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The bay scallop southern subspecies, Argopecten irradians concentricus, which is
widely cultured in southern China waters, is a eurythermal animal that is more adaptive
to high-temperature waters but less tolerant to low-temperature waters. Despite that
temperature is one of the most dominant environmental factors affecting dramatically
its growth, survival, and hence production, the mechanism underlying the responses
to thermal stress has not been explored in this animal. In this study, transcriptomic
and metabolomic analyses were carried out in the adductor muscles of the bay
scallop southern subspecies exposed to low and high thermal stresses. Transcriptomic
analyses revealed that differentially expressed genes (DEGs) were enriched in the
calcium ion, kinase activity, phosphatase activity, and lipid-related pathways in the
group exposed to thermal stress, while most DEGs were enriched in the RNA
processing pathways in the group exposed to low-temperature thermal stress. A large
number of differentially expressed transcription factors involved in oxidation-reduction
process, membrane-related pathways, transmembrane signaling receptor activity, and
transduction-related pathways were induced by exposure to thermal stress. Results
from metabolomic analyses showed that the retinol metabolism, inositol phosphate
metabolism, and phosphatidylinositol pathways may be involved in the responses to
high thermal stress, while more signaling pathways were enriched in the group exposed
to low thermal stress. Integrated analyses of the transcriptomic and metabolomic data
indicated that the degradation of valine, leucine, and isoleucine and the tricarboxylic
acid cycle may be the major events induced by low and high thermal stress, and the
retinol pathway may play critical roles in the responses of the scallops to high thermal
stress. It seems that the bay scallop southern species have evolved distinct pathways
in dealing with low and high thermal stress. Our results may provide useful information
for marker-assisted selection of high-resistant strains in this scallop.

Keywords: high thermal stress, low thermal stress, Argopecten irradians concentricus, transcriptomic analysis,
metabolomic analysis

INTRODUCTION

Water temperature is one of the most dominant environmental factors affecting the success of
aquaculture (Valente et al., 2013). It is well known that water temperature fluctuation has a great
influence on the life cycle, growth, and survival of aquatic animals (Takahara et al., 2011). When
exposed to extreme temperatures, the aquatic animals tend to alleviate stress through a series of
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stress responses (Soyano and Mushirobira, 2018). Therefore,
exploring the responses of aquatic animals to temperature
fluctuations may provide a better understanding on how
organisms cope with environmental challenges.

Various genes and pathways have been suggested to be
involved in the responses of aquatic animals to thermal
stresses. Immunity-associated genes, such as mucin genes
(Wang et al., 2020), mannan-binding lectin-associated serine
protease genes (Gao et al., 2021), heat shock protein (Lin
et al., 2018; Wang et al., 2020), and ferritin (Zhao et al.,
2015), have been found to express differentially under
temperature stress, suggesting the possible involvement
of immune system in stress response in aquatic animals.
Similarly, differential expression of many antioxidant-related
genes, such as catalase unigenes (Dadras et al., 2016; Wen
et al., 2021), superoxide dismutases (Li et al., 2021), and
glutathione peroxidase unigenes (Sun et al., 2020a) under
temperature stress, may indicate the activation of antioxidant
system in thermal stress response. Pathways, such as steroid
hormones (Takahara et al., 2011; Gao et al., 2021), RNA
splicing (Tan et al., 2019), energy metabolism (Artigaud et al.,
2015; Gao et al., 2021), and ubiquitin-mediated proteolysis
(Chen et al., 2018), have also been reported to be involved
in responses to temperature stress in aquatic animals. In
addition, temperature stress may also alter the metabolism of
some important substances, such as fatty acids and lipids, in
aquatic animals (Child and Laing, 1998; Mininni et al., 2014;
Artigaud et al., 2015).

The bay scallop southern subspecies, Argopecten irradians
concentricus (Say, 1,822) (A. i. concentricus), naturally distributed
along the Atlantic coasts of the United States and the Gulf
of Mexico, is a eurythermal species with a temperature range
of 13–33◦C (Zhang et al., 2007). It was introduced to China
in 1991 and is now widely cultured in southern China waters
(Zhang et al., 2007). Unlike the bay scallop northern subspecies,
A. i. concentricus, whose temperature range is –1 to 31◦C
(Zhang et al., 2007), this subspecies is more adaptive to
high-temperature waters but stops growing at temperatures
lower than 13◦C. As an economically important species with
great aquaculture potential as well as a species with special
adaptation to high temperatures, it is thus interesting to examine
its responses to both low and high thermal stresses. The
findings may provide new insights into temperature adaptation
in this species.

MATERIALS AND METHODS

Experimental Design
Argopecten irradians concentricus were collected from a scallop
farm in Laizhou, Shandong Province, China, and transported
to the laboratory. The scallops were kept at 25◦C and
acclimatized to the laboratory conditions for 3 days before
the experiments. Ninety scallops were randomly divided into
three groups and transferred to three different tanks filled
with water at 25◦C. The water in the tanks was either kept
at 25◦C (control group) or cooled to 12◦C (low thermal

stress group) or heated to 32◦C (high thermal stress group)
at a rate of 1◦C/h. The animals were held at the designated
temperature for 72 h, and 15 animals were randomly sampled
for each group at the end of the experiment. The sampled
animals were dissected, and their adductor muscles were
frozen immediately in liquid nitrogen and stored at –80◦C
for subsequent RNA or metabolite extraction. A total of 15
samples were collected for each group, of which 9 samples were
used for transcriptomic analysis and 6 replicates were used for
metabolomic analysis.

Transcriptome Analysis
Total RNA was extracted from the adductor muscles using
a TRIzol reagent (Invitrogen, United Kingdom) following the
manufacturer’s protocols. Three adductor muscles from each
group were pooled together for RNA extraction. Then, three
biological replicates for transcriptomic analysis were used
for Illumina RNA-Seq library construction and sequencing.
After removing low-quality sequences, the transcripts were
mapped to the genome of the bay scallop southern subspecies
(Liu et al., 2020b). Fragments per kilobase of transcript per
million mapped reads (FPKM) were used to calculate the gene
expression levels. The differentially expressed genes (DEGs)
were detected by comparing FPKM values of the experimental
groups (high-temperature stress group and low thermal stress
group) with those of the control group. DEGSeq R package
was used to analyze the differential expression of genes. Genes
with | log2FoldChange| > 0 and at false discovery rate
(padj) < 0.05 were defined as DEGs. For further functional
analysis, Gene Ontology (GO) terms and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database pathways were
utilized to identify the enriched pathways of DEGs with
P < 0.05.

Metabolomic Analysis
Metabolite extractions were performed following the protocol
suggested by Hao et al. (2019). LC-MS/MS analysis was
performed using a Vanquish UHPLC system (Thermo Fisher
Scientific) equipped with an Orbitrap Q Exactive series mass
spectrometer (Thermo Fisher Scientific). This system was
installed with a Hypersil Gold column (100 × 2.1 mm,
1.9 µm) for sample injection. The gradient elution mode
was applied in chromatographic separation. Polarity mode
was performed with 35 arb of sheath gas flow rate and
10 arb of aux gas flow rate at 320◦C by a Q Exactive
series mass spectrometer. Compound Discoverer 3.0 (CD3.0,
Thermo Fisher Scientific) software was used to analyze the
raw data files. Metabolites were annotated by Lipid Maps
database,1 KEGG database,2 and HMDB database.3 Principal
component analysis (PCA) was performed using the software
metaX. Metabolites with P-value < 0.05, VIP > 1, and
FC ≤ 0.5 or fold change ≥ 2 were considered as the differential
metabolites (DMs).

1http://www.lipidmaps.org/
2http://www.genome.jp/kegg/
3http://www.hmdb.ca/
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Integrative Analysis of Transcriptome
and Metabolome
MetScape 3 for Cytoscape4 was utilized to visualize and
integrate networks from enriched DEGs and DMs from
transcriptome and metabolome.

RESULTS

Transcriptomic Analysis
A total of nine libraries from the high thermal group (H),
the low thermal group (L), and the control group (C) were
sequenced, and 43,476,657 (95.77% of total reads), 42,631,564
(96.10%), and 47,198,361 (96.56%) clean reads (GEO accession
number: GSE178138) were obtained. Of all the gene-mapped
reads, 95.29% from L, 95.18% from H, and 95.49% from C were
mapped onto reference genes (Supplementary Table 1).

The number of DEGs for H vs. C was 1,294, with 791
upregulated and 503 downregulated in H compared with C
(Figure 1A). The number of DEGs for L vs. C was 1,276,
with 613 upregulated and 663 downregulated (Figure 1B). The
number of DEGs for H vs. L was 1,550, with 980 upregulated
and 570 downregulated (Figure 1C). Based on the GO analysis,
GO terms were categorized into three major functional groups.
The top 30 GO terms in each major functional group were
shown in Supplementary Tables 2–4. The potential pathways
that may be related to thermal stress response were analyzed.
In summary, 14 DEGs in calcium ion binding, 41 DEGs in
kinase activity, 9 DEGs in phosphatase activity, 21 DEGs in RNA
biosynthetic process, and 28 DEGs in RNA metabolic process
were enriched for H vs. C. In addition, 29 DEGs were assigned to
lipid-related pathways, such as lipid transport, lipid localization,
response to lipid, lipid biosynthetic process, and lipid metabolic
process (Figure 2A). For L vs. C, 21 DEGs in calcium ion
binding, 47 DEGs in kinase activity, 7 DEGs in phosphatase
activity process, and 40 DEGs in lipid-related pathways were
enriched (Figure 2B). Notably, the RNA-related pathways were
the prominent enrichment, including RNA metabolic process
with 40 genes enriched and RNA biosynthetic process with
51 genes enriched. For H vs. L, 20 DEGs in calcium ion
binding, 52 DEGs in kinase activity, 6 DEGs in phosphatase
activity, 50 DEGs in lipid-related pathways, 46 DEGs in RNA
biosynthetic process, and 52 DEGs in RNA metabolic process
were enriched (Figure 2C).

All DEGs were also subjected to KEGG functional analysis
(Supplementary Tables 5–7). Potential temperature stress
response pathway; valine, leucine, and isoleucine degradation;
retinol metabolism; inositol phosphate metabolism; and fatty
acid-related pathways were enriched by DEGs under high
temperature (Figure 3A). Low thermal stress led to the activation
of inositol phosphate metabolism, phosphatidylinositol
signaling system, pentose phosphate pathway, fatty acid-
related pathways, and RNA degradation pathways (Figure 3B).
For H vs. L, stress response pathways include pentose phosphate
pathway; valine, leucine, and isoleucine degradation; inositol

4http://metscape.med.umich.edu/index.html

FIGURE 1 | Volcano plots for DEGs between H vs. C (A), L vs. C (B), and H
vs. L (C).
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FIGURE 2 | Scatterplot of the GO pathway related to temperature stress
response enriched the differentially expressed genes in H vs. C (A), L vs. C
(B), and H vs. L (C).

FIGURE 3 | Scatterplot of the KEGG pathway related to temperature stress
response enriched the differentially expressed genes in the H vs. C (A), L vs.
C (B), and H vs. L (C).

Frontiers in Marine Science | www.frontiersin.org 4 March 2022 | Volume 9 | Article 818083

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-818083 March 23, 2022 Time: 15:45 # 5

Song et al. Responses to Thermal Stresses

phosphate metabolism; RNA degradation; and fatty acid-related
pathways (Figure 3C).

Under high-temperature stress, 434 transcription factors
(TFs) were differentially expressed, representing 33.53% of
the total DEGs. Under low-temperature stress, the number
of differentially expressed TFs was 499, accounting for 39.1%
of the total DEGs. A total of 600 differentially expressed TFs
were identified in H vs. L, constituting 38.7% of the total
DEGs. The GO and KEGG analyses were also applied to
enrich the differentially expressed TFs. GO analyses showed
that these genes were enriched in similar pathways, including
signal transduction-related pathways, membrane-related
pathways, transmembrane transporter activity-related pathways,
G-protein-coupled receptor activity, and oxidation/reduction
(redox) reactions (Supplementary Figure 1). Based on KEGG
analyses, high thermal stress response-related pathways involve
retinol metabolism; valine, leucine, and isoleucine degradation;
fatty acid-related pathways; and signal transduction-related
pathways. Moreover, RNA-related pathways, tricarboxylic
acid cycle (TCA cycle), and signal transduction-related
pathways were enriched under cold stress by KEGG. In H
vs. C, signal transduction-related pathways; fatty acid-related
pathways; and valine, leucine, and isoleucine degradation
pathways were identified by KEGG enrichment analyses
(Supplementary Figure 2).

Identification of Thermal Stress
Response-Related Metabolites by
Metabolomics
In this study, a total of 63 DMs in H vs. C (Figure 4A),
121 DMs in L vs. C (Figure 4B), and 89 DMs in H vs.
L were identified (Figure 4C). PCAs effectively distinguished
DMs into three groups (Figure 5). A total of 30 pathways
were identified in the high thermal stress group, which
were linked to retinol metabolism, cAMP signaling pathway,
inositol phosphate metabolism, sphingolipid signaling pathways,
phosphatidylinositol signaling system, and cGMP-PKG signaling
pathway (Figure 6A). A total of 60 pathways were identified in
the low thermal stress group, including calcium signaling; valine,
leucine, and isoleucine degradation; regulation of lipolysis in
adipocytes; cGMP-PKG signaling; cAMP signaling; sphingolipid
signaling; PI3K-Akt signaling; mTOR signaling; AMPK signaling;
and FoxO signaling, as the major altered signaling pathways
(Figure 6B). For H vs. L, 40 pathways were enriched, with many
DMs involved in valine, leucine, and isoleucine degradation;
phosphate-related pathways; fatty acid-related pathways; and
metabolic pathways (Figure 6C).

Integration of the Transcriptome and
Metabolome Profiles
Integrated analysis of DEGs and DMs responsive to temperature
stress revealed several different enriched pathways. The
results showed that the pentose phosphate pathway; fatty
acid biosynthesis; TCA cycle; and valine, leucine, and
isoleucine degradation may have participated in responses
to high and low thermal stress, while the retinol pathway is

FIGURE 4 | Heatmaps of differential metabolites in the H vs. C (A), L vs. C
(B), and H vs. L (C).
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FIGURE 5 | PCA score plots of differential metabolites in the H vs. C (A), L vs.
C (B), and H vs. L (C).

FIGURE 6 | Scatterplot of the KEGG pathway related to temperature stress
response enriched the differential metabolites in the H vs. C (A), L vs. C (B),
and H vs. L (C).
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likely involved in the responses to high-temperature stress
(Supplementary Figures 3, 4).

DISCUSSION

Water temperature is one of the major factors affecting the
growth, metabolic rate, and survival of aquatic animals.
Temperature stress reduces the fitness of the aquatic organisms,
which will have to make adaptive responses to maintain
physiological homeostasis. Acting as a stressor, the water
temperature can induce various complicated responsive
processes in aquatic organisms. An overview of signaling
pathways in the responses of animals to temperature stress
is shown in Figure 7. Initially, the stress is perceived by the
receptors on the cell membranes, followed by the activation
of phospholipase to generate signaling molecules (Mahajan
and Tuteja, 2005), including second messengers, especially
calcium. Second messengers generated by different types
of stresses are similar (Bjornson et al., 2016). These second
messengers transduce signals to effectors by initiating an array
of downstream cascades, which may be the activation of kinases
and/or phosphatases (Schmidt et al., 2018). These signals target
the transcription factors or the major stress genes controlling
these genes (Soyano and Mushirobira, 2018). The products of
stress-responsive genes/pathways help the organisms in adapting
to unfavorable environments and ultimately lead to survival.
In this study, an integrative analysis of the transcriptome and
metabolome displayed a comprehensive perspective between
the DEGs and the DMs responding to temperature stress in
A. i. concentricus.

The Second Messengers
In this study, the calcium ion binding pathway and lipid
metabolism pathways were enriched in both H and L thermal
stress groups, indicating again that scallops employed similar
second messengers in both high and low thermal stress responses.

Calcium Ion Binding Pathway
As a second messenger, calcium plays an important role in signal
transduction pathways, mediating various defensive responses
under external stresses. It is noticeable that the DEGs enriched
in calcium ion binding pathways were different in the high
and low thermal stress groups. Notably, 14 DEGs in the high
thermal stress group and 21 DEGs in the low thermal stress
group were found to be involved in the calcium ion binding
pathway. The calcium signals produced by different stimuli
differ in kinetic and spatial features (Delian et al., 2014), and
therefore, the subsequent responses induced were also different,
as observed in this study. As a DEG, calmodulin in calcium
ion binding pathways was upregulated in both thermal stress
groups. Calmodulin is a primary intracellular mediator of
calcium signaling (Kudla et al., 2010). Recently, it has been
demonstrated that calmodulin was a key component in the heat-
shock signal transduction pathway in Arabidopsis (Arabidopsis
thaliana) (Zhang et al., 2009). Studies in papaya (Carica papaya
L.) showed that calmodulin also responded to high and cold

FIGURE 7 | An overview of temperature stress signaling pathways.

temperature stresses (Ding et al., 2018). In this study, it is likely
that calmodulin acting as a calcium sensor may participate in
thermal stress response.

Lipid Metabolism
It is well known that lipids are major components of membranes.
The membrane fluidity or permeability can be altered through
membrane lipids to deal with diverse stresses (Jain et al.,
2018). In our study, it was notable that changes in lipid
metabolism, such as lipid transport, lipid localization, response
to lipid, lipid biosynthetic process, and lipid metabolic process,
were observed in both high and low thermal groups. These
results indicated that some properties of membranes may be
changed by temperature stress, which was also confirmed by
the enrichment of TFs. Membrane is the first target influenced
by temperature change, and lipid components in membrane
formulation immediately respond to this challenge (Farkas et al.,
2001). Temperature stress causes alterations in the fluidity of
the membranes by altering the proportion of unsaturated fatty
acids in the membrane (Losa and Murata, 2004). In animals,
changes in membrane fluidity can modulate the activity of G
protein, which is a component of signal-transduction systems
and is related to transmembrane receptors (Gudi et al., 1998).
In addition, lipid metabolism, including phospholipases, lipid
kinases, or phosphatases, may generate specific second messenger
molecules from membrane lipids in response to thermal stress.
Phospholipids may be hydrolyzed by phospholipases, which may
generate a number of lipophilic molecules to mediate calcium
signals under stress (Barman et al., 2018). It has been proved
that kinases and phosphatases may function in calcium-signaling
pathways to amplify and mediate the signal transduction of the
cascade in response to temperature stress (Jonak et al., 1996;
Sopory and Munshi, 2010). In our results, the phosphatases
pathway, the phospholipases pathway, and the kinase pathway
were enriched in both the high and low thermal stress groups,
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although the DEGs were different. Specific responses may be
induced by different lipid signals in the high and low thermal
stress groups. It is thus possible that temperature sensors detect
various changes in the membrane and initiate different signal
transduction machinery.

Transcription Factors
The second messengers target the transcription factors or
the major stress-responsive genes controlling responsive genes.
Upstream transcriptional factors may regulate the stress-
responsive genes with the promoters in stress genes (Mahajan
and Tuteja, 2005). Previous studies in plants showed that
transcription factors control a series of enzymes, proteins, and
pathways to defend against thermal stress (Naohiko et al.,
2017; Yu et al., 2020). In our study, a functional enrichment
analysis indicated that numerous TFs from DEGs were enriched
in the signal transduction-related pathways, membrane-related
pathways, transmembrane transporter activity-related pathways,
G-protein-coupled receptor activity, and oxidation/reduction
(redox) reactions. It has been reported that redox reaction was
enriched in both cold stress-induced and heat stress-induced
genes in zebrafish (Danio rerio) (Dhanasiri et al., 2013), which is
consistent with our results. It was speculated that thermal stress
(cold or heat) can lead to alterations in the redox reaction. It
was shown that redox activated the responses of stress through
the control signal pathway (Nobuhiro et al., 2012). In addition,
it is known that the intracellular redox state can modulate
gene expression by activating the TFs or by binding the TF
to the modular promoter elements of the target gene (Liu
et al., 2005). This may explain the enrichment of transcription
factors in this pathway. Thus, the redox state can regulate
signaling pathways and the expression of TFs, thereby enabling
the adjustment of metabolism and development in response to
stress (Liu et al., 2005).

Besides their crucial roles as molecular switches for gene
expression, TFs may also act as terminal points of signal
transduction in response to thermal stress (Chen et al., 2008).
The result of Lilium lancifolium also supported this point
(Wang et al., 2014). This could possibly explain the enrichment
of the transmembrane signaling receptor activity and protein
phosphorylation pathway for TFs.

Responses Under Thermal Stress
Valine, Leucine, and Isoleucine Degradation Pathway
Notably, our results of integrated network analysis of
transcriptomics and metabolomics showed that valine, leucine,
and isoleucine degradation pathway was enriched in both
thermal stress groups. DEGs in the valine, leucine, and isoleucine
degradation were downregulated. Similar observations were
observed in hybrid grouper under low thermals (Fan et al.,
2019). Valine, leucine, and isoleucine are branched-chain
amino acids (BCAAs), and they are also essential amino acids
(Holeček, 2018). The degradation of BCAAs can be glucogenic
(valine), ketogenic (leucine and isoleucine), or both (isoleucine).
The end products of degradation are the main substrate for
the TCA cycle for energy generation (Banerjee et al., 2020).
Therefore, BCAAs are important in the antifreeze reaction

(Soyano and Mushirobira, 2018). Consistent with this possibility,
the downregulated valine, leucine, and isoleucine degradation
pathway may indicate that BCAAs were employed to resist the
cold stress via energy production.

It is notable that the valine, leucine, and isoleucine degradation
pathway was the only significantly enriched upregulated KEGG
pathway in the H group. Similar results were also reported in
pearl millet (Pennisetum glaucum L.) (Sun et al., 2020b). As the
major component of tissue proteins, BCAA supplementation has
been shown to decrease muscle protein breakdown and increase
protein synthesis (Zhang et al., 2017). It was found that feeding
of leucine improved thermotolerance in chicks (Chowdhury
et al., 2021). It has also been reported that the supplementation
of BCAAs accelerated recovery following injury by heat and
synthesis of related protein (Hsu-Ming et al., 2012). Therefore,
it was speculated that increased valine, leucine, and isoleucine
degradation may have positive effects on immune response and
protection against muscle injury caused by high thermal stress.

Mobilization of Stored Energy Reserves
Integrated analysis of transcriptomics and metabolomics in
energy metabolism perspective in H and L groups showed similar
results. It is interesting to note that most DEGs related to lipids
were upregulated. However, most DMs related to fatty acids and
lipids were downregulated. Integrated analysis revealed that TCA
was enriched under both thermal stresses. As energy metabolism,
TCA is the main source of energy for the organism. These results
suggested that stored energy reserves were mobilized under
thermal stress. Similar observations were found in thermally
stressed organisms, such as sea bream (Sparus aurata) (Mininni
et al., 2014) and king scallop (Pecten maximus) (Artigaud et al.,
2015). Based on the concept of energy-limited tolerance to stress,
relatively more energy is put into physical function maintenance
and the energy stored is reduced or even depleted under non-
optimal conditions (Ibarz et al., 2010). Exposure to non-optimal
temperatures might impose on additional energetic costs. In
addition, depletion of fat reserves is more significant at low
temperatures than that at high temperatures by metabolomic
analysis. One possible explanation is that more energy was
consumed under low thermal stress.

Retinol Pathway Under High Thermal Stress
According to the KEGG analysis of DEGs and DMs from H vs.
C, the retinol metabolism may be involved in the response to
high thermal stress. This result was consistent with the integrated
network analysis. Most DEGs and DMs enriched in the retinol
metabolism pathway were upregulated in the H group. Retinol
is the main existing form of vitamin A, which is an essential
nutrient for maintaining the physiological metabolism of aquatic
animals (Gonçalves et al., 2016). In marine fish, retinol has been
shown to protect the skeleton from abnormality and modulate
immune response (Takeuchi et al., 1998; Fernández and Gisbert,
2011; Negm et al., 2013; Sharifian et al., 2017). In addition, a
few studies showed that retinol may provide protection from
heat stress. It was reported that retinol may stabilize sperm
acrosomal membrane under oxidative stress caused by high
temperatures (Maya-Soriano et al., 2013b). Similarly, retinol has
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been proved to be valuable in heat-stressed oocyte protection
(Maya-Soriano et al., 2013a). As the precursors of vitamin A,
carotenoids are the main sources of retinol in animals (Olson,
1992). It was shown that high content carotenoids improved
survival rates under high-temperature stress by enhancing the
antioxidant system in pearl oyster (Pinctada fucata) (Meng et al.,
2017). Thus, the upregulated retinol pathway may be one of the
reasons for the high-temperature tolerance of A. i. concentricus.
This is possible because retinol acts as an antioxidant agent
against peroxidation in living cells (Sinbad et al., 2019).

RNA Processing Under Low Thermal Stress
A broad array of genes related to RNA processing were active
at low thermal stress. At low temperature, the RNA folding
problem becomes more dominant because non-native structures
are more stable (Rajkowitsch et al., 2007). Numerous studies have
demonstrated that RNA processing is altered by cold stimuli in
maize (Zea mays) (Liu et al., 2020a), Drosophila (Colinet et al.,
2017), and sea bream (Sparus aurata) (Ibarz et al., 2010). In
general, alternation of RNA processing is suggested to require
compensation for the enhanced stability of RNA secondary
structures at cold temperatures.

CONCLUSION

This study aimed to examine the mechanisms underlying the
responses of the scallops to heat and cold stress. Combining
metabolomic and transcriptomic approaches, we identified
differential expression in a number of pathways. Several DEGs
and DMs were found to be involved in calcium pathway and
lipid-related metabolism pathways, suggesting that the second
messengers may participate in thermal stress response. A large
number of TFs from DEGs were enriched in membrane and
redox reactions, suggesting that TFs play important roles in
response to thermal stress. The results also showed that both
high and cold temperature stress modified valine, leucine, and
isoleucine degradation pathway and energy reserves. Despite the
enrichment of common pathways, DEGs and DMs, different
genes and metabolites appear to be responsible for pathway
activation in both the high and cold temperature stress
groups. Moreover, the retinol pathway was revealed to be
involved in response to heat stress. And low temperature could
induce RNA processing.

The results in this study may have immediate application
in scallop breeding. For example, retinol metabolism-related

genes may be used as markers for the selection of heat-resistant
strains of scallops.
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