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1Laoshan Laboratory, Qingdao, China, 2CAS Key Laboratory of Marine Ecology and Environmental
Sciences, Institute of Oceanology, Chinese Academy of Sciences, Qingdao, China, 3University of
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Eutrophication in aquaculture areas concurrently leads to a high incidence of

dissolved oxygen deficiency and toxic algal blooms. The combined effects of

hypoxia and typical toxic algae on cultured organisms should be given sufficient

consideration. Abalone breeding in China has greatly suffered from hypoxia and

toxic Karenia mikimotoi blooms for many years. In this study, the individual and

combined effects of the toxic dinoflagellate, K. mikimotoi, and hypoxia on

juvenile abalone were determined based on abalone survival and oxidative

stress indicators in their gills, hepatopancreas and hemolymph. The results

showed that at a density of 106 to 3×107 cells/L, K. mikimotoi alone had a

negligible influence on the survival of juvenile abalone under sufficient dissolved

oxygen (DO) conditions. The 24 h-half lethal concentration (LC50) of DO alone

for juvenile abalone was 0.75 mg/L in seawater. When K. mikimotoi was added at

a density of 3×106 cells/L, the 24 h-LC50 of DO for juvenile abalone significantly

increased to 2.59 mg/L, indicating obvious synergistic effects. The individual

effects of hypoxia or K. mikimotoi on the oxidative stress indicators were limited,

and only the superoxide dismutase (SOD) activity in the abalone gills significantly

decreased under K. mikimotoi stress. However, the combined stress of hypoxia

and K. mikimotoi led to significant changes in the antioxidant indicators in all

tested tissues. The SOD activity in gills and hepatopancreas decreased, while the

SOD and catalase (CAT) activity and malondialdehyde (MDA) content in the

hemolymph increased due to the combined stress of hypoxia and K. mikimotoi.

These results illustrated that the synergistic effects of hypoxia and K. mikimotoi

caused serious oxidative damage in abalone and that the hemolymph exhibited

greater sensitivity than did the gills and hepatopancreas. Further investigation

found that K. mikimotoi increased the oxygen consumption rate in abalone and

that hypoxia enhanced the hemolytic toxicity of K. mikimotoi. These results

revealed that hypoxia and typical toxic algae cause synergistic harm to cultured

organisms, which is expected to provide a new understanding of the destructive

mechanisms of typical toxic algal blooms in aquacultural areas.
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Introduction

Due to climate change and eutrophication, organisms are often

threatened by the combined effects of dissolved oxygen (DO)

deficiencies and harmful algal blooms (HABs), especially those in

aquacultural waters. Global oxygen levels in the ocean and in coastal

waters have decreased by 2% annually over the past 50 years,

leading to widespread occurrence of hypoxia (Schmidtko et al.,

2017). Aquacultural areas are prone to hypoxia due to their high-

density farming structure and high organic matter content (Matos

et al., 2016; Yang et al., 2021). As aquacultural areas are usually

nearshore or in inner bays and involve a weak exchange of water,

DO deficiency could occur for a long time. Generally, water with a

DO content of less than 2 mg/L is regarded as hypoxic, while in

cultured water, biological hypoxia can occur when the DO content

is less than 5 mg/L (Gobler and Baumann, 2016; Wu et al., 2016).

Hypoxia affects energy metabolism and the immune system,

hindering normal physiological activities and even causing the

death of organisms. On the other hand, the generally high level of

eutrophication in aquacultural waters provides the basis for the

formation and maintenance of HABs, making the aquacultural

waters a high-frequency area of HABs (Glibert et al., 2005;

Heisler et al., 2008). Cultured organisms are threatened by HABs,

especially those of toxic dinoflagellates, which can directly poison

them. The high density of toxic algae could further aggravate

hypoxia through serious oxygen consumption at night and during

the decomposition period, making it harder for cultured organisms

to survive. Therefore, with this underlying trend of more frequent

HAB occurrences and severe hypoxia (Gilbert et al., 2009; Lee et al.,

2016; Breitburg et al., 2018), many coastal aquacultural areas have

both a high incidence of HABs and hypoxia. The combined effects

of hypoxia and toxic algae on cultured organisms should be given

sufficient attention.

Karenia mikimotoi is a typical toxic dinoflagellate, and

hemolytic toxins are regarded as its main type of poison (Li et al.,

2019a; Niu et al., 2021). It was first discovered in Kyoto Bay of Japan

in 1935, and then it appeared in many coastal waters around the

world, including waters near Japan, South Korea, Britain, France,

India, and the US (Li et al., 2019a; Hu et al., 2022). China is the area

that was most impacted by K. mikimotoi blooms. Since they first

appeared in China in 1998, K. mikimotoi blooms have occurred

more than 120 times and have become an annual disaster; the

largest distribution of K. mikimotoi was nearly 1.4×104 km2, and its

duration ranges from 2 days to 35 days. K. mikimotoi blooms

usually cause massive amounts of various fish, shellfish and

mammals to die, and they have been regarded as the second

largest HAB disaster in China (Lv et al., 2019; Chen et al., 2021).

Studies have shown that during the outbreak of K. mikimotoi

blooms, algal cells with large biomasses make their biological

oxygen demand much higher than the DO level in seawater,

which can lead to the occurrence of hypoxia (O’Boyle et al.,

2016). In addition, K. mikimotoi blooms occur mostly in spring

and summer when seawater stratification is severe, which will
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further aggravate the formation and deterioration of hypoxia

(Brand et al., 2012). Therefore, cultured organisms almost

inevitably face the combined effects of K. mikimotoi toxicity and

hypoxia when K. mikimotoi blooms occur in aquacultural areas.

However, the combined effect of K. mikimotoi and hypoxia on

typical cultured organisms still lacks research.

Abalone is a typical gastropod with great economic importance.

In 2020, the production of abalone in China reached more than 2

billion tons, accounting for nearly 90% of the world’s total abalone

production (Fisheries Bureau of the Ministry of Agriculture, 2021).

However, the areas of abalone breeding in China are frequently

threatened by toxic K. mikimotoi blooms, especially at night, when

the high density of K. mikimotoi cells causes massive consumption

of respiratory oxygen, resulting in both toxic and hypoxic effects on

abalone. As a kind of nocturnal organism, abalone has a higher

oxygen demand at night, which makes abalone more susceptible to

the combined effects of toxicity and hypoxia. Indeed, K. mikimotoi

blooms have caused heavy losses in abalone production many times.

For example, K. mikimotoi blooms have resulted in countless

abalone deaths, with an estimated economic loss of 2.01 billion

yuan (approximately $330 million) (Li et al., 2019a). Therefore,

using cultured abalone as the research object to investigate the

combined effects of K. mikimotoi and hypoxia is typical and

necessary. By comparing hypoxia stress, K. mikimotoi stress, and

their combination, the survival rate and oxidative stress indicators

in different tissues and organs of abalone were tested to illustrate the

combined effects of hypoxia and typical toxic algae. This study is

expected to be helpful for understanding the disaster-causing

mechanism of typical toxic HAB species.
Materials and methods

Organism culture and preparation

K. mikimotoi was isolated from waters near Fujian Province and

preserved at the Institute of Oceanology, Chinese Academy of

Sciences, Qingdao, China. The seawater was filtered through a 0.47

mm fiber membrane and heated at 121°C for 30 min, and L1 media

without silicate (Guillard and Hargraves, 1993) was then added to the

K. mikimotoi culture. The salinity of the culture medium was 31 psu.

K. mikimotoi was cultured at 20 ± 1°C under a light intensity of

approximately 50-60 mmol photons/(m2·s), which was supplied by

cool-white fluorescent bulbs on a 12:12 light-dark cycle. The algae

used in the experiments were cultured to the mid-to-late exponential

growth phase at cell densities of 3.0×107 cells/L.

Juvenile abalone Haliotis discus hannai was purchased from a

breeding facility in Qingdao, China. During the rearing period of

the juvenile abalone, the seawater was fully aerated and changed

daily, and the juvenile abalone were fed dried kelp. Abalone

individuals with similar sizes (shell length 25.72 ± 1.20 mm,

weight 1.75 ± 0.30 g) were selected for the experiment after 24 h

of starvation.
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Survival impact

The experimental container was a plastic rectangular box with a

volume of 16 L (0.08 m2 × 0.2 m). The DO content was set to 0.2-2.0

mg/L, with 0.2 mg/L as a gradient. A DO probe was placed into the

box to monitor the DO concentration in real time. To maintain the

different DO concentrations, air and pure nitrogen were injected

into the box, and an electronic DO controller (Jenco 6308DT,

accuracy ± 0.05 mg/L) was used to set the DO concentration, receive

the monitoring signal of the DO probe, and adjust the aeration of

air and pure nitrogen to maintain the DO concentration at the set

DO value. In addition, 20 juvenile abalone were placed in each box

to investigate the survival of juvenile abalone under different DO

contents for 24 h. The treatments were performed in triplicate, and

the 24 h half lethal concentration (LC50) of abalone under hypoxia

stress was calculated based on the fitting equation.

To investigate the effects of different densities of K. mikimotoi

on the survival of abalone, 20 abalone in triplicate were placed in

seawater with algal densities of 106, 3×106, 5×106, 107, and 3×107

cells/L, and the DO content in the seawater was maintained above 8

mg/L through slow aeration. The survival of abalone was observed

within 24 h.

To choose a proper K. mikimotoi density for exploring the

combined effects of density with hypoxia, the density of K.

mikimotoi blooms in Fujian coastal waters was analyzed; these

blooms were chosen because Fujian Province is not only the main

area for abalone farming but is also the area most impacted by K.

mikimotoi blooms. The density of K. mikimotoi was chosen to be

3×106 cells/L according to the medium density of the K. mikimotoi

bloom in Fujian Province from 2012 to 2022 (Supplementary

Figure 1). The DO content was set as 2-5 mg/L, and the survival

of abalone was observed after 24 h. All treatments were performed

in triplicate. The abalone was judged to be dead when its gastropod

adhesion disappeared and there was no response to multiple

stimulations. The temperature of the experimental water was 20 ±

1°C, and a shading curtain was used for shading during the

experiment to simulate the dark environment for abalone

survival. The 24 h-LC50 of abalone under the combined stress of

hypoxia and K. mikimotoi was calculated through a fitting equation.
Measurements of oxidative
stress indicators

The control group (group C), hypoxia treatment group (DO 2

mg/L, group H), K. mikimotoi treatment group (K. mikimotoi 3×106

cells/L, group K), and synthesis treatment group (DO 2 mg/L, K.

mikimotoi 3×106 cells/L, group S) were set in triplicate with the

same container described above. Twenty abalone were placed in

each box of the group, and one surviving individual (3 abalone per

treatment) was randomly selected from each box to sample the

oxidative stress indicator at 0 h, 3 h, 6 h, 12 h, 18 h, and 24 h. The

hemolymph was collected by cutting longitudinally in the pedal

sinus of the foot muscle in the abalone with a sterilized scalpel.

Approximately 200 μL of hemolymph was collected from each
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individual by sterilized syringe. Then, the gills, hepatopancreas and

hemolymph of juvenile abalone were collected and stored frozen

at -80°C for analysis. Before the assay, the gills and hepatopancreas

were homogenized into 10% tissue with phosphate-buffered saline

(PBS, pH 7.2-7.4; Solarbio, China) and centrifuged at 4000×g for

10 min, and then the supernatant was used for the experiment.

Superoxide dismutase (SOD) was detected by xanthine oxidase

method, and one unit of SOD activity was defined as the amount of

enzyme required for 1 mg tissue proteins in 1 ml of a reaction

mixture SOD inhibition rates to 50%. The catalase (CAT) was

detected by ammonium molybdate method, and one unit of CAT

activity was defined as 1 mg of tissue protein that consumed 1 μmol

H2O2 for 1 second. The malondialdehyde (MDA) content was

measured by the 2-thiobarbituric acid (TBA) method. The tissue

protein content was measured by the Bradford method for the

calculation of SOD and CAT activity and MDA content. Both the

SOD and CAT activity and the MDA and protein contents were

measured by reagent kits (Nanjing Jiancheng Bioengineering

Institute, Nanjing, China), determined using an EnSight

microplate reader (PerkinElmer, USA) and read at 550 nm, 405

nm, 532 nm and 595 nm, respectively.
Oxygen consumption rate calculation

Two abalone were labeled and placed in a 1 L cell culture bottle

without illumination at 20 ± 1°C. The calibrated DO probe was

inserted into the water body with DO content above 7 mg/L. After

the bottle was sealed, the DO content was recorded every 30 min for

24 h to track the abalone oxygen consumption rate in the seawater.

The oxygen consumption rate of the same abalone individuals in

seawater with a K. mikimotoi density of 3×106 cells/L was also

tracked as described above. This experiment was conducted in

duplicate. The oxygen consumption rate of abalone in the seawater

(R) and in the K. mikimotoi culture (R′) was calculated using the

following formula (Ahmed et al., 2008):

R = ½(I − F)1000(V − v)�=t

R0 =  ½(I − F − OCK )1000(V − v)�=t
where I is the DO content at the beginning of the experiment; F

is the final DO content; V is the volume of the container; v is the

volume of abalone; t is the time interval and OCK is the oxygen

consumption of K. mikimotoi.
Determination of the hemolytic activity
of K. mikimotoi

K. mikimotoi was added to the square box at a density of 5×106

cells/L. The control group was slowly aerated, the DO content was

maintained at 8.5 mg/L, and the DO content of the experimental

groups was maintained with the electronic DO controller described

above at 3, 2, 1.5, and 1.0 mg/L. After 2 h of treatment, 200 mL of

algae fluid was filtered onto a GF/F membrane (0.7 μm), and the
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extraction and determination of hemolytic toxins were carried out

in parallel for each treatment.

The extraction of hemolytic toxin was performed as follows:

Membranes were extracted using a mixed solution of chloroform,

methanol and water with a volume ratio of 13:7:5 (v/v). After

adding the grinding particles, the mixture was fully ground with a

sample preparation system (MP, FastPrep-24) and then centrifuged

at 3000 r/min for 10 min. The supernatant was removed for

nitrogen blowing at 40°C until it evaporated and was dry. The

solution was reconstituted with 1 mL methanol to obtain a crude

extract, and then the crude extract was used to dissolve rabbit blood

cells (Yuanye, China) for experiments.

The hemolytic toxin was determined as follows: A standard

series of digitonin solutions were configured to draw a working

curve. A mixture of 0.1 mL of the toxin extract, 0.3 mL of citric acid

buffer solution and 1.60 mL of 0.5% (v/v) fresh rabbit red blood was

heated in a water bath at 37°C for 30 min and then centrifuged at

800 r/min for 10 min, and the absorbance of the supernatant was

measured at 540 nm. The calculation of hemolytic activity was

performed according to the industry standard (HY/Y 151-2013),

and the hemolytic activity was defined as hemolytic units (HU)

which represents 1 ml reaction solution that can dissolve 50% of

rabbit blood cells within 30 min at 37°C.
Statistical analysis

The data analysis method of this study was two-way analysis of

variance (ANOVA), and Duncan’s method was used for post hoc

multiple comparisons. The data involved in correlation analysis and

two-way ANOVA were analyzed and processed with SPSS 22.0, and

the graphs were drawn in Origin 9.0.
Results

Survival of abalone

In this study, the effects of different densities of K. mikimotoi

under sufficient DO content on the survival of abalone were
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investigated. The results showed that under aeration conditions,

the 24-h survival rate of abalone was nearly 100%. When

investigating the effect of DO content on abalone, it was found

that abalone had a certain tolerance to hypoxia. The 24 h LC50

values was 0.75 mg/L according to the logistic models (Figure 1A).

When K. mikimotoi was present at a density of 3×106 cells/L, the

24 h LC50 that was calculated by the exponential models increased

to 2.59 mg/L (Figure 1B).
Oxidative stress indicators

The changes in CAT activity, SOD activity and MDA content

in the gills of abalone under different treatments were tracked. The

CAT activity decreased slightly with time, SOD activity exhibited a

decreasing tendency first and then increased, with 12 h as the

inflection point, while MDA content fluctuated with time

(Figure 2). Through statistical analysis, it was found that there

was no significant difference in the CAT activity and MDA

content among the different treatment groups (p > 0.05), and

only the SOD enzyme activity was significantly different among

the treatment groups (p< 0.05) (Table 1). Duncan multiple

comparisons showed that hypoxic stress alone did not cause

significant changes in SOD enzyme activity in abalone gills,

while K. mikimotoi stress alone and the combined stress of

hypoxia and K. mikimotoi caused a significant decrease in SOD

activity in abalone gills.

The determination of oxidative stress indicators in the

hepatopancreas of abalone in each treatment group showed that

the changes in CAT activity and MDA content with time were

negligible, and the difference between groups was not significant

(Figure 3). Compared with the control group, hypoxia stress, K.

mikimotoi stress alone and their combination led to a decrease in

SOD activity in the hepatopancreas of abalone after 6 h. Through

further statistical analysis, it was found that the CAT activity and

MDA content in the hepatopancreas of abalone were not

significantly affected by time, treatment or their interaction (p >

0.05) (Table 2). The SOD activity in the hepatopancreas of abalone

was significantly affected by time, and it was found by performing

Duncan multiple comparisons that the SOD activity was
A B

FIGURE 1

Survival of H. discus hannai in the seawater system (A) and in the K. mikimotoi system (B) under different DO contents.
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significantly inhibited by the combined stress of hypoxia and K.

mikimotoi (p< 0.05).

By tracking the oxidative stress indicators of abalone

hemolymph, it was found that with the extension of time, the

CAT activity in the group C, group K, and group H were relatively

stable. When the stresses of hypoxia and K. mikimotoi combined,

the CAT activity in the abalone hemolymph increased with time,

from 34.33 U/mgprot at the beginning to 70.46 U/mgprot at 24 h,

which was significantly different from that in the other three

groups (p< 0.05) (Figure 4). The SOD activity in the abalone

hemolymph was slightly lower within 12 h and then slightly

higher than that in the control with the hypoxia or K. mikimotoi

treatment alone, while it was higher than that in the control at all

time points due to the combined stress of hypoxia and K.

mikimotoi. Compared with the control group, in the three

experimental groups, the MDA content increased at 3 h, but the

MDA content in the abalone hemolymph in the group K and

group H decreased to the same level as the control at 6 h, while the

MDA content in the abalone hemolymph in group S remained at a

high level. Through Duncan multiple comparisons, it was found

that hypoxia or K. mikimotoi stress alone did not cause significant

changes in CAT activity, SOD activity or MDA content in the

abalone hemolymph, while their combination resulted in

insignificant increases in CAT and SOD activity and MDA

content in the abalone hemolymph (p< 0.05) (Table 3).
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The effects of K. mikimotoi on the oxygen
consumption rate of abalone

The oxygen consumption rates of the same individuals in the

seawater and the K. mikimotoi system indicated that K. mikimotoi

aggravated the consumption of DO in abalone (Figure 5). The

oxygen consumption of seawater itself was negligible, and due to

low illumination, 1 L of K. mikimotoi consumed 0.16 mg of DO

within 24 h (Table 4). Through calculation, it was found that the

average oxygen consumption rate of abalone in the seawater system

was 0.086 ± 0.016 mg/ind/h, and the average oxygen consumption

rate in the K. mikimotoi system was 0.103 ± 0.008 mg/ind/h, with an

increase of more than 20% compared with that in the seawater.
The effects of DO on hemolytic toxins

The results showed that in the control group with sufficient DO,

the hemolytic activity of K. mikimotoi was 6.64×10-6 HU/cell

(Figure 6). After hypoxia stress with DO contents of 3 mg/L, 2

mg/L, 1.5 mg/L and 1 mg/L for 2 h, the hemolytic activity of K.

mikimotoi increased significantly, reaching 7.12×10-6 HU/cell,

16.62×10-6 HU/cell, 25.65×10-6 HU/cell, and 31.35×10-6 HU/cell,

respectively. A DO content of 2 mg/L and below significantly

increased the hemolytic activity of K. mikimotoi (p< 0.05).
TABLE 1 Summary of two-way ANOVA testing the effects of the treatment and time on CAT and SOD activity and MDA content in the gills of H.
discus hannai (* represents a significant difference compared with the control, p< 0.05).

Sources df
CAT SOD MDA

F p F p F p

Time 7 13.756 0.000* 22.450 0.000* 1.434 0.229

Group 3 1.107 0.355 10.889 0.000* 2.114 0.111

Time*Group 21 0.284 0.995 1.866 0.052 0.560 0.890
B CA

FIGURE 2

Changes in the CAT activity (A), SOD activity (B) and MDA content (C) in the gills of H. discus hannai in different treatment groups. The solid line with
black squares represents the control group; the dotted line with blue circles represents the group with the K. mikimotoi treatment; the dotted line
with green triangles represents the group with the hypoxia treatment; the solid line with inverted triangle represents the group with both the
K. mikimotoi and the hypoxia treatments.
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Discussion

Hypoxia tolerance is quite different among species. Compared

to fish, shellfish are generally more tolerant to hypoxia, but because

of their limited ability to swim, their survival is threatened if the DO

content continues to decline. Most bivalves have a strong tolerance

to hypoxia. For example, studies have shown that the 20-day LC50

values of DO to Ruditapes philippinarum and Chlamys farreri are

0.57 mg/L and 1.8 mg/L, respectively (Li et al., 2019b; Li et al., 2020).

In this study, abalone is a marine gastropod that is widely

distributed. Studies have shown that gastropods also have a

certain tolerance to hypoxia because they are distributed in the

bottom environment, in which the DO levels are relatively low, or

live in the intertidal zone, in which exposure to air periodically

occurs (Vaquer-Sunyer and Duarte, 2008; Levin et al., 2009).

Samuel et al. (2019) investigated the effect of DO content on the

survival of H. fulgens, and the 24-h LC50 of DO content at 26°C was

0.23 ± 0.73 mg/L. Shen (2018) found that the 24-h LC50 of DO

content toH. discus hannai at 20°C was 0.80 mg/L. In this study, the

24-h LC50 of DO content in the seawater for abalone was 0.75 mg/L,

which was similar to the results of previous studies, indicating that

abalone itself has a certain tolerance to hypoxia. Algal blooms are

considered to be one of the main causes of marine hypoxia. A

hypoxic condition with a DO concentration at 2.2 mg/L was

observed in Donegal Bay due to a K. mikimotoi bloom (O’Boyle

et al., 2016), which was still within a tolerable range for abalone,
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suggesting that hypoxia alone is not the main cause of massive

abalone mortality in the field.

As a typical toxic alga, K. mikimotoi can produce hemolytic

toxins, fish toxins, cytotoxins, etc. A harmful algal bloom occurs

when the density of K. mikimotoi exceeds 106 cells/L. In recent

years, studies have found that the toxic effects of K. mikimotoi are

the strongest through the direct contact of intact K. mikimotoi cells

with organisms, and their toxicity depends on the strain (Li et al.,

2017; Yan et al., 2022). The algal strain used in this study was

isolated from the coast of Fujian. Relevant studies show that this

strain poses a certain threat to the survival of a variety of

zooplankton and fish, such as turbot Scophthalmus maximus and

marine medaka Oryzias melastigma (Li et al., 2017; Zhang et al.,

2022). Lin et al. (2016a) investigated the effect of the K. mikimotoi

Fujian strain on the survival ofH. discus hannai. The results showed

that at a density of 107 cells/L, K. mikimotoi caused the 48h survival

rate of H. discus hannai to be more than 80%. When the K.

mikimotoi density increased to 3×107 cells/L, the survival of H.

discus hannai decreased to 66.7%. In this study, under an

environment with sufficient DO, 3×107 cells/L K. mikimotoi did

not cause the death of juvenile H. discus hannai within 24 h. The

results of this study and previous studies showed that K. mikimotoi

had limited effects on the survival of H. discus hannai in the

short term.

Recent studies have found that when the DO content is

sufficient, the toxic effects of K. mikimotoi are relatively limited,
TABLE 2 Summary of two-way ANOVA testing the effects of the treatment and time on CAT and SOD activity and MDA content in the
hepatopancreas of H. discus hannai (* represents a significant difference compared with the control, p< 0.05).

Sources df
CAT SOD MDA

F p F p F p

Time 7 2.153 0.075 4.894 0.001* 1.440 0.227

Group 3 1.953 0.134 4.545 0.007* 1.660 0.188

Time*Group 21 0.376 0.979 1.105 0.377 0.705 0.767
B CA

FIGURE 3

Changes in the CAT activity (A), SOD activity (B) and MDA content (C) in the hepatopancreas of H. discus hannai in different treatment groups. The
solid line with black squares represents the control group; the dotted line with blue circles represents the group with the K. mikimotoi treatment; the
dotted line with green triangles represents the group with the hypoxia treatment; the solid line with inverted triangles represents the group with
both the K. mikimotoi and the hypoxia treatments.
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while under environments without aeration, K. mikimotoi could

cause the death of fish and shellfish even at their tolerant DO

content (Lin et al., 2016a; Li et al., 2019a). This indicates that the

hypoxic environment exacerbates the toxic effects of K. mikimotoi

on marine organisms. On the basis of previous studies, this study

further investigated the effects of K. mikimotoi under different

degrees of hypoxia on the survival of juvenile abalone by

accurately regulating the DO content in water. During the 24 h

experimental period, the stress of K. mikimotoi at a density of 3×106

cells/L alone did not cause the death of juvenile abalone, and the

same survival influence was found under hypoxia stress at a DO

content of 2 mg/L. When hypoxia and K. mikimotoi stress were

combined, however, the survival rate of juvenile abalone was

significantly reduced to less than 10%. This clearly shows that

hypoxia and K. mikimotoi have a synergistic effect on the survival of

juvenile abalone. Previous studies on the synergistic effects of

environmental factors on aquatic organisms have mostly focused

on substances such as heavy metals, organic pollutants, pesticides,

etc. (Goswami et al., 2014; Zou et al., 2017; Mandich, 2018; Pittura

et al., 2018; Tang et al., 2020; Zhang et al., 2021). In recent years, the

synergistic effect of typical toxic harmful algae and hypoxia has

attracted attention. For example, studies have shown that in

freshwater, the stress of hypoxia combined with Microcystis

aeruginosa caused more serious harm to the gills, stomach,

intestine and crystal rod of Hyriopsis cumingii than that of a

single stress (Hu et al., 2016; Wu et al., 2017). Karenia brevis

reduced the survival rate of stone crabs by 7.2% in an environment
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with sufficient DO, while K. brevis reduced the 24-h survival rate of

stone crabs by 43% in a hypoxic environment, and the stone crabs

exhibited obvious hysteresis behavior at the same time (Gravinese

et al., 2020). This shows that the synergistic effects of a hypoxic

environment and toxic algae may be an important disaster-causing

mechanism of typical toxic HABs and is worthy of more research.

All aerobic organisms have antioxidant defense systems to

prevent the production of excess reactive oxygen species (ROS),

and changes in oxidative stress indicators can reflect the response

of organisms to environmental stress. This system consists of

enzymes that can be induced by oxidative stress, including SOD

and CAT. SOD can remove excess free radicals so that the generation

and elimination of free radicals are in a dynamic balance, thereby

preventing the damage of free radicals to the organism. CAT can

quickly remove the toxic H2O2 produced by cell metabolism. MDA is

a product of lipid peroxidation. Therefore, changes in SOD and CAT

activity and MDA content in organisms are regarded as antioxidative

responses to environmental changes. The individual and synergistic

effects of hypoxia and K. mikimotoi on the gills, hepatopancreas, and

hemolymph of juvenile abalone, which are the main organs and

tissues involved in respiration, detoxification and immunity, were

also investigated in this study. Although the gills, hepatopancreas,

and hemolymph are regarded as organs and tissues in abalone that

are sensitive to environmental stress, their antioxidant responses to

hypoxia stress, K. mikimotoi stress, and both of these stresses

combined were quite different. Little response was observed with

the hepatopancreas and gill tissues to the experimental treatment, and
TABLE 3 Summary of two-way ANOVA testing the effects of the treatment and time on CAT and SOD activity and MDA content in the hemolymph of
H. discus hannai (* represents a significant difference compared with the control, p< 0.05).

Sources df
CAT SOD MDA

F p F p F p

Time 7 3.149 0.015* 3.385 0.026* 6.569 0.000*

Group 3 14.392 0.000* 2.782 0.050* 2.807 0.049*

Time*Group 21 1.297 0.241 2.005 0.064 0.778 0.694
B CA

FIGURE 4

Changes in the CAT activity (A), SOD activity (B) and MDA contents (C) in the hemolymph of H. discus hannai in different treatment groups. The solid
line with black squares represents the control group; the dotted line with blue circles represents the group with the K. mikimotoi treatment; the
dotted line with green triangles represents the group with the hypoxia treatment; the solid line with inverted triangles represents the group with
both the K. mikimotoi and the hypoxia treatments.
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only the SOD activity of the gills was significantly changed due to K.

mikimotoi stress. Previous studies have found that K. mikimotoi can

cause damage to the gills of marine medaka, salmon and other fish

(Mitchell and Rodger, 2007; Zhang et al., 2022). In other studies, it
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was also observed that K. mikimotoi at a density of 107 cells/L had

adverse effects on the microstructure and SOD and CAT activities of

abalone gills (Lin et al., 2016b), which indicates that the hemolytic

toxins of K. mikimotoi cause certain oxidative harm to the respiratory

system of abalone. In this study, compared with the gills and

hepatopancreas, the hemolymph of abalone was more sensitive to

the treatment, especially the synergistic stress of hypoxia and K.

mikimotoi. Abalone relies on innate immunity, and hemolymph is

the main tissue of its immunity, which may be responsible for its

sensitivity to environmental stress (Shen et al., 2019). In general,

except for SOD activity in the gills of juvenile abalone, no other

oxidative stress indicators were found to be significantly different

from those of the control after treatment with hypoxia stress or K.

mikimotoi stress alone. When the stresses of hypoxia and K.

mikimotoi were combined, their synergistic stress caused significant

decrease of the SOD activity in the gills and hepatopancreas of

juvenile abalone. Moreover, the stress of hypoxia combined with K.

mikimotoi affected all the oxidative stress indicators in the

hemolymph. The activities of SOD and CAT were significantly

enhanced, and the MDA content was significantly increased,

showing a top-down oxidative damage process. That is, the large

generation of ROS caused the elevation of SOD activity and the

accumulation of H2O2, and excess H2O2 further resulted in an

increase in CAT activity and MDA content (Figure 7). The related

results of oxidative stress indicators further demonstrated that the
TABLE 4 Oxygen consumption rates in different systems.

Item
Oxygen consumption rate (OCR)

Average
Group 1 Group 2

Seawater 0.000 (mg/h)

K. mikimotoi 0.007 (mg/h)

Abalone in seawater 0.074 (mg/ind/h) 0.097(mg/ind/h) 0.086 ± 0.016 (mg/ind/h)

Abalone in K. mikimotoi 0.097(mg/ind/h) 0.109(mg/ind/h) 0.103 ± 0.008(mg/ind/h)

Increase in OCR 31.08% 12.37% 20.47%
BA

FIGURE 5

DO consumption of H. discus hannai in the seawater and K. mikimotoi treatment groups in group (A) and group (B) The black square and the red
dot represent the DO value in the seawater and the K. mikimotoi culture, respectively.
FIGURE 6

Hemolytic activity of K. mikimotoi under different DO conditions
(* represents a significant difference compared with the control,
p< 0.05).
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synergistic effect of hypoxia and K. mikimotoi causes serious harm to

the immune system of abalone, resulting in the antioxidant system

disorder, indicating that the abalone suffered obvious

oxidative damage.

To analyze the enhanced pathway of hypoxia and K. mikimotoi

synergistic toxicity, this study further focused on the interaction

between K. mikimotoi toxicity and DO content. First, it was found

that K. mikimotoi could affect the oxygen consumption rate of

abalone. Ahmed et al. (2008) estimated that the oxygen

consumption rates of H. discus discus, H. gigantea, H. madaka

and their hybrids (more than 2 g) were 0.030-0.040 mL/g/h, which

equals 0.086-0.114 mg/ind/h. The abalone used in this study was H.

discus hannai weighed less than 2 g. Considering that the oxygen

consumption rate increases with the increase in abalone body

weight and varies by species, it is reasonable that the oxygen

consumption rate in this study was at 0.086 mg/ind/h on average.

Generally, the oxygen consumption rate value ofH. discus hannai in

seawater in this study is consistent with the record in the literature

(Ahmed et al., 2008). When K. mikimotoi exists, its toxicity could

directly damage the gill tissues of fish and shellfish, which may

reduce the rate of oxygen utilization by the organism. To maintain

normal metabolism, this reduction in rate can be compensated by

more consumption. In addition, studies have shown that when

organisms are affected by toxic substances such as heavy metals and

organic compounds, their respiratory metabolism increases for

detoxification (Engel and Fowler, 1979; Unkiewicz-Winiarczyk

and Gromysz-Kałkowska, 2012). It is necessary for abalone to

participate in more physiological metabolic activities that are

related to detoxification, and these activities result in higher

consumption of DO.
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In addition, in the present study, hypoxia promoted the

hemolytic toxicity of K. mikimotoi, which made the situation for

the abalone even worse. Due to the mysterious composition of the

hemolytic toxin in K. mikimotoi, the toxicity level of K. mikimotoi is

usually represented in terms of hemolytic activity. Hemolytic

activity is an indicator that can reflect individual cell toxicity and

therefore unrelated to algal density. Some studies suggest that toxins

are an environmental deterrent that are produced by algal cells;

when environmental conditions are unfavorable, algal toxins

increase for defense purposes. A large number of studies have

shown that a lack of nutrients, such as nitrate and phosphate, as well

as the discomfort of light, temperature, pH, etc., can significantly

increase toxic algal toxins (Indrasena and Gill, 2000; Wang and

Hsieh, 2002; Murata et al., 2006). However, there is still a lack of

research on the effects of DO on algal toxins. Although algal cells

can generate oxygen through photosynthesis, components for their

respiration and metabolism still need to be provided by the external

environment, especially under limited light conditions. This means

that DO content may be a limiting environmental factor. Based on

the results, it is speculated that when the DO content is insufficient,

algal cells may be directly stimulated by hypoxia to increase

toxin production.
Conclusions

This study confirmed that hypoxia and K. mikimotoi caused

strong synergistic effects on typical organisms. The synergistic

effects of hypoxia and K. mikimotoi could significantly decrease

SOD activity in gill tissue and hepatopancreas of abalone.
FIGURE 7

Overall schematic figure of the effects of hypoxia (H), K. mikimotoi (K) and their synergy (S) on SOD activity, CAT activity and MDA content after24 h
of exposure in juvenile abalone. Blue, green and red colors in the box represent no significant change, a significant decrease and a significant
increase, respectively.
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Compared with the gill and hepatopancreas, the hemolymph of the

abalone was more sensitive to the synergistic stress of hypoxia and

K. mikimotoi. The SOD and CAT activity and the MDA content in

the hemolymph of the abalone were significantly enhanced,

indicating that abalone suffered strong oxidative damage. Further

investigation regarding the reason for their synergistic activity

showed that K. mikimotoi promoted the oxygen consumption rate

of juvenile abalone, and hypoxia led to a significant increase in the

hemolytic activity of K. mikimotoi; these activities may be the

essential causes for the synergistic enhancement effects of K.

mikimotoi combined with hypoxia.
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