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Abstract: Long-term high stocking density often brings negative effects such as decreased body
weight, decreased immunity, and increased mortality to cultured fish, while the effects of short-
term stocking are relatively less studied. In this experiment, we characterized spatial and temporal
gene expression in black porgy (Acanthopagrus schlegelii) liver by establishing two stocking density
groups—high (H: 26.5 kg/m3) and low (L: 2.95 kg/m3)—and conducting transcriptome sequencing
before collecting liver samples at two time points: 6 h (AL and AH) and 60 d (CL and CH) into the
culture trial. There were 648 and 550 differentially expressed genes (DEGs) in the AL-vs-AH and
CL-vs-CH groups, respectively. The DEGs in the AL-vs-AH group were significantly enriched in
steroid biosynthesis, terpenoid backbone biosynthesis, the PPAR signaling pathway, proteasome,
aminoacyl-tRNA biosynthesis, and ribosome biogenesis in eukaryotes. The DEGs in the CL-vs-CH
group were more significantly enriched in lipid metabolism-related pathways, such as the PPAR
signaling pathway, fatty acid metabolism, and cholesterol metabolism. In addition, immune-related
pathways such as the phagosome and complement and coagulation cascades were also enriched
in the CL-vs-CH group. The expression changes concerning the DEGs in each group were further
analyzed. The DEGs related to steroid synthesis, protein synthesis, and the degradation pathways
were down-regulated, but immune-related genes were generally up-regulated in the AH group.
The DEGs related to lipid synthesis were significantly up-regulated in the CH group, but the DEGs
related to lipid consumption and utilization were down-regulated. The expression of immune-related
DEGs was also negatively affected in the CH group. These results suggest that acute and chronic
crowding stress affects lipid metabolism and immune regulation in the liver of black porgy. Acute
stress particularly affected hepatic protein metabolism, while chronic stress showed more effects on
hepatic lipid metabolism. The results of this study provide a theoretical basis for understanding the
effects of high stocking densities upon black porgy and may also provide a reference for crowding
stress regulation studies in other fish species.

Keywords: Acanthopagrus schlegelii; transcriptome; stocking density; acute stress; chronic stress

Key Contribution: The liver of black porgy has different molecular responses to short- and long-term
high stocking density stress. Short-term high stocking density stress inhibited the transcription of
genes related to peptide synthesis and degradation. Long-term high stocking density stress increased
the transcription of genes related to lipid synthesis and inhibited the transcription of genes related to
lipid utilization.

Fishes 2023, 8, 356. https:/ /doi.org/10.3390/ fishes8070356

https://www.mdpi.com/journal/fishes


https://doi.org/10.3390/fishes8070356
https://doi.org/10.3390/fishes8070356
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fishes
https://www.mdpi.com
https://orcid.org/0000-0002-0769-5007
https://doi.org/10.3390/fishes8070356
https://www.mdpi.com/journal/fishes
https://www.mdpi.com/article/10.3390/fishes8070356?type=check_update&version=2

Fishes 2023, 8, 356

2 of 20

1. Introduction

With economic development and living standards increasing, the consumption of
fisheries products is also increasing year by year. However, natural fishery resources cannot
meet this increasing global demand. According to the 2022 edition of the State of World
Fisheries and Aquaculture [1], sustainably harvested marine stock resources decreased
by 1.2% in 2019 compared to 2017. Overfishing has seriously damaged fish stocks and
ecosystems. To fulfill consumer demand and protect fishery resources and environments,
increasing the proportion of cultured aquatic products is crucial for achieving sustainable
industrial development. Fish is the main object of consumption in the aquatic market
and has the largest portion of aquaculture [1]. In order to promote the stable and rapid
development of cultured fish production, perfecting farming conditions and increasing
stocking density could be crucial. Particularly, high-density, intensive aquaculture is
viewed as an inevitable choice for the future of the aquaculture industry due to its ability
to maximize the efficiency of culture systems. However, we must not overlook the adverse
effects of excessively high stocking densities with respect to fish. High stocking densities
could increase disease outbreak [2] and competition among individuals [3], leading to high
mortality and significantly lower body weight [4,5]. In addition, stocking densities can
change the fatty acids, amino acids, crude protein, and crude fat of fish muscle, affecting
the nutritional value of the cultured fish products [4,6]. Therefore, improving the tolerance
of fish to high stocking density culture and finding the optimal stocking density for fish
culture are essential directions for aquaculture research.

Black porgy (Acanthopagrus schlegelii) is a benthic fish living in brackish and marine
waters that is widely distributed in the coastal waters of the Western Pacific of the northern
hemisphere [7]. With delicious meat and high nutritional value, black porgy is popular
among consumers and valuable in the market. In China, Japan, and Korea, it is an important
fish for farming due to its high growth rate and strong disease resistance [8,9]. Sea cage
culture and pond culture are two mature ways of growing black porgy, but the limited
yields make it difficult to scale up [10]. Moreover, apart from meeting market demand,
some artificially propagated black porgies are used to restore the wild population in
coastal areas [11]. Therefore, increasing the stocking density of black porgy can address
consumption pressures and expedite the restoration of natural populations. However, there
are few studies on the effect of high stocking densities on black porgy. The lack of relevant
research is detrimental to black porgy welfare and production.

Transcriptome sequencing (RNA-seq) analysis can be powerful for understanding the
crowding stress response caused by high stocking densities and determining the optimal
fish culture density [12]. Upon the onset of stress, the sensing cells first generate signals due
to external stimuli, which are later transmitted to target cells and cause physiological and
biochemical responses within the target cells [13]. Ultimately, stress affects gene functions
by inhibiting or promoting the transcriptional expression of genes within the cell, enabling
the organism to respond to changes in the external environment to adapt to them. The
transcriptional levels of cells can be altered within minutes of the onset of stress and can
return to their basal transcriptional state upon the removal of stress [14]. Transcriptome
sequencing can detect the mRNA transcript levels of all genes in a given tissue at a given
time, helping to identify the genes affected by stress. Through the enrichment analysis of
gene functions and pathways, the process of molecular changes in the organism in response
to stress and the functional changes that may eventually develop can be determined [12].
Currently, transcriptome sequencing studies have been carried out for evaluating the effect
of stocking density on many fish species, such as Nile tilapia (Oreochromis niloticus) [15],
yellow croaker (Larimichthys crocea) [16], grass carp (Ctenopharyngodon idellus) [4,17], and
rainbow trout (Oncorhynchus mykiss) [18]. These studies have revealed that gene regulation
affects growth, metabolism, and immunity under high stocking densities, which laid the
scientific and theoretical foundation for developing the production of these cultured species.

In this study, we describe how we performed short-term and long-term culture experi-
ments on black porgy at different densities and collected livers under different treatment
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conditions. We aimed to obtain the liver gene expression response to acute and chronic
crowding stress to provide a basis for subsequent research and scientific guidance on the
high-stocking density culture of black porgy.

2. Materials and Methods
2.1. Ethics Statement

All the experimental procedures described in this paper follow the international
standards on animal welfare and were approved by the Institutional Review Board of
Jiangsu Marine Fishery Research Institute (protocol code No. IRB 2017-02, 16 April 2017).

2.2. Experimental Animals

Black porgy juveniles (average body weight 88.49 + 18.22 g and average body length
14.76 £+ 1.12 cm [mean =+ standard deviation]) were provided by the Jiangsu Province
Black Porgy Breeding Farm located in Nantong. Before the start of the experiment, juvenile
black porgies were temporarily held in an indoor concrete pond with a volume of 12.4 m3
(3.08 mx 3.09 m x 1.30 m) for seven days, during which the water exchange rate was 50%
per day.

2.3. Experimental Design and Sample Collection

The experiment began on 21 July and ended on 20 September. During the exper-
iment, the fish were fed a compounded feed (crude protein > 42%, crude fat > 5%,
crude fiber < 5%, crude ash < 16%, total phosphorus > 1%, lysine > 2.1%, and mois-
ture < 11%) with feeding to satiation at 07:30 and 17:00 daily. The residual feed was
removed after 2 h. At the same time, the amount consumed and the number of pellets
remaining were recorded. After sedimentation and filtration, natural seawater was used
during the culture trial, with a 100% water change every two days. The temperature
difference between water changes did not exceed 2 °C. To ensure uniform water quality
in each group, the trial was conducted in a cement pond inside a plastic insulation shed
housing six net pens measuring 1 m in length, 0.5 m in width, and 0.6 m in depth. Each net
pen was equipped with at least one aeration stone. The key water quality parameters were
as follows: temperature: 25.0~35.0 °C, pH: 7.30~8.50, and dissolved oxygen: > 5 mg/L for
24 h during the trial.

Two treatment groups were established based on stocking density: low stocking
density (L, 2.95 kg/m?3) and high stocking density (H, 26.5 kg/m?), with three parallel
groups created for each density level. To achieve better water quality consistency among
different stocking density cages, net cages of groups L and H were alternately placed in
the same cement pond. Group L was set based on the experience of black porgy culture
in Nantong Lusi as the minimum stocking density with economic efficiency. Group H
was established based on the recommendation of local farmers and the crowding stress
densities of Sparidae such as gilthead seabream (Sparus aurata) [19] and red seabream
(Pagrus pagrus) [20]. A total of 12 black porgies from groups L and H were randomly
collected using plastic mesh boxes at two time points—the 6th hour and 60th day of the
culture trial; 3 individuals in AL (short-term low stocking density), CL (long-term low
stocking density), AH (short-term high stocking density), and CH (long-term high stocking
density) group, respectively. AH and CH represents fish affected by acute and chronic
crowding stress. The fish were not fed for at least 24 h before sample collection. During
sampling, MS-222 was dripped into the plastic mesh box for rapid anesthesia, and the
fish were then transported to the laboratory for dissection. An appropriate volume of
liver tissue from each group was promptly frozen in liquid nitrogen and then preserved at
—80 °C for further analysis. After the first sampling, the nets were supplemented with the
same number of juvenile fish to maintain the experimental stocking density in each net.
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2.4. Total RNA Extraction, cDNA Library Construction, and Sequencing

Three liver samples from three fish in each of the AL, AH, CL, and CH groups were
retrieved after being frozen at —80 °C (with each individual serving as a biological replicate,
three replicates per group). Each sample was individually homogenized, and total RNA
was extracted using the Trizol kit (Invitrogen, Carlsbad, CA, USA), resulting in 12 total
RNA samples. RNA integrity was evaluated via agarose gel electrophoresis with a 2:1
ratio of 285:185 rRNA being utilized as the selected indicator. The OD (A260/280) of
the nucleic acids was measured using a Nanodrop microspectrophotometer. The mRNA
was enriched using oligo (dT) beads and then fragmented using a fragmentation buffer.
The short fragments of mRNA were reverse-transcribed using the NEB #7530 kit (New
England Biolabs, Inc., Ipswich, MA, USA). The purified double-stranded cDNA fragments
were end-repaired, supplemented with A bases, and ligated using the Illumina sequencing
adapter. The ligation reaction was purified with AMPure XP beads (1.0x), and polymerase
chain reaction (PCR) amplification was performed. Both the beads and PCR primers were
from the NEB #7530 kit. Sample fragment size and concentration were measured using the
DNA 1000 assay Kit (Agilent Technologies, Santa Clara, CA, USA, 5067-1504). After obtain-
ing a reliable cDNA library, lllumina Novaseq 6000 (Illumina, Inc., San Diego, CA, USA)
sequencing was performed.

2.5. Sequencing Data Processing and Analysis

The raw reads were filtered using Fastp [21] for quality control (QC) to obtain clean
reads. To guarantee the accuracy of the subsequent analysis, the base composition and
quality distribution of the filtered data were examined. In case of mismatch rejection, reads
matching with the A. schlegelii ribosome database were removed from the clean reads using
the bowtie2 tool [22]. The remaining reads were mapped to the whole genome sequence
of A. schlegelii using HISAT2 [9,23]. Stringtie [24] was used to reconstruct transcripts, and
RNA-Seq by Expectation-Maximization (RSEM) [25] was used to quantify gene expression
in each sample. Fragments per Kilobase Million (FPKM) was utilized as a metric to assess
transcript abundance. After obtaining the expression results of each sample, principal
component analysis (PCA) was carried out by the R package gmodels 2.18.1 to assess
the repeat correlation between samples. The read count of gene expression data was
also recorded into DESeq?2 [26] for the analysis of differentially expressed genes (DEGs)
using |logy(FoldChange)| > 1 and FDR < 0.05 as screening criteria [4]. The DEGs were
systematically analyzed with Gene Ontology (GO) and the Kyoto Encyclopedia of Genes
and Genomes database (KEGG) to provide a comprehensive functional annotation and
pathway analysis of the transcriptomics data [27-29]. Utilizing the hypergeometric test, we
compared the DEGs mapped onto terms and pathways against the background gene set,
thereby identifying significantly enriched GO terms and KEGG pathways.

2.6. RT-gPCR Verification

Eight DEGs in the AL-vs-AH and CL-vs-CH groups were selected for qPCR validation:
thrombospondin 1 (thbs1), MHC Class-1 Related-Gene Protein (mr1), fatty acid binding
protein 1 (fabp1), fatty acid desaturase 2 (fads2), Acetyl-CoA carboxylase alpha (acaca),
farnesyl pyrophosphate synthase (fps), steroll4x-demethylase (cyp51), and ATP-citrate
lyase (acly).

The total RNA from each stocking density obtained during transcriptome sequencing
and RT-qPCR were used to test the accuracy of the results derived from our transcriptome
analysis. The FastQuant RT kit (Tiangen, Beijing, China) was used to synthesize cDNA
templates according to the manufacturer’s instructions. Nine DEGs (including the reference
gene: f3-actin) were selected based on the black porgy genome and transcriptome data.
gPCR primers were designed using Oligo 7 software (https:/ /www.oligo.net/demo-info2
.html, accessed on 12 May 2023) (Table 1). qPCR quantification was performed using the
SuperReal PreMix Plus kit (Tiangen, Beijing, China) and the Applied Biosystems 7300Plus
Real-Time PCR System (Blk33, Singapore). The total volume of the PCR reactions was
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20 pL (10 uL SYBR Green SuperReal PreMix Plus (2x), 0.6 pL each of forward and reverse
primers, 2 uL ¢cDNA, and 5.8 uL. RNase-Free ddH;0). Gene expression was quantified
in batches of different primers at different annealing temperatures according to Oligo 7’s
recommendations. Other cycling conditions were set according to the kit’s instructions.
The qPCR quantification results were analyzed using the 2~24Ct method [30].

Table 1. Sequence of primers used for RT-qPCR expression analysis.

Gene Name Primer Sequence (5'—3) Annealing Temperature/°C
F: ATCCTGGCATTGCTGTTGGTTAC
thbs1 R: CGTCTCTGTCCGTGTTGATGAAG 56
F: GAACGAGGACATCATCACCAGAC
mrl R: ATCCAGCAGCACCGATAAGAATAAG 56
F: TGTTACACTGATGGAGCCTGGAG
celaZa R: GGTGAAGACGGTGGGTTTGTTC 56
sy F: CCTGGAGACGATCACTGGAGAG s
R: GCCACCGACAGTCATAGTATTGC
fads2 F: GCCACCTGTCTGTCTTCAAGAAG -
R: AATGCCGATGATTCCACCAGTTG
nen F: TCAACAAGAAGTCAGAGCGAGAAG 5
R: CACGGATGCCACTGCGATAC
s F: TGGAGGCAAGCGGAACAGAG s
R: ACCAGCCGACCAACAGAGC
b F: TCGGGAGCACATTCACCTACC 8
R: CTGGAGTGGTTAGCCTGGAGTAG
acly F: GTGATGGGAGAAGTTGGCAAGAC 5
R: AGGAGGAAGTTGGCAGTGTGAG
ctin F: CGACGGTCAGGTCATCAC s
R: GCCAGCAGACTCCATTCC
3. Results

3.1. Transcriptome Sequencing Data Quality Analysis

In total, there were 85.82 Gb of raw data obtained through the transcriptome sequenc-
ing. The reads containing adapter sequences, more than 10% N, all A bases, or with more
than 50% of bases having a quality (Q) < 20 were removed. Finally, 84.29 Gb of clean data
with 50.88~51.46% GC content, 97.64~98.42% Q20, and 92.71~95.21% Q30 were obtained
(Table 2). The alignment results showed an average total mapping rate of 85.47%, with
76.83% of the reads mapped to reference genome sites with unique positions. Based on the
total mapped reads results, 65.05~70.87% of the reads were located in exons in the reference
genome (Table 3). These results show that the sequences have a highly reliable match with
the reference genome of black porgy, verifying the reliability of the sequencing data.

Table 2. The statistics of assembled results for liver samples of A. schlegelii.

Sample Raw_Data (bp) Clean_Data (bp) Q20 Q30 GC
AL-1 6,265,646,400 6,151,585,554 98.42% 95.21% 51.46%
AL-2 7,541,598,300 7,388,812,971 98.07% 93.91% 51.33%
AL-3 7,264,445,700 7,157,111,386 98.00% 93.92% 51.16%
AH-1 8,141,713,200 7,991,147,520 97.65% 92.71% 50.46%
AH-2 6,561,749,100 6,474,655,672 98.48% 95.39% 50.47%
AH-3 8,086,893,900 7,960,620,927 97.57% 92.75% 50.88%
CL-1 7,398,075,900 7,255,941,269 97.94% 93.53% 50.69%
CL-2 7,779,589,800 7,611,675,168 98.15% 94.12% 50.30%
CL-3 6,654,809,100 6,544,452 925 98.39% 95.06% 50.17%
CH-1 6,395,992,200 6,273,751,676 98.39% 95.13% 50.75%
CH-2 6,636,990,600 6,532,623,483 98.52% 95.46% 51.12%
CH-3 7,088,955,300 6,964,895,805 98.37% 95.11% 50.27%
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Table 3. Matching of effective sequences with reference genomes of A. schlegelii.

Sample Clean_Data Unique_Mapped Total_Mapped Exon
AL-1 41,495,774 77.65% 86.30% 70.87%
AL-2 49,892,258 76.97% 85.85% 70.61%
AL-3 48,103,404 76.92% 85.82% 70.39%
AH-1 53,924,360 75.97% 84.13% 69.83%
AH-2 43,494,574 76.77% 85.07% 69.89%
AH-3 53,560,720 76.43% 84.78% 70.76%
CL-1 48,972,544 76.51% 85.67% 66.96%
CL-2 51,557,256 77.00% 85.71% 65.92%
CL-3 44,080,604 77.69% 86.16% 65.35%
CH-1 42,312,210 75.96% 85.20% 66.26%
CH-2 43,936,880 76.07% 85.79% 67.07%
CH-3 46,941,622 76.11% 85.20% 65.05%

3.2. Analysis of DEGs between Groups

Based on the gene expression information for each sample, the PCA results showed
that the four groups—AL, AH, CL, and CH—were distinct, indicating that the gene ex-
pression patterns were different among the treatments under the design of this experiment
(Figure 1). In this experiment, the DEGs in the AL-vs-AH group were defined as the up-or
down-regulation of the DEG expression in the AH compared to the AL group, and so
on for other comparisons. DEseq2 results showed that 648 DEGs were detected in the
AL-vs-AH group (327 up-regulated and 321 down-regulated; Figure 2a). Meanwhile, a total
of 550 DEGs were discovered in the CL-vs-CH group, with 213 DEGs being up-regulated
and 337 DEGs down-regulated (Figure 2b). In comparing different culture density groups
at the same time, 545 genes were found to be differentially expressed only in the AL-vs-AH
group, while 447 genes were differentially expressed only in the CL-vs-CH group. A total
of 103 genes showed differential expression in both comparison groups.

|
20,000 [, an
AH-Tx |
[ CL-3
2 10,000 | * A
§ | AH-3 CL-2
S CL-1
o
&)
£ 0
(\AL3
~10,000| |4 A2
AL-1 CH_I}#/CH-Z
CH-3
~20,000  —10,000 0 10,000 20,000

PC1(63.7%)

Figure 1. Principal component analysis (PCA) of gene expression in 12 samples. All 12 samples
are labeled according to their groups, and samples classified as different clusters are shown with
different-colored ellipses.

Further, comparing the same density treatment at different times, 1753 and 613 genes
were exclusively differentially expressed in the AL-vs-CL and AH-vs-CH groups, respec-
tively, with an additional 693 genes found to be differentially expressed in both groups.
At the same sampling time for groups H and L, all factors except stocking density were
kept the same, so the co-expressed DEGs revealed inherent stress response functions, while
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the DEGs specific to each group reflected distinct adaptation patterns of response to acute
and chronic stress (Figure 3). Both the H and L groups showed large differences in gene
expression at different sampling times, which may be due to both the developmental
growth of the fish and the temporal effect of different treatment intensities due to culture
density, making it challenging to ensure that only a single stocking density factor exerted
an influence. Based on these reasons, in the present study, we discuss and analyze the
DEGs only between different stocking densities within the same sampling time to ensure
the scientific reliability of the results.

AL-vs-AH CL-VS-CH
304 FDR<0.05 J ) 304 FDR<0.05 o o
log2(FoldChange)| > 1 L § [loga(FoldChange)| > 1 2
. 327 : : &
up '3.2/“ :, 'f . up: 213 e
down: 3 ‘. i . down: ] { .
? : f~
o S
20 e ~ 20 3 .
~ o x AT .
a o8 a rS <
= 3 = . .
=4 § 4 : s &
g‘l ’ Lo %" 3 %’: .
T ku T B
10 ol £\

logz(FoldChange) logz(FoldChange)
(a) (b)

Figure 2. Volcano plot of differentially expressed genes. (a) AL-vs-AH; (b) CL-vs-CH. The abscissa
is the fold-change pertaining to gene expression in the high-density group compared with that in
the low-density group, and the ordinate is the statistical significance of gene expression change.
Different colors indicate up-regulated (red), down-regulated (green), and unchanged (black) gene
levels regarding gene expression.

CL-vs-CH AL-vs-CL

AH-vs-CH o

418

Figure 3. Venn diagram of DEGs for different comparisons among groups, indicated using different
colors. Arabic numbers represent the number of differentially expressed genes. 447 represents the
number of DEGs unique to the CL-vs-CH group compared to the AL-vs-AH group, 545 is the number
of DEGs unique to the AL-vs-AH group compared to the CL-vs-CH group, and 103 is the number of
DEGs shared by both groups.
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3.3. GO Enrichment Analysis of DEGs

The DEGs among the AL-vs-AH and CL-vs-CH groups were processed for GO enrich-
ment analysis to determine the molecular mechanisms involved in the crowding stress caused
by different stocking densities of the liver of black porgy. Both the AL-vs-AH and CL-vs-CH
DEGs were assessed according to the three main classifications of GO: biological process
(BP), molecular function (MF), and cellular component (CC) (Figure 4). The AL-vs-AH and
CL-vs-CH groups showed a total of 246 and 124 significantly enriched GO terms (p < 0.05), as
well as 19 and 4 highly significantly enriched terms (pagjust < 0.05), respectively.
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-
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3 membranc-cnclosed lumen (3 extracellular matrix
2 supramolecular fiber membranc-cnclosed lumen
o cell junction synapse
extracellular matrix synapse part
T T r r
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Figure 4. The classification of differentially expressed genes in three GO categories. (a) AL-vs-AH;
(b) CL-vs-CH. The ordinate represents the other secondary GO items under the three major GO
categories (i.e., BP, MF, and CC). The abscissa represents the number of DEGs included in each
secondary classification, and the columns with different colors represent the number of up-regulated
and down-regulated genes, respectively.

In AL-vs-AH, thirteen terms were highly significantly enriched in BP, including “tRNA
aminoacylation for protein translation” and “single-organism metabolic process”, which
are related to peptide synthesis and metabolism, and “antigen processing and presentation
of peptide antigen” and “defense response”, which are related to the immune response.
The DEGs enriched in “tRNA aminoacylation for protein translation” were down-regulated
in the AL-vs-AH group. Six terms were highly significantly enriched in MF, mainly
“aminoacyl-tRNA ligase activity” and “carboxylic ester hydrolase activity”, which are
related to catalytic activity, and the DEGs in these terms were down-regulated in the
AL-vs-AH group.

In the CL-vs-CH group, there were four highly significantly enriched terms (all
related to sulfotransferase activity involving sulfur-containing groups) sorted into the
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molecular function (MF) category. These terms include “alcohol sulfotransferase activity”,
“phenanthrol sulfotransferase activity”, “heparan sulfate sulfotransferase activity”, and
“sulfotransferase activity”. All four terms were enriched for the same DEGs, which were
down-regulated in the CL-vs-CH group. BP was mainly enriched in stress, metabolism, and
immunity-related pathways such as “catechol-containing compound metabolic process”,
“steroid metabolic process”, “chemokine production”, “stress-activated MAPK cascade”,
“positive regulation of Toll-like receptor signaling pathway”, and “response to other or-
ganism”. Among them, the DEGs enriched in “response to other organism”, “catechol-
containing compound metabolic process”, and “steroid metabolism” were down-regulated,
while the DEGs enriched in “positive regulation of Toll-like receptor signaling pathway”
and “chemokine production” were up-regulated in the CL-vs-CH group. The cellular

component was mainly annotated for the “intrinsic component of membrane”.

3.4. KEGG Enrichment Analysis of DEGs

Following our KEGG analysis, we found that 271 pathways were enriched in the
AL-vs-AH group, among which 33 pathways showed significant enrichment (p < 0.05).
Similarly, 253 pathways were enriched in the CL-vs-CH group, with 38 pathways showing
significant enrichment. Some important pathways were selected for presentation from the
top 30 pathways with the smallest p values in each group (Figure 5).
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Figure 5. KEGG classification of DEGs. (a) AL-vs-AH; (b) CL-vs-CH. The abscissa is the gene ratio,
the ordinate is the enrichment pathway, the sphere size represents the number of genes in this
pathway, and the sphere color represents the enrichment significance of this pathway. Note: gene
ratio refers to the proportion of DEGs detected in a pathway (relative to the total number of genes
detected in that pathway).

According to the results of our KEGG enrichment analysis, significantly enriched
pathways in the AL-vs-AH group included “aminoacyl-tRNA biosynthesis”, “steroid

biosynthesis”, “terpenoid backbone biosynthesis”, “phagosome”, “proteasome”, “antigen
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processing and presentation”, “protein digestion and absorption”, etc. In the CL-vs-CH
group, significantly enriched pathways mainly included immune and metabolic-related
pathways such as the “PPAR signaling pathway”, “protein digestion and absorption”,
“fatty acid biosynthesis”, “fatty acid metabolism”, “cholesterol metabolism”, “PI3K-Akt sig-
naling pathway”, “ECM-receptor interaction”, “phagosome”, “AMPK signaling pathway”,
“complement and coagulation cascades”, among others.

Based on the enrichment analysis results from GO and KEGG, we performed Gene-Set
Enrichment Analysis (GSEA) to analyze the protein-related pathways in the AL-vs-AH

group (Figure 6). The results showed that these pathways were significantly suppressed in

the AL-vs-AH group.

Enrichment plot:KO00970 Aminoacyl-tRNA biosynthesis

Figure 6. GSEA analysis of protein-related pathways in AL-vs-AH. The results showed that (a)
aminoacyl-tRNA biosynthesis, (b) ribosome biogenesis in eukaryotes, (c) protein processing in
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endoplasmic reticulum, and (d) proteasome were significantly enriched and down-regulated.
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3.5. Validation of RNA-Seq Results

The results in Figure 7 show that the expression trends of these genes in RT-qPCR were
identical to the transcriptome results and had a high correlation. These results demonstrate
the reliability and accuracy of the transcriptome sequencing and data analysis results.

RT-qPCR f:: - CL-vs-CH
uRNA-seq § ? ® AL-vs-AH
1P
] HE
= =
3
R~ 0.8862
2
1 : R=0.7762 ®
0 Log (FoldChange)
0 1 2 3 @PCR)

AL-vs-AH

CL-vs-CH

(a) (b)

Figure 7. RT-qPCR validation of 8 DEGs from AL-vs-AH and CL-vs-CH. The expression levels of
the selected genes were each normalized to that of the 3-actin. (a) Bar graph of expression trends in
RNA-seq and qPCR. (b) Scatter plot of the correlation between RNA-seq and qPCR results.

4. Discussion

Studies on black porgy stress response have focused on aspects such as tempera-
ture [31], salinity [32], hypoxia [33], acidification [34], and feeding [35]. Previous studies
have provided a scientific basis for achieving the optimal environmental conditions for
black porgy culture. Inevitably, the aquaculture industry is moving towards industrial,
high-density production. However, stress arising from overcrowding significantly impacts
fish growth, immunity, and metabolism [36]. As an important farmed fish, few studies
have reported the effect of stocking density on black porgy.

The liver, a reliable tissue for transcriptome research, is the largest digestive gland in
fish, the primary response organ to stress, and the central metabolic organ with roles in
detoxification, immune defense, and hormone synthesis in the organism [37-39]. In this
experiment, we observed significantly different gene expression profiles, indicating the
effects of different stocking densities and culture times on black porgy. A total of 1198 DEGs
were obtained after subjecting the samples to transcriptome analysis, and several biological
pathways potentially related to crowding stress, along with their key genes were identified.

4.1. Effects of High Stocking Density on Protein Metabolism-Related Pathways

Protein is an essential material basis for the realization of life functions. Aquatic
animals facing acute environmental stresses such as heat stress [40], hypoxia [41], and hy-
posalinity [42] generally experience the inhibition of protein synthesis. This phenomenon
has primarily been attributed to alterations in enzyme activity, disruptions in cellular ion
homeostasis, or an increased need for energy in response to environmental stressors. High
stocking density as a stressor may also lead to changes in functions associated with protein
synthesis [43]. In this experiment, after being subjected to 6 h of crowding stress, the liver
of black porgy was mainly enriched in the expression of some significant pathways re-
lated to protein metabolism, such as aminoacyl-tRNA biosynthesis, ribosome biogenesis in
eukaryotes, protein processing in endoplasmic reticulum, and proteasome. The aminoacyl-
tRNA biosynthesis pathway, activated by amido-tRNA synthetase, plays a crucial role in
converting amino acids into proteins by precisely connecting them to tRNAs containing
the corresponding anticodons, thereby ensuring accurate protein synthesis [44]. Ribosome
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biogenesis in eukaryotes includes the maturation of ribosomal RNA and assembly into
ribosomal subunits [45]. Ribosome biogenesis determines the rate of protein synthesis and
regulates the accumulation of cell mass or cell growth by controlling the major anabolic
cellular processes [46]. The endoplasmic reticulum is involved in protein synthesis, folding,
and processing and directs misfolded proteins to the proteasome for degradation [47]. The
ubiquitin-proteasome system (UPS) mediates 80~90% of protein degradation in eukaryotic
organisms [48]. Ubiquitination is a post-translational energy-dependent modification pro-
cess that labels soon-to-be-degraded proteins and involves activation (ubiquitin activation
enzyme E1), conjugation (ubiquitin conjugase E2), and ligation (ubiquitin ligase E3) [49].
Ubiquitin-like modifier-activating enzyme 1 (UBA1) and ubiquitin-like modifier-activating
enzyme 6 (UBAG6) are the two types of E1 enzymes responsible for activating ubiquitin [50].
Upon examining the results of our GSEA analysis, we found that, among the expression
of pathways and genes related to protein synthesis, ubal and uba6 were associated with
the activation of the ubiquitination process and that related genes in the proteasome were
down-regulated, indicating that these pathways were inhibited in the AL-vs-AH group.
These pathways may provide energy in response to stress by temporarily inhibiting the
protein synthesis of normal cellular maintenance processes.

In contrast, the CL-vs-CH group did not exhibit significant enrichment, nor did the
pathways observed in the AL-vs-AH group. This suggests that these pathways were
responsive only during the early stages of crowding stress and eventually returned to
baseline expression after adaptation to the environment in black porgy. These changes were
also consistent with the functional characteristics of the related pathways that maintain the
basic activities needed for daily functioning.

4.2. Effects of High Stocking Density on Lipid Metabolism-Related Pathways

Lipids are important energy substances for fish, helping them to respond to acute
stresses [51,52]. The PPAR signaling pathway, steroid biosynthesis, terpenoid backbone
biosynthesis, and other lipid metabolism pathways were significantly enriched after 6 h of
crowding stress. Fatty-acid transport protein 2 (fatp2), cholesterol 7o-hydroxylase (cyp7al),
and fabp1 are critical genes in the PPAR signaling pathway. The FATP family is involved
in the uptake and metabolism of long-chain and extra-long-chain fatty acids and plays a
key role in the coordinated utilization of energy [53]. FABP1 is active in lipid metabolism
in various tissues and organs, involved in lipid uptake and transport, and has a role in
maintaining lipid homeostasis [54]. Following acute crowding experiments on O. mykiss,
Naderi et al. [43] found that the up-regulation of FABP was associated with an increase in
lipid utilization, which occurred in order to meet increased energy requirements due to
stress. CYP7AL is a rate-limiting enzyme expressed only in the liver for the synthesis and
conversion of cholesterol into bile acids [38]. Bile acids contribute to energy conservation,
improve energy utilization efficiency, and play a pivotal role in maintaining the balance of
cholesterol metabolism [55]. In the AL-vs-AH group, the up-regulation of fabp1 and fatp2
may indicate that black porgy supplied the energy required for stress response by increasing
lipid utilization under acute crowding stress, and the up-regulation of cyp7al may benefit
the energy stabilization of black porgy under acute crowding stress conditions. Steroid
biosynthesis is associated with the mevalonate pathway in the equally enriched terpenoid
backbone biosynthesis. The primary function of the mevalonate pathway is to synthesize
cholesterol and isoprenoids [56]. 3-Hydroxy-3-methylglutaryl-coenzyme A synthase 1
(HMGCS1) and 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) are two
key rate-limiting enzymes associated with the mevalonate pathway and the cholesterol
synthesis pathway [57]. HMGCSI] catalyzes HMG-CoA synthesis from acetoacetyl-CoA
and acetyl-CoA, which HMGCR subsequently reduces to mevalonate acid (MVA). Farnesyl
pyrophosphate (FPP), generated by MVA after a series of catalytic processes, is a precursor
for steroid synthesis [56]. The steroid biosynthesis pathway produces mainly steroid
hormone precursors, cholesterol, and vitamin intermediaries [58]. Squalene epoxidase
(sqle), sterol-c5-desaturases (sc5d), carboxyl ester lipase (cel), transmembrane 7 superfamily
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member 2 (tm7sf2), methylsterol monooxygenase 1 (msmol), and cyp51 are all DEGs in the
steroid biosynthesis pathway of AL-vs-AH. SQLE is involved in the first oxygenation step
of the cholesterol biosynthesis pathway [59]. Inhibiting sgle expression can significantly
reduce steroid production [60]. sc5d, cel, tm7sf2, msmol, and cyp51 are involved in the
synthesis or conversion of cholesterol [61-63]. Fish respond to stress by inhibiting the
steroid biosynthesis pathway when subjected to acute stresses such as hypoxia [64] and
high temperatures [65]. This pathway is also closely related to energy balance under stress.
Similarly, the expression levels of hmgcr, hmgcs1, scbd, cel, tm7sf2, msmol, and cyp51 (genes
related to steroid metabolism) were significantly down-regulated in AL-vs-AH, which
may also indicate that lipid metabolism represented by steroids is involved in energy
homeostasis under acute crowding stress. Notably, hmgcr was down-regulated in AL-
vs-AH, and this contrasts with the up-regulated expression observed in European sea
bass (Dicentrarchus labrax) [66] subjected to chronic crowding stress. This may result from
differences in the response patterns of fish to different temporal stages of crowding stress.

Lipid metabolism seems more significantly affected under long-term high stocking
densities. At the tissue level, the hepatosomatic index of S. aurata was significantly down-
regulated and liver fatty acid composition was significantly altered [67]. At the molecular
level, many pathways related to lipid metabolism were found to be enriched in different
species of fishes [68,69]. After suffering chronic crowding stress, black porgy significantly
enriched many pathways related to lipid metabolism, such as fatty acid biosynthesis,
cholesterol metabolism, the AMPK signaling pathway, the PPAR signaling pathway, steroid
biosynthesis, and terpenoid backbone biosynthesis. Acyl-CoA synthetase short-chain fam-
ily member (acss2), fatty acid synthase (fasn), stearoyl-CoA desaturase-1 (scd1), carnitine
palmitoyl transferase 1A (cptla), isopentenyl-diphosphate delta-isomerase 1 (idi1), ATP
binding cassette transporter A1l (abcal), fatty acid transport proteinl (fatp1), acly, fps, acaca,
fads2, fabpl, and cyp51 are DEGs belonging to the CL-vs-CH group that relate to lipid
metabolism. ACLY and ACSS2 are the main sources of acetyl CoA in the nucleus and
cytoplasm [70]. ACACA is involved in the first step of fatty acid synthesis and is also a key
rate-limiting enzyme in this reaction, facilitating the catalytic conversion of acetyl CoA to
malonyl CoA [71,72]. Subsequently, malonyl CoA undergoes successive condensation reac-
tions with acetyl CoA in the presence of FASN, another key rate-limiting enzyme for fatty
acid synthesis, to produce long-chain saturated fatty acids [46,71]. SCD1 and FADS?2 exhibit
fatty acid desaturation activity, wherein they can convert long-chain saturated fatty acids
into their unsaturated counterparts. FADS2 is a key rate-limiting enzyme for biosynthesis
in polyunsaturated fatty acids (PUFAs) [73]. At the same time, SCD1 specifically converts
the long-chain saturated fatty acids into monounsaturated fatty acids (MUFA) and confers
an inhibitory effect on the fatty acid $-oxidation mechanism [74]. CPT1A can promote mi-
tochondrial 3-oxidation by helping acyl-CoA (acyl-CoA) to enter the mitochondrial matrix
and is a key rate-limiting enzyme for mitochondrial fatty acid (3-oxidation [75]. In addition,
mitochondria are also the main site of hepatic fatty acid 3-oxidation in S. aurata [69] under
chronic crowding stress. FPS could synthesize FPP, a cholesterol, steroid, and dolichol pre-
cursor [56]. IDI1 is a key enzyme in the mevalonate pathway and is important in promoting
cholesterol synthesis [76]. ABCA1 controls cholesterol efflux from hepatocytes [77]. In the
CL-vs-CH group, the increase in acly, acss2, acaca, and fasn expression could promote the
production of acetyl CoA and the subsequent synthesis of saturated fatty acids. The up-
regulation of scd1 and fads2 promoted the conversion of saturated fatty acids to unsaturated
fatty acids. Similarly, the up-regulation of fps, idil, and cyp51 may promote hepatic steroid
synthesis. Notably, in fish subjected to chronic crowding stress, cortisol (a steroid hormone)
plays a pivotal role in immunosuppression [78,79]. The activation of steroid synthesis in
the liver of black porgy during chronic stress may lead to elevated cortisol levels, ultimately
resulting in immunosuppression in the organism. Conversely, fatp1, fabp1, cptla, and abcal
were notably observed to be down-regulated. The PPAR signaling pathway promotes the
[-oxidation of fatty acids and regulates fatty acid metabolism [80,81]. In a related study in-
vestigating chicks, a decrease in the expression of the fabp gene (sited upstream of the PPAR
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signaling pathway) impeded the normal function of the PPAR signaling pathway, thus
causing disturbances in lipid metabolism [82]. Inhibition of the PPAR signaling pathway
in the liver was also found in long-term high-density culture trials with largemouth bass
(Micropterus salmoides) [68] and tiger puffer (Tukifugu rubripes) [83]. Hence, it is plausible
to suggest that the PPAR signaling pathway may have been inhibited in the CH group
in this experiment. Furthermore, its hepatic mitochondrial 3-oxidation and cholesterol
efflux was also inhibited. These factors may lead to hepatic lipid accumulation in black
porgy. According to these results, it has become evident that chronically crowded black
porgy had an upsurge in liver fatty acid synthesis, coupled with a decline in the efficiency
of lipid utilization. These findings suggest a disruption in lipid metabolism, which could
potentially impact various physiological aspects of the fish, including growth, feeding,
immunity, and stress tolerance [84,85].

4.3. Effects of High Stocking Density on Immunity

Acute stress is often linked to a disturbance in homeostasis and tissue damage in the or-
ganism. In acute crowding conditions (where frictional contact between bodies is frequent),
skin damage can occur, increasing susceptibility to waterborne pathogens [86]. Conse-
quently, utilizing stress-induced immunoprotective mechanisms to bolster immune defense
during injury, infection, and vaccination is a crucial strategy for animals to adapt to their
ever-changing environments [87]. Most published data suggest that acute stress promotes
the activity of innate immune response pathways in fish and triggers the up-regulation of
pro-immune genes in both primary and non-primary immune organs [88,89]. In this exper-
iment, several immune-related genes were enriched in the acute crowding stress group,
such as NADPH oxidase 1 (nox1), interleukin-8 (il-8), C-C motif chemokine ligand 20 (ccI20),
proteinase-activated receptor 2 (f2rl1), NADPH oxidase 2 (n0x2), matrix metalloproteinase 9
(mmp9), glutathione-S-transferase alpha 4 (gsta4), glutathione peroxidase 8 (gpx8), forkhead
box O1A (foxola), inositol oxygenase (miox), and thrombospondin 1 (thbs1). In the liver,
NADPH oxidases (NOX1, NOX2, and NOX4) are recognized as the primary source of non-
mitochondrial H,O, [90]. More specifically, hepatocytes express NOX1, NOX2, and NOX4,
while phagocytes and other immune cells primarily exhibit NOX2 expression [91]. MMP9,
also called gelatinase B, is a key player in the innate immune responses of fish. It is primar-
ily secreted by endothelial cells, leukocytes, fibroblasts, neutrophils, and macrophages in
an inactive or proenzyme form [92]. Its critical role involves facilitating the migration of
leukocytes to the site of inflammation by breaking down extracellular matrix components
and releasing chemokines and cytokines [93]. The overexpression of miox could accelerate
reactive oxygen species (ROS) production and NADPH depletion, enhance oxidative stress
damage, and induce programmed cell death [94]. The expression of gsta4 can be induced
by ROS to protect cells against oxidative stress-induced damage [95]. Furthermore, GPX8
positively contributes to the scavenging of H,O, produced from ROS [96]. Deficiencies in
foxola, a vital gene involved in cellular oxidative stress and apoptosis, are associated with
increased oxidative stress [97]. Acute stress usually affects the distribution of immune cells.
Immune cells are transported to organs such as the skin and peripheral tissues during or
after acute stress. This results in enhanced immune function in relevant tissues such as
the skin, while immune function in tissues such as the blood and spleen, where immune
cells are temporarily depleted during acute stress, is shown to be suppressed [87]. In S.
aurata, acute crowding stress experiments have identified the transfer of phagocytes from
the head kidney to the blood [98]. The down-regulation of nox2 and mmp9 in the AL-vs-AH
group may indicate a possible similar phenomenon in the liver of black porgy under acute
crowding stress. However, a notable increase in the up-regulation of pro-immune-related
genes, including nox1, thbs1, il-8, ccl20, and f2rl1, was also observed, indicating the involve-
ment of the liver in immune adaptation to dynamic environmental changes through the
activation of associated genes. In addition, the expression of key genes of the antioxidant-
related glutathione and ascorbic acid pathways, such as gsta4, gpx8, foxola, and miox, were
up-regulated in AL-vs-AH. Oxidative stress refers to the excessive production of highly
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reactive molecules such as ROS and reactive nitrogen species (RNS) free radicals in the
body in response to various harmful stimuli, which exceeds the scavenging capacity of
oxidants, resulting in a dynamic imbalance between the oxidative and antioxidant systems
and leading to tissue damage [99]. It has also been shown that crowding stress can lead to
oxidative stress and oxidative damage in fish [68,100]. Changes in the expression of gsta4,
gpx8, foxola, and miox may represent a degree of oxidative stress in the liver under acute
crowding stress. Black porgy avoided stress damage by up-regulating antioxidant genes.

Compared to enhancing immune capacity by acute stress, chronic stress negatively im-
pacts immune ability in mammals and fishes [87,88,101]. Long-term high-density culture is a
chronic stress for fish. Immunosuppression caused by crowding stress generated by high long-
term stocking densities has been found in turbot (Scophthalmus maximus) [102,103], Atlantic
salmon (Salmo salar) [104], O. mykiss [105], and L. crocea [16]. In essence, this suppression
of innate and adaptive immune responsiveness is achieved through a neuroendocrine
mechanism, the hypothalamic—pituitary—interrenal axis (HPI axis), to maintain energy
conservation under chronic stress and reduce autoimmune damage [88]. Cortisol, one of
the foremost stress hormones of the HPI axis, stands out as the primary hormone that
mediates the immunosuppressive effects of chronic stress [101]. In the CL-vs-CH group,
various immune-related pathways exhibited alterations, including complement and coagu-
lation cascades and phagosome. There were also pathways related to immunity in other
organisms, including malaria, the AGE/RAGE signaling pathway in diabetic complications,
and leishmaniasis. Consistent with prior research, numerous immune genes discovered
within these pathways—such as neutrophil cytosolic factor 4 (ncf4), integrin alpha-L (itgal),
integrin alpha m (itgam), transforming growth factor beta 3 (tgb3), C-X-C motif chemokine
receptor 2 (cxcr2), complement Cls (c1s), complement C1q C chain (c1qc), thbs1, f2rl1, and
il-8—were identified as being down-regulated. THBS1 is involved in activating a variety
of inflammatory cells and regulating cell adhesion and migration in inflammation [37].
In both the liver of tongue sole (Cynoglossus semilaevis) [37] and three-spined stickleback
(Gasterosteus aculeatus) [106], thbs1 plays a crucial role in immune regulation. IL-8 plays an
essential role in the inflammatory response, and CXCR?2 participates in various immune
responses by specifically recognizing IL-8 to activate a series of signaling processes [107].
The complement system is involved in innate and adaptive immunity. It significantly
contributes to inflammation, immune complex clearance, the induction of normal humoral
immune responses, and the clearance of apoptotic cells [108]. The classical pathway is one
of the activation pathways of the complement system. Its initiation relies on binding the
Fc portion of the immune complex, formed by the binding of IgG or IgM to pathogens
or non-self antigens, to the C1 complex [109]. The C1 complex is a multimeric complex
composed of Clq, Clr, and C1s [110]. The inhibition of fish complement system function
induced by chronic crowding stress has also been reported [67,111]. The results of the
preset study indicate that the expression of important immune-related genes in the liver
was suppressed after long-term high-density culture, which may reduce the defense ability
of black porgy against diseases.

5. Conclusions

Our findings reveal the significant effects of short- and long-term high stocking den-
sities on protein synthesis and degradation, lipid metabolism, and immune response.
Correspondingly, these effects could be used as indicators of the crowding stress experi-
enced by the fish in aquaculture. Depending on the duration of production, black porgy
undergoes distinct physiological adaptation processes. In short-term high-stocking-density
production, fish respond to acute crowding stress by altering their protein and steroid
synthesis to meet the demands of energy homeostasis. The activation of immune- and
antioxidant-related pathways meets the immune defense requirements of the organism
under acute stress. Long-term high stocking density production, on the other hand, causes
chronic crowding stress. Under this condition, black porgy may have more fatty acid
production but less efficient lipid use and a decrease in immune factor expression. In
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conclusion, our study reveals the molecular response mechanisms of black porgy liver
under different conditions of overcrowding stress and emphasizes the importance of proper
density management in ensuring the healthy and sustainable farming of black porgy. These
results provide a foundation for further research on species- and tissue-specific molecular
regulatory response mechanisms under crowding stress conditions.
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