
Growth performance, oxidative stress, and non-specific
immune responses in juvenile sablefish, Anoplopoma fimbria,
by changes of water temperature and salinity

Jun-Hwan Kim & Hee-Ju Park & Kyeong-Wook Kim &

In-Ki Hwang & Do-Hyung Kim & Chul Woong Oh &

Jung Sick Lee & Ju-Chan Kang

Received: 10 December 2016 /Accepted: 3 May 2017 /Published online: 13 May 2017
# Springer Science+Business Media Dordrecht 2017

Abstract Juvenile sablefish, Anoplopoma fimbria
(mean length 15.5 ± 1.9 cm, mean weight
68.5 ± 4.8 g), were used to evaluate the effects on
growth, oxidative stress, and non-specific immune re-
sponses by changes of water temperature (8, 10, 12, 14,
16, 18, and 20 °C) and salinity (100 (35.0), 90 (31.5), 80
(28.0), 70 (24.5), 60 (21.0), 50 (17.5), and 40% (14.0)
(‰)) for 4 months. The growth performance was sig-
nificantly increased at the temperature of 12 and 14 °C,
and the feed efficiency was notably decreased at the
temperature of 18 °C. The growth performance and feed
efficiency were also significantly decreased at low sa-
linity. The antioxidant responses such as superoxide
dismutase and catalase were significantly increased by
the high temperature and decreased by the low salinity.
The immune responses such as lysozyme and phagocy-
tosis were elevated by the temperature of 18 °C and
decreased by the salinity of 50%. The results of this

study indicate that the growth performance of juvenile
sablefish, A. fimbria, is influenced by the temperature
and salinity, and the excessive temperature and salinity
levels can affect the antioxidant and immune responses.
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Introduction

Of various environmental factors, water temperature is
one of the most important factors in fish. Most fish are
vulnerable to sharp thermal alterations, because the ther-
mal changes affect ectothermal animals such as ventila-
tion volume, cardiac output, and ventilation-perfusion
ration, which can lead to a decrease in the effectiveness
of oxygen removal, arterial and venous oxygen content,
and hypoxia (Lushchak and Bagnyukova 2006). The
higher temperature than a proper temperature can induce
a progressive loss of equilibrium such as the rolling or
swimming upwards or downwards in an uncoordinated
manner (Logue and Cossins 1995). In addition, temper-
ature is a critical physical regulatory factor in fish such
as most reproductive procedure of gamete development,
maturation, ovulation, spermiation, spawning, embryo-
genesis, and hatching, as well as survival (Pankhurst and
Munday 2011). Salinity is also one of the most critical
factors in fish, because most fish are euryhaline. The
physiological responses by salinity are often much more
influential than water temperature (Wuenschel et al.
2004a). Salinity as well as water temperature
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substantially influences the metabolism during phase II
of the mass metabolism relationship in fish (Wuenschel
et al. 2004b). Most teleost fish control their plasma ions
for their body fluid homeostasis which is equivalent to
approximately 10 to 15‰, and marine fish use their
energy to fulfill the metabolic costs of ionic and osmotic
regulation (Brett 1979). Therefore, the growth and de-
velopment in fish can be significantly affected by the
salinity (Imsland et al. 2001). In fish, the ability to
handle fluctuating salinity is considered as a critical
factor for maximized growth and reproduction
(Sampaio and Bianchini 2002).

Thermal stress in fish also causes oxidative stress
(Vinagre et al. 2012), because the high temperature
induces the hyperthermia, which results in reactive ox-
ygen species (ROS) generation by tissue re-oxygenation
during recovery (Madeira et al. 2013). The metabolic
rate in fish according to water temperature affects oxy-
gen consumption, which is highly associated with ROS
production such as superoxide anion, hydrogen perox-
ide, and hydroxyl radical (Madeira et al. 2013). The
alterations of salinity induce physiological stress, which
is closely related to the generation of ROS (Yin et al.
2011). In response to ROS generation, superoxide dis-
mutase (SOD) decomposes superoxide anion to hydro-
gen peroxide, and catalase (CAT) decomposes hydrogen
peroxide to oxygen and water (Kim and Kang 2015).
Considering the important functions of the antioxidant
enzymes, the antioxidant responses such as SOD and
CAT suggest a reliable parameter to assess the oxidative
stress by the water temperature and salinity alterations.

Environmental temperature affects the immunologi-
cal processes of aquatic animals in addition to the me-
tabolism and behavior (Jun et al. 2009). Temperature is a
critical factor in cold-blooded animals, and thermal al-
terations cause the changes of fish immune responses
(Martins et al. 2011). Changes in salinity also affect the
immune responses in aquatic animals (Wang and Chen
2005). Matozzo et al. (2007) also suggested that salinity
affects the immune responses in the aquatic animals of
marine and freshwater. Among various immune re-
sponses, lysozyme is a crucial non-specific immune
parameter in fish, and the lysozyme activity can be
stimulated by temperature as well as health condition,
stress, sex, and toxicants (Kim andKang 2016a). Phago-
cytosis is also a major non-specific immune response,
which engulfs large particles into intracellular vacuoles
to remove pathogenic microorganisms, and it has been
considered as a major immunological indicator to

evaluate the health status and immune ability in fish
(Risjani and Yunianta 2014). Therefore, the immune
response parameters suggest a reliable indicator to as-
sess the effects of water temperature and salinity.

Sablefish, Anoplopoma fimbria, is widely known as
Alaskan black cod, which is a long-lived demersal fish
species mainly between 200 and 1500 m inhabited in
North Pacific Ocean (Rondeau 2013), and it is also one
of the most important commercial fish species due to its
high demand, appreciate flesh, and rapid growth. How-
ever, the insufficient study about the breeding water
temperature and salinity for aquaculture has been con-
ducted in the fish. In Korea, the coastal temperature in
the summer goes up to the temperature of 28 °C. But, the
coastal underground water in Korea maintains the tem-
perature below 18 °C. Therefore, the purposes of this
study were to evaluate the effects of growth per-
formance, oxidative stress, and non-specific im-
mune responses by changes of water temperature
and salinity and verify the possibility to culture
this species in Korea.

Materials and methods

Experimental fish and conditions

Juvenile sablefish (A. fimbria) were obtained from
Troutlodge Sablefish LLC., USA, which were
transported by plane maintaining the temperature of
5 °C. During the acclimation period, the fish were fed
diet twice daily and maintained on a 24-h dark cycle and
constant condition at all times. After acclimatization,
350 fish (body length, 15.5 ± 1.9 cm; body weight,
68.5 ± 4.8 g) were randomly selected for the study.
The water temperature was adjusted from ambient at a
rate of ±1 °C/day until a final temperature of 20 °C was
reached. The acclimation period commenced once the
final temperature had been sustained for 24 h and ani-
mals were feeding, while showing no sign of stress. The
salinity concentrations were 100 (35.0‰), 90 (31.5‰),
80 (28.0‰), 70 (24.5‰), 60 (21.0‰), 50 (17.5‰), and
40% (14.0‰). The tank water temperature was
maintained with a water cooling device. At the
end of each period (at 2 and 4 months), animals
were anesthetized in buffered 3-aminobenzoic acid
ethyl ester methanesulfonate (Sigma Chemical, St.
Louis, MO).
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Growth performance

The weight and length of sablefish were measured just
before exposure, at 2 and 4 months. Daily length gain,
daily weight gain, condition factor, and feed efficiency
were calculated by the following method.

Daily growth gain ¼ W f −Wi=day

W f ¼ Final length or weight;Wi ¼ Initial length or weight
� �

Condition factor %ð Þ ¼ W=L3
� �

x 100

W ¼ weight gð Þ; L ¼ length cmð Þð Þ
Feed efficiency ¼ g live weight gain=g dry feed given

Antioxidant enzyme analysis

Liver and gill tissues were excised and homogenized
with 10 volumes of ice-cold homogenization buffer
using a Teflon-glass homogenizer (099CK4424, Glass-
Col, Germany). The homogenate was centrifuged at
10,000g for 30min under refrigeration, and the obtained
supernatants were stored at −80 °C for analysis.

Superoxide dismutase (SOD) activity was measured
with 50% inhibitor rate about the reduction reaction of
WST-1 using SODAssay Kit (DojindoMolecular Tech-
nologies, Inc.). One unit of SOD is defined as the
amount of the enzyme in 20 μl of sample solution that
inhibits the reduction reaction of WST-1 with superox-
ide anion by 50%. SOD activity was expressed as unit
milligram per protein.

*WST−1 ¼ 2− 4‐lodophenylð Þ−3− 4−nitrophenylð Þ−5
− 2; 4‐disulfophenylð Þ−2H−tetrazolium;monosodium salt

Catalase (CAT) activity was measured using the
OxiSelect™ Catalase Assay Kit (Cell Biolabs, Inc.).
The quinoneimine dye coupling product is measured at
520 nm, which correlated to the amount of hydrogen
peroxide remaining in the reaction mixture. The CAT
activity was expressed as unit/mg protein, and one unit
of CAT is the amount of enzyme that will decompose
1 μM of H2O2 per minute at 25 °C.

Non-specific immune responses

The plasma for analysis was separated from the blood
sample. Kidney tissues were excised and homogenized

with 10 volumes of ice-cold homogenization buffer
(0.004 M phosphate buffer, pH 6.6) using a Teflon-
glass homogenizer (099CK4424, Glass-Col, Germany).
The homogenate was centrifuged at 10,000g for 10 min
under refrigeration, and the obtained supernatant was
stored at −70 °C (MDF-U53V, SANYO Electric Co.
Ltd., Japan) for analysis. Protein content was deter-
mined by the Bio-Rad Protein Assay Kit (Bio-Rad
Laboratories GmbH, Munich, Germany) based on the
Bradford dye-binding procedure, using bovine serum
albumin as standard. Lysozyme concentration was cal-
culated through the measure of its enzyme activity.

Lysozyme activity was determined by a turbidimetric
method (Ellis 1990) using Micrococcus lysodeikticus
(Sigma) as a substrate (0.2 mg/ml 0.05 M phosphate
buffer, pH 6.6 for kidney sample and pH 7.4 for plas-
ma). A standard curve was made with lyophilized hen
egg white lysozyme (Sigma), and the rate of change in
turbidity was measured at 0.5- and 4.5-min intervals at
530 nm. The results were expressed as μg/ml and μg/g
equivalent of hen egg white lysozyme activity
(Anderson and Siwicki 1994).

Phagocytosis was measured using the phagocytosis
assay kit (Cell Biolabs, Inc.). Add 200 μl of cold 1×
PBS to each well, and promptly remove the PBS solu-
tion. Add 100 μl of fixation solution to each well, and
incubate for 5 min. Promptly remove the fixation solu-
tion, and wash twice with 1× PBS. Add 100 μl of pre-
diluted 1 blocking solution to each well, and incubate
the plate for 30 min. Promptly remove the blocking
solution, and wash three times with 1× PBS. Add
100 μl of pre-diluted 1× permeabilization solution to
each well, incubate for 5 min, and promptly remove the
PBS. Initiate the reaction by adding 100 μl of substrate,
and incubate for 10–30 min. Stop the reaction by adding
100 μl of the stop solution, and read the absorbance at
450 nm.

Statistical analysis

The experiment was conducted in exposure period for
4 months and performed triplicate. Statistical analyses
were performed using the SPSS/PC+ statistical package
(SPSS Inc., Chicago, IL, USA). Significant differences
between groups were identified using one-way ANOVA
and Tukey’s test for multiple comparisons or Student’s t
test for two groups (n = 10). The significance level was
set at P < 0.05.
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Results

Growth performance

The growth rate and feed efficiency of A. fimbria by
changes of water temperature are shown in Fig. 1. The
daily length gain and daily weight gain of A. fimbria
were significantly increased at the temperature of 14 °C
after 2 months and at the temperature of 12 and 14 °C
after 4 months. The condition factor was also notably
increased at 14 °C after 2 months and at 12 and 14 °C
after 4 months. In the feed efficiency, a significant
reduction was observed at 18 °C after 2 and 4 months.

The growth rate and feed efficiency of A. fimbria by
changes of water temperature are shown in Fig. 2. The
daily length gain and daily weight gain of A. fimbria
were significantly decreased at the salinity of 50% after
2 months and below salinity 60% after 4 months. The

condition factor was substantially decreased at salinity
of 50% after 2 and 4 months. In the feed efficiency, a
significant reduction was observed at salinity of 50%
after 2 months and below salinity 60% after 4 months.

Antioxidant enzyme analysis

The alterations of antioxidant responses in the liver and
gill tissues of A. fimbria by changes of water tempera-
ture are demonstrated in Fig. 3. The liver SOD activity
of A. fimbria was significantly increased at 18 °C after
2 months and over 16 °C after 4 months, and the gill
SOD activity was also considerably increased at 18 °C
after 2 and 4 months. In the CAT activity, a notable
increasewas observed in the liver at 18 °C after 2months
and over 16 °C after 4 months and in the gill at 18 °C
after 2 and 4 months.
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Fig. 1 Daily length gain, daily weight gain, condition factor, and
feed efficiency of sablefish, Anoplopoma fimbria, exposed to the
different levels of water temperature for 4 months. Vertical bars

denote a standard error. Values with different superscripts are
significantly different at 2 and 4 months (P < 0.05) as determined
by Tukey’s multiple range test (n = 10)
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The alterations of antioxidant responses in the liver
and gill tissues of A. fimbria by changes of salinity are
demonstrated in Fig. 4. The liver SOD was notably
decreased at salinity of 50% after 2 months and below
salinity 60% after 4 months, and the gill SOD was also
significantly decreased at salinity of 50% after 2 and
4 months. The liver CATwas significantly decreased at
salinity of 50% after 2 months and below salinity 60%
after 4 months, and the gill CAT was substantially
decreased at salinity of 50% after 2 and 4 months.

Non-specific immune responses

The non-specific immune responses in the plasma and
kidney tissues of A. fimbria by changes of water tem-
perature are shown in Fig. 5. The plasma and kidney
lysozyme were notably increased at the temperature of
18 °C after 2 and 4 months. The plasma and kidney

phagocytosis were significantly increased at 18 °C after
2 and 4 months.

The non-specific immune responses in the plasma
and kidney tissues of A. fimbria by changes of salinity
are shown in Fig. 6. The plasma lysozyme was signifi-
cantly decreased at salinity of 50% after 2 months and
below salinity 60% after 4 months, and the kidney
lysozyme was also notably decreased at salinity of
50% after 2 and 4 months. The plasma and kidney
phagocytosis were significantly decreased at salinity of
50% after 2 and 4 months.

Discussion

In aquaculture, environmental factors such as tempera-
ture, pH, dissolved oxygen, and chemical oxygen de-
mand have been considered as a critical indicator to
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Fig. 2 Daily length gain, daily weight gain, condition factor, and
feed efficiency of sablefish, Anoplopoma fimbria exposed to the
different levels of salinity for 4 months. Vertical bars denote a

standard error. Values with different superscripts are significantly
different at 2 and 4 months (P < 0.05) as determined by Tukey’s
multiple range test (n = 10)
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cultivate various fish species for a proper growth and
production. Of the environmental parameters, tempera-
ture is one of the most important fundamental factors,
because water temperature affects the physiology in
aquatic animals in addition to their growth, propagation,
metabolism, and osmoregulation (An and Choi 2010).
Therefore, the experiments regarding the proper temper-
ature of the respective fish species should be conducted
for aquaculture. In this study, the higher or lower tem-
perature than a proper temperature (12 and 14 °C) in-
duced a significant reduction in the growth performance
of sablefish, A. fimbria. Susan and Bori (2001) also
reported a significant increase in the growth rate of
bluefish, A. fimbria (size: mean length 50–60mm, mean
weight 0.7–1.5 g), at high temperature, and the growth
increased rapidly as temperature increased from 14 to
22 °C. But, a significant reduction in the growth

performance was observed at 24 °C. Although the spe-
cies used in the Susan and Bori (2001)’s article was the
same as the species in this study, the difference in the
proper temperature may be due to the size of the fish.
Handeland et al. (2000) reported a linear relationship
between growth performance and temperature in the
Atlantic salmon, Salmo salar, but a rapid reduction in
growth rate was observed at the higher temperature
(18.9 °C) than a proper temperature (4.6–14.4 °C). An
optimal temperature for a respective species results in
maximum growth, which is due to its covariation of
food intake and food conversion with growth perfor-
mance as thermal alterations (Handeland et al. 2008).

Of various ecological factors, salinity is also one of
the most critical indicators to aquatic environment, and
many authors reported the effects of external salinity on
growth performance in fish (Boeuf and Payan 2001).
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Fig. 3 Changes of SOD and CAT activity in liver and gill of
sablefish, Anoplopoma fimbria, exposed to the different levels of
water temperature for 4 months. Vertical bars denote a standard

error. Values with different superscripts are significantly different
at 2 and 4 months (P < 0.05) as determined by Tukey’s multiple
range test (n = 10)
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The low salinity below 50% induced a significant re-
duction in the growth performance of sablefish,
A. fimbria. The salinity is widely known to affect the
growth of aquatic animals. Brown and Hartwick (1988)
reported a significant reduction in the growth of Pacific
oyster, Crassostrea gigas, by the low salinity. Deane
and Woo also suggested that salinity alterations can
cause a significant reduction in the growth of fish,
because changes in environmental salinity cause
osmotic stress in fish to maintain water and ionic
homeostasis. Chen and Chen (1999) suggested that
salinity in the range of 25 to 35 psu is optimal levels
to many species. However, several authors reported a
significant increase in the growth performance at lower
salinity (Bray et al. 1994; Imsland et al. 2001).

Antioxidant responses have been widely considered
as a reliable biomarker to assess the heat shock stress in
aquatic animals, because the high water temperature

affects the synthesis of relevant antioxidant systems in
marine fish (Abelea and Puntarulo 2004). In addition,
the increase in environmental water temperature induces
an increase of oxygen consumption, which promotes the
ROS production (Lushchak and Bagnyukova 2006). In
this study, the high temperature over 16 °C affects the
antioxidant responses such as the superoxide dismutase
(SOD) and catalase (CAT) of A. fimbria. Verlecar et al.
(2007) reported also the increased activities of antioxi-
dants such as SOD and CAT in Green-lipped mussels,
Perna viridis, by the higher temperature than their ther-
mal optimum. Parihar et al. (1997) reported signif-
icant increases in the SOD activity of freshwater
catfish, Heteropneustes fossilis, by the high ther-
mal exposure. In this study, the thermal stress
caused by the heat shock of the high water tem-
perature affected significant alterations in the redox
homeostasis of A. fimbria.
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Fig. 4 Changes of SOD and CAT activity in liver and gill of
sablefish, Anoplopoma fimbria, exposed to the different levels of
salinity for 4 months. Vertical bars denote a standard error. Values

with different superscripts are significantly different at 2 and
4 months (P < 0.05) as determined by Tukey’s multiple range test
(n = 10)
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In aquatic animals, salinity changes also can induce
oxidative stress by generating ROS induced by the
salinity change stress (Lushchak 2011). Li et al. (2007)
suggested that stress caused by salinity alterations is
closely related to increased ROS production, which
induces oxidative injury. The low salinity induced a
significant decrease in the SOD activity of A. fimbria.
Wang and Chen (2005) reported a significant decrease
in the SOD activity of white shrimp, Litopenaeus
vannamei, exposed to low salinity. Wang and Chen
(2006) also reported a notable decrease in the SOD
activity of tiger shrimp, Penaeus monodon, exposed to
low salinity, which is responsible for scavenging super-
oxide anion. Ma et al. (2016) reported a substantial
decrease in the CAT activity of golden pompano,
Trachinotus ovatus, by the low salinity. Roche and
Boge (1996) suggested that the alterations in antioxidant

enzyme activities in fish are closely related to hypo-
osmotic shock. Considering the results of the antioxi-
dant responses, the higher temperature and lower salin-
ity than their moderate scope affect the experimental
animal as oxidative stress, and the redox-related bio-
markers can be a reliable indicator to assess the thermal
stress in aquatic animals.

Thermal stress by severe thermal alterations can in-
fluence the non-specific immunity in aquatic animals,
whereas optimal temperature helps enhance the immu-
nity (Morvan et al. 1998). The thermal stress in fish can
stimulate the immune system by increasing host suscep-
tibility to infectious disease and increasing white blood
cell circulating (Prophete et al. 2006). In this study, the
high temperature induced a significant increase in the
lysozyme activity of sablefish, A. fimbria. Many authors
reported a notable increase in the lysozyme activity of
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phagocytosis in plasma and kidney) of sablefish, Anoplopoma
fimbria, exposed to the different levels of water temperature for
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(P < 0.05) as determined by Tukey’s multiple range test (n = 10)
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fish species by the higher temperature exposure than
their temperature scope (Langston et al. 2002;
Dominguez et al. 2005; Ndong et al. 2007). The high
temperature (18 °C) caused a significant increase in the
lysozyme activity of A. fimbria. Harrahy (2001) sug-
gested that lysozyme relies on temperature in most fish
species, and low water temperature induced a decrease
in lysozyme activity, whereas the increased water
temperature caused an increase in lysozyme. The
phagocytosis activity of sablefish, A. fimbria, was also
significantly increased by the high temperature
exposure. Carballal et al. (1997) reported a higher
phagocytosis activity of Mytilus galloprovincialis at
the higher temperature. Considering that the non-
specific immune responses can be a sensitive indicator
for the thermal stress as well as chemical toxicants
(Prophete et al. 2006), the results of this study for the
non-specific immune responses should suggest a good

indicator to evaluate the thermal stress in sablefish,
A. fimbria, by the high thermal exposure.

The low salinity stress as well as thermal stress can
cause significant decreases in the immune responses of
aquatic animals (Li et al. 2010). Wang et al. (2008)
suggested that alterations in salinity influence the im-
mune parameters in aquatic animals. The lysozyme and
phagocytosis activities of sablefish, A. fimbria, were
significantly decreased by the low salinity. Lysozyme
activity can be significantly changed by salinity, and
Matozzo et al. (2007) reported a significant alteration
in the lysozyme activity of the clam, Chamelea gallina,
by the salinity change. Lin et al. (2012) reported a
notable reduction in the lysozyme activity of white
shrimp, L. vannamei, exposed to long-term low salinity.
Wang and Chen (2005) reported that the low salinity
induced a significant reduction in the immune responses
such as phagocytic activity and phenoloxidase activity
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and respiratory burst of white shrimp, L. vannamei.
Cheng et al. (2004) also reported a significant decrease
in the phagocytic activity of Taiwan abalone, Haliotis
diversicolor supertexta, exposed to low salinity. In the
results of this study, the low salinity substantially affect-
ed the immune responses of sablefish, A. fimbria.

In conclusion, the proper temperature for the growth
of juvenile sablefish, A. fimbria, was between 12 and
14 °C, and the higher temperature at 16 °C affects the
antioxidant responses as an oxidative stress factor. In
addition, the temperature of 18 °C alters the non-specific
immune responses. The salinity from 100 to 60% did
not induce significant alterations in the growth, antiox-
idant, and immune responses of A. fimbria. But, the
salinity below 50% caused notable reductions in the
growth, antioxidant, and immune responses. Consider-
ing the results of this study, the proper temperature for
the best growth performance of sablefish, A. fimbria, not
to influence the antioxidant and immune responses was
at 12 and 14 °C. In salinity, even though the salinity at
certain levels did not affect the experimental fish, the
exceeded optimum levels of low salinity (below 50%)
influenced the growth, antioxidant, and immune re-
sponses of A. fimbria.
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