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Abstract
The bottom aquaculture of yesso scallop (Patinopecten yessoensis) has developed rapidly in the
north of Yellow Sea, China, but not without accompanying productivity problems. We, therefore, conducted
ﬁeld surveys to investigate factors related to growth and mortality rates of bottom-cultured scallops after
release. Speciﬁcally, we focused on the eﬀects of total antioxidant capacity (TAOC) and three key enzymes
involved in antioxidant and metabolic function: glutamic pyruvic transaminase (GPT), lactic dehydrogenase
(LDH), and superoxide dismutase (SOD). Across summer and winter, we also measured the relative mRNA
expression of GPT and SOD to understand their seasonal variation in the scallops, along with how such
variation correlated to growth and mortality. Results show that bottom cultured scallops experienced mass
mortality during the ﬁrst six months post-release. During winter (December), scallops grew more rapidly
and suﬀered less mortality than in summer (August). The observed lower performance probably resulted
from less advantageous environmental factors during the summer seasons, such as high temperature and low
dissolved oxygen. These environmental stressors enhance protein consumption while decreasing energetic
resources in scallops. Furthermore, scallops in summer exhibited high antioxidant levels that probably
competed for energy with process integral to growth and survival. These negative factors combined to
elevate mortality rates. In conclusion, we provided evidence suggesting correlations between metabolic/
antioxidant activity and growth and mortality of bottom-cultured yesso scallops. These correlations implied
us an accurate method to estimate the performance of bottom culture system. Suggestions about innovative
aquaculture techniques were also discussed in the study. Our results might provide a possible guideline to
the improvement of bottom culture techniques for this commercially valuable seafood species.
Keyword: yesso scallop (Patinopecten yessoensis); bottom culture; growth and mortality rate; antioxidant
and metabolic activity; relative mRNA expression

1 INTRODUCTION
The yesso scallop (Patinopecten yessoensis) is an
economically important aquaculture species (Meng et
al., 2012). Naturally distributed in the northwest
Paciﬁc (Park, 1998), the scallop is commercially
cultured using suspended longline and bottom culture
in Japan, Korea, and China (Guo et al., 1999). Unlike
suspended longline aquaculture, bottom culture does

not require buoyancy rafts and therefore yields higher
proﬁts at a relatively lower cost (Laing, 2007).
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However, bottom-cultured scallops are more sensitive
to environmental factors and might suﬀer greater
mortality (Liu et al., 2013b). In fact, the marine region
in the north of Yellow Sea is a major bottom-culture
site of yesso scallops and has experienced serious
productivity problems in recent years, including
heavy drops in recapture ratios and harvested
individual sizes (Li and Xue, 2005).
Many factors have been reported on the success or
failure of scallop bottom culture. For instance,
predation and scallop migration can reduce the harvest
outcome (Cliche et al., 1994; Hatcher et al., 1996;
Minchin, 2002). Sea stars, crabs, gastropods, and ﬁsh
all prey on scallops (Minchin, 1992), with the former
two groups considered major predators (Grefsrud et
al., 2003; Wong and Barbeau, 2003; Wong et al.,
2005). In response to predation pressure, scallops
may migrate from ranching areas (Smith et al., 1988;
Pohle et al., 1991; Brand, 2016). Migration is also
associated with food availability and living space
(McMahon and Matter, 2006) as well as environmental
factors that inﬂuence energy metabolism and
immunity, such as temperature, dissolved oxygen
levels (Soletchnik et al., 1999, 2007; Berthelin et al.,
2000; Xiao et al., 2005). Indeed, several previous
reports on bivalve productivity (growth and mortality)
have implicated complex interactions between
environmental factors and physiological conditions
(Yu et al., 2010; Li et al., 2013). Additionally,
antioxidant and metabolic enzyme activity, along
with relevant gene-expression patterns, were found to
be the most direct factors inﬂuencing scallop growth
and survival (Yu et al., 2010). Despite their apparent
importance, however, surprisingly few studies have
examined the eﬀects of such enzymes on bottomcultured yesso scallops.
In this study, we focused on the inﬂuence of
glutamic pyruvic transaminase (GPT) and lactic
dehydrogenase (LDH) activity on growth and mortality
of bottom-cultured scallops. The former is important
in amino acid metabolism (Leach and Taylor, 1982),
with links to cell inﬂammation and cell necrosis
(Sultana et al., 2015). In Paciﬁc oyster, Crassostrea
gigas, hemolymph GTP levels signiﬁcantly increase
after 7 days of exposure to Cd-treated seawater, a
major stressor (Choi et al., 2008). The latter enzyme is
important in anaerobic glycolysis, and its activity is
frequently used as a metabolic indicator (Houle-Leroy
et al., 2000). Some LDH activity in the gill and
adductor ranged from 2 and 290 nmol/(min·mg)
protein in some bivalves, such as Mytilus edulis (Long
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et al., 2003), Macoma balthica and Scrobicularia
plana, (Livingstone et al., 1983). Compared to
crustacean or insects, LDH activity in mollusks is
relatively lower, but activities of producing octopine
and succinate are higher (Grieshaber and Gäde, 1977;
Livingstone et al., 1983; Strahl et al., 2011).
Over-production of reactive oxygen species (ROS)
during energy metabolism will cause oxidative
damage including DNA breakage, lipid peroxidation,
and protein denaturation (Wenming and di Giulio,
1988; Liu et al., 2009; Wang et al., 2012). To mitigate
oxidative stress, most organisms have evolved
antioxidant defense systems including antioxidant
enzymes and non-enzymatic small antioxidant
molecules (Labreuche et al., 2006; Cheng et al.,
2007). Total antioxidant capacity (TAOC) is the most
common measure of antioxidant activity and
capability (Zang et al., 2012). Of the known
antioxidant enzymes, superoxide dismutase (SOD) is
one of the most important enzymes involved in
superoxide anion detoxiﬁcation (Hermes-Lima et al.,
1998; Nordberg and Arnér, 2001). In shellﬁsh, several
factors such as temperature (Chen et al., 2007),
dissolved oxygen (Lu et al., 2015) and pathogen
invasion (Wang et al., 2012) all trigger antioxidant
response. For example, SOD activity of scallop
Chlamys farreri signiﬁcantly increased before
decreasing after a 2-h exposure to air at 25°C (Chen et
al., 2007). Additionally, exposure to low oxygen
concentration for 15 weeks resulted in higher TAOC
among Mercenaria mercenaria than among oysters
Crassostrea virginica (Matoo et al., 2013).
Therefore, in the present study, we investigated
seasonal diﬀerences in growth and mortality rates of
bottom-cultured yesso scallops, as well as how they
relate to TAOC, GPT, LDH, and SOD (activity and
relative expression). This study is the ﬁrst to conduct
ﬁeld surveys on bottom-cultured yesso scallops
between varying seasons of summer and winter.
Based on our results, we propose beneﬁcial
suggestions for improving the productivity of scallop
bottom aquaculture.

2 MATERIAL AND METHOD
2.1 Study sites
This study was conducted across four sampling
locations (Site 1: 38°54′–38°55′N, 122°47′–122°48′E;
Site 2: 38°57′–38°58′N, 122°53′–122°54′E; Site 3:
38°59′–39°00′N, 122°47′–122°48′E; Site 4: 38°58′–
38°59′N, 122°34′–122°35′E) at a scallop farm located
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Fig.1 Location of the study sites where the yesso scallops P. yessoensis were bottom-cultured in the north of Yellow Sea of
China
The boxed areas represent Sites 1, 2, 3 and 4, respectively. All sites had the same area (1.63 km×1.63 km). Sites 1 and 4 had muddy sediment, while
Sites 2 and 3 were sandy-bottomed. Hatchery-reared spats (10 months old) were released directly onto the bottom on December 20, 2012. The initial
densities in Sites 1 to 4 were 4.5×106, 8.25×106, 1.05×107, and 1.35×107 individuals/km2, respectively.

in the north of Yellow Sea of China (Fig.1). All sites
had the same area (1.63 km×1.63 km) and water depth
(40–45 m). Each site was subdivided into nine (3×3)
smaller squares. The central square of the subdivisions
was the experimental zone and surrounding squares
were buﬀer areas that minimized outside scallop
immigration into the study area. Sites 1 and 4 had
muddy sediment, while Sites 2 and 3 were sandybottomed. Hatchery-reared spats (10 months old)
with a shell length (SL) >3 cm were released directly
onto the seabed of all four sites in the experimental
zone on 12-20-2012. The initial bottom culture
densities in Sites 1 to 4 were 4.5×106, 8.25×106,
1.05×107, and 1.35×107 individuals/km2, respectively.
Field investigations were conducted from December
2012 to December 2014. These surveys were
scheduled consistently as much as possible but also
depended on the weather conditions and the vessel
availability. Mortality was assessed from the time of
release to the study termination. Shell length (SL) and
number of survivals of the scallops were investigated
on 12-20-2012, 03-28-2013, 06-26-2013, 08-222013, 10-30-2013, 12-28-2013, 02-26-2014, 06-172014, 08-09-2014, and 12-22-2014. The Research
and Development Centre of Zhangzidao Fishery
Group Co. Ltd., assisted with SL and survivingscallop-count data collection in July and November
2014. Due to experimental-design diﬀerences and
cost considerations, only adult scallops collected in
2014 were used for the analysis of relationships
between enzyme activity/relative expression and
growth/survival (see Section 2.2). The study complied
with internationally accredited guidelines and ethical
regulations on animal research.

2.2 Determination of environmental conditions
Environmental conditions were measured in the
bottom seawater (BSW) in 08-22-2013, 12-28-2013,
and 08-19-2014, 12-22-2014. Temperature and
dissolved oxygen (DO) were measured with an YSI
multi-parameter water logger (550A-12). At each site,
1.5 L BSW was collected with a Niskin bottle and
then ﬁltered through a 200-μm mesh to remove large
particles. Water samples were then transported on ice
to the laboratory for measuring suspended particulate
matter (SPM) and particulate organic matter (POM).
Water samples (500 mL per site) were ﬁltered in
triplicate through a GC/C glass-ﬁber ﬁlter membrane
(Whatman, Ø0.45 μm) that was ashed in a muﬄe
furnace at 450°C for 8 h and weighed (0.000 01 g in
precision). Immediately post-ﬁltering, 10 mL of
distilled water was added to wash seawater from the
membrane. Membranes were dried at 60°C for 24 h
until constant weight (0.000 01 g in precision); the
dry weight of the remaining material at 60°C
represented the SPM. Then the membranes were
combusted in a muﬄe furnace at 450°C for 8 h. Once
POM was oxidized to gas, its weight (0.000 01 g in
precision) was calculated.
2.3 Assessment of scallop growth and mortality
rates
Bottom cultured scallops were collected with a
benthic trawling net (1.6 m×3.0 m). We acclimated
200 scallops per site in recycled seawater on the
vessel for about 4 h before moving them to the
laboratory on land for growth rate (SL, Eq.1)
measurements, using a Vernier caliper (0.01 mm
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accuracy). The number of living scallops per square
kilometer (N) was counted from recordings with an
underwater camera, and the mortality rate was
calculated with Equation 2.
Growth rate (SL)=(SLt1–SLt0)/(t1–t0),

(1)

Mortality rate=(Nt0–Nt1)/initial density,

(2)

where t0=initial measurement time of SL or living
scallop count, and t1=ﬁnal measurement time of SL or
living scallop count.
Growth and mortality rates of the sampled scallops
were calculated with initial data from June and
October 2013, as well as July and November 2014,
respectively. Scallop mortality curves per site (from
the time of release to study termination) were
generated from the calculation of mortality rate.
2.4 Metabolic and antioxidant enzymatic activity
To measure enzymatic activity and relative gene
expression, we collected 20 more scallops per site for
immediate dissection on the vessel. We used a
hypodermic needle to aspirate 0.5-mL hemolymph
from the antrum cardiacum for centrifugation at
800×g and 4°C for 10 min. The supernatant was
immediately stored in liquid nitrogen. Gills, gonads,
and adductor muscles were removed, placed in 1.5mL Eppendorf tubes, and immediately stored in liquid
nitrogen for transport to the laboratory. Samples were
stored at -80°C until needed.
To minimize inter-animal variability when
measuring enzyme activity, we separately mixed
thawed (on ice) samples of each tissue type (taken
equally from ﬁve scallops) to reach a ﬁnal weight of
0.100 g per sample, then added 0.9-mL 1% PBS
buﬀer (137 mmol/L NaCl, 2.7 mmol/L KCl,
10 mmol/L Na2HPO4, 2 mmol/L KH2PO4, pH=7.2).
For hemolymph, 0.9 mL of distilled water was added
to a 0.1-mL equivalence mixture of ﬁve scallop
samples. All samples were homogenized in a glass
homogenizer and then centrifuged at 800×g and 4°C
for 10 min. The supernatant was collected for use in
enzymatic assays.
Protein content was quantiﬁed with an assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China), following the Bradford method, bovine serum
albumin was the standard. Enzyme activity assays
were performed in triplicate with a Multiskan GO
Microplate Spectrophotometer (Thermo Fisher
Scientiﬁc, MA, USA).
Glutamic-pyruvic transaminase and LDH were
measured in gonads and adductor muscles, while
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SOD and total antioxidant capacity (TAOC) were
measured in hemolymph and gill samples. Enzymatic
activity was obtained through colorimetric analysis,
following manufacturer protocol in the corresponding
detection kits (Nanjing Jiancheng Bio-engineering
Institute). Previously published methods (Reitman
and Frankel, 1957; Cabaud and Wróblewski, 1958)
were used to measure GPT and LDH activity,
respectively. The hydroxylamine technique was used
for measuring SOD activity, while ferric iron reactions
with antioxidants in tissues were used to determine
TAOC.
2.5 Relative expression of GPT and SOD
The relative expression of GPT and SOD in the
hemolymph, gills, adductor muscle, and gonads were
determined with real-time PCR. For the analysis,
equal amounts of gill, gonad, and adductor-muscle
samples from ﬁve scallops were mixed separately to
reach a ﬁnal weight of 0.100 g (per tissue). A 1-mL
equivalence mixture of hemolymph from ﬁve scallops
was centrifuged for 1 min at 1.9×104 g and 4°C; the
precipitate was then collected for RNA extraction.
Reverse transcription to generate cDNA was
performed following manufacturer protocol from the
PrimeScript™ RT Reagent Kit and the gDNA Eraser
(TaKaRa Bio, Shiga, Japan); the reaction volume was
20.0 μL, containing 1.0 μg total RNA per tissue.
Real-time PCR was conducted with the cDNA
template and SYBR Premix Ex Taq (TaKaRa, Japan),
following manufacturer protocol. Primers are listed in
Table 1. β-actin was selected as the internal standard
because of its stable expression in diﬀerent tissues
across time. Relative expression in June 2014 was the
control group. The 2-ΔΔCt method was used to determine
relative expression levels of every gene. The relative
expression of SOD combines the total relative
expression of Mn-SOD and CuZn-SOD.
2.6 Statistical analyses
We used one-way ANOVA and post-hoc Tukey’s
tests to examine signiﬁcant monthly diﬀerences in
growth rate, enzyme activity, as well as GPT and
SOD relative expression. All results were expressed
as means ± standard deviation. The relationships
among growth, mortality, enzyme activity, and
relative expression were determined with a stepwise
multivariate linear regression. Data were arcsine or
natural log transformed to reduce heterogeneous
variances and non-normality if necessary. All analyses
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Table 1 The primers used in real-time PCR analysis of glutamic pyruvic transaminase (GPT) and superoxide dismutase (SOD)
Amplicon name

Forward primer (5′3′)

Reverse primer (5′3′)

GPT

AACCACCCATTACATTCCTCAGA

ACACCAGAACTGTCACTGTAGGC

Mn-SOD

ACTTTGCCAGACCTTCCCTATGACT

GCCAGAAGATGGAGTGATTTATGTG

CuZn-SOD

CATTGCGAAAAGCATTCAGAAGGGG

CGTGACTTACGCTTGGCTTCAGATT

β-actin*

AGTCCCAATCTACGAAGGTTATG

CCAGTGATGAGGAGGAAGCAG

* β-actin was used as the reference gene because of its stable expression in diﬀerent tissues for diﬀerent times.
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The temperature (Fig.2a) and dissolved oxygen
concentration (Fig.2b) at all four sites ﬂuctuated greatly
from 2013 to the end of 2014. Temperature decreased
from August to December and increased from
December to August in both years. Dissolved oxygen
exhibited the opposite trend. Mean SPM ranged from
0.026 68 g/L (Site 2, August 2014) to 0.044 99 g/L (Site
3, December 2013). Both of the SPM and POM
concentrations showed a similar ﬂuctuation among
speciﬁc sites. The changing trend of POM concentration
was similar among Sites 2, 3, and 4. However, Site 2
has lower POM concentration than the other three sites
from December 2013 to December 2014.
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were performed using IBM SPSS version 19.0 (SPSS
Inc., Chicago, IL, USA). Signiﬁcance was set at
P<0.05.

Time

Fig.3 Mortality rates of bottom cultured scallops at Sites
1, 2, 3, and 4 from the release time to the end of the
investigation

3.2 Scallop mortality and growth rates across four
sites
As showed in Fig.3, the mortality rate in the two
timeframes (December 2012 to March 2013 and
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3.3 Activity of metabolic and antioxidant enzymes
Activities of GPT and LDH in diﬀerent tissues
showed signiﬁcant seasonal and site-related
variations. In general, gonad GPT activity decreased
signiﬁcantly during August and December 2014 at all
four sites (P<0.05, Fig.5a). In contrast, adductormuscle GPT activity increased signiﬁcantly only in
Site 2. From August to December in both years,
adductor-muscle LDH activity increased signiﬁcantly
at Sites 2 and 4 (P<0.05), but did not change
signiﬁcantly at Site 1 and decreased signiﬁcantly at
Site 3 (Fig.5b). Gonad LDH activity decreased
signiﬁcantly in Sites 2 and 3 but did not diﬀer at Sites
1 and 4.
Superoxide dismutase activity and TAOC in tissues
exhibited variation similar to GPT and LDH.
Hemolymph and gill SOD activities (Fig.5c)
decreased signiﬁcantly at Sites 1, 2, and 3 (P<0.05).
At Site 4, gill but not hemolymph SOD activity
diﬀered signiﬁcantly between months (P>0.05).
Haemolymph TAOC (Fig.5d) increased signiﬁcantly
from August to December at Sites 2, 3, and 4 (P<0.05),
but did not change at Site 1. Gill TAOC increased
signiﬁcantly at Sites 1 and 3, decreased signiﬁcantly
at Site 4, and did not diﬀer at Site 2.
In addition, stepwise multivariate linear regression
indicated that enzymatic activities signiﬁcantly

150
Growth rate (SL, μm/d)

March 2013 to June 2013) were signiﬁcantly higher
than that in other timeframes (P<0.05) in Sites 2, 3
and 4. In Site 1, the mortality rate from December
2012 to March 2013 was signiﬁcantly higher than that
in other timeframes (P<0.05). In a word, the mass
accumulated mortality across the four sites varied
from 82.40% to 93.89% in the ﬁrst 6 months after
release (Fig.3). Subsequently, the mortality decreased
considerably and remained consistently low in all
sites.
Seasonality also appeared to aﬀect scallop growth
and mortality rates. Across all four sites in 2013,
scallop growth rate (SL) was signiﬁcantly higher
(P<0.05) in winter (December) than in summer
(August) at all sites (Fig.4a). Similarly, growth rate
(SL) during November–December 2014 was
signiﬁcantly higher than in other months (P<0.05)
across all sites (Fig.4a). Discounting the mass postrelease mortality, 2013 mortality rate was signiﬁcantly
higher in summer than in winter for Sites 2 and 3
(P<0.05, Fig.4b). Mortality rates of 2014 were
signiﬁcantly higher in summer than in winter for all
sites except Site 1 (P<0.05, Fig.4b).
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Fig.4 The growth rate (SL) (a) and mortality rate (b) of
bottom cultured yesso scallops at four sites in August
and December of 2013 and 2014
Data are expressed as mean±S.D. In this ﬁgure, a, b, c, and d refer
to the diﬀerence between months at the same site. The same letters
in each set of columns indicate no signiﬁcant diﬀerence (P>0.05),
whereas diﬀerent letters indicate a signiﬁcant diﬀerence (P<0.05).

aﬀected scallop growth and mortality rates in speciﬁc
months (P<0.05, Table 2). During August, scallop
growth rate was negatively correlated to gonad GPT
and gill SOD activities but positively related to
hemolymph TAOC. In contrast, during in December,
adductor-muscle LDH, gonadal LDH activities, and
gill SOD activities were negatively correlated with
scallop growth rate. When August and December data
were pooled, scallop growth rate was negatively
correlated with gonad GPT and LDH activities, as
well as with gill SOD activity, but positively correlated
with gill and hemolymph TAOC.
In August, scallop mortality rate was negatively
correlated with gonad GPT and gill SOD activities. In
December, the mortality rate was negatively correlated
with adductor-muscle GPT activity. Pooled data from
August and December indicated that mortality rates
were positively correlated with adductor-muscle GPT
and LDH activities, as well as hemolymph SOD
activity. However, scallop mortality rate and gill
TAOC was negatively correlated.
3.4 Relative expression of GPT and SOD
From August to December, GPT relative expression
in hemolymph and gill increased signiﬁcantly at Site
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Fig.5 The activity of enzymes involved in antioxidant and energy metabolism from August to December
Enzymes involved in energy metabolism included glutamic pyruvic transaminase (GPT) (a), lactic dehydrogenase (LDH) (b), and their activities were
measured in the adductor muscle (Ad) and gonad tissue (Go). Enzymes involved in antioxidant function included superoxide dismutase (SOD) (c) and total
antioxidant capacity (TAOC) (d), and their activities were measured in hemolymph (He) and gills (Gi). The unit of SOD and TAOC activity in hemolymph
was U/mL, and its unit in gill was U/mg prot. Data are expressed as means±S.D. Each group consists of 15 scallops (n=15). In this ﬁgure, a and b refer to
the diﬀerence between months at the same site. The same letters in each set of columns indicate no signiﬁcant diﬀerence (P>0.05), whereas diﬀerent letters
indicate a signiﬁcant diﬀerence (P<0.05).

1 but did not change at any other Sites (Table 3). In
gonad tissue, GPT relative expression increased
signiﬁcantly only at Site 4, whereas in the adductor
muscle, it increased signiﬁcantly at Sites 2, 3, and 4
(P<0.05).
In hemolymph, gill, and adductor-muscle tissues,
SOD relative expression increased signiﬁcantly
across all sites from August to December (P<0.05,
Table 3). In comparison, gonad SOD relative
expression decreased signiﬁcantly at Sites 1, 2, and 4
(P<0.05), however, no seasonal change occurred at
Site 3.
Relative expression of SOD and GPT exhibited
some signiﬁcant relationships with scallop growth
and mortality. During December, hemolymph GPT
relative expression was positively correlated with the

mortality rate, while adductor muscle GPT expression
was negatively correlated (P<0.05, Table 4). In
August, adductor muscle GPT relative expression
was negatively correlated with both growth and
mortality rates.
During August, SOD relative expression levels in
hemolymph and gonads were positively correlated
with mortality rate and growth rate, respectively
(P<0.05, Table 4). During December, SOD relative
expression levels in adductor muscles were positively
correlated with growth rate (P<0.05). Additionally,
hemolymph and gonad SOD expression levels were
negatively and positively correlated with the mortality
rate, respectively. Based on pooled data from August
and December, SOD relative expression in
hemolymph, gill, and gonad positively aﬀected

1416

J. OCEANOL. LIMNOL., 37(4), 2019

Vol. 37

Table 2 The relationships between the growth rate, mortality rate and enzyme activity in hemolymph (He), gill (Gi), gonad
(Go), and adductor muscle (Ad)
Growth rate

Ad

GPT

Go

Ad

LDH

Go

Mortality rate

Coeﬃcient

P

Coeﬃcient

Aug.

NS

/

NS

/

Dec.

NS

/

-0.01

<0.05

Total

NS

/

0.40

<0.05

Aug.

-7.17

<0.05

-0.05

<0.05

Dec.

NS

/

NS

/

Total

-0.34

<0.05

NS

/

Aug.

NS

/

NS

/

Growth rate

P
He

SOD

Gi

He

Mortality rate

Coeﬃcient

P

Coeﬃcient

P

Aug.

NS

/

NS

/

Dec.

NS

/

NS

/

Total

NS

/

0.31

<0.05

Aug.

-0.98

<0.05

-0.004

<0.05

Dec.

-15.01

<0.05

NS

/

Total

-0.91

<0.05

0.64

<0.05

Aug.

4.39

<0.05

NS

/

Dec.

-0.01

<0.05

NS

/

Dec.

NS

/

NS

/

Total

NS

/

0.89

<0.05

Total

0.45

<0.05

NS

/

Aug.

NS

/

NS

/

Aug.

NS

/

NS

/

Dec.

-1.56

<0.05

NS

/

Dec.

NS

/

NS

/

Total

-0.85

<0.05

NS

/

Total

0.28

<0.05

-0.43

<0.05

TAOC

Gi

Aug.: the multivariate linear regression was conducted based on the data of August 2014; Dec.: the multivariate linear regression was conducted based on the
data of December 2014; total: the multivariate linear regression was conducted based on the pooled data of August and December 2014. NS: no signiﬁcance.
/: no data.

Table 3 The relative expression of glutamic-pyruvic transaminase (GPT) and superoxide dismutase (SOD) in hemolymph
(He), gill (Gi), gonad (Go), and adductor muscle (Ad)
Site

1

2

3

4

August

December

August

December

August

December

August

December

He-GPT

0.092±0.012

0.433±0.110

0.387±0.016

0.448±0.190

0.225±0.001

0.154±0.062

0.107±0.003

0.097±0.005

Gi-GPT

0.074±0.023

0.520±0.120

0.437±0.117

0.486±0.318

0.220±0.062

0.134±0.092

0.094±0.034

0.104±0.034

Go-GPT

0.076±0.020

0.084±0.029

0.322±0.036

0.247±0.112

0.114±0.079

0.116±0.010

0.090±0.004

0.211±0.074

Ad-GPT

0.593±0.115

0.659±0.196

0.711±0.133

1.901±0.231

0.237±0.014

0.374±0.094

0.291±0.026

0.424±0.038

He-SOD

6.312±0.776

45.773±2.319

8.448±0.450

51.287±4.672

6.139±0.732

19.432±3.441

6.665±0.329

21.229±4.556

Gi-SOD

5.114±0.860

44.114±1.666

7.078±0.354

46.514±8.862

4.629±0.957

8.757±0.726

5.493±0.228

12.493±2.732

Go-SOD

4.412±0.322

3.409±0.153

3.029±0.317

1.410±0.463

3.882±0.809

3.749±0.515

1.146±0.017

0.146±0.112

Ad-SOD

0.932±0.146

29.832±3.820

2.866±0.089

17.866±3.760

1.829±0.071

12.811±3.942

1.034±0.111

2.134±0.503

growth rate, whereas hemolymph SOD expression
negatively inﬂuenced mortality rate.

4 DISCUSSION
We conducted ﬁeld surveys to investigate possible
relationships between growth, mortality, enzyme
activity, and related gene expression in bottom
cultured yesso scallops. Preliminary results showed
that scallop mass mortality mainly occurred during
the ﬁrst 6 months after release, conﬁrming existing
data from other bivalves showing a serious
productivity problem (Bell et al., 2008). Major causes
of post-release mortality in aquaculture are generally
predation, dispersal, and acclimation eﬀects, although
mortality magnitude varies between species

(Richardson, 1992). Besides, the acute temperature
and ﬂuctuation will result directly or indirectly in the
mortality of scallops (Dickie, 1958). We reported a
>80% mortality rate in yesso scallops during the ﬁrst
6 months post-release. Because of the limitation of
survey tools and experimental zone area, it seems
diﬃcult to get the precise causes of the mass mortality.
The severity of this die-oﬀ was unexpected but
indicated the need for strategies focusing on the
immediate month’s pre- and post-release, aimed at
reducing mortality. Previous reports on bivalves
suggest that predator removal and acclimation in
shallow sea bottom before being released into deep
waters may be viable solutions (Morel and Bossy,
2001; Grefsrud et al., 2003). In the bottom culture of
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Table 4 The relationships between scallops’ growth rate, mortality rate, and relative expression levels of the key genes
glutamic pyruvic transaminase (GPT), superoxide dismutase (SOD) in hemolymph (He), gonad (Go), gill (Gi), and
adductor muscle (Ad)
Growth rate

He

Gi

GPT

Go

Ad

Mortality rate

Coeﬃcient

P

Coeﬃcient

P

Aug.

NS

/

NS

/

Growth rate

He

Aug.

Mortality rate

Coeﬃcient

P

Coeﬃcient

P

NS

/

0.12

<0.05

Dec.

NS

/

0.07

<0.05

Dec.

NS

/

-0.00

<0.05

Total

NS

/

NS

/

Total

1.31

<0.05

-0.95

<0.05

Aug.

NS

/

NS

/

Aug.

NS

/

NS

/

Gi

Dec.

NS

/

NS

/

Dec.

NS

/

NS

/

Total

NS

/

NS

/

Total

1.24

<0.05

NS

/

Aug.

NS

/

NS

/

Aug.

15.69

<0.05

NS

/

SOD

Go

Dec.

NS

/

NS

/

Dec.

NS

/

0.02

<0.05

Total

NS

/

NS

/

Total

1.04

<0.05

NS

/

Aug.

-122.35

<0.05

-0.66

<0.05

Aug.

NS

/

NS

/

Dec.

NS

/

-0.01

<0.05

Dec.

13.76

<0.05

NS

/

Total

NS

/

NS

/

Total

NS

/

NS

/

Ad

Aug.: the multivariate linear regression was conducted based on the data of August 2014; Dec.: the multivariate linear regression was conducted based on
the data of December 2014; total: the multivariate linear regression was conducted based on the sum pooled data of August and December 2014. NS: no
signiﬁcance. /: no data.

yesso scallops, these methods probably reduce the
mortality in the ﬁrst 6 months after being released.
Apart from the occurrence of mass mortality in the
ﬁrst several months after release, scallop mortality
and growth varied seasonally (Fig.3). Summer
mortality has been reported in some aquaculture
species, such as Paciﬁc oysters (Soletchnik et al.,
2005) and Bay scallops (Lu and Blake, 1997).
Similarly, our data demonstrated that bottom-cultured
yesso scallops experienced less growth and higher
mortality in summer than in winter, especially during
2014. Summer mass mortality is typically attributed
to complex interactions between environmental
factors (e.g. temperature, dissolved oxygen, and
primary productivity), physiological condition (e.g.
immunological and metabolism function), and
pathogens (Patrick et al., 2006). All the three of these
also separately inﬂuence scallop growth rate (Li et al.,
2013).
Water temperature is likely to be the most important
factor aﬀecting between-season variation in scallops
growth (Yu et al., 2010), having been demonstrated to
signiﬁcantly aﬀect behaviour, growth, and survival of
marine organisms (Konstantinov et al., 2003; Lin et
al., 2005; Brucet et al., 2012). The yesso scallop is a
cold-water species (Park, 1998), suggesting that
winter temperatures are probably more favorable for
its physiological status consistent with our observed

growth and mortality trends in 2014. Variation in
dissolved oxygen and POM concentration also
explained growth and mortality patterns during 2014.
We noted that in contrast to other sites, scallop growth
rates in Sites 2 and 3 were higher during summer than
winter of 2013 (Fig.4a). The diﬀerence is likely
attributed to sediment variety, which determines food
quality and abundance (Grizzle and Lutz, 1989;
Lenihan, 1999). Thus, POM composition in Sites 2
and 3 may be more beneﬁcial for scallop growth
during summer than during winter. Overall, our study
demonstrated that a combination of environmental
factors inﬂuenced growth and mortality, with the
eﬀect of each factor changing across seasons. To
understand which of these factors exerted the strongest
eﬀect on growth and survival, we require more
environmental data and statistical analysis.
Environmental factors are critical to determining
scallop growth and mortality, through inﬂuencing
physiological status (Malham et al., 2009; Cotter et
al., 2010). Thus, we also examined how metabolic
and immunological (antioxidant) enzyme activity and
relative mRNA expression correlated with on the
scallops growth and mortality. Previous research has
indicated that the increased GPT activity is correlated
with cell inﬂammation and cell necrosis (Sultana et
al., 2015). In this study, lower growth rate and higher
mortality rate during summer was likely due to
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increased inﬂammation, implying that GPT activity
was also elevated. Furthermore, GPT is involved in
protein oxygenolysis, promoting amino-acid
transdeamination (Kader et al., 2011). Thus, decreased
protein concentration because of higher GPT activity
likely hampered of scallop growth rate.
The metabolic enzyme LDH is important to
anaerobic respiration, and here we observed that a
signiﬁcant enhancement of gonad LDH activity in
August, but not in December (Fig.5b). This outcome
is likely due to the lower dissolved oxygen in the
ocean during summer. As a result, anaerobic
respiration is forced to increase, leading to heightened
LDH levels (Livingstone et al., 1981; Strahl et al.,
2011), accelerated glycogen consumption, and
ultimately, insuﬃcient energy supply (Pörtner, 2002).
Cell damage and viral infections associated with
summer die-oﬀs also promote LDH activity (Wang et
al., 2001). These observations explain elevated LDH
activity during a season of hampered growth and
elevated mortality in scallops. Interestingly, we
observed that LDH activity increased in adductor
muscles but decreased in gonads at three Sites (1, 2,
4) from August to December (Fig.5b). This diﬀerence
is likely due to the distinct functions of the two organs
and their responses to the external environment, but
more research is necessary to test this hypothesis.
Stressors such as high temperature or low dissolved
oxygen will increase ROS and antioxidant activity in
marine invertebrates will increase (Dyrynda et al.,
1998; Abele and Puntarulo, 2004). The antioxidant
level is one of the important factors evaluating the
health status of scallops (Lauzon-Guay et al., 2005).
In this research, SOD activity was higher in summer
than in winter, implying that the antioxidant system
was upregulated to eliminate ROS and repair oxidative
damage during summer. The need to allocate energetic
resources toward antioxidant responses lead to the
less energy for processes essential to growth and
survival. Indeed, our regression analysis revealed that
SOD activity in gill was negatively correlated with
growth rate and SOD activity in hemolymph was
positively correlated with mortality rate. However,
TAOC was positively correlated with growth rate and
negatively correlated with mortality rate. These
opposing patterns are likely because TAOC reﬂects
the activity of the overall antioxidant system,
including non-enzymatic aspects that may be
associated with other survival-enhancing metabolic
activities (di Giulio et al., 1989; Abele and Puntarulo,
2004). For instance, vitamin C and vitamin E can
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regulate steroid synthesis to promote gland maturation
and growth (Hilton et al., 1979). Future studies should
aim to collect more data on the relative importance of
enzymatic versus non-enzymatic antioxidants across
diﬀerent seasons and environmental conditions.
Seasonal environmental and tissue-function
variation (Jaenisch and Bird, 2003) likely explained
observed diﬀerences in SOD relative expression.
SOD expression can either decrease (under strong,
sustained stimulation) (Jo et al., 2008) or increase
(under low or infrequent stimulation) (Zhen et al.,
2014). In the present study, SOD relative expression
was lower at higher temperatures (i.e. in August),
meaning that SOD expression was also positively
correlated with growth and negatively correlated with
mortality. Because mRNA expression responds to
environmental stimuli more rapidly than does enzyme
activity (Zhen et al., 2014), the former is frequently
used as a biomarker for pollutants (Shao et al., 2012;
Liu et al., 2013a). Therefore, SOD mRNA expression
may be useful as a prediction index of scallop growth
and mortality.
In conclusion, seasonal variation in the growth and
mortality of bottom-cultured yesso scallops results
from harsher environmental conditions during
summer, speciﬁcally high temperature and low
dissolved oxygen. In response, energy consumption
and antioxidant response increased, depleting
energetic resources that are also needed for other
essential processes. As a result, growth, and survival
were extremely hampered. In previous reports, GPT
(Syuichi and Yasuo, 1978; Burton and Feldman,
1983; Ji et al., 2017; Yuan et al., 2017) and LDH
(Hsieh et al., 1955; Rong et al., 2013) are often
detected to explore their relationships to growth or
mortality, while the SOD (Yin et al., 2015; Xiu et al.,
2016) and TAOC (Bedaiwy et al., 2004; Guerra et al.,
2012; Hao et al., 2015) are often seen as indices of the
antioxidant status and health status. In this study,
although we demonstrated overall correlations pattern
between metabolic and antioxidant enzyme activities,
associated gene expressions, and scallop growth/
survival performance statistically (Tables 2 and 4),
more enzymes involved in energy metabolic and
antioxidant status should be considered for predicting
or ﬁtting the growth and mortality performance of
bottom cultured scallops. Future studies on bottomcultured yesso scallops might pay more attention to
the gonadal GPT and LDH, gill SOD and TAOC, as
well as relative expression of adductor-muscle GPT,
hemolymph SOD, and gonadal SOD.
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Overall, the present study clearly indicated that the
activity and relative expression of these enzymes both
respond to and aﬀect yesso-scallop growth and
mortality. Further conﬁrmation of the observed
relationships would greatly contribute to the
improvement of management practices in aquaculture.
In particular, given the high cost of ﬁeld surveys and
the presence of considerable biological and
environmental variation, we recommend further
development of laboratory-based methods that detect
relevant enzyme activity and relative mRNA
expression, for use as accurate performance
estimations in the bottom-culture system.

5 DATA AVAILABILITY STATEMENT
The datasets generated and/or analyzed during the
current study are available from the corresponding
author on reasonable request.
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