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This study examined the effects of extracts of hijiki (Sargassum fusiforme) on the growth
and physiology of three species of red tide microalgae (Prorocentrum donghaiensis,
Skeletonema costatum, and Heterosigma akashiwo) that commonly grow in the East
China Sea. The red tide algae were cultivated with the hijiki extracts at different
concentrations to investigate the effects of the extracts on cells growth, chlorophyll a
content, maximum quantum yield of PSII (Fv/Fm), the activities of four oxidoreductases
including peroxidase (SOD), glutathione S-transferase (GST), glutathione peroxidase
(GSH-Px), glutathione reductase (GR), and the level of the membrane lipid peroxidation
product, malondialdehyde (MDA). The sensitivity of red tide algae to the extracts
varied among the strains, with P donghaiensis being the most sensitive, followed
by S. costatum, and then H. akashiwo. Furthermore, the extracts had a rapid lethal
effect on P donghaiensis at over 1.6 g/L and on S. costatum and P. donghaiensis at
over 8 g/L. From that concentration, increasing amounts of the extracts in cultures of
S. costatum promoted a reduction in Chla contents and Fv/Fm values. In addition, the
oxidoreductase activity of S. costatum was reduced at 4 and 6 g/L, as shown by the
reduced activity of SOD, GR, GSH-Px, GST and MDA content in the cells. The results
presented herein will be useful to the development and utilization of hijiki on red tide
control, and marine environmental protection.

Keywords: Sargassum fusiforme, red tide microalgae, Chla, Fv/Fm, oxidoreductase

INTRODUCTION

Due to the impact of human activities and changes in the natural environment, eutrophication is
increasing along the coast of East China Sea, which is harmful for the biodiversity and ecological
functions of the marine ecosystem and resulting in frequent occurrence of red tides. Red tide
is a disastrous abnormal marine ecological phenomenon, in which some planktonic microalgae,
protozoa, or bacteria suddenly proliferate or gather in a short period of time under certain
environmental conditions, resulting in a change in water color. Red tide often leads to water
hypoxia, resulting in the deaths of a large number of fish, shellfish, and other marine organisms,
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threatening marine ecology and aquaculture. In addition,
microcystins produced by harmful algae accumulate in fish and
ultimately endanger human health through the food chain (Yu
and Chen, 2019). In the first decade of the twenty-first century,
the frequency and scale of red tides in China were three times
greater than in the late 1950s. During the period between 2000
and 2017, the cumulative area of red tides in China reached
210,000 square kilometers, with the red tide problems in the
East China Sea being by far the most serious as compared to
that in South China Sea and Bohai Sea (Yu and Chen, 2019).
Red tide has become a constraint on the offshore economy
development (Leon-Muroz et al., 2018; Mascarefio et al., 2018),
a threat to human food safety (Van Dolah, 2000; McCabe et al.,
2016; Daguer et al.,, 2018), and an ecological disaster damaging
marine ecosystems (Yu and Chen, 2019). Consequently, red
tide is now an ecological problem that needs to be addressed
urgently (Berdalet et al., 2017). Red tide of the Raphidophyta
alga Pseudochattonella cf. verruculosa during the 2016 austral
summer (February-March) killed nearly 12% of the Chilean
salmon production, causing the worst mass mortality of fish and
shellfish ever recorded in the coastal waters of western Patagonia,
and the direct economic loss was more than one billion US
dollars (Leén-Munoz et al., 2018). In October 2017, a red tide of
Karenia brevis (formerly known as Gymnodinium breve), which
lasted for 15 months, broke out off the coast of Florida in the
United States (Soto et al., 2018). To date, more than 200 toxins
have been isolated from red tide species including dinoflagellates,
diatoms, and cyanobacteria, resulting in toxic effects including
diarrheic shellfish poisoning, azaspiracid poisoning, neurotoxic
shellfish poisoning, ciguatera fish poisoning, paralytic shellfish
poisoning, tetrodotoxin, and amnesic shellfish poisoning. These
toxins pose a great threat to human beings and other organisms
(Daguer et al., 2018).

Controlling red tides by means of physical and chemical
methods may exert adverse effects on the marine ecosystem
(Jeong et al., 2000). Some scholars have proposed that the large-
scale cultivation of macroalgae might lead to absorption of
nitrogen and phosphorus in water (Ahn et al., 1998), regulating
the marine ecosystem and inhibiting the occurrence of red
tides (Nakai et al, 1999). Macroalgae cultivation may also
provide a spawning ground for fish by providing food and
attachment bases for fish eggs; therefore, this activity has the
potential to play an important role in ecosystem restoration
and increasing the diversity of fishery resources (Yang et al.,
2015). Studies have confirmed that seaweeds such as Gracilaria
confervoides, Gracilariopsis lemaneiformis, Corallina pilulifera,
Enteromorpha prolifera, Ulva lactuca, U. fasciata, U. pertusa, and
Sargassum thunbergii have allelopathic inhibitory effects on red
tide microalgae (Jeong et al., 2000; An et al., 2008; Liu et al.,
2011; Lu et al, 2011; Tang and Gobler, 2011). Moreover, the
growth (Della et al., 2000), cell function, and cell membrane
structure (An et al,, 2008; Lu et al., 2011; Tang and Gobler, 2011)
of red tide algae such as Skeletonema costatum, Amphidinum
sp., and Karenia mikimoto can be inhibited and damaged by the
dry power, methanol extracts, filtrate and water-soluble extracts
obtained from the water used to cultivate these seaweeds. It
has been shown that S. fusiforme reduced the chlorophyll a and

maximum chlorophyll fluorescence (Fv/Fm) levels in Karenia
mikimotoi (Ma et al., 2017). Although the inhibitory effects of
seaweed extracts on the growth of microalgae have been studied,
little is known about their mechanisms of inhibition.

Environmental stress may cause an increase in oxygen free
radicals such as superoxide anion radicals, hydrogen peroxide,
hydroxyl radicals, and singlet oxygens in plant cells. The radicals
usually participate in degrading chloroplasts and reducing the
content of ascorbic acid and the activity of ascorbate peroxidase,
leading to membrane lipid peroxidation. Some of the free
radicals are closely related to the bleaching of photosynthetic
pigments and membrane lipid peroxidation. Singlet oxygens
in cells react with many macromolecular substances, thereby
damaging the normal growth and proliferation of cells (Gill and
Tuteja, 2010). During evolution, living organisms have developed
an antioxidant system to resist external stressors, including
a number of enzymes—superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), glutathione reductase (GR),
glutathione peroxidase (GPX), and glutathione-S-transferase
(GST), and non-enzymatic antioxidants—ascorbic acid (ASH),
glutathione (GSH), phenolic compounds, alkaloids, non-protein
amino acids, a-tocopherols, and malondialdehyde (MDA) (Gill
and Tuteja, 2010). The system can reduce the levels of free
radicals caused by environmental stress to protect the cells
(Gross, 2003; Hejl and Koster, 2004; Gill and Tuteja, 2010).
However, excessively high levels of free radicals cannot be
eliminated by the antioxidant system, which can reduce the
activity of the enzymes in the antioxidant system. Peroxidation
damage is one of the main effects of stressors on living organisms.

Sargassum fusiforme is an edible brown algae with high
medicinal value that is widely distributed along the coasts of
China, South Korea, and Japan (Hu et al,, 2016; Sun et al,
2019; Zhang et al., 2020). In recent years, hijiki has been
cultivated on a large scale in Dongtou, Wenzhou, Zhejiang
Province. We conducted several investigations in April and
June of 2018 and 2019 (data not published), and found that
there were significant differences in the community structure
of phytoplankton between cultivation and non-cultivation areas,
and that the abundance and dominance of Skeletonema costatum
in the cultivation areas were significantly lower than in non-
cultivation areas. In this study, we analyzed the effects of hijiki
extracts on the growth, Chla content, maximum quantum yield,
and enzyme activity of the red tide algae Heterosigma akashiwo,
S. costatum and Prorocentrum donghaiensis, which commonly
grow in the East China Sea (Liu et al., 2013; Jiang et al., 2017).
We sought to determine the inhibitory effects of S. fusiforme
on marine microalgae, identify the red tide microalgae that are
inhibited by it, as well as to understand the biological mechanism
of the inhibitory effects of hijiki on microalgae.

MATERIALS AND METHODS

Microalgae Strains and Cultivation
Conditions

The red tide microalgae Heterosigma akashiwo, Skeletonema
costatum, and Prorocentrum donghaiensis were purchased from
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Shanghai Guangyu Biotechnology Co., Ltd. (Zhejiang, China).
These microalgae were cultivated in f/2(+Si) medium and
transferred to fresh medium every week for proliferation. Algae
cultivation was performed in a smart light growth chamber
(Ningbo Southeast Instrument Co., Ltd., Zhejiang, China). The
temperature was 23°C =+ 0.1 for H. akashiwo and S. costatum,
and 20°C =+ 0.1 for P. donghaiensis. Light intensity was 4,000
umol.m~2.s~! with a light:dark photoperiod of 12 h:12 h.

Preparation of Seaweed Samples and

Extracts

S. fusiforme was collected from Banping Island hijiki culture area,
Dongtou, Wenzhou (N 120°59'45”-121°15'58", E 27°41'19"'-
28°01'10"). The samples were then washed with pure water and
dried at room temperature to a constant weight. The dried hijiki
was subsequently pulverized into powder and stored at —20°C
until use. Prior to use, the powder was soaked in sterilized
seawater for 48 h at a powder-to-seawater ratio of 100 g:1 L.
Next, the extracts were filtered through a 400 mesh silk net sieve
and centrifuged (15 min at 12,000 rpm). After centrifugation,
the supernatant was collected as the stock solution of the hijiki
extracts with a concentration of 100 g/L. Both sterilized (121°C,
20 min) and non-sterilized stock solutions were utilized in this
study. The concentration of the extracts was expressed as dry
weight (g) of S. fusiforme per volume (L) of seawater.

Sterilization on the Inhibitory Potential of
the Hijiki Extracts Against Microalgae
Growth

Either the sterilized or unsterilized hijiki extracts, microalgae in
the exponential phase, and enriched /2 medium prepared with
sterilized seawater were added into a 2,000 mL culture flask to a
working volume of 1,000 mL with 6 g/L extracts. No extract was
added in the control group. The densities of the P. donghaiensis,
S. costatum, and H. akashiwo were 68.3 x 10°, 70.8 x 106,
and 65.2 x 10° cells/L, respectively. The cultivation of the three
strains was performed using both sterilized and unsterilized hijiki
extracts; and each treatment was replicated thrice. This gave a
total of 6 treatments and 18 experimental runs (Table 1). During
cultivation, 1 mL samples were collected at 48, 96, and 144 h to
measure the density of microalgae. Lugol’s solution (0.05 mL)
was added to stain the cells. Using a 0.1 mL Sedgewick Rafter
cell (Figure 1), the density of microalgae was counted under
an optical microscope, after which the inhibitory rate (IR) was
calculated using the following equation:

Nt
IR=({1——) x 100%
NO

where Ny and Nt are control density of microalgae and the
density at time t of culture, respectively.

Effect of the Concentration of the Hijiki

Extracts on Microalgae Growth
Culture systems with 0, 0.4, 0.8, 1.2, 1.6, 2.0, 4.0, 8.0, and 10.0 g/L
extracts were prepared, t to study whether the extracts had the

TABLE 1 | EC50 (g/L) of hijiki extract on three species of microalgae.

Microalgae Prorocentrum Skeletonema Heterosigma
donghaiensis costatum akashiwo

High density 20+05 23+04 29+0.7

(x 108 cell/L)

Low density 0.19 £ 0.06 0.25 £ 0.05 0.35 £ 0.1

(x108 cell/L)

Statistics were calculated based on linear interpolation method.

same inhibitory effect on three types of red tide microalgae
grown at different densities. The culture systems with 0.4, 0.8,
1.2, and 1.6 g/L extracts were designated as the low-concentration
group, in which microalgae grew at normal density. The initial
densities of P. donghaiensis, S. costatum, and H. akashiwo in
the low-concentration extract groups were 420, 650, and 610
cells/L, respectively. The culture systems with 2.0, 4.0, 8.0, and
10.0 g/L extracts were designated as the high-concentration
group, in which the microalgae grew at red tide density. The
initial densities of P. donghaiensis, S. costatum, and H. akashiwo
in this group were 752 x 10°, 78.5 x 10° and 72.2 x 10°
cells/L, respectively. The treatment with 0 g/L of hijiki extract was
considered as the control group. At 24, 48, 72, 96, 120, 144, and
168 h, 1 mL of culture solution was collected into a centrifuge
tube and stained to measure the density of microalgae and
calculate the IR and the relative growth rate (j1). Another 1 mL
of the culture solution was collected to observe the morphology
of living cells.

The sample needed to be diluted in order to count it accurately
when the cell density was high. The approximate cell density was
estimated before dilution. Then, 0.1 ml solution was dropped into
the counting plate, and the three squares shown in the green
triangle in Figure 1 were selected to count the number of cells
to estimate the approximate cell density because the cell density
in the Sedgewick Rafter cell often decreases from the middle to
the edge. The dilution factor (d) was selected according to the
principle that there should be about 10 cells each square after
dilution. The number of cells (n) in 0.1 mL solution after dilution
was calculated, and was multiplied by d to obtain the cell density
of the solution before dilution.

With <1 cell per 0.1 mL solution, the sample needed to be
concentrated to count it accurately. In a test tube, Lugol’s reagent
was used to stain the cells in 10 mL of solution, and the cells
were allowed to settle for 24 h. The stained cells settled to the
bottom of the test tube due to the gravity effect. A pipet was used
to carefully discard the supernatant until the volume was 1, 0.5, or
0.1 mL for counting. The concentration factor was c. The number
of cells (n) in 0.1 mL solution after concentration was calculated,
and was divided by c to obtain the cell density of the solution
before concentration.

The half inhibitory concentrations (ICsp) of the extracts
on microalgae at day 5 were calculated using the linear
interpolation method.

In this study, the ICsy was calculated by the linear
interpolation method (Han et al., 2013) between two given points
as follows:
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FIGURE 1 | The plane sketch of 0.1 mL Sedgewick Rafter cell.

The cell densities of the two given points were (a, Na)
and (b, ND).
(y —Na) (Nb—Db)
(x—a) (b—a)

Solving this equation gives

(x —a) x (Nb — Na)
(b—a

y = Na +

Ify =0.5Ng,

(0.5Nc — Na) x (b —a)
(Nb — a)

IC50 = a +

In the equation, a and b are the two given concentrations and
Na and Nb are the cell densities at the given concentrations,
respectively; x is the unknown concentration; y is the cell density
at the unknown concentration; Nc is the cell density of the
control at Nh. In this study, the cell density of the control
at 144 h was used.

The relative growth rate (jL) was calculated using the following
equation:
_ InXn—InX(n—1)

tn—tn—1)

where | is the relative growth rate, h™!; Xn is the density
of microalgae at time tn; and X(n—1) is the density of
microalgae at time t(n—1).

Determination of Chla and Fv/Fm

The culture systems were prepared in the same way as described
in the section “Sterilization on the Inhibitory Potential of
the Hijiki Extracts against Microalgae Growth,” and the final
concentrations of the extracts were set to 0, 2.0, 4.0, 8.0, and
10.0 g/L. Each culture system was prepared in triplicate. At 0, 4,
8, 12, 24, 48, 72, 96, 120, 144, and 168 h, 50 mL of the culture
solutions were collected into centrifuge tubes and placed in the
dark for adaption for 15 min, after which the maximum quantum
yield (Fv/Fm) (Davide et al,, 2016; Guan and Li, 2017) was
measured using a handheld chlorophyll fluorometer (AquaPen-
C AP-C 100) and the Chla content was determined using a
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spectrophotometer. Next, the culture solution was sampled and
filtered through a 0.45 pm nitrocellulose filter membrane, after
which the filter membrane was placed in a centrifuge tube and
10 mL of 90% acetone was added. After being held for 24 h at
4°C, the tube was centrifuged at 3,000 rpm for 10 minutes and the
absorbance of the supernatants was then measured at 750, 664,
647, and 630 nm using 90% acetone as a reference. The content
of Chla was calculated using the equation modified by Jeffrey and
Humphrey (1975):

oChla = (11.85E664 — 1.54E647 — 0.08E630) x %

where Chla is the concentration (jug/L) of chlorophyll a; v is the
volume (mL) of the sampled culture solution; V is the actual
volume (L) of seawater used; L is the pathlength (cm) of the
cuvette; and E664, E647 and E630 are the absorbance values of
the solution at 664, 647, and 630 nm, respectively.

Determination of Enzyme Activity

The culture system was prepared in the same way as described in
the section “Sterilization on the Inhibitory Potential of the Hijiki
Extracts against Microalgae Growth,” except that the working
volume was 1,250 mL. At 0, 4, 8, 12, 24, 48, 72, 96, 120, 144, and
168 h, 100 mL aliquots of the culture solutions were collected.
Before sampling, the culture flask was shaken to evenly distribute
the algal cells in the culture solution. After sampling, the culture
solution was centrifuged at 1,000 rpm/min for 10 min and pellet
cells were collected. Commercial kits A001-1-2, A003-1-3, A004-
1-1, A005-1-2, and A062-1-1 were used to determine the activity
or content of SOD, MDA, GST, GSH-Px, and GR, respectively.

SPSS Statistical Analysis of Data

Excel 2016 was used to plot the data. SPSS 20.0.0 was used to
conduct one-way ANOVA analysis and a p < 0.05 was considered
to be significant.

RESULTS
The pH Values of the Cultures

The pH values of both sterilized and non-sterilized extracts were
4.967 & 0.003. The pH values of the high- concentration groups
(0, 2, 4, 6, 8, and 10 g/L) were 8.309 £ 0.008, 8.179 + 0.017,
8.044 £ 0.009, 7.815 £ 0.064, 7.708 % 0.057, and 7.634 £ 0.065,
respectively. The pH values of the low- concentration groups (0,
0.4, 0.8, 1.2, and 1.6 g/L) were 8.293 £ 0.004, 8.281 =+ 0.006,
8.267 £ 0.014, 8.246 £ 0.016, and 8.235 =+ 0.011, respectively.
Therefore, the addition of hijiki extracts reduced the pH value of
algae cultures (Figure 2).

Inhibitory Effect of Sterilized and
Unsterilized Hijiki Extracts on

Microalgae Growth

The effects of the sterilized and unsterilized 6 g/L hijiki extracts
on the daily growth rates of P. donghaiensis, S. costatum, and
H. akashiwo were analyzed. The daily growth rate was determined

at 48, 96, and 144 h of culture. The average daily growth rates
of three microalgae at different times were slightly higher in the
cultures with sterilized extracts than in those with unsterilized
extracts, but these differences were not significant (p > 0.05)
(Figure 3), indicating that high temperature and high pressure
sterilization did not change the inhibitory effects of the extracts
on the red tide microalgae. To prevent contamination by bacteria
and protists, the extracts used for all experiments in this study
were sterilized.

IC5¢ of Hijiki Extracts on Different
Concentration of Microalgae

Based on the linear interpolation method, the ICs of the extracts
for inhibiting the growth of three microalgae of high density
and low density within 144 h was analyzed. The ICsy on high
density of P. donghaiensis, S. costatum, and H. akashiwo were
2.0 = 0.5 g/L, 2.3 + 0.4 g/L and 2.9 £ 0.7 g/L, respectively,
while those on low density P. donghaiensis, S. costatum, and
H. akashiwo were 0.19 = 0.06 g/L, 0.25 £ 0.05 g/L, and
0.35 £+ 0.08 g/L (Table 1). Therefore, the sequence of the
inhibitory effect of the hijiki extracts on three microalgae at both
density levels was P. donghaiensis > S. costatum > H. akashiwo.

Effect of Hijiki Extract Concentration on
the Growth and Morphology of

Microalgae

Effect on the Growth of Microalgae at Low Cell
Densities

As the concentration of Hijiki extracts increased, the inhibitory
effects on the growth of P. donghaiensis, S. costatum, H. akashiwo
gradually increased. Extract concentrations over 1.6 g/L showed
lethal effects on P. donghaiensis in 48 h. After 24 h of cultivation,
the cell densities of P. donghaiensis, S. costatum, and H. akashiwo
cultured with 0.4, 0.8, 1.2, and 1.6 g/L extracts were significantly
lower than that of the control groups (p < 0.05) (Figures 4A-
C). The relative growth rates of P. donghaiensis (0.0 g/L:
0.014 £ 0.005, 0.4 g/L: 0.010 £ 0.006, 0.8 g/L: 0.004 £ 0.001,
1.2 g/L: —0.023 £ 0.009, and 1.6 g/L: —0.075 £ 0.012),
S. costatum (0.0 g/L: 0.013 £ 0.005, 0.4 g/L: —0.047 %+ 0.010,
0.8 g/L: —0.058 4 0.011, 1.2 g/L: —0.074 £ 0.015, and 1.6 g/L:
—0.078 £ 0.021), and H. akashiwo (0.0 g/L: 0.017 £ 0.009,
0.4 g/L: 0.012 & 0.004, 0.8 g/L: —0.005 £ 0.001, 1.2 g/L:
—0.008 + 0.002, and 1.6 g/L: —0.018 £ 0.008) cultured with
0.4, 0.8, 1.2, and 1.6 g/L extracts at 0-24 h were significantly
lower than the control (p < 0.05), decreased with the increase
in the concentration of the extracts, and recovered after 24 h
(Table 2). The P. donghaiensis cultured with 0.4 and 0.8 g/L
maintained a rapid growth during culture, while that cultured
with 1.2 g/L extracts grew slowly (Table 2). No living cells
of P. donghaiensis were found at 48 h cultured with 1.6 g/L
extracts (Figure 4A). The S. costatum and H. akashiwo cultured
with 0.4, 0.8, and 1.2 extracts underwent a rapid growth during
culture (L > 0), while those cultured with 1.6 g/L extracts grew
slowly (Table 2).

Frontiers in Marine Science | www.frontiersin.org

July 2021 | Volume 8 | Article 628095


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zhang et al.

Effect of Extracts on Microalgae

0 2 4 6 8 10
Concentration of extracts (g/L)

Aca B30, ;
g 8.28 1 \*
2] \
8.26-
- 801 "
a, (="
8.24 \%
7.8 {
7.6- }
——————————— 8.201—

FIGURE 2 | pH value of concentration S. fusiforme extracts, high concentration (A) and low concentration (B).

00 04 08 12 16
Concentration of extracts (g/L)

>

100 +

~
W
L

50+

254

Daily average growth rate (%)

48h 96h

Time(h)

144h

C 100+

W ~
(=] W
1 1

[S8]
W
|

Daily average growth rate (%)

(=]
|

48h

96h
Time(h)

144h

donghaiensis; (B) Skeletonema costatum; (C) Heterosigma akashiwo.
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Effect on the Growth of Microalgae at High Cell
Densities

As the concentration increased, the inhibitory effects of hijiki
extracts on the growth of P. donghaiensis, S. costatum, and
H. akashiwo increased. After 24 h of cultivation, the cell densities

of P. donghaiensis, S. costatum, and H. akashiwo cultured with 2,
4,6, 8,and 10 g/L extracts were significantly lower than that of the
control groups (p < 0.05) (Figures 4D-F). The inhibitory effect of
extracts on P. donghaiensis was stronger than on S. costatum and
H. akashiwo. When cultured with 2, 4, 6, 8, and 10 g/L extracts
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FIGURE 4 | Effect of hijiki extracts on, Prorocentrum donghaiensis, Skeletonema costatum, and Heterosigma akashiw Low density (A-C) and high density (D-F).

TABLE 2 | The relative growth rate of low density microalgae under the influence of different concentrations of extracts (j) (h=").

Species Extracts n0-24 h n24-48 h n48-72 h n72-96 h 196-120 h n120-144 h w144-16 h
concentration
(g/L)
P, donghaiense 0.0 0.014 £0.005 0.087 £0.0011 0.024 £0.014  0.013+£0.005 0.031 £ 0.014 0.024 + 0.009 0.001 £ 0.000
0.4 0.010 +£ 0.006* 0.034 +£0.0015 0.022 +£0.010  0.005 £ 0.002*  0.026 + 0.008 0.017 +£0.008*  0.007 + 0.002*
0.8 0.004 +0.001*  0.023 £ 0.009* 0.030 &+ 0.019* 0.008 £ 0.000*  0.025 + 0.012 0.001 +£0.000*  0.010 + 0.004*
1.2 —0.023 + 0.009* 0.003 £ 0.001*  0.009 + 0.004*  0.007 £ 0.002* 0.004 + 0.002* —0.002 + 0.001*  0.000 £ 0.001*
1.6 —0.075 + 0.012* / / / / / /
S. costatum 0.0 0.013 £ 0.006*  0.023 + 0.007 0.029 £0.017  0.032 £0.023  0.031 +£0.016 0.015 + 0.006 0.000 + 0.002
0.4 —0.047 £0.010* 0.029 £ 0.005* 0.020 +0.013* 0.038 £ 0.015 0.089 £0.020* 0.032 £ 0.011*  —0.001 &+ 0.001
0.8 —0.058 + 0.011* 0.026 +£0.007  0.018 £ 0.007* 0.044 + 0.018* 0.027 + 0.018 0.033 + 0.003*  0.003 + 0.002*
1.2 —0.074 £ 0.015* 0.037 +£0.016* 0.007 + 0.002* 0.038 £0.016  0.031 £ 0.015 0.030 + 0.019* 0.001 £+ 0.001
1.6 —0.078 £ 0.021* 0.022 £ 0.014* —0.003 +£0.001* 0.051 £ 0.023* 0.031 £ 0.014 0.087 £0.012*  —0.004 + 0.002*
H. akashiwo 0.0 0.017 £0.009* 0.029 +£0.010  0.014 £0.004 0.017 £0.007  0.022 + 0.008 0.027 +£0.010 0.008 + 0.002
0.4 0.012 £ 0.004* 0.019 £0.008* 0.025 4 0.019* 0.013 £ 0.006* 0.018 + 0.008 0.026 + 0.010 0.016 £+ 0.005*
0.8 —0.005 £ 0.001* 0.027 £0.006  0.014 £0.005 0.027 £ 0.011* 0.010 &+ 0.004* 0.025 £ 0.012 0.039 £ 0.023*
1.2 —0.008 + 0.002* 0.029 +£0.009  0.009 + 0.004* 0.018 £0.005  0.017 £ 0.009 0.015 + 0.007*  —0.005 + 0.006*
1.6 —0.018 + 0.008* 0.005 £+ 0.002*  0.004 + 0.001*  0.023 £0.013 —0.006 £+ 0.002* 0.041 + 0.023* /

/" indlicates the cell density was zero, so the relative growth rate could not be calculated. *Compared with the control, there was significant difference (p < 0.05).
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for 24 h, the relative growth rates of P. donghaiensis (0 g/L:
0.002 £ 0.001, 2 g/L: —0.014 £ 0.006, 4 g/L: —0.043 £ 0.020,
6 g/L: —0.067 £ 0.033, 8 g/L: —0.078 £ 0.035, and 10 g/L:
—0.128 £ 0.086), S. costatum (0 g/L: 0.023 + 0.008, 2 g/L:
0.015 £ 0.009, 4 g/L: —0.061 £ 0.023, 6 g/L: —0.081 £ 0.025,
8 g/L: —0.090 £ 0.039, and 10 g/L: 0.153 £ 0.061), and
H. akashiwo (0 g/L: 0.013 £ 0.005, 2 g/L: 0.009 =+ 0.004, 4 g/L:
—0.027 £ 0.011, 6 g/L: —0.031 £ 0.012, 8 g/L: —0.050 % 0.019,
and 10 g/L: —0.060 =+ 0.020) were significantly lower than that
of the control (p < 0.05), and decreased with the increase in
the concentration of the extracts, indicating that those extract
concentrations had very strong inhibitory effects on the growth
of the three microalgae (Table 3). The relative growth rate of
P. donghaiensis cultured with 2 and 4 g/L extracts recovered after
24 h, and the growth of P. donghaiensis cultured with 6 g/L
extracts decreased during culture. The growth of S. costatum
cultured with 4 and 6 g/L extracts recovered after 24 h, and that
of H. akashiwo cultured with 4, 6, 8, and 10 g/L recovered after
24 h (Table 3). S. costatum and H. akashiwo cultured with 2 g/L
grew rapidly during culture. When cultured with 8 and 10 g/L of
the extracts, a small number of living cells of P. donghaiensis was
observed at 24 h, but no living cells were found at 48 h. Similarly,
a small number of living cells of S. costatum was observed at 24 h,
but no living cells were found at 96 h (Figure 4).

Effect on the Morphology of Microalgae

The hijiki extracts affected the morphology of P. donghaiensis
and the growth of S. costatum. Normally, P. donghaiensis has
fusiform cells. However, in this study, cells of P. donghaiensis
cultured with seaweed extracts showed varying degrees of
enlargement. The number of enlarged cells increased with
increasing concentrations of hijiki extracts and duration of
culture. By day 9 of culture with 6 g/L extracts, almost all algal
cells had round or square shapes with enlarged nuclei, some
cells grew exospores, and no dividing cells were observed. No
living cells were found on day 10 of culture (Figure 5). Most
of the S. costatum cells in the control grew into filaments and
were distributed evenly in culture solution, while in the culture
with hijiki extracts the cells gathered and grew in clusters that
were difficult to disperse. Moreover, higher concentrations of
hijiki extracts resulted in more clustering and lower cells survival.
For example, at 96 h, living algal cells were still common in
the culture with 4 g/L extracts, while they were sporadic in the
treatment with 8 g/L extracts and not present in the 10 g/L extract
treatment (Figure 6).

Effect on Chla Content and Maximum
Quantum Yield (Fv/Fm)

As the concentration of extracts increased, the Chla content
of S. costatum gradually decreased. At 12 h of starting the
cultivation, there was no significant difference in algal Chla
content between the treatments with 2, 4, and 6 g/L extracts and
the control (p > 0.05), while after 12 h, the algal Chla contents
were all significantly lower than that of the control (p < 0.05). In
the culture with 8 and 10 g/L extracts, Chla content dropped to
0 at 24 h (Figure 7A). Additionally, the Fv/Fm was significantly
higher than that of the control (p < 0.05) at 4, 8, and 12 h, after

which it gradually decreased relative to the control. At 24 h, the
Fv/Fm decreased to 0 in the culture with 8 g/L extracts. At 48 h,
the Fv/Fm in the culture with 10 g/L extracts decreased to 0. In the
culture with 2, 4, and 6 g/L extracts, the Fv/Fm decreased first,
and then gradually increased (Figure 7B), but was significantly
lower than that of the control at all levels (p < 0.05). After
12 h, the Fv/Fm value was basically consistent with that of the
Chla content.

Effect of Hijiki Extracts on Enzyme

Activity

Evaluation of the effects of 4 and 6 g/L extracts on the activity
of oxidoreductase of S. costatum revealed significant effects on
SOD, MDA, GSH-Px, GST, and GR relative to the control.
Specifically, the activities of SOD, GR, and GSH-Px all increased,
then decreased in response to extract treatment. Moreover, the
S. costatum culture with 4 g/L extracts showed an increase in
SOD activity within 12 h, but this difference was not significant.
The activity of SOD was significantly reduced at 24 h (p < 0.05),
then dropped to the lowest value at 48 h, which was only 33.3%
of the control. At 168 h, the activity of SOD increased to about
50% of the control (Figure 8A). The hijiki extracts caused an
initial increase in the activity of GR of S. costatum. At 4 h, the
activity of GR in cultures treated with 4 and 6 g/L extracts was
significantly higher than that of the control (p < 0.05), after which
it decreased. At 12 h, the activity of GR in samples treated with
6 g/L extracts was significantly lower than that of the control
(p < 0.05). At 24 h, the activity of GR in cultures treated with
4 g/L extracts was significantly lower than that of the control
(p < 0.05) (Figure 8B). Cultures treated with 4 and 6 g/L extracts
showed significant increases in the activity of GSH-Px at 4 and
8 h compared with that of the control (p < 0.05), while they
decreased to the same level of the control (p < 0.05) at 12 h, and
were significantly lower than that of the control at 24 h (p < 0.05)
(Figure 8C). The contents of MDA and GST were lower than
that of the control in cultures treated with hijiki extracts. At
4 h, the contents of MDA in the cultures treated with 4 and
6 g/L extracts were significantly lower than that of the control
(p < 0.05) (Figure 8D). The activity of GST in the culture treated
with 4 and 6 g/L extracts was also significantly lower than that of
the control (p < 0.05) (Figure 8E).

DISCUSSION

Effect of Hijiki Extracts on the Growth of
Red Tide Miroalgae

The hijiki extracts used in the experiment were autoclaved to
eliminate the influence of microbes on the growth of microalgae.
The ICsp of the extracts on growth of the red tide microalgae
with both normal and red tide density showed an order of
P. donghaiensis > S. costatum > H. akashiwo, indicating that
the inhibitory effects of the extracts on the red tide microalgae
varied with species and growing densities of the microalgae.
Hijiki extracts not only inhibited the growth and proliferation of
the microalgae, but also their morphology and dispersion.
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TABLE 3 | The relative growth rate of high density microalgae under the influence of different high concentrations of extracts () (h~7).

Species Extracts r0-24 h n24-48 h n48-72 h 1L72-96 h 196-120 h r120-144 h n144-16 h
concentration
(9/L)

P, donghaiense 0 0.002 + 0.001 0.006 + 0.002 0.016 + 0.005 0.018 +£ 0.009 0.013+£0.006  0.010 £ 0.005 0.005 + 0.002
2 —0.014 £ 0.006* 0.005 + 0.002 0.024 £0.021  0.007 £ 0.005* 0.004 £+ 0.003* 0.028 +£0.014  0.001 £ 0.002*
4 —0.043 + 0.020* 0.021 £ 0.007* 0.001 £ 0.001*  0.029 &+ 0.020* —0.004 + 0.004* 0.002 + 0.002 —0.006 + 0.004*
6 —0.067 + 0.033* —0.084 £ 0.033* 0.023 +£0.016 —0.023 £ 0.001* 0.063 £+ 0.049* —0.014 £0.007 —-0.015+ 0.010*
8 —0.078 + 0.035* / / / / / /
10 —0.128 + 0.086* / / / / / /

S. costatum 0 0.023 £0.008* 0.019+0.008  0.019+0.006  0.014 £ 0.004 0.002 £ 0.008  0.008 + 0.007 0.011 £ 0.008
2 0.015 £ 0.009* 0.006 £ 0.002*  0.018 £0.013  0.023 £ 0.009* 0.008 + 0.006*  0.009 + 0.006  0.004 + 0.003*
4 —0.061 +0.023* 0.013 +£0.006* 0.028 +0.020  0.028 +£ 0.012*  0.022 £ 0.009* 0.012 +£0.008  0.007 + 0.002*
6 —0.081 £ 0.025* 0.013 £ 0.005° 0.004 £+ 0.003* 0.024 +£ 0.020*  0.014 £ 0.005*  0.010 £ 0.007 —0.014 £0.013*
8 —0.090 + 0.039* —0.046 £+ 0.024* —0.026 + 0.022* —0.058 £ 0.039* / / /
10 —0.153 + 0.061* —0.033 £+ 0.012* / / / / /

H. akashiwo 0 0.013 £0.005* 0.010 £ 0.004  0.012 £+ 0.005 0.016 + 0.008 0.000 +£ 0.005  0.005+0.006  0.007 &+ 0.004
2 0.009 + 0.004*  0.009 £ 0.003  0.003 +£0.002* 0.015+0.012  0.004 + 0.003* 0.013 £ 0.002*  0.006 + 0.005
4 —0.027 £ 0.011* 0.023 £ 0.011*  0.005 £ 0.003*  0.009 &+ 0.007*  0.000 + 0.004  0.007 + 0.003 —0.003 + 0.004*
6 —0.031 £ 0.012* 0.024 +£ 0.010* —0.004 + 0.004* 0.011 +£0.006* 0.005 + 0.002*  0.002 + 0.003* —0.005 + 0.006*
8 —0.050 £ 0.019* 0.025 £ 0.0168 0.002 £ 0.002* 0.010 £ 0.009*  0.004 £+ 0.003*  0.004 £ 0.002 —0.005 + 0.004*
10 —0.060 + 0.020* 0.017 +£0.0088 0.001 £ 0.003*  0.014 £ 0.008 0.001 £ 0.001 —0.005 + 0.002* —0.004 + 0.005*

“/” indicates the cell density was zero, so the relative growth rate could not be calculated. *Compared with the control, there was significant difference (p < 0.05).

FIGURE 5 | Morphological changes of Prorocentrum donghaiensis caused by hijiki extract (40x objective lens). (A) Normal cells; (B) round cells; (C) small
exospores; (D) medium exospores; (E) large exospores; (F) dead cells.

Effect of Hijiki Extracts on Chla Content

and Fv/Fm of S. costatum

In this study, hijiki extracts had a significant effect on the
Chla content and Fv/Fm of S. costatum. Although the addition
of hijiki extracts reduced the pH value of algae cultures,
they were all within the pH range suitable for microalgae

growth (Hansen, 2002). Therefore, the inhibitory substances
in the extracts are presumably secondary metabolites that
have allelopathic effects. The allelochemicals reduced Chla
content and damaged the photosynthetic system II (PSII),
which prevented the plant from obtaining energy through
photosynthesis, ultimately leading to reduced cell proliferation
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FIGURE 6 | Growth of Skeletonema costatum cultured at different concentrations of hijiki extracts for 96 h (20x objective lens). (A) Control; (B) extract concentration
of 4 g/L; (C) extract concentration of 8 g/L; (D) extract concentration of 10 g/L.
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FIGURE 7 | Effect of hijiki extract on chlorophyll a content (A) and maximum quantum yield (B) of Skeletonema costatum.

rate and inhibited growth (Gross, 2003). Moreover, the effects ~ Sukenik et al., 2002; Sliwinska-Wilczewska et al., 2017; Xu et al,,
of allelochemicals on the photosynthesis of terrestrial plants, 2019; Zhao et al., 2019). Eucalyptus leaf extracts significantly
freshwater algae, and seaweeds were reflected by reduced reduced the Fv/Fm of Microcystis aeruginosa on the third
Chla contents and Fv/Fm values (Korner and Nicklisch, 2002;  day of treatment (Zhao et al., 2019). Also, allelochemicals of
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picocyanobacterium Synechococcus sp. significantly reduced the
Chla and Fv/Fm of Phormidium sp. in 3 days (Sliwinska-
Wilczewska et al., 2017). Additionally, exudates of Myriophyllum
spicatum were able to inhibit the PSII of cyanobacteria, green
algae, and diatoms (Korner and Nicklisch, 2002). Moreover,
myristic acid (C;4H2803), acrylic acid (C3H403), and linolenic
acid (Cy13H30,) isolated from Enteromorpha prolifera caused
a reduction of Chla content in S. costatum and H. akashiwo
(An et al, 2008). In a recent study, Cylcellrotheca closterium
extracts reduced the Chla content and Fv/Fm of P. donghaiensis
(Xu et al., 2019).

Chlorophyll a is essential for photosynthesis of algal cells.
Results from the present study showed that hijiki extracts
seriously damaged the photosynthetic system, caused a reduction
of Chla content, and inhibited the growth of S. costatum,
indicating that the allelochemicals of hijiki could directly affect
the photosynthetic system.

As a natural probe for photosynthetic energy conversion,
Fv/Fm contains rich information about photosynthesis and is

widely used to analyze the effects of stress on plant photosynthesis
(Baker, 2004). Fv/Fm denotes the maximum quantum yield
of PSII and can be used to indicate the integrity of PSIL
When the value of Fv/Fm is greater than 0.44, PSII activity
decreases with decreasing values of Fv/Fm. If the Fv/Fm value
is less than 0.44, the reaction center is inactivated or destroyed
(Schansker and Jack, 1999). In our study, cultures grown with
8 g/L extracts for 24 h or 10 g/L extracts for 48 h caused the
Fv/Fm of S. costatum to decrease to 0 (Figure 4). This implied
that PSII was damaged, which prevented photosynthesis from
proceeding, thereby inhibiting the growth and proliferation of
cells or causing the cells to die. The Fv/Fm of the alga cultured
with 4, 8, and 10 g/L extracts showed a trend that was initially
decreasing and then increasing, which implied that PSII might
have a negative feedback regulation that repaired and restored the
photosynthetic system. Therefore, it would be useful to determine
the effectiveness and effective duration of red tide controlling
measures by using a chlorophyll fluorometer to quickly measure
the Chla content and Fv/Fm value of algae.
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Effect of Hijiki Extracts on

Oxidoreductase Activity

During culture with hijiki extracts, the contents of SOD, GR, and
GSH-Px in microalgae all showed a trend of initial increasing
and then decreasing, which indicated that the stress exerted by
low concentrations of extracts increased ROS level in the algal
cells, while the antioxidant enzymes were unable to eliminate the
excessive oxidation products that in turn damaged the enzyme
system. The content of GST and MDA decreased throughout the
culture, indicating that the algal cells were damaged to a great
degree. Therefore, the hijiki extracts had the dual characteristics
of enhancing and inhibiting the activity of enzymes. Hijiki
extracts damaged the activity of oxidoreductase in the cells of
S. costatum to varying degrees, which led to a failed removal of
ROS over time. The accumulated ROS led to lipid peroxidation,
which might have destroyed the cell structure and caused damage
or death of algal cells. The performance of oxidoreductase
in our study was basically consistent with that reported in
terrestrial plants under stress conditions (Gill and Tuteja, 2010).
Under abiotic stresses such as salt, drought, water, light, and
heavy metal stresses, SOD, GSH-PX, GST, and GR activity
of many terrestrial plants increases significantly, and MDA
content significantly decreases, to effectively reduce oxidative
stress and lipid peroxidation damage (Gill and Tuteja, 2010;
Xu et al., 2013; Yousefzadeh-Najafabadi and Ehsanzadeh, 2017;
Cengiz et al., 2019).

CONCLUSION

Large-scale cultivation of seaweed can provide potential solutions
to global marine environmental problems such as ocean
acidification, hypoxia, eutrophication, and harmful algal blooms
(Yang et al,, 2021). This study was conducted under controlled
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