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This study sought to characterize the effect of density stress on greater amberjack (Seriola
dumerili) survival to determine an optimal transport density. To achieve this, this
experiment simulated the transport conditions of fish (body length: 4.09 ± 1.00 cm;
weight: 0.9 ± 0.05 g) using closed oxygen transport at 5 different densities (D1 = 1.125 kg/
m3, D2 = 2.25 kg/m3, D3 = 3.375 kg/m3, D4 = 4.5 kg/m3, and D5 = 6.75 kg/m3) for 8
hours, after which biochemical indicators, stress, metabolism, and antioxidant capacity
were evaluated. After 8h, only the D1 and D3 groups exhibited survival rates above 90%.
The pH of the water decreased with density, whereas the ammonia nitrogen and nitrite
increased with density. Cortisol (COR) levels were not significantly different among all the
groups, but tended to increase with increasing density. In this study, COR is a relatively
stable index with the increase in density, but in D3 group, the change of COR will not
cause the change of immune-related genes, so COR can inhibit the expression of immune
genes within a certain density. The D3 density group exhibited the highest catalase (CAT)
and glutathione peroxidase glutathione peroxidase (GSH‐PX) levels. In addition, the
expression levels of immune related factor interleukin-1b (IL-1b), tumor necrosis factor
(TNF-a), major histocompatibility complex (MHC-1) and nuclear factor kappa-B (NF-KB1)
were the lowest in D3 density group. The density of fish during transportation significantly
affects water quality, metabolism, and immunity. During transportation, assuming that the
plastic bags are airtight to ensure aerobic conditions and that the transportation time is
within 8 h, transport density should be maintained at approximately 3.375 kg/m3.
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INTRODUCTION

In recent years, fish seed transportation has become increasingly
common due to the gradual development of aquaculture. The
impact of external forces, water quality, and extended transport
time can increase the chances of bacterial infections, thus
increasing fish mortality (Wang et al., 2017). How to effectively
transport has become one of the complex problems in aquatic
development (Yi-Kuan et al., 2020). In the process of
transportation, the density is large and the environment is
poor, which is easy to cause a stress reaction. Acute stress
changes the behavioral state of fish and the concentration of
hormones and affects metabolism, antioxidant function and
nonspecific immunity (Ghisleni et al., 2012; Sahin et al., 2013;
Song et al., 2019; Long et al., 2021).

Stress response may be caused by the deterioration of water
quality (Singh et al., 2004). The deterioration of water quality
may be caused by the increase of CO2 and ammonia nitrogen
concentration and the decrease of pH due to the high density
(Hong et al., 2021). Stress caused by increased density adversely
affects fish growth, antioxidation, immune system, and health
(Adineh et al., 2020). The stress response is closely regulated by
cortisol (COR). COR can induce the synthesis of heat shock
protein 70 (HSP70) (Deane et al., 2006). The stress response can
cause the activity of Carnitine palmitoyltransferase-1 (CPT1)
decreased, increasing the activity of fatty acid synthase (FAS) (Yu
et al., 2020). COR secretion can promote glycogenolysis and
gluconeogenesis (Hur et al., 2007). The increase in glycogen
concentration would cause the increase of pyruvate kinase (PK).
After fish are stressed, the contents of superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GSH-PX),
malondialdehyde (MDA) and heme oxygenase-1(HO-1) in
antioxidant indexes will change significantly (Sahin et al., 2013;
Song et al., 2019; Long et al., 2021). HO-1 protects the body from
oxidant induced damage during inflammation (Yuan et al.,
2012). According to relevant studies, the stress can cause the
expression level of tumor necrosis factor (TNF-a) and
interleukin-1b (IL-1b) were increased (Hoseini et al., 2019;
Zhang et al., 2021). Overcrowding can also cause the
expression level of transforming growth factor-b (TGF-b1)
anti-inflammatory factors increased (Hou et al., 2020). The
increase in COR concentration will limit the release of
complement 3 (C3) concentration (Padgett and Glaser, 2003).
Major histocompatibility complex (MHC-1) and immune
globulin T (IgT) are both immune-related genes. MHC-1 is an
essential immune indicator marking virus invasion (Long et al.,
2019). In case of bacterial invasion, the relative expression level
of IgT will increase (Buchmann, 2020). When fish have
inflammation, the expression level of nuclear factor kappa-B
(NF-KB1) will increase.

The greater amberjack (Seriola dumerili) is a large long-range
fish that belongs to the Perciformes and is distributed from the
Indian Ocean to the Western Pacific (Lozano-Bilbao et al., 2021).
It lives in temperate and warm seawater. This species has
attracted more and more attention from the global aquaculture
industry and is also considered to be the main candidate for the
diversification of mariculture in the Mediterranean region
Frontiers in Marine Science | www.frontiersin.org 2
(Gamberoni et al., 2021). Greater amberjack is a fast-growing
species that have made outstanding contributions to the
diversification of global aquaculture (Peng et al., 2022). The
greater amberjack is a migratory fish, often in shallow water.
During its larval stage, the diet of this fish is primarily dominated
by zooplankton, whereas larger fish are carnivorous. The greater
amberjack is sought after by consumers due to its tender meat,
which is rich in protein and fat, and therefore its market price is
now higher than that of most marine fish (Rigos et al., 2020). At
present, there are many studies on the transport density of fish,
including golden pompano(Trachinotus ovatus), grouper
(Epinephelus spp.), and siberian sturgeon(Acipenser baerii)
(Pereira Cardona et al., 2017; Hong et al., 2019; Kurtoglu et al.,
2021). However, there are few studies on greater amberjack
transport density.

However, due to the importance of live transport for the
development of the aquaculture industry, the effects of stress can
be reduced by optimizing transport density. In this study, fish were
placed in oxygen-filled bags to simulate their transportation on
roads. The optimal conditions for live fish transportation were
determined based on stress markers, metabolism, antioxidant, and
immune indices. Our findings provide a theoretical basis for
determining the optimal transport density of the greater
amberjack in the context of aquaculture development.
MATERIALS AND METHODS

Animals
Greater amberjack specimens were collected from the Tropical
Fisheries Research and Development Center of the South China
Sea Institute of Fishery Sciences and reared in an indoor
recirculating aquaculture system. The experimental animals
were transferred to a 5000 L cement tank and domesticated for
one week. During acclimation, the environmental parameters
were maintained at 33‰, 29 ± 1°C, pH 7.8 ± 0.1, DO > 6.5 mg/L,
light intensity < 500 LX and natural photoperiod. Compound
feed was fed at regular intervals (09: 00-09: 30) in the morning,
and 50% of the seawater was replaced daily. The feeding was
stopped at the day before the experiment started.

Simulated Transportation
The greater amberjack cultured in the circulatory system was
selected as the experiment objects (weight: 0.9 ± 0.05 g; total
length: 4.09 ± 1.00 cm). The trial was run at five fish densities
[1.125 kg/m3 (D1), 2.25 kg/m3 (D2), 3.375 kg/m3 (D3), 4.5 kg/
m3 (D4), and 6.75 kg/m3 (D5)] in triplicate. The fish were
transferred to 40-liter polyethylene bags (48 cm × 37 cm ×
23 cm) at the five aforementioned densities. Each bag contained
4 liters of fresh seawater. And adjust the salinity of seawater to
33.0‰. To calm the fish, the transport water was treated with 7
mg/L of eugenol (Shang Chi Dental Material Co., Ltd.,
Changshu, China) (Cupp et al., 2016). These bags are filled
with oxygen, sealed with rubber bands, and then put into a box
containing two 500ml ice bags. Put the bags in a unified position
and seal them with tape. The simulated transport experiment
lasted 8 h (Hong et al., 2019). The boxes were shaken up at 1-h
June 2022 | Volume 9 | Article 931816
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intervals during the experiment to simulate water movement
during transportation, as well as to increase dissolved
oxygen levels.

Sampling and Analysis
After simulated transportation, a water quality meter (HACH
HQ40d, Shanghai, China) was used to record the temperature,
pH, and dissolved oxygen (DO) of each experimental group, and
mortality rates were also calculated. A total of 500 ml water
sample per bag was taken to determine ammonia nitrogen
concentration with a multi-parameter water quality meter
based on Nessler’s reagent spectrophotometry method
(Octadem, W-11, Wuxi, China). Next, three fish were taken
from each bag as whole fish samples, killed with overdosed
MS222, and then put into 2 mL centrifuge tube separately, and
0.86% normal saline was added to the centrifuge tube in a ratio of
1:9. The mixture was then homogenized with a hand-held
homogenizer (Gloucester, Prima PB100, England) on ice. The
homogenate was centrifuged at 3500×g for 10 min, and the
supernatant was collected and stored at -80°C for biochemical
index analysis. MDA(Thiobarbituric Acid test method), glycogen
(Anthrone method), COR, ACTH and CRH(Double antibody
sandwich method) in whole fish were determined according to
the manufacturer’s instructions using a commercial assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Total RNA Extraction and
Reverse Transcription
Total RNA was extracted from whole fish using the Trizol
reagent (Invitrogen, Thermo Fisher Scientific Co., Ltd.,
Shanghai, China) according to the manufacturer’s instructions.
RNA concentration and purity were assessed using a micro
ultraviolet spectrophotometer (ND5000, Bioteke Corporation,
Beijing, China) and agarose gel electrophoresis. RNA samples
with an OD260/280 (optical density) ratio of 1.8–2.0 were
considered pure. Next, to obtain first-strand cDNA, reverse
transcription was conducted with 1µg of total RNA using the
One-Step gDNA Removal and cDNA Synthesis SuperMix
(EasyScript, Beijing TransGen Biotech Co., Ltd., Beijing,
China) according to the manufacturer’s instructions.

Immune Gene Fluorescence
Quantitation Analysis
Quantitative real-time PCR analysis was conducted using a PCR
system (Q1000, Hangzhou Long Gene Scientific Instruments
Co., Ltd., Hangzhou, China) using the following thermal cycling
program: initial denaturation at 95°C for 15 min, 40 cycles of
denaturation at 95°C for 10 s, annealing at 60°C for 20 s,
extension at 72°C for 30 s. All PCR amplifications were
performed in triplicate in 20 mL reaction volumes containing
10 mL of 2x RealUniversal PreMix, 0.6 mL (10 µmol/L) of each
primer, 2 µL of template cDNA, and 6.8 µL of RNase-free
ddH2O. b-action was used as the reference gene. A
dissociation analysis was conducted to determine the absence
of nonspecific products at the end of each PCR reaction. A single
peak was seen on the melt curve analysis, thus confirming that
Frontiers in Marine Science | www.frontiersin.org 3
only one PCR product was amplified. A standard curve was
established based on 10-fold serial dilutions of cDNA for each
primer pair, and all PCR reactions achieved efficiencies that
ranged between 90% and 110%. Table 1 details the primers used
for gene expression analysis.

Statistical Analysis
Excel software was used for data collation, and Origin 2021 was
used for mapping. All data were analyzed using SPSS 26.0, and the
results were presented as means ± standard deviation (mean ± SD).
Comparisons between groups were performed via one-way
ANOVA coupled with the LSD test. Significant difference was
considered at P < 0.05.
RESULTS

Water Quality and Survival Rate
After Transportation
The temperature, dissolved oxygen, pH, and ammonia nitrogen
of water at different transport densities are shown in Table 2. The
temperature of D2 and D3 groups was significantly higher than
in the other three groups. There were significant differences in
dissolved oxygen between adjacent groups (P < 0.05), and group
D1 was significantly higher than in the other four groups. In
addition, ammonia nitrogen increased with the increase of
density, and there were significant differences among the five
density groups (P < 0.05). With the increase in density, the pH
values gradually decreased, and there was no significant
difference between D3 and D4 groups (P > 0.05). Figure 1
shows the survival rate after transportation. Only D1 and D3
had a survival rate of more than 90%, and the survival rate of
group D1 was 100%, which was significantly higher than
group D3.

Stress Indexes After Transportation
Figure 2 shows the concentration of ACTH, CRH, and COR and
the related expression level of HSP70 after simulated
transportation for 8 hours at different densities. The
concentration of ACTH in D3 group was higher than in the
other four groups. Except for D3 group, there was no significant
difference among the other groups (P > 0.05). There was no
significant difference in COR concentration among the five
groups (P > 0.05). The concentration of CRH was the highest
in group D5. ACTH, CRH and COR decreased first and then
increased with the increase of density. In the same density group,
ACTH concentration was the highest, followed by COR, and
CRH concentration was the lowest. HSP70 changed stably, but
there were significant differences between adjacent groups and
fluctuated within the normal range.

Metabolic Indicators After Transportation
Figure 3 shows the related expression levels of FAS, PK and
CPT1, glycogen concentrations at different transport densities.
After sealed transportation of plastic bags, PK and CPT1 of
group D3 reached the lowest and highest values, respectively. It
June 2022 | Volume 9 | Article 931816
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can be seen that the changing trend of CPT1 and PK was
opposite and closely related. The relative expression level of
FAS in D2 group was the highest and significantly higher than
the other four groups (P < 0.05). The glycogen concentration in
group D1 was the highest, which was significantly higher than
the other four groups (P < 0.05). There was no significant
difference between adjacent groups in D2, D3 and D4 groups
(P > 0.05).

Antioxidant Indicators After Transportation
Figure 4 shows the relative expression levels of MDA, CAT,
GSH-PX, HO-1, Cu-SOD and Mn-SOD under different
transport densities. There were significant differences in CAT
Frontiers in Marine Science | www.frontiersin.org 4
among D1, D2, D3 and D4 groups (P < 0.05), but there was no
significant difference between D4 and D5 groups (P > 0.05).
There were significant differences in GSH-PX between D2, D3,
D4 and D5 groups (P < 0.05), but there was no significant
difference in GSH-PX between D1 and D2 groups (P > 0.05).
There were significant differences in Cu-SOD among the five
groups (P < 0.05). In general, CAT, GSH-PX, and Cu-SOD
increased first and then decreased with the increase of density.
There were significant differences in Mn-SOD between adjacent
groups (P < 0.05). The relative expression of HO-1 in D5 density
group was significantly higher than in the other four groups, and
there was no significant difference between the adjacent groups
of the other four groups (P > 0.05). With the increase in density,
TABLE 2 | Water quality parameters after transportation at different densities.

Groups

Indexes D1 D2 D3 D4 D5

Temperature/°C 22.60±0.45c 27. 10±0.54a 27.00±0.54a 24.90±0.50b 25.40±0.51b

DO/mg/L 18.90±0.38a 13.22±0.26c 11.88±0.24d 15. 13±0.30b 13.67±0.27c

NH4+-N/mg/L 0.04±0.00e 0. 13±0.01d 0.43±0.02c 0.64±0.03b 0.83±0.04a

pH 7.78±0. 16a 7.48±0. 15b 7. 18±0. 14c 7. 11±0. 14c 6.75±0. 13d
June 2022 | Volume 9 | Article 9318
Densities: 1.125 kg/m3 (D1), 2.25 kg/m3 (D2), 3.375 kg/m3 (D3), 4.5 kg/m3 (D4), and 6.75 kg/m3 (D5). Values with different letter superscripts in the same row indicate significant differences (P < 0.05).
TABLE 1 | Set of forward and reverse primers used for the immune gene expression analysis in greater amberjack.

Gene abbreviation Primer sequence (5, -3,) Amplicon size(bp) Accession no.

C3 F: CATCGTTCCGCATCATAGC
R: AGTCCTTGACATCCACCCA

81 XM_022755728

IgT F: TGGACCAGTCGCCATCTGAG
R: GGGAAACGGCTTTGAAAGGA

196 XM_022756471. 1

MHC-1 F: TTCCGAACGTCTACAAAGCC
R: CGTCCCATTCACAGCCACT

102 XM_022769581. 1

NF-KB1 F: CACAGACAGTTCGCCATCG
R: AGCGTCTTCTGCCTCTTCC

185 XM_022761336. 1

TNF-a F: GAAAACGCTTCATGCCTCTC
R: GTTGGTTTCCGTCCACAGTT

212 XM_022746377. 1

TGF-b1 F: CGGAGCTGCGGATGTTAA
R: TGGTGATGAAGCGGGAAG

111 XM_022738547. 1

IL-1b F: TGATGGAGAACATGGTGGAA
R: GTCGACATGGTCAGATGCAC

205 XM_022753745. 1

FAS F: GGCTATCTGTCGCACTTTCTG
R: ATTCACGCACTCGCTTCG

173 XM_022765992. 1

HO-1 F: GAGATTGGCAGGGAGAACC
R: CGCTGGGGAAGGAGAAAA

145 XM_022767468. 1

HSP70 F: CACGTATTCTTGCGTTGGG
R: TCATGGCGACCTGGTTCT

146 XM_022741879. 1

PK F: GATTGAGAATGGCGGTATGC
R: GGATGAAGGAGGCGAAGA

146 XM_022756239. 1

CPT1 F: GCAACACGGCAAGATGTCC
R: GAACCCTGGTAGCTGTAGAGTAGA

96 XM_022742255

CAT F: CAAGTTTTACACTGAGGAGGGC
R: TGTGGGTTTGGGGATTGC

125 XM_022756059. 1

GSH-PX1 F: ACCAGCGGTACTCCAGCAA
R: CCAGGACGGACATACTTCAGA

118 XM_022745698. 1

Cu-SOD F: AGGACCTCACTTCAACCCC
R: GCTCCAGCAGTCACATTCC

93 XM_022738876. 1

Mn-SOD F: CCAGCCTCAGCCAAACTAT
R: GCGGTCACATCTCCCTTT

211 XM_022737832. 1

b-action F: TCTGGTGGGGCAATGATCTTGATCTT
R: CCTTCCTTCCTCGGTATGGAGTCC

212 XM_022757055.1
16
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the relative expression level of HO-1 increased first and then
decreased. The concentration of MDA in D2 group was the
lowest and D1 group reached the highest, which was significantly
higher than in the other four groups. There was no significant
difference among the other four groups (P > 0.05).

Immune Indicators After Transportation
Figure 5 shows the relative expression of immune-related genes at
different transport densities. In terms of cytokines, IL-1band TNF-
a of D3 density group were the lowest. Overall, IL-1b increased
with the increase of density, and TNF-a decreased first and then
increased. There was no significant difference in the expression
level of TNF-a in groups D1, D2, D3, and D4 (P > 0.05). The
relative expression of TGF- b1 was no significant difference
between the D3 and D4 groups (P > 0.05), and it was
significantly lower than in the other three groups. The
complement 3(C3) in group D4 was the lowest and significantly
lower than in the other four groups (P < 0.05). It reached the
highest value in group D5, which was significantly higher than in
the other four groups. In terms of immune function, the relative
A B

C D

FIGURE 2 | The concentration of corticotropin releasing hormone (CRH) (A), adrenocorticotrophic hormone (ACTH) (B), cortisol (COR) (C) and the relative expression
level of heat shock protein 70 (HSP70) (D) after transported at five different densities. Different letters above bars indicate significant differences at the 0.05 level.
FIGURE 1 | The survival rate after transportation at five different densities.
Different letters above bars indicate significant differences at the 0.05 level.
June 2022 | Volume 9 | Article 931816
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expression of MHC-1 was significantly higher in group D4 than in
the other four groups (P < 0.05), and the expression level in D3
density group was significantly lower than in the other four
groups. There were significant differences between the two
adjacent groups (P < 0.05). The expression level of IgT in D4
density group was the lowest, and there was no significant
difference between D4 density group and D1 and D3 groups
(P > 0.05). In terms of nuclear transcription factors, the relative
expression of NF-KB1 in D3 density group was significantly lower
than in the other groups (P < 0.05), and there were significant
differences between the two adjacent groups (P < 0.05).
DISCUSSION

Effects of Density Stress on Water Quality
and Survival Rate
With increased density, pH decreases and the concentration of
ammonia nitrogen (NH4+-N) increases (Hong et al., 2019). This
density-dependent decrease in pH is attributed to the production
of carbon dioxide by the fish, which becomes carbonic acid upon
Frontiers in Marine Science | www.frontiersin.org 6
contact with water, thereby making the water more acidic. From
the results of this study, the concentration of ammonia nitrogen
increased with the increase of density. Except D2, the overall
trend is that the survival rate decreases with the increase of
density.D2 and D3 are the increase of metabolism and
respiration caused by the increase of density, and the increase
of CO2 leads to the increase of temperature. Studies have shown
that excessive density can lead to stress responses, which cause
secondary metabolism, including elevated glucose and lactic acid,
leading to tertiary reactions, such as decreased metabolism and
reduced swimming performance (Thorarensen and Farrell,
2011). This shows that too high density will reduce fish
metabolism, resulting in lower temperature. The dissolved
oxygen in D4 and D5 density groups was significantly higher
than that in D3 group, indicating that the metabolism decreased
and the temperature decreased.

Effects of Transport Density on Stress
Indexes of Whole Fish
When the fish is under pressure, the hypothalamus-pituitary-
interrenal axis (HPI) senses and produces CRH to promote the
A B

C D

FIGURE 3 | The relative expression level of pyruvate kinase (PK) (A), carnitine palmitoyltransterase-1(CPT1) (B) and fatty acid synthase (FAS) (C) and the concentration of
glycogen (D) of greater amberjack after transportation under different durations. Different letters above bars indicate significant differences at the 0.05 level.
June 2022 | Volume 9 | Article 931816
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secretion of ACTH and then promotes the release of COR (Toa
et al., 2004; Hong et al., 2019; Lai et al., 2021; Klug et al., 2021;
Upadhyay et al., 2021). COR is an important indicator of stress,
which increases with the increase of stress. (Oyoo-Okoth et al.,
2011). The main functions of this hormone are to raise blood
sugar, act as an anti-inflammatory, inhibit the immune system’s
response to foreign attacks, and increase blood pressure, among
others. In our study, there was no significant difference in COR
content between groups. This was different from the research
result of Oyoo-Okoth. It showed that the stress produced by the
five densities on the greater amberjack is similar. However, the
five groups of ACTH and CRH were not as same as COR. This
may be due to the different types of fish, and also depends on the
length of time and the type of stress source (Braun et al., 2010).
Frontiers in Marine Science | www.frontiersin.org 7
HSP70 is a heat shock protein. It is responsible for correct
protein folding, protecting cells from stressors, and presenting
immune and inflammatory cytokines (Chen et al., 2019;
Lubkowska et al., 2021). After 8 hours of simulated
transportation, the expression level of HSP70 gene in the
whole fish tissue of greater amberjack was significantly
different between adjacent groups, but in a stable state.
Previous studies have shown that the expression level of
HSP70 in rainbow trout(Oncorhynchus mykiss) and zebrafish
(Danio rerio) is gradually up-regulated under density pressure
(Ramsay et al., 2006; Yarahmadi et al., 2016). In our study, the
changes of HSP70 and COR in the five density groups were
relatively stable, which was different from previous studies. The
difference in HSP70 expression levels in different studies may be
A B

C D

E F

FIGURE 4 | The relative expression of catalase (CAT) (A), glutathione peroxidase (GSH-PX) (B), Cu-Superoxide Dismutase (Cu-SOD) (C), Mn-Superoxide Dismutase
(Mn-SOD) (D) and heme oxygenase- 1 (HO- 1) (E) and concentration of malondialdehyde (MDA) (F) of greater amberjack after transportation under different
durations. Different letters above bars indicate significant differences at the 0.05 level.
June 2022 | Volume 9 | Article 931816
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caused by species difference, stress source type or stress time. The
different results under stress conditions may be related to the
species, physiological response, transportation duration, stress
degree and transportation conditions of fish (Barton et al., 2003;
Refaey and Li, 2018), which can explain the experimental results.
In this study, stress indicators were stable.

Effects of Transport Density on
Metabolism Indexes of Whole Fish
After the simulated transport, the concentration of glycogen in
D2 density group decreased suddenly, in each group, the
glycogen reduction in D2 group was the most significant. This
means that the D2 density group has begun to consume energy.
The energy consumption of D5 group was the largest, and D3
Frontiers in Marine Science | www.frontiersin.org 8
and D4 groups were significantly higher than D5 group. In
general, D5 group had the lowest glycolysis and the highest
energy consumption. The results of this study show that the
transport density exceeding 1.125kg/m3 will significantly reduce
the glycogen concentration of greater amberjack and accelerate
metabolism. Other authors have previously reported similar
results, with increased energy consumption and decreased
systemic lipid and glycogen content in fish at high density
(Ibarz et al., 2005; Ibarz et al., 2007; Diogenes et al., 2018).

CPT1, FAS and PK are enzymes that regulate metabolism.
CPT1 is the rate- limiting enzyme of fatty acid oxidation, which
can maintain the balance of blood sugar and energy supply when
the body or tissues are energy-deficient (Liu et al., 2020). FAS is a
key enzyme in fat synthesis. It promotes de novo synthesis of fatty
A B C

D

G

E F

FIGURE 5 | The relative expression of interleukin- 1b (IL- 1b) (A), tumor necrosis factor (TNF-a) (B) and transforming growth factor-b (TGF- b1) (C), complements
(C3) (D), major histocompatibility complex (MHC- 1) (E) and immune globulin T (IgT) (F) and nuclearfactor kappa-B (NF-KB1) (G) genes of greater amberjack after
transportation under different densities. Different letters above bars indicate significant differences at the 0.05 level.
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acids by catalyzing the synthesis of fatty acids by acetyl-CoA and
malonyl-CoA (Liu et al., 2021). PK is a key enzyme in the
glycolysis pathway that catalyzes the conversion of
phosphoenolpyruvate to enol pyruvic acid and the production
of ATP. The stress response can cause the formation of fatty liver
(Long et al., 2021). After fish were stressed, the expression of
CPT1 decreased, leading to lipid deposition and increasing the
expression of FAS (Liu et al., 2020; Yu et al., 2020). In our study,
the D3 group had the highest level of CPT1 expression and the
lowest FAS, and the opposite was true in the D2 group. It may be
due to the increased temperature of the D2 group and the rapid
metabolism, so it leads to lipid deposition. The D4 and D5
groups were affected by density and the metabolism was slower
than in the D2 group, so the FAS was higher than the D3 group
and lower than the D2 group. From this, it can be concluded that
the probability of lipid deposition in the D3 group is the smallest.

Studies have shown that PK activity increases with the increase
of density (Wang et al., 2022). After simulating transportation at
different densities, the PK of D4 group reached the highest level,
which indicates that organisms in D4 density group need a lot of
energy to resist environmental changes and more ATP was needed
for metabolism. The D5 density group was significantly lower than
the D4 density group, which was inconsistent with previous
studies, possibly due to lower metabolism and less ATP required
in the D5 group. The lowest PK expression level in the D3 group
may be due to the highest CPT1 expression level, the ability to
maintain energy balance is better, and more ATP is not needed to
maintain metabolism. In summary, D3 is the most suitable
shipping density.

Effects of Transport Density on
Antioxidant Indexes of Whole Fish
Excessive production of reactive oxygen species will cause
environmental pressure (Lesser, 2006). CAT, SOD and GSH-
PX can prevent free radicals from damaging fish (Ribeiro et al.,
2015; Piao et al., 2019; Chu et al., 2020; Chu et al., 2020), after fish
are stressed, these antioxidant indexes will change significantly
(Sahin et al., 2013; Song et al., 2019; Long et al., 2021). Firstly,
SOD catalyzing the superoxide (O2

-) radical into oxygen (O2) or
hydrogen peroxide (H2O2), and then CAT converts the
generated hydrogen peroxide to water and oxygen (Hong et al.,
2019). In this study, the expression levels of CAT and GSH-PX
reached the highest level in D3 group. Due to the weak
metabolism in D4 and D5 groups, the production of reactive
oxygen species and antioxidant index decreased, so it showed a
downward trend. The expression level of Cu-SOD reached the
highest in D4 group. Mn-SOD decreased with the increase of
density, and was lower than Cu-SOD. The results of SOD showed
that the change of density caused a significant response of the
first defense against oxidative toxicity. However, Mn-SOD did
not increase. This may be because Cu-SOD is sufficient to treat
superoxide free radicals, and Mn-SOD plays a complementary
role with the increase of density. Then CAT carried out H2O2

transformation and reached the highest value in D3 group.
Meanwhile, the expression level of GSH-PX was the highest in
D3. MDA is a marker of oxidative stress and a product of lipid
peroxidation. High levels of MDA can damage body functions
Frontiers in Marine Science | www.frontiersin.org 9
and destroy cell structures (Zhang et al., 2009). In this study, the
relative expression levels of most antioxidant enzymes in D3
density group were the highest, while MDAwas stable in the high
density group. The results show that D3 density was the most
suitable density for transportation.

HO-1 is the rate limiting enzyme of heme catabolism. HO-1
and its metabolites have anti-inflammatory, anti-proliferative,
antioxidant and anti-apoptotic effects in the process of
maintaining intracellular homeostasis (Lu et al., 2022). Studies
have shown that a small amount of H2O2 can promote the slight
or strong increase of HO-1, while higher H2O2 concentration can
significantly reduce the expression of HO-1 (Jia et al., 2019). In
this study, among the first four groups, the expression level in D2
group was the highest, then gradually decreased, and suddenly
increased in D5 density group. It may be that H2O2 was largely
decomposed by antioxidant enzymes in D3 and D4 density
groups, and HO-1 only plays an auxiliary role. In D5 density
group, due to decreased metabolism and H2O2 concentration,
HO-1 was strongly increased. Through the result analysis, the
relative expression level of most antioxidant enzymes in D3
density group was higher, indicating that D3 density group had
stronger antioxidant capacity.

Effects of Transport Density on Immune
Indexes of Whole Fish
Excessive inflammation can lead to cell damage, liver and kidney
failure, and eventually death. IL-1b, TNF-a and TGF-b1 are
important cytokines and a key mediator of inflammatory
response. IL-1b and TNF-a are key pro-inflammatory
cytokines, the anti-inflammatory cytokines such as TGF-b1 are
responsible for inhibiting the inflammatory response and
restoring the body to a normal state (Bemeur et al., 2010).
Studies have shown that oxidative stress can promote
nonspecific immunity and cause the upregulation of pro-
inflammatory cytokine gene expression. When the stressor is
short-term, the innate immune response offish is stimulated (Lin
et al., 2018; Hoseini et al., 2019). In this study, in D3 group, the
expression level of IL-1b and TNF-a reached the lowest. It
indicated that D3 density group had less possibility of
inflammation. TGF-b1 the anti-inflammatory effect was the
lowest in D4 density group, and there was no significant
difference between D3 and D4, indicated that the nonspecific
immune function of D3 density group was the weakest in D4
density group. All three cytokines evaluated in this study were
lower in D3 group. GSH-PX and CAT in D3 group reached the
peak. In contrast, IL-1b and TNF- a both reached the minimum
value in D3 group. These results suggested that GSH-PX, CAT
and other factors protect cells from reactive oxygen species can
reduce inflammatory response, and metabolic changes can affect
a series of nonspecific immune-related responses. D3 density was
the most appropriate transport density.

C3 is the core component of complement activation, immune
defense and immune regulation, which contributes to
sterilization, conditioning and immunoadsorption (Wu et al.,
2022). According to previous studies, COR produced during
stress can inhibit immune function (Padgett and Glaser, 2003).
In this study, COR inhibited the expression of these immune
June 2022 | Volume 9 | Article 931816
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related genes due to mild stress in the first few groups, but in D5
group, the concentration of C3 was the highest and could no
longer be inhibited. Because the COR concentration of D2
density group is the lowest and the inhibition ability was weak,
the expression level of C3 was higher in D2 group. This was
consistent with previous study. Its expression level was the lowest
in D4 group, indicating that there were fewer bacteria in D4
density group.

IgT plays a key role in protecting the mucosal part offish from
pathogens (Han et al., 2021). In the case of bacterial invasion, the
relative expression level of IgT will increase (Buchmann, 2020).
MHC-1 participates in antigen recognition, binds with antigens,
forms antigen-antibody conjugates, and is eventually
phagocytized by phagocytes. MHC-1 belongs to specific
immunity and belongs to the second line of defense (Long
et al., 2019; Kitiyodom et al., 2021). The expression level of IgT
in D4 group was the lowest, and there was no significant
difference between D3 and D4 group, indicated that D3 group
had the lowest degree of cell damage. In D3 density group, MHC-
1 was significantly lower than that in the adjacent two groups,
indicated that the antigen content in D3 density group was less.
Group D4 was the highest, it is likely that the low expression level
of immune factors and complement in D4 group and the
increase of pathogens, bacteria and other microorganisms
triggered specific immunity. NF-KB1 is a nuclear transcription
factor that produces inflammatory cytokines after activation.
When fish are inflamed, the expression level of NF-KB1 will
increase. The relative expression level of NF-KB1 in D3 group
was significantly lower than that in other groups, while other
groups showed up-regulation of NF-KB1 gene. Our results
showed that D3 group had the lowest cytokine release rate and
the weakest inflammatory response. In conclusion, D3 density
was the most su i tab le t ransporta t ion dens i ty for
greater amberjack.
CONCLUSION

Our study evaluated the effects of transport density on great
amberjack stress, metabolism, antioxidant capacity, and
Frontiers in Marine Science | www.frontiersin.org 10
immunity. Improper transportation density will destroy the
water quality, increase ammonia nitrogen concentration, and
reduce the survival rate. Fish are prone to stress response, affect
metabolism, change antioxidant indexes and produce
nonspecific immunity. Upon simulating transportation for 8 h
at different densities, our findings indicated that transport
density should not exceed 3.375 kg/m3.
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