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To further study the MC induced cell death in residual bloom organisms, especially identifying PCD process, we studied the physiological state of the residual Prorocentrum donghaiense.
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duction. Moreover, this research provides biochemical and ultrastructural evidence show-

Programmed cell death

ing that MC induces PCD in P. donghaiense. Nuclear changes were observed, and increased
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caspase-like activity, externalization of phosphatidylserine and DNA fragmentation were
detected in MC-treated groups and quantified. And the mitochondrial apoptosis pathway
was activated in both MC-treated groups. Besides, the features of MC-induced PCD in a unicellular organism were summarized and its concentration dependent manner was proved.
All our preliminary results elucidate the mechanism through which MC can further control
HABs by inducing PCD and suggest a promising application of PCD in bloom control.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
In recent years, harmful algal blooms (HABs) have developed
into a global marine disaster that causes great damage and
losses in coastal eco-environments, fisheries and maricul-
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ture and even threatens human health (Anderson et al., 2012;
Grattan et al., 2016). Among the numerous bloom species,
many Prorocentrum species are widely distributed, particularly
P. donghaiense, which is an important bloom species in offshore
waters in China, blooms repeatedly and causes severe losses
in the marine environment (Glibert et al., 2012; Huang et al.,
2016a). Considerable efforts have been devoted to understanding the nutrient demand and stress physiology of P. dong-
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haiense, which indicates that this species is a promising model
organism for studies on bloom control.
Many methods have been developed to effectively control
HABs. One of the widely applied methods is the modified clay
(MC) flocculation method. Based on many field applications of
this method, although MC flocculates and removes approximately 80% of bloom organisms in water bodies, the remaining biomass is considerable; however, this biomass would
not bloom again within a short period (Yu et al., 2017). Further studies have shown that MC can inhibit the growth of
residual algal cells through the induction of oxidative stress
and causing damage to the photosynthetic system and that
programmed cell death (PCD)-related genes are upregulated
(Yu et al., 2017; Liu et al., 2018; Zhu et al., 2018, 2019). These
studies explain growth inhibition from the perspective of regulating even stressing the normal physiological activities of
algal cells, but research on whether and how algal cells die is
lacking.
Cell death can be executed through uncontrolled patterns
and/or controlled patterns known as PCD, which can be triggered by abiotic or biotic stresses (Durand et al., 2016; Durand
and Ramsey, 2019). PCD exhibits different patterns, including apoptosis characterized by specific morphological changes
and specific proteinase activation, autophagy characterized
by self-phagocytosis during the PCD process, and paraptosis
characterized by chromatin spotting without DNA fragmentation (Bidle, 2015). An increasing number of recent studies have
shown that unicellular organisms can also exhibit PCD processes in response to stress, including heat stress, nutrient deficiencies and virus attack, and these studies serve as vital theoretical references for this study (Kasuba et al., 2015; Durand
et al., 2016; Hu and Rzymski, 2019). The above-mentioned
stresses commonly induce an increase in reactive oxygen
species (ROS), which are important signaling molecules in the
PCD process (Petrov et al., 2015), and previous studies have
shown that MC can induce an increase in ROS in microalgae
(Liu et al., 2018, Qiu et al., 2020). Therefore, whether MC can
induce PCD should be determined by observing the hallmarks
of PCD.
In general, PCD is identified by several hallmarks, including morphological changes, particularly nuclear condensation
and apoptotic body formation, DNA fragmentation, changes in
membrane asymmetry, a decreased mitochondrial membrane
potential (MMP) and increased cysteine-containing cysteinyl
aspartate-specific proteinase (caspase) activity (Danon et al.,
2000). Previous studies identified the hallmarks of PCD in P.
donghaiense under stress conditions caused by antialgal substances, phosphorus limitation and senescence (Zhang et al.,
2006; Yang et al., 2008; Huang et al., 2016b; Wang et al., 2018).
However, due to the increase in studies on PCD in microalgae, the differences in PCD between microalgae, particularly
dinoflagellates, and other species are bring increasingly discussed (Durand and Ramsey, 2019), and most of these discussions are related to the biological characteristics of dinoflagellates. First, Prorocentrum species have a unique theca structure, which might preclude phagocytosis and result in the absence of apoptotic bodies during the PCD process (Dodge, 1965;
Wang et al., 2018). Second, dinoflagellates have a permanently
condensed chromosome (Lin, 2011) and lack a key caspase
domain structure in their genome (Choi and Berges, 2013).

Therefore, although many studies have reported these typical PCD characteristics, such as caspase-like activity and DNA
fragmentation (Vardi et al., 2007; Bouchard and Purdie, 2011;
Johnson et al., 2014), the corresponding relationship between
metacaspase gene expression and caspase activation and
the biochemical pathway of PCD remains to be clarified. At
present, the best strategy for identifying the process of PCD is
to select as many classic judgment criteria as possible.
The occurrence of PCD in response to various HABs treatment methods has been discussed in a few academic articles,
including a few chemical and biological methods (Vardi et al.,
2007; Ding et al., 2012; Paul and John, 2013; Bai et al., 2017;
Bramucci and Case, 2019). However, these studies mainly focused on freshwater bloom species and rarely investigated the
management of HABs in the ocean. The MC method is a developing method for bloom control, and the underlying reasoning
limits further improvement in its mechanistic theory.
The identification of MC-induced PCD has specific significance for the control and mitigation of HABs. Studies have
shown that the collapse of Microcystis blooms in Rostherne
Mere and the annual bloom of Peridinium gatunense in Lake
Kinneret occurred due to a PCD-like cascade (Sigee et al., 2007;
Vardi et al., 2007), indicating that PCD is an important cause of
biomass loss during the extinction period of blooms. Therefore, studying the PCD process associated with the control of
blooms with MC can better promote the extinction of HABs.
Furthermore, studying the PCD process induced by an effective HAB removal material can confirm the viewpoint that PCD
plays an important ecological role in the disappearance of algal blooms. Therefore, this study explored the underlying biological mechanisms through which MC controls HABs by identifying the PCD process in microalgae.

1.

Materials and methods

1.1.

Materials and experimental design

In this study, P. donghaiense isolated from the Changjiang Estuary was provided by the Key Laboratory of Marine Ecology and Environmental Science, Institute of Oceanology, Chinese Academy of Sciences. The membrane-filtered seawater (through a 0.45-μm mixed-fiber filter) and glassware were
autoclaved at 121°C for 30 min. The algae were grown in
sterilized seawater enriched with L1 medium without silicon (Guillard and Hargraves, 1993). Throughout the experiment, the cultures were incubated at (20 ± 1)°C, the light intensity was 65 μmol photons/(m2 sec), and the light:dark cycle was 12 hr:12 hr. Cell density was determined daily using a counting chamber under microscope (CKX53, OLYMPUS,
Japan). The removal efficiency (RE, %) was calculated as that
in Liu et al. (2017):
RE = (1 − CDe/CDc) × 100%
where, CDe (cells/mL) and CDc (cells/mL) are the cell density
of experimental group and control group, respectively.
In this study, we used two types of clays, MCI (modified clay
I) and MCII (modified clay II), both of which were modified
from kaolinite collected from Beihai, Guangxi, as described

journal of environmental sciences 109 (2021) 123–134

previously (Yu et al., 1994; Liu et al., 2016). Polyaluminum chloride and aluminum sulfate were used as the modifiers for MCI
and MCII respectively. At the same dosage, the modifiers of
MCI and MCII produced the same amount of aluminum. First,
cells at the exponential phase of growth were treated with
0.5 g/L MC and incubated for 3 hr, and the upper layer was
separated into a new culture via siphonage. All subsequent parameters were measured based on residual cells in a new culture. Basic physiological parameters and several PCD-related
parameters were determined within 96 hr. To explore the correlation between PCD and MC concentration, we conducted
another removal experiment treatment with MCI and MCII at
gradient concentrations respectively: MCI with the concentrations of 0.3, 0.5, 0.8 and 1.0 g/L, MCII with the concentrations of
0.2, 0.3, 0.4, and 0.5 g/L, and hallmarks of PCD were examined
at key time points. The untreated group was used as the control group, and three replicates of each group were analyzed.

1.2.

Measurement of basic parameters

1.2.1.

Chlorophyll a

The chlorophyll a content was measured using the acetone
extraction method. The samples were filtered through GF/F
membranes (Whatman, UK), and wrapped in aluminum-foil
paper and stored at −20°C for determination. The membranes
were extracted with 90% (V/V) acetone in the dark at 4°C for
24 hr, and the fluorescence was then measured with a fluorometer (Trilogy, Turner Designs, USA). The chlorophyll a content was then calculated according to the methods described
by Parsons (1984).

1.2.2.

ROS level

The ROS level was quantified using 2 ,7 -dichloro
dihydrofluorescein diacetate (DCFH-DA) (Cat. No. S0033,
Beyotime, China). DCFH-DA itself does not emit fluorescence
and passes freely through the cell membrane, and after
entering a cell, DCFH-DA can be hydrolyzed and oxidized
by esterase and ROS separately to generate DCF with fluorescence characteristics. Microalgal cells were harvested
by centrifugation (600 × g, 4°C, 5 min) and incubated with
DCFH-DA for 30 min, and the fluorescence of the samples was
measured using a microplate reader (EnSight, PerkinElmer,
USA). The positive control group was treated with Rosup
provided in the kit. To measure the protein content, samples were collected by centrifugation and resuspended in
phosphate buffer saline solution. The algal cells were broken
(200 W, 5 min) with an ultrasonic cell disruptor (JY92-11DN,
SCIENTZ, China) in an ice bath, and the supernatant was
obtained by centrifugation (12,000 × g, 4°C, 15 min) and used
to measure the protein level. The level of soluble protein
was measured using the Bradford Protein Assay Kit (Cat. No.
P0006C, Beyotime, China). The average fluorescence density
per unit of protein was calculated to reflect the ROS level.

1.2.3.

Cell death

The cell death rate was quantified using SYTOX-Green (Cat.
No. S7020, Invitrogen, USA), which is a nucleic acid stain that
can penetrate cells with damaged plasma membranes. Microalgal cells were harvested by centrifugation (600 × g, 4°C,
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5 min) and stained with SYTOX-Green at a final concentration
of 1 μmol/L according to the manual provided by the reagent
and literature (Bouchard and Purdie, 2011). Algal cells heated
in a water bath (60°C, 1 hr) served as the positive control. A
flow cytometer (FACS Calibur, BD, USA) was employed to measure the rate of SYTOX-Green positive staining with the FL1
(fluorescence 1) panel.

1.2.4.

Determination of pH and nutrient levels in culture

A SevenExcellence pH meter (Mettler Toledo, Switzerland) was
used to measure the pH of the algal samples after calibration
with standard buffer solution. The levels of nutrients (NO3 − ,
NO2 − , NH4 + and PO4 3− ) in the culture were measured using an
automatic nutrient analyzer (SKALAR Flow Analyzer, Skalar
Ltd., the Netherlands).

1.3.

Transmission electron microscopic (TEM) observation

Algal cells were sampled after 48 and 96 hr of treatment for
morphological analysis. The samples were fixed overnight at
4°C in 2.5% (V/V) glutaraldehyde, postfixed with 1% osmium
tetroxide for 2 hr, and then dehydrated by an ethanol gradient.
The samples were permeated with araldite resin and embedded. Sections were cut with a microtome (Ultracut E, ReichertJung, Austria), stained with uranyl acetate and lead citrate, and
viewed under a JEM 1200EX transmission electron microscope
(JEOL, Japan).

1.4.

Hallmarks of PCD

The hallmarks of PCD selected in this study were first based on
apoptotic criteria, were improved according to relevant studies of microalgae, and included caspase-like activity, MMP disruption, phosphatidylserine externalization, and DNA fragmentation (Renvoize et al., 1998; Walsh et al., 1998; Kay et al.,
2013).

1.4.1.

MMP determination

The changes in the MMP of P. donghaiense were determined
using an MMP detection kit (Cat. No. C2006, Beyotime, China).
The assay is based on the detection of the MMP changes in
cells by the cationic lipophilic dye JC-1(5,5’,6,6’-tetrachloro1,1’,3,3’-tetraethyl-benzimidazolylcarbocyanine Iodide). In
normal cells with high MMP level, JC-1 aggregates with red
fluorescence. However, in apoptotic cells with decreased MMP,
JC-1 changes to a monomeric form and stains cells with green
fluorescence. A change in the existing forms of JC-1 leads to
the transformation from red to green fluorescence; in other
words, a decrease in the ratio of red to green fluorescence
symbolizes a decrease in the MMP.
The cells were centrifuged to obtain a pellet, and the pellet
was treated with JC-1 and incubated for 30 min. The stained
sample was then analyzed using an EnSight microplate reader
(PerkinElmer, USA). The positive control group was treated
with carbonyl cyanide 3-chlorophenylhydrazone provided in
the kit.
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Fig. 1 – Changes in basic physiological parameters in residual P. donghaiense after modified clay (MC) treatment, namely, the
cell density (a), chlorophyll a content (b), reactive oxygen species (ROS) level (c), and the death rate indicated by SYTOX
staining (d). CON: control; MCI: type I MC; MCII: type II MC.

1.4.2.

Caspase-like activity determination

A spectrophotometric method was employed to measure the
level of caspase-like (3, 8, 9) activity. Algal cells were collected
by centrifugation and lysed on ice for 20 min to obtain the
supernatant and measure using a caspase 3, 8, and 9 activity
detection kit (Cat. No. C1116, C1151, C1158, Beyotime, China)
according to the manufacturer’s instructions. The absorbance
at 405 nm was measured using an EnSight microplate reader
(PerkinElmer, USA). The level of soluble protein was measured using the same method as that in the ROS section. The
caspase-like activity level was expressed as the increase in
the pNA (enzymatic hydrolysate of caspase) concentration per
hour per milligram of protein.

1.4.3. Detection of phosphatidylserine externalization and
DNA fragmentation
For PCD analysis, samples were pelleted by centrifugation (600
× g, 4°C, 5 min) and washed with filtered and sterilized seawater. To test the occurrence of phosphatidylserine external-

ization, the samples were stained with Annexin V-fluorescein
isothiocyanate (FITC) and propidium iodide for 10 min according to the manufacturer’s instructions (Cat. No. 556547,
BD, USA). Cells belonging to the control group incubated at
42°C for 1 hr according to the reference served as the positive
control group (Kay et al., 2013). For the TdT-mediated dUTP
nick-end labeling (TUNEL) assay, the cells were fixed with 10%
formaldehyde and labeled with the TUNEL mixture according
to the manufacturer’s instructions (Cat. No. C1086, Beyotime,
China). After incubation for 60 min, the stained cells were
washed with filtered and sterilized seawater, resuspended,
and analyzed within 30 min. The positive controls consisted
of normal cells treated with DNase, and the negative controls
were analyzed using normal cells incubated with Milli-Q water instead of TdT enzyme.
Phosphatidylserine externalization and TUNEL staining
data were obtained by flow cytometry. To obtain the former
set of data, FL1-H (fluorescence 1-height) and FL2-H (fluorescence 2-height) represent FITC and propidium iodide stain-
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ing, respectively, accordingly to a previously reported method
(Kay et al., 2013). In the latter analysis, the TUNEL-positive
cells were recorded in the FL1 panel. At least 10 thousand cells
were recorded from each flow cytometry sample. During the
sampling and analysis, unstained samples were used to gate
the target cells based on the forward scatter (FSC) and side
scatter (SSC).

1.5.

Data processing

The data are presented as the means ± standard deviations.
All the data were analyzed using SigmaPlot 14 (Systat Software Inc., USA) with the exception of the flow cytometry
data, which were initially analyzed using FlowJo V10 (TreeStar,
USA). The data were statistically analyzed by ANOVA using
SPSS 22 (SPSS Inc., USA). Correlation analyses were also performed using SPSS. Differences with P < 0.05 were considered
significant.

2.

Results

2.1.
Effects of MCs on the cell density, chlorophyll a
concentration, ROS level, and death rate of residual P.
donghaiense and changes in the water quality

Fig. 2. – Changes in chemical parameters in the cultures. (a)
Effects of MCs on the pH levels, (b) Effects of MCs on the
dissolved inorganic nitrogen (DIN: NO3 − , NO2 − and NH4 + )
concentrations in the cultures, and (c) Effects of MCs on
dissolved inorganic phosphorus (DIP: PO4 3− )
concentrations in the cultures.

The changes in the cell density are shown in Fig. 1a. The cell
density of the experimental groups was significantly lower
than that of the control group (P<0.05). The cell density in the
experimental groups was essentially unchanged after 3 hr of
treatment, whereas the cells in the control group continued
to grow. As shown in Fig. 1b, the chlorophyll a content in the
control group was higher than that in the experimental groups
(P<0.05). Fig. 1c shows the ROS level in P. donghaiense cells after MC treatment, and the ROS level was markedly increased
in the cells treated with MC (P<0.05, except for MCI at 3 and
12 hr). The highest ROS levels obtained with the two different
MCs were detected within 3 hr and were approximately 6.6and 88-fold higher, respectively, than that in the control group.
The ROS level in the MCI group peaked at 3 hr, decreased, increased again and remained stable at a level that was 2-fold
higher than that in the control group. The ROS level in the
MCII group gradually decreased to a level that was lower than
that in the control group at 96 hr. The cell death rate of the
control group indicated by SYTOX staining fluctuated within
3%, and the death rates of the two experimental groups were
significantly higher; specifically, the mortality of the two experimental groups reached maximum rates of 37% and 50%,
respectively, and showed an overall trend involving an initial
increase followed by a decrease (Fig. 1d).
In the first experiment, the changes in the ultrastructure
and different PCD markers described later were consistent
with the changes in the cell density and chlorophyll a. The
MCII group exhibited more severe effects than the MCI group,
and the level of DNA fragmentation was consistent with the
TEM observations.
The pH and nutrient levels in the environment are important factors affecting the growth of microalgae. The pH values
of the MCI and MCII groups at 3 hr were 0.4 and 2 units lower,
respectively, than that of the control group (Fig. 2a). After 3 hr,
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Fig. 3. – Representative transmission electron microscopic images of P. donghaiense cells at 48 hr. (a) A cell from the control
group, (b) A cell from the MCI group, and (c) A cell from the MCII group. Fv, fiber vesicles; n, nucleus; c, chloroplast; chr,
chromosome; s, starch grain; v, vacuole.

the pH values of the control and MCI groups were relatively
stable, whereas the pH of the MCII group showed an almost
linear increase. The nutrient level within 96 hr was also observed (Fig. 2b and c). The level of dissolved inorganic nitrogen
in the culture medium of the experimental groups was slightly
higher than that in the control group, but the level of dissolved
inorganic phosphorus in the experimental groups was significantly lower than that in the control group (P<0.05).

2.2.

Ultrastructure changes in response to MC treatment

TEM images clearly illustrated the considerable damage that
the MC treatment caused to the residual algal cells (Fig. 3).
The control cells remained intact and clear and presented
membrane structures, different organelles and large and complete nuclei (Fig. 3a). In contrast, the cells in the experimental groups exhibited substantial microstructure alterations at
48 hr. Specifically, the cells in the MCI group were still intact
at this time point, even though the cytoplasm shrank away
from the cytoderm, the chloroplast structure was fuzzy, the
nucleus was smaller, the granules and fibrils on the chromosomes were darker, large vacuoles appeared, and the number
of free starch granules increased (Fig. 3b). The cells in the MCII
group underwent greater changes: the organelle structures
basically disappeared, the chromatin content decreased, the
chromosome color was dark in a smaller nucleus, and many
free starch granules were present in the cytoplasm (Fig. 3c). In
addition, the cells in MC groups lost fiber vesicles where flagella attach to algal cells, which are important for movements.
At 96 hr, the cells in the experimental groups showed even
greater changes, including the rupture and outflow of nuclear
material (Appendix A Fig. S1).

2.3.
Identification of hallmarks of PCD in response to MC
treatment
A decrease in the MMP is the initial hallmark of the mitochondrial apoptotic pathway (Ly et al., 2003). When MMP decreases,
Cyt-C is released from mitochondria, and caspase 9 is acti-

vated. As indicated in Fig. 4a, the MMP level was significantly
decreased in the MC groups (P<0.05). Additionally, as shown in
Fig. 4b, the level of caspase-9-like activity at 48 hr was higher
than that at 3 hr in both treatment groups, and the activity in the MCII group was higher than that in the MCI group
(P<0.05).
In microalgae, PCD is commonly accompanied by the activation of caspase-like activity (Ross et al., 2006; Bidle et al.,
2007; Shemi et al., 2016; Dingman and Lawrence, 2012). The
level of caspase-3-like activity in the MCII group was markedly
higher than that in the MCI and control groups. As shown in
Fig. 4c, the level of caspase-3-like activity in the MCII group increased to reach its maximal level at 24 hr. Similarly, the level
of caspase-3-like activity in the MCI group peaked at 24 hr to
a level equal to 2.2-fold higher than that in the control group.
In addition, the level of caspase-8-like activity in the experimental groups was significantly higher than that in the control group at the sampling points (Fig. 4b).
Phosphatidylserine externalization can be detected by the
ratio of microalgae binding to FITC. Normal cells cannot be
stained by either FITC or propidium iodide due to their complete and unturned membrane, and cells at the early stage of
PCD can be stained with only FITC due to phosphatidylserine
externalization, which corresponds to the third quadrant (Q3)
in Appendix A Fig. S2a–c. As shown in Fig. 5a, the percentages
of cells at the early stage of PCD in the MC groups were higher
than that in the control group (P<0.05).
TUNEL was employed for the assessment of DNA fragmentation, which is the dominant hallmark of late PCD
(Saraste and Pulkki, 2000). Almost no TUNEL-positive cells
were observed in the control group (Appendix A Fig. S3a),
and according to Fig. 5b, the proportion of TUNEL-positive
cells in the MCI group was very low until 48 hr and then
increased from 3.39% to 11.5%. However, the proportion of
TUNEL-positive cells in the MCII group was significantly
higher (P<0.05) than that in the MCI group, increased considerably and reached 80% at 96 hr. The positive controls showed
strong staining indicative of DNA fragmentation. To prepare
the negative controls, the TdT enzyme was replaced by ultra-
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pure water, and the cells were not stained as observed in the
control group (control data not shown).

2.4.

Effect of the concentration gradient

Three hallmarks of PCD were selected to study the response of
algae in terms of PCD to the MC concentration gradient. In this
study, the cells in the control group exhibited steady growth,
whereas the growth of the treated cells was greatly inhibited;
in fact, the treated cells needed less time to reach a plateau,
and fewer cells were detected at the plateau stage (Appendix A
Fig. S4a, b). Compared with that in the control group, the level
of caspase-3-like activity at the sampling points in almost all
the treated groups, with the exception of the groups treated
with the lowest MCI and MCII dosage, was substantially enhanced (Appendix A Fig. S4c, d). As demonstrated by Annexin
V-FITC staining, the phosphatidylserine residues were externalized in all the experimental groups at 48 hr (Appendix A
Fig. S4e, f). Besides, as determined by TUNEL detection, most
of the experimental groups with the exception of the group
treated with 0.3 g/L MCI exhibited DNA fragmentation at 96 hr
(Appendix A Fig. S4g, h). The correlations between the inhibition rate and various parameters and between different parameters in both MCs groups were also analyzed (Table 1). The
results showed that all the parameters were positively correlated with inhibition rate at their sampling points, and different parameters, with the exception of caspase-3-like activity at 24 hr and phosphatidylserine externalization at 48 hr,
also showed positive correlations. Caspase-3-like activity and
TUNEL-positive ratio also exhibited a significant dependence
on the MC concentration.

3.

Discussion

3.1.
MC induced the PCD process in residual P.
donghaiense

Fig. 4. – Changes in mitochondria-related parameters and
caspase-like activity in residual P. donghaiense. (a) The
changes in the mitochondrial membrane potential (MMP)
indicated by the ratio of red to green fluorescence, (b)
caspase-8,9-like activity after 3 and 48 hr of MC treatment
and (c) caspase-3-like activity. Cas-9: caspase-9-like
activity; Cas-8: caspase-8-like activity.

In this study, significant growth inhibition, oxidative stress
and cell death were observed in the MC groups, and both
necrotic cells and cells undergoing PCD were found among
the dead cells. We identified the occurrence of PCD from cell
morphology and other physiological indicators in the residual microalgae: in terms of morphology, the cells in the MC
groups remained intact but exhibited more chromosomal fibrosis, a vacuolized cytoplasm, a dysfunctional chloroplast
structure, and more starch granules, and the physiological
analysis revealed that the MMP decreased, caspase-like activity increased, phosphatidylserine residues were externalized,
and DNA fragmentation occurred.
Fundamentally, the series of morphological changes experienced by apoptotic cells are still considered the core criteria for the identification of apoptosis (Renvoize et al., 1998).
In general, PCD allows cells to undergo submicroscopic structural changes while maintaining their integrity (Lennon et al.,
1991), as demonstrated by the results of this study. The
three important PCD features detected in this study, namely,
vacuolation, cell shrinkage, and nuclear fragmentation, are
consistent with a previous study on UV-exposed Chlamydomonas reinhardtii and algicide-treated Karlodinium veneficum
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Table 1. – Pearson correlation coefficients between IR, MC dosage, and various PCD parameters and between different PCD
parameters.

Cas 3 at 24 hr
Cas 3 at 48 hr
PSE at 48 hr
TUNEL+ at 96 hr
IR at sampling time
MCI dosage
MCII dosage

Cas 3 at 24 hr

Cas 3 at 48 hr

PSE at 48 hr

TUNEL+ at 96 hr

1

0.913∗∗
1

0.603
0.828∗∗
1

0.901∗∗
0.960∗
0.980∗

0.950∗∗
0.982∗
0.976∗

0.794∗∗
0.881
0.936

0.895∗∗
0.953∗∗
0.841∗∗
1
0.897∗∗
0.988∗
0.982∗

Cas 3: caspase-3-like activity; PSE: externalization of phosphatidylserine; TUNEL+: TUNEL positive; IR: inhibition rate.
∗∗
Indicates a significant correlation at P < 0.01 level;
∗
Indicates a significant correlation at P < 0.05 level.

Fig. 5. – Detection of the externalization of phosphatidylserine and DNA fragmentation. (a) Statistical chart of microalgae
cells with externalized phosphatidylserine, where cells in the third quadrant (Q3) represents the cells at the early stage of
PCD that can be stained by FITC but not propidium iodide, and (b) Statistical diagram showing the proportion of positively
stained cells in TUNEL assay, implying DNA fragmentation. The principles of statistics here can be found in the Appendix A.
Supplementary data.

Fig. 6. – The cellular response in residual P. donghaiense
during MC-PCD. Chl-a: chlorophyll a; VPEs: vacuolar
processing enzymes. The solid blue arrows represent
events occurring at the cellular level, and the red or green
dotted arrows represent increases or decreases in degree
and quantity for different parameters.

(Moharikar et al., 2010; Pokrzywinski et al., 2017a, 2017b). The
changes in the nuclear morphology and TUNEL-positive results reflect the comprehensive effect of MC on the nuclei
of the residual cells, and the latter is considered a signal of
no return and provides the strongest evidence for apoptosis
(Saraste and Pulkki, 2000; Zuppini et al., 2007). As described
in the introduction, the unique structural characteristics of
dinoflagellates lead to different nuclear changes during the
PCD process. To date, the recorded dinoflagellate species in
which the PCD process has been identified by TUNEL analysis are P. gatunense, Karenia brevis, and K. mikimotoi (Vardi et al.,
2007; Bouchard and Purdie, 2011; Johnson et al., 2014). However, studies have shown that some dinoflagellate species,
such as Amphidinium carterae, can undergo another form of
PCD, paraptosis, as supported by inconclusive DNA fragmentation results (Franklin and Berges, 2004).
Vacuolization is also a feature that is often found in PCD
in plants (Vorster et al., 2019). In some cases, plant cells undergo autophagy PCD, and vacuoles contain vacuolar processing enzymes, which are considered to exhibit caspaselike activity and leads to cell death (Hatsugai et al., 2004;
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Kurusu and Kuchitsu, 2017). Vacuolization, autophagy and
related genes have been reported in C. reinhardtii, Cyclotella
meneghiniana, Dunaliella primolecta and P. donghaiense (SickoGoad et al., 1989; Crespo et al., 2005; Yang et al., 2008;
Affenzeller et al., 2009). Based on previous descriptions, the
existence of vacuolation indicates that MC-induced PCD corresponds to apoptotic-like PCD with autophagy characteristics as reported in mastoparan-induced PCD in C. reinhardtii
(Yordanova et al., 2013). Another interesting finding is an increase in starch grains, and starch in microalgae accumulates
under stress (Levine et al., 1996; Li et al., 2007). In addition, autophagy and starch accumulation have been found simultaneously in C. reinhardtii under phosphate-deficient conditions
(Kajikawa and Fukuzawa, 2020), which also suggests that MCinduced PCD exhibits characteristics of autophagy.
The decrease in the MMP was observed as an early marker
of PCD in algal cells after MC treatment. This parameter combined with an increase in the intracellular ROS levels and
an increase in caspase-9-like activity characterize the initiation of the mitochondrial apoptosis pathway. This parameter
has also not been extensively studied in microalgae but has
been reported in P. donghaiense (Wang et al., 2018). As observed
in previous studies (Hatsugai et al., 2004; van Aken and van
Breusegem, 2015), the mitochondria, chloroplasts, and vacuoles in plant cells all play vital roles in the PCD process, and
this finding was also consistent with the results obtained for
P. donghaiensis in this study.
Caspase activity is the most studied but controversial
indicator of PCD in the microalgae system. Previous studies have identified metacaspase rather than caspase genes
in the microalgae genome, and metacaspase differs from
caspase in terms of structure and catalytic characteristics
(Minina et al., 2020). Caspase-like activity in microalgae has
been found to play other important roles in their physiological processes in addition to PCD, such as aging and stress
(Choi and Berges, 2013). However, several studies in the literature indicate that caspase activity increases during the occurrence of PCD in microalgae (Ross et al., 2006; Bidle et al.,
2007; Dingman and Lawrence, 2012; Shemi et al., 2016). Therefore, the increase in the three caspase-like activities analyzed
in this study can still be used as supporting evidence. During
the PCD process, caspase has been extensively documented to
serve as the signal for the cascade reaction and causes ordered
degradation and nuclear structural changes (Fischer et al.,
2003). Thus, the significant elevation of caspase-like activity observed in this study, as well as the significant increase
in caspase 8 activity and the upregulation of metacaspase
gene expression detected in previous study (Zhu et al., 2019),
demonstrated that different caspase-like enzymes in residual
algal cells respond to MC stimulation, and these effects eventually lead to changes in the nuclear structure of algal cells.
The externalization of phosphatidylserine residues, which
is also not a widely described indicator in microalgae, particularly marine microalgae (Dingman and Lawrence, 2012). In
apoptosis, phosphatidylserine externalization represents the
basic mechanism used by phagocytic macrophages to recognize apoptotic cells (Chen et al., 2013), which suggests that a
lack of concentration dependence and regularity of dynamic
in phosphatidylserine externalization might be related to the
presence of theca and the absence of phagocytosis.
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After reaching the conclusion that MC can induce PCD, further results indicated that PCD parameters show significant
dependence on the MC concentration, which imply that there
is a threshold, i.e., treatment intensity and response time, exists for PCD induction. Ding et al. (2012) found that hydrogen
peroxide dose-dependently induced apoptotic-like cell death
in M. aeruginosa, which also suggests the reliability of inducing
different levels of PCD responses by varying the intensity of
specific stimuli in single-celled organisms and the prospects
for MC to induce specific level of PCD in bloom control.
Microalgae PCD in population dynamics is also a feasible
application direction. In addition, several studies have suggested including the PCD process in strategies for the removal
of toxic algae because this process can maintain the integrity
of the cell membrane for a certain period and thereby delays
toxin release (Zhou et al., 2013; Gallardo-Rodríguez et al., 2019).
A study of PCD in the freshwater algae M. aeruginosa showed
that moderate hydrogen peroxide stress resulted in higher
mortality and less toxin production through PCD (Zhou et al.,
2020). Therefore, by changing the type and dosage of MC and
thereby changing the degree of PCD induction, it might be possible to reduce the level of toxin.

3.2.
Preliminary discussion on the dynamics and
mechanism of the PCD process
After flocculating most bloom organism within 3 hr, MC can
still damage the residual cells by neutralization and collision, causing physiological stress (Yu et al., 2017). Those cells
were used to study the PCD process induced by MC in this
study. At this time point, some cells exhibited PCD characteristics, including a decreased MMP, increased caspase-3-like
activity, and phosphatidylserine externalization, which indicated that the PCD process was activated. We also observed
continuous changes in these characteristics, namely, continuous decreases in the MMP, continuous increases in DNA fragmentation, which together indicate that MC-induced PCD is
a dynamic process. The tipping point could be 24–48 hr after treatment, as demonstrated by a peak in caspase-3-like
activity, a surge in DNA fragmentation and deformation of
the ultrastructure. The degree of PCD became aggravated over
time, which suggested that PCD in algal cells can be directly
and continuously induced by MC or possibly by infected algal cells experiencing this process. The latter was inspired by
the model established by Bidle (2016). Whether damaged algal
cells can infect others with intercellular signaling molecules
needs further study and might be a new research focus related
to the mechanism underlying bloom control.
In this study, MC changed the chemical properties of the
cultures and the physiological state of algal cells, causing oxidative stress, which can induce PCD (Li, 2012; Choi et al., 2017).
It has been reported that P. donghaiense cultured in phosphatefree seawater (f/2 medium) presents PCD characteristics, its
growth trend was similar to that obtained with low-intensity
stimulation in this study (Huang et al., 2016b). However, P.
donghaiense blooms can form in phosphorus-limited areas and
sustain growth for more than 10 days in the presence of phosphate at a concentration of 0.6 μmol/L (Sun et al., 2019). Therefore, in this study, the dissolved inorganic phosphorus level
(>1.5 μmol/L) did not reach the absolute limit. And previous
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results have shown that a pH of 6.0–9.0 is suitable for P. donghaiense (Deng et al., 2009). Therefore, the pH of the experimental groups remained within the proper range. When assessing changes in environmental factors, the role of modifiers
is indispensable. In this study, due to the differences in the
degree of hydrolysis of aluminum provided by polyaluminum
chloride and aluminum sulfate, the pH of the MCII group was
lower. Specifically, polyaluminum chloride exhibits less hydrolysis and hydrolyzes into mostly high-polymerized aluminum, which is relatively less toxic to organisms (Liu et al.,
1996; Yang et al., 2010). Due to a high degree of hydrolysis and
low pH, the adsorption of dissolved inorganic phosphorus is
stronger in the MCII group.
In this study and previous studies (Liu et al., 2018; Qiu et al.,
2020), the ROS levels increased markedly in the residual cells
during the flocculation process, and the causes of ROS overproduction might include NADPH oxidase, chloroplast electron transport chain obstruction, and mitochondrial oxidative metabolism damage (Locato et al., 2016). ROS levels that
exceed the regulation range of the antioxidant system can
serve as signals of PCD (Sies, 2017). Specifically, based on models established in plant cells and diatom cells, ROS can induce the formation of mitochondrial permeability transition
pores and similar structures on chloroplasts by regulating the
level of intracellular Ca2+ and thereby activate the PCD process (van Aken and van Breusegem, 2015; Bidle, 2016). Subsequently, ROS continue to be produced during PCD and remain
at high levels. As described in a review on PCD (van Aken and
van Breusegem, 2015), ROS bursts occur in two phases during the process of cell death: at the beginning of the stimulation and after the mitochondrial pathway is activated. This
model is consistent with the results obtained with the MCI
treatment. However, in the MCII group, PCD did not lead to a
secondary ROS increase, which might be attributed to the existence of necrosis. Both theory and the findings of this study
indicate that oxidative stress promotes the occurrence of PCD,
which in turn aggravates the stress level.
In both MC treatment groups, PCD showed a significant dependence on the concentration gradient. Notably, both cells
undergoing PCD and necrotic cells were detected in the MCII
group. Similarly, Jiménez studied the PCD process of D. viridis
and noted that the same environmental stimuli might induce
different types of algal cell death depending on the intensity
of the stimuli and the ATP supply levels because the execution of PCD needs a certain amount of ATP (Bonfoco et al.,
1995; Leist et al., 1997; Renvoize et al., 1998; Jiménez et al.,
2009). Zhou et al. (2020) studied the response of M. aeruginosa
under hydrogen peroxide treatment and initially established
that PCD would occur in algal cells with sufficient ATP under medium-intensity stimulation. Therefore, the concentration gradient dependence and the proportion of apoptotic and
necrotic cells in MC-induced PCD observed in this paper might
be related to the ROS levels and the cell energy state.

4.

Conclusions

In this study, specific morphological characteristics (chromatin condensation and vacuolization), changes in the mitochondrial and plasma membranes, activation of multiple

caspase-like enzymes, and DNA fragmentation were used to
identify the PCD process in residual P. donghaiense cells after
MC treatment, which reveals part of the mechanism by which
MC controls HABs and makes them decay.
The phenomenon of PCD and the related kinetic characteristics, mechanism and concentration gradient-depending
properties were preliminarily studied. And a comprehensive
analysis of different factors in this study suggested that a sudden increase in ROS is the main cause of PCD. In addition, the
simple model shown in Fig. 6 was established. Algal cells respond to MC stimuli at the cellular level mainly through initial
ROS production and consequent PCD process. During the PCD
process, different structures and substances, especially DNA,
within the cell are damaged, and eventually, the cell dies.
This study reveals the mechanism through which MC controls HABs besides flocculation and improves our understanding of the biological mechanism. Based on the deficiencies of
this study on the occurrence and mechanism of PCD, further
in-depth research on the mechanism of induction and execution of MC-induced PCD in dinoflagellates is needed.
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