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Abstract: Temperature is an important factor in the physiological processes of aquatic organisms and
can seriously affect several chemical and biological processes in their bodies, including respiratory
metabolism, antioxidant capacity, immune capacity, and signal transduction. In this study, physio-
logical, transcriptomic, and metabolomic analyses were used to investigate the response of Penaeus
vannamei to cold stress. The results indicated that cold stress disrupted nucleotide metabolism and
inhibited gluconeogenesis. However, shrimp exhibited response mechanisms in order to enhance
cold tolerance, regulating changes in key genes and metabolites in amino acid and lipid metabolism
to increase energy supply and protect cell membrane stability. In addition, the response included
regulating Ca?* pumps and ion channels to maintain intracellular ion homeostasis and osmotic
balance. When the temperature dropped further, oxidative damage occurred due to overwhelming of
the antioxidant defense system, and immune function was inhibited. This research provides some
references regarding the molecular mechanisms involved in responding to cold stress and potential
strategies to improve cold tolerance in P. vannamei; these are important references for studying the
cold stress response of shrimp.

Keywords: cold stress; Penaeus vannamei; hemolymph; physiology; transcriptome; metabolome
Key Contribution: Cold stress results in impaired antioxidant and immune defense and inhibits

gluconeogenesis in the hemocytes of P. vannamei. P. vannamei produces energy by regulating amino
acid and lipid metabolism in response to cold stress.

1. Introduction

Penaeus vannamei, commonly known as whiteleg shrimp, has become one of the most
productive aquaculture species in the world due to its significant economic value [1].
Water temperature changes are common stressors in aquaculture; among these stressors,
low temperature is a serious environmental stress factor [2—4]. Low temperatures can
affect shrimp health by suppressing the immune system and disrupting physiological
processes [5-7]. It has been reported that P. vannamei can grow normally between 25 °C
and 35 °C [8], stop feeding at temperatures lower than 18 °C [9], and die below 12 °C [10].

Biological phenomena are complex and diverse, with intricate regulation of gene
expression. When conducting single-omics studies, the conclusions often fall short of
providing a comprehensive understanding. Thus, single-omics approaches have inherent
restrictions. To overcome these limitations, combined analysis of the transcriptome and
metabolome emerges as a powerful tool for unraveling important biological phenomena
by establishing connections between changes in gene expression, metabolic pathways, and
physiological processes. For example, transcriptome and metabolome analysis revealed
that natural astaxanthin had superior effects on color formation, gene expression, and
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metabolite profiles in the leopard coral grouper (Plectropomus leopardus) compared to
synthetic astaxanthin [11]; amino acid, lipid, and carbohydrate metabolisms have been
confirmed to be the major metabolic pathways affected by AgNP exposure in carp [12]; in
juvenile hybrid sturgeon, glutamine supplementation alleviated the liver damage caused
by soybean meal substitution, possibly through downregulating the elevated levels of
metabolites or genes as well as related metabolic pathways [13]; amino acid metabolism
plays a critical role in the metabolic changes of clams in response to acute hypoxia, and a
variety of free amino acids may not only serve as potential osmolytes for osmotic regulation
but also contribute to energy production, during acute hypoxia exposure [14]. To the best of
our knowledge, there is still a lack of research through an integrated analysis of physiology,
transcriptome, and metabolome on the response mechanism to cold stress of P. vannamei.
The molecular mechanisms underlying the coregulation of genes and metabolites in the
cold tolerance of P. vannamei remain unclear.

Therefore, it is of great significance to systematically understand the molecular mecha-
nism of P. vannamei in response to cold stress. In this study, we performed physiological
analysis on shrimp hemolymph’s serum, studied the changes in plasma metabolites under
cold stress through metabonomics, and analyzed the gene expression characteristics of
hemocytes under cold stress by transcriptome analysis. The results will provide some
important insights into the molecular mechanisms of cold adaptation in P. vannamei and po-
tential strategies to increase its cold tolerance, which are important references for studying
the cold stress response of shrimp.

2. Materials and Methods
2.1. Experimental Shrimp Collection and Rearing

Healthy P. vannamei (weight: 9.06 & 0.23 g, length: 10.0 & 0.4 cm) were obtained from
the Rudong base of the Institute of Oceanology and Marine Fisheries, Jiangsu, Nantong,
China. Shrimp were temporarily cultured in an indoor tank for 7 days before the experiment.
During this period, approximately 30% of the volume of filtered, precipitated, and fully
aerated seawater (24 £ 0.5 °C, salinity: 13 £ 1.0) was replaced daily. Commercial feed
was fed three times a day, and dead shrimp, feed wastes, and excreta were cleaned up in a
timely manner.

2.2. Experimental Design and Sample Collection

A total of 300 shrimp were randomly selected and divided into three 1000 L PVC
drums as three replicates (the conditions were 24 & 0.5 °C, salinity: 13 £ 1.0), and all
shrimp were adapted to the environment in the drum for two days before the experiment.
The starting temperature of the experiment was set at 24 °C (control group, CK) and was
automatically cooled by a chiller at a rate of 2 °C/2 h. Then, the cooling was stopped when
the water temperature reached the predetermined temperature (22, 20, 18, 16, 14, and 12 °C)
and remained stable for 22 h. During this period, these temperature points (24 °C/CK,
20°C/T1,18°C/T2,14 °C/T3, and 12 °C/T4) were set as sampling points. Shrimp were
randomly selected from each temperature point and quickly anesthetized on ice (10-15 ).
Hemolymph (150 pL) was obtained from the ventral sinus of one shrimp with a 1 mL sterile
syringe. Hemolymph samples from three shrimp in each drum were collected at each point
(CK, T1, T2, T3, T4) and then immediately centrifuged (5000 rpm/min (2291 x g), 4 °C))
for 10 min to obtain supernatant (hemolymph’s serum) for physiological analysis [15].
Hemolymph samples from six shrimp in each drum were collected at each of the CK, T2,
and T4 points, mixed with an equivalent volume of ice-cold ACD anticoagulant (85 mM
sodium citrate, 62.2 mM citric acid, and 110 mM dextrose, pH 4.9) into a centrifuge tube, and
then centrifuged (5000 rpm/min (2291 x g), 4 °C) for 10 min to obtain sediment (hemocytes)
and supernatant (plasma). The hemocytes were preserved for transcriptomics analysis, and
the plasma was preserved for metabolomics analysis [16]. All samples for physiological,
transcriptome, and metabolome analysis were promptly frozen in liquid nitrogen and
preserved at —80 °C. The experimental process is shown in Figure 1.
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Figure 1. Experimental process. Control check (CK/24 °C), treatment group 1 (T1/20 °C), treatment
group 2 (T2/18 °C), treatment group 3 (T3/14 °C), treatment group 4 (T4/12 °C). (A): After acclimat-
ing, the starting temperature of the experiment was 24 °C, and samples collected at this temperature
were named as CK (control group) before cooling. The temperature of each drum was automatically
cooled by a chiller at a rate of 2 °C/2 h, the cooling was stopped when the water temperature reached
the predetermined temperature (22, 20, 18, 16, 14, and 12 °C) and remained stable for 22 h, and
then sampling was performed. (B): After centrifuging, serum from three shrimp in each drum were
collected at CK, T1, T2, T3, and T4 for physiological analysis, and hemocytes and plasma from six
shrimp in each drum were collected at CK, T2 and T4 for omics analysis.

2.3. Physiological Parameter Determination

To investigate the impact of cold on the energy reserves, oxidative damage, and
immune capacity of P. vannamei, the levels of triglycerides (TG), malondialdehyde (MDA),
and the enzyme activities of superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPX), acid phosphatase (ACP), and alkaline phosphatase (AKP) in serum were
determined with assay kits from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Duncan’s multiple comparison procedure and one-way ANOVA were performed
using the SPSS software (version 20.0; IBM, Armonk, NY, USA); p < 0.05 was considered
statistically significant.

2.4. Transcriptome Analysis

Total RNA extraction from the hemocytes was performed utilizing the TRIzol reagent
kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions. RNase-
free agarose gel electrophoresis and an Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA, USA) were used to detect RNA quality. Then, oligo (dT) beads (Epicenter,
Madison, WI, USA) were utilized for mRNA enrichment. Subsequently, the small segments
of the fragmented enriched mRNA were reversibly transcribed into cDNA. Then, a short
segment buffer of mRNA was obtained by fragmentation and reverse transcribed into
c¢DNA (primers were randomly designed). The cDNA was subsequently degraded by
RNaseH to synthesize second-strand cDNA (DNA pol I, dNTPs, and buffer). AMPure
XP beads were used to screen the purified double-stranded cDNA (Beckman Coulter,
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Beverly, MA, USA). The purified cDNA was amplified by PCR, purified by AMPure XP
beads again, and sequenced via Illumina HiSeq™ 6000. The products were sequenced to
construct a cDNA library via Illumina HiSeq™ 6000 by Gene De Novo Biotechnology Co.
(Guangzhou, China).

Raw reads were screened by excluding reads connecting adapters; fastp was used to
remove reads that contained over 10% unknown nucleotides (IN) or over 50% low-quality
(Q-value < 20) bases. Bowtie2 (v2.2.8) was used to compare the sequenced reads to the
rRNA database of the species. In the comparison, ribosomal reads were eliminated without
permitting mismatch, and the unmapped reads that remained were utilized for poste-
rior transcriptomics analysis. The ribosomal reads in the comparison, without allowing
mismatch, were removed, and the remaining unmapped reads were used for the sub-
sequent transcriptomics analysis. Mapping of the clean data to the P. vannamei genome
(ncbi_GCA_003789085.1) was carried out. According to the comparison results of HISAT2
(v2.1.0), String Tie (v2.0.4) was used to reconstruct the transcripts, and RSEM (v1.2.19)
was used to identify the expression of all genes [17]. The levels of gene expression in
each sample were identified by applying the FPKM (number of reads from a gene per
kilobase length per million reads) method [16]. DEseq?2 software (v1.42.0) was used to
detect significant differentially expressed genes (DEGs) between the control and treatment
groups with the screening threshold of |log2-fold change (FC) | > 1 and false discovery
rate (FDR) < 0.05. Heatmap clustering analysis of DEG expression profiles was performed.
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways associated with DEGs by
pairwise comparison were identified using the KEGG database. GO functional categories
associated with DEGs were identified using the GO database.

Trend analysis of the expression patterns of DEGs of the cold stress treatment group was
conducted utilizing Short Time-series Expression Miner (STEM) software, version 1.3.13 [18].
DEGs were clustered into preset profiles according to their expression patterns, in which
profiles with p-values < 0.05 were recognized as significant profiles. Ultimately, GO and
KEGG databases were employed to annotate the potential functions of DEGs from profiles.

2.5. Metabolome Analysis

After thawing the samples at 4 °C, 100 pL aliquots were combined with 400 uL
of cold methanol/acetonitrile (1:1, v/v) to eliminate the protein, and the mixture was
centrifuged for 15 min (14,000x g, 4 °C). The resulting supernatant was dried using a
vacuum centrifuge, and the samples were redissolved in 100 pL of acetonitrile/water
(1:1, v/v) solvent for LC-MS/MS analysis by ultra-high-pressure liquid chromatography
(1290 Infinity LC, Agilent Technologies) combined with quadrupole time-of-flight mass
spectrometry (AB Sciex TripleTOF 6600).

The obtained original data were transformed to mzXML format through Proteowiz-
ard software (v3.0.8789). Then, the alignments, including the mass-to-charge ratio, re-
tention time, and intensity, were obtained after peak identification, filtration, and align-
ment. The metabolites were mapped to the Human Metabolome Database (http://www.
hmdb.ca, accessed on 13 October 2022), METLIN (http://metlin.scripps.edu, accessed on
13 October 2022), Massbank (http:/ /www.massbank.jp/, accessed on 13 October 2022),
LipidMaps (http://www.lipidmaps.org, accessed on 13 October 2022), and McCloud
(https:/ /www.mzcloud.org, accessed on 13 October 2022) according to the MS/MS clasto-
type. The unsupervised dimensionality reduction method of principal component analysis
(PCA) and orthogonal projection to latent structures-discriminant analysis (OPLS-DA)
were applied to all samples. In the OPLS-DA, the variable importance in the projection
(VIP) was sorted according to the overall contribution of each variable to the OPLS-DA
model, and those variables with VIP > 1 and p < 0.05 were considered significant. Then,
the differentially expressed metabolites (DEMs) between different comparison groups were
analyzed for pathway enrichment using the KEGG database.
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2.6. Combined Analysis
2.6.1. Pathway Model

KEGG pathway maps link transcriptomic information for genes to chemical structures
of endogenous molecules, thus enabling integration analysis of genes and metabolites. All
identified DEGs and DEMs were analyzed with the KEGG pathway database to obtain
their connections in metabolism-related pathways.

2.6.2. Pearson Model

Pearson correlation coefficients were computed to integrate metabolome and tran-
scriptome data. In accordance with the absolute correlation coefficients (p < 0.05), the gene
and metabolite pairs were arranged in decreasing order. Correlation network analysis was
carried out using Cytoscape (v3.7.1) to depict the precise relationships visually.

2.7. Quantitative Real-Time PCR Analysis

To confirm the RNA-Seq results, ten genes that had a large differential fold between
groups, high gene expression, and a relatively high read count were randomly selected for
qRT-PCR analysis, and 3-actin rRNA of P. vannamei (GenBank: AF300705.2) was selected
as the reference gene for internal standardization. cDNA was synthesized from qualified
total RNA with the Prime Script™ RT reagent kit with gDNA Eraser (Perfect Real Time,
Takara, Beijing, China). qRT-PCR procedure was conducted following the instructions
provided with TB Green® Premix Ex Tag™ (Tli RNaseH Plus, Takara, Beijing, China) on a
StepOnePlus Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). Primers
were designed using Primer software (v5.0) and AlleleID software (v6.0); all primers were
designed as shown in Table 1. The calculation of relative gene expression levels was
performed utilizing the 2~ ~~Ct method.

Table 1. Primer sequences of unigenes verified by qRT-PCR.

Gene Name Primer Type Nucleotide Sequences (5'-3')
Hexokinase-1 (FIK1) Forward TGACACTACAGGCACACTCG
exoknase Reverse CCACAATCATCTCGGCTTCC
. . Forward GAACGGCGAGAATGAACACC
Glutathione peroxidase (GPX) Reverse TGGCTCAGGAGGAACAACAC
Forward GAAGGGTGTTGTGAAGGAAGC
Cytochrome P450 (CYP) Reverse TGAAGGAGAGGTTGCGTAGC
Ferritin (Fthi-2) Forward GCAGGTCAATCAGTCTCTCC
erotin a Reverse CCACTTGTTCCTCCAGATACTC
. Forward AAGTTGGAGAGAGGCTGTTGG
Heat shock protein 90 (HSP90B1) Reverse GAATGCGTCTGCGAGGTTAC
Forward CAACAAGTCCAAGGGCATCAC
Cytochrome C (CYCS) Reverse CCAGGTAGGCGATCAGGTC
Caspase-8 (CASPS) Forward ACTTGCCTCCTATCTACTACCG
P Reverse AGTCGCTGTTTGTCAATGTCTG
Hypoxanthine-guanine phosphoribosyltransferase (HPRT1) I;;:xi;g ﬁg(;é?gg? ?fgggggiﬁﬁgg g
Forward TGCCATCTGATTCTGCCTACC
NADH dehydrogenase (Ndufa5) Reverse CCTTCCACTCCAACATCTTTCG
. . Forward ATCATTGGACCTGACAAGAAGC
Peroxiredoxin-6 (PRDX6) Reverse AGAAGGGATGGTAGGCAAGAC
b-actin [19] Forward GACTACCTGATGAAGATCC
Reverse TCGTTGCCGATGGTGATCA

3. Results
3.1. Physiological Parameters

In general, the levels of energy reserves, antioxidant capacity, and immune activities
in the hemolymph’s serum of P. vannamei were significantly different under cold stress
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(Figure 2). When the temperature dropped, the levels of TG decreased, reaching a minimum
at 12 °C, which was significantly lower than 24 °C (p < 0.05) (Figure 2A). The changes in
MDA, CAT, GPX, and SOD in the serum of P. vannamei are shown in Figure 2B-E. Although
the MDA content did not significantly increase after initial cooling compared to 24 °C
(p > 0.05), it was significantly higher when dropped to 14 °C and 12 °C compared to 24 °C
(p < 0.05). The activity of the CAT enzyme sharply decreased after the temperature declined,
and when the temperature dropped to 18 °C, the CAT activity was significantly lower
than that at 24 °C (p < 0.05). The activity of GPX and SOD showed a tendency of initial
increase, followed by a decrease, and peaked when the temperature dropped to 18 °C;
this peak of activity was significantly higher than that at 24 °C (p < 0.05). The activities
of two immune-related enzymes, ACP and AKP [20,21], showed a decreasing trend with
decreasing temperature and were both highest at 24 °C, significantly higher than those of
the shrimp domesticated at 12 °C (p < 0.05) (Figure 2EG).

A TG B. MDA
.

Content(umol/L)

Content (nmol/mL)

@)
g =
)

Activity (U/L)

3 T ) ™ T

Figure 2. Results of physiological analysis. Different letters in superscript indicate significant
difference (p < 0.05). n=3; CK (24 °C), T1 (20 °C), T2 (18 °C), T3 (14 °C), and T4 (12 °C). Triglyceride
(A), malondialdehyde (B), catalase (C), glutathione peroxidase (D), superoxide dismutase (E), acid
phosphatase (F), and alkaline phosphatase (G).

3.2. Transcriptome Responses under Cold Stress

The sequencing statistics for the nine libraries generated with the Illumina HiSe-
qTM6000 platform are presented in Table 2. The raw data per sample ranged from 39.34
to 48.14 Mb. After filtering, the clean data per library were between 39.12 and 47.88 Mb.
The Q20 and Q30 values exceeded 97.80% and 93.80%, respectively, while low-quality
reads accounted for less than 0.56%. The GC content surpassed 42.55% for all samples.
All 1687 DEGs were identified as belonging to three groups, which indicates that these
genes might be sensitive to low temperatures. In addition, the gene expression difference
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seemed to be a gradual process during cold treatment. Specifically, volcano map analysis
revealed 140 (109 up and 31 down) DEGs between CK and T2, increasing to 466 (223 up and
243 down) DEGs between T2 and T4, and peaking at 1546 (878 up and 668 down) DEGs
between CK and T4 (Figure 3A-C). In addition, the results of the heatmap also proved that
the expression of DEGs within groups was highly similar, and the three replicates of each
group were clustered together, compared with those of other groups (Figure 3D-F).
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Figure 3. Differentially expressed genes (DEGs) between treatments. Volcano maps of DEGs in CK vs.
T2 (A), T2 vs. T4 (B), and CK vs. T4 (C) and heat maps of DEGs in CK vs. T2 (D), T2 vs. T4 (E), CK vs.
T4 (F). The red dots and lines represent significantly upregulated DEGs, the blue dots and lines represent
significantly downregulated DEGs ( |1og2 fold change (FC) | > 1, —log10 (FDR < 0.05)), and the black
dots represent signify nonregulated genes in volcano maps. CK (24 °C), T2 (18 °C), and T4 (12 °C).
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Table 2. Quality control of the RNA-Seq data obtained from different samples.
Sample  Raw Data Clean Data (%) Clean = 020(%)  Q30(%) Low-Quality %) GC (%) Total
P ¢ Bases (bp) ? ¢ yie ¢ Mapped (%)
CK-1 47,757,984 47,473,890 (99.41) 7,099,735,427 97.98 94.22 0.55 45.31 87.14
CK-2 45,574,834 45,316,964 (99.43) 6,764,788,870 98.10 94.50 0.52 46.32 87.16
CK-3 42,468,838 42,234,636 (99.45) 6,309,058,658 97.99 94.22 0.51 4494 87.49
T2-1 44,324,200 44,090,250 (99.47) 6,589,378,250 98.04 94.33 0.49 45.25 85.75
T2-2 48,143,140 47,881,118 (99.46) 7,152,065,783 97.84 93.88 0.50 42.55 84.67
T2-3 43,956,700 43,704,746 (99.43) 6,533,106,216 97.80 93.80 0.53 46.21 86.55
T4-1 39,337,772 39,120,514 (99.45) 5,845,535,056 97.97 94.13 0.50 45.43 86.53
T4-2 44,139,642 43,871,560 (99.39) 6,564,655,028 97.83 93.85 0.56 44.98 86.42
T4-3 40,179,564 39,944,362 (99.41) 5,968,358,879 98.00 94.24 0.53 45.03 85.86

The DEG dynamic expression modes were clustered with STEM software and gener-
ated eight profiles, four of which were significantly enriched (Figure 4). The 298 DEGs in
profile 7 exhibited significant upregulation consistently from CK to T4. The 490 DEGs in
profile 4 showed no difference between CK and T2 but were significantly upregulated from
T2 to T4. Profile 0 contained 316 DEGs with continuous significant downregulation from
CK to T4. The DEGs of profile 3 (274 DEGs) showed no significant difference between CK
and T2 but were significantly downregulated from T2 to T4.

Profiles ordered based on the number of Genes assigned

3 6

; —

1298 274 130

116

T4 CK T2 T4 CK T2 T4 CK T2 T4 CK T2 T4
2

41 22

CK T2

T4 CK T2 T4 CK T2 T4

Figure 4. Trend analysis of DEGs in three different comparisons. Colored blocks indicate significant
enrichment trends (p < 0.05). The top-left number represents the trend ID where the gene is located. The
bottom-left number represents the number of genes in this trend. CK (24 °C), T2 (18 °C), and T4 (12 °C).

GO enrichment analysis was performed on DEGs from the significantly enriched
profiles to elucidate their biological roles (Figure 5A-D); most terms of the profiles were
biological processes. The biological processes mainly included cellular processes, single-
organism processes, and metabolic processes. The cellular components mainly comprise
cells, cell parts, and organelles. The molecular functions are mostly related to binding and
catalytic activity.
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Figure 5. GO enrichment analysis results of the significantly enriched profiles (profile 7 (A), profile
4 (B), profile 0 (C), and profile 3 (D)) in trend analysis. The X-axis displays different functions of
biological processes (red), cellular components (green), and molecular functions (blue). The Y-axis
represents the number of genes.

DEGs of significantly enriched profiles were aligned with the KEGG database to dis-
criminate the significantly changed pathways, and the top 20 enrichment pathways of
each profile are presented in Figure 6. In profile 7 (Figure 6A), spliceosome, progesterone-
mediated oocyte maturation, ferroptosis, and other pathways were enriched when the
temperature dropped from CK to T4. The upregulation of DEGs in ferroptosis may indicate
that the antioxidant defense of the organism was gradually inactivated, which could lead
to the accumulation of toxic lipid ROS. In profile 4 (Figure 6B), spliceosome, antifolate
resistance, ABC transporters, MAPK signaling pathway, and several signaling pathways be-
tween T2 and T4 were significantly enriched, indicating that these pathways were induced
to activate in response to 12 °C. In profile 0 (Figure 6C), protein processing in the endoplas-
mic reticulum, cysteine and methionine metabolism, antigen processing and presentation,
and other pathways were significantly enriched from CK to T4, indicating that immunity
may be suppressed or damaged under long-term cold stress, while the downregulation
of DEGs in certain metabolic processes, such as protein processing and synthesis, may
demonstrate the organism’s attempt to save energy and more effectively allocate resources
to cope with environmental stress; in profile 3 (Figure 6D), several pathways were signif-
icantly enriched from T2 to T4, such as pantothenate and CoA biosynthesis, metabolic
pathways, beta-alanine metabolism, and glycolysis/gluconeogenesis. The downregula-
tion of DEGs in glycolysis/gluconeogenesis may indicate that sustained low temperature
inhibited carbohydrate metabolism.
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Figure 6. KEGG enrichment analysis results of the significantly enriched profiles (profile 7 (A),
profile 4 (B), profile 0 (C), and profile 3 (D)) in trend analysis. The size and color of each circle are
based on the gene number and p-value.

3.3. Metabolome Responses under Cold Stress

Metabolome analysis was conducted to explore the metabolic alterations in the plasma
of P. vannamei. To maximize the metabolite coverage, the POS and NEG modes were both
used in LC-MS detection. Qualitative and quantitative metabolome analysis detected 12,772
and 11,903 metabolites in positive and negative modes, respectively. Multivariate statistical
approaches, including PCA and OPLS-DA, were utilized to evaluate the metabolic data.
PCA showed significant differences in the metabolites of P. vannamei treated with different
temperatures (Figure 7A,B). The score plot of OPLS-DA revealed a clear separation between
different treatment groups (Figure 7C,D), indicating a significant change in the metabolite
profiles under cold stress. Additionally, multivariate statistical analysis was carried out
using OPLS-TDA and permutation testing to screen the differentially abundant metabolites
(Figure S1A-L).

Based on VIP values of OPLS-DA, DEMs between experimental groups were identified.
The results revealed 76 DEMs between CK and T2 (48 positive modes, 28 negative modes),
118 DEMs between CK and T4 (74 positive modes, 44 negative modes), and 72 DEMs
between T2 and T4 (40 positive modes, 32 negative modes) (Figure 8).
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To further explore the potential metabolic pathway changes in P. vannamei at different
temperature points after cold stress, we performed further analysis of DEMs using the
KEGG database (Figure 9). KEGG enrichment analysis results showed that when temper-
ature decreased from CK to T2 (Figure 9A), the metabolic pathways related to mineral
absorption, porphyrin metabolism, aminoacyl-tRNA biosynthesis and glycine, serine, and
threonine metabolism were significantly enriched. However, when the temperature further
decreased from T2 to T4, only the purine metabolism pathway was enriched (Figure 9B).
The significant decrease in enriched pathways from T2 to T4 implies metabolic suppression
and loss of homeostasis in P. vannamei due to excessive cold stress beyond the tolerance
limit of the organism. The enrichment results also showed that the purine metabolism,
steroid hormone biosynthesis, and porphyrin metabolism pathways were significantly
enriched in CK vs. T4 (Figure 9C).

Top 20 of KEGG Enrichment Top 20 of KEGG Enrichment

B

Purine metabolism . Purine metabolism| .

L] Steroid hormone

. Metabolic pathways ynthesis .

/anoamino acid metabolism Porphyrin metabolism; .

lated sodium reabsorption | Pyrimidine metabolsm{ @

Epithelial cell signaling in Helicobacer pylori infection Glycine, serine and threonine metabolism| @
[ren—— Mineral absorption| @

Adosterone-regulated sodium reabsorption
Epthelal cell sgnaiing in Helicobacter pylori infection

Microbial metabolism in diverse environments.

Amino sugar and nucleotide sugar metabolism
Fatty acid biosynthesis.

® 0
[ Insulin resistance

o
oz

Nitrogen metabolism . pvake
Proximal tubule bicarbonate reclamation

Vitamin B6 metabolism

Biotin metabolism Caffeine metabolism

Pathway
Pathway

Glyoxylate and dicarboxylate metabolism| @
Valine, leucine and isoleucine biosynthesis
Faty acid degradaton

(GPI)-
Vitamin 86 metabolism;
Biotin metabolism)

03

Arginine biosynthesis- o

Pyrimidine metabolism

Arginine and proline metabolism
Neomycin, kanamycin and gentamicin biosynthesis
Glutamatergic synapse

GABAergic synapse

Sterokd hormone biosynthesis

Phototransduction - fly

Ntrogen metabolism;
Autophagy - animal
Proximal tubule bicarbonate reclamation

Pathogenic Escherichia coll infection

01 02 03 04 05
RichFactor

025 050 075 100
RichFactor

025 050 075 100
RichFactor

Figure 9. DEMs’ KEGG enrichment of CK vs. T2 (A), T2 vs. T4 (B), and CK vs. T4 (C). The size and color
of each circle are based on the metabolite number and p-value. CK (24 °C), T2 (18 °C), and T4 (12 °C).

3.4. Identification of Key Genes and Metabolites by Omics Analysis

High-throughput sequencing and mass spectrometry were used to jointly analyze
metabolome and transcriptome data of P. vannamei under cold stress and to determine the
correlation between DEGs and DEMs. Transcriptome and metabolome KEGG annotation
results revealed that shrimp responded to stress during temperature drops through many
different biological processes, and that these responses mainly involved in carbohydrate,
lipid, amino acid and nucleotide metabolism (Figure 10). Most genes related to the biosyn-
thesis of carbohydrate, lipid, amino acid, and nucleotide metabolites were upregulated,
while some genes were downregulated. Cold stress altered glycine, glycerate (glyceric
acid), arginine, dihydrouracil, xanthosine, inosine, hypoxanthine, and stearic acid, and
the expression levels of genes involved in their synthesis or degradation (AMT, SHMT1,
Aldhl6al, ASL, DPYS, DPYD, NT5E, HPRT1, and ELOVL7) were also significantly altered.
The Pearson correlation coefficient, the values of which range from —1 to +1, is a statistical
measure used to assess the correlation between two variables, indicating the strength of
covariance between them. The correlation between genes and metabolites implicated in
amino acid, lipid, and nucleotide metabolism was evaluated by calculating the Pearson
coefficient of gene expression and metabolite abundance. A network graph was constructed
of DEGs and DEMs (| correlation coefficients | > 0.6) screened from the dataset (Figure 11).
Then, we screened some key DEGs and DEMs of P. vannamei associated with cold stress in
some important pathways (Table S1).
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3.5. Quantitative Real-Time PCR (qRT-PCR) Validation

The expression of 10 candidate DEGs, which

had a large differential fold between

groups, high gene expression, and a relatively high read count, was analyzed by means
of qRT-PCR to validate the RNA-Seq results. The trends of these DEGs showed high
congruence between qRT-PCR and RNA-Seq data (Figure 12), supporting the reliability of

the transcriptomic dataset.
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Figure 12. Expression of DEGs in three different stages. Data are presented as mean =+ SD of three
replicates (n = 3). CK (24 °C), T2 (18 °C), and T4 (12 °C).

4. Discussion

In crustaceans, hemolymph serves important functions, including transporting nu-
trients, metabolic waste, hormones, and neuropeptides [22-24], while also acting as an
important mediator of the immune response; the regulation of hemolymph homeostasis is
critical to the health of animals [25-27]. Changes in metabolites under low-temperature
conditions can be influenced by changes in genes and vice versa. Upregulation or down-
regulation of certain genes under low-temperature conditions may lead to the activation or
inhibition of related metabolic pathways, resulting in an increase or decrease in metabolite
levels. Furthermore, changes in metabolites can regulate gene expression through feedback
mechanisms. For example, the upregulation of certain metabolites under low-temperature
conditions induced the expression of related genes by activating signaling pathways [28].

4.1. Cold Stress-Induced Alterations to Carbohydrate Metabolism

Under long-term cold stress, the metabolic response of the organism may shift toward
conserving energy and prioritizing survival. Based on the transcriptome results, we ob-
served that the gluconeogenesis metabolism pathway was significantly downregulated
in hemocytes under cold stress. PCK1, FBP1, and G6PC are three key enzymes that limit
the steps of gluconeogenesis and control glucose synthesis [29,30]. Phosphoenolpyruvate
carboxykinase is considered to be the first committed step in gluconeogenesis, which cat-
alyzes the reversible decarboxylation of oxaloacetate to produce phosphoenolpyruvate
and carbon dioxide [31]. The expression of PCK1 was upregulated when the temperature
dropped from CK to T2, and we speculated that the gluconeogenesis pathway was initially
activated under cold stress. FBP1 acts as the rate-limiting enzyme that catalyzes the hy-
drolysis of fructose 1,6-bisphosphate to inorganic phosphate and fructose-6-phosphate [32],
and G6PC is involved in the last link in gluconeogenesis by catalyzing the hydrolysis of
glucose-6-phosphate to glucose [33]. In our experiments, the expression of FBP1 and G6PC
was downregulated under cold stress, indicating that their activity was reduced, leading to
reduced glucose synthesis. PGM1 plays a central role in cellular glucose homeostasis, medi-
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ating the switch between glycolysis and gluconeogenesis through the conversion of glucose
1-phosphate (G-1-P) and glucose 6-phosphate (G-6-P) [34]. PGM1 can maintain energy
supply and balance glucose metabolism within cells [35]. Studies have shown that deletion
or deficiency of PGM1 leads to abnormal glycogen accumulation and metabolism [36].
Therefore, we speculated that the downregulation of PGM1 expression under cold stress
may limit glycogen breakdown, reduce the rate of glucose release in glycogen, inhibit
glucose production, lead to glucose homeostasis imbalance, and hinder cellular energy
metabolism and ATP production. Notably, the results of PGM1 expression in broilers under
low-temperature stress were similar to ours, with the same significant downregulation [37].
Although the upregulation of PCK1 meant the organism initially attempted to activate
gluconeogenesis, the downregulation of FBP1 and G6PC might indicate that the gluconeo-
genesis process was hindered at extremely low temperatures. In the case of prolonged
reduced activity and a low metabolic rate, gluconeogenesis, as an energy consumption
pathway, may be downregulated to reduce energy consumption. When cobia (Rachycentron
canadum) is under hypoxic stress, it also inhibits gluconeogenesis [38], which is consistent
with our findings.

4.2. Alteration of Amino Acid Metabolism under Cold Stress

The reduction in some amino acids may be consumed as an energy source, while the
increase in some amino acids may perform a specific function. Metabolomic data revealed
significant changes in the levels of many metabolites involved in amino acid metabolic
pathways under cold stress, such as arginine, glycine, glycerate, L-serine, L-threonine,
L-threonate, alanine betaine, and glutamate (glutamic acid), which decreased significantly.
Furthermore, RNA-Seq data indicated significant changes in the expression levels of genes
which are involved in amino acid metabolism induced by cold stress.

The reduction in these amino acid contents is affected by several factors under cold
stress. Low temperature inhibits protein synthesis [39] and the organism’s demand for
and utilization of amino acids is reduced. Furthermore, if carbohydrates are insufficient
or cannot be metabolized, amino acids become a more vital energy source [40] and are
used to generate energy to cope with the low-temperature environment, resulting in their
consumption. Some amino acids, such as glycine and glutamate, can produce energy.
Glycine plays a critical role in metabolic regulation and antioxidant response, which can
prevent tissue damage and enhance antioxidant capacity and possesses anti-inflammatory,
immune regulation, and cellular protective effects [41]. We observed significant downreg-
ulation of SHMT1 expression and upregulation of AMT expression upon a temperature
drop from CK to T4, accompanied by a significant decrease in glycine content. Glycine
can be synthesized from serine via the serine hydroxymethyltransferase SHMT [42,43].
Moreover, with the assistance of the carrier protein GCSH, glycine can be cleaved and
decomposed into carbon dioxide molecules, ammonia, and carbon units by AMT [44].
We speculated that SHMT1 downregulation and AMT upregulation under cold stress led
to a decrease in glycine levels. This is consistent with previous studies, which showed
that the glycine content of P. vannamei significantly decreased when the temperature con-
tinued to drop [45]. We found that when the temperature dropped from T2 to T4, the
content of glutamate significantly decreased. Glutamate is an alternative energy source
used in the TCA cycle under energy depletion conditions to increase the production of
a-ketoglutarate [46]. In this study, the decreased content of glycine and glutamate under
cold stress may be due to the increased consumption of these amino acids by organisms
in cold environments to obtain more energy, leading to a decrease in the concentration of
these amino acids. Aldehyde dehydrogenase (ALDH) is the key enzyme that catalyzes the
oxidation of glyceraldehyde to glycerate [47]. The downregulation of Aldh16al expression
in our experiments slowed the conversion rate from glyceraldehyde to glycerate, resulting
in a decrease in glycerate content. Arginine plays an important role in anabolic processes
and is mainly used for synthesizing proteins to promote growth [48]. We found that ASL
expression was significantly downregulated, and the arginine content was significantly
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reduced, when temperature decreased. ASL catalyzes the cleavage of argininosuccinic acid
(arginosuccinate) to arginine [49]. The downregulation of ASL expression in our study may
inhibit the conversion process of argininosuccinic acid to arginine, resulting in a decrease in
arginine levels. These results indicated that cold stress has a significant impact on the amino
acid metabolism of shrimp; when carbohydrate utilization is hindered, it shifts toward
using amino acids as an energy source. Additionally, there was a decrease in amino acids
associated with growth and other specific functions. This metabolic response may affect
the overall health and physiological processes of shrimp, including growth, development,
and immune function.

In addition, some other amino acids, such as alanine, proline, D-ornithine, and L-
glutamine, were significantly increased when the temperature decreased in our study. The
accumulation of proline and alanine under cold stress seems to be a common feature of
invertebrates [50-52]. Arginine can be broken down into ornithine, which can be used to
produce proline [53]. Proline acts as an osmoprotectant, stabilizes macromolecules (nucleic
acids, proteins, biofilms) [54], regulates cellular redox homeostasis [55,56], removes excess
reactive oxygen species (ROS) and hydroxyl radicals to reduce oxidative damage [57,58],
drives the oxidative pentose phosphate pathway to generate energy [59], and increases
PO activity to improve immune defense [60]. Proline has a protective effect against cold
stress in abiotic stress, and the accumulation of proline contributes to the cold tolerance and
low-temperature adaptation of organisms [55,61]. Proline can provide important energy
reserves for cold tolerance and cold acclimation, and the oxidation of proline to alanine can
theoretically provide metabolic energy for 14 ATP molecules [62]. Previous studies have
found that cold adaptation as well as cold tolerance in crustaceans are associated with a
significant increase in proline levels [28,45]. In our experiment, the decrease in arginine
levels was accompanied by a significant increase in D-ornithine and proline concentrations,
indicating that some amino acids were broken down to produce more proline under cold
stress, which may improve the tolerance of the organism to low temperature through
mechanisms such as osmotic protection, antioxidant defense, and energy metabolism. This
may be one of the important mechanisms by which organisms improve cold resistance. Glu-
tamine, as a defense mechanism against ROS, can prevent the harmful effects of ROS [63].
Chen et al. [64] demonstrated that glutamine protects against H,O,-induced oxidative
stress in cells of Jian carp (Cyprinus carpio var. Jian) due to its antioxidant potential. In
addition, it has been reported that glutamine is crucial for the immune system due to
its enhancement of many functional parameters of immune cells, such as T lymphocyte
proliferation, B lymphocyte differentiation, cytokine production, macrophage phagocy-
tosis, and neutrophil bactericidal effects [65-68]. Chien et al. [69] found that the higher
concentration of glutamine in the hepatopancreas of shrimp that consumed feed containing
Bacillus subtilis E20 may be related to improvements in immunity and antioxidant status.
In this study, glutamine levels were significantly lower at the beginning of the cooling
period, while glutamine levels increased significantly after the temperature dropped to
T2, probably in response to ROS generation and immune defense by cold stress, and the
organism increased glutamine content to play important physiological regulatory roles,
including antioxidant and immune regulation. The accumulation of amino acids such
as proline, alanine, D-ornithine, and L-glutamine under cold stress contributed to the
enhanced low-temperature tolerance of P. vannamei through mechanisms including osmotic
protection, antioxidant defense, energy metabolism, and reduction in oxidative stress dam-
age. These results further revealed that amino acids are the main energy resource in the
response of P. vannamei to cold stress.

4.3. Effect of Cold Stress on Lipid Metabolism

Lipids are one of the energy sources that are most easy to obtain, with TG decom-
posing into glycerol and fatty acids to provide energy [70]. The TG levels of Cherax
quadricarinatus and European seabass (Dicentrarchus labrax) decreased significantly at lower
temperatures [71,72]. Likewise, we observed that TG levels in the serum of P. vannamei
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decreased significantly during low-temperature stress, indicating that TG was consumed
to produce ATP in order to provide energy. Long-chain free fatty acids (LCFFAs) serve as
sources of metabolic energy, substrates for cell membrane biosynthesis (glycolipids and
phospholipids), and precursors for many intracellular signaling molecules [73-75]. Stearic
acid is an important long-chain fatty acid that plays an important role in cellular biological
functions. ELOVLY is an enzyme involved in fatty acid elongation, which promotes the
biosynthesis of stearic acid by catalyzing the extension of 16-carbon palmitoyl coenzyme A
by adding two-carbon units to the carboxyl terminus of the fatty acid chain using malonyl
coenzyme A as a substrate [76,77]. In this study, stearic acid levels increased significantly
when the temperature dropped from T2 to T4, probably because the organism increased
the synthesis of longer-chain fatty acyl coenzyme A by upregulating the expression level
of ELOVLY to promote stearic acid biosynthesis. Acetylcarnitine can indirectly help the
oxidative metabolism of fatty acids in mitochondria by facilitating the entry of fatty acids
into mitochondria and ultimately producing ATP to maintain cellular activities. Acetyl-
CoA is an important intermediate metabolite that enters the TCA cycle and is oxidized to
produce energy [78]. When the production of short-chain acyl CoA exceeds the TCA cycle
flux, the excess acetyl-CoA is converted to acetylcarnitine [79]. In this study, the increase
in acetylcarnitine under cold stress might be explained by the catabolic metabolism of
substrates during (3-oxidation that exceeds the utilization capacity of acetyl coenzyme A
in the TCA cycle. This indicated that P. vannamei adjusted lipid metabolism in response
to cold stress, increasing energy production to sustain cellular energy homeostasis under
low-temperature stress.

4.4. Cold Stress-Induced Alterations to Nucleotide Metabolism

Purines are key components of cellular energy systems (e.g., ATP, NAD), signaling
(e.g., GTP, cAMP, cGMP), and pyrimidines, RNA, and DNA production [80]. Hypoxanthine
and xanthosine are metabolites of purine metabolism. Hypoxanthine is a natural purine
base that is produced during purine metabolism and then converted into xanthine (X) and
uric acid (UA) under the action of xanthine oxidase (XO) while producing reactive oxygen
species (ROS), causing oxidative stress and damage to cells and tissues [81]. HPRT1 can
catalyze the formation of IMP from hypoxanthine [82]. In our experiment, HPRT1 expres-
sion was downregulated, and the hypoxanthine content increased when the temperature
decreased. We speculated that low temperatures may disrupt the nucleotide metabolism of
shrimp and inhibit the conversion of hypoxanthine to IMP, leading to the accumulation of
hypoxanthine, which could impact the energy system of shrimp. NT5E can catalyze the
generation of xanthosine from xanthosine monophosphate (XMP) [83] and can also be used
to degrade inosinic acid (IMP) to inosine [84]. The expression of NT5E was upregulated in
response to cold, promoting an increase in the xanthosine and inosine contents. DPYD can
catalyze the reduction of uracil to dihydrouracil, while DPYS catalyzes the hydrolysis of
dihydrouracil to N-amino-f-alanine [85]. In this experiment, the expression of DPYD was
upregulated by the organism under cold stress to promote the conversion of uracil to form
dihydrouracil, while the expression of DPYS was downregulated to inhibit the catabolic
process of dihydrouracil, resulting in the accumulation of dihydrouracil. This alteration in
pyrimidine metabolism might affect nucleotide synthesis and cellular processes related to
nucleic acids. D-Ribose 1-phosphate can be synthesized via D-ribose 5-phosphate and sub-
sequently converted to 5-phospho-f3-D-ribose 1-pyrophosphoric acid (PRPP) [86]. In this
experiment, we speculated that the decrease in D-ribose 1-phosphate under cold stress may
limit the biosynthesis of nucleotides, thereby affecting the synthesis and repair of DNA and
RNA, resulting in the inhibition of cell growth and reproduction. Overall, these changes
indicated that cold stress could lead to disordered nucleotide metabolism, which may have
negative effects on energy metabolism, signal transduction, and nucleotide synthesis ability.
The imbalance between purines and pyrimidines can cause stress on shrimp metabolism
and physiology.
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4.5. Effects of Cold Stress on Antioxidants, Immune Defense, and Osmoregulation

In healthy organisms, reactive oxygen species (ROS) production and elimination
remain in dynamic equilibrium. However, environmental stress can spur excessive ROS,
peroxides, and oxygen radical generation, inducing oxidative stress [87-89]. Excess ROS
may damage DNA and proteins and react specifically with lipids to induce the production
of MDA [90,91]. It has been shown that the MDA content of C. quadricarinatus significantly
increased when the temperature dropped from 25 °C to 9 °C [92]. Similarly, our study
found that the MDA content in the serum of P. vannamei significantly increased under cold
stress, suggesting that cold stress caused lipid peroxidation. To reduce or repair oxidative
damage, crustaceans utilize endogenous antioxidant defense systems, including SOD, CAT,
and GSH-Px, and other antioxidant enzymes to eliminate reactive oxygen species (ROS)
and combat oxidative stress, thereby maintaining internal balance [93-95]. SOD serves as
the first line of defense to clear ROS and can be quickly induced when exposed to oxidative
stress, participating in the detoxification of superoxide free radicals [96]. GPX plays an
important role in protecting cellular membranes from damage due to lipoperoxidation,
owing to its function in terminating radical chain propagation by rapid reduction to yield
further radicals [97]. Our study found that GPX and SOD activities initially increased
as the temperature decreased, reaching a peak at 18 °C, indicating enhancement of the
organism’s antioxidant defense system to protect cells from the adverse effects of oxidative
stress at low temperatures. However, as the temperature continued to decrease, GPX
and SOD activities significantly decreased, possibly because 12 °C is close to the lowest
temperature P. vannamei can tolerate, with oxidative damage becoming severe and beyond
the repair capacity of the organism. Thus, the amount of GPX and SOD in the body
was insufficient to eliminate excess superoxide. CAT is considered to be the most direct
enzyme for scavenging reactive oxygen species (ROS) in the antioxidant defense system
of organisms and plays a core role in protecting cells from oxidative stress [98,99]. CAT
activity levels in the serum showed a significant decrease under cold stress from CK
to T4, indicating a decreased capacity to eliminate ROS, which can potentially elevate
the risk of cell components to oxidative damage. In addition, transcriptome analysis
showed that genes related to antioxidant activity (GPX, Trx-2, Txndc12) were downregulated
after extreme low-temperature stress. Trx-2 is a mitochondrion-specific member of the
thioredoxin (Trx) superfamily, and previous studies have found that abalone Trx-2 regulates
mitochondrial oxidative stress by catalyzing a reduction in protein disulfide bonds, clearing
ROS, and minimizing DNA damage [100]. Txndcl2 plays an important role in redox
regulation and oxidative stress defense by clearing ROS that control and maintain cellular
signaling rates to reduce oxidative stress and homeostasis [101]. Txndc12 has been proven
to function as an antioxidant enzyme and is involved in immune defense mechanisms in
various fish species such as Sebastes schlegelii [102], Epinephelus akaara [103], Danio rerio [104],
and Oplegnathus fasciatus [105]. Therefore, when the temperature dropped to T4, these
antioxidant genes were downregulated at the mRNA level, and related antioxidant enzyme
activity also showed a decreasing trend in the phenotype, indicating that low temperature
destroyed the redox balance in shrimp, leading to oxidative damage.

In low-temperature environments, the metabolic rate of P. vannamei will decrease,
which means that their immune system may not function as efficiently as at normal tem-
peratures. The immune defense system can be activated by oxidative stress in aquatic
animals [106,107]. AKP and ACP play important roles in the immune system, and AKP
and ACP in crustaceans participate in the first line of nonspecific immunity [108-110].
ACP, as a key compound of lysosomal enzymes, which is one of the important marker
enzymes of lysozyme’s ability to break down invading organisms, plays a crucial role in
the immune system and has been used as a marker of macrophage activation in animal
models [111-113]. ACP has been shown to participate in the response of red claw crayfish
to cold stress, and its immune enzyme activity is inhibited at low temperatures [6]. AKP is a
hydrolase which can enhance the abilities of recognition and phagocytosis in the pathogen
by changing the surface structure of the pathogen [108,114]. Our results showed that AKP
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and ACP activities decreased significantly after low-temperature stress, indicating that
cold stress damaged the nonspecific immune barrier of the organism and compromised the
immune system of P. vannamei. Transcriptome analysis showed that the expression of LYZ
and CTL2 was downregulated in P. vannamei under low-temperature stress. Lysozymes are
important defense molecules in the innate immune system of shrimp such as Litopenaeus
stylirostris [115], Fenneropenaeus chinensis [116], and P. vannamei [117], participating in vari-
ous types of innate immune responses. C-type lectin plays an immunomodulatory role in
the innate immunity of crustaceans, including cell adhesion [118], bacterial clearance [119],
and proPO activation [120]. It has been found that the CTL involved in the immune re-
sponse increases in shrimp [121-123]. Under cold stress, the downregulation of these
genes in P. vannamei weakened its immune recognition and defense system. In summary,
cold stress caused stress responses and metabolic disorders in P. vannamei, disrupting the
antioxidant system and leading to immune suppression.

In this study, the levels of alanine and proline, which have osmoregulatory effects,
increased significantly in the metabolome results, indicating that the organism may re-
spond to low-temperature stress through osmotic regulation. During the process of cold
adaptation, shrimp and crabs regulate the quantity and distribution of various ion channels
on the cell membrane to modify the composition and concentration of intracellular ions,
thereby maintaining normal physiological activities [124]. In cold environments, shrimp
and crabs reduce the temperature difference between their body and the surrounding water
by adjusting the ion concentration and osmotic pressure of body fluids, thereby reducing
heat loss [3]. Calcium ions play a crucial role in signal transduction and osmotic regulation
within cells; hence, their concentration must be tightly controlled within a strict range. Cal-
cium transporting ATPase (Ca?* pump) is a major participant in maintaining intracellular
Ca?* homeostasis [125] and is responsible for transporting calcium ions across the plasma
membrane or organelle membrane, thereby maintaining intracellular and extracellular
calcium concentration gradients. Arbuscular mycorrhizal (AM) symbiosis has been shown
to improve plant tolerance to temperature stress, and increasing osmotic agent accumula-
tion is one of the important mechanisms for improving low-temperature tolerance [126].
Liu et al. [127] observed that inoculation with AM significantly upregulated the expression
of Ca?*-ATPase in cucumber roots under low-temperature conditions. Similarly, other stud-
ies have also observed that Ca?*-ATPase activity in mud crab (Scylla serrata [128] and Scylla
paramamosain [129]) was significantly increased at low temperatures. The expression of
ATP2C1 was significantly upregulated when the temperature dropped to T4, and we believe
this is the result of compensatory mechanisms for low-temperature effects on Ca?*-ATPase
at the mRNA level. It is worth noting that cold acclimation also significantly increased the
mRNA levels of calcium-transporting ATPase in goldfish (Carassius auratus) [130], which is
consistent with our research findings. Therefore, ectothermic animals exhibit high levels of
CaZ*-ATPase in their cells under low-temperature conditions, which could be a crucial os-
moregulatory mechanism in response to cold stress. In addition, our research also observed
that, in comparison to CK, ATP2B3 and SLO were significantly upregulated under the
T4 temperature conditions. Plasma membrane calcium ATPase (PMCA) is a type of Ca®*
pump, also known as the plasma membrane Ca®* pump, located in the plasma membrane,
which actively expels Ca?* out of the cell to regulate intracellular Ca®* levels [131,132].
We speculated that under low-temperature stress, shrimp upregulate ATP2B3 to maintain
a lower intracellular Ca?* concentration. This is consistent with previous research; in
freshwater crayfish (Procambarus clarkii), from room temperature (23 °C) to 4 °C for 28 days,
PMCA mRNA was significantly upregulated [133]. Calcium-activated potassium channels
(SLOs) are a class of membrane protein channels whose activity is regulated by intracellular
calcium ion concentration [134]. In this experiment, the significant downregulation of SLOs
under cold conditions may be attributed to the reduced intracellular Ca** concentration.
Furthermore, the downregulation of SLOs can prevent excessive K* outflow by reducing
the rate of K* efflux, contributing to maintaining intracellular and extracellular ion balance
and membrane potential stability in cells and avoiding unnecessary ion loss. Therefore,
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we speculated that Ca?* regulation is an important regulatory mechanism in response to
low-temperature stress.

5. Conclusions

This study employed an integrated multi-omics approach, combining physiology,
transcriptome, and metabolome data, to explore the regulatory mechanisms involved in
the response of P. vannamei to cold stress. The results indicated that cold stress can cause
significant changes in enzyme activity, gene expression, and metabolic product levels in
P. vannamei (Figure 13). Due to the inhibition of carbohydrate metabolism, organisms
accelerate the consumption of certain amino acids, such as glycine and glutamate, to ob-
tain more energy to maintain their energy metabolism. In addition, the accumulation of
some amino acids, such as proline, alanine, and L-glutamine, may improve cold toler-
ance through mechanisms such as osmotic protection, antioxidant defense, and energy
metabolism. Meanwhile, organisms regulate lipid metabolism, e.g., by enhancing fatty
acid oxidation to increase energy production and synthesizing long-chain fatty acids such
as stearic acid to maintain cell membrane stability. This also included regulating Ca?*
pumps and ion channels to maintain intracellular ion homeostasis and osmotic balance.
These mechanisms enable shrimp to better cope with cold-induced physiological stresses
and metabolic disorders. However, when the temperature dropped to the tolerance limit
of P. vannamei, metabolic homeostasis and physiological balance were disrupted. The
antioxidant defense was initially activated but became overwhelmed at extremely low
temperatures, ultimately leading to oxidative damage. Additionally, immune levels were
found to be severely suppressed under cold conditions. These findings could contribute
to a better comprehension of the molecular mechanism underlying hemolymph in the
P. vannamei response to cold stress and provide some important references to study the
response to cold stress in shrimp.
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Figure 13. The potential regulatory mechanisms of P. vannamei under cold stress. CK (24 °C), T2
(18 °C), and T4 (12 °C).
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