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Abstract The molecular response pattern of golden pompano Trachinotus ovatus
larvae under temperature stress is reviewed in this chapter. Gene ontology
(GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
showed that a large number of differentially expressed genes (DEGs) were related to
metabolic processes, protein synthesis, and nutrient digestion and absorption. The
differentially expressed genes were most highly enriched into the pathways, includ-
ing protein digestion and absorption, fat digestion and absorption, starch and sucrose
metabolism, vitamin digestion and absorption, and glutathione metabolism. High
temperature may inhibit the secretion of type II collagen by downregulating the
expression of Shh and Sox9a genes. This chapter advances our understanding of the
response mechanism to high temperature in Trachinotus ovatus and guides relevant
production practices in hatcheries.
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8.1 Introduction

Environmental factors are essential to the success of aquatic animal breeding.
Temperature is one of the most vital environmental factors in fish since it plays a
profound and controlling role in the growth, reproduction, metabolism, feeding
behavior, and all metabolic processes of fish (Katersky and Carter 2005; Ma 2014;
Somero 2010; Yang 2016). Although fish can deal with temperature changes by
extensive biochemical, metabolic, and physiological acclimations within a suitable
range (Xu et al. 2018), the inappropriate temperature can still have an adverse
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impact. Low temperature may significantly reduce the growth rate and the activity of
digestive enzymes in fish (Tang et al. 2018). A high or low temperature may lead to a
high mortality rate for fish, whose physiological process is severely disrupted
(Griffiths and Harrod 2007; Ibarz et al. 2010). Besides, the inappropriate temperature
may also cause disease outbreaks because the immune functions of fish are affected
by temperature (Chen et al. 2002; Ndong et al. 2007). Previous studies have revealed
that the outbreaks of disease in aquaculture caused by bacteria are linked to rising
ambient temperatures (Matanza and Osorio 2018). During the early development of
fish larvae, temperature plays a vital role because fish larvae are more sensitive to the
environment. The change of water temperature may lead to abnormal growth rate,
low survival rate, and high deformity rate of fish larvae (Ornsrud et al. 2004a, b;
Yang et al. 2016). With the vigorous development of industries and human activities,
the frequency of abnormal changes in the environment caused by human interven-
tion increases. The intensification of global warming makes the aquaculture industry
face significant challenges. Some reports have shown that commercial farming of
fish such as tilapia (Oreochromis niloticus) (Zerai et al. 2010), common carp
(Cyprinus carpio L.) (Sun et al. 2019), and red seabream (Pagrus major) (Hwang
et al. 2012) is adversely affected by temperature stress. The temperature-orientated
stress has brought substantial economic losses to the aquaculture industry.

The golden pompano (Trachinotus ovatus) belongs to the family of Carangidae
and is widely distributed in Asia-Pacific regions. The golden pompano is a popular
and commercially valuable fish, which is broadly cultured in the coastal area of
South China in recent years owing to fast growth and suitability for cage culture (Lin
etal. 2012; Ma et al. 2014; Tan et al. 2016). The fry cultivation of golden pompano is
usually carried out in spring and summer. There is a peak period of death between
3 and 7 days post-hatch (DPH) of golden pompano, especially during the first few
days after initial feeding, but the mortality rate is generally less than 20% (Ou and Li
2017). It has been reported that the increase in water temperature results in an
increase in mortality of the larvae at this stage (Wang et al. 2011). Furthermore,
the experience of environmental adaptation in the early life of fish can subsequently
alter their phenotypes and physiological responses to future environmental change
(Scott and Johnston 2012). Due to climate change caused by global warming, water
temperature and salinity in the shallow coastal water and intertidal zones are liable to
fluctuate. In Hainan Province, the fry cultivation is mostly carried out in outdoor
ponds, which was more susceptible to climate change, especially after several days
of continuous high temperature. However, little is known about the responding
mechanism of golden pompano larvae to the temperature change at this stage. As
a species of warm-water fish, the growth and survival of golden pompano larvae are
strongly dependent on water temperature, but the biochemical and molecular studies
on the response to temperature stress are limited to a few proteins or genes (Allais
et al. 2019; Ma et al. 20164, b, ¢, 2017a, b).

Transcriptomics refers to the study of all transcripts of a particular cell, tissue, or
organism at a particular stage of growth or development, or under a certain physi-
ological condition (Wang et al. 2009). RNA-Seq is a method of transcriptome
analysis using deep sequencing technology, allowing for a more efficient and clear
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understanding of the entire transcriptome, including non-model organisms that lack
complete genome sequencing (Ekblom and Galindo 2011; Qian et al. 2014). With
the rapid development of the transcriptome technology, the emergence of RNA-Seq
technology based on high-throughput sequencing provides a new and convenient
method with a lower cost to understand various biological processes in fish and is
now increasingly used in different areas of aquatic biology (Eissa and Wang 2016;
Mu et al. 2014; Qian et al. 2014). A growing number of studies have used this
technique to analyze the temperature stress response of fish, such as Cyprinus carpio
(Sun et al. 2019), Oreochromis niloticus (Zhou et al. 2019), Pagothenia
borchgrevinki (Bilyk and Cheng 2014), Lates calcarifer (Newton et al. 2013),
Acanthochromis polyacanthus (Veilleux et al. 2015), and Melanotaenia duboulayi
(Smith et al. 2013). The responses of extreme eurythermal and stenothermal fish
species to acute and long-term exposure to temperature are gradually revealed
(Logan and Buckley 2015). A large number of differentially expressed genes related
to metabolism, development, and immunity under temperature stress are obtained.
However, at the same time, the results also show that the mechanism by which fish
respond to temperature stress is complex. Therefore, it is imperative to explore the
response mechanism of different fish to temperature stress.

At present, the transcriptome responses of 7. ovatus juveniles to different nutri-
tional conditions have been studied (Lei et al. 2020; Liu et al. 2019), but the
transcriptome responses of 7. ovatus larvae to temperature have not been reported.
This chapter addresses temperature stress on transcriptome responses in 7. ovatus
larvae by using RNA sequencing technology. The results will help improve the
understanding of the molecular mechanism and biological basis of fish adaptation to
temperature variation.

8.2 The GO and KEGG Analysis of Differentially
Expressed Genes (DEGs) at Different Temperatures

This chapter discusses the transcriptome responses of 7. ovatus to temperature based
on our previous studies. The GO and KEGG analyses were conducted to determine
the biological functions and pathways that are significantly correlated with DEGs at
different water temperatures. DEGs were significantly enriched with 147 GO terms
between the low temperature (LT) group and the medium temperature (MT) group,
including 88 terms for biological processes, 30 terms for molecular functions, and
29 terms for cellular components. “Cellular component biogenesis” was the most
significantly enriched terms in the biological process. “Organelle,” “intracellular
organelle,” and “cytoplasm” were the predominant GO terms in the cellular compo-
nent. The top three significantly enriched GO terms in the molecular function were
“hydrolase activity,” “cation binding,” and “metal ion binding” (Fig. 8.1a).
Between the HT group and MT group, there were 152 significantly enriched GO
terms, including 105 terms in biological process, 43 terms of molecular functions,
and 4 terms in the cell components. In the biological process, “metabolic process,”
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Fig. 8.1 GO classification of the DEGs. BP biological process, CC cellular component, MF
molecular function. (a) LT group versus MT group; (b) HT group versus MT group; (c¢) LT
group versus HT group
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“single-organism process,” “organic substance metabolic process,” and “primary
metabolic process” were the predominant terms. In the cellular component, “mem-
brane” was the most significant terms. In the molecular function, “catalytic activity,”
“hydrolase activity,” and “oxidoreductase activity” were dominant (Fig. 8.1b).

In comparing the LT group and the high temperature (HT) group, there were
164 significantly enriched GO terms, while 103 terms were enriched significantly in
the biological process, 33 terms in the cell components, and 28 terms in the
molecular functions. The GO terms of the “organonitrogen compound biosynthetic
process,” “protein metabolic process,” and “cellular component organization or
biogenesis” were the predominant terms in the biological process. “Macromolecular
complex,” “organelle,” and “intracellular organelle” were the predominant GO terms
in the cellular component. “Hydrolase activity” was the most significantly enriched
terms in molecular function (Fig. 8.1c).

As for the KEGG pathway analysis, the top 20 pathways with the most significant
enrichment were selected and displayed in Fig. 8.2. In the comparison between HT
group and MT group, DEGs were enriched into 245 metabolic pathways. The
significantly enriched pathways included protein digestion and absorption, chemical
carcinogenesis, Staphylococcus aureus infection, metabolism of xenobiotics by
cytochrome P450, drug metabolism—cytochrome P450, fat digestion and absorption,
drug metabolism and other enzymes, starch and sucrose metabolism, retinol metab-
olism, vitamin digestion and absorption, and glutathione metabolism. Between the
LT group and HT group, DEGs were enriched into 256 metabolic pathways, and
4 pathways were enriched significantly in the ribosome, phototransduction, cardiac
muscle contraction, and protein digestion and absorption. Between the LT and MT
groups, DEGs were enriched into 261 metabolic pathways, including significantly
enriched pathways of the ribosome, phototransduction, cardiac muscle contraction,
and protein digestion and absorption.

8.3 Effects of Water Temperature on Transcription,
Translation, Protein Folding,
and Degradation-Related Genes

Understanding the response of organisms to environmental changes in different
ontogenetic periods is of great significance for ecological protection and sustainable
development of related industries. Existing research points out that the potential
threat of global warming to tropical species or warm-adapted species may be more
prominent because their living water is close to the upper limit of the thermal
tolerance (Pérez-Portela et al. 2020; Tomanek 2010). The aggravation of global
warming and high temperature in summer will pose a potential threat to the farming
regions of T. ovatus.

All organisms must respond to environmental stress (Buckley and Huey 2016;
Logan and Buckley 2015). Under a stress condition, heat shock proteins (HSPs) play
a vital role in maintaining cellular homeostasis (Deane and Woo 2011; Kayhan and
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Fig. 8.2 KEGG pathways of DEGs. (a) HT group versus MT group; (b) LT group versus HT
group; (¢) LT group versus MT group

Duman 2010). For instance, HSP70 proteins are one of the most ubiquitous classes
of chaperones, which have crucial functions in protein folding, maintenance
of protein homeostasis, and enhancement of cell survival following a multitude of
stresses (Murphy 2013). HSP90a is involved in the activation and maintenance of a
wide range of regulatory and signaling proteins of cell proliferation, which is vitally
important for maturation and activation of proteins (Neckers 2007). Many studies
have indicated that thermal stress can increase in the expression level of HSPs in fish
(Deane and Woo 2011; Ojima et al. 2005). The transcription level of HSP70 was the
highest in the MT group, and the lowest expression was observed in the HT group.
Meanwhile, the transcription levels of HSP90a were downregulated with the
increase of temperature (Fig. 8.3). This may indicate that when water temperature
exceeds a certain range, the refolding efficiency of HSPs may not be high enough, or
the ability of a larva to prevent protein damage and misfold through molecular
chaperones such as HSPs may be inhibited (Parsell and Lindquist 1993). Another
explanation may be that the increase in the synthesis of HSPs is completed, as the
turnover of mRNA for HSPs is relatively rapid compared to the protein itself
(Buckley et al. 2006; Logan and Buckley 2015).

In thermal stress, activation of other mechanisms, such as ubiquitin-mediated
proteolysis, is often required to promote the degradation of damaged proteins and
thus maintain cell homeostasis (Hatakeyama and Nakayama 2003; Kultz 2005;
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Fig. 8.3 Heat map of the DEGs related to transcription, translation, protein folding, and degrada-
tion of 7. ovatus larvae at different temperatures. Log,(RPKM) value for each gene has been taken
the average of three values and is shown using a color scale

Pickart and Eddins 2004). Some genes belonging to the ubiquitin-mediated prote-
olysis pathway are upregulated in the MT group and the HT group, including
ubiquitin-conjugating enzyme E2C, ubiquitin-protein ligase E3, suppressor of cyto-
kine signaling 3-like, and kelch-like ECH-associated protein 1 (Fig. 8.3). At the
same time, with the increase of temperature, many DEGs were enriched in the GO
terms related to peptidase activity and hydrolase activity. This also indicates that the
water temperature of 32 °C may harm T. ovatus larvae.

Compared with the LT group, DEDs enriched into the ribosome pathway were
downregulated in the MT and HT groups (Fig. 8.3). The ribosome is the site of
protein synthesis, and its primary function is to promote the mutual recognition of
mRNA and rRNA and translate the nucleotide sequence on mRNA into the amino
acid sequence on the polypeptide chain (Derenzini et al. 2017). Ribosomal protein is
an essential component of ribosomes and plays a crucial role in the synthesis of
proteins in cells. The results of this study are similar to those of Liu et al. (2013) who
show that the ribosomal protein gene in gills of catfish treated with high temperature
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was significantly inhibited. These results suggest that the general protein synthesis of
the larvae may be inhibited under a too high temperature (Buckley et al. 2006). The
study of Cai et al. for Lateolabrax maculatus similarly suggests that high tempera-
ture may decrease anabolism of protein (Cai et al. 2020).

8.4 Effect of Water Temperature
on Metabolism-Related Genes

The metabolic response of 7. ovatus larvae was significantly affected by high
temperature. As a fundamental property of all organisms, metabolism is considered
to be highly dependent on temperature and determine the rates of resource uptake or
allocation to growth and reproduction (Ohlberger et al. 2012), and the effect of
temperature on organism metabolism is species-specific. According to the research
of Zheng et al. (2019), heat stress could lead to downregulation of transcription
levels of some key enzymes in the glucose metabolism pathway and upregulation of
enzymes related to fat metabolism in Marsupenaeus japonicus. In the heat stress
study of zebra fish, the metabolic rate also increases with temperature (Vergauwen
et al. 2010). The GO enrichment analysis showed that a large number of DEGs were
enriched into metabolism-related items, including “metabolic process,” “organic
substance metabolic process,” “primary metabolic process,” “heterocycle metabolic
process,” “organic cyclic compound metabolic process,” “organonitrogen com-
pound metabolic process,” “ATP metabolic process,” “protein metabolic process,”
and “small molecule metabolic process.” KEGG analysis showed that the pathways
of starch and sucrose metabolism were significantly influenced at high temperature.
In the HT group, the transcriptional levels of alpha-glucosidase, maltase-
glucoamylase, and UTP-glucose-1-phosphate uridylyltransferase were significantly
upregulated (Fig. 8.4). These results indicate that the metabolic activity of the larva
under a high-temperature environment would be significantly enhanced. Compared
with MT group, the “metabolism of xenobiotics by cytochrome P450,” “drug
metabolism—cytochrome P450,” “drug metabolism and other enzymes,” and “gluta-
thione metabolism” pathway were significantly affected. The DEGs enriched to the
glutathione metabolic pathway were all formed by upregulated genes (Fig. 8.4).
Activation of the glutathione metabolic pathway can protect cells from oxidative
damage and provide reducing substances for maintaining the internal environment of
cells to resist high-temperature stress (Tate and Meister 1981). These results indicate
that the larvae in the 32 °C water are more susceptible to stress from external
substances.
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Fig. 8.4 Heat map of the DEGs related to the metabolism of 7. ovatus larvae at different
temperatures. Log,(RPKM) value for each gene has been taken the average of three values and is
shown using a color scale

8.5 Effects of Water Temperature on Genes Related
to Digestion and Absorption

The first exogenous feeding 7. ovatus usually starts at 3DPH, and the oil balls
disappear completely at 7DPH (Ou and Li 2017). The larvae then transform from
endogenous nutrition to exogenous nutrition. At this stage, adequate nutrition and
energy are essential for the growth and survival of fish larvae. Temperature can
affect the activity of digestive enzymes and the digestion efficiency of nutrient in fish
(Yufera et al. 2019). With the increase of temperature, a large number of DEGs were
enriched in pathways related to the digestion and absorption of nutrients, such as
protein digestion and absorption pathway, fat digestion and absorption pathway, and
vitamin digestion and absorption pathway. With the increase of temperature, the
transcriptional levels of the trypsin (PRSS), chymotrypsin-like protease (CTRL), and
carboxypeptidase (CPA, CPB) genes in this pathway were significantly
downregulated, while the pepsin A (PGA) genes were significantly upregulated
(Fig. 8.5). This may indicate that the increase in temperature enhanced the digestion
of protein in the stomach of fish larvae. The DEGs enriched to the fat digestion and
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Fig. 8.5 Heat map of the DEGs related to digestion and absorption of 7. ovatus larvae at different
temperatures. Log,(RPKM) value for each gene has been taken the average of three values and is
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absorption pathway were all formed by upregulated genes (Fig. 8.5). This may
indicate that high temperature promotes the fat utilization of the larva to meet the
higher energy requirement at high temperature. Notably, vitamin digestion and
absorption pathway and retinol metabolism pathway were also significantly affected,
indicating higher vitamin requirements at this high temperature. The results demon-
strate at the molecular level that high temperatures may cause a significant increase
in the nutritional need of T. ovatus larvae, which is consistent with the view of Cahu
et al. (2003).

8.6 Effects of Water Temperature on Bone
Development-Related Genes

The temperature can affect the bone development of the larva and even lead to bone
malformation by promoting or inhibiting the expression of some genes related to
bone development. Bone morphogenetic proteins (BMPs), the vital growth factors in
transforming growth factor beta (TGF-P) superfamily, regulate the growth and
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differentiation of osteoblasts and chondrocytes (Bragdon et al. 2011; Marques et al.
2016). For instance, BMP2 and BMP4 are involved in differentiation of
chondrocytes to form cartilage (Mei and Xu 2005). Previous studies have shown
that the expression of BMP2 and BMP4 in fish is upregulated due to the increase in
temperature (Ma et al. 2016a, b, c). However, in the study of Han et al. (2020),
although the expressions of BMP2 and BMP4 showed an upregulated trend, the
differences in their expressions under different temperature treatments were not
significant, which may be due to the single sampling event only at S8DPH
(Fig. 8.6). The Sox gene family is a group of transcription factors that exhibit
extensive spatiotemporal expression patterns during early development in verte-
brates, involving many developmental processes and gender determination (Russell
et al. 1996). Sox9 is the main gene that regulates chondrogenic differentiation and is
found in all chondrogenic progenitor cells and chondrocytes except hypertrophic
chondrocytes in mouse embryos (Akiyama 2008). Ytteborg et al. (2010) reported
that the increase of temperature would result in the downregulation of sox9 gene in
Atlantic salmon, thus inducing vertebral deformity. The study of Ma et al. (2017a, b)
on T. ovatus also found that sox9 expression was downregulated at high temperature.
In the study of Han et al. (2020) at 32 °C, the expression of sox9a was significantly
lower than at 24 °C and 28 °C, which is in line with previous studies (Fig. 8.6).
Proteins in the Hedgehog (Hh) gene family of vertebrates act in a signaling
pathway to transmit information for cell differentiation in embryogenesis and devel-
opment (Bijlsma et al. 2004). Sonic Hedgehog (Shh) is a subgroup of Hh genes, the
most widely expressed Hh protein in mammals and plays a key role in the induction
of early chondrocyte differentiation (Bijlsma et al. 2004; Pusapati et al. 2018). The
results of Han et al. (2020) showed that Shh expression in 7. ovatus larvae was
significantly downregulated at 32 °C (Fig. 8.6). This indicates that temperature
teratogenicity of fish may be related to high temperature inhibiting the expression
of Shh gene. However, some studies have shown that the increased temperature does
not affect Shh expression in Atlantic salmon (Ornsrud et al. 2004a, b). Therefore, the
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Fig. 8.6 Heat map of the DEGs related to bone development of 7. ovatus larvae at different
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regulation mechanism of temperature on Shh needs to be further studied. Shh can
regulate the expression of col2al and runx genes, and Sox9 is the direct upstream
gene of col2al (Lefebvre 2019; Lefebvre et al. 1997). In zebra fish, Sox9a can
upregulate the expression of chondrogenic genes such as Col2al, Runx3, and
Runx2b (Dalcq et al. 2012). The study in T. ovatus indicates that the expression of
col2al gene is significantly downregulated at high temperatures, while runx?2 is not
significantly different and has low expression levels under different temperature
treatments (Fig. 8.6).

Therefore, we consider that high temperature can affect the nutrient metabolism
and hedgehog signaling pathways of 7. ovatus larvae and inhibit the secretion of
type II collagen by downregulating the expression of Shh and Sox9a genes, which
may lead to abnormal bone development. In addition, ocn is associated with bone
mineralization (Riera-Heredia et al. 2018), and we found the expression of ocn gene
is significantly upregulated when the temperature went up (Fig. 8.6). Some studies
(Balbuena-Pecino et al. 2019) also show that increasing temperature could induce an
upregulating response on ocn genes in the cultured bone-derived cells. However,
more experiments are needed to verify the effect of temperature on ocn gene
expression and explore the regulatory mechanism.

8.7 Conclusion

We believe that high temperature may lead to increased metabolism and nutritional
requirements of golden pomfret larvae and affect the expression of genes related to
bone development. RNA-seq based on high-throughput sequencing can reveal gene
expression, pathway information, and regulatory mechanism involved in 7. ovatus
larvae under temperature stress. This study provides clues for understanding the
response to high temperature in fish and guiding production practices.
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