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High temperature induced
metabolic reprogramming
and lipid remodeling in a
high-altitude fish species,
Triplophysa bleekeri
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The effect of thermal changes on the physiology and behavior of fish is a major

research focus in the face of ongoing global warming. There is little information

about the effects of temperature increase on fish in the wild. However, the

consequences of temperature increase on fish in controlled laboratory

conditions can provide insights into what can be expected in the wild.

Triplophysa bleekeri, a high-plateau fish, exhibits high sensitivity to high

temperatures, suggesting it to be a good model to investigate the impact of

temperature increase on fish. In this study, we analyzed the effect of gradual

temperature increase on transcriptional and metabolic levels of T. bleekeri

subjected to a gradual temperature change of 0.5°C/day until temperatures of

10°C, 13°C, 16°C, and 19°C were reached. Transcriptomics results of the liver,

gut, spleen, and trunk kidney showed that metabolic pathways are widely

involved in the response to increased temperatures in T. bleekeri. Lipidomics

results further indicated that the lipid composition was altered by increased

temperatures, and three lipids (PC 14:0e/22:1, PC 18:0e/22:5, and TAG 14:3-

21:2-21:2) were identified as potential biomarkers of heat stress in T. bleekeri.

Moreover, a decline in unsaturated fatty acid levels was observed in T. bleekeri

under high temperatures. These results suggest that high temperatures modify

the metabolomic pathways. Overall, our results help improve the

understanding of physiological responses in fish to increased temperatures,

and provide valuable information predicting the consequences of global

warming on fish.
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temperature change, heat stress response, lipid metabolism, metabolic reprogramming,
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Introduction

Temperature acts as an important abiotic factor that

constrains the geographical distribution and controls the

physiological and behavioral parameters of fish (Nilsson et al.,

2009; Dadras et al., 2017; Forgati et al., 2017). Fish have evolved

the ability to adapt to a certain range of temperature variations

in nature, such as seasonal variations and diurnal fluctuations

(Crozier and Hutchings, 2014). However, the magnitude of

temperature change approaching or beyond the thermal

tolerance range of fish can lead to severe sublethal

disturbances and mortality (Donaldson et al., 2008). In the

context of ongoing global warming, threats for over one-third

freshwater fish species have increased considerably (Barbarossa

et al., 2021). Fish populations, biodiversity, and distribution have

been altered by rising temperature coupled with increased

extreme climate events around the world, and some fish

species even face local extinction (Free et al., 2019; Punzón

et al., 2016). Hence, there is a need to better understand the

impact of temperature increase on fish physiology for predicting

the consequences of global warming on fish.

The capacity of fish to cope with temperature changes is

closely related to the degree of phenotypic plasticity (Norin et al.,

2016; Keen et al., 2017). Phenotypic plasticity is defined as the

ability of a genotype to produce different phenotypes in response

to different environmental conditions (Pigliucci et al., 2006).

When fishes face a challenge caused by temperature changes,

they attempt to alter their physiological and behavioral traits

through producing a cascade of plastic responses (e.g.,

neuroendocrine, metabolic, cellular, and immunological

responses), a process termed acclimation, to resist sublethal

and lethal effects (Donaldson et al., 2008; Alfonso et al., 2021).

Increasing evidence shows that transcriptional variabilities are

key contributors to phenotypic plasticity, allowing organisms to

adapt to a changing environment (Smith et al., 2013; Wellband

and Heath, 2017; Ecker et al., 2018; Li et al., 2021).

Understanding the transcriptional variability of fish to altered

temperature is critical for assessing the heat/cold acclimation

ability in the face of climate change. Coincident with the

advancement of sequencing, RNA-seq offers opportunities to

explore transcriptional responses as well as molecular

mechanisms underlying responses (Oomen and Hutchings,

2017). The transcriptional plasticity to temperature decrease

has been described in multiple teleosts using RNA-seq (Long

et al., 2012; Zhou et al., 2019; Liu et al., 2020; Long et al., 2020).

However, there is little information to explain the transcriptional

responses to temperature increase in fishes (Alfonso et al., 2021).

Both acute and chronic exposures to high temperature are

regarded as a stress by fish, inducing transcriptional changes

in processes including stress response, signal transduction,

metabolism, and immune response (Smith et al., 2013; Guo

et al., 2016; Huang et al., 2018; Chen et al., 2021). With respect to
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long-term heat stress, the number of differentially expressed

genes (DEGs) involved in stress and immune response decreased

comparing to that of short-term challenge studies (Narum and

Campbell, 2015; Li et al., 2017), which suggests that fishes

acclimate to temperature increase after chronic heat stress.

Stenothermal high-plateau fishes are expected to be

vulnerable to global warming. However, the mechanism

underlying the response of high-plateau fish to temperature

increase is still largely unknown. Triplophysa bleekeri, an

endemic fish inhabiting the peripheral areas of Qinghai-

Tibetan Plateau, is widely distributed at elevations of 200–

3,000 m (Wang, 2013). The optimal temperature range of T.

bleekeri is 14–15°C, and this fish can spawn even in December

(approximately 10°C) (Wang et al., 2013). However, T. bleekeri

dies as a result of long-term exposure to temperatures exceeding

21°C. This means that T. bleekeri is very sensitive to high

temperatures. Therefore, T. bleekeri is an ideal model for

studying the impact on fish due to temperature increase. To

gain a comprehensive understanding of transcriptional

responses to temperature increases, we detected the

transcriptional variations in multiple tissues (liver, gut, trunk

kidney, and spleen) under four temperature conditions (10°C,

13°C, 16°C, and 19°C). This approach differs from those in

previously reported studies on transcriptional responses to

temperature changes in fish in that previous studies used a

single or two tissues for RNA-seq. The transcriptional change of

genes involved energy metabolism is a critical part of the

plasticity response to temperature increases (Veilleux et al.,

2015; Jeffries et al., 2016). Hence, we hypothesized that the

transcriptional levels of metabolism pathways are affected by

temperature increases in T. bleekeri, resulting in changes in

metabolites. Liver tissue is a lynchpin in metabolic

reprogramming in response to temperature changes (Barat

et al., 2016; Lyu et al., 2018; Paul et al., 2021). In this study,

we characterized the lipid metabolite changes in the liver of T.

bleekeri at high temperatures using a hybrid quadrupole time-of-

flight mass spectrometry (UHPLC-QTOF-MS) and gas

chromatography-mass spectrometry (GC-MS) analysis. To the

best of our knowledge, only a few studies have examined the

metabolic profile of fish at high temperatures. Our findings

reveal the transcriptional and metabolic response of T. bleekeri

exposed to high temperatures, and provide valuable information

for understanding how fish biology will be affected by

global warming.
Materials and methods

Animals and sampling

Fish were caught from a tributary of the Yangtze River using

brails and were then transferred to the laboratory. Fish were
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maintained in indoor tanks (50 × 40 × 30 cm) with a water-

circulating system at 15°C under a 14L:10D lighting cycle. All fish

were fed tubificid worms twice daily. Fish were acclimated under

these conditions for 3 weeks before the formal experiment. After

acclimation, fish (weight 5.6 ± 0.8 g, length 7.1 ± 0.6 cm) were

randomly split into four groups, i.e., 10°C group (3 tanks, n = 9/

tank), 13°C group (3 tanks, n = 9/tank), 16°C group (3 tanks, n = 9/

tank), and 19°C group (3 tanks, n = 9/tank). The temperatures were

gradually declined/increased from 15°C to four temperature

conditions (10°C, 13°C, 16°C, and 19°C) at a rate of

approximately 0.5°C/day using a thermostat. Fish were

maintained at aforementioned temperature conditions for 2

weeks. Thereafter, fish were anesthetized by immersion in ice-

cold water and were immediately dissected to collect the liver, gut,

trunk kidney, and spleen samples. These tissues were quickly frozen

in liquid nitrogen for 1 h and then stored at −80°C.

All experimental protocols were approved by Southwest

University, and the study was carried out under the protocols

of the Institutional Animal Care and Use Committee of

Southwest University.
RNA sequencing

Total RNA was extracted from the liver, gut, trunk kidney,

and spleen using an Animal Total RNA Isolation Kit (Foregene,

China). The quality and quantity of RNA were detected as our

previous study (Yuan et al., 2020). Samples with a total RNA

concentration ≥ 10 mg and RIN ≥ 8 were used for sequencing.

The RNA sequence library was constructed using a paired-end

sample preparation kit (Illumina Inc., USA), and the library was

sequenced on an Illumina HiSeq 2000 sequencer.
RNA-seq data analysis

A quality control step was conducted on the raw sequencing

reads of each sample before bioinformatics analysis. The raw

reads were filtered, and then clean reads were aligned to the

reference genome of T. Bleekeri (Yuan et al., 2020) using HISAT

(Kim et al., 2015). The differentially expressed genes (DEGs)

between the low-temperature and high-temperature groups were

analyzed using DESeq2 (Love et al., 2014). The DEGs of each

group were identified and compared with the other group in T.

Bleekeri. Genes with p-value < 0.01 and |log2FC| > 1 were

considered as DEGs. GO enrichment and KEGG pathway

analyses for DEGs were performed using Tbtools (Chen et al.,

2020). R packages ggplot and cytoscape were used for

visualization of the Go and KEGG enrichment results. The

Short Time-series Expression Miner (STEM) analysis based on

FPKM values was conducted to cluster, compare, and visualize
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gene expression data from the four temperature groups. Genes

which had similar expression patterns were clustered into a

profile (Ernst and Bar-Joseph, 2006).
Validation of RNA-Seq results using real-
time PCR

Total RNA was extracted from the tissue samples, viz., liver,

gut, trunk kidney, and spleen, as described above. The synthesis

of cDNA was conducted as described in our previous study

(Yuan et al., 2021). Real-time PCR (RT-PCR) was performed on

the LightCycle 96 (Roche, USA). Primers for the target genes

were designed based on the genomic and transcriptomic data of

T. bleekeri (Yuan et al., 2020) and are listed in Supplementary

Table A.1. b-actin was used as the reference gene, and the

relative gene expression was analyzed as described in our

previous study (Yuan et al., 2021).
Lipid extraction for UHPLC-QTOF-MS
and GC-MS analysis

Lipid extraction was carried out on liver samples, and six

liver samples each were sampled from fish of 10°C, 13°C, 16°C,

and 19°C groups. Into an EP tube, 25 mg of each liver sample,

200 mL of water, and 480 mL of extracting solution (VMTBE:

VMeOH = 5: 1) were added sequentially. This mixture was

homogenized (35 Hz, 4 min) and sonicated for 10 min. After

repeating this process three times, the mixture was incubated (1

h) at -40°C and centrifuged at 4°C (3,000 rpm, 15 min), and then

the supernatant (350 mL) was dried at 37°C. The dried sample

was then reconstituted in 50% methanol in DCM (200 mL) by
sonication for 10 min. The mixture was centrifuged at 4°C

(13,000 rpm, 15min). Subsequently, the 75 mL of supernatant

was used for UHPLC-QTOF-MS analysis.

Similarly, each liver sample (50 mg) was extracted with 460 mL
of extracting solution (VIsopropanol: Vn-Hexane = 2: 3), and then mixed

with 40 mL of Octadecanoic-D35 acid (1 mg/L). The mixture was

placed in an ice-water bath for 5 min and then centrifuged at 4°C

(12,000 rpm, 15 min). The supernatant was transferred to a fresh

tube. Next, the extracting solution (500 mL) was added to the

mixture, which was then placed in an ice-water bath and

centrifuged for 15 min, as mentioned above. The supernatant was

collected and mixed with the previously obtained supernatant. The

resulting supernatant (400 mL) was then added to a fresh tube, dried
under nitrogen, and mixed with 200 mL of methanol and 100 mL of

(trimethylsilyl) diazomethane and maintained for 15 min. This

mixture was dried under nitrogen, reconstituted in 160 mL of n-

hexane, and then centrifuged at 4°C (12,000 rpm, 5 min). The

resulting supernatant was used for GC-MS analysis.
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UHPLC-QTOF-MS analysis of lipids

The lipid analysis was performed by an UHPLC System (AB

Sciex, USA), coupled with a high-resolution mass spectrometer

(Triple TOF 5600, AB Sciex). Lipid species were separated using

mobile phases A and B. The mobile phase A consisted of 40%

water, 60% ACN, and 10 mmol/L HCOONH4, and the mobile

phase B consisted of 10% ACN and 90% IPA. The mobile phase

was carried out as described previously (Zhang et al., 2021). The

injection volume was 1 mL for the positive ionization (POS)

model and negative ionization (NEG) model, respectively. MS/

MS spectra were acquired on an information-dependent

acquisition (IDA) model using the Triple TOF 5600 mass

spectrometer. In the IDA model, the full scan survey MS data

was continuously evaluated using analyst TF 1.7 (AB Sciex).
GC-MS analysis of free fatty acids

The free fatty acid (FFA) profiles in the liver samples were

analyzed using an Agilent 7890 B gas chromatography system

coupled with an Agilent 5977B mass spectrometer and

an Agilent DB-FastFAME capillary column (Agilent

Technologies, USA). Helium was used as the carrier gas (flow

rate: 3.0 mL/min). The temperature program conditions were as

follows: the initial temperature was maintained at 75°C for 1

min, raised to 200°C (rate: 50°C/min), and maintained at 200°C

for 15 min. The temperature was then increased to 210°C (rate:

2°C/min) for 1 min, finally increased to 230°C (rate: 10°C/min)

and maintained at 230°C for 16.5 min. The analytes were ionized

by electron impact (EI) at -70 eV. Subsequently, the mass

spectrometry data were obtained in Scan/SIM mode with

continuous scanning ions from m/z 33 to 400.
Lipid data processing

The format of raw data files (.wiff format) was converted to

special format (mzXML) (Holman et al., 2014). Then, the XCMS

software (parameters: minfrac=0.5; cutoff=0.3) was used to

generate the peak information of MS1, including the retention

time (RT), peak area, and m/z values (Tautenhahn et al., 2012).

Lipids were identified using the LipidBlast library based on RT

and m/z values in the MS/MS spectra (Kind et al., 2013). The

principal component analysis (PCA) and orthogonal projections

to latent structures discriminant analysis (OPLS-DA) were

performed as previous study (Wen et al., 2018), and the VIP

was obtained using OPLS-DA. The SPSS 23 was used to analyze

data using Student’s t-test. The lipids with p-values < 0.05, and

VIP > 1 were considered significantly different. The GraphPad

Prism 9 software was used for visualization of lipids. The
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differential lipids were normalized by Z-score following

the equation:

Z = (x-m)/s
in which, z is the value of Z-score, x is a value of data, m is a mean

of data, and s is a number of standard deviation of data. The

normalized differential lipids were analyzed by K-means

clustering using fpc and cluster package in R to illustrate

pattern in lipids with the increasing temperature.
Results

RNA-seq analysis reveals metabolic
reprogramming under high temperatures

To comprehensively investigate the transcriptional response

to temperature variations, 48 samples from the liver, gut, spleen,

and trunk kidney at 10°C, 13°C, 16°C, and 19°C were used for

library construction and sequenced. In total, 2,176 Mb of raw

reads were obtained. All raw reads were deposited in the NCBI

SRA database. After filtering the raw reads, approximately 2,133

Mb clean reads were obtained from each library. The average

Q20 and Q30 of the clean reads were 98.14% and 94.24%,

respectively. Approximately 92.47% of the clean reads from

each library were mapped to the reference genome of T.

bleekeri (Supplementary Table A.2).

A total of 1,150, 1,709, 1,243, and 510 DEGs were identified

in the gut, spleen, trunk kidney, and liver among the four

temperature groups (10°C, 13°C, 16°C, and 19°C) through

pairwise transcriptome comparison. The largest number of

DEGs was observed in the aforementioned tissues between 19°

C group and 10°C group (Supplementary Table A.3). The

functional enrichment analysis on the KEGG and GO

parameters for DEGs was conducted to elucidate molecular

pathways involved in transcriptional response to temperature

variations. DEGs (19°C group vs. 10°C group) were mainly

enriched in categories related to energy metabolism, such as

lipid metabolic process, lipid biosynthetic process, steroid

metabolic process, fatty acid metabolic process, cellular

carbohydrate metabolic process, and glucose metabolic process

(Figure 1; Supplementary Table A.4). Besides, DEGs were also

significantly enriched in signal transduction, immune response,

stress response (Supplementary Table A.4). Carnitine

palmitoyltransferase 1A (CPT1A) was shared as a DEG by all

four tissues, and was upregulated in the 19°C group

(Supplementary Figure A.1; Supplementary Table A.4).

To validate the RNA-seq results, DEGs in the liver, gut,

spleen, and trunk kidney of four groups were randomly selected

and analyzed by RT-PCR. The expression patterns of DEGs

detected using RT-PCR were highly consistent with RNA-seq

data (Supplementary Figure A.2).
frontiersin.org

https://doi.org/10.3389/fmars.2022.1017142
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Yuan et al. 10.3389/fmars.2022.1017142
Clustering analysis reveals dynamic
expression profiles of genes with
increasing temperature

A clustering analysis (STEM) was conducted to investigate

the dynamic expression patterns of genes with increasing

temperature. A total of 10, 9, 9, and 8 significant expression

profiles (P < 0.01) were identified in the gut, spleen, trunk

kidney, and liver, respectively (Supplementary Figure A.3). The

clustered profile 25 and 0 reflect responsive genes that

consistently increase or decrease along with increasing

temperature, respectively. The biological functions of genes in

profile 25 and 0 (P < 0.01) were further analyzed through GO

and KEGG assignments. Genes in profile 25 mainly enriched in

arachidonic acid metabolism, Hedgehog signaling pathway,

Fanconi anemia pathway, DNA repair and recombination

pathway, mTOR signaling pathway, thyroid hormone signaling

pathway, insulin signaling pathway, metabolic process,

and response to stimulus (Figure 2). The majority of

genes in profile 0 were involved in ribosome biogenesis,
Frontiers in Marine Science 05
glycosylphosphatidylinositol (GPI)-anchored proteins,

adipocytokine signaling pathway, glucagon signaling pathway,

signal transduction, and cellular response to stimulus (Figure 2).
Untargeted lipidomics shows
lipid remodeling along with
increasing temperature

Twenty-four liver samples from the 10°C, 13°C, 16°C, and 19°C

groups were processed for UHPLC-QTOF-MS analysis in the POS

and NEG modes. PCA and OPLS-DA analysis indicated that

aforementioned groups achieved good separation of lipid extracts

(Figure 3; Supplementary Figure A.4). Finally, 2,560 lipids were

identified based on existing databases. These detected lipids were

further analyzed to identify differential lipids. In total, 265

differential lipids were identified among the four temperature

groups. These differential lipids were predominantly attributable

to phosphatidylcholine (PC, 12.08%), triacylglycerol (TAG,

10.57%), and phosphatidylethanolamine (PE, 7.55%) (Figure 3).
FIGURE 1

Significantly enriched KEGG items of DEGs (19°C group vs. 10°C group).
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The largest number of differential lipids was observed in the 19°C

group vs. 13°C group (142), followed by the 19°C group vs. 10°C

group (105) (Supplementary Table A.5). The differential lipids with

high fold change in 19°C group vs. 13°C group, and 19°C group vs.

10°C group are showed in the Figure 3.
Clustering analysis reveals potential
markers of heat stress

To investigate the dynamic change of differential lipids with

increasing temperature, the K-means analysis was conducted. The

total of nine clusters was obtained (Figure 4), and the list of

differential lipids from each cluster is shown in Supplementary

Table A.6. The clusters 1 and 9 contain consistently decreasing and

increasing lipids with increasing temperature, respectively. PC

14:0e/22:1, PC 18:0e/22:5, and TAG 14:3-21:2-21:2, which belong

cluster 9, have a high content under temperature 19°, suggesting

that these three lipids can be used as potential biomarkers of heat

stress in T. bleekeri (Figure 4; Supplementary Table A.6).
Frontiers in Marine Science 06
Targeted lipidomics reveals decreased
concentration of unsaturated fatty acids
under high temperature

The targeted lipidomics was conducted using a GC-MS

platform to evaluate the effect of high temperature on free fatty

acids (FFAs). 49 FFAs were detected, and 14 FFAs were significantly

altered in 19°C group compared to that of 10°C group (Figure 5).

Among these 14 FFAs, only heneicosanoic acid was significantly

elevated in the 19°C group. Unsaturated fatty acids, such as 9-elaidic

acid, 9-palmitelaidic acid, 10-pentadecenoic acid, 11-octadecenoic

acid, 11-eicosenoic acid, 6,9,12-linolenic acid, 7,10,13,16-

docosatetraenoic acid, and 4,7,10,13,16-docosapentaenoic acid,

were significantly decreased in the 19°C group.
Discussion

In this study, we used two postgenomic approaches,

transcriptomics and lipidomics, to reveal the transcriptional and
A

B C

FIGURE 2

Dynamic expression profiles of genes with increasing temperature. (A) Temperature conditions and sample collections. (B) Expression patterns of
consistently increasing and decreasing genes identified by STEM analysis. (C) KEGG enrichment results of genes belonging to profile 0 and 25.
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lipid alterations in T. bleekeriwith increasing temperature. RNA-seq

analysis reveals that metabolic pathways are widely involved in the

response to temperature changes. In T. bleekeri, DEGs (19°C vs. 10°

C) were significantly enriched in the lipid metabolic process, lipid

biosynthetic process, steroid metabolic process, and fatty acid

metabolic process. This observation is similar to the results

observed in other fish. The expressions of genes involved in lipid

metabolism category were significantly changed in response to

elevated temperature in Sparus aurata (Balbuena-Pecino et al.,

2019), and Scophthalmus maximus (Zhao et al., 2021). In

Acanthochromis polyacanthus, a tropical damselfish, lipid

metabolism genes were among the most upregulated

transgenerationally at elevated temperatures (Veilleux et al.,

2015). These results suggest that lipid metabolism has a critical

role in heat resistance in fish, which is a conservation mechanism

for responding to high temperatures.

To explore the role of lipid metabolism in temperature

acclimation of T. bleekeri, mass spectrometry-based lipidomics

was used in this study. As the liver is a central player in lipid

metabolism, the differences in lipid profiles of the liver among

10°C, 13°C, 16°C, and 19°C groups were investigated. Significant
Frontiers in Marine Science 07
lipid remodeling was observed in T. bleekeri with increasing

temperature. The contents of PC, TAG, and PE account for

the majority of differential lipids. PC and PE, which act as

structural lipids, are an essential component of the cellular

membrane (Coskun and Simons, 2011). In fish, the

phospholipid composition of the cell membrane was altered

by temperature (Farkas et al., 2001; Grim et al., 2010). In

rainbow trout (Oncorhynchus mykiss), the levels of PC and

lysophosphatidylcholine (LysoPC) in the liver were reduced

after exposure to high temperatures (Li et al., 2022). Here,

most of the glycerophospholipids containing polyunsaturated

fatty acids (PUFAs), such as PC 18:5-22:6 and PE 22:4e-20:5,

were downregulated in the 19°C group (Supplementary Table

A.5.). It suggests that these PUFAs play an imporatnt role in

lipid remodeling in T. bleekeri under high temperatures, since

the proportion of saturated and unsaturated acyl chains in

membrane lipids is closely related to membrane viscosity and

fluidity (Ernst et al., 2016). Fatty acids are also an important

component of membrane phospholipids as well as a major

energy source that play crucial physiological roles in various

tissues (Wakil and Abu-Elheiga, 2009). The previous studies
A B

C

FIGURE 3

Results of untargeted lipidomics based on UHPLC-QTOF-MS analysis. (A) PCA plots of the samples. (B) Classification of differential lipids among
four temperature groups. (C) Differential lipids with high fold change in 19°C group vs. 13°C group, and 19°C group vs. 10°C group.
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showed that fatty acids are involved in metabolic response to

temperature changes. In Antarctic notothenioid fish, high

temperature (6°C) induced the saturated fatty acids, and

reduced the unsaturated fatty acids (Malekar et al., 2018).

Conversely, the content of unsaturated fatty acids increased to

maintain membrane fluidity in fish at low temperatures (Grim

et al., 2010; He et al., 2015). In this study, PUFAs, such as

linolenic acid (C18:3, n-6), docosatetraenoic acid (C22:4, n-6),

and docosapentaenoic acid (C22:5, n-3), were significantly

decreased in the 19°C group. To sum up, altered lipid

saturation in response to temperature change is a major

thermal acclimation mechanism. Except above-mentioned n-3/

n-6 PUFAs, palmitic acid (C16:0), palmitoleic acid (C16:1), and

octadecenoic acid (C18:1) significantly decreased in the 19°C

group. Accumulation of fatty acyls containing either n-3 or n-6

indicates the reduced utility of these fatty acids through

oxidation, whereas an increase in 16:0, 16:1, 18:0, and 18:1

fatty acids indicates their increased de novo biosynthesis under

physiological conditions (Han, 2016). Hence, we speculated that

high temperatures decrease lipid biosynthesis but enhance fatty

acid oxidation in T. bleekeri. RNA-seq results also support the
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hypothesis that the genes involved in the biosynthesis of

phospholipids and TAG, such as phosphatidate phosphatase-1

(lipin-1) (Bou Khalil et al., 2009), were downregulated in the 19°

C group (Supplementary Table A.3). Conversely, phospholipase

B1 (PLB1), which is involved in the degradation of

phospholipids (Wright et al., 2007), was upregulated in the 19°

C group (Supplementary Table A.4). Besides, the expression of

CPT1A in the liver, gut, spleen, and trunk kidney was

upregulated at 19°C (Supplementary Table A.4). CPT1A, a

major rate-limiting enzyme, participates in the fatty acid b-
oxidation process and plays an essential role in maintaining

energy homeostasis (Schlaepfer and Joshi, 2020). The similar

results also observed in Salmo salar that increasing temperature

significantly reduced levels of genes (fas, cpla2, and elovl2)

related to fatty acid biosynthesis, and increased levels of

CPT1A and ppara involved in fatty acid b-oxidation
(Norambuena et al., 2015). Hence, lipid biosynthesis were

suppressed, whereas fatty acid b-oxidation was enhanced in

fish at high temperature.

High temperatures affect lipid metabolism and influence

carbohydrate metabolism. A previous study showed that the
FIGURE 4

Dynamic change of differential lipids with increasing temperature.
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concentrations of glycogen in Notothenia coriiceps rapidly

increased, followed by a decline, in response to varying

glucose-6-phosphatase (G6Pase) levels after exposure to high

temperatures (Forgati et al., 2017). The acute increase in
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temperature reduced glycolysis in the heart of Notothenia

rossii, while the opposite result was observed in the muscle

(Souza et al., 2018). In Scophthalmus maximus, high

temperatures increased expression levels of G6Pase, a key
FIGURE 5

Absolute concentration of free fatty acids in the liver between the 10°C and 19°C groups. *p < 0.05, **p < 0.01, ***p < 0.001.
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enzyme of gluconeogenesis, suggesting that gluconeogenesis was

activated to cope with thermal stress (Yang et al., 2020). In this

study, our results showed that DEGs were significantly enriched

in the glycogen, glucose, hexose, oligosaccharide, and

monosaccharide metabolic process. Further, the expression

level of glucose-6-phosphate dehydrogenase (G6PD), which

catalyzes the first step in the pentose phosphate pathway, was

significantly increased, whereas the expression level of 6-

phosphofructokinase (Pfk), a critical rate-limiting enzyme in

the process of glycolysis, was significantly decreased in the

19°C group. We speculated that high temperatures decrease

glycolysis, but enhance the pentose phosphate pathway in

T. bleekeri.

Apart from energy metabolism, many key physiological

processes, such as immune, stress resistance, and DNA repair

systems are strongly affected by high temperatures. In

Oreochromis mossambicus, the immune parameters such as

leucocyte count, phagocytic activity, and phagocytic index

decreased when fish was transferred to high temperatures,

suggesting that high temperatures reduced the immune

capability of fish (Ndong et al., 2007). In Salmo salar,

temperature increase negatively affected complement

bacteriolytic activity (Jokinen et al., 2011). In T. Bleekeri,

DEGs were significantly enriched in the Hippo signal pathway,

NOD-like receptors signal pathway, and RIG-I-like receptor

signaling pathway (Supplementary Table A.4). All these

pathways play an indispensable role in the innate immune

system (Fritz et al., 2006; Zeng et al., 2010; Zhang et al., 2018).

Further, genes related to innate immune function, such as

interferon regulatory factor 3 (IRF3) and CXC chemokine

receptor 1 (CXCR1) were significantly downregulated in the

19°C group. Therefore, we speculated that the innate

immunity of T. Bleekeri was diminished by high temperatures.

Arachidonic acid (ARA) not only takes part in modulation of

lipid metabolism, but also act an esstensial role in stress

resistance (Xu et al., 2022). The STEM analysis showed the

expression of genes involved in arachidonic acid metabolism

significantly increased in T. bleekeri with increasing

temperature.The previous study showed that Solea senegalensis

prefers to select a diet rich in ARA with the seasonal temperature

changes (Norambuena et al., 2012). In Morone saxatilis, higher

dietary ARA improved the productive performance under sub-

optimal temperatures (Araújo et al., 2021). These results suggest

ARA act roles in thermal stress resistance. High temperatures

induced the generation of reactive oxygen species (ROS) and

antioxidant proteins (Devireddy et al., 2021). In T. bleekeri, we

found that the expression level of glutathione peroxidase (GPX)

increased under high temperatures. GPX, a key enzymes in the

antioxidant system, protect organisms from oxidative stresses

(Srikanth et al., 2013). It suggests that T. bleekeri initiates the

expression of GPX to reduce the negative effects of oxidative

damage induced by high temperature. Furthermore, increased

DNA damage was observed in many species of fish exposed to
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high temperatures (Cheng et al., 2018; Castro et al., 2020). Here,

STEM analysis showed that the expression levels of genes

involved in Fanconi anemia pathway and DNA repair and

recombination pathway constantly increased along with

increasing temperature. These pathways all participate in DNA

repair (Kim and D’andrea, 2012), which suggests that T. bleekeri

may exhibit functional acclimation to increased temperatures.
Conclusion

In this study, transcriptomics and lipidomics approaches

were used to comprehensively study effects of high temperatures

on the transcriptional and metabolic levels of T. bleekeri. High

temperatures induced a series of transcriptional plasticity

responses in T. bleekeri, which resulted in altered levels of

lipid metabolites. The decreased unsaturated fatty acid levels

found in the lipidomics analysis were consistent with the

downregulated genes involved in the lipid biosynthesis

pathway found by RNA sequencing. Our results thus suggest

that lipid metabolism was altered by temperature increase.

Further, three lipids (PC 14:0e/22:1, PC 18:0e/22:5, and TAG

14:3-21:2-21:2) which showed rising content with increasing

temperature and consequently, high content under high

temperatures were identified as potential biomarkers of heat

stress in T. bleekeri. However, further studies should be explored

to identify whether these lipids can also be used as biomarkers of

heat stress in other fishes. Overall, our results help improve the

understanding of transcriptional and metabolic variations in fish

in response to high temperatures, and provide essential

information for forecasting potential impacts of global

warming on fish biology.
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