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1. Parallel MTT—-iodine dual staining provides a reliable feature for distinguishing living from dead
cells.
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2. Necrotic, secretory, plasmolysis-type, and apoptosis-like cell death occur in Dunaliella salina.
3. We propose the establishment of a committee for the classification and nomenclature of cell
death in unicellular aquatic organisms.

Abstract:

The absence of a simple, universal protocol to detect algal cell death is a major bottleneck in
aquatic ecology and carbon cycle research. This study bridges this gap by establishing a practical
diagnostic framework based on parallel 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and iodine staining, concurrently probing the two pillars of photoautotrophic
vitality—metabolic activity (via respiratory electron transport) and photosynthetic storage
integrity. Using the halotolerant, wall-less model Dunaliella salina, we applied the method to
environmentally relevant stressors. It clearly distinguished viable cells and consistently classified
four distinct death phenotypes: apoptosis-like, necrotic, plasmolysis, and a novel secretion-type
death from microbial fouling. Notably, light-induced necrosis exhibited morphological hallmarks
of singlet oxygen-mediated killing, analogous to Type II Photodynamic Therapy. Crucially,
identical death signatures were detected in natural populations from Maharloo Hypersaline Lake,
confirming ecological validity. Beyond providing a robust, field-adaptable toolkit, our findings
expose a critical disciplinary gap: the lack of standardized nomenclature and diagnostic criteria for
cell death in carbon-fixing unicellular organisms. As these organisms mediate nearly half of global
carbon fixation, quantifying their mortality is essential for improving carbon fixation and growth
models, accurately predicting carbon fluxes, assessing the resilience of aquatic carbon sinks, and
evaluating climate change impacts. We therefore propose an international consortium on Cell
Death in Carbon-Fixing Unicellular Organisms to standardize definitions of cell death phenotypes,
unify methodologies through this dual-staining protocol, explicitly incorporate mortality into
carbon fixation and growth models, and translate laboratory-based viability metrics into predictive
tools for ecosystem- and photobioreactor-scale carbon management. Our framework provides the
essential methodological foundation for this global standardization effort.

Keywords: Cell death; Dunaliella salina; MTT assay; iodine staining; apoptosis-like; necrotic;
plasmolysis; and a novel secretion-type death

Introduction:

Green algae play essential roles in the dynamics and structure of marine food webs, the
biochemical carbon cycle, and the cycling of bio-limiting elements in marine environments (Finkel
et al. 2010). It has been demonstrated that certain eco-physiological processes of green algae in
marine ecosystems influence both their mortality and the mode of cell death (Bidle 2015).
Evidence has been presented indicating that various factors affect the controlled degradation of
green algae, with different forms of cell death described as algal responses to biotic and abiotic
stresses (Segovia et al. 2003; Franklin et al. 2006; Darehshouri et al. 2008; Jimenez et al. 2009;
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Yordanova et al. 2013). As observed in leading studies, definitive detection of cell death in
microalgae relies on complex multifaceted approaches such as membrane integrity assays,
caspase-like activity measurements, reactive oxygen species (ROS) detection, chlorophyll
fluorescence analyses, and ultrastructural observations (Gao and Erdner 2022; Gachon et al. 2025).
Nevertheless, dead algal cells may retain chlorophyll autofluorescence after irreversible cell death,
leading to their misidentification as viable cells and potentially biasing estimates of phytoplankton
mortality and carbon cycling.

Accurate and early identification of algal cell death is critical for improving the reliability and
accuracy of carbon cycle models and growth dynamics in aquatic systems, particularly under
climate change—driven shifts in temperature, ocean acidification, and light regimes that can
significantly alter phytoplankton physiology and mortality patterns. It is also essential for
maintaining stable production in photobioreactor-based cultivation systems, where it supports
more reliable estimation of growth dynamics, improved process optimization, and prevention of
culture collapse.

Based on this need, we hypothesize that a dual-staining approach targeting both respiratory
metabolic activity and photosynthetic integrity can provide a rapid and reliable proxy for
distinguishing viable, stressed, and non-viable algal cells, thereby enabling early detection of
population-level decline before irreversible culture collapse occurs.

Materials and Methods

Cell Groups and Experimental Design

To evaluate the capability of the proposed morphological staining method for detecting cell death
across a spectrum of conditions, cells from four distinct groups were analyzed:

1: Natural cells from Maharloo Hypersaline Lake: This group served as an environmental
benchmark, containing cells subjected to combined natural stresses (salinity levels of up to 350 g
L' sustained for 4-8 months, cell suspension temperatures of 60—65 °C for approximately 5 hours
per day, and severe light stress).

2: Sedimented cells from aged laboratory cultures (9 months): This group represented a model
of chronic nutrient deprivation. Previous studies have linked long-term culture aging and nutrient
depletion to programmed cell death (PCD) in microalgae (Berman-Frank et al. 2004). Cell death
in this group occurred spontaneously during prolonged cultivation under chronic nutrient
deprivation, together with cell sedimentation and the accumulation of extracellular secretions,
which likely increased the apparent viscosity of the culture medium and may have contributed to
the formation of a stressful and potentially toxic microenvironment.

3: Cells treated with Cisplatin: This group acted as a positive control for induced apoptotic-like
death. Cisplatin, a DNA-alkylating agent, triggers programmed cell death pathways via DNA
cross-linking (Bidle 2015).
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4: Cells exposed to high-intensity visible light: This treatment was designed to induce acute
photo-oxidative stress. Excessive light leads to reactive oxygen species (ROS) overproduction in
chloroplasts, capable of inducing both necrotic and programmed cell death (Murik et al. 2014).
The salinity level in cell groups two to four was 116 g L.

Habitat and Collection Site of Dunaliella. salina

Dunaliella salina cells were collected from Maharloo Hypersaline Lake (MHSL), a hypersaline
lake located approximately 23 km east of Shiraz, Iran (geographical coordinates: 29°29'29" N,
52°44'17" E to 29°19'21" N, 52°54'32" E). The lake spans an area of about 250 km? (Fig. 1). Its
physicochemical characteristics have been previously documented (Zamanpoore et al. 2019).
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Fig. 1 Geographical location of MHSL in Iran (left). Aerial photograph of MHSL taken from the
NASA International Space Station in 2015 (right)

Identification of D. salina and Culture Conditions

D. salina was identified based on morphological keys (Borowitzka & Siva 2007; Borowitzka
2018). Lake-collected cell suspensions were transported to the laboratory and maintained at 25 +
1°C under a light intensity of 40—-50 pmol photons m2 s (cool white fluorescent lamps) with a
16:8 h light:dark photoperiod (Xu et al. 2016). The salinity level in cell groups two to four was
116 g L.

The concentrations of the compounds in the Dunaliella culture medium are as given in Table 1.
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Table. 1 Concentrations of compound in the culture medium

Compound Final Concentration | Unit
MnClz 7 uM
EDTA 5 uM
FeCls 2 uM
ZnCl» 1 M
CuClL 1 uM
CoClL 1 uM
(NH4)sM07024 | 1 uM
NaHCO:s 50 mM
MgSO. 5 mM
KNOs 0.75 mM
KH2PO: 0.2 mM
CaClz 0.2 mM
NaCl 2 M

Experimentally Induced Cell Death

Cisplatin Treatment

To establish definitive criteria for cell death, we induced apoptosis-like death using cisplatin
(Sobhan Oncology, 1 mg mL™). Cells in the mid-logarithmic growth phase were used. Aliquots of
100 pL cell suspension (1x10° cells mL') were placed in microtubes. Cisplatin (1 pg mL™!) was
added to achieve final volumes of 25, 50, 75, and 100 pL per tube. The total volume was adjusted
to 200 puL with cell-free medium. A control group received 200 pL of cell suspension without
cisplatin. For each concentration, 18 replicates were prepared: nine were incubated for 24 h and
nine for 48 h in darkness at 37°C, with lids sealed to prevent evaporation. Post-incubation, cells
were assessed for damage via iodine and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT)staining.

Visible Light Irradiation:

Cell death was also induced by photo-oxidative stress using an Olympus BX61 microscope light
source equipped with a BA590 barrier filter and DM570 dichroic mirror. For 25 replicates, 200 uL.
of cell suspension (1x10° cells mL‘l) was placed on a glass slide (24 x 60 mm), covered, and
irradiated at multiple fields for 2-minute intervals. After irradiation, slides were rinsed with cell-
free Ben-Amotz medium (Ben-Amotz et al. 1989). Cells were then collected by centrifugation
(3,000 rpm, 1 min), resuspended in 2 mL of fresh medium, and transferred to a 96-well plate for
staining. The timing of death in vegetative cells and zygotes was recorded.

Assessment of Cell Viability and Morphology:

MTT Reduction Assay

Cellular metabolic activity was assessed using the MTT assay. Following cisplatin treatment, 10
uL of MTT solution (10 mg mL™! in PBS) was added to each microtube and incubated for 4 h at
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37°C (lids sealed). Cell-free medium served as the blank. For quantification, samples were
centrifuged (3,000 rpm, 5 min), the supernatant was discarded, and the pellet was resuspended in
200 pL DMSO. After 5 min at room temperature and vortexing, samples were centrifuged again
(6,000 rpm, 10 min) to pellet debris. The violet supernatant was transferred to a 96-well plate, and
absorbance was measured at 570 nm using a POLARstar Omega plate reader (BMG Labtech).
In parallel, pure D. salina cultures and environmental samples from Maharloo Lake (1x10* cells
mL") were treated with 10 pL MTT and incubated for 24—144 h (6 replicates per time point) to
compare metabolic activity over time.

Microscopic Staining and Morphological Analysis:

MTT Staining for Metabolism: Cellular morphology and intracellular formazan crystal
formation were examined across all groups using an Olympus BX61 light microscope.
Iodine Staining for Pyrenoid/Starch: An iodine reagent (0.3 g KI + 0.15 g I in 50 mL distilled
water) was used. Gradually, 2 pL of reagent was added to 400 puL cell suspension (1x10° cells
mL") until a dark violet endpoint (with visible cell precipitation) was reached. A drop of the
stained suspension was smeared on a slide and examined under the same microscope.

Results

Impact of Cisplatin on Cell Viability and Morphology

To establish definitive criteria for cell death, the effects of various cisplatin concentrations and
exposure times on the viability and morphology of D. salina cells were assessed. Dose-response
analysis (Fig. 2a) confirmed the cytotoxic effect of cisplatin, with half-maximal inhibitory
concentration (ICso) values of 0.75 mM at 24 hours and 0.16 mM at 48 hours. These results
demonstrate a dose- and time-dependent reduction in cell viability. Increasing cisplatin
concentration progressively decreased MTT reduction at both time points, and the effect was more
pronounced after 48 h, as reflected by the lower ICso value (0.16 mM) compared with 24 h (0.75
mM). This indicates that prolonged exposure enhanced the cytotoxic effect of cisplatin. Statistical
analysis using multiple t-tests (one per row) in GraphPad PRISM 9 revealed that the increase in
MTT reduction potential over time was significant (p < 0.05). Notably, although the same initial
cell number was used in the control group (0 mM cisplatin), significant differences in MTT
reduction were observed between the 24- and 48-hour time points (Fig. 2b).
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Fig. 2 Effect of cisplatin on D. salina cell viability and metabolic activity.
(a) Dose-response curves of D. salina cell viability following 24-h (black bars) and 48-h (gray
bars with black outline) exposures to various cisplatin concentrations, as determined by MTT
assay. The half-maximal inhibitory concentration (ICso) and the coefficient of determination (R?)
for each curve are indicated

(b) MTT reduction potential (absorbance at 570 nm) of D. salina cells after 24 and 48 hours of
exposure to the indicated cisplatin concentrations. Data are presented as mean = standard deviation
(SD) (n = 3). Statistical significance between the control (0 mM) and cisplatin-treated groups was
determined using multiple t-tests

Higher absorbance values indicate greater MTT reduction, reflecting higher photosynthetic
electron transport activity and, consequently, a healthier photosynthetic system (Increased MTT
reduction corresponds directly to a higher ratio of viable cells, whereas decreased absorbance
values are attributable to attenuated metabolic turnover and cellular death).

Comparative MTT Reduction in Pure versus Environmental Samples

In a separate experiment, the MTT reduction potential was compared between pure laboratory
cultures of D. salina and mixed cell suspensions collected directly from MHSL over a 144-hour
period (Fig. 3)
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Fig. 3 Time-dependent MTT reduction in laboratory-cultured versus environmental D.
salina suspensions.

Despite using equal initial cell densities (1x10* cells mL™), the cell suspensions prepared directly
from MHSL exhibited significantly higher absorbance values and more intense color formation
due to formazan crystals compared to the pure laboratory cultures of D. salina (Fig. 3).
Microscopic analysis revealed that the environmental samples contained a diverse community of
microorganisms (including ciliates, amoebae, and other microbes), all capable of reducing MTT
In contrast, the laboratory-maintained cultures harbored far fewer such contaminating populations.
This finding confirms that the elevated MTT reduction signal in natural samples reflects the total
metabolic activity of the entire microbial consortium, not solely that of D. salina

Morphological Criteria for Distinguishing Viable and Non-Viable Cells

A combination of MTT and iodine staining was employed to establish clear, reliable morphological
markers for differentiating between living, dead, and dying D. salina cells. The MTT stain
localizes to active metabolic sites within viable cells, while iodine specifically targets the starch
grains surrounding the pyrenoid. These distinct staining patterns revealed consistent and diagnostic
differences in cellular architecture.

These two staining methods are incompatible with each other, and both stainings must be
performed independently. Iodine staining disrupts the metabolic activity of the cell, so MTT is not
reduced because oxidoreductase activity is halted. On the other hand, reduction of MTT by
oxidoreductase produces formazan crystals throughout the living cell and prevents visualization
of the starch granules around the pyrenoid.
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When is a cell alive?

The definitive morphological criteria for identifying living D. salina cells—based on flagellar

presence, chloroplast integrity, pyrenoid structure, and specific staining patterns with both iodine
and MTT—are systematically detailed in Table 2 and Fig. 4.

Table 2. Key morphological features distinguishing living D.

staining conditions

Diagnostic | Observation

Feature in
Untreated
Living Cells

Flagella Two actively
moving
flagella.

Cell Shape | Typical egg-
& Outline | shaped cell.

Observation after
Iodine Staining

Two non-motile
flagella visible.

Egg shape
maintained; often
shows bubble
formation around
the cell membrane.

Observation after
MTT Staining

Two non-motile flagella
visible; MTT reduction
occurs at flagella.

Egg shape maintained.

salina cells under different

Notes on Cell State / Cycle

Palmelloid/non-flagellated stages
exist during asexual reproduction.
Four flagella appear during early
sexual reproduction (protoplast
conjugation).
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5 pm

Fig. 4 General morphology of living D. salina cells under various conditions and staining
methods

(a) Schematic illustration of a D. salina cell. Key structures are labeled: F, flagella; N,
nucleus; LG, lipid globules; V, vacuole; M, mitochondria; Chl, chloroplast; Py, pyrenoid; SG,
starch grains (a2) Typical green D. salina cell in standard condition (a3) Cell under salinity stress
showing accumulated beta-carotene (orange coloration) (b1) Early stage of hologamy (sexual
reproduction via protoplast conjugation). The cell exhibits four flagella, two pyrenoids, and
membrane bubbles formed after iodine treatment (black arrows) (b2) Iodine staining of a green
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cell, highlighting the starch grains surrounding the pyrenoid (yellow arrow) (b3) Iodine staining
of a cell containing beta-carotene. The direct correlation between beta-carotene and starch content
is evident. This staining approach is recommended for determining the optimal harvest time for
beta-carotene extraction in commercial D. salina cultures (¢) MTT staining of a living cell.
Reduction of MTT occurs throughout the entire cup-shaped chloroplast. Needle-shaped formazan
crystals have been dislodged from the cell (purple arrow).

When is a cell dead?

Following the conceptual framework of the Nomenclature Committee on Cell Death (NCCD),
which distinguishes between the process of dying and the endpoint of death (Kroemer et al. 2009),
we defined cell death in D. salina as the irreversible point-of-no-return. In this photosynthetic
microalga, we posit that catastrophic damage to the photosynthetic apparatus—the cell's most vital
system—halts photosynthesis and commits the cell to death. This terminal state manifests through
distinct, observable morphological alterations. Based on our experimental observations, cell death
in D. salina was categorized into four distinct types. The defining morphological characteristics
for each type are systematically detailed in Table 3.

Table 3. Classification and morphological characteristics of cell death in D. salina.

Type / Inducer of Cell
Death

General Cell Morphology

Iodine Staining
(Pyrenoid/Starch grain)
(Borowitzka& Siva 2007;
Borowitzka 2018)

MTT Staining (Metabolic
Activity)

Corresponding
Panel in Fig. 5

Cisplatin-induced Ovoid-shaped cell with two non-motile | Slight staining of starch grain | Uneven and faint staining A
death flagella. around pyrenoid. of the chloroplast.
Visible Light-induced | Ovoid-shaped cell, no flagella. Cell | No staining of starch grains. No staining of metabolic B
necrosis ruptured/disintegrated from the anterior sites.

region.
Environmental Green, ovoid-shaped cell without | No staining of starch grains. No staining of metabolic B
necrosis (Maharloo | flagella. Disintegrated from the anterior sites.
Lake sample) side.
Plasmolysis-type Ovoid-shaped to spherical deformed, no | Irregular starch sheath present | No staining of metabolic C
death (Advanced) flagella. Membrane completely | around pyrenoid. sites.

detached from cell wall (plasmolyzed).
Plasmolysis-type Ovoid-shaped to spherical deformed, no | Irregular starch grain’s structure | No staining of metabolic C
death flagella. Local depression or partial | present. sites.
(Partial/Depression) membrane detachment.
Secretion-type death | Spherical deformed, compressed cell, | Starch grain present | No  staining.  Internal D

(Sediment of old
culture)

no flagella. Lipid droplet exudation.
Signs of infection.

around compressed pyrenoid

infection often observed.
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Fig.5 Morphological classification of cell death types in D. salina.

(a) Representative image of D. salina cells treated with cisplatin, showing dead cells as indicated
by the absence of MTT reduction.

(b) Necrosis induced by visible light. (b1) Single cell undergoing light-induced necrotic death.
The cell shows rupture at the anterior region with leakage of cellular contents (green arrow).
Necrotic death in two fused cells (blue arrows); fusion is not yet complete, and during light stress
the cells rupture from the posterior region. See Supplementary Video 2 and 3 for the complete
process of this death type. (b2) Loss of pigmentation (bleaching) following prolonged irradiation
(b3) Necrotic cell observed in environmental samples from Maharloo Lake

(c) Plasmolysis-type cell death (negative MTT reduction) (e1) The onset of plasmolysis during
cytokinesis is marked by initial membrane—cell cover separation (yellow arrow) (¢2) Cytokinesis
with two daughter cells undergoing plasmolysis is shown, with two pyrenoids indicated by yellow
arrows (¢3) Surface indentation at early plasmolysis (yellow arrow) is likely caused by residual
membrane attachments to the cell cover pulling inward during cytoplasmic shrinkage following
loss of osmotic potential. : intracellular infection detected by MTT staining (pink arrow) : The
oval-shaped peripyrenoidal starch grain pattern likely reflects pyrenoid degradation under
intracellular or environmental stress (purple arrow) (c4) Complete plasmolysis with full
membrane—cell cover detachment is clearly visible.

(d) Secretion-type cell death (d1) Microbial attachment to an algal cell (iodine-fixed) (d2-d3)
Osmotic imbalance, cellular depression, and lipid droplet exudation (black arrows) due to
microbial infection (d4) Compression of the pyrenoid structure.

(For a systematic classification and detailed morphological criteria of each death type, see Table
3)

Discussion

In this study, we observed multiple morphologically distinct outcomes in D. salina populations
under stress, including apoptosis-like, necrotic, secretory, and plasmolysis-type cell death. These
outcomes share morphological features with each other and with normal growth and division
processes, which may lead to misinterpretation without careful time-resolved observation. Here,
we discuss the criteria that distinguish these processes and the implications of our findings for the
interpretation of cell death in Dunaliella Table 3.

3.1. A Dual-Staining Approach to Define Life and Death in a Photosynthetic Cell.

The fundamental challenge in microalgal cell death research lies in the lack of simple, universal
criteria to unequivocally distinguish living from dead cells. It should be noted that
photosynthesizing cells exhibit two types of fluorescence: chlorophyll autofluorescence and
functional photosynthetic fluorescence. Following cell death, the cessation of photosynthetic
electron transport and the loss of metabolic activity leave only chlorophyll autofluorescence, which
persists until complete chlorophyll bleaching. This residual signal should not be equated with the
functional fluorescence of the photosynthetic system. Furthermore, the peripyrenoidal starch grain
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storage pattern in living cells follows a distinct pattern that changes in dead cells. Therefore, to
determine the definitive characteristics of cell death, it is necessary to assess both the metabolic
activity of the cell and its starch storage pattern. Moving beyond the evidence presented in earlier
studies on unicellular aquatic organisms (Segovia et al. 2003; Bidle 2016; Aguilera et al. 2021),
we developed a composite morphological definition of cell death based on two pillars of
photosynthetic vitality: (1) metabolic activity, assessed by MTT reduction and functional
photosynthetic fluorescence, and (ii) the pyrenoid starch grain storage pattern, which is distinct in
living cells and altered in dead cells. with recent studies highlighting critical considerations for its
application (Ghasemi et al. 2021; Carreno et al. 2021)—and iodine staining, which targets the
starch grain of the pyrenoid. The pyrenoid is no longer viewed merely as a static protein aggregate
but as a dynamic, phase-separated organelle central to the COa-concentrating mechanism
(Rosenzweig et al. 2017; Barrett et al. 2021). By applying these stains separately and integrating
their readouts, we could independently probe the integrity of the photosynthetic electron transport
chain (via oxidoreductase activity reflected in MTT reduction) and the functional output of the
Calvin cycle (via starch deposition). This integrated approach provides a robust, binary, and
functionally informative assessment of cell viability (Tables 2 & 3, Figs. 4 & 5).
Chemically-Induced, Apoptosis-Like Death.

Cisplatin, a canonical DNA-damaging chemotherapeutic agent known to induce intrinsic apoptosis
through DNA damage and mitochondrial perturbation (Galluzzi et al. 2012), served as our positive
control. Our observation of reduced MTT reduction aligns with its established role in disrupting
mitochondrial electron transport and amplifying reactive oxygen species (ROS) production (Yang
et al. 2006; Liu et al. 2025; Brown et al. 2019). In photosynthetic eukaryotes like D. salina, the
mechanisms of cisplatin toxicity likely extend beyond the nucleus. Given the prokaryotic origin
and semi-autonomous nature of chloroplasts, we propose that cisplatin may also interact with the
chloroplast genome or transcriptional machinery, analogous to its effects on mitochondrial DNA
(Podratz et al. 2011; Kleih et al. 2019). Such targeting could specifically inhibit the expression of
photosynthetic oxidoreductases, which are crucial for both linear and cyclic electron flow. This
dual attack on mitochondrial and chloroplastic bioenergetics would catastrophically compromise
ATP/NADPH synthesis and the cellular reducing power necessary for MTT conversion,
mechanistically explaining the faint and uneven metabolic staining we observed in cisplatin-
treated cells (Fig. 5a, Table 2). This apoptosis-like phenotype in D. salina contributes to the
growing body of evidence for conserved programmed cell death (PCD) pathways in unicellular
photosynthetic eukaryotes (Bidle 2016).

Light-Induced Necrosis and its Environmental Echo: Evidence from Dynamic Imaging and
Modern Photobiology

A pivotal finding was the induction of necrotic death by visible light in the lab and the observation
of morphologically identical dead cells in MHSL (Fig. 5b). This paradox—where the essential
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energy source for photosynthesis becomes a lethal agent—can be explained by a well-
characterized photochemical cascade that our real-time imaging directly captures.

Under the high-intensity, focused light of our microscope, the photon flux exceeds the
photosynthetic capacity, leading to severe photosystem II (PSII) photoinhibition and the over-
reduction of the electron transport chain (ETC), a well-documented bottleneck under excess light
(Orf et al. 2022). Our time-lapse video evidence (Video V1) provides direct visual proof of this
initial failure: the expected rapid quenching of chlorophyll fluorescence—a hallmark of regulated
photoprotection via non-photochemical quenching (NPQ)—is conspicuously absent. Instead, the
excess excitation energy in the light-harvesting complexes promotes the formation of the long-
lived, highly reactive chlorophyll triplet state (*Chl) from the singlet excited state (*Chl).

The fate of *Chl is critical. In healthy cells, carotenoids like beta-carotene efficiently quench *Chl,
preventing damage (Telfer 2002). However, under sustained high light, this protective system can
be saturated, as the rate of *Chl formation exceeds the quenching capacity (Niyogi and Truong
2013). The ensuing reaction between *Chl and ground-state oxygen (*0:) generates cytotoxic
singlet oxygen ('O2) predominantly at PSII, a primary site of photo-oxidative damage (Dogra and
Kim 2020; Krieger-Liszkay et al. 2008). 'O: is a potent signaling molecule and executioner,
initiating lipid peroxidation, oxidizing proteins (notably the D1 protein of PSII), and causing
irreversible damage to cellular membranes (Dogra and Kim 2020; Exposito-Rodriguez et al. 2017).
The visible consequence is rapid cellular bleaching (Fig. 5b2), as photosynthetic pigments are
destroyed.

The culminating necrotic rupture was captured in real-time. Video V2 and V3 reveals the sequence:
following the photo-oxidative burst, a sudden contraction of the cell from the anterior pole occurs,
culminating in catastrophic membrane rupture. We propose this is a direct result of 'O.-mediated
massive lipid peroxidation in the chloroplast and plasma membranes, coupled with the breakdown
of osmotic homeostasis. This process is mechanistically analogous to the membrane
permeabilization and bleb formation observed in Type II (oxygen-dependent) Photodynamic
Therapy (PDT), where a photosensitizer generates 'O: to kill cancer cells (Kwiatkowski et al. 2018;
Lan et al. 2019). In our case, chlorophyll itself acts as the endogenous photosensitizer.

This laboratory-defined mechanism provides a plausible explanation for the environmental
necrosis observed in MHSL. We hypothesize that under specific atmospheric conditions, salt crusts
and halite crystals—whose formation and persistence are well-documented in hypersaline
environments (Orr 2017)— These crystalline structures may act as transient optical elements at
the lake surface, potentially concentrating incoming solar radiation and generating localized zones
of elevated irradiance. A similar stress scenario can be observed in polar environments, where
melting ice exposes previously shaded microalgal communities to abrupt and intense increases in
light stress. In hypersaline systems, episodic formation of salt pans followed by rainfall or seasonal
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hydrological disturbances may resuspend previously shaded cellular suspensions and transport
them to the surface, where they become suddenly exposed to high solar irradiance. In natural
samples, we observed cells that we attribute to light stress. These cells maintained their overall
morphology, and flagella were occasionally still present. Notably, iodine staining revealed a
pyrenoid starch grain pattern similar to that of living cells. Based on these features, we designated
them "frozen cells" (Fig. 6). These cells are presumably viable and may be capable of restoring
maximal metabolic activity upon chlorophyll recovery. Such rapid transitions could trigger photo-
oxidative stress and contribute to necrotic cell death pathways comparable to those induced under
controlled laboratory conditions.
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Fig. 6 Salt-Frozen Cells were observed in a cell suspension with a salinity exceeding 5.5 M during
the peak of the drought period (a) Salt-Frozen Cells before pyrenoid starch grain with iodine
reagent (b) Salt-Frozen Cells after starch grain staining with iodine reagent

Finally, Video S1 recorded a telling optical signature: a transient post-mortem phosphorescence
emitted immediately after bleaching ceased. This faint afterglow likely originates from the delayed
radiative decay of triplet states or altered pigments within the irreversibly damaged photosynthetic
apparatus (Krieger-Liszkay et al. 2008) serving as a direct spectral fingerprint of the terminal
photo-oxidative cascade.

Plasmolysis-Type Death in Sedimented, Growth-Arrested Cells.

To better understand the distinction between cytokinesis and aplanospore formation, we describe
here the unique features of each process in detail.

Distinguishing Cytokinesis from Aplanospore Formation

Under normal growth conditions, D. salina divides by longitudinal fission, producing two
flagellated daughter cells. Under stress conditions, however, cells may enter multiple fission
(palintomy), producing 2 daughter cells within the mother cell cover. These daughter cells may
be released as motile cells (zoospores) or as non-motile cells (aplanospores or autospores). The
distinction between these outcomes is critical: cell division represents ongoing proliferation,
whereas aplanospore formation represents a survival strategy under adverse conditions
(Borowitzka & Siva 2007; Borowitzka 2018).

In our documenting through photos and video, we observed that daughter cells remained enclosed
within the mother cell membrane after release from the cell cover (see Supplementary Video and
Figures). This observation suggests that the cell cover and plasma membrane are structurally and
functionally distinct, and that the mother cell membrane is retained during cytokinesis. To our
knowledge, this intermediate stage has been less documented in D. salina and may explain some
of the confusion in the literature regarding the classification of reproductive stages. The retention
of the mother cell membrane around daughter cells may also explain why early plasmolysis can
be misinterpreted as aplanospore formation or dormancy.

Distinguishing Aplanospore Formation from Plasmolysis-Type Cell Death

Aplanospores are non-motile, resistant cells with a thickened cover that are produced under
adverse conditions and can later germinate (Borowitzka & Siva 2007; Borowitzka 2018). In
contrast, plasmolysis-type cell death is an irreversible process characterized by progressive
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separation between the cell cover and the plasma membrane, cytoplasmic shrinkage, and loss of
metabolic activity. Both processes involve cell rounding, loss of flagella, and sedimentation,
making them difficult to distinguish without time-resolved observations or viability assays.

In our study, we used MTT reduction as a viability marker and observed that cells undergoing
plasmolysis showed weak or negative MTT reduction. Furthermore, the onset of plasmolysis was
consistently marked by an indentation at the cell surface, followed by progressive separation
between the cell cover and the plasma membrane. This separation may initially be misinterpreted
as thickening of the aplanospore wall or entry into a dormant phase. However, the presence of
cytoplasmic shrinkage, surface indentation, membrane detachment, and loss of metabolic activity
clearly distinguishes plasmolysis from aplanospore formation.

The Role of the Cell Cover and Plasma Membrane

D. salina lacks arigid cell wall and is bounded by a glycoprotein-rich cell cover and an underlying
plasma membrane. The functional connection between these two structures is essential for
maintaining osmotic balance and cell shape. Under hypo-osmotic stress, the cell cover and plasma
membrane may separate due to loss of functional proteins connecting them and failure of osmotic
potential maintenance. This separation is a hallmark of plasmolysis-type cell death and should not
be confused with the thickened cover of aplanospores or dormant cells.

Our observations suggest that the cell cover and plasma membrane are not only structurally distinct
but also functionally independent during cytokinesis and stress responses. This has important
implications for the interpretation of morphological data in Dunaliella and may help resolve some
of the inconsistencies in the literature regarding the classification of reproductive and death stages.
We consistently observed plasmolysis-type death (Fig. 5c) specifically within the sedimented cell
fraction of aged laboratory cultures. This finding is critically linked to culture dynamics: as
nutrients became depleted, the D. salina population entered a stationary and subsequent decline
phase. Under such nutrient limitation, cells are known to undergo growth arrest and, in many
microalgae, enter a state predisposing them to multiple fission or other survival strategies that often
increase cell density and sedimentation. We posit that these sedimented, metabolically slowed cells
face a compounded stress: the initial nutrient deprivation, coupled with potential hypoxia, waste
accumulation, and altered signaling in the quiescent layer. In D. salina, which maintains osmotic
balance in hypersaline environments via active ion transport and glycerol synthesis mediated by
membrane protein kinases (Pick 2002; Wang et al. 2020), any sustained damage to these regulatory
systems—whether from prolonged stress, oxidative damage, or yet-unknown factors inherent to
the sediment microenvironment—could lead to a catastrophic failure of osmotic regulation. The
resultant water loss and turgor pressure collapse would manifest as the observed detachment of the
plasma membrane from the cell wall (plasmolysis), marking a terminal loss of cellular integrity.

Secretion-Type Death: A Consequence of Immobility and Microbial Fouling.
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The secretion-type death (Fig. 5d), characterized by lipid droplet exudation and cell collapse, was
exclusively found in heavily sedimented, old cultures. We propose five sequential mechanistic
model for this phenomenon, linking physical immobilization to biotic attack:

1: Loss of Motility-Based Defense: In healthy, suspended cultures, the continuous flagellar
beating of D. salina not only drives motility but also creates a fluid shear barrier, likely preventing
the stable attachment of opportunistic bacteria and protozoan pathogens to the cell surface.

2: Environmental Viscosification: In aging cultures, the accumulation of exopolymeric
substances (EPS) from the algal community itself increases the viscosity of the surrounding
medium, particularly in the sediment layer (Xiao and Zheng 2016).

3: Immobilization and Attack: The increased viscosity severely impedes flagellar movement,
effectively immobilizing the cells. This loss of mechanical defense allows surface-colonizing

microbes to establish firm attachment and initiate biofilm-like formation on the algal cell (Fig.
5d1).

4: Breach of Integrity and Osmotic Collapse: The attached microbes likely secrete hydrolytic
enzymes (e.g., algicides, cellulases, lipases) that degrade the protective glycocalyx and
compromise the integrity of the cell wall and membrane, a process analogous to microbially-
induced cell disruption described in algal systems (Demuez et al. 2015). This enzymatic attack
creates pores, leading to a rapid disruption of osmotic equilibrium. The sudden influx of solutes or
efflux of water causes extreme plasmolysis and physical crumpling of the cell.

5: Lipid Exudation: Concurrently, the internal turgor pressure collapse and membrane poration
lead to the expulsion of cytoplasmic contents, most notably the lipid droplets that are characteristic
of this death phenotype (Fig. 5d2-d3). This catastrophic release of intracellular lipids mirrors the
desired outcome in biotechnological processes for algal lipid extraction via cell lysis (Lee et al.
2017). Thus, the observed process represents not merely passive lysis, but an active, though
pathological, "secretion" driven by the internal pressure of the compromised cell under microbial
siege.

A Practical Diagnostic Framework for Ecological Stress: Parallel MTT and Iodine Staining
Reveals Dysfunctional Cell Death in Algae:

Our study introduces and validates a straightforward, yet powerful, morphological framework
based on two parallel stains. By concurrently probing the two fundamental pillars of a
photoautotroph's vitality—respiratory electron transport (via MTT) and photosynthetic carbon
storage integrity (via iodine)—we move beyond simple viability assays to diagnose the functional
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state leading to death. This methodological core provides a universal toolkit, as these metabolic
and structural features are conserved across diverse algal taxa.

A critical insight from applying this toolkit is its inherent specificity for dysfunction. While it
cannot, and does not claim to, catalog every conceivable death pathway, it reliably flags death
arising from catastrophic failure in essential processes—whether induced by toxins (cisplatin),
extreme photo-oxidation, osmotic collapse (plasmolysis), or biotic assault (secretion). This is its
principal strength: distinguishing between regulated, physiological turnover and aberrant, stress-
induced demise.

The framework's ecological relevance is powerfully demonstrated by its ability to detect
spontaneous death phenotypes in environmental samples. We did not merely apply it to laboratory-
induced stress; we employed it as a diagnostic lens on natural populations. The discovery of
identical necrotic and plasmolysis signatures in cells from MHSW (Fig. 5b3, 5b) validates that the
cell death pathways defined in the lab are operative in nature. Crucially, the method revealed
previously overlooked death programs, such as the microbially facilitated 'secretion-type' death in
aged cultures, underscoring its sensitivity for uncovering ecologically relevant mortality drivers
that conventional assays might miss.

Therefore, the primary contribution of this work is not an exhaustive taxonomy of algal cell death,
but the establishment of a robust, accessible, and interpretable diagnostic standard. However, this
study was conducted using a single model species (D. salina), and therefore the general
applicability of the proposed diagnostic framework across different algal taxa remains to be
validated. Future work should extend this approach to a broader range of unicellular algae with
varying cellular architectures and ecological niches to assess its robustness and universality. In
addition, testing under diverse environmental stress conditions would further strengthen the
applicability of this diagnostic standard in natural and applied systems, particularly for
safeguarding cultures in photobioreactor systems, where early detection of population-level cell
death could enable timely intervention and prevent the loss of valuable cultures.
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