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ABSTRACT

Reports of programmed cell death (PCD) across the taxonomic spectrum of photosynthetic unicellular organisms raise
questions concerning its ecological and evolutionary roles. However, prior to ecological studies or evolutionary interpreta-
tions, it is essential to document phenotypic changes associated with PCD at the single-cell level, since death-related
responses vary between taxa and within a single taxon depending on environmental stimuli. Here, we report responses to
rapidly changing light, temperature and fluctuations in macronutrients in the model selenastracean green microalga
Ankistrodesmus densus (Chlorophyta, Chlorophyceae, Sphaeropleales). We used stringent, but environmentally appropriate,
conditions of prolonged darkness, nitrogen starvation (4 days), heat (1 h at 44°C) and cold shock (3 h at 2 + 2°C). PCD
phenotypes were examined by ultrastructural changes, phosphatidylserine (PS) externalization and DNA degradation. Flow
cytometric Annexin V FITC analyses revealed that darkness and nitrogen-deprived cultures had significantly higher
proportions of cells with PS externalization compared with controls (p < 0.05). Heat and cold treatments did not affect
PS externalization (p = 0.44 and p = 0.99, respectively). Transmission electron microscopy (TEM) of light-deprived cells
demonstrated, among other ultrastructural changes, marked cytoplasmic vacuolization suggesting a subtype of PCD known
as vacuolar cell death. Nitrogen-starved cells had less vacuolization but presented more typical ultrastructural markers of
PCD such as chromatin condensation and marginalization. In contrast, the more severe heat and cold shock treatments
resulted in necrotic-like features. These findings suggest that prolonged darkness and nitrogen starvation induce PCD in
a small (8.4 3.5 and 7.42 2.6%, respectively) but significant (p < 0.05) fraction of the A. densus population. Documenting
these different death-related phenotypes depending on different environmental inducers is essential for interpreting
ecological studies. Furthermore, our data support the hypothesis that autophagic/vacuolar cell death (VCD), which is
central to organism homeostasis in plants (Streptophyta), occurs in Chlorophyta. VCD probably arose long before the
evolution of multicellularity in plants.

HIGHLIGHTS

® Darkness and nitrogen deprivation induce different programmed cell death markers in Ankistrodesmus densus;
® Plant vacuolar-like cell death occurs in Chlorophyta;

® There is crossover between the vacuolar and apoptosis-like death morphotypes.
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Introduction

Programmed cell death (PCD) can be loosely viewed as
an active and genetically encoded self-destruction
mechanism (Berman-Frank et al, 2004; Bidle &
Falkowski, 2004; Franklin et al., 2006; Zuppini et al.,
2007). These active forms of cell death are important
for embryonic development and maintenance of healthy
adult tissues in multicellular organisms (Lockshin &
Williams, 1964; Saunders, 1966; Leist & Nicotera, 1997;
Jones, 2001). However, in unicellular organisms like
phytoplankton our understanding of what PCD is, and
its role in microbial ecology, is much more layered
(Franklin et al., 2006; Nedelcu et al, 2011; Berges &

Choi, 2014; Bidle, 2015; Durand et al, 2016). Indeed,
the very term and ‘the nature of programmed cell death’
is a fraught question (Durand & Ramsey, 2019; Durand,
2020), but is central to our understanding of phytoplank-
ton ecology and evolution (Segovia et al., 2003; Franklin
et al., 2006; Berges & Choi, 2014; Bidle, 2015). Here we
use the Berman-Frank et al’s mechanistic definition of
PCD as “active, genetically controlled, cellular self-
destruction driven by a series of complex biochemical
events and specialized cellular machinery” (Berman-
Frank et al., 2004). The evolutionary definitions are dis-
cussed elsewhere (Durand & Ramsey, 2019).
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Ecologically, the release of PCD products after cell
death plays important intra- and interspecific ecological
roles in phytoplankton populations and communities
(Franklin et al., 2006; Vardi et al., 2007; Durand et al.,
2011, 2014; Yordanova et al., 2013; Bidle, 2016). For
example, PCD may impact others in the population by
releasing signalling molecules and resources that either
provide fitness benefits or coordinate population-level
responses to environmental changes (Vardi et al., 2007;
Durand et al., 2011, 2014; Yordanova et al., 2013).
A variety of environmental triggers also lead to PCD
in marine and freshwater communities affecting the
biogeochemical flow of nutrients between and within
trophic levels (e.g. Vardi, 2008; Orellana et al., 2013;
Bidle, 2015, 2016). PCD also regulates the propagation
and dispersal of colonial Trichodesmium spp. during
unfavourable growth conditions (Berman-Frank et al.,
2004), plays a role in community ecology (Orellana
et al, 2013; Bidle, 2016), and was essential for the
evolution of eukaryote cells and multicellular life
(Michod & Nedelcu, 2003; Segovia et al., 2003;
Blackstone, 2016; Durand et al., 2019).

Prior to interpreting the data on death in any ecolo-
gical or evolutionary study, it is essential to document
the environmental triggers and cell death morphotypes
associated with PCD in a particular organism under
specific conditions. Distinct markers and phenotypes
reflect the organism’s plasticity in adapting to environ-
mental stresses (Bursch et al., 2006; Eisenberg-Lerner
et al, 2009). Documenting the features of death in
unicellular phytoplankton, however, can be challenging
(Berges & Choi, 2014) and the distinction between
death-related phenotypes has been a major problem
(Jiménez et al., 2009; Berges & Choi, 2014). The reason
for this is that researchers have used the methodologies
imported from the multicellular world (Nedelcu et al.,
2011; Proto et al., 2013) and what the results of the
findings mean for unicellular organisms is not always
clear (Berges & Choi, 2014; Durand, 2020). Results
include morphological changes such as cell shrinkage,
chromatin condensation and loss of phosphatidylserine
(PS) membrane asymmetry, as well as biochemical
markers like the activation of caspases (the caspase-
metacaspase issue is discussed later) and DNA fragmen-
tation (Bidle & Falkowski, 2004). In phytoplankton,
however, a variety of morphologically and biochemi-
cally distinct morphotypes manifest in the same taxon
upon different stimuli (Nedelcu, 2006; Jiménez et al.,
2009; Sathe et al., 2019). Different taxa may also display
different and unique markers even when the same sti-
mulus is used (Affenzeller et al., 2009a; Vavilala et al.,
2014). Comparing experimental data, therefore,
requires one to know the morphotype associated with
a specific scenario. In addition, typical mammalian
assays are very sensitive, but not specific for detecting
some PCD markers in unicellular organisms. The
annexin-V assay, for example, that detects PS exposure,

can also be positive for other phospholipids
(Weingirtner et al., 2012), whereas caspase assays may
be positive in phytoplankton, even though they do not
have orthologous mammalian caspases, but rather
metacaspases (Uren et al., 2000; Aravind & Koonin,
2002; Tsiatsiani et al., 2011). Caspase-specific substrates
correlate with metacaspase activity, but the results are
not identical to those using a metacaspase-specific sub-
strate (Spungin et al., 2019). The enzymes responsible
for caspase activity in phytoplankton are currently
unknown (for a recent review see Minina et al., 2020).
As a consequence of the methodological complexities
when documenting PCD, not all markers are observed
within or between taxa in each cell death scenario.
Experimental results can easily become conflated.

In metazoa, a classification of different PCD mor-
photypes has been proposed by the Nomenclature
Committee on Cell Death (NCCD) (Galluzzi et al.,
2012). Similar recommendations have been published
for yeast (Carmona-Gutierrez et al., 2018) but
a standardized nomenclature is missing for phytoplank-
ton, even though there are many “different ways to die”
(Jiménez et al, 2009), and differences in cell stress
versus cell death responses (Mata et al, 2019).
Autophagic-like cell death, for example, is associated
with massive cytoplasmic vacuolization and is regulated
by AuTophaGy- Related (ATG) and metacaspase
(MCA) proteins (Tsujimoto & Shimizu, 2005;
Duszenko et al., 2011; Minina et al., 2013, 20144, b).
This ‘vacuolar’ morphological subtype of PCD is an
important death-related mechanism in higher plants
but its presence in green phytoplankton is scarce.
A related death morphotype was demonstrated in the
streptophyte Micrasterias denticulata (Affenzeller et al.,
2009b), and in the chlorophytes Chlamydomonas rein-
hardtii (Yordanova et al., 2013; Sathe et al, 2019),
Dunaliella viridis (Jiménez et al., 2009) and Chlorella
vulgaris (Papini et al., 2018). In autophagic/vacuolar
death there is also crosstalk between autophagy and
apoptosis mechanisms (Bursch, 2001; Bursch et al,
2006; Eisenberg-Lerner et al., 2009). Some of the mar-
kers of these PCD morphotypes overlap in phytoplank-
ton depending on the nature and intensity of the stimuli
(Affenzeller et al., 20094, b). For consistency, through-
out this manuscript we define autophagy as ‘a process
by which cells undergo partial autodigestion that pro-
longs survival for a short time under starvation condi-
tions’ (Tsujimoto & Shimizu, 2005). On the other hand,
autophagic/vacuolar cell death (e.g. Affenzeller et al.,
2009a, b; Jiménez et al, 2009), is ‘mainly
a morphological definition’ (Tsujimoto & Shimizu,
2005) that represents a metacaspase-regulated switch
from cell survival to PCD (Minina et al., 2014a, b).
Therefore, ‘autophagy’ and ‘autophagic/vacuolar cell
death’ have different evolutionary/ecology significance.

Among phytoplankton, chlorophytes are used
extensively as model organisms to study PCD



(Berges & Choi, 2014; Bidle, 2015, 2016; Jiménez
et al., 2009). Chlorophyta represent the biggest divi-
sion of the ‘green algae’ comprising a great diversity
of ubiquitous macro- and microalgae (Krienitz &
Bock, 2012; Guiry & Guiry, 2020). Several chloro-
phytes have been investigated under a diverse range
of environmental triggers, and many different cell
death phenotypes have been described (Moharikar
et al., 2006; Zuppini et al., 2007; Affenzeller et al.,
2009a; Jiménez et al, 2009). They represent
a valuable group in ecological and physiological stu-
dies of phytoplankton PCD.

Within the Chlorophyta, the asexual coccoid micro-
algae from the family Selenastraceae (Sphaeropleales,
Chlorophyceae) comprise a highly diverse clade and
are ubiquitous in inland waters (Krienitz & Bock,
2012; Garcia da Silva et al., 2017). They are particularly
helpful as model organisms for PCD studies, particu-
larly because there is no potential overlap between the
induction of sexual reproduction and the PCD path-
ways, as observed in other green microalgae (Nedelcu
et al, 2004) and plants (Kurusu & Kuchitsu, 2017).
Despite being present in most freshwater ecosystems,
little is known about how cell death programmes affect
their ecophysiology (Franklin et al., 2006). Recently,
evidence of PCD-like death was reported in
Selenastraceae in a temperate eutrophic pond in the
USA (Kozik et al, 2019) during the transition from
spring to autumn. However, a correlation between
changing conditions of irradiance, temperature and
macronutrient fluctuations (e.g. N:C) and cell death
was not identified (Kozik et al., 2019). Documentation
of the ecological stimuli that may induce cell death and
the associated death-related morphotypes in this
important microalgal group is missing.

In this study, we report different modes of death in
the common selenastracean green microalga
Ankistrodesmus ~ densus  Korshikov  (Chlorophyta,
Chlorophyceae, Sphaeropleales) under rapidly chan-
ging conditions of light, temperature and fluctuations
in macronutrients, all of which are ecologically relevant
stimuli. PCD-related features can involve subtle mar-
kers. We have, therefore, used more stringent, but
appropriate abiotic conditions to identify possible
death-related morphotypes. These include total dark-
ness, nitrogen deprivation, heat and cold shock.

Materials and methods
Model organism

The Ankistrodesmus densus (CCMA-UFSCar 3) strain
used was isolated from a shallow tropical reservoir
(Represa do Broa, Itirapina, SP, Brazil, 22°11'36.1"
S 47°53'24.1"W, isolated in 1979). CCMA-UFSCar 3
has been maintained in axenic conditions at the
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Culture Collection of Freshwater Microalgae at the
Universidade Federal de Siao Carlos, Brazil (CCMA-
UFSCar, WDCM 835).

Cell culture

Ankistrodesmus densus CCMA-UFSCar 3 was cul-
tured with a starting density of 1 x 10* cells ml™" in
WC medium, pH 7.0 (Guillard & Lorenzen, 1972), at
23°C (% 2°C), and 200 umol photons m~2 s7! under
12-12 h light-dark cycle. Cultures were agitated once
a day. Prior to the experiments, the cultures were
examined for bacterial and fungal growth in WC
medium (pH 7) supplemented with peptone and glu-
cose (250 mg 17" each). No bacterial or fungal growth
was observed on test tubes over 10 days.

For PCD assays, cells were harvested in the log-linear
growth phase, which was determined from the average
of three growth curves followed by in vivo chlorophyll
a spectrophotometric measurements (HACH DR 5000)
according to Griffiths et al. (2011) (Supplementary fig.
S1). This is important, since cells should be healthy and
young (as opposed to aged or dormant) in PCD experi-
ments (Zhou et al., 2020).

Programmed cell death induction

Cells harvested in the log-linear phase were washed,
counted using a hemocytometer and resuspended in
sterile WC medium in 10 ml glass tubes to a final
density of 1 x 10° cells ml™'. Resuspended cells were
subjected to four environmental stress treatments:
prolonged darkness, nitrogen deprivation, heat and
cold shock (experimental design in Supplementary
fig. S2). No environmental stress was used in the
controls. All treatments were performed in triplicate
and were sampled and analysed at the same time.

For the nitrogen deprivation treatment, cells were
washed three times using nitrogen-free WC medium
at pH 7.0 before resuspension. Control and nitrogen-
deprived cultures were incubated for 4 days under
standard conditions, i.e. 23°C (+ 2°C) and 12-12
h light-dark cycle at 200 umol photons m™* s™'. For
the dark-treated cultures, standard WC medium was
used but cells were deprived of light for 4 days.

For the temperature treatments, cultures were
maintained for 3 days under standard conditions pre-
exposure to the shock conditions (a day before PCD
measurements). For the heat shock, cell cultures were
immersed in a water bath pre-heated to 44°C for 1
h and maintained under standard conditions for 16
h. A temperature of 44°C was chosen for comparison
with  earlier experiments using chlorophytes
(Nedelcu, 2006; Durand et al, 2011, 2014) and
because of the ecological relevance, since heat shock
proteins were previously described in Scenedesmus
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quadricauda (an Ankistrodesmus sister group)
exposed to high temperatures (Zargar et al., 2006).
Cold shock was executed at 2 + 2°C (cultures were
placed in an ice bucket in a lighted fridge) for 3 h and
retuned to standard conditions for 16 h. The cold
shock temperature was motivated by earlier observa-
tions of chlorosis in Chlorella at 4°C (Tischner et al.,
1978), and from our unpublished observations of
DNA fragmentation in Chlamydomonas reinhardtii
when subjected to similar treatments. Strains of
Ankistrodesmus may also be found in Antarctica
(Kol & Flint, 1968) and temperate climes (Guiry &
Guiry, 2020).

Programmed cell death analyses

The most informative assessment of PCD relies on
integrating data from direct observation (e.g. TEM)
with biochemical assays. To document PCD in
A. densus, we used three markers: phosphatidylserine
(PS) externalization with retention of membrane integ-
rity, observation of PCD ultrastructural morphological
changes, and DNA laddering. Other markers may be
more sensitive but less specific (Durand, 2020) although
of course they do provide information about what cel-
lular responses are being induced. For example, caspase
(Zhou et al., 2020) and metacaspase (Mata et al., 2019)
activity can be associated with stress, but not necessarily
with PCD.

Flow cytometry

PS externalization was detected by flow cytometry
using the Apoptosis detection kit, BD Pharmingen,
following the manufacturer’s protocol. Briefly, 1 x
10° cells were harvested in log-linear phase, washed
with PBS and resuspended in Annexin V binding
buffer. From this suspension, approximately 1 x 10’
cells were harvested by centrifugation and double-
stained with annexin-V and propidium iodide (PI)
for 15 min in the dark. Annexin V and PI positivity
were assessed using a BD LSRFortessa' ™ cell analyzer
(Becton-Dickinson, San Jose, California, USA) under
the green FL1 (band-pass filter 530/30 nm) and
orange FL2 (band-pass filter 575/26 nm) channels.
The data were acquired using BD FACDiva software
(flow rate = 31.54 ul min~}; sample volume = 100 ul;
voltage = 6.11), and analysed with the FlowJo soft-
ware (10.5.3) as below.

For cytometric analyses, the autofluorescence of
chlorophyll in control cells (unstained) in the FL3
channel was extremely high (> 10°) even with vol-
tages set at a lower gain. This was largely overcome
by reading PI in the FL2 channel, which ‘does not
capture the longer autofluorescent wavelengths of
C. reinhardtii’ (see channels D and E in table 1 in
Kay et al., 2013), and is unlikely to interfere with the

PI signals. The transition across the spectrum of PCD
was determined previously (Carmona-Gutierrez et al.,
2010, 2018; Kay et al., 2013; Durand et al., 2014).
Healthy cells are FITC-Annexin V negative (FITC-)
and PI negative (PI-) (quadrant 4); early PCD cells
are FITC-Annexin V positive (FITC+) and PI nega-
tive (quadrant 3); late PCD cells FITC-Annexin
V positive and PI positive (PI+) (quadrant 2); finally,
necrotic lysed cells are PI positive only (quadrant 1).

Although ideal, compensation for fluorescence
spillover between channels was not performed
because it was unclear what the positive controls for
phytoplankton should be (Gasol & Moran, 2015).
Cytograms were analysed with FlowJo (v10.5.3) with
a minimum of 1 x 10* cells acquired for each sample
(n = 3). Populations were gated using SSC versus FSC
two-dimensional dot plots (Kay et al., 2013; Durand
et al., 2014; Satpati et al., 2016). The FL3 channel,
which is commonly used in flow cytometry studies of
chlorophytes, was intentionally avoided because it
excludes dead (i.e. late PCD or necrotic) cells.

Statistical analyses were performed with R (v4.0.2).
A low proportion of PS externalization and high varia-
bility in annexin-V positive cells was noted. Therefore,
the Annexin-V and PI datasets were log-transformed
(as suggested by Dingman & Lawrence, 2012) to obtain
normal distributions. The assumptions of homogeneity
of variance and normal distribution were assessed using
the Shapiro-Wilk normality test (Supplementary table
S1) and Levene’s homogeneity test, respectively
(Supplementary table S2). The outcome of FITC+
(early PCD) and FITC+ PI+ (late PCD) passed the
normality test, but PI+ (detects membrane damage)
failed. For data with normal distribution (FITC+ and
FITC+ PI+) the percentage of annexin V binding cells
in controls was compared with treated cultures using
one-way analysis of variance (ANOVA). Comparisons
were performed using the R package multcomp
(Hothorn et al, 2008) with a Dunnet’s multiple-
comparison post-test (Supplementary table S3). For
the ANOVA analyses, the assumption of normality of
residuals was confirmed with the Shapiro-Wilk nor-
mality test (Supplementary table S4). For the PI vari-
able, we proceeded with the alternative Kruskal-Wallis
test (Supplementary table S5).

Transmission electron microscopy (TEM)

Cell samples were fixed for 4 h at room temperature (20-
25°C) with 2% glutaraldehyde in 0.025 sodium cacody-
late buffer (pH 7.5). Three ml of each cell suspension
from each biological replicate was pooled. For the control
and each experimental sample, 9 ml was added to an
equal volume of 4% glutaraldehyde in 0.05 M sodium
cacodylate buffer (pH 7.5) (Nozaki et al., 1994). Samples
were washed 3 times in 0.025 M sodium cacodylate
buffer and pelleted using an IKA mini G centrifuge at



3000x g. Cell pellets were post fixed with 2% osmium
tetroxide in 0.025 M sodium cacodylate buffer for 2 h at
room temperature followed by two washes with 0.025
M sodium cacodylate buffer. The fixed materials were
then dehydrated for 10 min each in 5, 10, 25, 40, 70, 80,
95 and 100% ethanol followed by a final dehydration in
100% ethanol for 20 min. After dehydration, cells were
transferred to increasing ethanol-LR White resin ratios
of 3:1; 2:1; 1:1 for 20 min each, then twice in 100% LR
White resin for 45 min each and finally left overnight at
4°C. The following day, cells were embedded in fresh LR
White resin in gelatin capsules and allowed to polymerize
at 65°C. The hardened resin blocks were sectioned at 90
nm thickness with an ultramicrotome (Ultracut E,
Reichert-Jung, Vienna, Austria) and the sections were
collected on copper grids (5-10 grids per sample; each
grid had several thin sections). Grids were stained with
5% aqueous uranyl acetate and lead citrate (Reynolds,
1963), dried and examined with a FEI Tecnai G2
Transmission Electron Microscope at 120 kV. TEM
micrographs were taken randomly along different fields
of view (FOVs) and the following ultrastructural changes
documented: vacuolization, chromatin condensation,
chloroplast disruption, mitochondrial disruption (elon-
gation and swelling), and shrinking of the protoplasm.
Results of the above markers were summarized in
a presence-absence (binary) matrix, where each cell pre-
sented a different ID. Frequency (number of micro-
graphs) and relative abundance of each condition for
each treatment were performed in using R v4.0.2 using
the package tidyverse (Wickham et al, 2019)
(Supplementary table S6; Supplementary fig. S3).
Relative abundance was assessed by dividing the fre-
quency by the total number of cells analysed in each
treatment.

DNA fragmentation

DNA laddering is considered a specific, but not neces-
sarily sensitive, measure of PCD (Durand, 2020).
Biological replicates for each treatment and the control
were pooled (giving a total of 9 ml) to increase the
chances of detection. Cell suspensions were centrifuged,
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and the genomic DNA was extracted following the
manufacturer’s protocol of the DNeasy Powersoil kit
(Qiagen). Agarose gel electrophoresis was performed
with the isolated DNA (1% agarose gel; 45 min; 80V).

Results

Loss of membrane asymmetry and membrane
integrity

Flow cytometric analysis of PS externalization (FITC+
only) revealed that the darkness and nitrogen starvation
treatments were significantly different from the control
cultures (ANOVA test, p < 0.001; Dunnet’s test, p < 0.05,
n = 3, Supplementary table S3, Fig. 1a). Temperature
(heat and cold) shock treatments did not affect PS
externalization significantly (Dunnet’s test, p = 0.44
and p = 0.99, n = 3, respectively, Fig. 1a). In light-
limited and nitrogen-starved cultures, respectively, 8.4
+3.5and 7.42 £ 2.6% of the cells showed PS externaliza-
tion, while in the control, heat and cold stressed cul-
tures, respectively, 2.9 + 0.3, 2.1 + 0.4 and 3.1 + 0.5% of
the cells showed this PCD phenotype (Q3 in Fig. 2).

For FITC and PI double positive, in the nitrogen-
deprived treatment 8.29 + 1.7% of cells detected posi-
tive, but this was not significantly different (ANOVA
test, p = 0.29, n = 3, Fig. 1b) from the control (4.45
+0.9%). However, quadrant 2 provides less information
about the mode of death, since cells positive for both
FITC Annexin V and PI could have died by either an
apoptosis-like pathway or as a result of a necrotic
process.

In contrast, heat-shocked cells (15.6 £+ 4%) demon-
strated membrane permeabilization (PI+ only) com-
pared with 5.42 + 1.7%, 5.27 + 1 and 6.49 £ 1.3% in the
control, dark and nitrogen treatments, respectively (Q1
in Fig. 2). Although the heat-shock cultures had a much
higher mean relative to the control cultures for PI+
(Fig. 1c), the variability between replicates may have
prevented results being statistically  significant
(Kruskal-Wallis test, p = 0.067, n = 3, Supplementary
table S5, Fig. 1b). It is noted that if we had considered
ANOVA sufficiently robust to moderate variations to

C 20

18

16
S 14
12
10
8

Pl + only (%

. Control I:‘ Darkness . Nitrogen . Heat . Cold

Fig. 1. PCD and cell viability assessment of Ankistrodesmus densus after exposure to the Darkness, Nitrogen deprivation,
Heat and Cold treatments. (a) Percentage of cells positive for Annexin V FITC. (b) Percentage of cells positive for FITC and
PI. (c) Percentage of cells positive for PI. Asterisk (*) marked values = statistically significant (p < 0.05, n = 3).



6 M.M BARRETO FILHO ET AL.

<] °|

10* a1 5.2¢

5.4%3.3

Q14.7%0.7 8.2%1.7 2 250 4
2004

150

Count

100

10154417

4.4%0.9 Q2

507

i R "
. (30.9:7.8I B85 o | IO gade o 0
L ) Ll ) T T ey ey L | T n
Pl 102' 10 101 10 1[]3 1[)4 100 1(]1 10: 103 104 1[]0 101 1[)2 1(]3 1(]‘i
" d 1
10’ _ - i
3 10730 15,644 42414 @2 | 10' J016.441.3 6.1%2.3 a2
o 0 87.352.2 2.9%0.3 a3
AL -y L § T 3. A
100 10' 107 103 10410 3 10
e
2] [
10 g
3]
10'3 ;
ok 7?7?.‘!3‘8 21204 03 ) ' 84.281.9 31405 Q3
0 s i gy . 10 focmgper | e .
10[J 101 107 103 10 10° 10' 10° 100 1t
B Annexin-V FITC
Annexin V-FITC (FL1)

Fig. 2. PCD flow cytometric detection in A. densus. (a) to (e) are dot-plots of samples (10 000 cells each), in triplicate, of the
Control, Darkness, Nitrogen deprivation, Heat and Cold treatments, respectively. The x axes represent the FITC fluores-
cence and the y axes the PI fluorescence. Q1 = includes necrotic cells (PI + and FITC- cells); Q2 = includes late PCD cells
(FITC + and PI + cells); Q3 = includes early PCD cells (FITC + and PI- cells) and Q4 = includes healthy cells (FITC- and
PI- cells). (f) Overlapped histograms of the control, darkness, and nitrogen starvation treatments. (g) Overlapping
histograms of the control, heat and cold shock treatments. The average percentage value and the standard deviation in
each of the four quadrants (Q1, Q2, Q3 and Q4) for each of the four environmental stimuli is indicated. Asterisk (*) marked

values = statistically significant (p < 0.05, n = 3).

normality (as suggested by Blanca et al, 2017),
a significant result would have been obtained (ANOVA
test = p < 0.001, Dunnet’s test, p < 0.05, n = 3,
Supplementary table S7).

The higher proportion of cells bound to FITC-
Annexin V (FITC+ only) in darkness and nitrogen-
depleted treatments can also be seen in the histo-
grams (Fig. 2f) as a small shift to the right when
superimposed over control cultures. In contrast,
heat and cold treatments showed complete overlap-
ping of the control histogram (Fig. 2g).

Ultrastructural changes by transmission electron
microscopy (TEM)

Ultrastructural micrographs of A. densus cells grow-
ing actively in control cultures (Figs 3-6) showed
a large nucleus with a central nucleolus surrounded
by uncondensed chromatin (Fig. 6); one parietal
chloroplast with regularly organized thylakoid mem-
branes (Figs 4 5); and a dense homogeneous cyto-
plasm with mitochondria (Fig. 4). Except for some

mild cytoplasmic vacuolization (relative abundance =
0.2, Supplementary fig. S3a), control cells did not
contain any of the other PCD-associated features.

In comparison to control cultures, the dark-treated
cultures (Figs 7-10) underwent marked cytoplasmic
vacuolization (relative abundance = 0.71,
Supplementary fig. S3a), with each vacuole containing
electron-dense materials (Figs 7-9, arrows labelled 1).
In dark-treated cultures, many mitochondria, chloro-
plasts, plasma and nuclear membranes remained intact,
but mitochondrial elongation (Figs 8 and 9, arrows
labelled 4) was eventually observed (relative abundance
= 0.14, Supplementary fig. S3d). A single mass of chro-
matin condensation (pyknosis) was noted in the centres
of the nuclei in some cells, but no marginalization could
be seen (Fig. 10, arrow 2).

Nitrogen-starved cells (Figs 11-14) exhibited cyto-
plasmic vacuolization (Fig. 11, arrows 1; relative fre-
quency = 0.55, Supplementary fig. S3a), but less than
that observed in light-deprived cells. Unlike the dark
treatment, however, these cells presented photosyn-
thetic membrane impairment and disruption of the



Figs 3-6. Normal vegetative cells actively growing on WC
in control conditions. Note the cytoplasm without vacuo-
lization. Nu, nucleus; No, nucleolus; Mtc, mitochondria;
Cw, cell wall; Cyt, cytoplasm; Chl, chloroplast; Thy, thy-
lakoid. Scale bars: Fig. 3. 2 um; Figs 4-6. 0.2 pum.

Figs 7-10. Cells after 4 days in darkness. There is extensive
cytoplasmic vacuolization (arrows 1), mitochondrial elon-
gation (arrows 4), and chromatin condensation (pyknosis)
without chromatin marginalization (arrow 2). V¢, Vacuole;
Pyk, Pyknosis; Chl, Chloroplast; Mtc, Mitochondria; Thy,
Thylakoid. Scale bars: Fig. 7. 0.5 um; Figs 8-10. 0.2 um.

typical stacked thylakoid membrane structure (rela-
tive frequency = 0.22, Supplementary fig. S3c, Figs 11
and 12, arrows labelled 3) by electron-lucent
(‘empty’) spaces between the thylakoids. This has
been observed previously (Zuppini et al, 2007;
Zhou et al., 2020). We also noted a structure that
resembled a plastid with blebbing (Supplementary fig.
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S4). Adjacent vacuoles presented electron-dense
materials (Supplementary fig. S44, black arrow).
Although unclear, the internal tortuous structures
resemble double membranes, and might possibly be
highly disorganized thylakoids (Supplementary fig.
S4a, white arrows). Mitochondrial elongation was
not observed. The relative frequency of chromatin
condensation was 0.22 (Supplementary fig. S3b).
Specifically, nucleolar shrinkage/condensation and
movement of the chromatin to the nuclear membrane
was detected (Fig. 13, arrows labelled 2), resulting in
chromatin marginalization (Fig. 14, arrows 2).

Heat-shocked cultures (Figs 15-18) exhibited a lower
relative abundance of vacuolization compared with dark
or nitrogen-deprived treatments, and only marginally
higher compared with the controls (Figs 16 and 17,
arrows labelled 1; relative abundance = 0.33,
Supplementary fig. S3a). In contrast to the controls,
however, some cells exhibited shrunken, damaged pro-
toplasm with membrane detachment from the cell wall
(Figs 15-16, arrows 5; relative abundance = 0.25,
Supplementary fig. S3e). Complementing the PI+ flow
cytometry data (Ql in Fig. 2), TEM micrographs
revealed possible areas of membrane rupture (Fig. 15,
arrow 5), although this is difficult to ascertain. Evidence
of thylakoid membrane impairment was noted (Fig. 17,
arrows 3), although at a much lower frequency (relative
frequency = 0.08, Supplementary fig. S3b) compared
with nitrogen-deprived cells. Mitochondrial disruptions
were very rarely observed in heat-shocked cultures, but at
least one cell presented a mitochondrion with a ‘balloon-
shaped’ membrane protrusion at one pole (see
Supplementary fig. S4b).

Cold-shocked cells did not exhibit cytoplasmic vacuo-
lization (relative abundance = 0.09, Supplementary fig.
S3a). Mitochondrial disruption was reported (relative
abundance = 0.27, Supplementary fig. S3d) with the
‘swollen’ phenotype (Figs 20 and 22, arrows 4) as
opposed to the ‘elongated’ abnormality seen in the dark
treatment. Chromatin condensation occurred in the
cold-shock treatment (Fig. 22, arrow 2; relative frequency
= 0.18, Supplementary fig. S3b), but without chromatin
marginalization. Only discrete electron-lucent spaces
were seen between thylakoids (Fig. 21, arrow 3).
Shrinkage of the protoplasm was noted (Fig. 19, arrows
5; relative frequency = 0.18, Supplementary fig. S3e).

DNA fragmentation

Neither the control nor the stressed cells displayed
DNA laddering by gel electrophoresis (Supplementary
fig. S5).

Discussion

The aim of this study was to investigate PCD pheno-
types in the common selenastracean green alga
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Figs 11-14. Cells after 4 days with nitrogen deprivation.
Cells exhibited vacuolization (arrows 1) and chloroplast dis-
ruption (arrows 3). There was nucleolar condensation and
movement of chromatin to the nuclear membrane (arrows 2)
with marginalization. V¢, Vacuole; Chl, Chloroplast; Chm,
Chromatin; Nu, nucleus; Cyt, Cytoplasm. Scale bars: Fig. 11.
0.5 pm; Figs 12-14. 0.2 pm.

Figs 15-18. Cells after exposure to 44°C for 1 h and
returned to standard conditions for 16 h. A shrunken,
damaged protoplasm and membrane detachment from the
cell wall were noted (arrows 5). There were disrupted thy-

lakoids, indicated by the ‘white’ spots (arrow 3).
Cytoplasmic vacuolization was observed although much
less than that observed in the Darkness and Nitrogen depri-
vation treatments (arrows 1). Scale bars: Fig. 15. 5 pm;
Fig. 16. 2 um; Fig. 17. 5 um; Fig. 18. 2 um.

A. densus. These data are essential for interpreting the
results from evolutionary ecology studies in the

family Selenastraceae. We exposed this alga to the
ecologically relevant stresses of darkness, nitrogen
deprivation, heat and cold. Our results indicate that
darkness and nitrogen deprivation induce specific
PCD phenotypes. The marked cytoplasmic vacuoliza-
tion is an important and noteworthy morphotype in
this model organism.

Reports of PCD in Selenastraceae, a ubiquitous
group, are rare. One of the very few reports is by
Kozik et al. (2019), who identified a link between cell
death and a mixture of abiotic and biotic factors.
Although the authors did not find a correlation between
thresholds of irradiance, temperature, and nitrogen
fluctuations and the PCD phenotype, here we show
that environmental disturbances can induce markers
of PCD in A. densus. In natural conditions, some
green microalgae experience periods of prolonged dark-
ness (e.g. La Rocca et al., 2015). Scenedesmus acuminag-
tus populations, for instance, can survive up to 4
months in complete darkness in Antarctica (Dehning
& Tilzer, 1989). Similarly, under natural conditions,
nitrogen-deprived Chlamydomonas cells produce H,
O, (Philipps et al., 2012), which is an inducer of PCD
in chlorophytes (Murik et al., 2009, 2014; Vavilalla et al.,
2015). In Chlamydomonas reinhardtii the overlap
between nitrogen starvation and PCD is conclusive
(Sathe et al., 2019).

After 4 days in complete darkness, A. densus cells
had a statistically significant result for Annexin V FITC
only (Fig. la) indicating that a small but significant
proportion of the population underwent PCD (8.4
+ 3.5%). This number is in agreement with a cell
death seasonal pattern study of 19 phytoplankton spe-
cies, which noted that the proportion of cells staining
positive for annexin V in nature ranges from 2% to
nearly 30% (Kozik et al., 2019). The range may reflect
the relatively short window for sampling, when cells are
in the early apoptosis-like period and FITC+ and PI-
(Kozik et al., 2019). One point worth noting is that
while chlorophytes have been repeatedly shown to
bind Annexin V (Moharikar et al., 2006; Segovia &
Berges, 2009; Orellana et al, 2013; Durand et al,
2014), PS is not present in some green algal taxa
(Giroud et al., 1988). The positive results appear to be
due to the affinity of Annexin V for other membrane
phospholipids like phosphatidylethanolamine (PE) and
phosphatidylglycerol (PG) (Weingirtner et al., 2012).
This may have the same significance for PCD but phos-
pholipid relative abundance in Ankistrodesmus has not
been assessed.

The most striking TEM finding in light-deprived cells
is the massive cytoplasmic vacuolization which included
electron-dense material (relative abundance = 0.71). This
degree of cytoplasmic vacuolization has been described
before in chlorophytes (Affenzeller et al, 2009a, b;
Jiménez et al., 2009; Yordanova et al., 2013; Sathe et al.,



Figs 19-22. Cells after exposure to cold shock (2 + 2°C) for 3
h and standard growth conditions for 16 h. There was very
little vacuolization (not shown in the panels), however,
deformed ‘swollen’ mitochondria (arrows 4), shrinking of
the protoplasm (arrows 5), and slight disruption between the
thylakoids were observed (arrow 3). Chromatin condensation
could be seen (arrow 2). Scale bars: Fig. 19. 2 um; Fig. 20. 2
um; Fig. 21. 5 ym; Fig. 22. 2 pm.

2019), cyanobacteria (Ning et al., 2002; Berman-Frank
et al., 2004; Zhou et al., 2020), social amoebae (Cornillon
et al., 1994; Otto et al., 2003), vascular plants (Danon
et al., 2000; van Doorn et al., 2011), as well as mammals
(Henics & Wheatley, 1999). This phenotype is typical of
vacuolar/autophagic cell death, a distinct form of PCD
(Bursch et al., 2006; Afenzeller et al., 20094, b), and may
also involve pyknosis (Bursch, 2001), which we noted in
some cells (Fig. 10, arrow 2). The chromatin condensa-
tion associated with pyknosis is similar to that observed
in nitrogen-starved Dunaliella viridis (Jiménez et al.,
2009) and Chlamydomonas reinhardtii (Sathe et al,
2019) cells and is distinct from the well-defined nucleolus
observed in actively growing A. densus (Fig. 6). The
appearance of elongated mitochondria is suggestive of
autophagy (Figs 8, 9, arrows 4). During autophagy, mito-
chondria may fuse and elongate, which protects against
degradation and leads to greater cellular energy (ATP
content) (Gomes & Scorrano, 2011; Gomes et al. 2011).
This supports Minina et al.’s hypothesis that autophagy
has both cytoprotective and cytotoxic roles during the
execution of vacuolar PCD (Minina et al., 2014a, b). The
ATP content is key in mediating PCD (Zhou et al., 2020),
and autophagy may be essential to maintain the energy
status of dying cells (Minina et al., 20144, b). Cytoplasmic
vacuolization and mitochondrial swelling may also be
found in paraptosis (Sperandio et al, 2000; Franklin &
Berges, 2004), however in our light-deprived cells chro-
matin condensation was found and this is not classified
as a feature of paraptosis (Sperandio et al., 2000). Further
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investigation is required to explore the possible involve-
ment of ATG proteins in A. densus cell death.

The relative frequency of 0.71 (Figs 7-10, arrows
labelled 1) indicates that vacuolization is widespread
in the population, even while the flow cytometric find-
ings suggest a much lower proportion of cells under-
going PCD. This discrepancy may be related to the
different sample sizes of TEM and flow cytometry (n
= 10,000 cells for flow cytograms), or to the different
sensitivities of the two measures. PS is usually inter-
preted as a marker of apoptosis-like forms of death,
although on some occasions it can be associated with
autophagic cell death (Eisenberg-Lerner et al, 2009).
The presence of vacuolization and PS externalization
supports the notion that apoptotic-like and autophagic-
like cell death processes should not be seen as ‘mutually
exclusive phenomena’ (Bursch, 2001; Lockshin &
Zakeri, 2004; Bursch et al., 2006). Rather the crosstalk
between both cell death morphotypes depends on the
stimulus and the cellular context (Bursch et al., 2006;
Maiuri et al., 2007; Eisenberg-Lerner et al., 2009). The
overlap between autophagic/vacuolar-like and apop-
tosis-like PCD has previously been observed in
chlorophytes (Affenzeller et al., 2009a, b; Jiménez
et al., 2009; Yordanova et al, 2013) and vyeast
(Carmona-Gutierrez et al., 2010). The reason for
the lack of DNA fragmentation is not clear. While
DNA laddering is a known feature of the more
typical apoptotic-like morphotype of PCD in chlor-
ophytes (Moharikar et al., 2006; Nedelcu, 2006;
Durand et al.,, 2014), it is not reported consistently
(Leu & Hsu, 2005; Zuppini et al, 2007).

These findings have some significance for the evo-
lutionary ecology of PCD en route to multicellularity
in plants. In higher plants, metacaspase-dependent
autophagy plays a prominent role in triggering
‘vacuolar cell death (VCD)’ (van Doorn et al., 2011;
Minina et al., 2013, 20144, b), by mechanisms that
‘sequester cellular components en masse and deliver
them into the vacuole for degradation’ (Minina et al.,
2014b). VCD - as opposed to other PCD mechanisms
like apoptosis — occurs in plants, presumably because
of their rigid cell walls, which prevent the fragmenta-
tion of the cells into membrane-bound apoptotic
bodies (van Doorn et al, 2011). VCD has implica-
tions for plant development (van Doorn et al., 2011;
Hara-Nishimura & Hatsugai, 2011; Minina et al,
2013, 20144) and in the pathogen-triggered hyper-
sensitive response (Jones, 2001; Hofius et al., 2011),
but how exactly VCD-associated metacaspases cross-
talk with the autophagy machinery to regulate other
plant physiological functions (e.g. ‘senescence-
associated vacuoles’ induced by stress factors
(Carrion et al., 2013; Costa et al., 2013)) remains
unclear (Minina et al, 2014b, 2017). Intriguingly,
some of the reports of PCD in unicellular green
microalgae are of the autophagic/vacuolar cell death
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kind. For example, VCD has been observed in the
‘charophyte’ Micrasterias denticulata (Affenzeller
et al, 2009a, b), and in the chlorophytes
Chlamydomonas reinhardtii (Yordanova et al., 2013;
Sathe et al, 2019) and Dunaliella viridis (Jiménez
et al, 2009). In metal-stressed Chlorellaceae
(Chlorophyta), autophagic activity led to widespread
vacuolization and an accumulation of electron-dense
material (Papini et al, 2018) very similar to those
observed in A. densus in this study. The green algae
comprise Chlorophyta (which includes A. densus)
and Streptophyta, which includes both algae
(‘Charophyta’) and plants (Embryophyta) (Lewis &
McCourt, 2004; Leliaert et al., 2012). The documen-
tation of vacuolar-like cell death in cell-walled
A. densus supports Segovia et al’s assertions that
key elements of cell death pathways arose earlier in
unicellular chlorophytes and were subsequently
appropriated by higher plant lineages through the
course of evolution (Segovia et al., 2003). Of course,
we cannot rule out that A. densus acquired this form
of cell death independently of the streptophytes, but
the evidence for similar PCD-related cytoplasmic
vacuolization in other chlorophytes as well as strep-
tophytes suggests a shared, earlier origin of VCD.
Nitrogen-starved A. densus cells demonstrated ultra-
structural apoptotic-like hallmarks such as the move-
ment of condensed chromatin from the nucleolus to the
nuclear membrane (Figs 13-14, arrows 2), pyknosis and
the margination of chromatin (Fig. 14, arrow 4). These
observations have been noted in other chlorophytes
(Segovia et al, 2003; Zuppini et al, 2007; Jiménez
et al., 2009). Our nitrogen-starved cells also exhibited
a small but statistically significant positive result for PS
exposure (7.4%) and retention of plasma membrane
integrity (Fig. 1a, c). Because these cultures also exhib-
ited cytoplasmic vacuolization, which is the hallmark of
VCD, we support the claim that there is crosstalk
between apoptosis-like and vacuolar/autophagic cell
death mechanisms in the Selenastraceae. This observa-
tion also corroborates the view that autophagic and
apoptosis-like PCD can act in a cooperative manner to
determine the cell’s fate in a particular ecological sce-
nario (Maiuri et al., 2007; Carmona-Gutierrez, 2010).
DNA laddering (a marker of apoptosis-like PCD)
was not seen in nitrogen-depleted cultures. The absence
of DNA laddering has been noted before, for example,
heat-stressed Chlorella sacharophila undergoing PCD
also demonstrated chromatin marginalization and
chloroplast alterations without visible DNA laddering
(Zuppini et al., 2007). The disruption of the regular
thylakoid structure might be a direct effect of
N-deprivation, although similar electron-lucent spots
have been seen elsewhere when PCD-related pheno-
types were reported (e.g. Zuppini et al., 2007; Sathe
et al., 2019; Zhou et al, 2020). The nature of this
electron-lucent material is currently unknown.

Exposure of cells to heat shock resulted in
a shrunken damaged protoplasm with detachment of
the plasma membrane from the cell wall (Figs 15-16,
arrows 5). A few cells also presented empty spaces
between the thylakoids, which may suggest a partial
dismantling of the chloroplast structure (Fig. 17,
arrows 3). Similar features have been identified as
PCD in other green algae like Chlorella (Zuppini et al.,
2007), but the non-significant annexin-v FITC+ only
data in conjunction with the much higher percentage of
PI+ heat-treated cells (Fig. 1C; see also Supplementary
table S7) suggest that these alterations may be due to the
physical effects of heat within cells itself as opposed to
PCD. Although there is no clear-cut parameter that
allows the separation of PI-only positive and PI and
FITC double positive subpopulations, any event that
falls in the QI quadrant was interpreted as primary
necrotic non-PCD cells (Carmona-Gutierrez et al.,
2010, 2018). Indeed, the balloon-shaped protrusion of
the mitochondrial membrane (Supplementary fig. S4b),
although very rarely observed here, has been seen in
M. denticulata and it has been argued that this ultra-
structural feature is due to the abiotic stress itself rather
than functional regulation (Affenzeller et al., 20094, b).

Cold-treated cells did not show any significant
annexin V FITC and PI staining when compared with
the controls. The chromatin condensation observed
was similar to that seen in nitrogen-deprived cells
(Supplementary fig. S3), although no marginalization
was seen. These moderate non-marginal chromatin
clusters (Fig. 22, arrow 2) can occasionally occur dur-
ing necrosis (Kroemer et al., 2009; van Doorn et al.,
2011; Hou et al, 2016). The higher percentage of
‘swollen’, disrupted mitochondria and protoplasm
shrinkage in cold cultures (Figs 20, 22, arrows 4) com-
pared with the dark and nitrogen-deprived cultures
may be due to the physical effects of the cold shock
itself, since there was no other evidence of PCD-related
ultrastructural changes.

Natural systems are fundamentally different from
laboratory unialgal cultures. Although in nature
many other factors are likely to play a role in sele-
nastracean losses (Kozik et al., 2019), this study
provides a link between ecologically relevant stimuli
like prolonged darkness and nitrogen deprivation
and PCD. Our results describe the specific markers
and morphotypes associated with PCD studies in
Selenastraceae, which will be important for future
cell death work in this model lineage. We also
demonstrate an interplay between autophagic and
apoptotic-like features, supporting the notion that
these mechanisms are not mutually exclusive.
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cold shock. Raw data is included in table S6. chm = chro-
matin; chl = chloroplast; mit = mitochondria; prot =
protoplasm.
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