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Effects of fish meal replacement on growth performance, energy metabolism,
and stress responses of juvenile olive flounder (Paralichthys olivaceus) under
chronic and acute temperature stresses

Sooa Yoon

Department of Fisheries Biology, The Graduate School,
Pukyong National University

Abstract

Global warming attributed to climate change is causing rapid environmental changes
including high fluctuation in water temperature, resulting in mass mortality and disease
outbreaks in aquaculture practices. Fish meal production is predicted to decrease over time due
to reduction in capture production of fishes for use of fish meal in association with climate
change. Regardless the fact that fish meal is an important ingredient for aquafeed, there is no
choice but to reduce fish meal content in aquafeed for sustainable aquaculture. Therefore, the
current study was conducted to understand what relationship between manipulation of fish meal
content and physiological responses under chronic and acute temperature stress exists in
juvenile olive flounder (Paralichthys olivaceus), a commercially important aquaculture fish
species in Asia countries, including Rep. of Korea, Japan, and China.

Four hundred eighty juveniles averaging 13.6 + 0.02 g (mean + SEM) were randomly
distributed into each of the 24 rectangular tanks (20 fish per tank). Each set of 12 tanks was
assigned to either constant water temperature group reared at 19.5 (named as non-stressed
group: NS) or gradually increased water temperature group reared at from 19.5 to 30 (1.5
increment/week) (named as chronic temperature-stressed group: CTS) throughout the trial. Each
NS and CTS group consisted of four fish meal replacement treatments including 0, 20, 40, and
60% fish meal content in diet (2 X 4 factorial arrangement; N = 3 per treatment). Following the
8-week trial, fish from the NS group were exposed to acute temperature stress (2-h heat shock
at 30 and 2-h recovery at 19.5 , named as acute temperature-stressed group: ATS). Growth
performance and stress- and immune-related measurements for stressed and non-stressed
juveniles were investigated.

Results from the chronic exposure experiment showed that the CTS group had significantly
lower final body weight (FBW), weight gain (WQ), specific growth rate (SGR), feed efficiency
(FE), condition factor, and viscerosomatic index than the NS group (P < 0.05). There was also
a significant main effect of the fish meal replacement in both NS and CTS groups showing that
FBW, WG, SGR, and FE generally decreased with increasing fish meal replacement level. There

was a significant main effect of temperature stress on nutrient composition of the whole body,

vi



showing that crude protein content of the CTS group was significantly higher than that of the
NS group. A significant temperature stress main effect on plasma glucose (GLU), triglyceride
(TG), total protein (TP), and glutamic oxaloacetic transaminase (GOT) levels was observed,
exhibiting that those of the CTS group were significantly higher than the NS group. There was
a significant main effect of fish meal replacement on plasma total cholesterol (TCHO) and TG,
showing that the TCHO level was significantly increased with increasing fish meal replacement
level, whereas the pattern of change in the TG level was inverse. There was no effect of
temperature stress and fish meal replacement level on superoxide dismutase (SOD),
immunoglobulin M (IgM), and lysozyme (LZM); however, a significant interaction between the
stress and replacement level on glutathione peroxidase (GPX) activity was observed, showing
that its level of the FMO group was significantly higher than that of the FM20 and FM60 groups,
whereas no effect of the temperature stress was detected. A significant main effect of the
temperature stress on plasma cortisol level was observed, showing that the CTS group had a
significantly higher cortisol level compared to the NS group. There was neither the temperature
stress nor fish meal placement effects on relative gene expression levels of Adenosine
monophosphate-activated protein kinase beta (AMPKP), peroxidase proliferator-activated
receptor gamma (PPARY), heat shock protein 70 (HSP70), and glucose 6-phosphatase (G6pase)
in liver tissue.

Results from the acute exposure experiment show that the overall pattern of changes in the
plasmatic enzymes and metabolites were, to some extent, incomparable to those from the
chronic exposure experiment. Plasma TCHO, TG, TP, and GOT levels of the FMO diet were
significantly higher than those of the FM60 diet, whereas plasma GLU and glutamic pyruvic
transaminase (GPT) levels of the FMO diet were significantly lower than those of the FM60 diet.
There was no difference in plasma GPX, SOD, IgM, and LZM levels of the juveniles fed the
experimental diets. Plasma cortisol and HSP70 levels were not significantly affected by the
experimental diets. Relative expression levels of HSP70 and Gé6pase of the FMO diet were
significantly higher than those of the FM60 diet, whereas no difference in its levels of AMPKf3
and PPARy was observed.

Taken together, the overall pattern of changes in the juveniles fed the low fish meal
contained diets when exposed to the chronic stress was, to some extent, incomparable to those
from the acute exposure experiment. Thus, it is suggested that physiological responses of
homeostasis from temperature stress could be variable between the chronic and acute exposure
conditions, and the low fish meal fed olive flounder juveniles could be less tolerable to acute

temperature stress.
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. Introduction

The world population recently passed 8.0 billion in 2022 and will reach 9.7
billion in 2050 (United Nations, 2022). As the population grows, per capita
consumption of seafood has increased steadily, from 9.9 kg in the 1960s to a peak of
20.5 kg in 2019 (FAO). Aquaculture production will increase to meet rising seafood
consumption, by 2030, 62% of seafood production will come from farmed fish (World
bank, 2013).

The rapidly growing aquaculture industry using fish meal as a major protein
source in compounded feed. However, fish meal production is declining, and this is due
to overfishing and climate change. As an example, Peru, the main source of fish meal
and fish oil, has experienced production lag behind levels seen in previous years due to
bad weather, area specific fishing restrictions and high catches of juveniles (FAO, 2022).
In addition, 25% of the global catch is used for fish meal and fish oil, 90% of which is
edible (Centanni, T. M., et al., 2014). Therefore, it is essential to develop fish meal
substitutes to meet the demand of the aquaculture industry, reduce production costs,
and foster a sustainable aquaculture industry.

Climate change is one of the challenges the aquaculture business needs to take
into account. Water temperature is impacted by climate change, and since fish are
poikilotherms, water temperature is one of the most crucial environmental elements for
them (Lee, D., et al., 2023). Aquatic organisms, which are closely related to changes in
aquatic environment, are exposed not only to continuous environmental changes but

also to temporary and rapid environmental changes. Fish subjected to temperature



compression release cortisol in the blood, resulting in a primary compression response.
Cortisol enhances the activity of the motor system (increases blood pressure and heart
rate (Kwon, O., & Kim, T., 2023)) and increases secretion in the blood, generating the
energy needed immediately. The creation of heat shock protein (HSP), which
normalizes and repairs oxidative damage brought on by heat stress, is also exacerbated
by catecholamine release (Alfonso, S., et al, 2021).

Olive flounder (Paralichthys olivaceus), one of the most farmed fish species
in Korea, accounts for more than 50% of Korean fish production (Korean Statistics
Information Service; KOSIS, 2023). Despite the fact that olive flounder is eurythermal
(Cho, S. H., et al., 2012), it suffers mass mortality result of rapid water temperature rise
due to climate change, especially in summer. The issue of replacing fish meal and the
rising water temperature brought on by climate change must be resolved for flounder
farming to be sustainable. Therefore, this study was conducted to better understand how
flounder fed diets with different fish meal contents responded to energy metabolism,

stress and immune response when exposed to chronic or acute water temperature stress.



. Materials and methods

1. Experimental diets preparation

Formulation and chemical composition of the experimental diets are listed in
Table 1. All of the dietary ingredients were obtained commercially. On the basis of
almost isonitrogenous (55% crude protein), isolipidic (12% total lipid), and isocaloric
(3948 kJ kg™ gross energy) diets, four experimental diets were formulated. A 60% fish
meal-based diet served as the control diet (FM60). Fish meal protein was gradually
replaced at 33, 66 and 100% and designated as FM40 FM20 and FMO respectively.
Experimental diets were formulated by combining animal (tankage meal and poultry
by-product meal) and plant (soybean meal and soy protein concentrate; SPC) protein
sources to complete amino acid profile of the experimental diets (Table 2) and as
attractants and palatability enhancer. The lipid sources included fish oil and lecithin,
and the carbohydrate or nitrogen-free extract sources included wheat flour. All of the
dry ingredients were completely mixed for 15 minutes in an electric mixer (HY VM-
1214, Hanyoung Food Machinery, Republic of Korea) to prepare the diets. Fish oil
added to the dry ingredients and mixed for another 15 minutes. Water (45% of the dry
ingredients) added to the premixed ingredients and mixed for another 15 minutes. The
dough was passed through a pelletizing machine (SFD-GT, Shinsung, Republic of
Korea) with a flat die of approximately 2 mm in diameter to prepare pellets, which were
then air dried for 48-h until the moisture content of less than 10% (Table 1). The

experimental diets were stored at -20 in a fridge until use.



Table 1. Formulation and proximate composition of the experimental diets for juvenile
olive flounder (g kg™)

FM60 FM40 FM20 FMO
Fish meal (Anchovy)! 600 400 200 0
Starch! 50 50 50 50
Wheat flour! 176 145 117 89
Squid liver powder! 50 50 50 50
Soybean meal! 50 50 50 50
Poultry by product! 0 45 90 135
Soy protein concentrate! 0 45 90 135
Aquatide! 0 55 110 165
Tankage meal 0 55 110 165
Fish oil' 30 45 55 65
Lecithin' 3 6 9 12
Betain' 3 6 9 12
Taurine! 3 6 9 12
Monocalcium phosphate? 3 6 9 12
Methionine! 1 2 4 6
Lysine! 1 2 4 6
Mineral mix? 12 12 12 12
Vitamin mix* 12 12 12 12
Vitamin C! - 2 2 2
Choline' 4 6 8 10
Proximate analysis (% of dry matter basis)
Moisture 9.24 9.89 9.10 9.47
Crude Protein 55.9 55.6 56.1 55.8
Crude Lipid 10.8 12.3 12.5 13.4
Crude Ash 11.9 11.4 10.9 10.7
Energy (kJ/KG) 3988 3978 3935 3892

! The feed Co. Goyang, Korea

2 Duksan pure chemicals CO., LTD, Korea

> Mineral mix (as g/kg premix): Ferrous fumarate, 12.50; Manganese sulfate, 11.25; Dried
ferrous sulfate, 20.0; Dried cupric sulfate, 1.25; Cobaltous sulfate, 0.75; Zinc sulfate KVP, 13.75;
Cancium iodate, 0.75; Magnesium sulfate, 80.20; Aluminum Hydroxide, 0.75.

4 Vitamin mix (as mg/kg premix): A, 1,000,000 1U; D, 200,000 IU; E, 10,000; B1, 2,000; B6,
1,500; B12, 10; C, 10,000; Calcium pantotenic acid, 5,000; Nicotinic acid 4,500; B-Biotin 10;
Choline chloride, 30,000; Inositol, 5,000.



Table 2. Amino acids in the experimental diets (% in each diet sample)

FM 60 FM 40 FM 20 FM 0
Essential
Arginine 2.94 2.98 2.72 2.85
Histidine 1.96 1.75 1.59 1.76
Isoleucine 1.92 1.81 1.73 1.64
Leucine 3.27 3.30 3.17 3.28
Lysine 3.40 3.08 2.86 2.55
Methionine 1.14 1.03 1.04 0.96
Phenylalanine 1.82 1.84 1.73 1.78
Threonine 1.71 1.61 1.46 1.40
Valine 2.41 oL} 2.16 2.00
Non-Essential
Aspartic Acid 3.92 3.76 3.55 3.52
Serine 1.67 1.70 1.64 1.59
Glutamic Acid 6.62 6.87 6.73 6.69
Proline 1.63 1.83 1.99 2.59
Glycine 2.68 2.82 2.88 3.00
Alanine 2.63 2.60 2.56 2.57
Tyrosine 0.86 1.01 0.93 0.83
Cysteine 1.35 1.26 1.18 1.15
41.9 41.5 39.9 41.0




2. Experimental fish and temperature exposure

2.1 Chronic temperature stress exposure experiment (Experiment I)

The feeding trial was carried out at the Feeds and Foods Nutrition Research
Center, Pukyong National University, Busan, Rep. of Korea. Juvenile olive flounders
were obtained from a local fish farm located at Boryeong. The fish were acclimated in
the lab environment for two weeks. The fish were fed an oxytetracycline-treated control
food (FM60) during this period. Figure 1 shows that experimental design, at the
beginning of the experiment, four hundred eighty juveniles with an initial body weight
averaging 13.6 + 0.0 g (mean + SEM) were randomly distributed into each of the 24
rectangular tanks (20 fish per tank two separate systems were used for the experiment
on the effects of chronic high temperatures. Each set of 12 tanks was divided into two
groups: one raised at a constant temperature of 19.5°C (named as the non-stressed
group: NS), and the other raised at a temperature gradually increased from 19.5°C to
30°C (1.5°C increment/week) (named as the chronic temperature-stressed group: CTS).
The water temperature of the two groups was controlled by electronic thermostat
(DOV-887, Daceil, Busan, Korea), and monitored by HOBO data logger (HOBO water
temperature Pro v2 data logger-U22-001, Onset, Bourne, MA, USA) every 10 minutes
throughout the trial (Figure 2). A flow rate of 2.7 L min" was maintained throughout
the experimental period. Two times each day, at 9:00 and 17:00, all fish were manually
fed their separate experimental diets in accordance with the growth and mortality of the
olive flounder and in accordance with 2% of body weight. After feeding, 25% of the

water was replaced by siphoning feces (50% every day). Because of the trial for heat



stress, the system was divided into two groups, although the two systems were identical.
During the experimental period, the monitored water quality parameters (mean + SEM)
are shown in Table 3. Dissolved oxygen (DO) recorded by YSI DO meter (ProODO/T,
Yellow Springs, OH, USA) CTS group has lower DO levels than NS group. As the
water temperature increased, the oxygen saturation decreased, and the dissolved

oxygen content of CTS group was recorded lower than that of NS Group.



2.2. Acute temperature stress exposure experiment (Experiment II)

After chronic temperature stress experiment for 8 weeks, an acute temperature stress
experiment (ATS) was conducted with the NS group. 6 fish from treatment (2 fish per
tank) were collected and transferred into a 216 L tank containing 4 sub-rearing units
(perforated plastic containers; 30 x 30 x 30 cm®). The temperatures for acute
temperature stress were 30°C. The fish abruptly exposed to acute temperature stress for
2 hours at 30°C and the water temperature was controlled by and artificial thermostat.

After exposure, fish were moved to 19.5°C and had a recovery period for 2 hours.



Exp. I : Chronic temperature stress exposure
(8-week trial; 2 X 4 factorial design)

33

—CTS
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The juveniles from the NS group were tested
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Figure 1. Schematic diagram of chronic (Exp. I) and acute (Exp. II) temperature
stress exposure set-ups



Water temperature (°C)
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Figure 2. Water temperature records during the chronic temperature stress exposure
experiment (Exp. I)

10



Table 3. Water quality parameters (mean = SEM)

Chronic Temperature Stressed Non-Stressed Group

Group
Ammonia' (mg/L) 1.21£0.15 1.02+0.15
Nitrite! (mg/L) 3.20+0.19 3.45+0.18
Nitrate' (mg/L) 64.5+5.1 81.0+5.6
DO (mg/L) 6.47+0.13 7.02+0.04

! Tested by saltwater master test kit (API fish care)
2 Dissolved oxygen tested by YSI DO meter (ProODO/T)

11



3. Sample collection and analysis

3.1. Growth performance

All fish in each tank were collected and weighed before at the terminal of the
eight-week experimental period. Weight gain (WQ), specific growth rate (SGR), feed
efficiency (FE), survival rate (SR), hepatosomatic index (HSI), viscerosomatic index

(VSI), and condition factor (CF) were calculated according to the following equations:

WG (%) = [final weight (g) — initial weight (g)] /initial weight (g) x 100.
SGR (%/day) = [In final weight (g) — In initial weight (g)] / days x 100.
FE (%) = (final weight (g) — initial weight (g)) /feed consumed (g) x 100.
SR (%) = (final number of fish/initial number of fish) x 100.

HSI (%) = liver weight (g)/body weight (g) x 100.

VSI (%) = viscera weight (g)/body weight (g) x 100.

CF = wet weight (g)/total length (cm)* x 100.
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3.2. Diet and fish whole body proximate composition analysis

As for the general ingredients, four types of feed used in this experiment and
three experimental olive flounder were randomly selected for each type of feed after
the experiment, and the whole fish was analyzed. According to the Association of
Official Analytical Chemists (AOAC, 2005) method, general component analysis was
carried out. After three days of freeze-drying (Advantage 2.0, VirTis, New York, USA),
samples were grounded. By drying to constant weight at 105°C for 24 hours and
burning at 550°C in a muffle furnace for 3 hours, respectively, moisture and ash were
calculated. Nitrogen (N % 6.25) content was measured by acid digestion with Kjeldahl
method (2300 Auto analyzer, Foss Tecator. AB, Hoganas, Sweden). Soxtec system
1046 (Tecator AB, Hoganas, Sweden) was used with ether extraction to measure fat

content.
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3.3. Plasma metabolites analysis

Three fish were randomly taken from each tank for the plasma metabolites
analysis. Blood samples were collected from the caudal vein of anesthetized fish using
a I-mL  syringe that contained an  anticoagulant (dipotassium
ethylenediaminetetraacetic acid: EDTA). 1-mL of blood from each tank was collected
into 3-ml siliconized vacuum tubes containing 5.4mg K2 EDTA (Becton Dickinson and
Company, USA) and divide 1-mL into microtubes and centrifuged at 11,000 x g for 5
min and plasma was stored at — 84  until use. Glucose (GLU), total cholesterol
(TCHO), triglyceride (TGQ), total protein (TP), glutamic oxaloacetic transaminase
(GOT), and glutamic pyruvic transaminase (GPT) was analyzed using Fuji Film DRI-
CHEM SLIDE in a dry biochemical analyzer (Fuji DRI-CHEM nx500i, Fuji Photo

Film, Tokyo, Japan).
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3.4. Antioxidant reaction, immune responses and stress responses

Glutathione peroxidase (GPX), superoxide dismutase (SOD), lysozyme
(LZM), plasma immunoglobulin M (IgM), cortisol and heat shock protein 70 (HSP70)
concentration were measured by enzyme-linked immunosorbent assay (ELISA)
quantification kits (CUSABIO, Huston, TX, USA). Each standard reagent and plasma
sample were analyzed as the manual methods. After entire procedure, the optical
density was determined at 450 nm using microplate reader (AMR-100, Allsheng,
Hangzhou, China) within 5 min. The measurements of CTS and NS samples were

performed in triplicate. The measurements of ATS samples were performed in duplicate.
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3.5. Gene expression of liver

Total RNA was extracted from the liver by using Hybrid-R™ (GeneAll, Seoul,
Korea). Homogenize ~100 mg of liver tissue samples in 1 mL RiboEx™ using
homogenizer. Incubate the homogenate for 5 min at room temperature. Centrifuge at
12,000 x g for 10 min at 4 and transfer the supernatant to a fresh tube. Add 200 pl
chloroform per 1 mL RiboEx™. Shake vigorously for 15 sec and incubate for 2 min at
room temperature. Centrifuge at 12,000 x g for 15 min at4 and transfer the aqueous
phase to a fresh tube. Add 1 volume of buffer RB1 to the sample and mix thoroughly
by inverting. Transfer up to 700 pl of the mixture to a mini column type F. Centrifuge
at 10,000 x g for 30 sec at room temperature. Add 500 pl buffer SW1 to the mini
column. Centrifuge at 10,000 x g for 30 sec at room temperature. Add 500 pl buffer
RNW to the mini column. Centrifuge at 10,000 X g for 30 sec at room temperature.
Centrifuge at 10,000 x g for an additional 1 min at room temperature to remove residual
wash buffer. Transfer the mini column to a new 1.5 mL microcentrifuge tube. Add
50~100 pl nuclease-free water to the center of the membrane in the mini column.
Centrifuge at 10,000 x g for 1 min at room temperature. The concentration and purity
of RNAs were checked with a NanoDrop ASP-2680 spectrophotometer (ACTgene,
Piscataway, USA). The purified RNA is free of DNA and proteins, and A2eo/A2so was
2.21 £0.01 (mean + SEM).

Following the manufacturer's instructions, complementary DNA (cDNA) was
synthesized using the PrimeScriptTMI1st strand cDNA synthesis kit (Takara Bio in
Kusatsu, Shiga, Japan). The synthesized cDNA was then stored at -20°C until Real-

time PCR analysis.
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The obtained cDNAs were used as templates for quantitative real-time PCR
(qPCR) to assess the mRNA expression levels of AMPKf, PPARy, HSP70, and G6pase.
B-actin was used as the internal controls and its stability and efficiency have been
verified in olive flounder (Zheng, W. J., & Sun, L., 2011; Hu, J., et al., 2014). The
reactions were performed on the StepOne Real-Time PCR system (Applied Biosystems,
Waltham, Massachusetts, USA) according to the instruction of TB Green® Premix Ex
Tag™1I (Tli RNaseH Plus) (Takara Bio, Kusatsu, Shiga, Japan). The primer sequences
for target genes in this study are listed in Table 4. The qPCR program was 95 for 30
sec, followed by 40 cycles of 95 for 5 sec, 60 for 30 sec. After the reaction, a melting
curve analysis was carried out to verify the products' specificity. For each selected gene,
gPCR reactions were performed on three replicate samples. The mRNA levels of the
tested genes were normalized to the corresponding B-actin value and analyzed using
the 2728 method. After the PCR run, data analysis was performed with StepOne

Software version 2.0 (Applied Biosystems, USA).
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Table 4. List of primers used for liver gene expression

Genes Primer sequences (5°>3") Hroduct Accession number
size (bp)
. F: GGAATCCACGAGACCACCTACA
Practin = B CTGCTTGCTGATCCACATCTGC 264 XM_020109620.1
F: CCGGGCCATATCATCAGGAC
1 .
AMPKB™ B T TGTAGCGATGTGTCGCACT 223 XM_020103523.1
F: GCCATCCTCTCTGGGAAGACCG
2 .
PPARY"  R. CAGCGCCATGTCACTGTCGTCC 358 XM_020096840.1
F: TTCAATGATTCTCAGAGGCAAGC
3 .
HSP70% R TTATCTAAGCCGTAGGCAATCGC 13 XM_020089177.1
Gopase* |- GUGAGCCGCTGGTGTCTAC 112 XM 020109321.1

R: GGCCTTCAGGTACCACTCTTTG

! Adenosine monophosphate-activated protein kinase beta (AMPK})

2Peroxidase proliferator-activated receptor gamma (PPARY)
3Heat shock protein 70 (HSP70)
4Glucose 6-phosphatase (G6pase)

18



3.6. Statistical analysis

The data were analyzed by two-way analysis of variance (ANOVA) to
determine the effect of the independent variables, i.e., temperature (NS, CTS) and
experiment diets (FM60, FM40, FM20, FM0) and the possible interactions between
these variables. Data of the ATS group were processed using one-way ANOVA.
Tukey’s honestly significant difference (HSD) test was used to compare the means. P
< 0.05 was regarded as statistically significant. All statistical analyses were tested using

SAS analytical software, version 9.4 (SAS Institute, Cary, NC, USA). The data are

presented as the mean and standard error of the mean (mean = SEM).
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3.7. Ethics Statement

The experiment was followed under the guidelines of Institutional Animal
Care and Use Committee Regulations, PKNUIACUC-2022-29, issued by the Pukyong
National University, Busan, Rep. of Korea. Every effort was taken to minimize fish

suffering.
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. Results

1. Chronic temperature stress
NS Group and CTS Group analysis results after 8 weeks of feeding

experiment.

1.1. Growth performance

The growth performance parameters of juvenile olive flounder are shown in
Table 5. The highest FBW, WG, SGR and FE were obtained in NSFM60. FBW, WG,
SGR, FE, CF and VSI significantly reduced when juvenile olive flounder exposed to
chronic temperature stress (P < 0.05). FBW, WG, SGR and FE were decrease. SR was

91.7%-100% without significant differences (P > 0.05).
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Table 5. Growth performance of juvenile olive flounder (initial body weight: 13.6 + 0.02 g ; mean £ SEM) fed the experimental diets

(FM60, FM40, FM20, FMO) for 8 weeks

Diets FBW(g)! WG(%)? SGR(%)? FE(%)* SR(%)* CF® HSI(%)” VSI(%)?
Interactive effect between temperature stress and fish meal
NSFM60 42.8+1.32 213 + 8 2.04 +0.05° 132 £ 62 98.3 £ 1.7m 1.14 +0.022 1.09 +£0.11m 3.70 £0.12b
NSFM40 40.0 + 0.7 194 =+ 420 1.92 +0.02 123+ 12 93.3+£33 1.04 +0.08 1.02+0.08 3.47 £0.25%
NSFM20 38.8 (.82 184 + 50be 1.86 +0.03% 120 =+ 42 98.3+1.7 1.12 +£0.04° 1.03 £0.06 4.55+0.19%
NSFMO 35.7 £ 1.0bd 162 + 7 1.72 £0.05° 107 =+ 5bd 100 +0.0 1.15+0.04° 1.69 +£0.57 5.26 £0.622
CTSFM60 34.9 & 1.3 158 =+ 9«d 1.69 + 0.06b 98.6 & 4.5 98.3+1.7 0.89 +0.02° 1.30+0.16 2.55+0.02¢
CTSFM40 31.1 £ 0.4¢df 128 + 2 1.47 £0.02¢ 85.9 +3.7% 96.7+1.7 0.91+£0.05° 1.15+0.11 2.44 £0.10¢
CTSFM20 3024 1.2¢F 122 +£7¢ 1.42 +0.064 822+5.7¢ 91.7+£33 0.90 £0.12° 1.29+0.06 3.14 £0.25%
CTSFMO 29.5+1.2f 117+£9¢ 1.38 +0.084 82.0+£5.9¢ 96.7+1.7 0.88+0.01° 1.19+0.25 2.89 £0.33¢
Main effect of temperature
Non-stressed 39.3+£1.5° 188 £ 118 1.89+£0.072 120 + 52 97.5+ 1.4 1.11 +£0.022 1.21+£0.16™ 425+041°
Temperature stressed 31.5+1.2° 131 +£9° 1.49 £0.07° 87.2+£3.9° 95.8+1.4 0.90+0.01° 1.24+0.04 2.75+0.16°
Main effect of fish meal
FM60 38.9 £4.02 186 + 282 1.86+0.172 115+ 162 98.3 £0.0m 1.02 +£0.13™ 1.20+£0.11m 3.124£0.58
FM40 35.5+4.4b 161 +33° 1.70 £0.23° 104 + 18 95.0+£1.7 0.98 £0.07 1.09 +£0.07 2.95+0.51¢
FM20 34.5+4.3b 153 +£31b 1.64 +£0.22% 101 £ 19° 95.0+£3.3 1.01£0.11 1.16 £0.13 3.35+£0.70%
FMO 32,6 +3.1° 140 £22¢ 1.55+£0.17¢ 94.7 £ 12.6° 98.3+1.7 1.01 +£0.13 1.44+0.25 4.08 +£1.19
Two-way ANOVA ((p-value)
Stress <0.0001 <0.0001 <0.0001 <0.0001 0.2837 <0.0001 0.8754 <0.0001
FM 0.0001 <0.0001 <0.0001 0.0026 0.2195 0.7188 0.4958 0.0031
Stress x FM 0.5588 0.4351 0.5225 0.5106 0.1472 0.3364 0.3687 0.1300

'Final body weight (FBW, g)

2Weight gain (WG, %) = (final weight — initial weight) /initial weight X100

3Specific growth rate (SGR, %/day) = (In final weight - In initial weight) / days of trial x 100
“Feed efficiency (FE, %) = (final weight — initial weight) x 100/dry feed intake (g)

SSurvival rate (SR, %) = (total number of fish — number of dead fish) / total number of fish x100
®Condition factor (CF) = final weight / total length® x 100

"Hepatosomatic index (HSI, %) = liver weight / final weight x 100

8Viscerosomatic index (VSI, %) = viscera weight / final weight x 100
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1.2. Whole-body proximate compositions

Results of the proximate chemical composition of juvenile olive flounder fed
the experimental diets under chronic temperature stress and non-stress condition are
shown in Table 6. There was not significant variation in the crude lipid (P > 0.05).
Moisture has a main effect at both temperature and fish meal (P < 0.05). When the main
effect is temperature, the CTS group shows a significantly lower value than the NS
group, when the main effect is fish meal, FM60 shows the highest value, and the
moisture content tends to decrease as the fish meal content in the feed decreases. Crude
protein and crude ash show main effects in temperature, both of which are high in CTS

(P <0.05). There is no main effect of fish meal (P> 0.05).
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Table 6. Whole-body proximate compositions' (%, As-is) of juvenile olive flounder
(mean = SEM)

Diets Moisture Crude protein ~ Crude lipid Crude ash
Interactive effect between temperature stress and fish meal
NSFM60 76.1£0.2® 11.9£0.2%¢  1,98+0.13" 3.88 £0.08¢
NSFM40 76.7+0.4* 11.5+0.2¢ 2.29+0.19 3.76 £0.04¢
NSFM20 76.8 +0.3* 11.4+0.2¢ 2.26+0.24 3.78£0.10°
NSFMO0 75.9 £0.5® 11.8 £0.2% 2.31+£0.03 4.10+0.16*
CTSFM60 75.8 £0.7® 12.2 + 0.4%¢ 1.96 £ 0.29 4.62 +0.08%
CTSFM40 74.2 £0.2% 12.8 £0.2%® 2.50+£0.35 4.79 £0.09°
CTSFM20 74.4 £0.0* 12.8 £0.1® 2.45+0.38 4.73+£0.18°
CTSFMO 73.6 £0.4° 13.0+0.1* 2.77+0.63 4.87+0.17°
Main effect of temperature
Non-stressed 75.8+0.1* 11.9+0.0° 2.32 +0.04" 4.07 +£0.03°
Temperature stressed 74.5£0.2° 12.7+0.1* 2.42+0.07 4.75 +0.02°
Main effect of fish meal
FM60 75.9+0.3% 12.0£0.1™ 1.97 £ 0.08" 4.25 £ 0.00™
FM40 75.3880. 1% 12.2+0.0 2.39+0.08 4.27+0.03
FM20 75.6 £0.2® 12.1£0.1 2.36+0.07 4.25+0.04
FMO 74.7 £0.0° 124 +0.1 2.54+0.3 4.48 £0.00
Two-way ANOVA (p-value)
Stress <.0001 <.0001 0.3744 <.0001
FM 0.0480 0.3949 0.3736 0.2068
Stress x FM 0.0325 0.1015 0.9084 0.5737

!After the 8-week feeding experiment was over, 9 fish per experimental group were analyzed (3

fish per tank).
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1.3. Plasma metabolites

Table 7 shows the plasma metabolites analysis of fish after feeding experiment.
Results revealed that the experimental diets and chronic heat stress significantly
affected some plasma metabolites parameters (P < 0.05). GLU, TG, TP, and GOT have
main effect of temperature (P < 0.05). High values of GLU, TCHO, and GOT were
detected in the CTS group, while TP decreased. The main effect on fish meal was
observed in TCHO and TG (P < 0.05). TCHO is the highest value in FM60 and tends
to decrease as the fish meal content in experimental feed decreases, and TG shows the

opposite tendency.

25



Table 7. Plasma metabolites of juvenile olive flounder (initial body weight: 13.6 £ 0.02
g ; mean £ SEM) fed the experimental diets (FM60, FM40, FM20, FMO) for 8 weeks

Diets GLU! TCHO? TG3 TP* GOT? GPT®

Interactive effect between temperature stress and fish meal

NSFM60 333+£7.9¢ 123 + 3abe 157 £10¢ 2.83£0.03% 247 £0.7m 18.7 £1.2m
NSFM40 333+£2.3¢ 126 + 5% 267 +2]1bed 2.83 +£0.09 283+£3.5 177£1.7
NSFM20 40.7 + 4 40 115 + 6%¢ 373 £ 15° 2.93 £0.09¢b 283+1.8 213+£3.5
NSFMO 38.7 £ 11.3% 108 + 5abe 547 £ 500 2.73£0.07¢ 27.7+4.1 203+£3.2
CTSFM60 67.0 £ 5.120¢ 133 £2¢ 192 + 15« 3.57+0.120 31.7+£22 200£1.2
CTSFM40 743 £6.2° 116 + 8¢ 198 £ 14¢d 3.33£0.19¢be 323+£6.4 240+£3.5
CTSFM20 71.0 £5.1% 98+ 7° 216 + 14 3.43 £0.20% 41.0+53 24729
CTSFMO 53.7 £8.7%¢ 103 £ 3b¢ 304 + 53be 3.10 £ 0.213b 340+£5.1 233+£24

Main effect of temperature

Non-stressed 36.5+ 1.9 118 £4n 336 + 83¢ 2.83£0.04° 27.3+0.9° 19.5£0.8m

Temperature stressed 66.5£4.5° 113£8 227 £26P 3.36 £0.10* 348 £2.1* 23.0+1.0

Main effect of fish meal

FM60 502+16.8 128 £ 5¢ 175+ 18¢ 3.20 £0.37m 28.2 £3.5m 19.3 £0.7m
FM40 53.8+20.5 121 + 5% 232 & 35b 3.08+£0.25 303+£2.0 208+3.2
FM20 558+15.2 107 + 9be 295 + 79b 3.18+£0.25 347+6.3 23.0£1.7
FMO 462+17.5 106 + 2¢ 426 + 1220 2.92+0.18 308+£3.2 218+1.5

Two-way ANOVA (p-value)

Stress <.0001 0.1709 <.0001 <.0001 0.0190 0.0749
FM 0.5327 0.0012 <.0001 0.1966 0.4701 0.5567
Stress x FM 0.3231 0.1109 0.0013 0.6231 0.7489 0.8101

'GLU: Glucose (mg/dL)

2TCHO: Total cholesterol (mg/dL)

3 TG: Triglyceride (mg/dL)

4 TP: Total protein (g/dL)

5 GOT: Glutamic oxaloacetic transaminase (U/L)
® GPT: Glutamic pyruvic transaminase (U/L)
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1.4. Antioxidants and immune responses

Result of the immune response and antioxidants of olive flounder exposed to
chronic temperature stress for 8 weeks are illustrated in Table 8. There was not
significant difference in SOD, LZM, and IgM (P > 0.05). Main effects were observed
only in GPX, and there is a main effect on fish meal (P < 0.05). FMO was the highest,

followed by FM40, FM60, and FM20, with no trend.
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Table 8. Antioxidants and immune responses' of juvenile olive flounder exposed to

chronic temperature stress for 8 weeks (mean + SEM)

Diets GPX? SoD? IgM* LZM?
Interactive effect between temperature stress and fish meal
NSFM60 54.8 £2.6%¢ 302 £ 9™ 2.22 +0.50™ 1.66 +£0.128
NSFM40 59.7 £ 6.2® 264 + 11 2.94+0.36 1.47+0.19
NSFM20 55.1 +0.6%¢ 227 £31 2.93+0.22 1.83+0.28
NSFMO 50.4 £ 4.7 294 + 41 2.89+0.80 1.63+0.25
CTSFM60 452+ 4.3 222 +53 3.34+0.36 1.41+0.30
CTSFM40 56.9 £ 4.4® 196 + 13 2.60 +0.86 1.46 +£0.04
CTSFM20 35.6+3.0¢ 215+£78 4.19+0.72 1.63+0.18
CTSFMO 74.8 £5.5° 304 £27 3.28+0.59 1.79+0.20
Main effect of temperature
Non-stressed 55.0+£1.9™ 272 £17™ 2.74+£0.17" 1.65+0.07"
Temperature stressed 53.1+84 234 +£24 3.35+0.33 1.57+0.09
Main effect of fish meal
FM60 50.0 + 4.8 262 +40m™ 2.78 + 0.56™ 1.54+£0.128
FM40 58.3+1.4%® 230 + 34 2.77+0.17 1.46 +£0.00
FM20 453 +9.8° 221 +6 3.56 +0.63 1.73+0.10
FMO 62.6£12.2° 299 +5 3.08+0.19 1.71£0.08
Two-way ANOVA (p-value)
Temperature Stress 0.5404 0.2034 0.1652 0.6269
Fish meal 0.0038 0.2258 0.5152 0.5357
Stress*FM 0.0007 0.6278 0.5258 0.7605

ITest by Elisa kit (CUSABIO)

2GPX: Glutathione peroxidase (mU/mL)

3SOD: Superoxide dismutase (ng/mL)
“IgM: Immunoglobulin M (ug/mL)
SLZM: Lysozyme (renal amyloidosis) (pg/mL)
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1.5. Stress response
Cortisol and heat shock protein 70 (HSP70) were analyzed as stress responses
(Table 9), and HSP70 had no main effect on temperature and fish meal (P > 0.05).

Cortisol showed a main effect on temperature, and cortisol levels increased in the CTS

group.
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Table 9. Stress responses’ of juvenile olive flounder exposed to chronic temperature

stress for 8 weeks (mean = SEM)

Diets Cortisol? HSP70°
Interactive effect between temperature stress and fish meal
NSFM60 11.2+£2.2m™ 73.6 +£24.7"
NSFM40 9.37+0.70 58.1+£9.2
NSFM20 9.59+0.36 121 £33
NSFMO 8.92+0.17 139+3
CTSFM60 11.7+0.5 82.4+15.1
CTSFM40 12.6 £ 0.7 125 +£43
CTSFM20 12.2+0.6 108 +26
CTSFMO 10.6+1.4 73.2+25.1
Main effect of temperature
Non-stressed 9.76 +0.49° 98.0 £ 19.2%
Temperature stressed 11.7 £ 0.4 97.3+11.9
Main effect of fish meal
FM60 11.4+0.2™ 78.0 £ 4.4
FM40 11.0£1.6 91.7+33.6
FM20 109+1.3 115+£6
FMO 9.74 £ 0.82 106 +33
Two-way ANOVA (p-value)
Temperature Stress 0.0169 0.9705
Fish meal 0.4499 0.5054
Stress*FM 0.5994 0.1118

ITest by Elisa kit (CUSABIO)
2Cortisol (ng/mL)

SHSP70: Heat shock protein 70 (pg/mL)
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1.6. Relative gene expression level of chronic temperature stress exposure

The results of relative gene expression level of chronic temperature exposure
are in table 10. There is main effect of temperature in AMPKf, HSP70, and G6pase (P
< 0.05). PPARY has no main effect for both temperature and fish meal (P > 0.05).
AMPKp, PPARY, and G6pase showed no main effect of fish meal (P > 0.05), but
HSP70 showed a significant difference with fish meal (P < 0.05). The highest HSP70

was observed at FM40, followed by FM20, FM60, and FMO.
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Table 10. Relative gene expression' of chronic temperature stress exposure (mean +

SEM)

Diets AMPK? PPARYy? HSP70* Gé6pase’
Interactive effect between temperature stress and fish meal
NSFM60 1.01 £0.07" 1.56+0.98"  1.04+0.19¢ 1.26 +£0.48"%
NSFM40 1.15+£0.14 0.84+0.27 4.24%<d 2.29+0.88
NSFM20 1.71£0.42 33.8+£18.5 3.48+1.214 1.03+£0.31
NSFMO 1.08 £0.42 15.0£12.3 1.41+0.394 3.00+2.41
CTSFM60 6.68 £2.84 2.08+1.77 133 + 7% 4.07+1.74
CTSFM40 4.78 +£3.26 0.84 +0.58 702 +19° 6.56 +1.27
CTSFM20 5.47+3.07 0.32+0.21 659 + 62° 3.05+0.98
CTSFMO 10.6+0.4 0.12+0.01 288%*P 5.74+£1.21
Main effect of temperature
Non-stressed 1.24 £0.16° 12.8£7.7% 2.3£0.8° 1.90 + 0.46°
Temperature stressed 6.54 £1.29* 0.91+0.44 468 + 140° 4.77 + 0.80°
Main effect of fish meal
FM60 3.84 +£2.84" 1.82+£0.26™  53.9+66.0° 2.67 £ 1.40
FM40 2.96+ 1.81 0.84 = 0.00 469 + 349° 4.43+£2.13
FM20 3.59+£1.88 17.1+16.8 266 + 328° 2.04+1.01
FMO 4.88+4.74 9.08+7.46  97.1+143.5° 4.10£1.37
Two-way ANOVA (p-value)
Stress 0.0013 0.0621 <.0001 0.0076
FM 0.5743 0.2165 <.0001 0.2294
Stress x FM 0.4925 0.1681 <.0001 0.8544

'Relative gene express level (FM60 was set as a control; beta actin used as housekeeping gene)

2 AMPK: Adenosine monophosphate-activated protein kinase beta

3 PPARY: peroxisome proliferator-activated receptor gamma

4 HSP70: heat shock protein 70
5 G6pase: glucose 6-phosphatase

* Qutliers were excluded
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2. Acute temperature stress

In acute temperature stress exposure trial, fish were abruptly exposed to
temperature at 30  for 2 hours for heat stress then moved to temperature at 19.5 for

2 hours for recovery.

2.1. Plasma metabolites

Plasma metabolites result of juvenile olive flounder exposed to acute
temperature stress at 30 are in Table 11. GLU is significantly higher at ATSFM60
followed by ATSFM40, ATSFM20, and ATSFMO (P < 0.05). TCHO and TG are the
highest levels in ATSFMO and shown the opposite trend to GLU (P < 0.05). GOT is the
highest level in ATSFM40 and there is no trend (P < 0.05). GPT is highest in ATSFM60

followed by ATSFMA40.
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Table 11. Plasma metabolites of juvenile olive flounder exposed to acute temperature stress at 30  (mean + SEM)

Diets GLU! TCHO? TG? TpP* GOT? GPT*
ATSFM60 47.0+1.0° 113 £2°¢ 130 + 3¢ 2.43+0.07° 15.0+1.0° 13.3+£0.3*
ATSFM40 27.3+0.3° 138 £2° 319 £2°¢ 2.80+0.00? 18.0+0.0% 12.0+ 0.0
ATSFM20 26.5+0.3% 133 £0° 404 +3° 2.70+0.00? 15.3 £0.3% 10.3+£0.3°
ATSFMO 243+0.3° 164 +2* 1318 +9* 2.77+0.03* 17.7 £0.3® 11.0 £0.0%
p-value <.0001 <.0001 <.0001 0.0005 0.0090 <.0001

'GLU: Glucose (mg/dL)

2TCHO: Total cholesterol (mg/dL)

3 TG: Triglyceride (mg/dL)

4 TP: Total protein (g/dL)

5 GOT: Glutamic oxaloacetic transaminase (U/L)
® GPT: Glutamic pyruvic transaminase (U/L)
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2.2. Antioxidants and immune responses
Table 12 shows the analysis results of the antioxidants and immune responses

of the experimental fish. There was no significant difference between GPX, SOD, IgM,

and LZM (P > .05).
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Table 12. Antioxidants and immune responses' of juvenile olive flounder exposed

acute temperature stress at 30  (mean = SEM)

Diets GPX? SOD? [gM* LZM?
ATSFM60 182 £32% 488 + 8™ 1.14£0.02"  5.10+0.24™
ATSFM40 146 £ 26 467 + 23 1.13£0.02 5.71 £0.60
ATSFM20 133+ 4 450 + 44 1.16 £ 0.04 4.92 +£0.71
ATSFMO 132+1 469 + 17 1.06 +0.02 6.45+1.16
p-value 0.1365 0.4015 0.8432 0.5393

ITest by Elisa kit (CUSABIO)

2GPX: Glutathione peroxidase (mU/mL)
3SOD: Superoxide dismutase (ng/mL)

“IgM: Immunoglobulin M (ug/mL)

SLZM: Lysozyme (renal amyloidosis) (pg/mL)
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2.3. Stress response
Table 13 shows the results of stress-related factor analysis of fish exposed to
acute temperature stress at 30 . There was no significant difference in cortisol and

HSP70 in all experimental treatment (P > 0.05).
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Table 13. Stress responses’ of juvenile olive flounder exposed acute temperature stress

at 30°C (mean + SEM)

Diets Cortisol? HSP70?
ATSFM60 4.16 £0.59™ 2.61 +£9.46™
ATSFM40 3.90 £0.32 5.60 £3.94
ATSFM20 4.37+0.33 13.8£4.0
ATSFMO 4.34+0.36 11.4+29
p-value 0.5475 0.7925
ITest by Elisa kit (CUSABIO)
2Cortisol (ng/mL)

SHSP70: Heat shock protein 70 (pg/mL)
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2.4. Relative gene expression of acute temperature stress at 30

Relative gene expression result of juvenile olive flounder exposed to acute
temperature stress at 30 are in Table 14. There is no significant difference in AMPKf}
and PPARy (P > 0.05). The expression level of HSP70 and G6pase of the juveniles
exposed to acute stress was significantly increased with increasing fish meal

replacement (P < 0.05).
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Table 14. Relative gene expression’ of acute temperature stress at 30  (mean = SEM)

AMPKp? PPARY’ HSP70* G6pase’
ATSFM60 1.04 £0.14™ 1.14 £0.26™ 1.08 £0.21° 1.02 +0.08°
ATSFM40 1.01 £0.16 1.59 +0.87 2.37 +0.96° 0.89 +0.28°
ATSFM20 1.10£0.19 021+£0.07  2.83+1.34"  3.60+1.28"
ATSFMO 0.62+0.12 0.05+0.01 7.65+1.57* 6.42 +1.71*
p-value 0.1532 0.0788 0.0035 0.0047
'Relative gene express level (ATSFM60 was set as a control; beta actin used as housekeeping

gene)

2 AMPKB: AMP-activated protein kinase beta

3 PPARY: peroxisome proliferator-activated receptor gamma
4 HSP70: heat shock protein 70

5 G6pase: glucose 6-phosphatase

40



. Discussion

1. Growth performance

In this study, the control group contained 60% fish meal in the diet, which is
the typical fish meal content of olive flounder (Lee J., et al, 2012; Kim H. S., et al,
2014). FBW, WG, SGR, and FE showed main effects according to fish meal content
and water temperature, respectively (P < 0.05). The main effect of fish meal, showing
that WG, SGR, FE decreased with decreasing fish meal content. In addition, the main
effect of temperature stress exhibiting that, the CTS group had reduced growth
performance compared to the NS group. In CF, there was only the main effect by water
temperature, and the group without temperature stress was significantly higher (P <
0.05). There was no significant difference between experimental groups in HSI (P >
0.05). In VSI, the main effect was shown for water temperature and fish meal
replacement, respectively (P < 0.05). It was significantly lowered when exposed to
chronic water temperature stress. FM40 showed the lowest value and showed a

tendency to increase as the fish meal content in feed decreased.
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2. Plasma metabolites

There was a difference tendency between TCHO and TG according to the fish
meal content in the experimental feed. Both TCHO and TG are plasma metabolites
related to lipid metabolism. However, the two showed opposite trends. As fish meal
content decreased, TCHO decreased and TG increased. It has been reported that dietary
soy products can inhibit lipogenic enzyme activity and consequently lower TG levels
as well as TCHO levels in other fish species (Dias, J., et al., 2005; Lim, S. J., & Lee,
K. J., 2009; Lim, S. J., et al., 2011). However, in the study of Yaghoubi, M., et al. (2016),
TCHO decreased and TG increased as fish meal content decreased. This is because
methionine and lysine are the main precursors of carnitine involved in fatty acid
transport (Harpaz, 2005), so if the diet is deficient in methionine and lysine, it causes
potential disorders in lipid metabolism in the liver. As shown in the table 1 and 2,
although the contents of methionine and lysine were gradually increased in the feed
formulation as fish meal was replaced in this study, the experimental feed amino acid
analysis results gradually decreased, so it is judged that the corresponding result
appeared. TCHO was the highest in the control group (FM60) with the highest fish
meal content, and decreased as fish meal was replaced. Takagi, S., et al. (2001) found
a similar trend of higher TCHO in fish meal based diets, while it was decreased in red
sea bream (Pagrus major) fed high SPC based diets. Kader, M. A., & Koshio, S. (2012)
also found that TCHO decreased with increasing soybean meal content in sea bream.

Regarding water temperature stress, GLU, TG, TP, and GOT showed
significant differences (P < 0.05), and the values of parameters except TG significantly

increased with exposure to chronic water temperature stress. GLU and GOT appear to
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increase in response to stress (Abdel-Ghany, H. M., et al., 2023). When exposed to
acute water temperature stress, unlike the results of the chronic stress exposure
experiment, significant differences were shown in fish meal content for all plasma
metabolites parameters. This indicates that juvenile responds differently to chronic or
acute exposure to high temperature stress (Islam, M. J., et al., 2022). Studies on the
effects of different fish meal contents in feed and stress exposure are not sufficient, so

further research is needed.
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3. Antioxidants, immune responses and stress responses

In the results of chronic water temperature stress, only GPX showed
significant differences according to fish meal content. However, no trend was observed.
Cortisol is a steroid hormone produced and secreted by the adrenal glands. It is an
essential hormone that regulates the animal's stress response and glucose. Cortisol and
glucose are reliable indicators of stress in fish, reflecting the severity and duration of
the stress response, showing similar trends (Jentoft, S., et al., 2005; Lee, S., et al., 2023).
Glucose and cortisol showed similar trends in the results of the chronic water
temperature stress test in this study as well. As a stress response, cortisol showed the
main effect on temperature stress, and when juvenile was exposed to chronic water
temperature stress, its value significantly increased, indicating that it was responding
to stress. In addition, when cortisol was exposed to acute water temperature stress, there
was no significant difference in fish meal content in all parameters. In the case of
cortisol, the concentration increases and then decreases according to the time exposed
to stress (Nakano, T., et al., 2014). Due to these characteristics and the acute water
temperature stress exposure method and sampling method performed in this study,
differences by acute stress exposure may not have been found. Further research is
needed to find out the trend of cortisol expression in flounder fry according to the high

temperature stress response time.
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4. Relative gene expression

The results of the chronic water temperature stress exposure experiment were
based on the NSFM60, and the gene expression results according to the fish meal
content and water temperature. There was no main effect of fish meal on AMPKS,
PPARYy, G6pase (P> 0.05). However, HSP70 has main effect of fish meal content (P <
0.05). There was main effect of temperature on AMPKf, HSP70, G6pase (P < 0.05).
HSP70 is an important stress-related protein and its expression level increases when
fish are exposed to stressors such as pathogenic infection, water temperature, and water
quality (Ming, J., et al, 2012; Huang, L., et al, 2015; Chaklader, M. R., et al, 2020). In
this study, when juveniles were exposed to chronic stress, the level of HSP70 increased.
Furthermore, acute temperature stress, the level of HSP70 increased significantly as the
fish meal content decreased, suggesting that the replacement of fish meal in the feed
may operate as a stressor when exposed to acute high-temperature conditions. However,
the tendency for HSP70 to increase with decreasing fish meal content is different than
when exposed to chronic stress. Therefore, it is possible that fish are responding
differently to chronic and acute stress, and further research is needed. Gluconeogenesis
and glycolysis are controlled by G6Pase (Song, Z., et al, 2018). According to Basto, A.,
et al (2023), as fish meal was replaced in feed, the expression level of Gb6pase
considerably decreased. Although it rose in this study, it may have responded
differently because it was subjected to acute water temperature stress, suggesting

further research.

45



. Conclusion

We confirmed that the fish meal replacement result in alteration on the stress
responses in both stress conditions. However, the degree of alteration was different
between the chronic and acute temperature stressed, showing that the higher
susceptibility of the juveniles fed the low fish meal diets was observed when they were
exposed to the acute temperature stress. Therefore, it can be concluded that low-fish

meal fed olive flounder juveniles could be less tolerable to acute temperature stress.

46



. Reference

Abdel-Ghany, H. M., El-Sisy, D. M., & Salem, M. E. S. (2023). A comparative study
of effects of curcumin and its nanoparticles on the growth, immunity and heat
stress resistance of Nile tilapia (Oreochromis niloticus). Scientific Reports, 13(1).

https://doi.org/10.1038/s41598-023-29343-7

Alfonso, S., Gesto, M., & Sadoul, B. (2021). Temperature increase and its effects on
fish stress physiology in the context of global warming. Journal of Fish

Biology, 98(6), 1496—1508. https://doi.org/10.1111/jfb.14599

AOAC. (2005). Official Methods of Analysis (18th ed.), Association of Official

Analytical Chemists, Gaithersburg, MD, USA.

Basto, A., Valente, L. M. P., Sousa, V., Conde-Sieira, M., & Soengas, J. L. (2023). Total
fish meal replacement by defatted Tenebrio molitor larvae meal induces alterations

in intermediary metabolism of European sea bass (Dicentrarchus labrax). Journal

of Animal Science, 101. https://doi.org/10.1093/jas/skad040

Centanni, T. M., Sloan, A. M., Reed, A. C., Engineer, C. T., Rennaker II, R. L., &
Kilgard, M. P. (2014). Detection and identification of speech sounds using cortical
activity patterns. Neuroscience, 258, 292-306.

https://doi.org/10.1016/j.neuroscience.2013.11.030

47



Chaklader, M. R., Siddik, M. A. B., & Fotedar, R. (2020). Total replacement of fish
meal with poultry byproduct meal affected the growth, muscle quality,
histological structure, antioxidant capacity and immune response of juvenile
barramundi, Lates calcarifer. PLoS ONE, 15(11 November).

https://doi.org/10.1371/journal.pone.0242079

Cho, S. H., Kim, K. T., Choi, 1. C., Jeon, G. H., & Kim, D. S. (2012). Compensatory
growth of grower olive flounder (Paralichthys olivaceus) with different feeding
regime at suboptimal temperature. Asian-Australasian Journal of Animal

Sciences, 25(2), 272-277. https://doi.org/10.5713/ajas.2011.11098

Dias, J., Alvarez, M. J., Arzel, J., Corraze, G., Diez, A., Bautista, J. M., & Kaushik, S.
J. (2005). Dietary protein source affects lipid metabolism in the European seabass
(Dicentrarchus labrax). Comparative Biochemistry and Physiology - A Molecular
and Integrative Physiology, 142(1), 19-31.

https://doi.org/10.1016/j.cbpb.2005.07.005

Hu, J., You, F., Wang, Q., Weng, S., Liu, H., Wang, L., ... Tan, X. (2014).
Transcriptional responses of olive flounder (Paralichthys olivaceus) to low

temperature. PLoS ONE, 9(10). https://doi.org/10.1371/journal.pone.0108582

Harpaz, S. (2005, September 12). L-Carnitine and its attributed functions in fish culture
and nutrition - A review. Aquaculture.

https://doi.org/10.1016/j.aquaculture.2005.04.007

48



Huang, L., Ran, C., He, S., Ren, P., Hu, J., Zhao, X., & Zhou, Z. (2015). Effects of
dietary Saccharomyces cerevisiae culture or live cells with Bacillus
amyloliquefaciens spores on growth performance, gut mucosal morphology,
hsp70 gene expression, and disease resistance of juvenile common carp (Cyprinus
carpio). Aquaculture, 438, 33-38.

https://doi.org/10.1016/j.aquaculture.2014.12.029

Islam, M. J., Kunzmann, A., & Slater, M. J. (2022). Responses of aquaculture fish to
climate change induced extreme temperatures: A review. Journal of the World

Aquaculture Society, 53(2), 314-366. https://doi.org/10.1111/jwas.12853

Jentoft, S., Aastveit, A. H., Torjesen, P. A., & Andersen, 0. (2005). Effects of stress on
growth, cortisol and glucose levels in non-domesticated Eurasian perch (Perca
fluviatilis) and domesticated rainbow trout (Oncorhynchus mykiss). Comparative
Biochemistry and Physiology - A Molecular and Integrative Physiology, 141(3),

353-358. https://doi.org/10.1016/j.cbpb.2005.06.006

Kader, M. A., & Koshio, S. (2012). Effect of composite mixture of seafood by-products
and soybean proteins in replacement of fish meal on the performance of red sea
bream, Pagrus major. Aquaculture, 368—-369, 95-102.

https://doi.org/10.1016/j.aquaculture.2012.09.014

Kim, H. S., Jung, W. G., Myung, S. H., Cho, S. H., & Kim, D. S. (2014). Substitution

49



effects of fish meal with tuna byproduct meal in the diet on growth, body
composition, plasma chemistry and amino acid profiles of juvenile olive flounder
(Paralichthys olivaceus). Aquaculture, 431, 92-98.

https://doi.org/10.1016/j.aquaculture.2014.03.025

Kwon, 1., & Kim, T. (2023). Monitoring the effect of water temperature on the heart
rate of olive flounder (Paralichthys olivaceus) using a bio-logger. Aquaculture,

739739. https://doi.org/10.1016/j.aquaculture.2023.739739

Lee, D., Kim, K. H., Park, J. W,, Lee, J. H., & Kim, J. H. (2023). High water
temperature-mediated immune gene expression of olive flounder, Paralichthys
olivaceus according to pre-stimulation at high temperatures. Environmental

Toxicology and Pharmacology, 104159.

https://doi.org/10.1016/j.etap.2023.104159

Lee, J., Choi, 1. C., Kim, K. T., Cho, S. H., & Yoo, J. Y. (2012). Response of dietary
substitution of fish meal with various protein sources on growth, body
composition and blood chemistry of olive flounder (Paralichthys olivaceus,
Temminck & Schlegel, 1846). Fish Physiology and Biochemistry, 38(3), 735-744.

https://doi.org/10.1007/s10695-011-9555-3

Lee, S., Moniruzzaman, M., Farris, N., Min, T., & Bai, S. C. (2023). Interactive Effect
of Dietary Gamma-Aminobutyric Acid (GABA) and Water Temperature on

Growth Performance, Blood Plasma Indices, Heat Shock Proteins and GABAergic

50



Gene Expression in Juvenile Olive Flounder Paralichthys olivaceus. Metabolites,

13(5), 619. https://doi.org/10.3390/metabo13050619

Lim, S.J.,Kim, S. S., Ko, G. Y., Song, J. W., Oh, D. H., Kim, J. D, ... Lee, K. J. (2011).
Fish meal replacement by soybean meal in diets for Tiger puffer, Takifugu
rubripes. Aquaculture, 313(1-4), 165-170.

https://doi.org/10.1016/j.aquaculture.2011.01.007

Lim, S.J., & Lee, K. J. (2009). Partial replacement of fish meal by cottonseed meal and
soybean meal with iron and phytase supplementation for parrot fish Oplegnathus
fasciatus. Aquaculture, 290(3—4), 283-289.

https://doi.org/10.1016/j.aquaculture.2009.02.018

Miles, R. D., & Chapman, F. A. (2006). Benefits of Fish Meal in Aquaculture

Diets. EDIS, 2006(12). https://doi.org/10.32473/edis-fa122-2006

Ming, J., Xie, J., Xu, P., Ge, X., Liu, W., & Ye, J. (2012). Effects of emodin and vitamin
C on growth performance, biochemical parameters and two HSP70s mRNA
expression of Wuchang bream (Megalobrama amblycephala Yih) under high
temperature  stress. Fish and  Shellfish  Immunology, 32(5), 651-661.

https://doi.org/10.1016/j.£51.2012.01.008

Nakano, T., Kameda, M., Shoji, Y., Hayashi, S., Yamaguchi, T., & Sato, M. (2014).

Effect of severe environmental temperature stress on redox state in salmon. Redox

51



Biology, 2(1), 772-776. https://doi.org/10.1016/j.redox.2014.05.007

Song, Z., Li, P., Wang, J., Sun, Y., & Wang, C. (2018). Dietary inclusion of hydrolyzed
soybean and cottonseed meals influence digestion, metabolic enzymes, and
growth-related hormones and growth of juvenile turbot (Scophthalmus
maximus). Aquaculture International, 26(4), 1017-1033.

https://doi.org/10.1007/s10499-018-0265-z

Takagi, S., Shimeno, S., Hosokawa, H., & Ukawa, M. (2001). Effect of lysine and
methionine supplementation to a soy protein concentrate diet for red sea bream
Pagrus major. Fisheries Science, 67(6), 1088-1096.

https://doi.org/10.1046/j.1444-2906.2001.00365.x

UN DESA. (2022). United Nations Department of Economic and Social Affairs,
Population Division (2022). World Population Prospects 2022: Summary of
Results. Department of Economic and Social Affairs Population Division, 3(UN

DESA/POP/2022/TR/NO. 3)

Yaghoubi, M., Mozanzadeh, M. T., Marammazi, J. G., Safari, O., & Gisbert, E. (2016).
Dietary replacement of fish meal by soy products (soybean meal and isolated soy
protein) in silvery-black porgy juveniles (Sparidentex hasta). Aquaculture, 464,

50-59. https://doi.org/10.1016/j.aquaculture.2016.06.002

Zheng, W. J., & Sun, L. (2011). Evaluation of housekeeping genes as references for

52



quantitative real time RT-PCR analysis of gene expression in Japanese flounder
(Paralichthys olivaceus). Fish and Shellfish Immunology, 30(2), 638—645.

https://doi.org/10.1016/;.£51.2010.12.014

53



-

R

5

°©

7
s

1.
h=]

°
=

= EE0] e

SER
N Ee
1:!1%_

=

=

]

hud

1.

kel
A

=

o
al,

5

Ab Ao
o]

=<3

=i}

g
fed =g

kel 2

°
S

°©

ool AENTE o ol A

v}i-e)

[e)

=

a2 A} 3%

AFET A old gEow
Y}

ol
5

wr
)

o

HAFEH UG vp Al 7he-d o

of)

alg
ol

i

B

JﬁNO
el
<

!
)
bl

0
Ho

J_.NO

SRR

A} Qe EAA R

A1
~

2— HH}‘,

S

S

A

AR
A omh, EAA )

bl

ol
ojn

o

v}

al

o], 18|31 Abayomi, Tugce, Deni®l Al

B
N

J)J

—_
110

e

XN

gyt

B

il
T

Dj

54



	Ⅰ. Introduction
	Ⅱ. Materials and methods
	1. Experimental diets preparation
	2. Experimental fish and temperature exposure
	2.1 Chronic temperature stress exposure experiment
	2.2 Acute temperature stress exposure experiment

	3. Sample collection and analysis
	3.1. Growth performance
	3.2. Diet and fish whole body proximate composition analysis
	3.3. Plasma metabolites analysis
	3.4. Antioxidant reaction, immune responses and stress responses
	3.5. Gene expression of liver
	3.6. Statistical analysis
	3.7. Ethics statement


	Ⅲ. Results
	1. Chronic temperature stress
	1.1. Growth performance
	1.2. Whole-body proximate compositions
	1.3. Plasma metabolites
	1.4. Antioxidants and immune responses
	1.5. Stress response
	1.6. Relative gene expression level of chronic temperature stress exposure

	2. Acute temperature stress
	2.1. Plasma metabolites
	2.2. Antioxidants and immune responses
	2.3. Stress response
	2.4. Relative gene expression of acute temperature stress at 30℃


	Ⅳ. Discussion
	1. Growth performance
	2. Plasma metabolites
	3. Antioxidants, immune responses and stress responses
	4. Relative gene expression

	Ⅴ. Conclusion
	Ⅵ. Reference


<startpage>15
Ⅰ. Introduction 1
Ⅱ. Materials and methods 3
 1. Experimental diets preparation 3
 2. Experimental fish and temperature exposure 6
  2.1 Chronic temperature stress exposure experiment 6
  2.2 Acute temperature stress exposure experiment 8
 3. Sample collection and analysis 12
  3.1. Growth performance 12
  3.2. Diet and fish whole body proximate composition analysis 13
  3.3. Plasma metabolites analysis 14
  3.4. Antioxidant reaction, immune responses and stress responses 15
  3.5. Gene expression of liver 16
  3.6. Statistical analysis 19
  3.7. Ethics statement 20
Ⅲ. Results 21
 1. Chronic temperature stress 21
  1.1. Growth performance 21
  1.2. Whole-body proximate compositions 23
  1.3. Plasma metabolites 25
  1.4. Antioxidants and immune responses 27
  1.5. Stress response 29
  1.6. Relative gene expression level of chronic temperature stress exposure 31
 2. Acute temperature stress 33
  2.1. Plasma metabolites 33
  2.2. Antioxidants and immune responses 35
  2.3. Stress response 37
  2.4. Relative gene expression of acute temperature stress at 30℃ 39
Ⅳ. Discussion 41
 1. Growth performance 41
 2. Plasma metabolites 42
 3. Antioxidants, immune responses and stress responses 44
 4. Relative gene expression 45
Ⅴ. Conclusion 46
Ⅵ. Reference 47
</body>

