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Responses of Karenia mikimotoi
to allelochemical linoleic acid:
Growth inhibition, photosynthetic
damage, oxidative stress and

cell apoptosis

Renjun Wang', Chao Wang', Xiuxia Liu, Junfeng Chen,
Chunchen Liu, Yuhao Song, Ning Ding and Peike Gao*

College of Life Sciences, Qufu Normal University, Qufu, China

Linoleic acid (LA), a potentially algae-inhibiting chemical released by macroalgae,
has been shown to hinder the growth of numerous bloom-forming species. The
allelopathic effects of LA (varying from 100 pug/L to 900 pg/L) on harmful
microalgae K. mikimotoi were examined using population growth dynamics and
physiological levels of K. mikimotoi. LA (>500 ug/L) strongly inhibited algal growth
with most cells halted at the S and G2 phases and an evident drop in
photosynthetic pigments (chlorophyll a (chl a), chlorophyll ¢ (chl ¢) and
carotenoids). Furthermore, chlorophyll fluorescence parameters such as F,/F,,
Pl, ETo/RC showed a declining trend whereas ABS/RC, Dlo/RC, TRo/RC showed an
increasing trend with increasing LA exposure concentrations. The level of
intracellular reactive oxygen species (ROS) was considerably higher, indicating
that LA promoted oxidative stress in K. mikimotoi. Excessive ROS promoted
apoptosis in K. mikimotoi, which was noted by increased activity of caspase-3,
caspase-9, and flow cytometry (FCM) data. Furthermore, N-acetylcysteine (NAC)
and N-Acetyl-Asp-Glu-Val-Asp-CHO (Ac-DEVD-CHO) lowered the apoptotic
rates of the LA-treated algal cells, indicating that the aforementioned inhibitors
delayed K. mikimotoi apoptosis under LA treatment. To summarize, cell cycle
arrest of K. mikimotoi is less sensitive to ROS, but the overproduction of ROS
generated by LA activated caspase-3 and caspase-9, which further promoted the
apoptosis of K. mikimotoi. This research showed that LA might have great potential
and application prospects in controlling the outbreak of harmful algae.
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GRAPHICAL ABSTRACT

Karenia mikimotoi

ROS Production
Arrest Cell Cycle
Apoptosis Induction
Inhibit Photosynthetic Efficiency

Highlights

* This study revealed responses of Karenia mikimotoi to
linoleic acid (LA) stress.

* LA induced the actual change of photosynthetic pigments.

» Excessive ROS was not the reason to result in cycle arrest of K.
mikimotoi.

* Excessive ROS stimulated activities of caspase-3, 9, which
caused cell apoptosis.

1 Introduction

Harmful algal blooms (HABs) arisen from eutrophication and have
engaged worldwide concern because of its negative effects on financial
losses and ecological destruction (Heisler et al., 2008; Glibert, 2017;
Zhang et al, 2019). Various red tide algae are able to secret toxic
substances, which not only aggravate the mortality of aquatic
organisms and imbalance the marine ecosystem, but also threaten the
human health through the food chain (Lei and Lu, 2011; Paerl et al,
2016). K. mikimotoi is a dominant dinoflagellate that forms HABs and
hemolytic toxins, ichthyotoxins secreted by algal cells have great toxicity
effects on some marine organisms (Mooney et al., 2010; Brand et al,
2012; Kim et al., 2020). Besides, the mode of contact dependence may be
another reason that K. mikimotoi kills marine organisms, which further
illustrates its potential hazards (Li et al, 2019). Considering its
hazardousness and frequent outbreaks, more and more researches
focus on the prevention and treatment of K. mikimotoi.

It is a great challenge to find an effective and eco-friendly method
to prevent or kill K. mikimotoi. Current treatment methods are mostly
based on physical and chemical progress (Lu et al., 2015). Modified
clay (MC), UV light and the addition of copper-based products have
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been used for the treatment of K. mikimotoi, which present greatly
inhibitory effects on the growth and normal cell activities (Guan and
Li, 2017). However, it is unavoidable that above additives cause
secondary environmental problems. For example, the removal
efficiency of K. mikimotoi reached to 64% within 3 h under the MC
treatment, but the left algal cells could grow well, which increased the
risk of next bloom (Liu et al, 2018). Moreover, secondary
environmental pollution would be caused during the progress of
adding the copper compounds because of its toxicity to aquatic
organisms (Dethloff et al, 1999). Based on this, allelochemicals
secreted by several plants received more attention and some
secondary products have been isolated and identified from
terrestrial and aquatic plants, which effectively suppress the growth
of red tide algae (Nan et al., 2008; Sun et al., 2017; Chen et al., 2021).
Up to now, some fatty acids secreted by macroalgae were regarded
as allelochemicals, which provide the possibility to perform in-situ
treatment of HABs. Several fatty acids, including Hexadeca-4,7,10,13-
tetraenoic acid (HDTA), octadeca-6,9,12,15-tetraenoic acid (ODTA),
o-linolenic acid (ALA) and LA, had been extracted from Ulva fasciata
and presented remarkable inhibition to K. mikimotoi, Alexandrium
tamarense and H. akashiwo (Alamsjah et al., 2008; Oh et al., 2010;
Hirao et al, 2012). These allelochemicals inhibit algae mainly via
directly inhibiting photosystem II (PSII) components, interrupting
the dark respiration and influencing ROS-mediated allelopathic
mechanisms (Qian et al,, 2009; Yang et al., 2011; D'Abrosca et al,,
2013). Excessive ROS induced by environmental stress results in
oxidative stress and disrupts the dynamic balance between ROS and
the anti-oxidant system, which decreases the activity of superoxide
dismutase (SOD), peroxidase (POD) and triggers algal cells death by
the action of caspase-3 and -9 when overproduced ROS is unable to
clean up in time (Fernandez-Herrera et al., 2021; Sun et al., 2021).
LA is a potential substance to inhibit red tide algae and some
researchers have preliminarily explained the mechanism of
suppressing bloom-forming algae (Ni et al., 2018). However, it is
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not clear to fully describe the mechanism of K. mikimotoi under LA
stresses. Thus, this study illustrated the effects of LA on K. mikimotoi
from several aspects: (1) effects on the growth and cell cycle of K.
mikimotoi; (2) the responses of photosynthetic system, including the
photosynthetic pigment contents (chlorophyll a (chl a), chlorophyll ¢
(chl ¢) and carotenoids), chlorophyll fluorescence parameters
(optimal/maximal quantum yield of PSII (F,/F,,), performance
index on absorption basis (PI)), energy used for electron transfer
(ETo/RC), energy absorbed by Antenna chlorophyll (ABS/RC),
energy used for heat dissipation (DIo/RC) and energy used for QA
(TRo/RC); (3) the relationships among ROS, cell cycle and cell
apoptosis of K. mikimotoi.

2 Material and method
2.1 Algal culture and reagents

K. mikimotoi was provided by the Ocean University of China and
algal cells were cultured in axenic f/2 medium at 23 + 3°C under a 12:12 h
light: dark cycle with light intensity set to 75 pmol photons m™ s™". All
related experiments would be carried out using exponential-phase algae
with initial cell density diluted to 1 x 10° cells mL™".

LA (purity > 99%) and acetone (purity > 99.9%) were purchased
from Sigma Corporation of America and the LA was dissolved in
acetone as a stock solution. NAC and Ac-DEVD-CHO were purchased
from Beyotime Institute of Biotechnology (Shanghai, China).

2.2 Population dynamics and cell
cycle analysis

LA dissolved in acetone was added to algal cultures at final
concentrations of 100, 300, 500, 700, and 900 pg/L. Algal cultures
with sterile seawater and acetone treatment were regarded as blank
control and solvent control. The cell density of K. mikimotoi at 0, 12,
24, 48, 72 and 96h postexposure was counted with a hemocytometer
under optical microscope. The population growth dynamics were
monitored according to the method of Guillard (Guillard, 1975).

Cell cycle analysis kit (Beyotime Institute of Biotechnology,
Shanghai, China) was used for measuring the cell cycle of the
treated and untreated algal cells in a flow cytometer. In brief, the
control and LA-treated cells (500 ug/L and 900 pg/L) at 48h
postexposure were collected using centrifugation (1200 x g, 4°C)
for 15 min and precipitated cells were suspended by 1 mL precooled
phosphate-buffered saline (PBS). 0.5 mL propidium iodide (PI) was
added to suspend the cells and incubated at 37 °C for 30 min and the
fluorescence intensity was detected by the FC 500 MPL flow
cytometer (Novocyte2040R, ACEA, USA) under an excitation
wavelength of 488 nm (Pokrzywinski et al., 2017).

2.3 Determination of photosynthetic
pigments and parameters

35 mL algal cultures at 6, 12, 24 and 48h postexposure from all
treatments were centrifuged at 4°C for 15 min at 5000 x g to collect
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the algal cells and 95% ethanol was used for the extraction of pigments
at 4 °C overnight in darkness (Xiao et al, 2010). The absorbance
values of supernatant obtained by centrifugation were measured at
470 nm, 646 nm and 663 nm and the photosynthetic pigments were
calculated using the following equations:

Chlorophyll a(Chla) = 12.21 X Ageznm — 2.81 X Agenm;
Chlorophyll ¢(Chl ¢) = 20.13 X Agyenm — 5.03 X Aggznmy

Carotene = (1000 x A 7onm — 3.27Chl a — 104Chl ¢)/229;

Chlorophyll fluorescence parameters, including F,/F,,, PI, ETo/
RC ABS/RC, DIo/RC and TRo/RC of algal cells were measured by
plant efficiency analyzer (Handy PEA Hansatech Instrument. Ltd,
England). In brief, samples after dark treatment for 20 min were
measured with the initial fluorescence value FO at 0.01 pmol photons
m~?s™" and then F,,, F,/Fy,, PI, ABS/RC, TRo/RC, ETo/RC and DIo/
RC at 4000 umol photons m > s™* for 0.8 s.

2.5 Reactive oxygen species analysis

Detection of intracellular ROS was based on the degree of non-
fluorescent DCFH-DA (2',7’-dichlorodihydrofluorescein diacetate
acetyl ester) using a ROS assay kit (Beyotime Institute of
Biotechnology, Shanghai, China). In brief, 35 mL LA treated and
untreated algal cells at 6, 24 and 48h postexposure were centrifuged at
4°C for 15 min at 1000 x g to collect algal cells. Subsequently, 1 mL
DCFH-DA was added to algal cells with incubation treatment at 37 °C
in darkness for 30 min and the above cells were washed and
suspended. Besides, 200 pL NAC (5 mmol L") was added to 500
ug/L, 900 png/L LA treated groups when they were at 24h
postexposure and follow-up steps were carried as above steps. The
fluorescence intensity was detected by a flow cytometer (Novocyte
2040R, ACEA, USA) under an excitation wavelength of 488 nm and
emission wavelength of 525 nm (Han et al., 2018).

2.6 Caspase-3, 9 activities and cell
apoptosis analysis

Caspase-3 and caspase-9 activity detection kit (Beyotime Institute
of Biotechnology of Shanghai, China) were used for the detection of
caspase-3 and caspase-9 activity of K. mikimotoi with or without LA
treatment at 48h postexposure. The fluorescence intensity was
measured using Synergy H1 microporous reader (BioTek
Instruments, Inc, America) with an excitation wavelength of 485
nm and an emission wavelength of 535 nm (Han et al,, 2018).

The apoptosis of K. mikimotoi was detected using an Annexin V-
FITC apoptosis detection kit (Beyotime Institute of Biotechnology of
Shanghai, China). Early apoptotic cells were stained by Annexin V-
FITC and late apoptotic cells were stained by PI, which illustrated the
apoptosis of algal cells at different times. Briefly, LA-treated and
untreated algal cells at 48h postexposure were collected using
centrifugation at 4°C for 15 min at 1200 x g and suspended with
1ml PBS. Annexin V-FITC and PI were added to stain algal cells and
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cells were incubated at 25°C for 20 min. FITC and PI fluorescence
were monitored by the FL-1 channel and FL-2 channel in the FC 500
MPL flow cytometer (Novocyte2040R, ACEA, USA), respectively
(Wang and Liu, 2022).

2.7 Determinations of the effects of ROS on
cell cycle and apoptosis

NAC is a common antioxidant and Ac-DEVD-CHO is an
effective caspase-3 inhibitor. To clear the effects of ROS on cell
cycle and apoptosis, 200 UL NAC (5 mmol L") and 40 uL Ac-
DEVD-CHO (20 mmol L") were added and then treated with 900
ug/L LA for 48 h to perform algal cells cycle and apoptosis. Related
detecting methods were performed according to the methods above.

2.8 Statistical analysis

Samples in all experiments were performed in triplicate and the
data were shown as means + standard deviations (SD). Results
presented in the flow cytometer were analyzed in novocyte. The
differences between the control and LA-treated groups were analyzed
by one-way ANOVA based on Duncan’s multiple-range test in SPSS
20.0. Significant differences between the control and LA-treated
groups are indicated by asterisks: *, p< 0.05; **, p< 0.01; ***, p< 0.001.

3 Results

3.1 Effect of LA on the growth
of K. mikimotoi

Figure 1A showed the ability of LA to inhibit the growth of K.
mikimotoi. No significant difference in algal growth was observed
between the acetone group and the control group (p > 0.05), while LA
treatments groups presented different variations. Compared to the
control group, high LA concentration (>500 pg/L) significantly
inhibited the growth of K. mikimotoi with the inhibitory rate of the
LA treatment group (900 pg/L) reached 57.7%, while low-dose LA
(100 ug/L) benefited for algal growth (p < 0.05). The effects of LA
became more obvious with time prolonged stress and a dose-
dependent effect of LA on K. mikimotoi was presented.

Flow cytometry analysis reflected the effects of different LA levels
(500 pg/L, 900 pg/L) on cell cycle of K. mikimotoi. As shown in
Figure 1B, cell cycle distribution was significantly changed when
exposed to high LA concentrations (500 ug/L, 900 Lg/L) (p< 0.001)
and more algal cells were arrested at S phase (26.44%, 37.34%) and G,
phase (2.47%, 7.85%), which was higher than cells at S phase (16.82%)
and G, phase (1.46%) of control groups. Moreover, the addition of
NAC and Ac-DEVD-CHO could not relieve the occurrence of cell
arrest and cell cycle distribution of S phase and G, phase reached
43.64% and 9.77% respectively in LA combined with NAC treatment,
while the ratio reached 44.06% and 11.07% in LA combined with Ac-
DEVD-CHO treatment (Figures 1C-H).
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3.2 Effects of LA on the photosynthetic
pigments and parameters of K. mikimotoi

The responses of photosynthetic pigments (chl a, chl ¢ and
carotenoids) and parameters (DIo/RC, ABS/RC, ETo/RC, F,/F,, PI
and TRo/RC) were measured to illustrate the effects of LA on K.
mikimotoi photosynthesis. The results indicated that chl a, chl ¢ and
carotenoids of algal cells increased in low-dose LA treatment (100 g/
L-300 pg/L), while a decrease in high-dose LA treatments(500 pg/L-
900 pg/L). Moreover, the effects of different LA showed an ongoing
trend, which meant that contents change became more pronounced
with time went by (Figures 2A-C).

A dose-dependent trend was presented in the measurement of
photosynthetic parameters. DIo/RC and ABS/RC in the control group
increased from 5.1 (DIo/RC) and 14 (ABS/RC) to 5.2- 9.1 and 14.1- 25.0
in different LA treated groups (p< 0.001) (Figures 3A, B). On the
contrary, The ETo/RC, F,/F,,, and PI decreased from 2.8 (ETo/RC),
0.65 (F,/F,,) and 0.58 (PI) in the control group to 2.4-1.1, 0.58-0.22 and
0.44-0.14 in different LA treated groups (p< 0.001) (Figures 3C-E).
Moreover, TRo/RC presented the trend of rising and then falling with
increasing LA treatment levels (Figure 3F).

3.3 Responses of ROS species to LA stress

Figure 4A showed that intracellular ROS significantly increased
when algal cells were exposed to high LA-level treatments (>300 g/L)
and the contents of ROS continuously rose over time (p< 0.01).
Intracellular ROS reached a higher level after 48h exposure and the
highest ROS level was obtained in K. mikimotoi under 900 pg/L LA
treatment after 48 h exposure with the DCF fluorescence is about 2.27
fold of the control. And there was a significant decrease in ROS levels
for high LA treated groups (500 pg/L, 900 ug/L) when the same
amount of NAC was added, while the NAC failed to remove excessive
ROS produced in 900 pg/L LA treated group (Figure 4B).

3.4 Connection of ROS, caspase and
apoptosis of K. mikimotoi

Figures 5A, B showed that the activity of caspase-3 in 500 pug/L
and 900 pg/L LA treated groups was roughly 2.81 and 5.27 times
higher than that of the control, respectively (p< 0.001). Moreover, the
activity of caspase-9 in 900 pg/L LA treated groups was approximately
1.99 times higher than that of the control group (p < 0.001). To
illustrate the relationship between ROS and caspase, NAC was added
to 900ug/L LA treated group and the activities of caspase-3 and
caspase-9 decreased from 5.27 to 0.92 and 2.02 to 0.845, respectively.
Figure 5C showed that the apoptosis rate significantly increased after
exposure of 900ug/L LA and the addition of NAC and Ac-DEVD-
CHO remarkably alleviated cell apoptosis (p< 0.001).

AnnexinV-FITC/PI double staining in flow cytometry analysis was
adapted to observe phosphatidylserine ectropion and cells strained red,
which were marks of early and late apoptotic cells. Most algal cells
without LA stress maintained cell activity and algal cells showed varying
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FIGURE 1

Effects of different treatments with or without LA treatment on the growth and cell cycle arrest of K. mikimotoi. (A) was growth of K. mikimotoi under
different treatments (control, acetone, 100 ug/L, 300 pg/L, 500 pg/L and 900 ug/L). (B) showed cell cycle arrest of K. mikimotoi under different
treatment. (C—H) showed flow cytometry analysis of K. mikimotoi in different treatment groups (C to H represented groups of control, acetone, 500 pg/L
LA treatment, 900 pg/L LA treatment, 900 pg/L LA and NAC treatment and 900 pg/L LA and Ac-DEVD-CHO treatment). * represent p< 0.05, ***

represent p< 0.001.

levels of apoptosis after LA exposure for 48 h, with the proportion of cells
in early apoptosis (Annexin V-positive/PI-negative) was greater than late
apoptosis cells (Annexin V-positive/PI-positive) (Figures 5D-G). Ratios
of early apoptosis cells in algal cells under 900ug/L LA treatment
significantly increased, with the apoptosis rate reaching from 2.83% to
23.95% in comparison with the control group and the degree of cell
apoptosis was consistent with the concentration of LA stress (p< 0.001).
However, the addition of NAC and Ac-DEVD-CHO in advance
significantly decreased the ratios of cell apoptosis and cell apoptosis
ratio decreased from 23.95% to 5.83% and 6.15%, respectively
(Figures 5H, I).
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4 Discussion

In recent years, HABs have received widespread attention as it
drives great marine environmental crises and K. mikimotoi has been
the main casual species of those HABs (Gentien et al., 2007; Griffith
and Gobler, 2020). Biological approaches have potential for
controlling HABs and some macroalgae have been confirmed to
inhibit the growth of many red tide algae using allelochemicals,
including LA, ALA and so on (Hirao et al, 2012; Wang and Liu,
2022). In this study, LA was selected as a stress factor to illustrate its
effects on K. mikimotoi based on some physiological indicators, which
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explained the mechanism of algal mortality and revealed the action of
ROS to cell cycle and cell apoptosis.

Changes in growth are most likely to be observed once the algae are
under various stress factors exposure. In this study, it was discovered that
K. mikimotoi showed variable responses to different LA stress, with an
increased population density under low LA exposure levels (100 pg/L)
and inhibitory effects appeared under high LA exposure levels (>500 g/
L). Flow cytometry analysis indicated that more algal cells were arrested
at the S phase and G, phase with increasing LA exposure concentrations.
Moreover, the addition of NAC and Ac-DEVD-CHO failed to relieve the
occurrence of cell arrest, which meant that LA directly influenced the
growth of K. mikimotoi by S phase and G, phase cell cycle arrest instead
of being mediated by ROS and caspase. Algal cell growth conditions and
cell cycle arrest are direct consequences of environmental stress on algal
cells. The stability of the cell cycle is the basis for cell proliferation. Some
biotic and abiotic factors have been proven to block the cell cycle, which
influences the growth of algal cells (Harshkova et al, 2021). Li et al.
examined the effects of P deficiency on the cell division cycle and
confirmed that cells were arrested in the G1 phase, while the
accumulation of proteins and photosynthetically fixed carbon were
benefical for the growth of algal cells (Li et al, 2016). Moreover,
Pokrzywinski et al. illustrated the effects of IRI-160AA, a secretion of
Shewanella sp., on Prorocentrum minimum, Karlodinium veneficum and
Gyrodinium instriatum, which indicated that the algicide was benefit for
the increase of cells in S phase instead of G; phase (Pokrzywinski
et al, 2017).

Photosynthesis, an important physiological process in sustaining life
of algae, is usually affected when algae are under diverse stress factors
(Konarzewska et al., 2020). Some algicides simultaneously inhibit algal
photosynthesis, which reduces algae biomass to some extent (Zhang
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et al,, 2021). Changes in contents of photosynthetic pigments and some
chlorophyll fluorescence parameters reflected the growth of algal cells in
an indirect way (Pérez-Perez et al, 2012; Wang et al,, 2017; Lee et al.,
2020). A previous study demonstrated that LA inhibited the
photosynthetic efficiency of C. pyrenoidosa and the F,/F,, parameter
decreased significantly compared to that of controls (Qian et al., 2018). In
this study, high LA concentrations significantly inhibited photosynthetic
pigment content, and related chlorophyll fluorescence parameters
presented regular variation with increased LA exposure concentration,
which was been reported in other related researches (Yang et al., 2013;
Ma et al, 2017).

ROS has evolved as a signaling molecule to drive cellular responses to
changes in the external environmental (Mullineaux et al., 2018).
However, excessive ROS induced by abiotic and biotic stress threatens
the redox homeostasis and oxidative stress in algae, which is response for
damage to algal cells (Feng et al., 2017; Rezayian et al,, 2019; Tziveleka
et al,, 2021). Results showed that the ROS level in the LA-treated algal
cells significantly increased, indicating the occurrence of oxidative stress.
The contents of ROS accumulated over time and the addition of NAC
alleviated a degree of oxidative stress, which meant the production of
excessive ROS was one of the triggers of algae death. Phosphatidylserine
(PTS) externalization is one of the indicators of cell apoptosis (Haest,
2003; Bidle and Bender, 2008). Flow cytometry analysis based on
AnnexinV-FITC/PI double staining observed more early apoptosis cells
and the addition of antioxidants (NAC) and caspase-3 inhibitor (Ac-
DEVD-CHO) could slow down the apoptosis of K. mikimotoi under the
exposure of LA. Caspase-9 is a cell apoptosis-initiating enzyme and
Caspase-3 is a cell apoptosis-executing enzyme (Brentnall et al,, 2013).
Results also showed that activities of caspase-3, 9 significantly increased
in algae cells treated by LA, while its activity could be decreased by adding
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Effects of LA on cell apoptosis of K. mikimotoi. (A, B) showed changes of activities of caspase-3 and caspase-9 when algal cells were under different
treatments, respectively. (C) showed apoptosis rate of K. mikimotoi that were treated by 500 pg/L, 900 pg/L LA, 900 ug/L LA +NAC and 900 pg/L LA +
Ac-DEVD-CHO. (D-1) represented flow cytometry analysis on different treatments. The Q3-1 quadrant represented the cell debris, Q3-2 quadrant
represented the late apoptotic or necrotic cells, Q3-3 quadrant represented the surviving cells, and Q3-4 quadrant represented the early apoptotic cells

* represent p< 0.05, ** represent p< 0.01, *** represent p< 0.001.

NAC and Ac-DEVD-CHO, which verified that caspase-3, 9 play key
roles in inducing cell apoptosis (Thornberry and Lazebnik, 1998; Bidle
and Bender, 2008; Lawrence, 2012).

This study revealed the relationship between ROS, caspase activity to
cell cycle and cell apoptosis using ROS scavenger NAC and caspases-3
inhibitor Ac-DEVD-CHO. Excessive ROS induced by LA could not
relieve the occurrence of cell arrest, which meant ROS was not a direct
cause of cell arrest. The addition of NAC could decrease the activities of
Caspase-3, 9 and the cell apoptosis rate decreased after adding NAC and
Ac-DEVD-CHO. This phenomenon proved that LA induced the
elevation of ROS levels and excessive ROS stimulated the activity of
caspase-3 and caspase-9, which resulted in apoptosis of K. mikimotoi.

This research systematically investigated the inhibition mechanism
of LA to K. mikimotoi, and improved the understanding about how to
control K. mikimotoi using LA. At present, studies of in-situ treatment
of HABs using allelochemicals have been carried out (Techer et al.,
2016). The investigation of the action mode of LA against K. mikimotoi
in this research might provide more possibility to carry out related
researches to a certain extent.
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5 Conclusion

This study focused on the effects of LA on K. mikimotoi,
determined that overproduction of ROS was not responsible for cell
cycle arrest and revealed the relationships among ROS, caspase-3,
caspase-9 and cell apoptosis. High LA concentrations greatly
influenced K. mikimotoi, including a decline in photosynthetic
pigments and damage to the photosynthetic system, blocked cell
cycle at the S phase and G, phase, and followed induction of cell
apoptosis. It was found that LA stimulated the production of ROS,
and excessive ROS increased the activities of caspase-3 and caspase-9,
which induced the apoptosis of the algal cells.
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