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Simple Summary: In this study, we investigated the liver transcriptomic responses of pearl gentian
grouper towards cold stress. Some cold-related key genes and biological pathways were screened, of
which energy-related metabolic pathways and genes had higher expression levels under cold stress.
This suggested that energy homeostasis plays a crucial role in the physiological adjustments of pearl
gentian grouper when exposed to the cold stress environment. Our results will expedite the under-
standing of different fishes adaptive mechanisms to profound environmental temperature changes
and provide insights into the molecular breeding of cold-tolerant pearl gentian grouper varieties.

Abstract: Pearl gentian grouper (Epinephelus fuscoguttatus @ x Epinephelus lanceolatus ') is a fish of
high commercial value in the aquaculture industry in Asia. However, this hybrid fish is not cold-
tolerant, and its molecular regulation mechanism underlying cold stress remains largely elusive. This
study thus investigated the liver transcriptomic responses of pearl gentian grouper by comparing
the gene expression of cold stress groups (20, 15, 12, and 12 °C for 6 h) with that of control group
(25 °C) using PacBio SMRT-Seq and Illumina RNA-Seq technologies. In SMRT-Seq analysis, a total of
11,033 full-length transcripts were generated and used as reference sequences for further RNA-Seq
analysis. In RNA-Seq analysis, 3271 differentially expressed genes (DEGs), two low-temperature
specific modules (tan and blue modules), and two significantly expressed gene sets (profiles 0 and
19) were screened by differential expression analysis, weighted gene co-expression networks analysis
(WGCNA), and short time-series expression miner (STEM), respectively. The intersection of the above
analyses further revealed some key genes, such as PCK, ALDOB, FBP, G6pC, CPT1A, PPAR«x, SOCS3,
PPP1CC, CYP2], HMGCR, CDKN1B, and GADD45Bc. These genes were significantly enriched in
carbohydrate metabolism, lipid metabolism, signal transduction, and endocrine system pathways.
All these pathways were linked to biological functions relevant to cold adaptation, such as energy
metabolism, stress-induced cell membrane changes, and transduction of stress signals. Taken together,
our study explores an overall and complex regulation network of the functional genes in the liver of
pearl gentian grouper, which could benefit the species in preventing damage caused by cold stress.

Keywords: PPI network; SMRT-Seq; RNA-Seq; WGCNA; STEM analysis

1. Introduction

A change in water temperature could affect homeostasis and physiological func-
tions of aquatic animals. The most directly influenced physiological functions include
behavior, survival, growth, development, and reproduction [1,2]. Fish adapt variably to
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low-temperatures in their migratory environments through different metabolisms, bio-
chemical reactions, and physiological adjustment processes involving numerous genes and
biological pathways [1].

Transcriptomics is an effective method envisioned as a valuable tool for identifying
key genes and biological pathways of fishes that respond to low environmental tem-
perature. Numerous studies have characterized the transcriptional changes in various
fishes as they respond to cold stress and found they exhibited specific physiological re-
sponses to their acclimation during low-temperature stress [3-5]. For instance, several
main pathways, including carbohydrate metabolism, lipid metabolism, immune system,
and signal transduction pathways, were significantly enriched in many fishes [6-10]. In
contrast, Sparus aurata and Danio rerio have been resistant to the adverse effects of cold
stress through different functional regulations like antioxidant responses, blood glucose
regulation, and membrane fluidity [5,11]. Previously performed transcriptomic studies
have enriched our understanding of the transcriptional regulations of fish adaptation to
low-temperature environments.

However, most previous reports have demonstrated that only short and incomplete
transcripts could be obtained from Illumina RNA-Seq, which inevitably limits the complete
annotation for species with incomplete reference genomes. In contrast, the single-molecule
real-time sequencing (SMRT-Seq) of the Pacific Biosciences (PacBio) application can effec-
tively avoid errors caused by short sequence assembly and variable splicing [12]. Besides,
it can obtain up to 20 kbp of high-quality, full-length transcripts and accurately annotate
this information [13], which is very beneficial during downstream transcriptomics analyses.
Consequently, the developed PacBio SMRT-Seq technique has been effectively applied
to reveal transcript diversity and splice isoforms of multiple species and study genetic
variation in different species, including Homo sapiens [14], Sus scrofa [15], and Manis javan-
ica [16]. Therefore, the analytical strategy of integrating PacBio SMRT-Seq and Illumina
RNA-Seq techniques is necessary to generate comprehensive transcriptome information
of species without relying on a genome reference. Moreover, this will comprehensively
and accurately reveal the molecular mechanisms underlying the transient response to cold
stress by various fish species.

Pearl gentian grouper (Epinephelus fuscoguttatus @ x Epinephelus lanceolatus &) is an
F; hybrid fish. Compared to its parental species, it has faster growth, stronger disease
resistance, and better tolerance to captive conditions [17,18]. Given these biological advan-
tages, the pearl gentian grouper is considered highly suitable for large-scale aquaculture
along the coast of Asia [19]. Under captive conditions, its optimum living temperature
range is 25-35 °C. When the water temperature drops, the fish would reduce feeding at
24 °C, stop feed at 13 °C, and start dying at 11 °C [20]. Therefore, the current area under
aquaculture for this fish species is mainly limited to the coastal waters of southern China
(e.g., Fujian, Guangdong, Guangxi, Hainan province) [21]. However, this region is not
conducive for further expansion of aquaculture area and scale. Notably, during a recent
winter season in southern China, cold fronts occurred frequently [11,22], resulting in a
sharp water temperature decline in these coastal aquaculture areas, which attained a mini-
mum of 5 °C (Guangdong province) [21]. Subsequently, the feeding, growth, and survival
rates of these coastal cultured fishes were significantly decreased [23], causing substantial
economic losses in their aquaculture [11]. The above facts would inevitably influence the
production benefit of culturing pearl gentian grouper, affecting its aquaculture industry
output. Therefore, whether it can adapt to low temperature directly affects the survival,
feeding, and growth of Pearl gentian group. Nevertheless, previous studies mainly focused
on feed nutrition and pathology [24-27] and did not involve research on gene expression
related to low temperature. Besides, the molecular regulation mechanism underlying cold
stress in pearl gentian grouper species remains largely unidentified. Thus, there is a need
to analyze the transcriptomic responses towards cold stress of pearl gentian grouper to
provide an essential basis for studying cold adaptability and genetic improvement for
breeding this species.
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This study investigated the transcriptomic responses of pearl gentian grouper towards
cold stress using Illumina RNA-seq and PacBio SMRT-Seq technologies. Taken together,
this study aimed at identifying some critical genes and biological pathways closely related
to cold stress using an integrated analysis of RN A-seq, short time-series expression miner
(STEM) program analysis, and weighted gene co-expression network analysis (WGCNA).
On this basis, we further explored the molecular regulatory mechanisms of pearl gentian
grouper under cold stress conditions. These findings will expedite our understanding of
fish adaptive mechanisms to profound environmental temperature changes and provide
insights into the molecular breeding of cold-tolerant varieties.

2. Materials and Methods
2.1. Cold Stress Experiment and RNA Extraction

A total of 200 healthy juveniles of pearl gentian grouper were purchased from Zhan-
jlang Hist Aquatic Technology Co., Ltd. in September 2019, kept alive in oxygen bags, and
transported to the experimental base. The average standard lengths and weights of the
above fishes were 10.57 £ 1.63 cm and 36.94 & 11.46 g, respectively. The parents of these
fishes came from the pearl gentian grouper breeding population in Hainan, which is also
one of the main sources of the species along the coast of southern China. Before starting the
experiment, fishes were approximately aliquoted into three plastic tanks (1.0 m x1.0 m X
1.5 m) and were acclimated to a laboratory condition for two weeks. The seawater quality
for acclimation is as follows: temperature (25.0 & 1 °C), salinity (24 £ 1%.), and dissolved
oxygen (6.0 = 0.3 mg/L). During the acclimation period, fishes were fed with commercial
pellet feeds twice daily, and approximately 30~40% of holding water was renewed once
daily to ascertain a proper growth environment.

Before commencing the cold stress experiment, the fishes in three parallel experimental
tanks were fasted for 24 h. After the experiment started, the water temperature in three
parallel experimental tanks was gradually decreased from 25 to 12 °C at a constant rate of
1°C/h, and then kept at 12 °C for 6 h using a cooling-water machine (CW0500). Three fishes
were randomly sampled from each of the three tanks at temperature points of 25, 20, 15, 12,
and 12 °C kept for 6 h. Thus, a total of 45 samples were obtained from the control group
(CT) and four treatment groups respectively named LT20, LT15, LT12, and LT12-6 groups.
Subsequently, liver tissues were collected and immediately frozen in liquid nitrogen.

Total RNA was isolated from each liver tissue of 45 samples by TRIzol reagent kit
(Invitrogen, Carlsbad, CA, USA) following the instruction from the manufacturer. The
residual genomic DNA fragments were removed from the extracted total RNA using
DNase I (Promega, Madison, WI, USA). Lastly, RNA concentration, purification, and RNA
integrity number (RIN) values were detected using Qubit 3.0 Fluorometer (Invitrogen, NY,
USA), Nanodrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA),
and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA), respectively.
Finally, 15 better quality RNA samples from 45 samples (taking one sample per parallel tank
of all groups) were selected for constructing sequencing libraries with different strategies
of PacBio SMRT-5eq and Illumina RNA-seq.

2.2. PacBio SMRT-Seq and Analysis
2.2.1. Library Construction and Sequencing

The RNAs of 15 samples were mixed equally (pooled RNAs) for PacBio SMRT-Seq
library construction and subjected to full-length transcriptome sequencing that was carried
out at Wuhan Frasergen Gene Information Co., Ltd. (Hubei, China). The full-length cDNA
of mRNA was synthesized using SMARTer cDNA synthesis kit. The obtained full-length
cDNA was amplified through PCR, and the product purified using PB magnetic beads
and the libraries quantified using Qubit 3.0 Fluorometer. Subsequently, the full-length
cDNA was end-repaired and the SMRT dumbbell adapter was connected for sequencing.
Lastly, the size of the resulting library was validated using an Agilent 2100 Bioanalyzer.
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After its size and purity were verified and confirmed to meet expectations, the library was
sequenced using the PacBio Sequel System.

2.2.2. Transcripts Assembly and Annotation of PacBio SMRT-Seq

The raw read data of PacBio SMRT-Seq were preprocessed using SMRTlink v8.0.0
pipeline [28] from the Pacific Biosciences to remove any residual sequencing adapters, and
low-quality sequences full-length transcripts were obtained through the Iso-Seq analysis
process. The polymerase reads of SMRT-Seq were split into multiple reads (called subreads),
and the circular consensus sequence (CCS) reads were extracted from the subreads BAM
file format. The CCS reads were classified into full-length non-chimera (FLNC), full-length
chimeras (FLC), non-full-length (NFL), poly-A sequence, and short reads based on the
cDNA primers. Notably, all reads shorter than 50 bp were removed from the sequence
data according to the parameter setting. FLNC reads with similar motifs were clustered
using the SMRTlink Iterative Clustering software tool for Error Correction (ICE) under the
following conditions: the length difference at the 5" end <100 bp, the length difference at the
3’ end <30 bp, or the gap length within the sequence <10 bp. Then, the cluster consensus
isoforms were further polished using an Arrow tool in the SMRTlink software. Next, the
polished transcripts were corrected using the consensus sequence of Illumina sequencing
clean reads by Lordec v0.9 [29]. Finally, the redundant sequences were removed from
corrected polished transcripts using the CD-HIT v4.8.1 software [30] with 0.99 clustering
threshold, and the final full-length transcripts were generated.

The full-length transcripts pathways were annotated based on several databases, in-
cluding NCBI Non-redundant Protein (NR), Kyoto Encyclopedia of Genes and Genomes
(KEGG), Gene Ontology (GO), Universal Protein Resource (UniProt-SwissProt), and Eu-
karyotic Ortholog Groups (KOG) using DIAMOND program [31].

2.3. llumina RNA-Seq and Analysis
2.3.1. Library Construction and Sequencing

After total RNA extraction and quality check, the mRNA was enriched separately from
each of the 15 RNA samples using the Oligo (dT) magnetic beads and then fragmented into
short fragments using a fragmentation buffer. The cleaved RNA fragments were reverse
transcribed into the first-strand cDNA, and the blunt-ended double-stranded cDNA was
purified using AMPure XP beads. Subsequently, the purified cDNAs were end-repaired,
poly-A were added, Readl and Read2 sequencing primers were connected, PE adapters
were ligated, and Index sequence was inserted between the adapter and the sequencing
primer. Suitable fragments (about 200 bp) were selected using AMPure XP beads. PCR
amplification was performed, and the ligation products were PCR amplified and product-
purified using AMPure XP beads to generate the finished cDNA library (PE 150 bp). The
cDNA library was sequenced on an Illumina HiSeq 2500 sequencing platform.

The raw reads were generated by the high-throughput lllumina sequencing platform,
followed by a stringent filtering process to obtain clean data. These included the removal
of raw reads containing adapter-ligated contaminants, reads with more than 10% of N
(unknown nucleotides), and low-quality reads (Q-value < 20). The remaining high-quality
clean reads were mapped back to the assembled full-length transcripts of SMRT-Seq using
Bowtie2 v2.3.5 [32]. Finally, the number of clean reads in each sample was mapped to each
transcript and calculated using RSEM v1.3.1 [33].

2.3.2. Differential Expression Analysis

Relative expression levels of transcripts were standardized based on the RSEM-
counted number of fragments per kilobase per million fragments mapped (FPKM) formula.
Statistical differential gene expression analysis among experimental groups was performed
using DESeq?2 assay [34]. Subsequently, the differentially expressed genes (DEGs) were
screened through the threshold values of false discovery rate (FDR) < 0.05 and |log?2
(fold-change) | > 1.
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2.3.3. STEM Analysis

We used the STEM program [35] to identify significant temporal expression profiles
and the genes associated with them based on time-series and gradient temperature changes.
Normalized gene expression data of FPKM were used to cluster genes by expression profile.
The gene expression profiles that significantly correlated with the temperature gradient
changes were obtained under the following standard conditions: the data preprocessing
was normalized by transforming the data by log2 algorithm [36], the p-value of the sig-
nificant profile less than 0.05 was considered to be statistically significant, the minimum
correlation was set to 0.7, and the maximum unit change in model profiles between time
points was set equal to 2 [37]. The gene profiles that significantly correlated with the tem-
perature gradient were used for subsequent GO and KEGG enrichment analyses conducted
using the DIAMOND program, which was based on hyper-geometric distribution. The
GO terms and KEGG pathways were statistically considered as significant enrichment
functional clusters when the FDR < 0.05.

2.3.4. WGCNA Analysis

Based on gene expression matrix data, a gene co-expression module was constructed
using the WGCNA functional package [38]. Genes with similar expression patterns were
clustered in a module. Based on the correlation coefficient R and the corresponding p-value
between the module eigengene (ME) values and temperatures, the relationships between
these modules and cold stress (specific traits or phenotypes) were analyzed [37]. Subse-
quently, the modules with IR > 0.70 and p < 0.001 were selected as temperature-related
specific modules [39]. The function enrichment of the GO item and KEGG pathway for genes
in temperature-related specific modules were analyzed using the DIAMOND program.

Hub genes were determined following the connectivity of the co-expression network.
The data sets of protein—protein interaction (PPI) were sorted through a descending weight
value. The first 200 protein interaction pairs were used to draw the PPI diagram using Cy-
toscape v3.7.2 software [40]. The PPI nodes with the highest connectivity were considered
the ‘hub genes’.

2.4. Quantitative Real-Time PCR (qRT-PCR) Validation

We randomly screened eight DEGs and analyzed them using qRT-qPCR to examine
the reliability of the RNA-seq technique. The 185 rRNA was used as the internal reference
gene for data normalization. Gene-specific primers (Table 1) were designed based on the
target gene sequences using Primer-Premier 5 software (Premier Biosoft Interpairs, Palo
Alto, CA, USA). Total RNA was extracted from the CT, LT20, and LT12 groups, and 1000 ng
RNA was used for reverse transcription. Reverse transcription was performed using the
TureScript 1st Stand cDNA Synthesis Kit (Aidlab, Beijing, China) following the instructions
from the manufacturer.

Table 1. The sequences of specific primers for RT-qPCR.

Primer Name Forward Primer (5’ to 3') Reverse Primer (5 to 3')
185 TRNA GACTCTGGCGTGCTAACTA CAATCTCGTGTGGCTGAAC
Cysteine dioxygenase type 1 (CDOL) CCACGGCAGTAGCATCCA CCATTCAAACAGCGTCTCCTTC
Cytochrome ¢ (CYC) AGACACCCTGATGATTTACTTGGA CGTTCGCCCTTCTTCTTGATG
1,25-dihydroxyvitamin D (3) 24-hydroxylase,
ol (Y PasATy TACGCAGCCATCACAGAG AATCTCCTTCAGCAACTTCCT
Peroxisomal 2"*@%}5&‘?{%{“ reductase CTGCTGTGGATGAGACACTGAGAG GGCGTTGAAGGAAAGTGCTGATG
Eukaryotic translation initiation factor 4E GCTTTGGCTGCGATTATTGTTT GGTCATTGTGTCTCTGTTGCTTA
(EIF4E)
Prothrombin (F2) GCTGCTGTTCTCCTGCTGTT CGACGGCTCCTGACCAAC
NADH'“biqui“?;‘f{_’ﬁ%‘;ged““ase chain 4 ATAACCCAGCGAGGACCC GTAATGGTAGGAGGTGGAGTGT

X-box-binding protein 1 (XBP1) GGTGGTGGAGGAGGAGAC GGAGGAGGTTTCGGAGAAGA
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Further, qRT-PCR amplifications were conducted in 20 pL reaction volumes consisting
of 7.8 uL RNase-free water, 10 uL 2x SYBR® Green Supermix reagent (SYBR, Dalian,
Liaoning, China), 1 uL ¢cDNA, and 0.6 pL of each primer (10 mM). Real-time PCR was
amplified in an ANALYTIKJENA QTOWER 2.2 (Analytik Jena AG, Jena, Germany). The
qRT-PCR conditions were as follows: preheating at 95 °C for 5 min; followed by 40 cycles
of 95 °C for 15 s; and 60 °C for 30 s. There were 9 samples in three groups, and each sample
repeated three reactions. Each plate contained a NTC (no template control) for detecting
potential contamination in the reaction mixture. The amplification curves were used to
judge the range of circle threshold (CT) and the stable expression of 18S in all samples. Melt
curves and standard curves were used to judge the specificity and amplification efficiency
of primers, respectively. The relative expression of target genes was calculated using the
comparative CT method (2~ AACTY 1471].

3. Results
3.1. PacBio SMRT-Seq Sequencing, Assembly, and Functional Annotation

In total, 37.15 Gbp polymerase reads were generated through SMRT-Seq sequencing.
After discarding traces of PacBio adapters, 34.93 Gbp sub-reads with an average length of
1190 bp and their N50 of 1389 bp were generated. Total bases of CCS were 526,739,880 bp
with an N50 of 1676 bp, of which 369,278,340 bp were 301,448 FLNC reads with a total mean
length of 1226 bp and N50 of 1440 bp. The total average length of corrected transcripts bases
was 16,191,669 bp. Finally, a total of 15,311,361 bp full-length transcripts were obtained,
and their mean length and N50 values were 1388 and 1774 bp, respectively. The resulting
full-length transcripts were used as reference sequences for further RNA-Seq analysis.

Comprehensive functional annotation of 11,033 full-length transcripts was performed
by NR, SWISS-PROT, KOG, GO, and KEGG databases (Figure 1). A total of 9380 (85.02%)
full-length transcripts were successfully annotated (E-value < 1 x 10~1%) using at least
one of the five databases. Among them, 9378 (85.00%), 8378 (75.94%), 6431 (58.29%), 6247
(56.62%), and 6734 (61.04%) full-length transcripts were annotated based on alignment
to NR, SwissProt, KOG, GO, and KEGG databases, respectively. The remaining 1653
(14.98%) unannotated transcripts could represent other novel specific genes. In comparison
to previously annotated fish transcripts in the NR database, our top five transcript hits
included Lates calcarifer (16.3%), Larimichthys crocea (10.4%), Epinephelus coioides (9.0%),
Seriola dumerili (8.7%), and Seriola lalandi (4.8%).

Swissp roT‘(

Figure 1. Comprehensive functional annotation of full-length transcripts against NR, Swissprot,
KOG, GO, and KEGG databases.
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3.2. llumina RNA-Seq Analysis

The expression matrix data of all transcripts in samples were standardized by FPKM
and used for correlation analysis and differential expression analysis. The correlation
coefficients of three repeated experiments in each group mainly ranged from 0.6 to 0.9
(Figure 2). A total of 105.65 Gbps clean reads (Q30 > 92.49%) were obtained after filtering
the 106.33 Gbps ambiguous raw reads. As illustrated in Table 2, its GC contents ranged
from 48.87% to 50.06%, and the error rate per sample was below 0.05%. Among the 15
samples, the base number of clean reads ranged from 21,798,947 to 27,220,097, of which a
range between 75.75~79.59% reads was successfully mapped to the full-length transcripts
obtained using SMRT-Seq. Of these mapped reads, the multiple mapping rate ranged from
approximately 64.21~68.48%. The number of differentially expressed transcripts in each
sample was 8405~8647.

06 08 1
correlation

CT-2

E LT12-6-2
LTI2-3
LTI2-2

—L 1T12:63
LT20-3
L.T20-1
LT15-3
LT12-6-1
LT15-1
L120-2
CT-3
LT15-2
CT-1
LTI12-]

5359855555555553
BrL LS nRhesbRphe
—_ o8] [
Figure 2. The correlation coefficient between samples.
Table 2. Detail data stats of RNA-Seq.

Sample Raw Reads Raw Bases Clean Reads Clean Bases Error (%) Q20 (%) Q30 (%) GC (%)
CT-1 40,457,922 6.07G 40,193,928 6.03G 0.03 97.62 93.14 50.06
CT-2 44,821,082 6.72G 44,525,618 6.68 G 0.03 97.54 93.01 49.11
CT-3 44,301,766 6.65G 43,997,216 6.6G 0.03 97.31 92.49 49.09

LT20-1 40,314,958 6.05G 40,050,718 6.01G 0.03 97.84 93.61 49.68

LT20-2 44,029,006 6.6G 43,747,514 6.56 G 0.03 97.63 93.16 49.28

LT20-3 40,525,754 6.08 G 40,259,138 6.04 G 0.03 97.45 92.77 49.53

LT15-1 43,878,738 6.58 G 43,597,452 6.54 G 0.03 97.59 93.07 49.53

LT15-2 43,106,336 6.47 G 42,820,278 6.42G 0.03 97.46 92.81 49.45

LT15-3 58,979,158 8.85G 58,580,046 8.79G 0.03 97.46 92.82 49.44

LT12-1 51,108,766 767G 50,768,078 7.62G 0.03 97.52 92.95 49.29

LT12-2 56,321,806 845G 55,947,676 8.39G 0.03 97.55 93.03 49.32

LT12-3 49,213,672 738G 48,877,820 7.33G 0.03 97.42 92.73 49.12

LT12-6-1 41,337,836 62G 41,069,634 6.16G 0.03 97.56 93.03 49.16
LT12-6-2 50,932,700 7.64G 50,598,692 759G 0.03 97.53 92.95 49.27
LT12-6-3 48,065,372 721G 47,731,214 716G 0.03 97.4 92.74 4921
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3.3. DEGs Identification

The DEGs were identified between different temperature experimental groups. As
demonstrated in Figure 3, there were 901 (496 up- and 405 down-regulated), 1271 (725
up- and 546 down-regulated), 1330 (787 up- and 543 down-regulated), and 2447 (1243 up-
and 1204 down-regulated) genes shown to be differentially expressed in comparison to
CT vs. LT20, CT vs. LT15, CT vs. LT12, and CT vs. LT12-6, respectively (Tables S1-54).
According to the comparative analysis between control group and low temperature groups,
3410 differentially expressed genes were screened. The Venn diagram showed that four
comparisons shared 306 DEGs. Notably, in the comparisons of LT20 vs. LT15, LT20 vs. LT12,
and LT20 vs. LT12-6, there were a total of 431 (230 up- and 201 down-regulated), 799 (471 up-
and 328 down-regulated), and 1956 (1064 up- and 892 down-regulated) DEGs, respectively.
In addition, 668 (344 up- and 324 down-regulated), 1465 (762 up- and 703 down-regulated),
and 1120 (577 up- and 543 down-regulated) DEGs were identified in comparison to LT15
vs. LT12, LT15 vs. LT12-6, and LT12 vs. LT12-6, respectively. These results showed that
more DEGs were screened along with the decrease of water temperature and the extension
of cold stress time.

CT-vs-LT15 CT-vs-LT12

CT-vs-sLT20 CT-vs-LT12-6

1282

Figure 3. Venn diagrams of differentially expressed genes (DEGs) in different groups.

3.4. STEM Analysis

Statistically significant p-values were found in profiles 0 and 19, and they had more
genes than other profiles (Figure 4A). As shown in Figure 4B, profile 0 had 1344 consistently
down-regulated genes, and most of them were down-regulated at the LT20 group. In
contrast, a total of 1134 genes were consistently up-regulated in profile 19 (Figure 4C), and
most of them were up-regulated at the LT20 group. Subsequently, some genes maintained
original expression levels after the first down- or up-regulation, whereas others were
continuously down- or up-regulated in all gradient nodes.

The KEGG pathway and GO enrichment analyses were performed on profiles 0
and 19 to assess the key biological processes and pathways linked with cold stress. As
demonstrated in Figure 5, the main GO or KEGG terms observed in profiles 0 and 19 were
similar. In the GO enrichment analysis (Figure 5A,B), different terms were represented.
They included cellular process, single-organism process, metabolic process, biological body
process, membrane, cell, cell part in cellular components, catalytic activity, and molecular
function binding. On the other hand, the main enrichment pathways in KEGG were
illustrated in Figure 5C,D. They included different signaling pathways, such as insulin,
AMPK, FOXO, glucagons, and adipocytokine. The others included pancreatic secretion,
protein digestion and absorption, ovarian steroidogenesis, and linoleic acid metabolism.
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Figure 4. Short time-series expression profiles based on the temperature gradient. (A) Twenty time-series expression
profiles; (B) The expression trend of genes in profile 0; (C) The expression trend of genes in profile 19. The horizontal axis
represents temperature gradient, and the longitude axis represents the level of gene expression (up-or down-regulation).
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Figure 5. GO and KEGG enrichment analysis of profile 0 and profile 19. (A) GO enrichment of profile 0; (B) GO enrichment
of profile 19; (C) KEGG enrichment of profile 0; (D) KEGG enrichment of profile 19. Gene_number: The number of DEGs in
the current pathway. RichFactor: The ratio of the DEG number and the number of genes annotated in the pathway. Q value:
The corrected p-value using the FDR method.
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3.5. WGCNA

In this study, 23 modules were obtained based on the co-expression network analysis
of 8826 mRNAs (Figure 6), and the gene number in each module ranged from 55 to 3412
(Table 3). Among the 23 modules, only three were significantly associated with different
temperatures. As shown in Figure 7, ME turquoise, tan, and blue modules were positively
correlated with CT (R =0.78, p =5 x 107%), LT12 (R = 0.84, p = 9 x 107%), and LT12-6
(R=0.95,p =5 x 10~8) experimental groups, respectively. Of note, the number of genes in
the ME tan module (133) and blue module (1343) was considerably lower than those in the
turquoise module (3412).

!‘ll !

[

0.9 4
[

TR i o
ey
| T

i

0.8+

Height

0.7

0.6 -

0.5

Module
colors

Figure 6. Cluster dendrogram of genes showing 23 modules identified by WGCNA. The cluster
tree branches represent genes, and the genes with similar expressions were clustered in the same
module (color).

Table 3. Modules (23) of WGCNA represented by specific colors.

Module Genes Module Genes Module Genes
Colors Colors Colors
turquoise 3412 pink 204 lightcyan 86
blue 1343 magenta 198 grey60 77
grey 747 purple 175 lightgreen 73
brown 382 greenyellow 165 lightyellow 70
yellow 375 tan 133 royalblue 64
green 332 cyan 104 darkred 57
red 324 salmon 104 darkgreen 55

black 244 midnightblue 102
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MEmidnightbluel —0.18 (0.5) 0.4  (0.1) 0.07 (0.8) -0.16 (0.6)  —0.13 (0.6)
MEgreenyellow | 0.62 (0.01) 0.1 (0.7 —0.17 (0.6) -0.14 (0.6) —021 (0.5 1
MElightgreen | 0.12 (0.7 042 (0.1) -0.011 (1) -021 (05  —033 (0.2)
MEbrownI 0.37 (0.2) —0.066 (0.8) —0.023 (0.9) -03 (03) 0018 (D
MElightyellow | 025 (0.4) ~0.039 (0.9) ~0.087 (0.8) -0.073 (0.8)  —0.052 (0.9)
MEturquoise || FOTSNEE0HN o1 ©7 02 04 [IRIGENO06 022  (©0.4)
MEsalmon | | 0.45 (0.09) 0.0054 (1) —0.07 (0.8) 022 (04)  —0.17 (0.6) 0.5
MEyellow | 0.64 (0.01) —0.13 (0.7) 02 (0.5 —0.18 (0.5  —0.13 (0.6)
MEpurpleI -0.2 (0.5) -0.019 (0.9) 0.56 (0.03) 027 (0.3)  —0.065 (0.8)

MEtan | -0.32 (0.2) ~0.13 (0.6) _ ~0.0068 (1) -038  (0.2)

MEdarkredI -0.22 (0.4) 0.53  (0.04) 021 (0.5 -0.13  (0.6) 0.027  (0.9)

MEdarkgreen | —0.38 (0.2) 0.46 (0.08) 024 (0.4) 0.0099 (1) 033 (0.2) -0
MEgrey60 _ 0.44 (0.1 0.48  (0.07) -0.26 (0.3) 0.12 (0.7
MEroyalblueI —0.48 (0.07) 049 (0.07)  0.18 (0.5) —-0.16 (0.6)  —0.026 (0.9)
MElightcyan | 0.14 (0.6) —0.45 (0.09) 033 (0.2 001 (1) —0.032 (0.9)
MEbluc | 035 (0.2) —0.17 (0.5) —0.054 (0.8) _ -0.38 (0.2

MEgreenI —0.086(0.8) —0.094 (0.7) -0.19 (0.5) 0.63 (0.01) —0.26 (0.4 -—0.5

MEpink | 035 (0.2) -0.087 (0.8) -0.43 (0.1) 039  (0.1) 023 (04)
MEmagenta -0.13 (0.6) 0.088 (0.8) —0.18 (0.5) —0.28 (0.3) 0.5 (0.06)
MEred | —0.22 (0.4) ~0.085 (0.8) —0.29 (0.3) 034 (02) 025 (0.9
MEblack [l —0.47 (0.07) 0.15 (0.6 —0.093 (0.7) 046  (0.09)  —0.038 (0.9

MEcyan 0.25 (0.4) 025 (0.4) —0.081 (0.8) 0.18 (0.5 -1
MEgrey -0.22 (0.4) -0.17 (0.6) —-0.26 (0.4) 0.028 (0.9) 0.62  (0.01)
CT LT15 LTI12 LT12-6 LT20

Figure 7. Module-traits relationships. The horizontal axis represents trait groups (temperature gradient), and the longitude
axis shows 23 modules. The color scale on the right shows module-trait (temperature) correlation from —1 (blue) to 1 (red),
indicating low to high correlations.

The GO and KEGG enrichment analyses were performed on the above three modules
to further explore the functions of genes in the temperature-related specific modules. The
main GO enrichment terms (Figure 8A—C), similar to the three modules, included cellular
process, single-organism process, metabolic process, cell, cell part, membrane, binding,
and catalytic activity. The KEGG enrichment analysis (Figure 8D,E) showed that both tan
and blue modules are mainly enriched in the adipocytokine, glucagon, FOXO, insulin,
and apelin signaling pathways. Compared with the turquoise module (Figure 8F), many
biological processes and pathways were inhibited under low-temperature conditions. In
brief, as the water temperature decreased, gene expression activity also decreased, and
only key genes were expressed to resist cold stress.

We further analyzed the PPI network analysis to find the hub and key genes with
vital regulatory effects in the three modules. Here, the turquoise module possessed 98
nodes and four hub genes (ppplcb, NUPR2, GLTPD2, ISCA2); the blue module contained
70 nodes and two hub genes (KHDRBS1, PPP2R1A); whereas the tan module only included
33 nodes and three hub genes (Cebpd, CDKN1B, Zfp3611) (Figure 9). By calculating the
connectivity and sum comparison of each edge, hub genes were identified that had the
highest connectivity within these three modules.
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Figure 8. Enrichment analysis of temperature-related specific modules. (A—C) showed GO enrichment analysis of blue, tan, and
turquoise modules, respectively. (D-F) showed KEGG enrichment analysis of blue, tan, and turquoise modules, respectively.

Figure 9. The PPI networks included turquoise, tan, and blue modules. (A) The PPI network of the
turquoise module with 98 nodes and 200 edges; (B) The PPI network of ME tan module with 33 nodes
and 200 edges; (C) The PPI network of ME blue module with 70 nodes and 200 edges. Hub genes
were highlighted with red color as the background, and other genes were shown in green circles.
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3.6. Validation of DEGs Using gRT-PCR

The relative expression profiles of eight DEGs were validated through qRT-PCR. As
demonstrated in Figure 10, CYC, CYP24A1, EIF4E, F2, XBP1, and CDO1 were up-regulated,
whereas DECR2 and MT-ND4 were down-regulated. Notably, all the expression profiles in
the eight genes were consistent with the RNA-Seq results.
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Figure 10. Validation of RNA-Seq results using RT-qPCR. The horizontal axis represents groups, and the longitude axis
represents the relative expression level.

4. Discussion

Based on transcriptomic analyses, this study screened 3271 cold-related candidate
genes and two low-temperature specific modules (ME tan and blue module) and identified
two significant expression gene sets (profiles 0 and 19) in the pearl gentian grouper. Besides,
we revealed some true key genes (e.g.,, ALDOB, PCK, FBP, G6PC, CPT1A, CDKNI1B,
and PPAR«x) and biological pathways (e.g., glycolysis/gluconeogenesis, AMPK signaling
pathway, FOXO signaling pathway, insulin signaling pathway, and glucagon signaling
pathway) that are closely related to cold stress (Table 4). These results provided reliable
clues and new findings to explore the molecular regulation mechanisms of the pearl gentian
grouper under cold stress.

Table 4. Key pathways and genes.

Transcripts Genes LogFC KEGG Pathways

Glycolysis/Gluconeogenesis,
AMPXK signaling pathway,
12.37 FoxO signaling pathway,
Insulin signaling pathway,
Glucagon signaling pathway

PCK1 (Phosphoenolpyruvate

shibanyu_transcript_846 carboxykinase, cytosolic)
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Table 4. Cont.

Transcripts Genes LogFC KEGG Pathways
ALDOB
shibanyu_transcript_6873 (Fructose-bisphosphate —14.17 Glycolysis/Gluconeogenesis
aldolase B)
FBP1 Glycolysis/Gluconeogenesis,
shibanyu_transcript_9393 (Fructose-1,6-bisphosphatase 2.01 AMPXK signaling pathway,
1) Insulin signaling pathway
FBP2 Glycolysis/Gluconeogenesis
shibanyu_transcript_9234 (Fructose-1,6-bisphosphatase 2.68 AMPXK signaling pathway,
isozyme 2) Insulin signaling pathway
Glycolysis/Gluconeogenesis,
G6PC AMPXK signaling pathway,
shibanyu_transcript_599 (Glucose-6-phosphatase) 1.02 Fon s1gnahr.1g pathway,
Insulin signaling pathway,
Glucagon signaling pathway
shibanyu_transcript_1763 CYP2yl (Cy;;)lc)h rome P450 -1.13 Linoleic acid metabolism
shibanyu_transcript_511 CYp2p2 (Cy;?zc)h rome P450 —1.69 Linoleic acid metabolism
shibanyu_transcript_1230 CYP2J6 (Cy;;)g)h rome P430 —1.55 Linoleic acid metabolism
CPT1A (Carnitine . .
shibanyu_transcript_7206 O-palmitoyltransferase 1, liver 473 AMPK 51g.nahr}g pathway,
. Glucagon signaling pathway
isoform)
PCK2 (Phosphoenolpyruvate ?ﬁlgssilg;:ﬂ?g };i;}:r;ay’
shibanyu_transcript_168 carboxykinase [GTP], 1.39 - sighang p Y
. ; Insulin signaling pathway,
mitochondrial) > .
Glucagon signaling pathway
HMGCR (3-hydroxy-3-
shibanyu_transcript_1860 methylglutaryl-coenzyme A 3.19 AMPXK signaling pathway
reductase)
shibanyu_transcript_6395 DHCR? (7-dehydrocholesterol 1.41 Steroid biosynthesis
reductase)
CYP24A1
. . (1,25-dihydroxyvitamin D(3) S .
shibanyu_transcript_4825 24-hydroxylase, 7.53 Steroid biosynthesis
mitochondrial)
. . SOAT1 (Sterol 11 .
shibanyu_transcript_371 O-acyltransferase 1) 2.42 Steroid biosynthesis
shibanyu_transcript_1553 DHCR24 (Delta(24)-sterol 1.63 Steroid biosynthesis
reductase)
SGK1
shibanyu_transcript_4386 (Serine/threonine-protein 2.95 FoxO signaling pathway
kinase Sgk1)
STAT1 (Signal transducer and
shibanyu_transcript_397 activator of transcription 1.50 FoxO signaling pathway
1-alpha/beta)
. . CDKNI1B (Cyclin-dependent . .
shibanyu_transcript_4950 kinase inhibitor 1B) 2.53 FoxO signaling pathway
GADD45B (Growth arrest and
shibanyu_transcript_5980 DNA damage-inducible 3.23 FoxO signaling pathway

protein GADDA45 beta)
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Table 4. Cont.

Transcripts Genes LogFC KEGG Pathways
PPAR« (Peroxisome
shibanyu_transcript_639 proliferator-activated receptor 3.62 Glucagon signaling pathway
alpha)

. . SOCS3 (Suppressor of L .

shibanyu_transcript_1906 cytokine signaling 3) 3.16 Insulin signaling pathway
PPP1CC-a
shibanyu_transcript_2800 (Serine/threonine-protein 4.01 Insulin signaling pathwa
yu- Pt phosphatase PP1-gamma ' & &P y
catalytic subunit A)
. . SHC1 (SHC-transforming L .
shibanyu_transcript_229 protein 1) 1.04 Insulin signaling pathway
shibanyu_transcript_8219 KRAS (GTPase KRas) 1.45 Insulin glgna.hng pathway,
FoxO signaling pathway
MKNK2 (MAP
. . kinase-interacting o .
shibanyu_transcript_37 serine/threonine-protein 2.55 Insulin signaling pathway
kinase 2)

. . EIF4E (Eukaryotic translation L .
shibanyu_transcript_3250 initiation factor 4E) 4.14 Insulin signaling pathway
shibanyu_transcript_4069 EEF2 (Elongation factor 2) 13.22 AMPXK signaling pathway

Note: Name of transcript: grouper in Chinese (“shibanyu”) + “_"” + “transcript” + “_” + Serial number (“xxxx”).

4.1. Metabolic Processes Associated with Cold Stress

Energy maintenance is a requirement that is particularly important for animals to
resist cold stress. Many marine fishes use carbohydrate and lipid metabolism pathways to
balance energy and withstand cold stress [42,43]. During carbohydrate metabolism, includ-
ing glycolysis/gluconeogenesis (Figure 11A) and fructose/mannose metabolism, some
important genes were significantly enriched in the pearl gentian grouper. Compared with
the control group, the fructose-bisphosphate aldolase B (ALDOB, 4.1.2.13) gene was drasti-
cally down-regulated, whereas the phosphoenolpyruvate carboxykinase (PCK1, 4.1.1.32),
fructose-1,6-bisphosphatase 1 (FBP1, 3.1.3.11), fructose-1,6-bisphosphatase isozyme 2 (FBP2,
3.1.3.11), and glucose-6-phosphatase (G6pC, 3.1.3.9) genes were significantly up-regulated.
Hepatic gluconeogenesis is an important process that maintains blood glucose levels
during fasting, and it needs four key rate-limiting enzymes to function. Among the four
enzymes, three of them, including PCK, FBP, and G6pC, have been explored [44]. The PCK1
gene catalyzes the irreversible cataplerotic conversion of oxaloacetate (OAA) to phospho-
enolpyruvate (PEP) [45]. Thus, by up-regulating this gene in the pearl gentian grouper, we
would increase PEP release and greatly promote the gluconeogenesis process, which also
promotes glucose synthesis from lactate and other precursors under low-glucose conditions.
On the other hand, the ALDOB efficiently synthesizes glyceraldehyde-3-phosphate and
dihydroxyacetone phosphate from fructose-1,6-bisphosphate, and its down-regulation is
associated with the accumulation of fructose-1,6-bisphosphate. Subsequently, the resultant
fructose-1,6-bisphosphate could be hydrolyzed to fructose-6-phosphate by up-regulating
FBP [46]. Then, fructose-6-phosphate could be converted to glucose-6-phosphate in the
endoplasmic reticulum lumen, and the resultant glucose-6-phosphate is further hydrolyzed
to glucose by up-regulating the G6pC gene [47]. Taken together, by down-regulating the
ALDOB gene and up-regulating the rate-limiting enzyme (PCK1, FBP1, FBP2, and G6pC)
genes, it is therefore conducive to promote glucose synthesis. Hence, providing energy
for cell survival ultimately increases the ability of the pearl gentian grouper to survive in
low-temperature.
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Figure 11. Glycolysis/gluconeogenesis pathway (A) and linoleic acid metabolism pathways (B).

Membrane lipid fluidity is vital for many physiological functions of animals. Its degree
is mainly determined by calculating the ratio of unsaturated to saturated fatty acids and
cholesterol ratio to phospholipids [48,49]. Cold stress could alter the animal cell membrane
fluidity and induce tissue damage [50]. In the pearl gentian grouper, we detected that
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Cytochrome P450 2J1 (CYP2]1), Cytochrome P450 2J2 (CYP2]2), and Cytochrome P450 2J6
(CYP2J6) genes in linoleic acid metabolism pathways were significantly down-regulated
under cold stress (Figure 11B). As a subfamily of the cytochrome P450 (CYP) enzyme,
the CYP2] catalyzes the epoxidation of arachidonic acid to epoxyeicosatrienoic acids
(EETs) and linoleic acid to epoxyoctadecenoic acids (EpOMEs) [51]. By down-regulating
the CYP2] enzyme, there would be a decrease in the epoxidation of arachidonic and
linoleic acids, thereby increasing the unsaturated fatty acids content. Generally, higher
unsaturated fatty acids content indicates a greater fluidity of membrane lipids [52]. Hence,
the down-regulation of CYP2] genes helped maintain cell membrane fluidity and normal
physiological functions of the pearl gentian grouper under cold stress. Similar CYP gene
expression trends were observed in cold-stress exposed Epinephelus coioides [53].

4.2. Response of Signal Transductions to Cold Stress

Signal transduction is critical for the survival and adaption of fish under cold stress
acclimation [54]. On the other hand, the CAMP and MAPK signaling pathways were
considered essential signals in fishes under low-temperature environments [21]. Our
analyses observed that in the pearl gentian grouper, both the AMPK and FOXO signaling
pathways were mainly enriched under cold stress conditions.

The AMPK pathway is a crucial cellular regulator of glucose and lipid metabolisms
and a key regulator of cellular energy homeostasis [55]. In this study, the AMPK signaling
pathway further demonstrates that cold stress promotes gluconeogenesis by up-regulating
the expression levels of three key rate-limiting enzymes (G6PC, PCK, and FBP) in the
pearl gentian grouper (Figure 12A). Moreover, cold stress promotes the oxidation of long-
chain fatty acids, another major pathway for energy production in animals, through the
up-regulation of carnitine o-palmitoyltransferase 1a (CPT1A, liver isoform) in the AMPK
signaling pathway [5]. Since CPT1A is the rate-limiting enzyme in mitochondrial fatty acid
(-oxidation, it catalyzes long-chain fatty acid transfer to the mitochondrion [56]. Therefore,
detecting the up-regulation of the CPT1A in our AMPK signaling pathway indicates an
increase in mitochondrial fatty acyl-CoA content and further upregulated fatty acids 3-
oxidation. Thus, increasing ATP production protects the pearl gentian grouper against cold
stress. Taken together, these results suggest that the AMPK signaling pathway increases
energy metabolism to maintain energy homeostasis in the pearl gentian grouper under
cold stress conditions.

In the AMPK signaling pathway, we also observed that cholesterol synthesis is reg-
ulated by the up-regulation of the 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMGCR) gene. In the liver, it is the rate-limiting enzyme during cholesterol synthesis
that catalyzes the conversion of (3S)-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
to mevalonate (MVA) [57]. The up-regulation of the HMGCR gene detected here could
promote cholesterol synthesis, which is favorable to maintain the cholesterol homeostasis of
the pearl gentian grouper under cold stress. Moreover, our RNA-seq analysis showed that
some other genes like 7-dehydrocholesterol reductase (DHCR?), 1,25-dihydroxyvitamin D
(3) 24-hydroxylase (CYP24A1), sterol O-acyltransferase 1 (SOAT1), and delta (24)-sterol
reductase (DHCR24) in the steroid biosynthesis pathway were also up-regulated. This
result provides additional evidence on the cold-dependent regulation during cholesterol
synthesis. Cholesterol is important and indispensable in the functioning of animal cell
membranes. Its content can effectively regulate permeability, molecular order, elasticity,
orientation, and intermolecular spacing of lipid membranes, closely related to cell mem-
brane adaptation [23]. Based on the above analyses, we conclude that the changes in cell
lipid membranes caused by increased cholesterol content could be an important molecular
mechanism in response to cold stress in the pearl gentian grouper.
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Figure 12. AMPK signaling pathway (A) and FOXO signaling pathway (B).



Animals 2021, 11, 1745

19 of 25

Besides, we found that cold stress significantly up-regulated the expression levels of
three key genes in three important FOXO signaling pathways, including serine/threonine-
protein kinase SGK1 of the PI3K-Akt signaling pathway, signal transducer and activator
of transcription 1ot/ 3 (STAT1) of the Jak-STAT signaling pathway, and GTPase KRAS of
the MAPK signaling pathway. It has been confirmed that the FOXO signaling pathway
implicates extensive cellular functions of animals, and many signal transduction pathways
usually converge in FOXO [58]. The above three genes and their pathways play crucial
roles in intracellular signal transduction pathways, which participate in various cellu-
lar processes, like stress, differentiation, proliferation, apoptosis, and immunity [59-61].
Activating the FOXO and the AMPK signaling pathways further increases gluconeogenesis-
related genes (PCK1, PCK2, and G6PC) in the pearl gentian grouper. This suggests that the
FOXO signaling pathway involves regulating glucose homeostasis and energy metabolism
in the pearl gentian grouper under cold stress conditions.

Moreover, activating the FOXO signaling pathway up-regulates the expression levels
of several genes related to cell cycle (cyclin-dependent kinase inhibitor p27, CDKN1B),
oxidative stress resistance and DNA repair (growth arrest and DNA-damage-inducible
protein 453, GADD4503), and immuno-regulation (krueppel-like factor 2, KLF2). Based
on the WGCNA analysis, this study established that the CDKN1B gene is a hub gene
in the ME tan module, a low-temperature specific module in the pearl gentian grouper.
Subsequently, this gene was demonstrated to inhibit DNA synthesis during G1 and S phases
and negatively regulates the cell cycle by preventing the activation of cyclin-dependent-
kinase 2 (CDK2) [62]. Therefore, we can infer that the up-regulation of the CDKN1B gene
would slow cell cycle progression and hinder cell differentiation, which is useful in saving
enough energy to resist low temperature for the pearl gentian grouper. The Gadd45 family
(Gadd4b5a, Gadd45b, and Gadd45g), a stress sensor, is implicated in cell cycle arrest, DNA
repair, cell survival, or apoptosis caused by environmental stress [63,64]. The up-regulation
of the Gadd45b gene detected here suggests that continuous cold stress could induce cell
cycle disorder, DNA damage, or cell apoptosis for the pearl gentian grouper. In summary,
cold stress changed the expression levels of some genes related to energy metabolism, cell
cycle, etc., which indicated that the FOXO signaling pathway could play an important role
in resisting cold stress injuries in the pearl gentian grouper.

4.3. Endocrine System and Cold Stress

It is generally known that the endocrine hormones could control glucose concen-
tration and regulate energy balance through an antagonistic effect of insulin against
glucagon [44,65]. Therefore, the hormonal stress response levels in the endocrine systems
could be applied to understand the coping mechanism of animals under cold stress [66].
We discovered that cold stress-activated the glucagon signaling pathways. Several genes,
such as peroxisome proliferator-activated receptor alpha (PPAR«) (Figure 13A) related
to energy metabolism, were also significantly up-regulated. The PPAR«x gene is highly
expressed in the liver tissues and is well known as a master regulator of lipid and glu-
cose metabolism, specifically the fatty acid $-oxidation [67]. Besides, its activation in the
pearl gentian grouper significantly up-regulates the expression of fatty acid and glucose
metabolism genes, including CPT1, PCK1, PCK2, and G6PC. When combined with signal
transduction responses and metabolic processes, we could suggest that cold stress stim-
ulated the AMPK-PPARx-CPT1 signaling pathway and promotes the gluconeogenesis
pathway, thereby maintaining glucose, lipid, and energy homeostasis in the pearl gentian
grouper under cold stress conditions.
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Figure 13. Glucagon signaling pathway (A) and insulin signaling pathway (B).

Additionally, in the glucagon signaling pathway, the cold stress condition was ob-
served to activate the insulin signaling pathway and robustly induce the expression of
suppressor of cytokine signaling 3 (SOCS3) and serine/threonine-protein phosphatase PP1-
gamma catalytic subunit A (PPP1CC-A) (Figure 13B). The SOCS3 signaling pathway has
been shown to inhibit the insulin signaling pathway [68]. Therefore, its up-regulation could
inhibit insulin expression. Insulin concentration is inversely proportional to blood glucose
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levels [44]. In other words, the increased expression of SOCS3 in the pearl gentian grouper
could promote an increase in its glucose production. On the other hand, the up-regulated
expression of PPP1CC was reported to enhance glycogen synthase (GYS) activity and
inhibit phosphorylase kinase (PHK) and glycogen phosphorylase (PYG) activities through
dephosphorylation [44]. These activities increase glycogen synthesis rates and account
for glucose transformation. In conclusion, SOCS3 and PPP1CC genes involved regulating
blood glucose concentration of the pearl gentian grouper under cold stress conditions.

In this study, low temperature affects energy metabolism, lipid membranes, and pro-
tein metabolism of the pearl gentian grouper. Our results showed that several genes
such as SHC-transforming protein 1 (SHC2), GTPase KRAS, MAP kinase-interacting
serine/threonine-protein kinase 2 (MKNK?2), eukaryotic translation initiation factor 4E
(eIF4E) (Figure 13B), and eukaryotic elongation factor 2 (eEF2) (Figure 12A), related to
protein metabolism were significantly up-regulated under cold stress conditions, pro-
moting protein synthesis in the pearl gentian grouper. The increased capacity in protein
synthesis could be relevant to metabolic adjustment in response to cold stress. It has been
demonstrated that cold stress could cause oxidative stress and lead to protein damage in
animal cells [69]. In contrast, the continuously synthesized proteins could replace damaged
proteins and participate in cell metabolic regulation, which is vital for fish to adapt to
cold stress [70]. Therefore, it can be inferred that continuous cold stress induces protein
metabolism changes, which could involve the impairment of the cold-induced effect of the
pearl gentian grouper.

Furthermore, several biological pathways, including platelet activation, complement
and coagulation cascades, vascular smooth muscle contraction, cardiac muscle contraction,
and serotonergic synapse pathways, were also detected based on our RNA-seq results
that analyzed the cold stress responses of the pearl gentian grouper. The up-regulation or
down-regulation of genes in these pathways could be physiologically adjusted to reduce
damage and maintain the basic life functions of the pearl gentian grouper under cold stress.
This suggests that the pearl gentian grouper should undergo some cellular processes under
cold stress and resist cold stress by activating various pathways. However, the above
pathways and their related genes were not successfully identified in our WGCNA analysis.
Thus, future research needs to confirm whether these pathways and their related genes
play a substantial role in the cold stress response of the pearl gentian grouper.

5. Conclusions

Based on liver transcriptome analyses, this study demonstrates that the cold-related
genes of the pearl gentian grouper in response to cold stress are most significantly enriched
through carbohydrate metabolism, lipid metabolism, signal transduction, and endocrine
system pathways. These pathways divide into several other major categories, including
energy metabolism, stress-induced cell membrane changes, and stress signals transduc-
tion. Moreover, we further screened out some core candidate genes closely related to
cold stress in the above pathways, including PCK, ALDOB, FBP, G6pC, CPT1A, PPAR«,
SOCS3, PPP1CC, CYP2], HMGCR, CDKN1B, and GADD45B. Among them, energy-related
metabolic pathways and genes had higher expression levels under cold stress, suggest-
ing that energy homeostasis plays a crucial role in the physiological adjustments of the
pearl gentian grouper when exposed to the cold stress environment. The pathways and
genes identified in this study extend our understanding of the mechanisms involved in
the cold stress response in marine fishes and facilitate selective aquaculture breeding of
cold-tolerant pearl gentian grouper.
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