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ARTICLE INFO ABSTRACT

Keywords: The low temperatures in winter, particularly the cold spells in recent years, have posed significant
Metabolomics threats to China’s abalone aquaculture industry. The low temperature tolerance of cultured
Low temperature stress abalone has drawn plenty of attention, but the metabolic response of abalone to low-temperature

Haliotis discus hannai

. stress remains unclear. In this study, we investigated the metabolomic analysis of Pacific abalone
Climate change

(Haliotis discus hannai) during low-temperature stress. Pacific abalone used two strains of cultured
abalone, namely the bottom-sowing cultured strain (DB) and the longline cultured strain (FS),
which had different histories of low-temperature acclimation. The results revealed that eight of
the top 10 shared differential expression metabolites of the two strains were carbohydrates.
According to the results of the Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic
pathway analysis, low-temperature stress primarily affected several metabolic pathways. These
pathways include ABC transporters, carbohydrate digestion and absorption, starch and sucrose
metabolism, lysine degradation, TCA cycle, the phosphotransferase system, the glucagon
signaling pathway and pyruvate metabolism. The results suggest that Pacific abalone primarily
regulates the expression of carbohydrates to enhance energy supply and anti-freezing protection.
These findings are crucial for understanding the mechanism of low-temperature tolerance in
Pacific abalone, and can help optimize culture strategies for high-quality abalone aquaculture
development.

1. Introduction

Climate change is one of the major global ecological challenges [1], leading to an increase in the frequency and magnitude of
extreme weather events [2,3], including marine heatwaves (MHWSs) and marine cold spells (MCSs), which pose a serious threat to
marine organisms [4]. The impacts of MHWs have received increasing attention in the context of global warming [5,6], in contrast to
the MCSs, which have received less attention [7]. However, the MCSs can also have an impact on mariculture and may result in
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widespread winter mortality of marine organisms [8,9]. Thus, more focus should be placed on cold stress assessments of aquaculture
species.

Abalone is one of the most valuable shellfish in the coastal regions of East Asia [10]. Delicious and nutrient-dense, abalone offers
premium animal proteins [11] and a range of bioactive compounds with antithrombotic and antioxidant characteristics [12]. In recent
years, farmed abalone production has continued to grow to meet the global demand for high-quality seafood [13]. Temperature
fluctuations are a key abiotic factor affecting the growth and survival of the Pacific abalone, especially during climate change [14], and
outbreaks of the MCSs can have severe adverse effects on marine organisms living in the intertidal zone [15]. The two primary methods
of cultivating abalone at the moment are bottom-sowing culture and north-south relay longline culture (transferring abalone to the
south for overwintering in winter), which has gradually become the mainstream culture mode since the abnormally low temperatures
in the winter of 2010 led to the large-scale mortality of cultured abalone in the main abalone culture areas in China, such as Sanggou
Bay. In the north-south relay longline culture, the abalone are grown in suitable water temperature throughout the culture period and
have never experienced water temperatures lower than 11 °C. Feedback from abalone farmers indicates that although the abalone have
reasonably excellent growth and survival rates, they do not perform as well in bottom-sowing in northern seas. Mass mortality of
abalone in winter has become a challenge, causing significant economic losses to the abalone aquaculture industry. However, little is
known about the stress response to low temperature stress in Pacific abalone, and understanding the mechanisms by which they
respond to cold stress is essential in developing suitable mitigation strategies. Metabolomics can provide the detailed information
needed to help reveal the metabolic responses of the Pacific abalone to low-temperature stress and its adaptive mechanisms.

Metabolomics is the scientific study of chemical processes involving metabolites-the small molecule substrates, intermediates, and
products of cell metabolism [16]. It is characterized by high sensitivity and high throughput [17]. In recent years, metabolomics
technology has been widely used in the field of aquaculture. However, most of the research on temperature stress has focused on the
study of the response to high temperature stress, such as oxidative damage, disruption of amino acid and fatty acid metabolism, and a
shift from aerobic to anaerobic metabolism in organisms like the abalone (Haliotis iris) [18]. High-temperature stress also leads to
mitochondrial failure in Pacific abalone, resulting in incomplete mitochondrial oxidative metabolism of amino acids and fatty acids,
and a large accumulation of unstable metabolic intermediates in the cells [14]. The response of these life-sustaining metabolites when
abalone faces cold stress is still unclear.

Bottom-sowing and longline culture are the primary production methods of Pacific abalone culture. However, there was a sig-
nificant difference in the total glycogen content of abalone from the two different culture methods. Specifically, in a recent study, we
found that the total glycogen content of abalone from bottom-sowing culture was twice as high as that of abalone from longline culture
[19]. As bottom-sowing cultured abalone have to deal with low temperature stress during the winter, the elevated glycogen content
reminds us that the regulation of carbohydrate expression may be linked to low temperature tolerance. In this study, we used
ultrahigh-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (UHPLC-Q-TOF-MS) tech-
nique to monitor the changes of relevant metabolites and metabolic pathways in Pacific abalone under low-temperature stress con-
ditions in both bottom-sowing cultured and longline cultured. This may provide new insights into the effects of low-temperature stress
in Pacific abalone and provide a theoretical basis for exploring the low-temperature tolerance traits of Pacific abalone as well as its
genetic modification.

2. Materials and methods
2.1. Experimental design

The Pacific abalone used in this investigation were provided by Xunshan Group, an abalone farming company located along the
coastal area of Sanggou Bay, Shandong, China. The abalone were randomly divided into two groups: the DB strain, which endured low
temperatures during winter in Sanggou Bay, and the FS strain experienced comfortable water temperatures during its winter time in
Meizhou Bay, Fujian Province. The temperature environments experienced by the two strains of abalone during overwintering differed
significantly, with individuals in the DB strain experiencing water temperatures ranging from 0.53 °C to 9.34 °C during overwintering
(Fig. S1), whereas the lowest temperatures in the waters where individuals in the FS strain were located were over 11 °C. Twenty
abalone from each group were randomly selected. The wet weight of the bottom-sowing abalone was (48.36 + 9.23) g, and their shell
length was (74.09 + 5.36) mm. The longline cultured abalone had a wet weight of (39.19 + 4.35) g and a shell length of (71.48 + 3.07)
mm. Both groups of abalone were temporarily cultivated in aquariums for one week, and the water temperature in the tanks was
maintained at 20 °C. The water in the tanks was changed once a day during the temporary rearing period. Fresh kelp was fed to the
abalone twice a day, and feeding was stopped one day before the initiation of the incubation process.

The experiment consisted of a total of two temperature treatments: one at 20 °C (control) and the other incubated cyclically. The
cyclic treatment involved a 3-h low-temperature air exposure at 0 °C, followed by a 9-h low-temperature seawater incubation at 6 °C.
This was done for a duration of 96 h to simulate the bottom culture environment during the winter in northern seas. Six abalone were
randomly selected from each strain and incubated in the control group for 96 h, while another six individuals from each strain were
incubated in the cyclically low temperature treatment for 96 h. At the end of the incubation, the abalone were cut from the abdominal
foot muscle with a cross-type cut using a sterilized razor blade, and approximately 5 ml of hemolymph was collected into a centrifuge
tube using a rubber-tipped burette, quick-frozen with liquid nitrogen, and then frozen and preserved in an ultra-low-temperature
refrigerator at —80 °C (Haier DW-86L626, Qingdao, China). The abalone in the DB strain for the control experiment were recog-
nized as the KBDB group, and the abalone in the cyclically incubated experiment were recognized as the SYDB group. The abalone in
the FS strain for the control were recognized as the KBFS group, and the abalone in the cyclically incubated experiment were



A. Lietal Heliyon 10 (2024) e40921

recognized as the SYFS group. No abalone died during the incubation process, and all of the hemolymph samples were stored at —80 °C
prior to metabolomics analysis.

2.2. Instruments and reagents

We bought an AB Triple TOF 6600 mass spectrometer from AB SCIEX in Boston, USA. We bought the Agilent 1290 Infinity LC from
Agilent, located in Santa Clara, USA. We bought the Eppendorf 5430R from Eppendorf in Hamburg, Germany. Amide was acquired
from Waters (Milford, USA) by ACQUITY UPLC BEH. The suppliers of ammonium acetate (NH4AC), acetonitrile, ammonium hydroxide
(NH40H), and methanol were Sigma Aldrich (Shanghai, China), Merck (Shanghai, China), and Fisher (Shanghai, China).

2.3. Sample collection and preparation

The chelating agent ethylene diamine tetraacetic acid (EDTA) was added to 5 mL Vacutainer tubes containing fasting hemolymph
samples, which were centrifuged for 15 min (1500 g, 4 °C). Prior to LC-MS analysis, each 150 pL aliquot of the plasma sample was kept
at —80 °C. After thawing the plasma samples at 4 °C, 400 pL of cold methanol/acetonitrile (1: 1, v/v) was combined with 100 pL
aliquots to extract the protein. For 20 min, the mixture was centrifuged at 4 °C and 14,000 g. A vacuum centrifuge was used to dry the
supernatant. The samples were redissolved in 100 pL of acetonitrile/water (1:1, v/v) solvent for LC-MS analysis. They were then
centrifuged at 14000 g for 15 min at 4 °C, and the supernatant was injected.

Quality control (QC) samples were created by pooling 10 pL of each sample and analyzing them with the other samples in order to
track the stability and reproducibility of instrument results [20]. Every five samples, the QC samples were routinely inserted and
examined.

2.4. LC-MS analysis

Shanghai Applied Protein Technology Co., Ltd. used a quadrupole time-of-flight (AB Triple TOF 6600) in conjunction with UHPLC
(1290 Infinity LC, Agilent Technologies) to conduct the analysis. A 2.1 mm x 100 mm ACQUIY UPLC BEH Amide 1.7 pm column was
used to examine the samples for HILIC separation [21]. The mobile phase included A = 25 mM ammonium acetate and 25 mM
ammonium hydroxide in water, as well as B = acetonitrile, in both the ESI positive and negative modes. With a 3-min re-equilibration
time, the gradient was linearly lowered from 95 % B for 0.5 min to 65 % in 6.5 min, 40 % in 1 min and maintained for 1 min, and 95 %
in 0.1 min.

The following were the ESI source conditions: IonSpray Voltage Floating (ISVF) & 5500 V, curtain gas (CUR) of 30, Ion Source Gasl
(Gasl) of 60, and Ion Source Gas2 (Gas2) of 60. The source temperature is 600 °C. The accumulation time for the TOF MS scan was set
at 0.20 s/spectra, and the instrument was configured to acquire throughout the m/z range of 60-1000 Da in the MS-only acquisition.
The accumulation period for the product ion scan was set at 0.05 s/spectra, and the instrument was configured to acquire across the m/
z range of 25-1000 Da in auto MS/MS acquisition. Information dependent acquisition (IDA) is used to obtain the product ion scan, and
the high sensitivity option is chosen. The following parameters were established: Decluttering potential (DP), 60 V (+) and —60 V (-);
exclude isotopes within 4 Da; candidate ions to monitor every cycle: 10; collision energy (CE) was set at 35 V with +15 eV.

2.5. Data processing

Prior to being imported into the publicly accessible XCMS program, the raw MS data were transformed into MzXML files using
ProteoWizard MSConvert (https://proteowizard.sourceforge.io/download.html) [22]. The settings used for peak selecting were
prefilter = ¢ (10, 100), peakwidth = c (10, 60), and centWave m/z = 10 ppm bw = 5, mzwid = 0.025, and minfrac = 0.5 were used for
peak grouping. Isotopes and adducts were annotated using CAMERA (Collection of Algorithms of Metabolite profile Annotation). Only
variables with more than 50 % of the nonzero measurement values in at least one group were retained in the retrieved ion features. By
comparing the accuracy m/z value (<10 ppm) and MS/MS spectra with an internal database created using accessible authentic
standards, the compounds’ metabolites were identified.

2.6. Statistical analysis

Following sum-normalization, the R package (ropls) [23] was used to examine the processed data. Multivariate data analysis, such
as Pareto-scaled principal component analysis (PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA), were
performed on the data. The robustness of the model was assessed using response permutation testing and 7-fold cross-validation. To
show each variable’s contribution to the classification, the variable significance in the projection (VIP) value was computed for each
variable in the OPLS-DA model. The significance of the differences between two sets of independent samples was assessed using the
Student’s t-test. Significantly altered metabolites were screened using VIP >1 and p-value <0.05 [24].

2.7. Compound identification and pathway analysis

This project adopts the in-house database (Shanghai Applied Protein Technology) [25,26]. Structural identification of metabolites
in biological samples is performed by matching the information of the in-house database, including molecular mass (within <10 ppm
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error of molecular mass), secondary fragmentation spectra, collision energy, etc. of metabolites in the local database. The identifi-
cation results are subject to rigorous manual secondary checking and confirmation. The reliability level of metabolite identification is
Level 0-2 [27].

Differential metabolites screened by positive and negative modes were combined before pathway enrichment annotation and
analysis (https://www. kegg.jp). In this study, the KEGG database was used for comparison and annotation of differential metabolites,
and MetaboAnalyst (version 5.0; http://www.metaboanalyst.ca) was used for pathway analysis [28].

3. Results
3.1. Principal component analysis of data

The peaks obtained from the extraction of all test samples and QC samples were analyzed by PCA, and the results of the experiment
demonstrated that the QC samples were closely clustered in the cation and anion modes, which indicated that the experiments were
reproducible (Fig. 1). The OPLS-DA model was used to screen out differential metabolites. The evaluation parameters of the OPLS-DA
model obtained by 7-fold cross-validation are shown in Table 1, and the validity of the model is examined by 200-permutation-test.
With the gradual decrease of the permutation retention, the R? and Q? of the stochastic model gradually decrease, which indicates that
the model is robust and does not suffer from the phenomenon of overfitting. Overall, the data of this experiment were stable and
reliable, and the differences in metabolic profiles obtained in the experiment could reflect the biological differences between the
samples themselves.

3.2. Differential metabolite screening

A total of 1592 metabolites were identified in this experiment, which were screened for differential metabolites by combining the
OPLS-DA model and analysis of variance (one-way ANOVA), with the screening criteria of OPLS-DA VIP >1 and p-value <0.05. A total
of 87 (63 in POS and 24 in NEG) differential metabolites were detected by KBDB vs KBFS, which contained 60 (38 in POS and 22 in
NEG) up-regulated differential metabolites and 27 (25 in POS and 2 in NEG) down-regulated differential metabolites (Fig. 2A and B). A
total of 109 (77 in POS and 32 in NEG) different metabolites were detected in SYDB vs KBDB, including 85 (55 in POS and 30 in NEG)
up-regulated different metabolites and 24 (22 in POS and 2 in NEG) down-regulated different metabolites (Fig. 2C and D). 96 (66 in
POS and 30 in NEG) different metabolites were detected in SYFS vs KBFS, including 81 (53 in POS and 28 in NEG) up-regulated
different metabolites and 15 (13 in POS and 2 in NEG) down-regulated different metabolites (Fig. 2E and F). A total of 130 (93 in
POS and 37 in NEG) different metabolites were detected in SYDB vs SYFS, including 77 (47 in POS and 30 in NEG) up-regulated
different metabolites and 53 (46 in POS and 7 in NEG) down-regulated different metabolites (Fig. 2G and H).

Comparing SYDB to KBDB and SYFS to KBFS, we identified 39 (29 in POS and 10 in NEG) common differential metabolites (Fig. 3).
In these common metabolites, 10.26 % were benzenoids, 17.95 % were organheterocyclic compounds, 20.51 % were organic oxygen
compounds, 23.08 % were organic acids and derivatives, 12.82 % were lipids and lipid-like molecules, 2.56 % were phenylpropanoids
and polyketides, and 12.82 % were other classes (Table 2). After conducting additional analysis, the top 10 metabolites with the same
content of common differential metabolites between SYDB vs KBDB and SYFS vs KBFS were 3-a-galactobiose, maltose, maltotriose,
melezitose, isomaltose, bispyribac, trehalose, palatinose, d-turanose, and thiodiglycol sulfoxide, eight of which were carbohydrates.

3.3. KEGG pathway

To further identify the metabolic pathways affected by low temperature stress, KEGG enrichment pathway analysis was performed
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Fig. 1. (A) PCA analysis of overall samples in POS and (B) PCA analysis of overall samples in NEG.
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Table 1

Evaluation parameters of the OPLS-DA model.
Groups POS NEG

R%X R%Y Q? R%X R%Y Q?

SYDB vs SYFS 0.409 0.991 0.863 0.404 0.978 0.803
SYDB vs KBDB 0.373 0.995 0.788 0.244 0.992 0.485
SYFS vs KBFS 0.495 0.998 0.776 0.419 0.992 0.605
KBDB vs KBFS 0.376 0.985 0.819 0.526 0.983 0.641

RX denotes the explanatory rate of the model for the X variable; R?Y denotes the explanatory rate of the model for the Y variable; and Q? denotes the
predictive power of the model.
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Fig. 2. (A) Volcano diagram of KBDB vs KBFS in POS; (B) Volcano diagram of KBDB vs KBFS in NEG; (C) Volcano diagram of SYDB vs KBDB in POS;
(D) Volcano diagram of SYDB vs KBDB in NEG; (E) Volcano diagram of SYFS vs KBFS in POS; (F) Volcano diagram of SYFS vs KBFS in NEG; (G)
Volcano diagram of SYDB vs SYFS in POS; (H) Volcano diagram of SYDB vs SYFS in NEG. The horizontal axis in the figure represents the logarithmic
value of log, for the fold change, while the vertical axis represents the logarithmic value of - log;( for the significance p value. Upregulated sig-
nificant differential metabolites are represented in red, downregulated significant differential metabolites are represented in blue, and non-
significant differential metabolites are represented in black. Volcano diagrams showed differential metabolites as FC > 1.5 or FC < 0.67, P < 0.05.
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Fig. 3. (A) Venn diagram of overall samples in POS and (B) Venn diagram of overall samples in NEG.
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on the screened differential metabolites. For SYDB vs. KBDB (Fig. 4A), a total of 14 metabolic pathways were enriched, primarily
consisting of ABC transporters, starch and sucrose metabolism, and carbohydrate digestion and absorption. For SYFS vs. KBFS
(Fig. 4B), a total of 31 metabolic pathways were enriched, primarily consisting of ABC transporters, purine metabolism, and phos-
photransferase system (PTS). For SYDB vs. SYFS (Fig. 4C), 7 metabolic pathways were enriched, mostly consisting of ABC transporters,
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Table 2
Differential metabolites shared by SYDB vs KBDB and SYFS vs KBFS.
SuperClass Name SYDB vs KBDB SYFS vs KBFS
VIP FC VIP FC
Benzenoids 1-(benzo[d] [1,3]dioxol-4-yl)-2-(methylamino)pentan-1-one 8.36 0.53 11.71 234
1h-indole-5-sulfonamide,n-(3-chlorophenyl)-3-[[3,5-dimethyl-4-[(4-methyl-1- 1.47 3.46 1.96 22.45
piperazinyl)carbonyl]-1h-pyrrol-2-yllmethylene]-2,3-dihydro-n-methyl-2-oxo-, (3z)-
Procaine 1.47 4.64 1.33 7.08
Pyridaben 1.39 4.04 1.33 5.22
Organheterocyclic 1-deoxynojirimycin 1.15 3.67 1.11 3.53
compounds 2-dimethylamino-6-hydroxypurine 2.11 2.70 2.13 3.80
5-hydroxyindoleacetate 2.11 6.12 1.84 5.06
Guanine 9.37 2.85 9.42 3.94
Hypoxanthine 20.12 3.43 20.81 5.37
Niacinamide 1.85 0.21 1.81 0.20
Xanthine 1.95 9.82 2.14 21.27
Organic oxygen 3-alpha-Galactobiose 1.37 94.38  2.72 6395.95
compounds Bispyribac 1.14 12.98 1.39 171.62
Glutaraldehyde 1.30 4.97 2.08 11.82
Maltotriose 8.67 12.74 10.67 1558.32
Melezitose 2.33 20.35 2.69 513.00
N-acetyl-d-glucosamine 1.17 0.28 291 0.20
Trehalose 3.25 26.43 413 147.81
4-alpha-mannobiose 2.53 0.35 1.09 98.73
Organic acids and 5-aminovaleric acid 1.91 1.77 3.05 3.30
derivatives Cyclo-prolylglycine 1.56 1.57 1.86 2.21
Dflnha 1.83 3.43 2.23 3.43
Ethylenediaminetetraacetic acid 5.55 0.83 6.10 0.85
Met-Met-Arg 1.05 0.63 1.33 1.91
3-amino-1-propanesulfonic acid 5.49 3.43 1.12 1.88
Dl-lactate 4.31 5.39 3.99 12.78
Malate 1.36 6.20 1.48 11.18
Succinate 1.54 2.67 1.77 6.46
Lipids and lipid-like Isomaltose 11.80 18.67 1491  381.47
molecules Isovaleryl-l-carnitine 2.52 9.44 1.36 4.45
D-turanose 1.33 23.16 237 123.00
Maltose 291 44.76  5.00 1585.84
Palatinose 1.09 32.61 1.85 136.76
Phenylpropanoids and Tectoridin 4.63 9.09 1.65 0.01
polyketides
Others .beta.-Cyano-L-alanine 1.25 1.63 1.31 1.78

5h-thieno [2,3-c]pyran-3-carboxylic acid, 2-[[(benzoylamino)thioxomethyl]amino]-4,7- 1.36 12.59 1.46 25.19
dihydro-5,5-dimethyl-

Thiodiglycol sulfoxide 4.89 4395 6.19 108.30
Tyr-Leu 13.14  9.85 10.30  5.09
Zoniporide 2.38 8.95 1.70 3.97

protein digestion and absorption, and lysine degradation; KBDB vs. KBFS was not enriched in metabolic pathways. SYDB vs KBDB and
SYFS vs KBFS had the same eight metabolic pathways, ABC transporters, carbohydrate digestion and absorption, starch and sucrose
metabolism, lysine degradation, citrate cycle (TCA cycle), phosphotransferase system (PTS), glucagon signaling pathway and pyruvate
metabolism, respectively.

3.4. Analysis of overall changes in KEGG pathway

The Differential Abundance Scores can capture the tendency for metabolites in a pathway to be increased (red)/decreased (blue)
relative to controls [29]. SYDB vs KBDB enriched 14 metabolic pathways all tended to be up-regulated (Fig. 5A), 31 metabolic
pathways enriched by SYFS vs KBFS all tended to be up-regulated (Fig. 5B), all 7 metabolic pathways enriched by SYDB vs SYFS tended
to be down-regulated (Fig. 5C), and all 8 metabolic pathways shared between SYDB vs KBDB and SYFS vs KBFS also tended to be
up-regulated.

4. Discussion

Extreme cold temperatures lead to the formation, growth, and recrystallization of intracellular ice crystals, which can be fatal to the
organism [30]. A variety of differentially expressed metabolites of carbohydrates were found in both strains after experiencing low
temperature incubation. The high concentration of glucose can act as an antifreeze protector and play an important role in preventing
cell collapse, reducing cellular water loss, and decreasing the formation of ice crystals. This is one of the important antifreeze pro-
tection mechanisms in a variety of organisms [31-33]. The accumulation of trehalose, an important disaccharide involved in
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Fig. 4. Bubble diagram of metabolic pathways associated with differential metabolites (A) SYDB vs KBDB; (B) SYFS vs KBFS; (C) SYDB vs SYFS.
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colourful the bubble is, the smaller the P-value is, and the more significant the degree of enrichment is; the rich factor represents the number of
differential metabolites of the pathway as a percentage of the number of metabolites annotated in the pathway.

adaptation to environmental stresses such as freezing, and used as a stabilizer of cellular structure under stressful conditions, is an
important factor in coping with low-temperature stress [34,35], and has been applied to the cryopreservation of sturgeon semen [36].
Trehalose increases the flexibility of cell membranes and protects them and proteins from the effects of frostbite [37]. After a 24-h
period of low-temperature stress, the trehalose level of Chinese mitten crab (Eriocheir sinensis) significantly increased, but glucose
exhibited a trend of quick increase followed by a lengthy drop to withstand low-temperature stress [38]. With decreasing temperature,
the trehalose content of Gammarus fossarum was significantly higher than the control level only at —2 °C (P < 0.05), and of all the
carbohydrates detected, trehalose was the only one that accumulated [39]. It has been shown that the high concentration of carbo-
hydrates in the process of low-temperature adaptation is a common characteristic of both cold- and freeze-resistant poikilotherms [40].

The carbohydrates may be the primary energy source in Pacific abalone during their response to low-temperature stress. Based on
the KEGG-enriched pathway of differential metabolites, we have proposed a potential mechanism for the adaptation of Pacific abalone
to low-temperature stress (Fig. 6). Polysaccharides ingested by abalone are digested by polysaccharide-degrading enzymes and further
broken down into glucose [41,42]. The starch and sucrose metabolic pathways play a crucial role in the stress response by producing a
variety of carbohydrates as metabolites to promote growth and the synthesis of essential compounds [43], such as trehalose
biosynthesis. Starch and sucrose can be broken down into glucose, which provides the body with energy quickly [44]. It was discovered
that fish have disruptions in their energy metabolism when exposed to low temperature conditions, so their starch and sucrose
metabolism pathways become active in an attempt to make up for this energy deficit [45,46]. After undergoing final hydrolysis,
glucose is converted to pyruvate and then oxidized to acetyl CoA, which starts the TCA cycle. With the help of the body’s enzymes,
L-lysine first produces 5-Aminopentanoate, which then produces succinate, which is used in the TCA cycle. As the body’s
counter-regulatory hormone to insulin, glucagon is essential for preserving glucose homeostasis [47]. Glucagon is released when there
is a low level of circulating glucose, which elevates plasma glucose levels [48]. ABC transporters are a class of membrane-integrated
proteins that are widely present in organisms, catalyze the hydrolysis of ATP, and use the energy generated by the hydrolysis to
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Fig. 5. Differential metabolite-related metabolic pathway differential abundance score map. (A) SYDB vs KBDB; (B) SYFS vs KBFS; (C) SYDB
vs SYFS.

facilitate the transmembrane transfer of substrates, and are a part of membrane transport [49]. These proteins’ primary roles include
controlling cellular osmolality, transporting lipids and cholesterol across membranes, and transporting biomolecules [50]. It has been
shown that ABC transporters may play an important role in the transport of small molecules during the cryogenic activity of large
yellow croaker (Larimichthys crocea) and are involved in energy metabolism [51]. ABC transporters can use the energy obtained from
ATP hydrolysis for transmembrane transport of biomolecules, and is involved in physiological functions such as cellular osmotic
pressure regulation, lipid and cholesterol transport, cellular differentiation, and antigen presentation [52]. The Phosphotransferase
system (PTS) is a system that transports and simultaneously phosphorylates carbohydrates [53], and phosphorylates various carbo-
hydrates and their derivatives mainly through a phosphate cascade reaction and then transports them to the intracellular compartment
for the next step of catabolism [54,55]. The TCA cycle is the primary metabolic pathway by which organisms oxidize carbohydrates
and other substances for energy [56-58]. It is also the last metabolic pathway for the three major nutrients in the organism.
Furthermore, the metabolic intermediates of the TCA cycle have critical roles in biological development and the maintenance of
cellular homeostasis [59]. Citric acid is the first intermediate product in the TCA cycle and an increase in citric acid is an important
signal to inhibit catabolic reactions and favor anabolic reactions [60]. Succinic acid and malic acid are also key intermediates in the
TCA cycle, while succinic acid promotes the hydrolysis of brown fat and releases energy, which in turn provides heat to the organism
[61]. Massive and selective accumulation of succinate, an intermediate of the tricarboxylic acid cycle, characterizes the metabolism of
adipose tissue for thermogenesis after activation by exposure to cold, and it is involved in the regulation of glycolipid metabolism as an
energy substance. Succinate from the extracellular environment is rapidly metabolized by brown adipocytes, and its oxidation by
succinate dehydrogenase is required for the activation of thermogenesis [62,63]. Most significantly, the TCA cycle produces energy
with high efficiency, which helps the organism withstand adverse environments like cold [64].

Acute changes in temperature conditions alter the energy metabolic pathways of organisms [65]. For example, Leiocassis longirostris
adapted to low-temperature stress by activating related lipid synthesis and metabolism [66]. Raphidiopsis raciborskii had a lower energy
requirement in low-temperature environments but increased the production of carbohydrates and glycans to maintain cell membrane
stability or withstand oxidative stress [67]. Juvenile sea bass (Dicentrarchus labrax) adapted to low-temperature stress through lipid
metabolism, glucose metabolism, and the tricarboxylic acid cycle [68]. Temperature affects metabolomic pathways related to the
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Fig. 6. Predictive model of the metabolic response of Pacific abalone (Haliotis discus hannai) to low-temperature stress.

tricarboxylic acid cycle and amino acid metabolism in northern shrimp (Pandalus borealis) [69], and shellfish may be resistant to
temperature changes through energy metabolism [70]. In line with the findings of the study on Ulva prolifera’s low temperature
tolerance [71], we discovered that the majority of carbohydrate-related metabolites were consistently up-regulated in our
investigation.

Furthermore, we also noticed that SYDB vs KBDB had far fewer metabolic enrichment pathways than SYFS vs KBFS, and all seven
metabolic enrichment pathways tended to be downregulated in SYDB vs SYFS. It has been shown that two groups of Pacific abalone
(Haliotis discus hannai) experiencing different acclimatization temperatures (10 °C and 30 °C for 62 days) exhibited significantly
different survival rates under an acute heat treatment at 31 °C, and that high-temperature acclimatization may have had a specific
effect on the metabolic processes of abalone, allowing them to make beneficial physiological responses when exposed to heat stress,
which in turn makes them more likely to survive in harsh environments [14].Similarly our previous findings showed that the
bottom-sowing abalone that have experienced low-temperature stress accumulate more total carbohydrates [19]. We suggest that this
accumulation of carbohydrates appears to make the abalone more resilient to low-temperature stress, allowing them to survive in a
more energy-efficient metabolic manner. Although the mechanism needs more clarification, this study may be helpful in providing
insights into the energy metabolism of the Pacific abalone under low-temperature stress. Meanwhile, we suggest exploring other
temperature ranges, assessing the long-term effects of cold stress, or investigating genetic factors influencing metabolic responses in
order to gain a comprehensive understanding of the coping mechanisms of the abalone to low-temperature stress. This research can
provide a scientific basis for optimizing the aquaculture strategy.

5. Conclusions

In this study, we used ultrahigh-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry
(UHPLC-Q-TOF-MS) to investigate the metabolic reactions of the Pacific abalone (Haliotis discus hannai) to low-temperature stress. It
was found that the abalone organism responded to the low temperature by increasing its production of carbohydrates. While glucose
ultimately broke down and participated in the TCA cycle, thereby increasing the available energy, small molecular carbohydrates can
also be employed as antifreeze protectants to shield proteins and cell membranes from harm. Additionally, we observed a slightly
different metabolic response to low-temperature stress between longline cultured abalone and bottom-sowing cultured abalone. These
results could offer novel perspectives on the abalone’s acclimation to cold temperatures and can help optimize culture strategies for
high-quality abalone aquaculture development.
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