; Andronis & Roubelakis-Angelakis, 2010) and f
(Zuppini et al., 2007) (Fig. 2 [steps 1 and 2]). Thus,
alterations in organellar membrane potentials are
expected in cases of stress-related PCD. Direct determi
nations of chloroplast membrane potential were not
found in the examined dataset. However, chloroplast
and photosynthetic alterations and associated Cyt f
release (41% of reports) demonstrated a high true posi
tive rate (92%). The findings included a gradual loss of
chloroplast proteins (i.e. degradation of RuBisCO and
the light-harvesting complex of PSII) and a reduction in
photosynthetic pigments. The protein loss was detected
by western blot analysis (Zuppini et al., 2007) and SDSpage total protein analysis (Leu & Hsu, 2005). The
reduction in photosynthetic pigments (i.e. chlorophylls
and carotenoids) was detected spectrophotometrically
(Leu & Hsu, 2005; Zuppini et al., 2007; Vavilala et al.,
2014). Measurement of fluorescence-based quantum
yield of photosystem II (dark adapted Fv/Fm) was also
commonly performed (e.g. Bidle et al., 2007; Affenzeller
et al., 2009; Franklin & Berges, 2004). This was assessed
with a Fast Induction and Relaxation (FIRe) fluorom
eter, which determines rapid single turnovers of PSII in
culture samples (Kolber et al., 1998). Several PCDrelated chloroplast alterations were reported for green
algae, diatom and dinoflagellates and detecting these
changes plays a role in concluding PCD.

Mitochondrial alteration was used infrequently
(9% of reports) and was positive each time (100%).
This high detection efficiency is likely related to its
reduced utilization, or because negative results simply
were not reported. The mitochondrial membrane
potential (ΔΨm) was assessed using cationic fluores
cent dyes that accumulate in healthy but not in
impaired mitochondria. Qualitative and quantitative
assays make use of epifluorescence microscopy and
flow cytometry, respectively. Mitochondrial disrup
tion has been demonstrated in C. reinhardtii cells
exposed to oxidative stress or quinones (Vavilala et
al., 2014, 2015). Despite their high detection rates, the
lack of sufficient data in the literature makes it diffi
cult to ascertain if the change in mitochondrial ΔΨm
could be considered a specific marker of PCD as
mitochondrial disruption is also generally observed
under uncontrolled conditions of oxidative damage
(Minibayeva et al., 2012).
It is noteworthy that for genetically engineered
roGFP diatoms the change in mitochondrial and chlor
oplast redox states can be quantified in vivo using flowcytometry (Schwarzländer et al., 2008). Early perturba
tions of the mitochondria (van Creveld et al., 2015) and
chloroplast (Mizrachi et al., 2019) redox states have
been linked to PCD in the model diatom P. tricornutum
(discussed further below).
Increase in reactive oxygen species (ROS)
The intracellular burst in ROS and the consequent
upregulation of antioxidant enzymes plays a key role
in effecting PCD by activating metacaspases and is
closely tied to chloroplast and mitochondrial mem
brane alterations via the release of cytochrome c and f
(Zuppini et al., 2007; Murik et al., 2014) (Fig. 2 [steps
3 and 4]). The increase in ROS levels is usually
correlated with PCD markers and cell death rates
(Zhou et al., 2020). ROS is traditionally measured in
two ways: directly by specific indicators of oxidative
stress (58% of the reports) and indirectly by assessing
the activity of antioxidant enzymes (16% of the
reports). Indicators such as 2’,7’dichlorodihydrofluor
escein diacetate (H2DCFDA) or CM-H2DCFDA (6chloromethyl-2,7-dichlorodihydrofluorescein diace
tate, acetyl ester) are non-fluorescent, but in high
oxidative stress environments the cleavage of the
acetate group by intracellular esterases renders them
fluorogenic (Murik et al., 2014). High ROS levels can
be observed directly via epifluorescence microscopy
or flow cytometry. The activity of peroxidases (Jiang
et al., 1990) can be detected by fluorescent stains such
as xylenol orange (Zuo et al., 2012; Vavilala et al.,
2014). To estimate the activity of each antioxidant
enzyme (e.g. superoxide dismutase, SOD; catalase,
CAT; ascorbate peroxidase, APX, dehydroascorbate
reductase, DHAR), specific dyes and substrates are
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required (methodologies described in Murik et al.,
2014; Vavilala et al., 2014, 2015). The transcriptional
responses of these enzymes (see also the upregulation
of PCD-related genes section) can also be determined
by quantitative or semiquantitative PCR analysis
using gene-specific primers (Zuppini et al., 2007;
Murik et al., 2014; Vavilala et al., 2015) or by bulk
transcriptome analysis (Thamatrakoln et al., 2012;
Wang et al., 2020).
The increase in ROS had a high true positive rate
(88%) and was extensively reported in all taxa.
However, an increase in ROS is not unique to PCD
and can be associated with other cellular activities
such as allelopathic interactions, growth promotion
and iron acquisition (Diaz & Plummer, 2018). In
addition, in some taxa, such as the dinoflagellate K.
brevis, increased ROS levels are also implicated in
ageing (Johnson et al., 2014).
A relatively new approach is the use of redox geneti
cally encoded sensors such as roGFP coupled to differ
ent cellular compartments (Rosenwasser et al., 2014;
van Creveld et al., 2015, 2016; Volpert et al., 2018;
Mizrachi et al., 2019). The expression of GFP fluores
cence can be measured in flow cytometry using the FL1
channel (525/550 nm) following excitation at 405 nm
(oxidized) and 488 nm (reduced). The roGFP degree of
oxidation can be calculated based on fluorescent ratio
between 405 nm and 488 nm according to the metho
dology described by van Creveld et al. (2015).
Chlorophyll autofluorescence must be subtracted by
measurement of wild-type cells in parallel with geneti
cally engineered strains. So far, genetically engineered
roGFP seem to be restricted to model diatoms and we
have not included the roGFP method as a distinct
category in our meta-analysis.
Caspase/caspase-like and metacaspase activity
Caspases, caspase-like enzymes and metacaspases
(MCAs) can be activated by elevated intracellular
levels of ROS, especially when the antioxidant
enzymes are unable to deal sufficiently with the oxi
dative stress (Fig. 2 [step 5]). There are also oxidative
stress independent (Fig. 2 [step 6]) and nitric oxide
dependent PCD pathways that lead to the activation
of these key enzymes (Fig. 2 [step 7]).
Caspases and caspase-like activity
Caspases (cysteinyl aspartate-specific proteases) are a
large family of highly specific and evolutionary con
served proteases (Chang & Yang, 2000; Degterev et
al., 2003), some of which play a key role in metazoan
cell death (Miura et al., 1993; Yuan et al., 1993;
Gagliardini et al., 1994; Nicholson et al., 1995; Uren
et al., 2000; Aravind & Koonin, 2002). Their specifi
city is the requirement for cleaving substrates after an
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acidic aspartate and the recognition of at least four
amino acids upstream of the cleavage site (Pop &
Salvesen, 2009). Caspase activity has been used as a
highly sensitive detection method of PCD in eukar
yotic phytoplankton despite some significant short
comings and controversies. First, caspase activity has
also been detected during cellular processes other
than PCD (Pop & Salvesen, 2009; Bell & Megeney,
2017), and there are also caspase-independent forms
of PCD (Broker et al., 2005; Tait & Green 2008).
Second, a major point of contention is that none of
the microalgal and plant genomes encode ortholo
gous caspases, which is why the term ‘caspase-like’
was introduced. Instead, they contain distant homo
logues known as metacaspases, which have entirely
different and distinct cleavage requirements (Uren et
al., 2000; Aravind & Koonin, 2002; Enoksson &
Salvesen, 2010; Tsiatsiani et al., 2011; Minina et al.,
2017, 2020). MCAs hydrolyse proteins after lysine or
arginine (basic residues) as opposed to the acidic
aspartate residue. This has caused significant confu
sion and is discussed further below. It is due to the
overlap with other cellular activities that caspase
assays, including the associated assays of caspase
inhibition and immunodetection of the enzyme, can
not be considered specific.
Despite the above contentions, our data indicated
that caspase-like activity was frequently used to detect
PCD in all the microalgal taxa examined (58%) and had
a true positive rate of 94%. Caspase activity includes
different sub-types (Segovia et al., 2003). For example,
the caspase-3-like DEVDase assay measures the cleav
ing activity of the sequence DEVD ([DEVD is a cleavage
site found in poly-(ADP-ribose)-polymerase]). It is also
possible to measure caspase -1, 6, 8 and 9-like activities,
using substrates WEHD, VEID, IETD or LEHD, respec
tively. Since microalgae lack caspases, it is sometimes
argued that MCAs might contain additional, yet undis
covered, catalytic sites with caspase activity.
Alternatively, the detection of caspase activity may be
due to other proteases in algae that share this cleavage
requirement (Tsiatsiani et al., 2011), such as YCA1
(Madeo et al., 2009) and AtMCP1b and AtMCP1b
(Watanabe & Lam, 2005) in yeast, that do indeed
demonstrate caspase activity.
Caspase-like activity detected by immunoreactive
assays (i.e. Western blot) test for the presence of pro
teases with antigenic determinants that bind to antibo
dies raised against human caspases and were observed
in 22% of the reports included in this review (e.g.
Segovia et al., 2003; Moharikar et al., 2006; Vavilala et
al., 2014). Caspase-like assays are corroborated by
observing the effects of caspase inhibitors (19% of
reports) (e.g. Segovia et al., 2003; Bidle et al., 2007;
Zuppini et al., 2007; Bidle & Bender, 2008; Segovia &
Berges, 2009). For example, the broad-spectrum caspase
inhibitor Z-VAD-FMK (carbobenzoxy-valyl-alanyl-

12

M. M. Barreto Filho et al.

aspartyl-[O-methyl]-fluoromethylketone)
prevents
PCD in diatoms (Bidle & Bender, 2008), green algae
(Segovia et al., 2003) and coccolithophores (Bidle et al.,
2007; Vardi et al., 2012). Replacing the carbobenzoxy
group (Z) N-terminal group in Z-VAD-FMK with the
fluorogenic substrate FITC allows the in situ detection
of caspase activity by epifluorescence microscopy (Bidle
et al., 2007; Bidle & Bender, 2008; Vardi et al., 2012).

(Bidle et al., 2007; Vardi et al., 2012). Nevertheless,
some authors argue, quite reasonably, that MCA activ
ity should only be measured using MCA-specific sub
strates (Tsiatsiani et al., 2011) and that caspase assays
should only be employed once proven caspase catalytic
domains have been identified in the genomes of the
organism in question.
Nitric oxide (NO) generation

Metacaspases (MCAs)
Three paralogous MCA subtypes are found in microal
gae, MCAs types I, II and III (Uren et al., 2000; Choi &
Berges, 2013; Minina et al., 2020). Type I has an Nterminal prodomain, while type II has a long linker
region between p20 and p10 and second linker region
within p10 (Minina et al., 2020). The more recently
discovered type III has a distinct rearrangement of the
p10 domain structure between N- and C-terminus (Choi
& Berges, 2013). It appears that red algae (at least pre
dictably in Calliarthron tuberculosum) and most green
algae contain only type I MCA, while some chlorophytes
such as Chlamydomonas reinhardtii have both type I and
II MCAs. Dinoflagellates seem to have MCA type I, as
indicated by the presence of a short linker between the
p10 and p20 structures, although other subtypes of MCA
I may lack proline or glutamine rich regions and zinc
fingers in the N-terminal prodomain region (Wang et al.,
2018). Type III metacaspases have been identified in
diatoms, haptophytes, cryptophytes and brown algae
(Choi & Berges, 2013). Metacaspase-like proteases,
which are common in bacteria and cyanobacteria have
been identified in most eukaryotic phytoplankton, sug
gesting the latter may have acquired MCA genes through
horizontal gene transfer (HGT) and endosymbiotic
events (Choi & Berges, 2013).
The upregulation of MCAs was detected in all cases
where this was examined, although the assay was not
frequently used (25% of reports). Most reports of MCA
activity made use of RT-PCR and immunoreactive
assays, although there was also one study of those
reviewed here where typical enzyme activity, demon
strating cleavage after arginine, was measured (van
Creveld et al., 2018). MCA assays were closely corre
lated with PCD in green algae, diatoms and dinoflagel
lates but changes in enzyme activity can also be
associated with other cellular responses such cell cycle
regulation (Lee et al., 2008) protein degradation (Lee et
al., 2010) and even cell survival. For example, MCA
accumulation was found to improve survival of UV
stressed D. tertiolecta cells (Mata et al., 2019). MCAs
may even have specific anti-apoptotic activity (Coll et
al., 2010). At the same time, it has also been reported
that MCA transcription activity correlates positively
with caspase-like activity during PCD in green algae
(Murik & Kaplan, 2009; Murik et al., 2014), diatoms
(Bidle & Bender, 2008) and the coccolith E. huxlei

NO, either from the environment or chloroplastinduced, also plays a role in eliciting PCD via MCA
activation (Fig. 2 [step 7]) although the evidence is so
far restricted to diatoms (Vardi et al., 2006; Vardi,
2008) and dinoflagellates (Bouchard & Yamasaki,
2009). Measures of NO generation were rarely used
(12% of reports) and had a lower true positive rate
compared with ROS (75%). It is not clear whether
NO was measured in other instances because negative
findings are not always reported. It seems that an
increase in NO, like ROS, is also non-specific because
other cellular processes like cell growth, protection
and regulation of photosystems (Li et al., 2013;
Weisslocker-Schaetzel et al., 2017; Astier et al.,
2018) are also correlated with NO increases.
Intracellular levels of NO can be directly measured
with the specific NO-sensitive dye 4-amino-5-methy
lamino-29,7’-difluorofluorescein diacetate (DAF-FM)
(Vardi et al., 2006). The increase in the transcript
levels of NO-associated genes is sometimes used to
indirectly imply NO generation (Guo et al., 2003).
For example, in Phaeodactylum tricornutum overex
pressing a nitric-oxide-associated protein (PtNOA)
leads to metacaspase activation (Vardi, 2008; Vardi
et al., 2008). Electron paramagnetic resonance (EPR)
can also be used to detect NO, but due to its intrinsi
cally stable, selective and relatively unreactive nature,
it is not possible to directly detect NO in most bio
logical situations (Hogg, 2010). For example, Leu &
Hsu (2005) have used EPR by spin trapping using 5,5
dimethyl-1-pyrrolineN-oxide (DMPO) to detect freeradicals in heat-stressed Chlorella. NO, however, does
not directly react with DMPO to form spin-adducts
(Hogg, 2010). For a review of the various methods
that have been used to detect NO using EPR spectro
scopy, readers are referred to Hogg (2010).
Loss of membrane asymmetry
Among the many cellular responses elicited by MCAs,
the loss of membrane asymmetry is interpreted as an
early marker of PCD (Fig. 2 [step 8]). It was used in 38%
of the reports examined with a positive rate of 100%
(Moharikar et al., 2006; Durand et al., 2014; Barreto
Filho et al., 2021). However, the assay has, to the best of
our knowledge, not been reported during PCD in dino
flagellates which raises questions about annexin V
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applicability in this group. In healthy cells phosphati
dylserine (PS) and other phospholipids are confined to
the cytoplasmic surface of the cell membrane. In early
PCD the asymmetry is lost, and PS can be detected on
both the inner and outer leaflets of the cell membrane.
The cellular protein annexin-V conjugated to a fluoro
genic substrate binds to PS and can be detected by
fluorescent microscopy and various flow cytometric
parameters (Kay et al., 2013). Frequently, the annexinV assay is combined with nucleic acid staining dyes like
propidium iodide (PI) or sytox blue (Kozik et al., 2019),
which indicate that the cell membrane has been
damaged allowing the dyes to enter the cells and inter
calating into the DNA. The detection of PS externaliza
tion appears to be a specific marker of PCD. Even
though the numerous studies indicating that chloro
phyte cells undergoing PCD are positive for the
annexin-V (Moharikar et al., 2006; Segovia & Berges,
2009; Durand et al., 2014; Voigt & Woestemeyer, 2015;
Barreto Filho et al., 2021), it has previously been
reported that PS is not found in chlorophyte mem
branes (Giroud et al., 1988). This has been a source of
some confusion. It is possible that PS is present in only
some of the chlorophyte model organisms studied
(Guschina & Harwood, 2006), or alternatively,
annexin-V is not as specific for PS as originally thought.
It has been shown that in some organisms (e.g.
Leishmania), annexin-V can bind other phospholipids
such as phosphatidylethanolamine (PE) and phospha
tidylglycerol (PG) (Weingärtner et al., 2012). This is a
possible explanation for the positive annexin V assays in
green algae and the annexin-V binding assay remains
one of the strongest markers of PCD.
Microalgal cells have multiple pigments and there is
always a concern regarding autofluorescence spillover in
flow cytometric assays. However, with the proper use of
controls, and appropriate settings for parameters such as
band-pass filter configurations and voltage gains (Kay et
al., 2013) these limitations can be addressed. The verifi
cation of stain localization using fluorescent microscopy
is also helpful (van Creveld et al., 2015).
DNA degradation
Regulated DNA degradation is the result of endonuclease
activity and is a late biological response in PCD (Fig. 2
[step 9]). It can be detected in several ways. The detection
of DNA laddering by electrophoresis of fragmented
DNA through agarose gel (45% of the reports) had a
true positive rate of 64%, which is relatively lower than
the other biochemical markers used (see Table 2). DNA
laddering is a feature of PCD in green algae although the
64% true positive rate suggests its occurrence is not
consistent (Leu & Hsu, 2005; Zuppini et al., 2007) in
comparison to, for example caspase or MCA activity.
The digestion of DNA into oligonucleosomal fragments
is evidence of endonuclease activity and strongly
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associated with PCD even if the endonuclease enzymes
have not always been reported (Leu & Hsu, 2005). There
may be several reasons for the low detection frequency of
DNA laddering. The age or growth phase of the culture
(Affenzeller et al., 2009), blurring of the laddering pattern
by DNA smears that occur when cells lyse (Dingman &
Lawrence, 2012), or the relatively small proportions of
cells that sometimes undergo PCD (Barreto Filho et al.,
2021) may all contribute. Dinoflagellates also have enor
mously large, permanently condensed genomes (e.g.
Wisecaver & Hackett et al., 2011) with massive lowcomplexity repetitive regions, which may not be as sus
ceptible to endonuclease activity.
The TUNEL assay (terminal deoxynucleotidyl
transferase dUTP nick end labelling) is a second
method for detecting DNA damage. It detects both
single and double stranded DNA nicking (Kumari et
al., 2008), and was used as an alternative to gel
electrophoresis in 54% of the literature reports.
TUNEL staining had a higher detection efficiency
(82%) compared with gel electrophoresis. This was
expected, since the TUNEL assay detects both single
and double stranded nicks. In addition, the assay
requires that only a very small proportion cells be
undergoing PCD for it to be positive. The assay is
also positive, however, whenever DNA damage
occurs, irrespective of the cause (PCD, viral lysis or
necrosis). The TUNEL assay is therefore not specific
to PCD (Engelbrecht et al., 2012; Zhou et al., 2020)
and is more sensitive, but not as specific as DNA
laddering detection by gel electrophoresis.
DNA degradation has also been reported with the
‘alkaline comet assay’ (Yordanova et al., 2013) (6% of
reports), which detects single-cell DNA damage and
presented a true positive rate of 100%. For the same
reasons as the TUNEL assay the alkaline comet assay is
also considered very sensitive, but not necessarily spe
cific. It is also possible to observe the gradual leakage of
DNA out of PCD cells (Sathe et al., 2019). The comet
assay and DNA migration out of cells have not been
used frequently. They may be more sensitive and spe
cific than other markers such as MCA activity or ROS
production, however any meaningful assessment of
detection efficiency is not possible.
In 6% of the literature reports, an endonuclease
inhibitor (e.g. Zn2+) was used to confirm that endonu
clease activity was responsible for the DNA damage.
Endonuclease inhibitors are analogous to the caspase
inhibitors discussed earlier and can also prevent cell
death (Affenzeller et al., 2009; Zuo et al., 2012).
Ultrastructural alterations
Ultrastructural morphological alterations are deter
mined by transmission electron microscopy (TEM).
Sample preparation involves fixation with glutaralde
hyde and osmium tetroxide staining (Nozaki et al.,

14

M. M. Barreto Filho et al.

1994), followed by dehydration and embedding in
resin. Sections of samples are then stained with
heavy metals such as uranyl acetate and lead citrate
and observed with an electron microscope. The fol
lowing are some of the PCD-related ultrastructural
features reported in microalgae in response to differ
ent stimuli: cell shrinkage (Leu & Hsu, 2005;
Moharikar et al., 2006; Zuppini et al., 2007), organel
lar degradation (Franklin & Berges, 2004; Bidle et al.,
2007; Bidle & Bender, 2008; Affenzeller et al., 2009),
cytoplasmic vacuolization (Franklin & Berges, 2004;
Moharikar et al., 2006; Affenzeller et al., 2009;
Jimenez et al., 2009; Sathe et al., 2019; Barreto Filho
et al., 2021), plasma membrane detachment from the
cell wall (Zuppini et al., 2007), chloroplast and mito
chondrial disintegration (Leu & Hsu, 2005; Zuppini et
al., 2007; Affenzeller et al., 2009; Durand et al., 2016),
chromatin condensation (Segovia et al., 2003, Zuppini
et al., 2007; Jimenez et al., 2009) and chromatin or
nucleolar degradation (Moharikar et al., 2006; Sathe
et al., 2019). However, care must be taken to corro
borate these with other ultrastructural markers
because, occasionally, some of these individual find
ings can be associated with incidental death (e.g.
mitochondrial disruption; Affenzeller et al., 2009).
Many of the death-related features in green algae
resemble those found in plants (van Doorn et al.,
2011; Minina et al., 2014), which is unsurprising
since they share a common ancestor (Leliaert et al.,
2012). Both groups have hard cell walls, which pre
vent the fragmentation of cells into ‘apoptotic-like
bodies’, although similar vesicles have been observed
in Chlamydomonas (Durand et al., 2016).
Cytoplasmic vacuolization is a common death-related
feature found in both green algae and plants
(Moharikar et al., 2006; Affenzeller et al., 2009;
Jimenez et al., 2009; Sathe et al., 2019; Barreto Filho
et al., 2021).
TEM was among the most frequently used meth
ods to detect PCD in microalgae. Ultrastructural
changes were demonstrated in all taxa examined
(51%) and had a true positive rate of 93%. TEM
was considered a sensitive method since the direct
observation of PCD-related ultrastructural alterations
reflect changes in gene and protein regulation (e.g.
Zuppini et al., 2007, 2009), which are crucial for
evaluating whether the cell is dying in an organized
way. As suggested elsewhere (Durand, 2021) TEM
likely limits false negatives (if cells are under PCD,
it will be detected). At the same time, TEM also
avoids false positives because the occurrence of spe
cific ultrastructural PCD diagnostic features (listed
below) relied upon peer-reviewed studies, generally
excluding other non-PCD explanations (such as phy
sical disruption, viral lysis or cyst/spore formation).
For example, PCD and lytic viral infection are asso
ciated, but TEM will detect the presence of electron-

dense viruses, which cause internal degradation of
organelles (Bidle et al., 2007). This type of informa
tion avoids assessment errors, and along with other
biochemical measures helps determine if and how
PCD occurs. Senescence may show PCD-like changes
but are ruled out when healthy, exponentially grow
ing young cultures are used in the experiments. Also,
species-appropriate culture techniques (e.g. continu
ous shaking, CO2 bubbling, higher light intensity etc.)
are likely needed to create homogeneous, nonclumped cell populations. Thus, TEM is both specific
and sensitive and it can be argued that it is key to
identifying PCD (Durand, 2021).
Upregulation of PCD-associated genes
The upregulation of PCD-associated genes was used
in 45% of reports. In green algae, possible compo
nents of the PCD machinery, the homologous genes
for dad1 (defender against apoptotic death gene) and
APAF1 (apoptosis protease activating factor-1) were
identified in C. reinhardtii. Furthermore, in the dia
tom S. marinoi, cell death-related genes such as the
heat shock protein 90 (HSP90), tumour susceptibility
gene 101 (TSG101) and programmed cell death 4
(PCD4) had increased expressions in response to
nutrient limitation (Wang et al., 2020), while in T.
pseudonana PCD induced by persistent pollutants
was correlated with increased expressions of the
death associated protein gene (DAP3) and death-spe
cific protein 1 gene (TpDSP1). Other PCD-related
genes include those discussed above, such as the
cytochrome f encoding gene ChspetA (Zuppini et
al., 2009), AsA–GSH redox cycle genes (Murik et
al., 2014), the NO generation-associated protein
(PtNOA) (Vardi et al., 2008), metacaspase encoding
genes (Bidle et al., 2007; Bidle & Bender, 2008; Vardi
et al., 2012; Murik et al., 2014; Wang et al., 2020).
These genes were positive each time they were mea
sured (100%) and demonstrate a correlation with the
mechanisms of PCD (Fig. 2), but because they can be
involved with other stresses, the causative associa
tions are not clear. The increase in gene expression
can be semi-quantitatively detected by reverse tran
scription polymerase chain reaction (RT-PCR) (e.g.
Nedelcu, 2006; Zuppini et al., 2009) or quantitatively
detected with real-time quantitative reverse transcrip
tion polymerase chain reaction (qRT) PCR (e.g.
Murik & Kaplan, 2009; Murik et al., 2014).
Upregulation can also be detected by the increase in
corresponding proteins identified via western blot
analyses (Moharikar et al., 2007).
Whole (bulk) transcriptomics via RNA extraction
and RNA-seq are particularly powerful tools.
However, these are limited by the availability of refer
ence genomes. Furthermore, the number of claimed
PCD-related genes can be controversial. For example,
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a comparative transcriptomic analysis in the diatom
T. pseudonana revealed a total of 1313 possible PCDrelated genes involved in acclimation to Fe2+ and
oxidative stress (Thamatrakoln et al., 2012). This
represents 10% of the entire T. pseudonana genome,
which some may argue is unrealistic. It is worth
noting as well that, unlike in prokaryotes that some
times have a single PCD gene (e.g. Engelberg-Kulka,
2005), which is the molecular gold standard, PCD in
microalgae does not appear to be a monogenic trait
(at least not in the taxa examined here).
However, it must be remembered that PCD-related
genes are frequently pleiotropic and may be associated
with other stress responses (e.g. Thamatrakoln et al.,
2012). This may have contributed, at least in part, to the
high detection of PCD associated genes (91%). As indi
cated above there is also the possibility that negative
findings are under-reported.

Suggestions and recommendations for
measuring PCD in microalgae
PCD is a complex cellular response that overlaps many
other cellular activities. In microalgae especially, it has
been a difficult phenotype to dissect. There is also no
single pathognomonic test for PCD, and multiple meth
ods should be used to determine whether a cell is dying
by PCD or not. Researchers have tended to assign
different significance to different markers (Segovia et
al., 2003; Vardi et al., 2008; Berges & Choi, 2014; Bidle,
2016), and crosstalk between PCD and other cellular
pathways in conjunction with the highly variable envir
onments in which microalgae thrive can lead to differ
ent responses even in the same taxon (Jimenez et al.,
2009; Vavilala et al., 2015), leading to confusion and
conflicting interpretations. The question we wish to
answer is which of the multiple methods available are
essential for first-time PCD reports in microalgae? It is
unlikely that a single unified framework of measures
and markers of PCD for all eukaryotic phytoplankton
will be possible due to the diversity of organisms.
However, for comparative and interpretative purposes
suggestions can be made of a multi-assay approach
based on our adopted definition of PCD, the different
stages of death within a cell and the different positivity
rates of the methodologies currently being used.
It is helpful to recall the Berman-Frank definition
of PCD that we adopt. Acknowledging that PCD is an
‘active, genetically controlled, cellular self-destruction
driven by a series of complex biochemical events and
specialized cellular machinery’ (Berman-Frank et al.,
2004) highlights the finding that PCD can be detected
at several stages and in different ways. It is also
important to remember that the physiological mea
sures of PCD may also be detecting other cellular
activities (e.g. metacaspases are associated with cell
stress responses; Mata et al., 2019). Thus, if the
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molecular mechanisms are not specific, how can we
satisfy the ‘key controlled and self-destruction’ part of
the Berman-Frank definition? We suggest that in
order to conclude that any biochemical assay (e.g.
burst in ROS, TUNEL staining), specialized machin
ery (e.g. caspase-like and metacaspases), or deathrelated genes (e.g. PCD4, dad1) is reflecting a PCD
process, a comparison with a method that illustrates
unambiguously that PCD is occurring is necessary.
This is critical because, as indicated earlier, in con
trast to animals, microalgal cell death is not based on
simple cause-effect relationships (Franklin et al.,
2006; Kozik et al., 2019) and many of the markers
imported from the multicellular literature may be
inappropriate.
It seems that the expression ‘seeing is believing’ is
appropriate when it comes to detecting PCD in micro
algae (Segovia et al., 2003; Zuppini et al., 2007; Jimenez
et al., 2009). Franklin et al. (2006) rightly pointed out
‘there is also the danger of “fitting” observations to a
morphological paradigm unjustly, even when there is
no particular reason to expect that cell death processes
will be the same in widely different cell types’.
Nevertheless, based on the papers included in this
review, it is clear that the following morphological
alterations were highly correlated with PCD across all
microalgal taxa (true positive rate of 93%): chromatin
alterations (Segovia et al., 2003; Zuppini et al., 2007;
Jimenez et al., 2009), cytoplasmic vacuolization
(Moharikar et al., 2006; Affenzeller et al., 2009;
Jimenez et al., 2009; Sathe et al., 2019; Barreto Filho et
al., 2021), chloroplast morphological alterations
(Segovia et al., 2003; Zuppini et al., 2007; Affenzeller
et al., 2009; Jimenez et al., 2009) and membrane detach
ment from the cell wall (Zuppini et al., 2007; Durand et
al., 2016). These findings were accompanied by adjunct,
but less specific, molecular and biochemical changes
that reflect events associated with PCD. It seems reason
able therefore, that until there are highly specific mole
cular markers available such as those in prokaryotes,
ultrastructural alterations can be considered the most
reliable indicator of a ‘programmed’ self-destruction
mechanism. The importance of including TEM in
multi-assay approaches to detect in microalgae is
reflected in a recent PCD study in the cyanobacterium
Microcystis aeruginosa, where ‘caspase-like activity’ has
been reported in both PCD and necrosis (Zhou et al.,
2020). Indeed, caspase-like assays (i.e. activity, inhibi
tion and immunodetection) are highly sensitive as indi
cated by the true positive rate of 94%. The issue,
however, is that in contrast to the highly specific
death-related ultrastructural alterations detected by
TEM, the caspase-like enzymes are also associated
with non-death functions such as cell cycle regulation
(Jauzein & Erdner, 2013) and survival responses (Mata
et al., 2019). There is also the lingering problem that
genes responsible for caspase activity have not been
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identified in eukaryotic phytoplankton genomes lead
ing to the proposal that the positive results for caspases
should be revisited (Tsiatsiani et al., 2011), or perhaps it
would be reasonable to test whether the results are
reproducible using metacaspase-specific markers (e.g.
van Creveld et al., 2018).
Due to the different PCD stages within cells, a timecourse multi-assay approach to PCD detection also
seems to be advisable. First, the phenotype of PCD
changes over time, and while some markers manifest
early, others will appear later. This phasic approach has
already been used in the determination of PCD in some
green algae (Segovia et al., 2003; Zuppini et al., 2007;
Jimenez et al., 2009). Second, it should also be remem
bered that some markers are vulnerable to false negative
results, and different time points increased the chances
of detection. For example, DNA laddering appears to be
a strong indicator of PCD in some green algae
(Moharikar et al., 2006; Nedelcu, 2006; Durand et al.,
2014). However, the lower true positive rates relative to
other markers in PCD-positive populations (Table 2)
indicate that false negative results can be produced,
which corroborates some earlier empirical observations
(Leu & Hsu, 2005; Zuppini et al., 2007). This is also the
case of PS externalization, where early apoptosis-like
PCD cells (FITC+ and PI−/Sytox-) are present during
a relatively short window period after which cells are
both FITC+ and PI+/Sytox+.
A further consideration to bear in mind is that based
on the true positive rates not all markers seem to be
applicable to all taxa. For example, DNA laddering was
not reported in diatoms and only once in dinoflagellates
(Dunn et al., 2002, 2004). Similarly, a recent study of the
green microalga A. densus showed typical TEM markers
(cytoplasmic vacuolization, chromatin condensation
and chloroplast alterations) of PCD and PS externaliza
tion but no visible DNA laddering (Barreto Filho et al.,
2021). The reason for this was not known and the
authors speculated that fragmented DNA may be
trapped in the rigid cell walls of A. densus even after
the plasma membrane is entirely disintegrated. This is
supported by studies which show that mechanical or
chemical disruption of the cell wall is necessary to
effectively extract DNA (Yuan et al., 2015).

The central role of TEM
We suggest that if the aim of an experiment is the
documentation of a potential PCD phenotype for the
first time, then TEM studies should always be
included. The direct observation of PCD-related ultra
structural alterations seems essential in making the
first decision about whether cells are dying in a regu
lated way or not. As the cell dies, biochemical findings
as well as activity measurements of specialized cell
death machinery (e.g. caspase-like and metacaspases)
should be used as adjunct methods to demonstrate if

they are indeed positive, and under which circum
stances they correlate with TEM findings. For example,
in light-deprived D. tertiolecta, caspase 3-like activity,
phosphatidylserine externalization, TUNEL staining
and ROS were all correlated with PCD features such
as chromatin condensation, DNA fragmentation, cell
shrinkage and detachment of the plasma membrane
detected via TEM (Segovia et al., 2003). More recently,
upregulation of transcripts for metacaspase, antioxi
dant and cell death-related genes accompanied the
ultrastructural finding of marked vacuolization noted
in the marine diatom S. marinoi dying by PCD (Wang
et al., 2017, 2020). Similarly, in C. saccharophila, the
release of Cyt f and biochemical chloroplast alterations
correlated with the TEM findings of PCD. In these
instances, the correlation between biochemical assays
and the TEM conclusion of PCD, means that future
studies using only the biochemical markers will be
more convincing when concluding PCD.
We acknowledge that there are some caveats.
First, TEM should be used for cultures of actively
growing cells since it becomes increasingly hard to
analyse cells as cultures senesce and die. Second, as
pointed out by Galluzzi et al. (2009), ‘the visual
inspection of electron microphotographs should
always be complemented by a robust quantitative
approach’. Although quantification is labour inten
sive since the analysis is conducted on a per-cell
basis, researchers can apply the method described
by Jimenez et al. (2009), where counting of cells
exhibiting the death morphotypes is performed in
different fields of view (FOV); or by counting of
cells showing each different ultrastructural altera
tion. Preparation and fixation artefacts can also be
misleading, and ultrastructural changes may vary in
different species. However, experienced microsco
pists are adept at identifying artefacts. Comparisons
between similar microalgal groups exposed to the
same environmental stimuli are also helpful for
addressing ambiguities. Even though no one
method can be used to detect PCD, for most
researchers investigating the death modality in
eukaryotic microalgae for the first time, the detec
tion of PCD-related ultrastructural changes appears
essential. Once a particular set of cellular or bio
chemical markers are known to reflect the TEM
findings of PCD, then it is more feasible to dis
pense with the labour-intensive ultrastructural
studies.
Of course, methodological approaches depend on
the research aims or time and technical limitations.
However, it appears that the adoption of a polypha
sic approach, which applies ultrastructural altera
tions (TEM) in conjunction with genetic and
biochemical measures, is the most accurate strategy
for measuring PCD in green algae and other eukar
yotic phytoplankton.
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