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For the abalone Haliotis discus hannai, attachment and metamorphosis are crucial
stages in the transition from planktonic to benthic life. Increasing the larval
metamorphosis rate by artificially controlling the external environment and simulating
natural seawater flow is vital to enhance the hatchery efficiency of H. discus hannai.
Thus, in the current study, an upflow recirculating aquaculture unit was designed for the
rearing of larval abalone, and the larval hatching rate, survival rate, mode of energy
metabolism, and expression levels of metamorphosis-related genes at different flow
velocities (0, 5, 10, 20, and 40 L/h) were compared and analyzed. At flow velocities
less than 20 L/h, no significant differences occurred in larval hatching, survival, and
metamorphosis rates, whereas significant differences were recorded at flow rates of
20 and 40 L/h. Differences were also observed in the activity of enzymes, such
as hexokinase (HK), pyruvate kinase (PK), lactate dehydrogenase (LDH), succinate
dehydrogenase (SDH), and malate dehydrogenase (MDH), as well as glycogen levels,
at the higher flow rates. These results suggested that velocity in excess of a certain
limit leads to a higher glycolysis rate and transition of energy utilization from aerobic
to anaerobic metabolism for the abalone larvae. Compared with conventional still-water
aquacultural systems, the flow velocity at 5-10 L/h could maintain the water environment
stability, and avoid both fertilized eggs from being densely deposited before hatching
and the consumption of energy needed to resist high flow velocities. Thus, these results
are useful references to enhance the hatchery efficiency, and to conduct large-scale
rearing, of abalone larvae.
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INTRODUCTION

Haliotis discus hannai is one of the most important mariculture
shellfish species in China. In 2019, abalone aquaculture
production reached 180,300 tons, accounting for 90% of the
total production worldwide (China Bureau of Fisheries, 2021).
However, there are still many concerns and problems associated
with abalone farming and artificial reproduction. For example,
the low larval metamorphosis rate constrains the efficient
and large-scale development of the abalone-rearing industry.
Generally, the sperm and eggs are collected and placed directly
in a small container (5 L) for artificial fertilization. Fertilized eggs
are then directly transferred to the rearing pond for subsequent
rearing. However, this rearing method is likely to lead to high-
density accumulation and adhesion of fertilized eggs in a specific
part of the pond, while dead eggs and decomposition products
pollute the water and affect the larval survival rate. Thus, the
postlarval metamorphosis rate is often less than 5% under this
rearing mode in southern China, which is less than the flow-
through rearing system used in northern China (Wu and Zhang,
2016). Therefore, it is necessary to develop a new system to
improve the survival and metamorphosis rate of larvae.

Energy storage and release are essential activities in all
organisms, and enzymes catalyze the metabolic reactions
involved in these processes (Natalia et al, 2004). Such
enzymes can, to a certain extent, regulate energy production in
invertebrates. The activity of key energy metabolism enzymes
in this pathway is crucial to the amount of energy generated
(Friedrich, 1998). Respiratory metabolism is a crucial part
of bioenergy metabolism, which can reflect the metabolic
characteristics, physiological conditions, and nutritional status
of the animal and its adaptability to its external environment.
It is also considered an important field in aquatic bioenergetics
and nutritional physiology research (Bao et al., 2018). Under
anoxic conditions, aerobic metabolism of the fish Astronotus
crassipinnis is inhibited and the activity of lactate dehydrogenase
(LDH) continuously increases with the extension of anoxia
(Heinrichs-Caldas et al, 2019). Similarly, when the shrimp
Litopenaeus vannamei was exposed to hypoxic (1.57 & 0.2 mg/L)
conditions, the expression levels of LDH in glycolysis and
phosphoenolpyruvate carboxylase in the gluconeogenic pathway
increased (Reyes-Ramos et al, 2018); whereas, after 4 h of
chasing prey, the activity of pyruvate kinase in the liver of
rainbow trout was decreased (Lopez-Patifio et al., 2014). Ivanina
et al. (2011) found that the eastern oyster Crassostrea virginica
had a higher free glycogen content and significantly enhanced
hexokinase activity under hypoxic stress compared with control
animals. Gao et al. (2017) considered that a decrease in salinity
would lead to the enhanced activity of energy-metabolizing
enzymes (i.e., hexokinase and pyruvate kinase) in the liver
of the abalone H. discus hannai, suggesting that an increase
in glycolysis rate would increase the energy needs of the
body in a response to drastic changes in salinity. For marine
invertebrates, energy reserves in the embryonic and larval stages
are generally not enough to fulfill the total energy metabolism
needs during metamorphism (Shilling and Manahan, 1990).

Especially for lecithotrophic larval abalone, which depend on
egg yolk nutrients, a longer planktonic period will exhaust the
nutrients in the egg yolk, reducing the survival and growth
rates of the juveniles (Maldonado and Young, 1999; Marshall
et al., 2003; Thiyagarajan et al.,, 2007). The metabolic rate of
Balanus balanoides increased during metamorphosis, but the
protein and lipids as energy storage substances significantly
reduced (Lucas et al., 1979). When metamorphosing, bivalve
mollusks can directly absorb amino acids dissolved in seawater
(Manahan and Crisp, 1983). The energy needs of Haliotis
rufescens during larval metamorphosis are met by nutrients
from its surroundings (e.g., dissolved organic material), but the
oxygen consumption rate and glucose and alanine contents of
larvae significantly increase during this process (Shilling et al.,
1996). Thus, detection of the variation in energy metabolism
enzyme activity can indicate the ability of the body to adapt to
environmental change.

Larval metamorphosis of most marine invertebrate, which
is an irreversible process and accompanied by high mortality,
is triggered by external factors (Williamson et al, 2000). If
environmental factors (e.g., temperature or salinity) change,
the regulatory mechanism of the invertebrate neuroendocrine
system would secrete hormones triggered by the stress response,
leading to a series of physiological and biochemical reactions,
including metabolism of principal energy substances, immunity,
and respiration (Dong et al, 2017). In the short-wavelength
blue/green light and dark environments, larval hatching rate
and survival rate of H. discus hannai were significantly higher
than in the long-wavelength red/orange group, suggesting that
more energy accumulated during metamorphosis in blue/green
light and dark environments (Gao et al, 2017). Wang et al.
(2016) found that the expression levels of IGFBP7 began to rise
rapidly during the early trochophore stage and peaked during
the metamorphosis stage. Given that IGFBP7 was subject to
RNA interference (RNAi), the larval metamorphosis rate in the
group subject to RNAi was significantly reduced by 31.81%
compared with the untreated group, suggesting that IGFBP7
has a role in larval metamorphosis in H. diversicolor. The
addition of adrenaline (AD) and noradrenaline (NA) within
a concentration range of 10-100 WM significantly increased
the larval metamorphosis rate of Meretrix meretrix; thus, the
change in hormone and gene expression level could be used
as an indicator to anticipate the initiation of metamorphosis
(Wang et al., 2006).

In the current study, a new abalone larval upflow recirculating
aquaculture system was constructed. The running seawater flow
conditions for larval development were simulated by different
velocities, during which water quality, energy metabolic enzyme
activity, the concentration of energy-related substances (ie.,
protein, glycogen, and triglyceride) and the expression levels
of metamorphosis-related genes were evaluated to screen out
appropriate velocities facilitating the hatching, survival and
attachment metamorphosis of abalone larvae. The study provides
a reference for enriching our basic biological understanding
of abalone larval development and for improving the rearing
efficiency of the abalone industry.
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MATERIALS AND METHODS

Source and Acclimation of Experimental

Abalones

The experiment was carried out at Fuda Abalone Farming
Company (Jinjiang, Fujian). For adult abalones used in the
experiment, the shell length was 75.15 £ 6.17 mm, shell width
was 50.33 + 5.85 mm, and body weight was 63.22 + 5.01 g.
Female and male abalones selected for the study had intact
shells and feet, with gonadal development at Stage III (Ebert and
Houk, 1984). During their acclimation, the water temperature
was 19°C, salinity was 31 & 1, pH was 7.9, and dissolved oxygen
concentration was >6 mg/L, under a natural light/dark cycle. The
abalones were fed with Gracilaria lemaneiformis daily at 17:00 h,
at an amount that was 3% of the wet weight of the abalones.

Induced Egg-Laying

The female:male ratio of the abalones for induced egg-laying
was 10:4. In the evening, the brood stocks were selected, dried
in the shade for 1 h, and then male and female abalones were
separately put in ultraviolet (UV)-radiated seawater (220 V,
40 W, 500 mWh™1!). Once the parent abalones laid sperm and
eggs, artificial insemination was then performed. To shield the
developing embryos from any adverse effect from the overly high
concentration of sperm, eggs were washed repeatedly to remove
excessive sperm, resulting in eight to ten sperm around one egg,
as viewed under a field microscope.

Experimental Unit

Four sets of conical recirculating aquaculture systems were
used as the experimental unit (Figure 1). Each unit comprised
the aquaculture system and the water treatment system. Water
flowed in at the bottom of each system, which comprised five
transparent conical aquaculture containers (7.5 L), flowmeters,
inlet pipes, venturis, one-way valves, valves, filter drums, and
drain pipes; the water treatment system comprised a filter tank,
filter partition, water pump, UV disinfection lamp, aeration disk,
thermostat, and air pump. At the bottom of the filter partition,
a layer of ceramic rings and pelelith formed the first layer
of filtering material, on which a layer of biochemical cottons
with different pore diameters were laid. The aeration disk and
thermostat were placed at the bottom of the filter tank. The water
for rearing was first passed through the filters, exposed to a UV
disinfection lamp, and then returned to each conical container
from the base. Before the pump was turned on, all water valves
and drain valves on the bottom of the containers were closed and
then opened once the pump started running. The flow velocity
was controlled by a flowmeter, 1 water outlet (¢ 2 cm, 10 cm
from the tip of the cylinder) was placed on the cylindrical side
wall of each conical container, a circular filter drum (¢ 13 cm,
thickness: 3 cm, with a 100-mesh screen adhered to each side)
was joined to the outlet pipe so that larvae would not flow out
with the water. An outfall was further placed at the bottom of
the container. After the experiment, the valves were opened and
the larvae that were about to enter the metamorphosis stage were
collected with screens.

Experimental Design

Four velocity treatment groups (5, 10, 20, and 40 L/h) were
designed for the experiment, whereas a still-water group (0 L/h)
in the same recirculating water aquaculture system was used
as the control. Once the experiment started, fertilized eggs
were taken and transferred to the different velocity groups at
a set density of 10 ind/ml; each group had four replicates. In
the still-water group, no aeration was provided until larvae
developed to the trochophore stage, at which point slight
aeration was provided. Before the fertilized eggs developed into
trochophores, the larval hatching rate, abnormality rate, and
density were recorded in each group. Any larvae found with
incomplete cilia, egg-shell damage, mulberry cells bulging into
irregular shapes, or developmental retardation were considered
to be deformed (Zhou et al, 2011). The development of
embryos and larvae was observed under a microscope (Olympus
CX22, Japan). When the larvae had developed into the
secondary shell stage, their sizes were measured using a stage
micrometer. Before each random sampling, the water was
stirred lightly with a glass rod so that the larvae were evenly
distributed. Then, 30 larvae were sampled from each group
for measurement. If the fourth tubule on cephalic tentacles
was observed, this indicated that the larva was about to
enter the metamorphose stage. Water samples were randomly
taken four times in each container, and the density of larvae
in each group was counted for calculation of the survival
rate; all larvae in each group were then collected using a
filtering screen.

Throughout the experiment, the water temperature, salinity,
pH, and dissolved oxygen concentration in each group was
measured by using a YSI-556MPS portable multiparameter
water quality measuring instrument (Yellow Springs Instruments
Inc., OH, United States). After larvae were collected, the
water was sampled to determine the TAN, NO;-N, and NOs3-
N concentrations. Each group was sampled three times and
the concentrations were determined by SEAL Analytical-AA3
(Germany SEAL Analytical GmbH, Norderstedt, Germany). In
the 0 L/h group, trochophores were collected with screens once
they floated. The screens were used to remove all dead eggs and
exchange water, with fresh water replenished into the rearing
container. Before larval metamorphosis, aeration was provided
continuously, but no water was exchanged.

Subsequently, the larvae collected from each group were
transferred to glass containers of the same size (¢ 15 cm, height:
8 cm) at a set density of 1 ind/ml, and polythene membranes
(80 mm x 80 mm) with benthic diatoms were fixed to the bottom
of each container. In the absence of planktonic larvae from the
water, a section of polythene membranes (20 mm X 20 mm)
was randomly cut, and the settlement and metamorphosis rate
of larvae were determined. Before larval metamorphosis, a low
level of aeration was applied, to the extent that the dissolved
oxygen concentration was not less than 6 mg/L. The cut section
was then fixed in a 4% formaldehyde solution and placed under
a 4 x 10 magnification microscope; 30 larvae were measured
with reference to a stage micrometer, and the metamorphosis
rate, size of settlement and metamorphosis, and the time required
for completion of metamorphosis were determined. Successful
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FIGURE 1 | Experimental RAS configuration: (1) inlet pipe; (2) ultraviolet disinfection lamp; (3) flow meter; (4) venturis; (5) one-way valves; (6) valves; (7) transparent
cone container; (8) filter drums; (9) drain pipe; (10) filter tank; (11) filter partition; (12) water pump; (13) aeration disk; (14) thermostat; (15) air pump; (16) outfall.

metamorphosis of larvae was identified with reference to Vicose
et al. (2007). The remaining larvae collected were transferred to
a centrifuge tube, immediately stored in liquid nitrogen, until
being used to assess larval biochemical composition, metabolic
enzyme activity, and metamorphosis-related gene expression
levels. The water used during the experiment was also subject to
precipitation and sand filtration and had the same salinity and pH
as during the acclimation period; the TAN concentration was no
higher than 0.1 mg/L. During the experiment, the surrounding
air temperature was maintained at 20°C using an air conditioner.

Assessing the Biochemical Composition

of Larvae

The biochemical components of larvae were determined using
a test kit supplied by the Jiancheng Institute of Bioengineering.
Briefly, 0.1 g of larvae were placed in a test tube, to which 1 mL
0.86% normal saline was added; the tube was then transferred to
an ice bath for grinding. After dipping with Coomassie Brilliant
Blue, the solution turned blue, and the protein concentration
of the specimen was calculated by detecting the absorbance
at 595 nm. The method proposed by Gao et al. (2016) was
used to determine the lactic acid content of the larvae. Briefly,
with NAD" as the hydrogen acceptor, LDH catalyzes the
dehydrogenation of lactate to produce pyruvate, turning NAD*
into NADH. PMS transferred hydrogen to reduce NBT to a
purple color, and the absorbance of the color material was linearly
related to the lactic acid content at 530 nm; the lactic acid content
was calculated by detecting the absorbance with ELISA.

To determine the triglyceride (TG) content, a homogenate was
prepared with isotonic buffer solution at a ratio of 1:9 (weight:
volume) using the GPO-PAP method and centrifuged at 2500 x g
for 10 min. Then, 10% homogenate was taken as the supernatant
and the TG content was calculated by detecting the absorbance at
510 nm with ELISA.

Creatine kinase catalyzes ATP and creatine to generate
creatine phosphate. The ATP content was determined using
phosphomolybdic acid colorimetry, and calculated by detecting
the absorbance at 636 nm with ELISA.

Glycogen can be dehydrated under the action of concentrated
sulfuric acid to produce aldehyde derivatives, and then reacted
with anthrone to form a blue compound; thus, colorimetry was
performed with the standard glucose solution treated in the same
manner as described earlier. The larvae were taken at a specimen
weight (mg): hydrolyzate volume ()LL) of 1:3, added to a test tube,
then boiled in a water bath for 20 min. The sample was then
cooled, a Color-substrate solution was added and the test tube
then was further boiled for 5 min. After cooling, the glycogen
content was calculated by detecting the absorbance at 620 nm.

Assay of Larval Metabolic Enzyme
Activity
The HK, PK, SDH, MDH, and LDH content was also determined
using a test kit supplied by Jiancheng Institute of Bioengineering.
To do so, 0.1 g larvae were placed in test tube and 1 mL
homogenous medium (pH 7.4, 0.01 mol/L Tris-HCI, 1 mmol/L
EDTA-2Na, 0.01 mol/L sucrose, 0.8% sodium chloride solution)
was added; the tube was then centrifuged at 10,000 x g for 30 s.
HK catalyzes glucose to synthesize glucose-6-phosphate, the
dehydrogenation of which is further catalyzed by glucose 6-
phosphate dehydrogenase to NADPH. The activity of HK was
calculated by detecting the special absorption peak of NADPH
at 340 nm using a UV spectrophotometer. At 37°C and pH 7.6,
an enzyme activity unit was defined as 1 pwmol PEP converted
by 1 g tissue protein into pyruvate per minute; the activity of
PK was then calculated by detecting the absorbance at 340 nm
using a UV spectrophotometer. The activity of SDH was defined
as 1 specific activity unit that reduced the absorbance of the
reaction system by 0.01 per mg protein per minute. The activity
of SDH was calculated by detecting the reducing rate of 2,6-
DPIP at 600 nm using a visible light spectrophotometer. The
MDH-catalyzed redox reaction was accompanied by reduced
absorbance at 340 nm. The activity of MDH was calculated
by detecting the change in absorbance per minute using a UV
spectrophotometer. After LDH catalyzes the conversion of lactic
acid to pyruvate, pyruvate reacts with 2,4-dinitrophenylhydrazin
to produce pyruvate dinitrophenylhydrazone (which appears
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brownish red in alkaline solution); the activity of LDH can
then be calculated by detecting the absorbance at 440 nm
(Gao et al., 2016).

Gene Expression Analysis

The larvae that settled and metamorphosed were collected using
a screen and then ground in a mortar with liquid nitrogen. RNA
was extracted with TRIzol (Invitrogen, United States) and reverse
transcription was performed by using the PrimeScript™ RT
Reagent Kit with gDNA Eraser (Takara, Japan). Three replicates
samples were mixed and diluted five times, and then used as
the template for real-time fluorescent quantitative PCR using the
following reaction system: 5 x gDNA Eraser Buffer 5 uL; gDNA
Eraser 1 pL; total RNA 500 ng; RNase Free dH,O added up to
10 pL; at 42°C for 2 min; PrimeScriptRT Enzyme Mix I 1 pL,
RT Primer Mix 4 pL, 5 x PrimeScript Buffer 4 pL, RNase Free
dH,0 1 uL were then added to the above reaction liquid at 37°C
for 15 min, 85°C at 5 s, and then kept at 4°C and diluted five
times before use.

The primers for fluorescence quantification were designed
according to the ORF region of insulin-like growth factor
binding protein 7 (IGFBP7) and a2- Adrenoceptor (a2ADR); the
sequence of each primer is given in Table 1. The reaction system
had a volume of 20 pL, comprising 2 x TB Green TM Premix
Ex Taq TM (Takara, Japan) 10 wL; forward primer (10 pM)
0.6 WL, reverse primer (10 wM) 0.6 wL, cDNA template 1.6 pL,
and dH,O 7.2 pL. The samples were mixed in a PCR tube for
amplification, under the following reaction conditions: initial
denaturation at 94°C for 30 s; under the cycling conditions: 94°C
for 5, 60°C for 30 s, with 40 cycles in total; the dissolution curve
was analyzed at the end of the experiment. For individual RNA
samples and genes, all PCR analyses were set with three replicates.
The target gene mRNA level was calibrated by using the real-
time PCR Ct (272 A €Y relative quantitative method, with the
reference gene B-actin treated as the quantitative standard.

Outcome Calculations
Outcomes were calculated as follows:

Hatching rate = (number of trochophore larvae within the
field of view/total number of fertilized eggs within the field of
view) x 100%.

Abnormality rate = (number of deformed embryos within the
field of view/total number of fertilized eggs within the field of
view) x 100%.

TABLE 1 | Oligonucleotide primers used in gRT-PCR.

Gene  Sequence (5'-3') Efficiency Size References
(%) (bp)
IGFBP7 F: CCCTTGCACCAGGCTTAGCCT 99.26 173 MT345605.1
R: GAACTCCTCCCAATTCCCG
a2ADR  F: CCGCTTTCTTAGTCCCGCA 101.75 193 MZz359214
R: GAACCGGTAACCGTCTTCCGTTA
B-Actin  F: CCACTTGGTCCATTTCG 100.46 162  MW387000

R: GGACTGGATTTCCGGCCA

IGFBP?, insulin-like growth factor binding protein 7; «2ADR, a2- Adrenoceptor;
Forward primer; R, Reverse primer.

Survival rate = (total number of trochophores/number of
larvae about to enter the metamorphosis stage).

Settlement and metamorphosis rate = (number of juvenile
abalones on polythene membranes/number of planktonic
larvae) x 100%.

Statistical Analysis

Data were expressed as the mean =+ standard deviation.
Logarithmic transformation was performed on data relating to
hatching rate, abnormality rate, metamorphosis rate, and survival
rate, to the extent that the homogeneity test of variance and
the standard normal distribution were satisfied. Comparative
analysis of the effects of flow velocity on the larval hatching rate,
survival, biochemical composition, and metamorphosis-related
gene expression levels was performed using SPSS18.0 coupled
with one-way ANOVA and Tukey multiple comparisons, with
P < 0.05 being significant.

RESULTS
Water Quality Monitoring

Under different flow velocities, there was no significant difference
in the temperature, dissolved oxygen concentration, salinity,
pH, and NOs3-N concentration of the water body (Table 2).
In the control group, the TAN-N and NO,-N concentrations
were significantly higher than in any other velocity group
(P < 0.05). By contrast, there was no significant difference in the
concentrations of TAN-N and NO,-N among the velocity groups
(P> 0.05).

Hatching and Abnormality Rates

The larval hatching rate varied significantly under different
velocities. No significant difference was identified in larval
hatching rate between the 0, 5, and 10 L/h groups, but each was
significantly higher than that in the 40 L/h group (Figure 2A,
P < 0.05). The larval abnormality rate tended to increase as the
flow velocity increased (Figure 2B). At 20 L/h, even though the
larval abnormality rate was significantly higher than that in the
0, 5, or 10 L/h groups, it was significantly lower than that in the
40 L/h group (P < 0.05).

Survival Rate and Metamorphosis Rate
Velocity had significant effects on the larval survival and
metamorphosis rates. When the flow velocity increased to 40 L/h,
the larval survival rate and metamorphosis rate were significantly
lower than in the 0, 5 and 10 L/h groups (Figures 2C,D, P < 0.05).
Even though no significant difference was identified in the larval
survival rate and metamorphosis rate between the 0, 5 and 10 L/h
groups, each was significantly higher than that in the 20 L/h group
(P < 0.05).

Larval Size

No significant difference was identified in larval sizes at the
formation of the secondary shell stage among the 0, 5, 10,
and 20 L/h groups, whereas larval sizes in 5, 10 L/h group
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TABLE 2 | Effects of flow velocity on water quality parameters based on one-way ANOVA.

Flow velocity (L/h)

Water quality parameters

Temperature (°C) Salinity pH DO (mg/L) TAN-N (mg/L) NO,-N (mg/L) NO3-N (mg/L)
0 18.08 £ 0.12 31.28 +1.98 7.81+0.17 6.51 + 0.38 0.037 £ 0.0162 0.005 + 0.0012 0.982 + 0.064
5 17.98 +£0.10 30.71 +£2.03 7.75+0.12 6.58 + 0.49 0.025 + 0.009° 0.003 + 0.001° 0.965 + 0.082
10 17.84 £ 0.31 30.09 + 1.64 7.79+0.25 6.54 + 0.57 0.022 +0.015P 0.002 + 0.002° 0.953 + 0.051
20 18.02 £ 0.27 31.25 +£1.47 7.75 £ 0.20 6.61 4+ 0.44 0.020 + 0.013° 0.002 + 0.001P 0.965 + 0.068
40 18.05 £ 0.22 31.16 £2.15 7.80 + 0.24 6.68 + 0.27 0.019 + 0.011° 0.002 + 0.001° 0.977 + 0.032

Data are represented as mean + SD (n = 4). Different superscripted lowercase letters within the same column indicate significant differences between flow velocities

(P < 0.05).
DO, dissolved oxygen; TAN-N, total nitrogen; NOo-N, nitrite nitrogen; NOz-N, nitrate nitrogen.
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FIGURE 2 | Effects of flow velocity on the hatching rate (A), abnormality rate (B), survival rate (C), and metamorphosis rate (D) of Pacific abalone H. discus hannai
larvae. Values are means and standard deviation of four replicates (means + SD; n = 4). Significant variations were found by one-way analysis of variance, P < 0.05,
followed by Tukey test. Different letters denote significant differences between flow velocities.

were significantly smaller than in the 40 L/h group (Table 3,
P < 0.05). The size at metamorphosis varied significantly at
different velocities. Larval size in the 20 and 40 L/h groups was
significantly higher than in any other group (P < 0.05). The
time required for the larval metamorphosis in the 5 and 10 L/h
groups was significantly shorter than in any other flow velocity
group (P < 0.05). The time required for larval metamorphosis
was longest in the 40 L/h group, but was not significantly different
from that in the 20 L/h group (P > 0.05).

Biochemical Composition
No significant differences were identified in larval protein content
among the velocity groups (Table 4, P > 0.05). The larval TG

content in the 5 and 10 L/h groups was significantly higher
than in any other group (P < 0.05), being lowest in the 20 L/h
group. Velocity had significant effects on the larval lactic acid
content. No significant difference was identified in larval lactic
acid content among the 0, 5, and 10 L/h groups, but each was
significantly lower than in the 40 L/h group (P < 0.05). The larval
ATP content also increased with flow velocity, with the 5 L/h
group having the lowest ATP content, whereas the ATP content
in the 40 L/h group was significantly higher than in the 0, 5, and
10 L/h groups (P < 0.05). No significant difference was identified
in larval glycogen content in the 0, 5, 10, or 20 L/h groups, but
was significantly reduced when the velocity increased to 40 L/h
(P < 0.05).
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TABLE 3 | Performance of H. discus hannai larvae from completion of larvae shell to metamorphosis according to flow velocities.

Flow velocity (L/h) Completion of larvae shell (shell Metamorphosis size (shell Metamorphosis time
length x shell width, pm) length x shell width, pm) (h)

0 261.11 + 4.34 x 206.65 + 5.98%° 381.49 + 4.86 x 269.57 + 6.43° 28.57 +0.73°

5 255.33 =+ 4.92 x 203.75 + 6.67° 372.51 4 6.61 x 260.54 + 7.79P 10.92 + 0.41°

10 251.69 + 6.05 x 201.67 + 5.01P 375.30 + 8.97 x 262.13 + 4.39° 22.46 + 0.33°

20 266.75 + 7.36 x 208.77 + 7.59%° 405.41 £ 5.55 x 287.17 4+ 8.392 33.79 4+ 0.292

40 272.58 £ 4.98 x 214.02 4+ 6.152 410.56 + 8.02 x 291.05 + 5.082 36.85 + 0.622

Data are represented as mean + SD (n = 4). Different superscripted lowercase letters within the same column indicate significant differences between flow velocities

(P < 0.05).

TABLE 4 | Biochemical content of H. discus hannai larvae, reared under different flow velocities.

Variable Flow velocity

OL/h 5L/h 10 L/h 20 L/h 40 L/h
Protein content (g/L) 0.98 4+ 0.052 1.06 + 0.052 1.01 +0.082 0.97 +0.072 1.04 +0.072
Lactic acid content (mmol/g prot) 0.076 + 0.008° 0.072 + 0.006° 0.078 + 0.006° 0.089 + 0.0072P 0.107 + 0.0102
Triglyceride (mmol/g prot) 0.83 + 0.04° 0.90 4+ 0.072 0.88 4 0.052 0.69 + 0.07° 0.80 + 0.02°
ATP (umol/g prot) 229.38 + 9.62° 192.07 + 7.33° 199.44 + 7.06° 263.56 + 8.652 277.05 + 5.932
Glycogen (mg/g) 1.22 +0.042 1.13 +0.082 1.25 +0.022 117 +£0.042 0.83 + 0.06°

Data are represented as mean + SD (n = 4). Different superscripted lowercase letters within the same row indicate significant differences between flow velocities

(P < 0.05).

Metabolic Enzyme Activity

Larval HK activity varied significantly at different velocities,
gradually increasing with increasing flow velocity (Table 5).
Larval HK activity in the 40 L/h group was significantly higher
than in any other group (P < 0.05). The PK activity also followed
a similar pattern, peaking in the 40 L/h group but not being
significantly different across any other group. At 20 L/h, the larval
SDH and MDH activities peaked, and then dropped significantly
when the velocity increased to 40 L/h (P < 0.05). By contrast,
the larval SDH activity in the 40 L/h group was significantly
higher than in the 0, 5, and 10 L/h groups (P < 0.05). Flow
velocity also had significant effects on larval LDH activity, which
was significantly higher in the 40 L/h group compared with any
other group (P < 0.05), although no significant differences were
identified among the other velocity groups.

Gene Expression

The expression levels of IGFBP7 varied significantly at different
flow velocities, being significantly higher in the 10 L/h group than
in the 40 L/h group, with no significant differences identified
compared with any other velocity group (Figure 3, P > 0.05).
No significant difference was identified in the expression levels
of a2ADR between the 5, 10, and 20 L/h groups, although its
expression levels in all three groups were significantly higher than
in either the 0 or 40 L/h groups (P < 0.05).

DISCUSSION

Most marine invertebrates have a planktonic life-history stage,
which can persist for an extended period of time until the
most suitable substrate is found; thus, settlement by invertebrate

larvae is seen as a passive delivery process to the surface
(Abelson and Denny, 1997) with an active behavioral component
once at the surface and possible active components in the
water column (Harvey and Bourget, 1997; Walters et al., 1999).
Thus, hydrodynamic force is also considered to be an external
factor impacting larval settlement (Welch et al., 1999). Abalones
reside on the bottom of coral reefs or in rock cracks. Their
larvae usually adhere to the uneven sand surface, where the
sedimentation process will be always affected by the flow
of seawater (Boxshall, 2000; Wassnig et al., 2010). During
aquacultural rearing, stable water flows avoid fertilized eggs
from densely accumulating in particular areas of the rearing
pond (Wu and Zhang, 2013). Thus, in the current study, five
sets of recirculating water systems suitable for dense rearing
of larvae were designed that not only simulated various water
flow states, but also maintained a stable water temperature
and salinity level. The larval hatching and survival rate in the
recirculating water system were higher than in traditional still
water rearing systems. With water quality indicators monitored,
no significant differences in dissolved oxygen, NO;-N, and NO3-
N concentrations under the recirculating water systems were
found among the groups. The concentration of TAN-N and NO,-
N in the control group was significantly higher than in each
velocity group. In still water aquaculture systems, some dead
eggs and larvae are likely to accumulate, which could provide
a natural medium for the growth of bacteria; and dead larvae
would also lead to a higher concentration of TAN-N and NO;-
N in still water as a result of bacterial decomposition. In the
recirculating aquaculture system, the measures taken to clean
the filter cotton and add a UV disinfection lamp not only
removed water contaminants to prevent the water quality from
deterioration, but also suppressed the proliferation of harmful
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TABLE 5 | Effect of flow velocity on the activity of metabolic enzymes of H. discus hannai larvae.

Variable Flow velocity

oL/h 5L/h 10 L/h 20 L/h 40 L/h
Hexokinase (HK) (U/g prot) 1217 £0.51°¢ 11.11 £ 0.37° 10.08 + 0.48° 14.89 + 0.26° 18.89 + 0.642
Pyruvate kinase (PK) (U/g prot) 7.15 4 0.42° 7.24 +0.22° 6.99 + 0.41° 7.07 +0.53° 9.93 +0.322
Succinate dehydrogenase (SDH) (U/mg prot) 3.38 £ 0.21° 4.02 £ 0.34° 3.79 £ 0.27° 6.81 £ 0.192 5.07 & 0.24°
Malate dehydrogenase (MDH) (U/mg prot) 8.02 +£ 0.73° 7.62 + 0.55° 7.27 + 0.40P 9.15 +0.372 7.94 4+ 0.53°
Lactate dehydrogenase (LDH) (U/g prot) 2.45 +0.19° 2.92 4+ 0.28° 2.07 £ 0.15° 3.15+0.18° 5.47 +£0.142

Data are represented as mean + SD (n = 4). Different superscripted lowercase letters within the same row indicate significant differences between flow velocities

(P < 0.05).

bacteria to maintain a stable aquaculture water quality. In water,
NO,-N is an intermediate product of ammonia nitrification
resulting from the breakdown of aquatic organisms. Its ongoing
accumulation in water impacts the physiological conditions of
rearing organisms and can suppress their growth, resulting in
higher mortality (Harris et al., 1998). The concentration of NO,-
N in each group did not exceed 0.1 mg/L, a level within the
normal safe concentration tolerance of abalone (Kim et al., 2000);
however, the decomposition products from dead larvae could not
be readily removed, even though the cyclic accumulation in water
is one of the crucial factors resulting in higher concentrations
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FIGURE 3 | Effects of flow velocity on the relative expression of IGFBP7
(insulin-like growth factor binding protein 7) and a2ADR (a2-Adrenoceptor) in
Pacific abalone H. discus hannai larvae. Values are means and standard
deviation of four replicates (means + SD; n = 4). Significant variations were
found by one-way analysis of variance, P < 0.05, followed by Tukey test.
Different letters denote significant differences between flow velocities.

of NO,-N and lower larval hatching and survival rates in
the control group.

The size upon completion of larval shell development and at
metamorphosis in the 20 and 40 L/h groups were significantly
higher than in any other group, but the metamorphosis and
survival rates were decreased. Such an extended planktonic
period could cause larvae to use more yolk nutrition for their
growth, resulting in a greater size at larval metamorphosis. The
energy available for larvae would reduce during metamorphosis,
resulting in a decline of metamorphosis rate. In addition, the
flow velocity at 20 L/h and 40 L/h might also cause stress to
larvae. Thus, some energy would be used to resist such an
unfavorable environment, further reducing the energy available
for metamorphosis. Previous research showed that an extended
planktonic stage leads to adverse effects on the survival and
growth of juvenile mollusks (Pechenik and Rice, 2001; Huchette
et al., 2003). Especially for larval abalone, which rely on yolk
nutrition, an extended planktonic stage would deplete yolk
nutrients, resulting in declining survival and growth rates of
juvenile abalone (Marshall, 2008; Dineshram et al., 2013). Given
that the culture water was not subject to disturbance before larval
hatching in the control group, a lack of water flow could lead to a
higher likelihood of mutual adhesion of fertilized eggs. Under the
microscope, normally developed eggs adhering to dead eggs were
observed in the control group. During adhesion, the increased
mucus secretions will also impact normally developed fertilized
eggs nearby, causing the larval hatching and survival rates in the
control group to be significantly lower than in the recirculating
water groups. It was also noted that the higher velocity was
accompanied by a lower larval hatching rate and higher deformity
rate. A possible reason is that the rapid water flow interferes
with the normal development of fertilized eggs, impeding the
formation of the ciliary band and increasing the deformity rate.
Overly high velocity might also impact the formation of veliger
larvae and cilia movement. Once the autonomous movement of
larvae is completely altered as a response to the impact from
high velocity, the energy stored in larvae would be gradually
consumed, eventually leading to higher mortality. Thus, the
flow velocity should be selected so that fertilized eggs would
be evenly distributed as possible; larvae would then be able to
move autonomously with the lowest-possible energy expenditure
through the water, enabling more energy to be derived from the
yolk nutrition for metamorphosis.
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Although animals can acquire energy from the decomposition
of various energy substances, most energy sources come from
the consumption of protein, fat, and carbohydrates (Lauff and
Wood, 1997; Kieffer et al., 1998; Weber, 2011). Larval attachment
and metamorphosis both require abundant energy, most of which
comes from the yolk nutrients (Roberts et al., 2001). The content
of TG in larvae in the 20 L/h group was significantly lower
than that in any other velocity group, suggesting that this higher
velocity leads to higher energy demands of larvae. However, no
significant difference was identified in the TG content between
the control and 40 L/h groups, although the glycogen content in
the latter was significantly lower than in the former, suggesting
that energy sources delivered to larvae came from the conversion
of TG to glycogen after the flow velocity increased. No significant
difference was found in the protein content among the groups,
suggesting that larvae had not utilized energy in the form of
protein metabolism. Previous work revealed that shrimps make
use of carbohydrates and TGs in different amounts. Li et al.
(2019) found that at 3 cm/s, Fenneropenaeus chinensis depends
on energy delivered from the decomposition of TG in muscles;
at a velocity over 3 cm/s, the glycogen in muscles begins to
be used as the primary substance for energy delivery, which is
associated with the oxygen supply. Compared with glycogen, TG
has a higher calorific value and can release more energy after
following complete oxidation and decomposition (Livesey and
Elia, 1988). In the current study, no significant difference was
found in the dissolved oxygen concentration among the velocity
groups. However, when the velocity increased to 40 L/h, the water
flow impact might deprive the larvae from having control of their
own movement. While resisting the water flow, a drastic increase
in oxygen consumption might be a limiting factor to their growth.
Compared with fat, glycogen would consume less oxygen for the
production of ATP with the same molecular weight (Li et al.,
2015). Thus, the energy available to larvae in the 40 L/h group
is likely to have come from the conversion of TG to glycogen. At
this velocity, the content of glycogen was significantly reduced
compared with the 20 L/h group. Despite an increase in ATP
content, the energy from the decomposition of glycogen might
not satisfy the energy needs of larvae to cope with the impact of
the increased water flow.

The energy metabolism balance of aquatic organisms can be
negatively affected by the external and nutritional environment,
given that they might require extra energy to relieve such stress
(Boeck et al., 2006; Xu et al, 2015, 2016). Intensified sugar
metabolism is a regular response to stress. Hexokinase and
pyruvate kinase are the key rate-limiting enzymes in glycolysis,
and variation in their activity has a significant role in regulating
sugar metabolism, indicating the level of glycolysis (Van Aardt
and Wolmarans, 1987). In the 40 L/h group, the HK and PK
activity was significantly higher than in any other group, with
the activity of HK gradually increasing with the flow velocity,
suggesting that larvae produced more energy by increasing
glycolysis. A higher rate of glycolysis facilitates the production
of ATP and improves tolerance against stress (Laiz-Carrion et al.,
2002). Gao et al. (2017) found that, as salinity decreased from 30
to 20%o, the activity of HK and PK in the liver of H. discus hannai
increased; under a low salinity level, the liver accelerated the

phosphorylation of glucose to promote glucose transformation
and speed up glycolysis, thereby delivering energy to the tissues.
SDH is the only enzyme embedded in the inner membrane of
mitochondria in the TCA cycle. Oxaloacetate, as the product
catalyzed by malate dehydrogenase, is one of the initiators of
the TCA cycle. To a certain extent, two kinds of enzyme can
represent the rate of the TCA cycle and the level of aerobic
metabolism (Lussey-Lepoutre et al., 2015; Akila et al., 2016).
Panepucci et al. (2000) reported that MDH acts as a carbon
source and provides oxaloacetate for the TCA cycle, resulting in
an additional 32 ATP molecules per glucose molecule oxidized.
In the current study, the activity of SDH and MDH in the 20 L/h
group was significantly higher than in any other group, whereas
the ATP content in this group was also significantly higher than
in the 0, 5, and 10 L/h groups. When the velocity increased to
40 L/h, the activity of SDH and MDH decreased significantly,
suggesting that the activity of the TCA cycle was also reduced and
aerobic metabolism suppressed. At this point, the activity of LDH
significantly increase and the lactic acid content also peaked,
implying that the energy delivery began to switch from aerobic
to anaerobic metabolism, with the latter becoming the primary
energy source for the larvae. Exposure of Litopenaeus vannamei
to moderate hypoxia resulted in the accumulation of lactic acid
and higher glucose content in hemolymph and muscle tissues,
suggesting that anaerobic metabolism was increased (Sonanez-
Organis et al., 2010). As a crucial glycolytic enzyme, lactate
dehydrogenase appears to be more important when larvae need
extra energy under stress (Gao et al, 2018). Especially in the
40 L/h group, an increase in the activity of lactate dehydrogenase
caused the ATP content of larvae to peak. At this point, the
content of glycogen further decreased, suggesting that the energy
demand had increased in response to the high velocity; larvae
began to utilize anaerobic metabolism to release more energy
to satisfy the increased energy demand. As the direct supplier
of biological energy, ATP is the main indicator of biological
activity. When the salinity dropped suddenly from 56 to 52%o
and 48%o, the ATP content increased significantly in L. vannamei,
suggesting that an extra energy supply was needed under the
sudden change in salinity, thereby releasing a large amount of
ATP (Shen et al.,, 2020). Once excessively accumulated, lactic
acid as the by-product of anaerobic glycolysis would not only
maintain the activity of glycolytic enzymes at a lower level, but
also damage organs and tissues (Brizel et al., 2001; Zenteno-Savin
et al., 2006). In the current study, as lactic acid increased, the
larval survival rate in 40 L/h was significantly lower than that any
other group, suggesting the accumulation of lactic acid adversely
impacted the survival of the larvae.

Insulin-like growth factor binding protein 7 (IGFBP7) is
a member of the IGFBP family. Overexpression of IGFBP7
in the MDA-MB-468 cell line significantly suppressed cell
growth. IGFBP7 can also prevent the phosphorylation of
mitogen-activated protein kinase (MAPK) ERK-1/2, resulting
in weakening of the pathway signal, suggesting that IGFBP7
regulates cell growth by affecting this signaling pathway
(Amemiya et al., 2011). IGFBP7 has biological functions and
expression patterns that depend upon the diversity of cell types,
which regulate cell growth and proliferation both positively and
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negatively (Hwa et al, 1999). During the metamorphosis of
Haliotis diversicolor, larvae shed the velum, the gills and feet
gradually grow in size, and peristomal shell formation begins
(Bishop et al.,, 2006; Heyland and Moroz, 2006). During the
early larval period, salGFBP7 can promote the transition of
larvae from a planktonic state to benthic life by upregulating the
expression of growth-related genes and hormones (Wang et al.,
2015). Wang et al. (2016) found that IGFBP7 was engaged in
the proliferation and differentiation of the mantle and foot cells
of H. diversicolor. When the expression levels of IGFBP7 were
altered, the larval mortality rate significantly increased, whereas
the settlement rate significantly dropped over 4 h. In the current
study, the expression levels of IGFBP7 in the 40 L/h group
decreased significantly, as did the larval metamorphosis rate,
suggesting that larval development can be predicted based on
changes in the expression levels of IGFBP7; a longer planktonic
duration would reduce the nutrients available from the yolk,
and the energy ultimately required for the completion of
metamorphosis. Thus, an appropriate of flow velocity range
would be essential for the synchronous and rapid completion of
larval metamorphosis in this species.

Numerous neurotransmitters are involved in the
metamorphosis of larval shellfish. For example, Coon and
Bonar (1987) found that alpha 1-adrenoceptor is involved
in the metamorphosis of Crassostrea gigas. Epinephrine has
been proven to induce the larval metamorphosis of Venerupis
pullastra and Ruditapes philippinarum (Garcia-Lavandeira et al.,
2005). In research related to Crassostrea angulate, epinephrine
was found to induce metamorphosis and alpha 1-adrenoceptor
had higher expression levels (Yang et al., 2012). In the current
study, the expression levels of a2ADR in the 0 and 40 L/h groups
were significantly lower than in any other group, suggesting that
flow velocity had significant effects on larval metamorphosis;
the larval metamorphosis rate was higher at more appropriate
velocities (5 and 10 L/h), whereas the expression levels of a2ADR
in the 5 and 10 L/h group were also significantly higher than in
the 0 and 40 L/h groups, suggesting that the expression levels of
a2ADR are closely associated with larval metamorphosis. In the
5 and 10 L/h groups, the time required for larval metamorphosis
shortened significantly, suggesting that the larvae would be less
likely to consume all the yolk nutrients and would also face a
reduced risk from any abrupt changes in the environment that
might occur during metamorphosis, compared with if the period
of metamorphosis was extended.

In the current study, the larval hatching rate, survival rate,
and metamorphosis rate increased when the flow velocity was
kept to 5-10 L/h. In the control group, a lack of water
flow before larvae developed to the trochophore stage led
to the mutual adhesion of fertilized eggs and their local
accumulation; when dead eggs were recorded, the water quality
also deteriorated, and the higher concentration of TAN and
NO;-N might be the main reason for the lower survival rate
of the larvae. Larval density can be reduced to avoid their
accumulation, but the presence of unfertilized eggs and dead
larvae consistently impacts the stability of the aquaculture
water environment, in that no water is exchanged before larval
metamorphosis in conventional aquaculture systems. When

the flow velocity increased to 40 L/h, despite the increase
in the dissolved oxygen concentration and the decrease in
TAN concentration, the impact of this rapid flow switched
the mode of larval energy metabolism from aerobic to
anaerobic metabolism, and the primary source of energy also
shifted from TG to glycogen. Under these circumstances, the
planktonic stage of larvae was prolonged and more energy
was consumed, eventually reducing the amount of energy
available for completion of metamorphosis and, thus, the larval
metamorphosis rate. Therefore, future upflow larval rearing
systems could be designed for H. discus hannai that maintain
the quality of the rearing water and the velocity range at 5-
10 L/h, which would not only reduce the adhesion of fertilized
eggs and dead eggs and the energy consumption of larvae during
metamorphosis, but also increase the larval metamorphosis
rate and synchronization of metamorphosis, improving the
aquaculture of this species as well as our understanding of its
larval development.
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