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A B S T R A C T   

Heterosigmaakashiwo is an algal species that causes harmful algal blooms (HABs) with strong hemolytic toxicity 
on coastal aquatic organisms. This study investigated the mechanism of growth inhibition and changes in he-
molytic toxin contents in algal culture after exposure to hypoxanthine, a compound secreted by algicidal bac-
terium Bacillus sp.strain B1. An algal inhibition rate of 86% was observed with 1.0 mM hypoxanthine treatment 
on day 15. The levels of superoxide dismutase and catalase in algal cell culture increased while that of gluta-
thione decreased during the treatment. In addition,the level of hemolytic toxin contents increased on day 3 under 
hypoxanthine treatment, and significantly decreased on days 6, 9, 12, and 15. Twelve fatty acids in H.akashiwo 
were detected by GC-MS, and the changes in the contents of C16, C18, C18:4ω3, and C20:5ω3 in the treatment 
group were consistent with the change in hemolytic toxin content. The four fatty acids were tested for hemolysis 
and it was observed that the hemolysis rate of 25 μg/mL C18:4ω3 and 5 μg/mL C20:5ω3 reached more than 80%, 
but C16 and C18 exhibited no hemolytic capability.Therefore, our results showed that hypoxanthine inhibited 
the growth of H. akashiwo through the changes of levels of antioxidants and hemolytic toxin content in the 
cultures, and fatty acids C18:4ω3 and C20:5ω3 were contributors to hemolytic toxins. The results confirmed that 
hypoxanthine is a potential algal inhibitor to prevent HABs.   

1. Introduction 

Harmful algal blooms (HABs) have been occurring in more coastal 
locations than ever before, such as along the coasts of China (Ji et al., 
2018). Heterosigmaakashiwo is a typical marine algal species that causes 
HABs and it is toxic to aquatic organisms such as fish (Seung and Si, 
2013). This algal species shows strong tolerance to temperature, salinity, 
and light intensity (Rosa et al., 2010), and thus, it is widely distributed in 
coastlines around the world. Many widespread outbreaks of H. akashiwo 
have occurred that causes death of a large number of cultivated fish 
species and competes with phytoplankton for nutrients (Wang et al., 
2008). Jack Rensel et al. (2010) have shown a strong correlation be-
tween the occurrence of major Heterosigma blooms in the South Strait of 
Georgia and reduced marine survival of Chilko stock Fraser River 
sockeye salmon. A strain of H. akashiwo from St. Johns River has 
membranes rich in hemolytic compounds and it is deemed to be the 
main cause of death of local fish (Landsberg et al., 2020). The toxin of 
H. akashiwo has been examined to be similar to saponin (Fu et al., 2004; 
Liu et al., 2013; Pezzolesi et al., 2010), which is strongly hemolytic to 

the animal’s red blood cell. 
Many physical (e.g., flocculation and filtration) (Chow et al., 1999; 

Lam et al., 1995) and chemical methods (e.g., chlorine and CuSO4) 
(Peterson et al., 1995) have been used to control harmful algal species, 
but the growth inhibition of algae releases toxins and causes secondary 
pollutions that can lead to even worse environmental problems.On the 
other hand,biological methods are promising solutions for inhibiting the 
activity of harmful algal species. Alga-lysing bacteria, the most 
commonly used and effective biological agents, are environmentally 
friendly and can inhibit algal growth by extracellular secretion of active 
substances such as proteins, amino acids, antibiotics, and pigments (Li 
et al., 2014; Wang et al., 2012; Yang et al., 2013a, 2013b). The culture 
supernatant of Hahella sp. KA22 contains extracellular algal inhibiting 
metabolites that exhibit strong algal inhibitory effects (Zhang et al., 
2020). The cell filtrate of Pseudomonas chlororaphis JK12 showed strong 
algal inhibitory effect, while washed JK12 cells showed no obvious 
algicidal activity (Kim et al., 2018). Similarly, the extracellular metab-
olites of a bacterial strain Ponticoccus sp.PD-2 could inhibit a broad 
spectrum of algae, including Prorocentrumdonghaiense, Phaeocystis 
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globose, and Alexandriumtamarense (Chi et al., 2017). 
Hypoxanthine is an active substance secreted by the algicidal bac-

terium Bacillus sp.strain B1. The sterile filtrate of this bacterium 
exhibited a more than 50% inhibitory effect on Skeletonemacostatum, 
P. donghaiense, and H. akashiwo (Yang et al., 2015; Zhao et al., 2014; 
Zhuang et al., 2018). However, the inhibitory mechanism of hypoxan-
thine on algal growth activity is still unclear. In recent years, hypo-
xanthine has been used as a medicinal compound. It is oxidized by 
xanthine oxidase to uric acid followed by the release of abundant 
reactive oxygen species (ROS) that causes oxidative stress and induces 
cell death (Kim et al., 2017; Tamariz and Hare, 2015). However, there 
are no related studies on the use of hypoxanthine as an inhibitor of 
harmful algae. 

The active extracellular substances that inhibit H. akashiwo, such as 
prodigiosin, are produced by various microorganisms and are known to 
induce ROS overproduction that causes lysis of microalgal cells (Zhang 
et al., 2020). In addition, the allelochemical released by the brown algal 
species P. tricornutum was found to decrease the esterase activity and the 
membrane integrity of H. akashiwo (Wang et al., 2017a). Most research 
on the active extracellular substances that inhibit H. akashiwo mainly 
focused on the physiological responses and morphological changes but 
overlooked the secondary pollution caused by the leakage of algal toxins 
in the process of algal growth inhibition. Thus, a potent algal inhibitor 
with dual effects of killing algae and controlling the release of toxins in 
the environment is urgently needed. 

This study investigated the inhibitory effect of hypoxanthine on the 
physiological responses and morphological changes of H. akashiwo. For 
this, we (1) examined changes in the activity of the antioxidant system, 
(2) determined the hemolytic toxin content, (3) evaluated fatty acids 
contents by GC-MS analysis, and (4) screened and identified the fatty 
acid components of hemolytic toxins. This study confirmed that hypo-
xanthine has the potential to be used as a new effective algal inhibitor 
for the prevention of HABs. 

2. Materials and methods 

2.1. H. akashiwo culture 

H. akashiwo cultures were purchased from the algal seed bank of the 
Red Tide and Marine Biology Research Center (Jinan University, 
Guangzhou, China). For cultivation of H. akashiwo, a modified and 
sterile f/2 medium was added to artificial seawater and then placed in a 
biochemical incubator at 25 ± 1 ◦C, initial pH 7.5, and light intensity of 
120 μmol/m2/s under a 12:12 h light-dark cycle. All glassware used was 
sterile. 

2.2. Assays for growth inhibitory effects 

The algal cells were cultured to their logarithmic growth phase 
(approximately 2 × 106 cell/mL) for inhibitory assays. Subsequently, 
0.5 g/L hypoxanthine stock solution was diluted and added to algal 
cultures at a final concentration of 0, 0.2, 0.6, and 1.0 mM, respectively. 
The microalgal growth was evaluated under an electron microscope and 
the cell density was measured (Carl Zeiss, Jena, Germany). Algal cells 
were collected at 0, 3, 6, 9, 12, and 15 d by centrifugation at 4000g for 
further tests. Hypoxanthine was purchased from Sigma-Aldrich (St. 
Louis, Missouri, USA). The efficiency of algal inhibition was calculated 
by using Eq. (1). 

Inhibitory rate = 1 −
Ct
C0

(1)  

where Ct is algal density of the treatment group, and C0 is algal density of 
the control group. Both groups were observed at the same time. 

2.3. Observation of algal membrane morphology 

The algal cells collected at different treatment time points (0, 3, 6, 9, 
12, and 15 d) were fixed in 2.5% glutaraldehyde solution and then 
washed with PBS. The fixed algal cells were dehydrated using a series of 
graded ethanol solutions of 30%, 50%, 70%, 80%, 90%, and 100%. 
Subsequently, the algae cells were placed on the copper plate and 
critical-point dried under CO2. The dried cells were sprayed with gold, 
visualized and imaged under a field emission scanning electron micro-
scope(JSM6390, JEOL, Japan). 

2.4. Determination of antioxidant system activity 

The algal cells were collected and centrifuged at 4000g for 10 min 
and ultrasonicated in a ice-water mixture at intervals of 3 s for 30 min at 
100 W using an Ultraphonic Cell Disruption System (Scientiz Biotech-
nological Co., Ltd, Ningbo, China). After high-speed centrifugation of 
the lysed cells at 12,000g for 10 min at 4 ◦C, algal debris were discarded. 
The supernatant was used to measure the levels of superoxide dismutase 
(SOD), catalase (CAT), and glutathione (GSH) by using SOD, GSH, and 
CAT assay kit (Jian Cheng Bioengineering Institute, Jiangsu Province, 
China) according to the manufacturer’s instructions (Mockett et al., 
2002) on a DU-2600 spectrophotometer (Thermo Scientific, Wilming-
ton, DE, USA). 

2.5. Determination of hemolytic ability 

2.5.1. Measurement of hemolytic toxin content 
For extracting hemolytic toxins from H. akashiwo, the protocol of 

Crystal and Charles (2010) was followed.Algal cells were collected by 
centrifugation at 4000g and added to a mixture of chloroform: methanol: 
water (volume ratio: 13:7:5). The cells were lysed using a cell crushing 
apparatus (JY92-II, Xin Zhi Biotechnology Co. LTD, Ningbo, China) and 
dried in a blast air oven at 30 ◦C to obtain the crude hemolytic toxins. 
The crude hemolytic toxins extracted from different treatment groups 
were kept separately in microfuge tubes (Eppendorf, Germany) with 
labels and stored in a refrigerator at 4 ◦C for follow-up experiments. 

Fresh rabbit blood was obtained from the Animal Center (Jinan 
University, Guangzhou, China) and centrifuged three times with 
phosphate-buffered saline (pH 7.2) at 4 ◦C (2000g) for 10 min. The 
centrifuged red blood cells were mixed with isotonic citrate buffer (so-
dium chloride, 73 mmol/L; sodium citrate, 42 mmol/L; glucose, 
114 mmol/L) for obtaining a red blood cell solution with a final con-
centration of 0.5% (v/v). 

A sample of 0.2 g of crude hemolytic toxin was added to the red 
blood cell solution and the mixture was incubated at 37 ◦C for 30 min. 
After the reaction was complete, the solution was centrifuged and the 
absorption of supernatant was measured by using a spectrophotometer 
at 543 nm (Nascimento et al., 2012). For the positive control, sonicated 
red blood cells were used after microscopically confirming their com-
plete lysis.A parallel set of crudehemolytic toxins incubated in isotonic 
citrate buffer was used as a negative control to illustrate the background 
absorption of hemolytic toxins. The rate of hemolysis was determined by 
using Eq. (2). 

Hemolysis rate(%) =
E543nm − N543nm

P543nm
× 100% (2)  

where E543 nm, N543 nm, and P543 nm are the absorbance at 543 nm of the 
treatment group (blood suspension plus hemolytic toxin), the negative 
control, and the positive control group, respectively. 

2.5.2. Measurement of hemolysis of C16:0, C18:0, C18:4ω3, and C20:5ω3 
standards 

The method for determining hemolysis of C16:0, C18:0, C18:4ω3, 
and C20:5ω3 standards was the same as those described in Section 2.5.1. 
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But the standards were mixed with red blood cell solution, at a final 
concentration of 5, 10, 15, 20, 25, or 30 μg/mL. 

2.6. Determination of fatty acid contents in crude hemolytic toxins 

Crude hemolytic toxins (0.2 g) were added to 5 mL of 1.0 mol/L 
sodium hydroxide-methanol solution and incubated in a water bath at 
70 ◦C for 2 h. After cooling to room temperature, the sodium hydroxide- 
methanol solution was incubated with 5 mL of 25% boron trichloride- 
methanol solution in a water bath at 70 ◦C for 2 h. This was then 
cooled, and 4 mL of n-hexane and 2 mL of saturated sodium chloride 
solution were added to the incubated solutions and allowed to react for 
1 min. After being dehydrated by anhydrous sodium sulfate, the 
extracted solution of fatty acids in the crude hemolytic toxins was ob-
tained by centrifugation at 3000g for 5 min 

The extracted solution was derivatized with methanol before being 
used for the analysis of fatty acids by gas chromatography-mass spec-
trometer (GC-MS). A Thermo Scientific Trace GC Ultra series gas chro-
matograph equipped with a 30 × 0.25 mm TG-5Ms capillary column 
(Supelco, USA) was used, and the carrier gas was helium at a flow rate of 
1.4 mL/min. The inlet temperature was 250 ◦C and the detector tem-
perature was 280 ◦C. The internal standard was C19. For the tempera-
ture programming of the GC oven, the initial temperature was set at 
40 ◦C, held for 4 min, and raised to 105 ◦C at 10 ◦C min− 1, held for 
2 min, and raised to 150 ◦C at 25 ◦C min− 1, then raised to 170 ◦C at 
1 ◦C min− 1, held for 16 min, then raised to 220 ◦C at 2.5 ◦C min− 1, held 
for 5 min, and raised to 250 ◦C at 2.5 ◦C min− 1, held for 2 min, and 
finally, raised to 280 ◦C at 10 ◦C min− 1, and held for 2 min. Both the 
electron impact mode and full scan monitoring mode were used for 
detection by an MS detector. The scan range was 50–500 amu, the 
ionization potential was 70 eV, the transfer-line temperature was 
260 ◦C, and the ion-trap temperature was 150 ◦C. 

2.7. Statistical analysis 

For data analysis in the study, SPSS 23.0 and Origin 8.5 software 
were used. All data were evaluated by using one-way analysis of vari-
ance followed by the least significant difference test, with p < 0.01 and 
p < 0.05. 

3. Results and discussion 

3.1. Algal growth inhibitory effect of hypoxanthine 

As shown in Fig. 1, there was an obvious increase in algal growth 
inhibition with hypoxanthine treatment time. The inhibitory effect was 
not significant until day 12 with 0.2 mM hypoxanthine treatment, 
whereas treatment with 0.6 mM and 1.0 mM hypoxanthine showed 

significant inhibition at day 3. Among all hypoxanthine treatments, the 
inhibitory rates were 54% and 86% in the 0.6 mM and 1.0 mM groups, 
respectively, on day 15. Thus, 1.0 mM hypoxanthine was considered to 
have attained a desired inhibitory effect and was chosen as the optimal 
concentration for further algal inhibitory experiments. 

Visual analysis by field emission scanning electron microscope 
revealed clear alterations in the cell membrane morphology of 
H. akashiwo, indicating the inhibitory effect of hypoxanthine. Compared 
to normal cells in the control group (Fig. 2a), the membrane surface of 
the cells in the treatment group became smooth after 3-day treatment 
(Fig. 2b), the cells started to shrink on day 9 (Fig. 2e), and the membrane 
ruptured on day 15 (Fig. 2f). 

MDA levels are widely regarded as a sign of lipid peroxidation and 
can be used to characterize membrane integrity (Sun et al., 2018). In the 
0.6 mM and 1.0 mM hypoxanthine-treatment groups, MDA level 
increased significantly, particularly, in the 1.0 mM hypoxanthine group, 
which was the highest at 59.7 nmol/mg on day 15. The continuous in-
crease in MDA levels confirms irreversible lipid peroxidation of the algal 
cells under hypoxanthine stress (Wu et al., 2019), which could be the 
reason for morphological alterations in the cell membrane. 

When microalgae are under environmental stress, their growth is 
adversely affected, thus, both inhibitory rate and cell membrane 
morphology are the direct indicators of inhibitory effects (Holzinger and 
Pichrtova, 2016). With the increase in treatment time, the 
hypoxanthine-induced inhibitory rate reached more than 80% and the 
cell membrane exhibited severe deformation, clearly indicating that 
hypoxanthine had significant inhibitory effects on the growth of 
H. akashiwo. 

3.2. Antioxidant activities in algal cell culture 

Algicidal compounds might induce oxidative stress to algae, result-
ing in changes in cellular morphology, protein levels, antioxidase ac-
tivities and DNA and RNA degradation, thus inducing algal cell death 
(Chokshi et al., 2017; Tan et al., 2016). Under environmental stress, the 
self-protection mechanism of algal cells is activated which initiates 
antioxidant system (Chen et al., 2017; Li et al., 2016). The healthy 
operation of the antioxidant system requires some enzymes and anti-
oxidant agents to work together for maintaining homeostasis (Qian 
et al., 2018). Here the antioxidant activities of H. akashiwo were assessed 
to investigate the protective responses against hypoxanthine. The levels 
of antioxidant enzymes (SOD and CAT) and antioxidant agents (GSH) 
exhibited an inverse trend with the increase in hypoxanthine concen-
tration (Fig. 3). The level of SOD and CAT consistently increased for all 
concentrations of hypoxanthine (0.2 mM, 0.6 mM, and 1.0 mM), espe-
cially, in the 1.0 mM group in which the level of SOD and CAT was 
46.79 U/mg protein and 139.69 U/mg protein on day 15,respectively. 
Conversely, the GSH level consistently decreased and the level was the 
lowest at 9.59 nmol/mg protein in the 1.0 mM group on day 15. 

Severe oxidative stress is induced by excessive reactive oxygen spe-
cies present in algal cells (Wang et al., 2017b; Yang et al., 2010), 
including superoxide radical (*O2), superoxide anion radicals (1O2− ), 
hydrogen peroxide (H2O2), and hydroxyl radicals (⋅OH), which can be 
removed by antioxidant systems (Yang et al., 2017). SOD is an efficient 
enzyme that removes ROS by converting *O2 and 1O2- to H2O2 and O2 
(Kim et al., 2017). CAT transforms H2O2 into non-toxic substances to 
protect cells by avoiding oxidation (Quan et al., 2011). Total glutathione 
(T-GSH) comprises oxidized (GSSH) and reduced GSH forms. When algal 
cells are under oxidative stress, GSH transforms into GSSH to eliminate 
ROS (Liang et al., 2009). The results in Fig. 3a-c indicated that 
H. akashiwo was under oxidative stress. The antioxidant system 
increased the enzyme activity of SOD and CAT and consumed GSH to 
eliminate ROS for preventing oxidative damage in response to hypo-
xanthine treatment (Apel and Hirt, 2004; Kováčik et al., 2018). 
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Fig. 1. Inhibitory rate of Heterosigma akashiwo in response to different con-
centrations of hypoxanthine at different time points. Algal cultures were treated 
with 0.2 mM, 0.6 mM, and 1.0 mM of hypoxanthine, respectively. All error bars 
indicate standard error of three replicates. 
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3.3. Hemolytic toxin production during algal inhibition 

3.3.1. Change in hemolytic toxin content 
External factors have a great influence on the synthesis of microalgae 

toxins (Granéli and Johansson, 2003). When algae are exposed to 
environmental conditions not conducive to growth, the metabolic sys-
tems of toxin production are activated and lead to toxin production 
(Peng et al., 2005, 2009). The contributing factors of H. akashiwo he-
molytic toxin are not clear. It is therefore difficult to directly and 
accurately quantify the level of hemolytic toxin, but an indirect 

quantification is possible by using the degree of animal red blood cell 
lysis. The results are shown in Fig. 4. The hemolysis rate of the crude 
hemolytic toxin from the control group was about 80%, but the level in 
the treatment groups was higher than that in the control groups after day 
3, followed by a significant decrease in the hemolysis rate beyond day 3. 
In particular, only a hemolysis rate of 7.3% was observed in the 1.0 mM 
group on day 15. During the process of algal inhibition, the hemolytic 
toxin content of the treatment groups eventually decreased sharply with 
the increase in treatment time (Fig. 4). This phenomenon might be 
caused by the algal cells own defense mechanism that produces and 

Fig. 2. Changes in membrane morphology of Heterosigma akashiwo cells treated with 1.0 mM of hypoxanthine observed through field emission scanning electron 
microscopy. a-f represent hypoxanthine-treated algal cells on 0, 3, 6, 9, 12, and 15th day, respectively. 

Fig. 3. Heterosigma akashiwo SOD (a), CAT (b), and GSH (c) levels in response to different concentrations of hypoxanthine. CK, a control without hypoxanthine; algal 
cultures were treated with 0.2 mM, 0.6 mM, and 1.0 mM of hypoxanthine. All error bars indicate standard error of three replicates. *p < 0.05; **p < 0.01. 
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releases hemolytic toxins to prevent cell damage in the early phase of 
algal inhibition (Bi et al., 2016; Liu et al., 2015; Shao et al., 2013; Silva 
et al., 2017). Many studies found that the toxins are involved in cell 
membrane repair (Andressa et al., 2018; Duarte et al., 2015; Ewa et al., 
2018; Lauritzen et al., 2001). In the early stage of algal inhibition, the 
cell self-repair system enhanced the production of toxins in response to 
cell membrane damage. As treatment time increased, the cell’s 
self-repairing ability was gradually exhausted, caused the toxin content 
to decrease, which demonstrated in terms of physiology that H. akashiwo 
cells were subjected to membrane damage. These results, therefore, 
indicated that hypoxanthine was a potential algal inhibitor, which not 
only inhibits growth but also decreases toxin content. 

3.3.2. Analysis of fatty acid contents in crude hemolytic toxins 
Microalgae exhibit hemolytic toxicity through hemolytic poly-

unsaturated fatty acids in the form of free fatty acids, glycolipids, or 
phospholipids (Andressa et al., 2018; Grimminger et al., 1991; Lands-
berg, 2002). Therefore, changed level of contents of fatty acids could 
related to increased hemolytic toxins content. In this study, the hemo-
lytic toxin content of treatment groups showed an increase on day 3 and 
the 1.0 mM group had the largest increase (Section 3.3.1). The control 
and 1.0 mM groups on day 3 were selected for GC-MS analysis. Twelve 
fatty acids were detected and used for normalized analysis (Table S1). 
There was an obvious increase in the proportion of C16 and C18 satu-
rated long-chain fatty acids and two polyunsaturated fatty acids of 
C18:4ω3 and C20:5ω3, while the proportions of C14:0, C16:1, C18:2, 
C20:0, and C22:0 had no significant differences. However, significant 
decreases in proportions of C18:1, C22:5, and C22:6 were observed, 
particularly, C18:1 showed a very large decrease from 17.32% to 0.76%. 
In summary, after 3 days of exposure to hypoxanthine, there were sig-
nificant changes in proportions of C16, C18, C18:4ω3, and C20:5ω3 in 
the cell membrane, which could be related to the higher content of 
hemolytic toxin in the treatment group than in the control group. 

3.3.3. Screening and identification of fatty acids contents of hemolytic toxin 
The contents of C16, C18, C18:4ω3, and C20:5ω3 in cell membrane 

were measured by days 1, 3, 9, and 15 to show the changing trends 
during treatments. As the treatment time increased, the contents of the 
four fatty acids first increased, reached maxima at day 3, and then 
decreased (Fig. 5a). In addition, the hemolytic ability of four standards, 
C16, C18, C18:4ω3, and C20:5ω3 (Fig. 5b) were assessed. Among the 
four fatty acids, C20:5ω3 showed acute toxicity, which led to more than 
80% hemolysis ratio only at 5 μg/mL, and C18:4ω3 also showed the 
same hemolytic level at a higher concentration of 25 μg/mL. However, 
C16 and C18 showed no observable hemolytic ability. 

The results in Fig. 5a clearly indicated that the changing trends in the 
contents of the four fatty acids C16, C18, C18:4ω3, and C20:5ω3 were 
consistent with that of hemolytic toxins. It might be speculated that the 
severe cell damage due to hypoxanthine treatment impeded the meta-
bolic pathways associated with fatty acids, and therefore, resulted in the 
decrease in C16, C18, C18:4ω3, and C20:5ω3 contents. Furthermore, the 
hemolytic ability of the four fatty acids could be utilized to assess the 
components that were the determining factors of the activity of hemo-
lytic toxin from H. akashiwo. In addition, the contents of C20:5ω3 and 
C18:4ω3 both reached the activity threshold values leading to hemolysis 
of cells. Thus, C20:5ω3 and C18:4ω3 were the most likely contributing 
factors of H. akashiwo’s hemolytic toxin activity. In previous studies, the 
methanol extract of Chattonella marina was shown to have hemolytic 
activity (Kuroda et al., 2005), and further analysis following HPLC pu-
rification showed that a series of fatty acids possessed hemolytic capa-
bilities.The polyunsaturated fatty acids C18:4ω3, C20:5ω3, and C20:4ω6 
contributed 7–89% of the hemolytic toxin activity of Fibrocapsa japonica 
(de Boer et al., 2009). Similarly, an increase in the hemolytic toxicity of 
Cochlodinium polykrikoides was related to more than 50% content of 
polyunsaturated fatty acids of the total fatty acids (Dorantes-Aranda 
et al., 2009). These observations are consistent with our observation that 
the two hemolytic polyunsaturated fatty acids, C20:5ω3 and C18:4ω3, 
contributed to the hemolytic toxin activity of H. akashiwo. 

4. Conclusion 

This study investigated the toxicological effects of hypoxanthine on 
marine alga Heterosigmaakashiwo. The mechanism of inhibition of algal 
growth and the associated antioxidant system were analyzed. The 
changed fatty acid contents in the cell membrane of H. akashiwowere 
examined for the change of hemolytic toxin contents. Hypoxanthine 
caused severe oxidative stress in H. akashiwo, while the hemolytic toxin 
content increase initially then decreased with prolonged treatment. 
Fatty acids C20:5ω3 and C18:4ω3 were critical contributors in the pro-
duction of H. akashiwohemolytic toxins. The inhibition of algal growth 

Fig. 4. Changes in hemolysis rate of Heterosigma akashiwo crude hemolytic 
toxin exposed to different concentrations. CK, a control without hypoxanthine; 
algal cultures were treated with 0.2 mM, 0.6 mM, and 1.0 mM of hypoxanthine. 
All error bars indicate standard error of three replicates. *p < 0.05; **p < 0.01. 

Fig. 5. Changes of C16, C18, C18:4ω3, and C20:5ω3 contents in crude hemo-
lytic toxin (0.2 g) of in 1.0 mM hypoxanthine treatment group on day 3, 9, and 
15 (a); and hemolysis rates of C16, C18, C18:4ω3, and C20:5ω3 standards (b). 
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by hypoxanthine could be achieved without any secondary pollution to 
the coastal environment. Therefore, This study confirmed that hypo-
xanthine had the potential to be a new algal inhibitor for HABs in coastal 
areas. 
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