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Editorial on the Research Topic
Genetic Adaption and Metabolic Response of Aquatic Animals to Diverse
Water Environment Parameters

Aquatic animals are continuously exposed to complex water environmental
conditions including dynamic temperature range, low dissolved oxygen levels, high
ammonia levels, varying salinity levels, enriched pathogenic bacteria and unbalanced
food resources. Promising research has revealed that aquatic animals evolved to adapt to
the extremely changeable aquatic environments for survival. The Research Topic “Genetic
adaption and metabolic response of aquatic animals to diverse water environment
parameters” has been conceived to set out such knowledge. Here, we offer an
overview of the contents of this Research Topic, which collects 10 original research
articles, one brief research report and one data report article.

Water temperature plays an essential role in the growth, survival, and reproduction of
aquatic animals, and wide temperature fluctuations often put aquatic animals under either
cold stress or heat stress. Due to the specific characteristics, zebrafish has been widely
applied as an experimental model. In this Research Topic, cold stress and heat stress were
both applied in zebrafish both in vivo and in vitro. Wang et al. indicated a close connection
between oxidative stress and the cold tolerance ability of zebrafish using ZF4 cells, which
could be helpful for better understanding the cold tolerance mechanism of fish. The study
by Aguilar et al. revealed the explicit redistribution of energy stores and protein
catabolism in zebrafish during heat stress via metabolomics profiling. Another study
by Chang et al. was conducted on sea cucumber Apostichopus japonicas, which
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constructed a miRNA-mRNA regulatory network in the body
wall of sea cucumber during heat stress.

Dissolved oxygen and ammonia are also key physical and
chemical factors in aquatic ecological environment. Hypoxia
stress has always been a thorny problem in aquaculture, and
here authors evaluated the influence of hypoxia stress on both
rainbow trout (in vivo) and ZFL cells (in vitro). Han et al. showed
that triploid rainbow trout are in a defensive state under hypoxic
stress caused by actual production operations (i.e., catching,
gathering, transferring, or weighting). Using ZFL cells, Hu
et al. also demonstrated the iron loss in cytoplasm and
mitochondria during hypoxia, which leads to mitochondrial
damage and ultimately cell death. Besides dissolved oxygen,
ammonia has also been recognized one of the major limiting
factors in intensive aquaculture systems, and aquatic animals
have evolved specific ammonia detoxification strategies to cope
with environmental ammonia. Wang et al. identified the
differentially expressed neuropeptides in the eyestalk and
cerebral ganglia of swimming crab (Portunus trituberculatus)
under ammonia exposure, which provides a fundamental
support for wunraveling the regulatory roles of the
neuropeptides in ammonia toxification process.

Additionally, salinity is one of the main physical properties
that govern the distribution of fishes across aquatic habitats.
Recently, salinization of freshwater has been one of the main
causes of biological degradation of global river ecosystems.
Harshini et al. reported the transcriptomic responses of
kidney in Labeo rohita (rohu) during salinization stress, which
helps to the understanding of osmoregulatory process in L. rohita
during adaptation to salinity changes. Ranasinghe et al. identified
the key regulatory role of SREBP-1 in cholesterol accumulation
in livers of Oryzias dancena during acclimatization to fresh water
and seawater.

Besides the water physicochemical factors, the water-borne
pathogenic bacteria and feed resources also pose great risks to
aquatic organisms. Especially, the phenotypic and genetic
complexity of pathogenic bacteria significantly increase the
challenges of aquatic organisms. Kang et al. reported the
interspecific genetic and antibiotic resistance diversity of
192 isolates of Vibrio Harveyi clade collected from 2000 to
2020 from China coastal areas. In another study, Yu et al.
pointed out the potential risk for the storage and transmission
of resistance genes existing in antimicrobial susceptibility isolates
among 33 Vibrio scophthalmi isolates collected from diseased
marine fish intestines between 2002 and 2020. Additionally,
nutrition also significantly affected the metabolism and health
of fish. Cao et al. indicated that dietary hydroxyproline
supplementation significantly enhanced growth performance,
collagen synthesis and muscle quality of juvenile Carassius
auratus Triploid. Wang et al. also evaluated the programming

Frontiers in Physiology

10.3389/fphys.2022.1092413

of antioxidant capacity, immunity, and lipid metabolism in
Misgurnus anguillicaudatus larvae linked to sodium chloride
and hydrogen peroxide pre-treatment during egg hatching.

In summary, this Research Topic delivers new ideas for
future research in revealing genetic adaption and metabolic
response of aquatic animals to diverse water environmental
parameters including temperature, oxygen, ammonia,
salinity, bacteria and nutrition. All the research articles in
this Research Topic show that aquatic animals have evolved
multiple adaptive mechanisms to deal with diverse aquatic
environmental conditions. Both genetic adaptation and
metabolic responses are involved in these processes, on
which researchers are working from different viewpoints.
We thank all the authors for their contributions and hope
that this Research Topic will encourage more scientists to
deepen knowledge about the relationship between aquatic
and diverse water environmental

animal behavior

parameters.
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Non-nutritional stress during early life period has been reported to promote the metabolic
programming in fish induced by nutritional stimulus. Sodium chloride (NaCl) and hydrogen
peroxide (H,O,) have been widely applied during fish egg hatching, but the influences on
health and metabolism of fish in their later life remain unknown. In the present study, H,O,
treatment at 400mg/L but not 200 mg/L significantly increased the loach hatchability and
decreased the egg mortality, while NaCl treatment at 1,000 and 3,000 mg/L showed no
significant influences on the loach hatchability nor egg mortality. Further studies indicated
that 400mg/L H,O, pre-treatment significantly enhanced the antioxidant capacity and
the mMRNA expression of genes involved in immune response of loach larvae, accompanied
by the increased expression of genes involved in fish early development. However, the
expression of most genes involved in lipid metabolism, including catabolism and anabolism
of loach larvae, was significantly upregulated after 200mg/L H,O, pre-treatment. NaCl
pre-treatment also increased the expression of antioxidant enzymes; however, only the
expression of C1qg within the detected immune-related genes was upregulated in loach
larvae. One thousand milligram per liter NaCl pre-treatment significantly increased the
expression of LPL and genes involved in fish early development. Thus, our results
suggested the programming roles of 400mg/L H,O, pre-treatment during egg hatching
in enhancing antioxidant capacity and immune response of fish larvae via promoting fish
early development.

Keywords: fish egg hatching, hydrogen peroxide, sodium chloride, programming, antioxidant capacity
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Metabolic Programming in Fish

INTRODUCTION

The environmental and trophic conditions encountered at
the early developmental period of animals have been confirmed
to perform profound effects on the metabolism and physiology
of individuals later in life, which is termed metabolic
programming (when modifying metabolism; Lucas, 1998).
Long-lasting modification in gene expression patterns is one
of the most important biological mechanisms described in
such case of adaptions, and it may persist later in life in
the absence of the environmental stimulus that initiated them
(George et al., 2012; Kongsted et al., 2014). In aquatic animals,
including fish and shrimp, the concept of metabolic
programming has been tested as well. Preliminary study in
rainbow trout (Oncorhynchus mykiss) showed that only a
strict nutritional stimulus had a minor programming effect
on hepatic glucose metabolism (Geurden et al., 2007, 2014).
Later studies indicated that an acute exposure to hypoxia
alone (Liu et al., 2017a) or combined with an early nutritional
stimulus, such as high-carbohydrate diet (Liu et al., 2017b),
high dietary carbohydrate:protein ratios (Hu et al., 2018)
induced obvious programming in the liver of juvenile rainbow
trout. The hypoxic conditions resulted in the higher expression
of HIF-1a which has been reported to modulate the nutrient
metabolism (Menendez-Montes et al., 2021), antioxidant
capacity (Lacher et al,, 2018), and immune responses (Ni
et al., 2020). However, the hypoxia may easily result in high
mortality, and it is important to explore other non-nutritional
stress. Due to the safety and friendly to human health and
environment ecology, sodium chloride (NaCl) and hydrogen
peroxide (H,O,) have been tested in the fry hatch of many
fish species (Magondu et al., 2011). NaCl has been used
effectively in aquaculture as antiparasitic agent (Schelkle
et al, 2011; Dewi et al., 2018), growth-promoting agent in
Carassius auratus (Imanpoor et al., 2012) and Mugil liza
(Lisboa et al., 2015), and survival enhancing agent in Pelecus
cultratus larvae (Kujawa et al., 2017), Ictalurus punctatus,
C. auratus, Morone saxatilis, and Acipenser oxyrinchus (Altinok
and Grizzle, 2001). Moreover, NaCl affects the embryonic
development and larval vigor of Epinephelus akaara (Wang
et al, 2002) and Rhombosolea tapirina (Hart and Purser,
1995). In one plateau species of loach, Triplophysa
(Hedinichthys) yarkandensis, NaCl application with salinity
at 4% resulted in the lowest deformity rate (Chen et al,
2016). H,0O, has received attention for its control of several
fish pathogens and is recommended as a general disinfectant
in aquaculture for treating aquaculture water and surface of
tanks before introduction of fish (Avendano-Herrera et al,
2006). H,0, has been shown to promote the egg hatching
rate of rainbow trout (Schreier et al., 1996; Barnes et al,
1998), channel catfish (I. punctatus; Small and Wolters, 2003),
and C. gariepinus (Rasowo et al., 2007).

During multiple environmental challenges, free radical would
be released, but the over-production of O,” would cause oxidative
damage to proteins, nucleic acids, and lipids (Kurien and
Scofield, 2003). Thus, cellular antioxidant defenses system in
fish and other animals are developed to scavenge the excessive

reactive oxygen species (ROS; Pisoschi and Pop, 2015; Klein
et al, 2017). Like hypoxia, H,0, and NaCl treatment have
also been proved to affect antioxidant capacity. Salinity or NaCl
treatment significantly affected the mRNA expression and activity
of antioxidant enzymes, including superoxide dismutase (SOD),
glutathione S-transferase (GST), and glutathione (GSH) in
multiple tissues of olive flounder (Paralichthys olivaceus; Kim
et al, 2021), European seabass (Dicentrarchus labrax; Islam
et al, 2020), D. labrax, and Chanos Chanos (Chang et al,
2021). Similarly, H,O, exposure has also been reported to affect
antioxidant capacity in common carp (Cyprinus carpio; Jia
et al., 2020) and largemouth bass (Micropterus salmoides; Sinha
et al.,, 2020). Besides antioxidant system, fish remains the first
bony vertebrate to develop both innate and adaptive immunity
which help themselves to defend against infected pathogens
or other environmental challenges (Wang et al, 2019). The
immune responses of European seabass and common carp
(C. carpio) were significantly affected by different salinities
(Islam et al, 2020) and H,0, exposure (Jia et al, 2021),
respectively. The programming effects on individuals of later
life by environmental treatment or nutritional stimulus at early
life stage mainly result from an alteration of the functional
development of crucial organs (Pittman et al., 2013). It is well
known that fish larvae along with the fertilized eggs grow
very fast and experience significant changes in physiology;
thus, they are very fragile and most susceptible to environmental
stressors during fish ontogeny (Fuiman, 1983; Alvarez et al,
2021). The organs in the newly hatched fish larva are not well
developed, and thus, it is not easy to do histological evaluation
in fish larvae (Fuiman et al., 1999). The molecular methods
via evaluating the relative mRNA expression levels of early
development-related genes are useful and effective to
systematically evaluate the influences of pre-treatment on the
fry (Hu et al, 2018).

Dojo loach Misgurnus anguillicaudatus (Cantor 1842) is
one of the important freshwater aquaculture species in China
whose production has reached 367,428 tons by 2020 (Ministry
of Agriculture and Rural Affairs of the People’s Republic of
China, 2021) and can be used as a Chinese medicine for
the treatment of hepatitis, carbuncles, inflammations, and
cancers (Qin et al., 2002). The sustainable development of
loach aquaculture industry relies on the stable loach fry
supply, whose artificial breeding has been successfully overcome
in recent years (Gao et al., 2014; Huang et al., 2015). However,
the diseases resulting from microorganism infection or other
environmental factors during fish hatchery have threatened
the production of larval loach (Shamsi et al., 2021). The
applications of antibiotics and insecticides have been seriously
restricted in many countries (Holmstrom et al., 2003; Cabello,
2006; Shao et al., 2021), while no specific fish vaccine nor
mature vaccination route is available for fish fry (Rojo-
Cebreros et al., 2018; Wang et al.,, 2020), which seriously
restricts the stable fish fry stocks. In the present study, NaCl
and H,0, were applied during loach egg hatching and the
effects on the antioxidant capacity, immunity and lipid
metabolism of fish larvae were evaluated as well as monitoring
the early development-related genes.
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MATERIALS AND METHODS

Fish Stock and Egg Fertilization

Mature broodstock fish (average weight 18 2.1 g), obtained from
broodstock ponds, were selected and transferred to the hatchery.
All fish were then acclimated in hatching tanks for 1day without
feeding. To induce spawning, the selected female fish were
injected with DOM (4mg/kg fish) and LRH-A2 (35pg/kg fish),
and the male fish were injected with same reagents but half
dosage. After 12h, the eggs were stripped into a dry bowl and
fertilized with milt from a ripe male. After fertilization, the
fertilized eggs were randomly counted into bottles with 100
eggs each. The individual hatching bottles were randomly assigned
in triplicate to static bath treatments of given concentrations
of either NaCl (1,000 and 3,000 mg/L), H,0, (200 and 400 mg/L),
and a control (nothing added) for 60-min exposure before being
transferred to randomized compartments of the incubation tank
for further incubation. The water temperature was controlled
at 24-26°C and dissolved oxygen (DO) controlled at 7.5-7.8 mg/L,
which were monitored using an oxygen-temperature meter (model
55, YSI, Yellow Springs Ohio, United States).

Egg Hatching and Hatchability Calculation

Loach larvae came out of the membrane after 24-h fertilization.
Then, the hatching bottles were removed from the incubation
tank. The numbers of live hatched larvae, dead hatched larvae,
total dead eggs, and fungi-infected dead eggs were counted
for the calculation of following parameters and then sent back
to the incubation tank.

Hatchability (%)=The number of live hatched larvae/the
total number of eggs * 100.

Fry mortality (%)=The number of dead hatched larvae/the
total number of eggs * 100.

Egg mortality (%)="The number of total dead egg/the total
number of eggs * 100.

Fungi-induced egg mortality (%)=The number of fungi-
infected dead egg/the total
number of eggs * 100.

Other factor-induced egg mortality (%)=The number of (total
dead eggs excluding
fungi-infected ones)/
the total number of
eggs * 100.

Larviculture, RNA Extraction, and cDNA
Synthesis
Loach larvae showed feed-hunting behavior at 4days after
rupture, and then, larvae in all groups were fed with artemia
for another 7days. At the end of feeding, all the loach larvae
were collected and immediately frozen in liquid nitrogen and
stored at —80°C before analysis.

The whole loach larvae were homogenized in TRIzol reagent
(Invitrogen, Carlsbad, CA, United States) for RNA extraction

according to the manufacturer’s recommendations. After RNA
extraction procedures, the purity and concentration of RNA
were monitored by NanoDrop 2000 spectrophotometer (Thermo
scientific, United States), with their 260:280 ratios between 1.8
and 2.0. Additionally, 1.0% agarose gel electrophoresis was
adopted to determine the integrity of RNA. The quantified
RNA samples were then used for cDNA synthesis (Invitrogen,
Carlsbad, CA, United States). Briefly, the potential existing
genomic DNA was removed from the RNA samples with same
amount using DNase. Then, 1pg of treated RNA was used
for the synthesis of cDNA using the reverse transcriptase kit
with oligo dT primers following manufacturer’s instructions.

Quantitative RT-PCR

The synthesized cDNA was used for the quantitative real-time
PCR (qPCR) analysis using the Eva Green 2xqPCR Master
mix (ABM, Canada). qQPCR was conducted on 7500 Real-time
PCR system (Applied Biosystems, United States), with each
PCR performed with triplicate samples and the cycling conditions
set with 30s at 95°C, 1s at 95°C, and 10s at 58°C for 40 cycles.
In addition, a melt curve analysis was performed after
amplification to verify the accuracy of each amplicon.

The relative quantification of the target genes involved in
the antioxidant system [SOD, catalase (CAT), glutathione
peroxidase (GPx), and metallothionein (Mt)], genes related to
immune responses [Clg, C3-1, C8b, mannose-binding lectin-
associated serine protease-1 (MASP-1), interleukin 15 receptor
subunit alpha (ILI5Ra), and heat shock protein 70 (Hsp70)],
genes involved in lipid metabolism [carnitine palmitoyltransferase
lalpha (Cptla), lipoprotein lipase (LPL), fatty acid desaturase
2 (Fads2), and proliferator-activated receptor gamma (PPARy)]
and early development-related genes [spondin 1b (sponlb),
intraflagellar transport protein 22 (IFT22), vascular endothelial
growth factor Aa (VEGFAa), glutamate dehydrogenase (gdh),
annexin Ala (anxala), vasoactive intestinal peptide (VIP), protein
phosphatase 1 (PPI), and protein phosphatase 2A catalytic subunit
beta isoform (PP2AB)] were determined via normalized against
elongation factor 1-alpha (EFla). Then, relative abundance of
target genes was calculated by using the 272" method. All
primers used in the present study are shown in Table 1.

Statistical Analysis

All statistical analyses were performed using SPSS 17.0. Data
were analyzed by one-way analysis of variance (ANOVA)
followed by Tukey’s multiple range tests to determine the effects
of NaCl and H,0O, on egg hatching and gene expression.
Differences were considered significant when p<0.05. All data
were expressed as mean + standard deviation of the mean (SD),
except the specific statement.

RESULTS

Effects of H,O, and NaCl Treatment on
Hatching Performances of Loach Larvae
The hatching performances including hatchability, larval
mortality, egg mortality including fungi-induced mortality
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TABLE 1 | Primers used in the present study.

Gene Forward sequence Reverse sequence

Spon1b GTCGGACGGTTTCTGTAGGA GAGGGTAAATCCACGAAAGTAAG
IFT22 TGGGATTGTGGAGGAGATTTC AGTTTGCTCAGTTTTGGGGC
VEGFAa TCTGCTCTATAACCCTCACCGC GTCATTTTTGCTCTTCCCTCCT

gdh TGCCTGTGTGACTGGTAAGCC CCATAACGGTGAAGATAACGCA
anxala TGCTGTGGTGAAATGTGCTG AGTCTCCTTTGGTGTCGTCCT

VIP GTCTCTTCACAAGCGGATACAG TGGTCCTCCATCAAATCATCAC

PP1 GAGGACGGTTATGAGTTTTTTGC GCTTTCTTCTCTGACGGCTTG
PP2AB ACAGTCACACTTCTTGTTGCCCT ATTTCCTCAAGCACTCGTCGTA

SOD GACCATGCTGTGCAGAGTCGGATA GGGCTGAAGGGACACTTGGGTAATA
CAT GTGCTAAACCGAAACCCTGT GCTGTTGGGGTAGTAGTTAGGAG
GPx TCTAAATGAGGCAAGACCCCAGTA CTCCCTTTAGGCTGTTCCTTCATC
Mt GAAACGATACAGCAAAGGAACC CTTACAAACGCATCCAGAGGC

Clqg TGCGTATGGTTGGCTTGTGGG GAATAGGCGGTGAAGGAGAAAGAGTAGA
C3-1 TTTTCTATGATGCTGGTCTGATGTTTG CGATGTACGTGGCTCGTCGTT

C8b CCATGCCAGGGTTTCCGTTGT CACCAGCATAGTAGCGGTTATCAAGC
MASP-1 ATAACTACATAGGTGGCTTCTACTGT CCTCCTCTTGCTCAATGCGATACA
IL15Ra GGAGCACAAGCAGACAAAAT CTATGATTGATGTACTAGCTGGTTT
Hsp70 GGTCCTTCCAAGTCATCAG GCAATCTCCTTCATCTTCAC

Cptla CCATCTCTTCTGCCTCTAC GCCACACCATAACCATCA

LPL ACCTGGCTGTAACCTTCA AACGGCATCATATCTCTGG

Fads2 CACAGGTTCGGCACTTACAC TCGCATCTTCTCCAGCATAATG
PPARy TGGCTTTCACTATGGCGTTCA GCATTTGTTGCGACTCTTCTTG

EFla TCAGCGCCTACATCAAGAAG TTACGCTCAACCTTCCATCC

Spon1b, spondin 1b; IFT22, intraflagellar transport protein 22 homolog; VEGFAa, vascular endothelial growth factor Aa; gadh, glutamate dehydrogenase; anxala, annexin Ala;

VIR, vasoactive intestinal peptide; PP1, protein phosphatase 1; PP2AB, protein phosphatase 2A catalytic subunit beta isoform; SOD, superoxide dismutase; CAT, catalase; GPX,
glutathione peroxidase; Mt, metallothionein; MASP-1, mannose-binding lectin-associated serine protease-1; IL15Ra, interleukin 15 receptor subunit alpha; Hsp70, heat shock
protein 70; Cpt1a, carnitine palmitoyltransferase 1alpha; LPL, lipoprotein lipase; Fads2, fatty acid desaturase 2; PPARYy, proliferator-activated receptor gamma; and EF1a, elongation

factor 1-alpha.

and other-induced mortality of loach after H,O, and NaCl
treatment are shown in Figure 1. Four hundred milligram
per liter H,0O, treatment significantly increased larvae
hatchability, while the larvae mortality showed no significant
differences after H,O, treatment. Additionally, the egg mortality
was also significantly decreased after 400 mg/L H,0O, treatment.
However, the decreased egg mortality after 400 mg/L H,O,
treatment was not due to fungi, but by other factors, as
the fungi-induced egg mortality was even higher in 400 mg/L
H,O, treatment group.

NaCl treatment showed no significant effects on larval
hatchability nor fry mortality. Similarly, the total egg mortality
along with the fungi-induced egg mortality was not affected
by NaCl treatment. However, the other factor-induced egg
mortality was decreased during 1,000mg/L NaCl treatment.

Effects of H,O, and NaCl Pre-treatment
During Egg Hatching on the Expression of
Genes Involved in Development of Loach
Larvae

Figure 2 indicated the influences of H,0, and NaCl
pre-treatment during egg hatching on the expression of early
development-related genes of loach larvae. The expression
of sponlb, IFT22, VEGFAa, and PP2AB was significantly
upregulated after 400 mg/L H,O, pre-treatment. The expression
of gdh, VIP, and PPI was significantly upregulated with the
increased dosage of H,0,, and highest expression level was
detected at 400mg/L H,0O, pre-treatment. No significant

effects of H,O, pre-treatment were detected on the expression
of anxala.

The expression of sponlb, IFT22, gdh, VIP, VEGFAa, PPI,
and PP2AB in loach larvae was significantly upregulated after
NaCl pre-treatment; however, their expression levels were
significantly higher at 1,000mg/L NaCl pre-treatment than
those at 3,000mg/L NaCl pre-treatment. The expression of
anxala was also significantly upregulated after 1,000 mg/L NaCl
pre-treatment but back to normal after 3,000mg/L NaCl
pre-treatment.

Effects of H,O, and NaCl Pre-treatment
During Egg Hatching on the Expression of
Genes Involved in Antioxidant Capacity of
Loach Larvae
The mRNA expression levels of genes involved in the antioxidant
capacity of loach larvae after H,O, and NaCl pre-treatment
are shown in Figure 3. The expression levels of SOD and Mt
were significantly upregulated with the increased dosage of
H,0,, and the highest expression levels were both detected at
400 mg/L H,0, pre-treatment. The expression of GPx was also
significantly upregulated after H,O, pre-treatment; however, no
significant differences were detected between two dosages.
Additionally, the expression of CAT was not significantly affected
by H,O, pre-treatment.

The expression of SOD was significantly upregulated with
the increased dosage of NaCl, and highest expression level
was detected at 3,000 mg/L NaCl pre-treatment. The expression
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FIGURE 1 | Effects of H,O, (200, 400mg/ml) and NaCl (1,000, 3,000mg/ml) pre-treatment during egg hatching on the hatchability, fry mortality, egg mortality
including fungi-induced mortality and other factor-induced mortality of loach.
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of GPx was only significantly upregulated after 3,000 mg/L NaCl
pre-treatment. The expression of Mt was significantly upregulated
by H,O, pre-treatment, but the highest expression level was

detected at

1,000mg/L NaCl pre-treatment. Additionally,

1,000mg/L NaCl pre-treatment significantly decreased the

expression of CAT.
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Effects of H,O, and NaCl Pre-treatment
During Egg Hatching on the Expression of
Genes Involved in Immune Response of
Loach Larvae

Figure 4 indicated the different expression levels of genes
involved in the immune response of loach larvae after H,O,
and NaCl pre-treatment during egg hatching. The expression
of Clq was also significantly upregulated after H,O, pre-treatment;
however, no significant differences were detected between two
dosages. The expression of C3-1 and Hsp70 was significantly
upregulated after 400 mg/L H,O, pre-treatment. The expression
of IL15Ra was significantly higher in loach larvae after 200 mg/L
H,0, pre-treatment than that after 400 mg/L H,O, pre-treatment.
No significant influences of H,O, pre-treatment were detected
on the expression of C80 nor MASP-I.

The expression of Clg was also significantly upregulated
after 1,000mg/L NaCl pre-treatment but back to normal after
3,000mg/L NaCl pre-treatment. The expression of C8b was
significantly downregulated after 3,000 mg/L NaCl pre-treatment.
The expression of MASP-1 was significantly downregulated after
NaCl pre-treatment but no significant differences were detected
between two dosages. The expression of Hsp70 was significantly
downregulated after NaCl pre-treatment, and the lowest
expression level was detected after 1,000 mg/L NaCl pre-treatment.
No significant influences were detected on the expression of
C3-1 nor ILI5Ra in loach larvae after NaCl pre-treatment.

Effects of H,O, and NaCl Pre-treatment
During Egg Hatching on the Expression of
Genes Involved in Lipid Metabolism of
Loach Larvae

H,0, and NaCl pre-treatment during egg hatching also
significantly affected the expression of genes involved in the
lipid metabolism of loach larvae (Figure 5). The expression
of Cptla, LPL, and Fads2 was significantly upregulated after
200mg/L H,0, pre-treatment. The mRNA expression levels of
Cptla and LPL went back to normal after 400mg/L H,O,
pre-treatment, while the expression of Fads2 was even decreased

after 400mg/L H,O, pre-treatment. The expression of PPARy
was significantly higher in loach larvae after 200mg/L H,O,
pre-treatment than that after 400 mg/L H,O, pre-treatment.
The expression of Cptla and PPARy was significantly
downregulated after 1,000mg/L NaCl pre-treatment, but back
to normal after 3,000mg/L NaCl pre-treatment. The genes
expression level of LPL was significantly upregulated after
3,000mg/L NaCl pre-treatment. The expression of Fads2 was
significantly downregulated after NaCl pre-treatment, while no
significant differences were detected between two NaCl dosages.

DISCUSSION

The disease prevention or control is of great importance to
keep the healthy fish fry stocks (Subasinghe et al., 2000), so
antibiotics and insecticides were traditionally applied during
fish fry breeding. However, the applications of antibiotics and
insecticides have been seriously restricted in many countries,
including China, because they are not only highly toxic to
humans and fish and not easy to be degraded in the environment,
but also lead to the potential development of antibiotic resistance
(Holmstrom et al., 2003; Cabello, 2006; Zhou et al., 2019;
Shao et al, 2021). Fish vaccine is of great potential in the
prevention of disease outbreaks; however, only eight fish vaccines
have been licensed in China, which is far more from enough
to main the continual development of aquaculture production
in China (Wang et al,, 2020). Especially in fish fry, there is
no available fish vaccine nor mature vaccination route, which
seriously restricts the stable fish fry stocks (Rojo-Cebreros
etal, 2018). The safe and environmental-friendly drugs, including
H,0, and NaCl, have been tested in the fry hatching of many
fish species (Magondu et al., 2011). H,O, has been proved to
promote the hatching rate of eggs in multiple fish species.
For example, H,0O, treatment at 500-1,000ppm significantly
increased hatching rates and controlled fungi in rainbow trout
eggs (Schreier et al., 1996; Barnes et al, 1998). In channel
catfish (I. punctatus), H,O, treatment at low concentrations of
70-250mg/L significantly increased percent hatching of fish
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FIGURE 4 | Effects of H,O, (200, 400mg/ml) and NaCl (1,000, 3,000 mg/ml) pre-treatment during egg hatching on the relative expression levels of genes involving
immunity, including C7q, C3-1, C8b, MASP-1, IL15Ra, and Hsp70 in loach larvae.
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FIGURE 5 | Effects of H,O, (200, 400mg/ml) and NaCl (1,000, 3,000 mg/ml) pre-treatment during egg hatching on the relative expression levels of genes involving
lipid metabolism, including Cpt1a, LPL, Fads2, and PPARy in loach larvae.
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eggs (Small and Wolters, 2003), and later studies indicated
that higher dosage of H,O, (500 or 750mg/L) could also
improve the percent hatching of channel catfish eggs (Rach
et al., 2004). One study also compared the effects of H,O, on
eight species of warm- and cool-water fish eggs which identified
the concentration of 1,000 mg/L to be most effective in improving
hatching rate (Rach et al., 1998). The unfertilized fish eggs
are especially vulnerable to fungal infection from the family
Saprolegniaceae (Post, 1987), which produces mycelia to facilitate
spreading from the nonviable to the healthy eggs and cause
egg mortality (Teresa Vega-Ramirez et al., 2013). In the present
study, H,O, treatment at 400mg/L significantly improved the
hatchability and also decreased the egg mortality. However,
the decreased egg mortality after 400 mg/L treatment was not
due to the inhibition of fungi as the fungi-induced egg mortality
was even increased in 400 mg/L H,O, treatment. Four hundred
milligram per liter H,O, treatment might contribute to the
other factors, including bacterial inhibition or water parameters
protection. This was in accordance with studies in salmon
(Salmo salar) as H,0, concentration strongly affected salmon
mortality, but did not alter mucous cell area or density, pre-adult
lice removal efficiency, or the re-infection success of lice
copepodids (Overton et al., 2018). Besides H,0,, NaCl has
also been reported to affect the hatching rate of fish eggs;
however, the effects varied depending on the dosage of NaCl
and the fish species. Schnick (1988) reported that the 3,000 ppm
NaCl dip effectively removed protozoa from fish egg surfaces
and limited any mycelial production that may lower egg hatching.
Salt treatment at 0-5,000mg/L significantly improved egg
hatching in channel catfish (Froelich and Engelhardt, 1996),
and NaCl significantly improved the hatching rate of koi carp
(C. carpio haematopterus) at 1,000 and 2,500 mg/L for a 60 min
exposure duration but even toxic to the eggs at 5,000mg/L
(Phelps and Walser, 1993). In the present study, NaCl treatment
at 1,000 and 3,000mg/L did not significantly affect fish egg
hatching rate nor the fry mortality. Moreover, the total mortality
and fungi-induced mortality of loach eggs were also not
significantly affected after NaCl treatment. However, 1,000 mg/L
NaCl treatment significantly inhibited the other factor-induced
egg mortality excepting fungi. NaCl treatment showing no
effects on the hatching performance of loach in the present
study may be due to the test dosages of NaCl and the fish
species. A much wider dosage range of NaCl during loach
hatching could be tested in the future study.

Although plenty of studies have evaluated the influences of
NaCl and H,O, pre-treatment on the egg hatching of many
fish species, little information is known about the influences
of these pre-treatments on fish larvae health and nutrient
metabolism. Recent studies have indicated that nutritional
stimuli (quantity or quality of nutrients) and non-nutritional
environmental stress experienced at critical periods of an
organism’s life can result in permanent changes in postnatal
growth potential, health, and metabolic status in animals
including fish and shrimp (Burdge and Lillycrop, 2010; Hu
et al,, 2018). Moreover, temperature has also been reported
to affect the liver transcriptome response of spotted seabass
(Lateolabrax maculatus) induced by dietary protein level

(Cai et al.,, 2020). Thus, the effects of NaCl and H,O, during
egg hatching on antioxidant capacity, immune responses, and
lipid metabolism of loach larvae were systematically evaluated.
In previous studies, the metabolic programming in aquatic
has been mainly focused on carbohydrate metabolism due to
the desired protein-sparing effects (Hu et al., 2018); however,
lipid metabolism is also important and also serves the protein-
sparing effect (Peng et al., 2019). Especially, fish larvae require
much higher energy consumption for the rapid growth (Abi-
Ayad and Kestemont, 1994; Gaon et al., 2021) and lipid serves
as the most efficient nutrient for energy supply (Kupriyanova
et al,, 2021). In the present study, both the genes involved in
lipid catabolism, such as Cptla and LPL, and genes involved
in lipid anabolism, such as Fads2, along with the regulatory
factor, PPARy, were significantly upregulated in 200 mg/L H,O,
pre-treatment group, but back to normal level at 400 mg/L.
However, most genes were downregulated by NaCl pre-treatment
excepting LPL which was significantly upregulated after
3,000mg/L NaCl pre-treatment. This phenomenon has been
reported in earlier studies which suggested that nutritional
programming by dietary carbohydrates in European seabass
larvae may not always be as expected (Zambonino-Infante
et al,, 2019). These differential results may result from different
fish species, different stimulus patterns, and/or dosages.

In animals, the ROS play important roles in tissue homeostasis,
cellular signaling, differentiation (Harris and DeNicola, 2020),
and their levels are tightly regulated by cellular antioxidant
system to prevent unwanted consequences (Pérez-Jiménez et al.,
2017). However, oxidative stress will be generated when the
balance between the production and neutralization of ROS is
broken to favor the former, thus causing oxidative damage to
proteins, nucleic acids and lipids, destroying important cellular
processes and increasing mutations (Loro et al., 2012). Like in
mammals, the cellular antioxidant defenses system in fish has
been identified and proven to be functional during multiple
situations which include ROS scavenging, oxidative stress
protection, and attenuation of membrane lipid peroxidation
(Hermans et al, 2007). Consequently, the major front-line
antioxidant enzymes, such as SOD (neutralizes superoxide radicals
to H,0,), CAT, and GPx (neutralizes H,O, to water), and small
non-protein antioxidants (scavenges all active oxygen species
directly) work in a cascade to protect cells from oxidative stress
(Ighodaro and Akinloye, 2018). Oxidative responses of both
invertebrates and vertebrates under salinity challenges have been
emphatically discussed. In juvenile olive flounders, the activities
of SOD, GST, and GSH in the liver and gill were significantly
affected by salinity (Kim et al., 2021). The activities of serum
antioxidants, including SOD, GPx, CAT, and glutathione reductase
(GR) in the spleen of European seabass after cold stress, were
affected by salinity (Islam et al., 2020). Early studies have
indicated the influences of environmental parameters including
seawater acidification and cadmium on the antioxidant defense
of flounder P. olivaceus larvae (Cui et al., 2020). In the present
study, NaCl pre-treatment significantly induced the higher
expression levels of SOD, GPx, and Mt, which is similar to
previous studies in other juvenile fish and fish larvae. However,
the expression level of CAT was not significantly upregulated
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but even decreased after 1,000mg/L NaCl pre-treatment. This
is similar to earlier reports that, unlike SOD, no significant
changes were observed in the mRNA expression or activity of
CAT in the livers of D. labrax and Chanos Chanos under different
salinity (Chang et al, 2021). H,0,, as a strong oxidant, can
increase the intracellular ROS level and induce oxidative stress.
However, the effects of H,O, on fish antioxidant defense, including
the levels of antioxidant enzymes (e.g., SOD and CAT) and
nonenzymatic antioxidants (e.g., GSH), varied depending on
the duration and dosage of H,O, treatment. It has been reported
that short and moderate H,O, treatment stimulated the levels
of the antioxidant enzymes, while chronic and severe H,O,
treatment impaired antioxidant defense system (Jia et al., 2021).
In common carp (C. carpio), the oxidative stress-related genes,
including nrf2, gsta, sod, cat, and/or gpx1, were upregulated in
liver, gills, muscle, intestines, and/or kidney, but downregulated
in heart after H,O, exposure (Jia et al, 2020). In the brain
and liver tissue of largemouth bass, 2.5mg/L sodium carbonate
peroxyhydrate containing H,O, as the active ingredient resulted
in an increase of SOD, CAT, GPX, GR, and GST activity (Sinha
et al., 2020). In the present study, the expression of SOD, GPx,
and Mt in loach larvae was significantly increased after H,O,
pre-treatment. However, like the unaffected CAT expression
during NaCl treatment, no significant changes were found on
the expression of CAT in loach larvae after H,O, pre-treatment.
Thus, H,0, (200 and 400 mg/L) and NaCl (1,000 and 3,000 mg/L)
pre-treatment during egg hatching significantly stimulated the
antioxidant defense system in loach larvae.

Besides antioxidant defense system, the immune system also
protects fish against environmental stress and teleost is the
first bony vertebrate to develop both innate and adaptive
immunity. Salinity and H,0, have been shown to affect the
fish immune responses, for example, the immune responses
of European seabass acclimatized after extreme ambient cold
stress were significantly affected by different salinities (Islam
et al, 2020) and transcriptome analysis also identified 100
differentially expressed genes involved in the immune system
of common carp (C. carpio) after H,0O, exposure (Jia et al,
2021). Especially, the complement system, which is composed
of more than 35 soluble plasma proteins, plays an essential
role in alerting and clearing of potential pathogens and also
contributes to the development of an acquired immune response
(Ferreira and Cortes, 2021). The complement system of teleost
fish, like that of higher vertebrates, can be activated through
all three pathways of complement (Nakao et al, 2011).
Complement 3 (C3), the key component in teleost, is present
in several isoforms that are the products of different genes
(Sunyer et al., 1996). The lectin pathway is initiated through
the interaction of MBL (like Clq) and ficolins with sugar
moieties expressed on the surface of many microorganisms.
Clq has been cloned in multiple fish species, such as channel
catfish I punctatus (Li et al.,, 2012) and killifish E heteroclitus
(Kocabas et al., 2002). Moreover, MASP1 has such a broad
specificity and has significant substrates other than complement
proteins (Hajela et al, 2002). Besides, C8 is responsible for
the formation of membrane attack complex (Liyanage et al.,
2018). In the present study, H,O, pre-treatment during egg

hatching significantly induced the higher mRNA expression
level of C3-1 and Clq in loach larvae, but did not affect the
mRNA expression level of C80 nor MASP-1. This was similar
to previous study that the expression levels of complement
C3, C4, and C7 in the Atlantic salmon skin were significantly
upregulated by 24-h exposure to H,0, (Karlsen et al.,, 2021).
NaCl pre-treatment only increased the mRNA expression level
of Clg, but decreased the mRNA expression levels of C8b
and MASP-1. The mRNA expression level of C3-1 was not
significantly affected during NaCl pre-treatment. Under the
stimulation of inflammatory mediators, activation signals, and
pathogenic infection, interleukin 15 (IL15) could transfer from
the endoplasmic reticulum to cell membrane after binding with
its receptor (ILI5R) and control multiple process, including
cell proliferation and inhibition of apoptosis (Chen et al., 2018).
Additionally, Hsps has been shown to be an integral part of
the cellular stress response pathways in fishes (Metzger et al.,
2016) and widely used as biomarkers of exposure to
environmental stressors (Mitra et al., 2018). In the present
study, H,O, pre-treatment induced the mRNA expression of
IL1I5Ra at 200mg/L and Hsp70 at 400mg/L, while NaCl
pre-treatment decreased Hsp70 expression at two dosages but
did not affect the expression of ILI5Ra.

Fish fry is rather fragile at the early development period
and can be easily affected by the surrounding environment.
As reported earlier, the newly hatched loach larva had a long
straight intestinal tube with a very simple structure (Luo et al,,
2016), and the effectiveness of drug pre-treatment on the fry
could be monitored by evaluating the relative mRNA expression
levels of early development-related genes. Sponlb was originally
isolated from the developing embryonic floor plate of vertebrates
and performs a positive function in nervous system development.
A study in Japanese flounder showed that sponlb was maternally
expressed with transcripts present from one-cell stage to hatching
stage, peaking at tailbud stage (Hu et al., 2016). IFT sculpts
the proteome of cilia and flagella and plays critical roles in
cilia biogenesis, quality control, and signal transduction by
delivering proteins to the growing ciliary tip and selectively
transporting signaling molecules (Webb et al., 2020). VEGFA
is required for the differentiation of endothelial cells
(vasculogenesis) and for the sprouting of new capillaries
(angiogenesis), and duplicated VEGFA in the zebrafish has
been reported to mediate vascular development (Bahary et al.,
2007). Gdh in the Antarctic fish Chaenocephalus aceratus has
been reported to have relationship with cold adaptation (Ciardiello
et al,, 2000). Anxala also play a significant role in epimorphic
regeneration of zebrafish caudal fin tissue (Quoseena et al,
2020). In zebrafish, VIP-like immunoreactive cells exist in the
olfactory pit, the retina, and several regions of the brain at
24h post-fertilization (hpf) embryos (Mathieu et al, 2001).
PP] and PP2A are proteins with major Ser/Thr protein
phosphatase activity in eukaryotic cells and always interact
with multiple proteins of diverse structure (regulatory subunits)
with little substrate specificity; thus, they are a key regulator
of cell development and oncogenic transformation (Dzulko
et al, 2020). In the present study, excepting anxala, the
expression levels of early development-related genes, including
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sponlb, IFT22, VEGFAa, gdh, VIP, PPI, and PP2AB, were
significantly increased after 400 mg/L H,O, pre-treatment, which
agrees well with the higher hatching rate in this group. However,
although NaCl treatment increased their expression in loach
larvae especially at 1,000mg/L, the hatching rate of loach was
not significantly affected.

In all, our study indicated the long-time effects of H,O,
and NaCl pre-treatment during fish egg hatching on the health
and metabolism of fish larvae. Besides the role in promoting
egg hatchability, H,O, pre-treatment at appropriate dosage also
stimulated the antioxidant system and immune system of fish
larvae, which could be linked to the good performance in
fish early development.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can
be directed to the corresponding author.

REFERENCES

Abi-Ayad, A., and Kestemont, P. (1994). Comparison of the nutritional status
of goldfish (Carassius auratus) larvae fed with live, mixed or dry diet.
Aquaculture 128, 163-176. doi: 10.1016/0044-8486(94)90111-2

Altinok, I., and Grizzle, J. M. (2001). Effects of low salinities on Flavobacterium
columnare infection of euryhaline and freshwater stenohaline fish. J. Fish
Dis. 24, 361-367. doi: 10.1046/j.1365-2761.2001.00306.x

Alvarez, P, Cotano, U,, Estensoro, I, Etxebeste, E., and Irigoien, X. (2021).
Assessment of larval growth patterns: a comparison across five fish species
in the Bay of Biscay. Reg. Stud. Mar. Sci. 47:101958. doi: 10.1016/j.
rsma.2021.101958

Avendario-Herrera, R., Magarifios, B., Irgang, R., and Toranzo, A. E. (2006).
Use of hydrogen peroxide against the fish pathogen Tenacibaculum maritimum
and its effect on infected turbot (Scophthalmus maximus). Aquaculture 257,
104-110. doi: 10.1016/j.aquaculture.2006.02.043

Bahary, N., Goishi, K., Stuckenholz, C., Weber, G., Leblanc, J., Schafer, C. A.,
et al. (2007). Duplicate VegfA genes and orthologues of the KDR receptor
tyrosine kinase family mediate vascular development in the zebrafish. Blood
110, 3627-3636. doi: 10.1182/blood-2006-04-016378

Barnes, M. E., Ewing, D. E.,, Cordes, R. J., and Young, G. L. (1998). Observations
on hydrogen peroxide control of Saprolegnia spp. during rainbow trout eggs
incubation. Prog. Fish Cult. 60, 67-70. doi: 10.1577/1548-8640(1998)060<0067:00
HPCO>2.0.CO;2

Burdge, G. C,, and Lillycrop, K. A. (2010). Nutrition, epigenetics, and developmental
plasticity: implications for understanding human disease. Annu. Rev. Nutr.
30, 315-339. doi: 10.1146/annurev.nutr.012809.104751

Cabello, E. C. (2006). Heavy use of prophylactic antibiotics in aquaculture: a
growing problem for human and animal health and for the environment.
Environ. Microbiol. 8, 1137-1144. doi: 10.1111/j.1462-2920.2006.01054.x

Cai, L. S., Wang, L., Song, K., Lu, K. L., Zhang, C. X,, and Rahimnejad, S.
(2020). Evaluation of protein requirement of spotted seabass (Lateolabrax
maculatus) under two temperatures, and the liver transcriptome response
to thermal stress. Aquaculture 516:734615. doi: 10.1016/j.aquaculture.
2019.734615

Chang, C. H., Mayer, M., Rivera-Ingraham, G., Blondeau-Bidet, E., Wu, W. Y,,
Lorin-Nebel, C., et al. (2021). Effects of temperature and salinity on antioxidant
responses in livers of temperate (Dicentrarchus labrax) and tropical (Chanos
Chanos) marine euryhaline fish. J. Therm. Biol. 99:103016. doi: 10.1016/j.
jtherbio.2021.103016

Chen, X., Kong, W,, Yu, Y., Dong, S., Huang, Z., Yu, W,, et al. (2018).
Molecular characterization and expression analysis of interleukin 15 (IL15)

ETHICS STATEMENT

The animal study was reviewed and approved by Animal
Experiment Committee of Huazhong Agricultural University.

AUTHOR CONTRIBUTIONS

QW designed and wrote the main context. MW conducted
most experimental protocol. WX wrote the manuscript.
JZ, SL, and ZS conducted the experimental analysis. FZ,
WJ, and ZX supplied the relevant materials. All
authors contributed to the article and approved the
submitted version.

FUNDING

This article was funded by National Natural Science Foundation
of China (Grant Nos. 31802317 and 32172996).

and interleukin-15 receptor subunit alpha (ILI5Ra) in Dojo loach
(Misgurnus anguillicaudatus): their salient roles during bacterial, parasitic
and fungal infection. Mol. Immunol. 103, 293-305. doi: 10.1016/j.
molimm.2018.10.012

Chen, S. G, Li, D. P, Xie, C. X,, Yao, N., Wang, S., and Ren, D. Q. (2016).
“Influence of salinity on hatching rate and larval vitality in Triplophysa
(Hedinichthys) yarkandensis (Day)” in The Annual Conference of Chinese
Fisheries Association; November 2-4, 2016.

Ciardiello, M. A., Camardella, L., Carratore, V., and Prisco, G. D. (2000).
L-glutamate dehydrogenase from the Antarctic fish Chaenocephalus aceratus:
primary structure, function and thermodynamic characterisation: relationship
with cold adaptation. Biochim. Biophys. Acta 1543, 11-23. doi: 10.1016/
$0167-4838(00)00186-2

Cui, W,, Cao, L., Liu, J., Ren, Z., Zhao, B., and Dou, S. (2020). Effects of
seawater acidification and cadmium on the antioxidant defense of flounder
Paralichthys olivaceus larvae. Sci. Total Environ. 718:137234. doi: 10.1016/j.
scitotenv.2020.137234

Dewi, R. R, Siallagan, W,, and Suryanto, D. (2018). The efficacy of sodium
chloride application in the control of fish lice (Argulus sp.) infection on
tilapia (Oreochromis niloticus). Acta Aquat. Sci. J. 5, 4-7. doi: 10.29103/
aa.v5il.584

Dzulko, M., Pons, M., Henke, A., Schneider, G., and Krimer, O. H. (2020).
The PP2A subunit PR130 is a key regulator of cell development and oncogenic
transformation. Biochim. Biophys. Acta Rev. Cancer 1874:188453. doi: 10.1016/j.
bbcan.2020.188453

Ferreira, V. P,, and Cortes, C. (2021). The Complement System, Reference Module
in Biomedical Sciences. Main St. Salt Lake City, UT 84111, USA: Elsevier.

Froelich, S. L., and Engelhardt, T. (1996). Comparative effects of formalin and
salt treatments on hatch rate of koi carp eggs. Prog. Fish Cult. 58, 209-211.
doi: 10.1577/1548-8640(1996)058<0209: CEOFAS>2.3.CO;2

Fuiman, L. A. (1983). Growth gradients in fish larvae. J. Fish Biol. 23, 117-123.
doi: 10.1111/§.1095-8649.1983.tb02886.x

Fuiman, L. A., Smith, M. E.,, and Malley, V. N. (1999). Ontogeny of routine
swimming speed and startle responses in red drum, with a comparison of
responses to acoustic and visual stimuli. J. Fish Biol. 55, 215-226. doi:
10.1111/j.1095-8649.1999.tb01057.x

Gao, J., Koshio, S., Wang, W, Li, Y., Huang, S., and Cao, X. (2014). Effects
of dietary phospholipid levels on growth performance, fatty acid composition
and antioxidant responses of Dojo loach Misgurnus anguillicaudatus larvae.
Aquaculture 426-427, 304-309. doi: 10.1016/j.aquaculture.2014.02.022

Gaon, A., Tandler, A., Nixon, O., El Sadin, S., Allon, G., and Koven, W. (2021).
The combined DHA and taurine effect on vision, prey capture and growth

Frontiers in Physiology | www.frontiersin.org

16

October 2021 | Volume 12 | Article 768907


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/0044-8486(94)90111-2
https://doi.org/10.1046/j.1365-2761.2001.00306.x
https://doi.org/10.1016/j.rsma.2021.101958
https://doi.org/10.1016/j.rsma.2021.101958
https://doi.org/10.1016/j.aquaculture.2006.02.043
https://doi.org/10.1182/blood-2006-04-016378
https://doi.org/10.1577/1548-8640(1998)060<0067:OOHPCO>2.0.CO;2
https://doi.org/10.1577/1548-8640(1998)060<0067:OOHPCO>2.0.CO;2
https://doi.org/10.1146/annurev.nutr.012809.104751
https://doi.org/10.1111/j.1462-2920.2006.01054.x
https://doi.org/10.1016/j.aquaculture.2019.734615
https://doi.org/10.1016/j.aquaculture.2019.734615
https://doi.org/10.1016/j.jtherbio.2021.103016
https://doi.org/10.1016/j.jtherbio.2021.103016
https://doi.org/10.1016/j.molimm.2018.10.012
https://doi.org/10.1016/j.molimm.2018.10.012
https://doi.org/10.1016/s0167-4838(00)00186-2
https://doi.org/10.1016/s0167-4838(00)00186-2
https://doi.org/10.1016/j.scitotenv.2020.137234
https://doi.org/10.1016/j.scitotenv.2020.137234
https://doi.org/10.29103/aa.v5i1.584
https://doi.org/10.29103/aa.v5i1.584
https://doi.org/10.1016/j.bbcan.2020.188453
https://doi.org/10.1016/j.bbcan.2020.188453
https://doi.org/10.1577/1548-8640(1996)058<0209:CEOFAS>2.3.CO;2
https://doi.org/10.1111/j.1095-8649.1983.tb02886.x
https://doi.org/10.1111/j.1095-8649.1999.tb01057.x
https://doi.org/10.1016/j.aquaculture.2014.02.022

Wang et al.

Metabolic Programming in Fish

in different age larvae of gilthead sea bream (Sparus aurata). Aquaculture
545:737181. doi: 10.1016/j.aquaculture.2021.737181

George, L. A., Zhang, L., Tuersunjiang, N., Ma, Y., Long, N. M., Uthlaut, A. B,,
et al. (2012). Early maternal undernutrition programs increased feed intake,
altered glucose metabolism and insulin secretion, and liver function in aged
female offspring. Am. J. Physiol. Regul. Integr. Comp. Physiol. 302, R795-R804.
doi: 10.1152/ajpregu.00241.2011

Geurden, 1., Aramendi, M., Zambonino-Infante, J., and Panserat, S. (2007).
Early feeding of carnivorous rainbow trout (Oncorhynchus mykiss) with a
hyperglucidic diet during a short period: effect on dietary glucose utilization
in juveniles. Am. J. Physiol. Regul. Integr. Comp. Physiol. 292, R2275-R2283.
doi: 10.1152/ajpregu.00444.2006

Geurden, I, Mennigen, J., Plagnes-Juan, E., Veron, V., Cerezo, T., Mazurais, D.,
et al. (2014). High or low dietary carbohydrate:protein ratios during first-
feeding affect glucose metabolism and intestinal microbiota in juvenile
rainbow trout. J. Exp. Biol. 217, 3396-3406. doi: 10.1242/jeb.106062

Hajela, K., Kojima, M., Ambrus, G., Wong, K. H., Moffatt, B. E., Ferluga, J.,
et al. (2002). The biological functions of MBL-associated serine proteases
(MASPs). Immunobiology 205, 467-475. doi: 10.1078/0171-2985-00147

Harris, 1. S., and DeNicola, G. M. (2020). The complex interplay between
antioxidants and ROS in cancer. Trends Cell Biol. 30, 440-451. doi: 10.1016/j.
1cb.2020.03.002

Hart, P. R, and Purser, G. J. (1995). Effects of salinity and temperature on
eggs and yolk sac larvae of the greenback flounder (Rhombosolea tapirina
Giinther, 1862). Aquaculture 136, 221-230. doi: 10.1016/0044-8486(95)01061-0

Hermans, N., Cos, P,, Maes, L., De Bruyne, T., Vanden Berghe, D., Vlietinck, A. J.,
et al. (2007). Challenges and pitfalls in antioxidant research. Curr. Med.
Chem. 14, 417-430. doi: 10.2174/092986707779941005

Holmstrém, K., Gréslund, S., Wahlstrom, A., Poungshompoo, S., Bengtsson, B. E.,
and Kautsky, N. (2003). Antibiotic use in shrimp farming and implications
for environmental impacts and human health. Int. . Food Sci. Technol. 38,
255-266. doi: 10.1046/j.1365-2621.2003.00671.x

Hu, H., Liu, J., Plagnes-Juan, E., Herman, A., Leguen, I, Goardon, L., et al.
(2018). Programming of the glucose metabolism in rainbow trout juveniles
after chronic hypoxia at hatching stage combined with a high dietary
carbohydrate: protein ratios intake at first-feeding. Aquaculture 488, 1-8.
doi: 10.1016/j.aquaculture.2018.01.015

Hu, H,, Xin, N, Liu, ], Liu, M., Wang, Z., Wang, W., et al. (2016). Characterization
of F-spondin in Japanese flounder (Paralichthys olivaceus) and its role in
the nervous system development of teleosts. Gene 575, 623-631. doi: 10.1016/j.
gene.2015.09.037

Huang, S., Cao, X, Tian, X., Luo, W,, and Wang, W. (2015). Production of
tetraploid gynogenetic loach using diploid eggs of natural tetraploid loach,
Misgurnus anguillicaudatus, fertilized with UV-irradiated sperm of Megalobrama
amblycephala without treatments for chromosome doubling. Cytogenet. Genome
Res. 147, 260-267. doi: 10.1159/000444384

Ighodaro, O. M., and Akinloye, O. A. (2018). First line defence antioxidants-
superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase
(GPX): their fundamental role in the entire antioxidant defence grid. Alex.
J. Med. 54, 287-293. doi: 10.1016/j.ajme.2017.09.001

Imanpoor, M. R., Najafi, E., and Kabir, M. (2012). Effects of different salinity
and temperatures on the growth, survival, haematocrit and blood biochemistry
of goldfish (Carassius auratus). Aquac. Res. 43, 332-338. doi:
10.1111/.1365-2109.2011.02832.x

Islam, M. J, Kunzmann, A., Bogner, M., Meyer, A., Thiele, R., and James
Slater, M. (2020). Metabolic and molecular stress responses of European
seabass, Dicentrarchus labrax at low and high temperature extremes. Ecol.
Indic. 112:106118. doi: 10.1016/j.ecolind.2020.106118

Jia, R, Du, ], Cao, L., Feng, W., He, Q., Xu, P, et al. (2020). Chronic exposure
of hydrogen peroxide alters redox state, apoptosis and endoplasmic reticulum
stress in common carp (Cyprinus carpio). Aquat. Toxicol. 229:105657. doi:
10.1016/j.aquatox.2020.105657

Jia, R., Du, J.,, Cao, L., Feng, W,, He, Q,, Xu, P, et al. (2021). Application of
transcriptome analysis to understand the adverse effects of hydrogen peroxide
exposure on brain function in common carp (Cyprinus carpio). Environ.
Pollut. 286:117240. doi: 10.1016/j.envpol.2021.117240

Karlsen, C., Bogevik, A. S., Krasnov, A., and Ytteborg, E. (2021). In vivo and
in vitro assessment of Atlantic salmon skin exposed to hydrogen peroxide.
Aquaculture 540:736660. doi: 10.1016/j.aquaculture.2021.736660

Kim, J. H, Jeong, E. H, Jeon, Y. H,, Kim, S. K,, and Hur, Y. B. (2021).
Salinity-mediated changes in hematological parameters, stress, antioxidant
responses, acetylcholinesterase of juvenile olive flounders (Paralichthys
olivaceus).  Environ. Toxicol. Pharmacol. 83:103597. doi: 10.1016/j.
etap.2021.103597

Klein, R. D., Rosa, C. E., Colares, E. P, Robaldo, R. B., Martinez, P. E,, and
Bianchini, A. (2017). Antioxidant defense system and oxidative status in
Antarctic fishes: the sluggish rockcod Notothenia coriiceps versus the active
marbled notothen Notothenia rossii. J. Therm. Biol. 68, 119-127. doi: 10.1016/j.
jtherbio.2017.02.013

Kocabas, A. M., Li, P, Cao, D., Karsi, A., He, C., Patterson, A., et al. (2002).
Expression profile of the channel catfish spleen: analysis of genes involved
in immune functions. Mar. Biotechnol. 4, 526-536. doi: 10.1007/
$10126-002-0067-0

Kongsted, A. H., Tygesen, M. P, Husted, S. V, Oliver, M. H. Tolver, A,
Christensen, V. G., et al. (2014). Programming of glucose-insulin homoeostasis:
long-term consequences of pre-natal versus early post-natal nutrition insults.
Evidence from a sheep model. Acta Physiol. 210, 84-98. doi: 10.1111/apha.12080

Kujawa, R., Lach, M., Pol, P, Ptaszkowski, M., and Kucharczyk, D. (2017).
Influence of water salinity on the survival of embryos and growth of the
sichel larvae Pelecus cultratus (L.) under controlled conditions. Aquac. Res.
48, 1302-1314. doi: 10.1111/are.12972

Kupriyanova, Y., Zaharia, O. P, Bobrov, P, Karusheva, Y., Burkart, V., Szendroedsi, J.,
et al. (2021). Early changes in hepatic energy metabolism and lipid content
in recent-onset type 1 and 2 diabetes mellitus. J. Hepatol. 74, 1028-1037.
doi: 10.1016/j.jhep.2020.11.030

Kurien, B. T., and Scofield, R. H. (2003). Free radical mediated peroxidative
damage in systemic lupus erythematosus. Life Sci. 73, 1655-1666. doi: 10.1016/
$0024-3205(03)00475-2

Lacher, S. E., Levings, D. C., Freeman, S., and Slattery, M. (2018). Identification
of a functional antioxidant response element at the HIF1A locus. Redox
Biol. 19, 401-411. doi: 10.1016/j.redox.2018.08.014

Li, C.,, Zhang, Y., Wang, R., Ly, J., Nandi, S., Mohanty, S., et al. (2012). RNA-
seq analysis of mucosal immune responses reveals signatures of intestinal
barrier disruption and pathogen entry following Edwardsiella ictaluri infection
in channel catfish, Ictalurus punctatus. Fish Shellfish Immunol. 32, 816-827.
doi: 10.1016/j.fs1.2012.02.004

Lisboa, V., Barcarollj, I. F, Sampaio, L. A., and Bianchini, A. (2015). Acclimation
of juvenile Mugil liza Valenciennes, 1836 (Mugiliformes: Mugilidae) to
different environmental salinities. Neotrop. Ichthyol. 13, 591-598. doi:
10.1590/1982-0224-20140123

Liu, J., Plagnes-Juan, E., Geurden, I, Panserat, S., and Marandel, L. (2017a).
Exposure to an acute hypoxic stimulus during early life affects the expression
of glucose metabolism-related genes at first-feeding in trout. Sci. Rep. 7:363.
doi: 10.1038/541598-017-00458-4

Liu, J., Dias, K., Plagnes-Juan, E., Veron, V., Panserat, S., and Marandel, L.
(2017b). Long-term programming effect of embryonic hypoxia exposure
and high-carbohydrate diet at first feeding on glucose metabolism in juvenile
rainbow trout. J. Exp. Biol. 220, 3686-3694. doi: 10.1242/jeb.161406

Liyanage, D. S., Omeka, W. K. M., Godahewa, G. I, Lee, S., Nam, B. H., and
Lee, J. (2018). Membrane attack complex-associated molecules from redlip
mullet (Liza haematocheila): molecular characterization and transcriptional
evidence of C6, C7, C8f, and C9 in innate immunity. Fish Shellfish Immunol.
81, 1-9. doi: 10.1016/j.f51.2018.07.006

Loro, V. L., Jorge, M. B, Silva, K. R., and Wood, C. M. (2012). Oxidative
stress parameters and antioxidant response to sublethal waterborne zinc in
a euryhaline teleost Fundulus heteroclitus: protective effects of salinity. Aquat.
Toxicol. 110-111, 187-193. doi: 10.1016/j.aquatox.2012.01.012

Lucas, A. (1998). Programming by early nutrition: an experimental approach.
J. Nutr. 128, 401s-406s.

Luo, W,, Cao, X., Xu, X, Huang, S., Liu, C, and Tomljanovic, T. (2016).
Developmental transcriptome analysis and identification of genes involved
in formation of intestinal air-breathing function of Dojo loach, Misgurnus
anguillicaudatus. Sci. Rep. 6:31845. doi: 10.1038/srep39108

Magondu, E. W,, Rasowo, J., Oyoo-Okoth, E., and Charo-Karisa, H. (2011).
Evaluation of sodium chloride (NaCl) for potential prophylactic treatment
and its short-term toxicity to African catfish Clarias gariepinus (Burchell
1822) yolk-sac and swim-up fry. Aquaculture 319, 307-310. doi: 10.1016/j.
aquaculture.2011.06.038

Frontiers in Physiology | www.frontiersin.org

17

October 2021 | Volume 12 | Article 768907


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/j.aquaculture.2021.737181
https://doi.org/10.1152/ajpregu.00241.2011
https://doi.org/10.1152/ajpregu.00444.2006
https://doi.org/10.1242/jeb.106062
https://doi.org/10.1078/0171-2985-00147
https://doi.org/10.1016/j.tcb.2020.03.002
https://doi.org/10.1016/j.tcb.2020.03.002
https://doi.org/10.1016/0044-8486(95)01061-0
https://doi.org/10.2174/092986707779941005
https://doi.org/10.1046/j.1365-2621.2003.00671.x
https://doi.org/10.1016/j.aquaculture.2018.01.015
https://doi.org/10.1016/j.gene.2015.09.037
https://doi.org/10.1016/j.gene.2015.09.037
https://doi.org/10.1159/000444384
https://doi.org/10.1016/j.ajme.2017.09.001
https://doi.org/10.1111/j.1365-2109.2011.02832.x
https://doi.org/10.1016/j.ecolind.2020.106118
https://doi.org/10.1016/j.aquatox.2020.105657
https://doi.org/10.1016/j.envpol.2021.117240
https://doi.org/10.1016/j.aquaculture.2021.736660
https://doi.org/10.1016/j.etap.2021.103597
https://doi.org/10.1016/j.etap.2021.103597
https://doi.org/10.1016/j.jtherbio.2017.02.013
https://doi.org/10.1016/j.jtherbio.2017.02.013
https://doi.org/10.1007/s10126-002-0067-0
https://doi.org/10.1007/s10126-002-0067-0
https://doi.org/10.1111/apha.12080
https://doi.org/10.1111/are.12972
https://doi.org/10.1016/j.jhep.2020.11.030
https://doi.org/10.1016/S0024-3205(03)00475-2
https://doi.org/10.1016/S0024-3205(03)00475-2
https://doi.org/10.1016/j.redox.2018.08.014
https://doi.org/10.1016/j.fsi.2012.02.004
https://doi.org/10.1590/1982-0224-20140123
https://doi.org/10.1038/s41598-017-00458-4
https://doi.org/10.1242/jeb.161406
https://doi.org/10.1016/j.fsi.2018.07.006
https://doi.org/10.1016/j.aquatox.2012.01.012
https://doi.org/10.1038/srep39108
https://doi.org/10.1016/j.aquaculture.2011.06.038
https://doi.org/10.1016/j.aquaculture.2011.06.038

Wang et al.

Metabolic Programming in Fish

Mathieu, M., Tagliafierro, G., Angelini, C., and Vallarino, M. (2001). Organization
of vasoactive intestinal peptide-like immunoreactive system in the brain,
olfactory organ and retina of the zebrafish, Danio rerio, during development.
Brain Res. 888, 235-247. doi: 10.1016/S0006-8993(00)03065-1

Menendez-Montes, 1., Escobar, B., Gomez, M. J., Albendea-Gomez, T., Palacios, B.,
Bonzon-Kulichenko, E., et al. (2021). Activation of amino acid metabolic
program in cardiac HIFl-alpha-deficient mice. iScience 24:102124. doi:
10.1016/j.isci.2021.102124

Metzger, D. C., Hemmer-Hansen, J., and Schulte, P. M. (2016). Conserved
structure and expression of hsp70 paralogs in teleost fishes. Comp. Biochem.
Physiol. Part D Genomics Proteomics 18, 10-20. doi: 10.1016/j.cbd.2016.01.007

Ministry of Agriculture and Rural Affairs of the People’s Republic of China
(2021). China Fishery Statistical Yearbook. Beijing: China Agriculture Press.

Mitra, T., Mahanty, A., Ganguly, S., Purohit, G. K., Mohanty, S., Parida, P. K,,
et al. (2018). Expression patterns of heat shock protein genes in Rita rita
from natural riverine habitat as biomarker response against environmental
pollution. Chemosphere 211, 535-546. doi: 10.1016/j.chemosphere.2018.07.093

Nakao, M., Tsujikura, M., Ichiki, S., Vo, T. K., and Somamoto, T. (2011). The
complement system in teleost fish: progress of post-homolog-hunting researches.
Dev. Comp. Immunol. 35, 1296-1308. doi: 10.1016/j.dci.2011.03.003

Ni, J, Wang, X., Stojanovic, A., Zhang, Q. Wincher, M., Biihler, L., et al.
(2020). Single-cell RNA sequencing of tumor-infiltrating NK cells reveals
that inhibition of transcription factor HIF-la unleashes NK cell activity.
Immunity 52, 1075-1087. doi: 10.1016/j.immuni.2020.05.001

Overton, K., Samsing, F, Oppedal, F, Dalvin, S., Stien, L. H., and Dempster, T.
(2018). The use and effects of hydrogen peroxide on salmon lice and post-
smolt Atlantic salmon. Aquaculture 486, 246-252. doi: 10.1016/j.aquaculture.
2017.12.041

Peng, X. R, Feng, L., Jiang, W. D., Wu, P, Liu, Y, Jiang, J., et al. (2019).
Supplementation exogenous bile acid improved growth and intestinal immune
function associated with NF-kB and TOR signalling pathways in on-growing
grass carp (Ctenopharyngodon idella): enhancement the effect of protein-
sparing by dietary lipid. Fish Shellfish Immunol. 92, 552-569. doi: 10.1016/j.
£51.2019.06.047

Pérez-Jiménez, A., Abelldn, E., Arizcun, M., Cardenete, G., Morales, A. E., and
Hidalgo, M. C. (2017). Dietary carbohydrates improve oxidative status of
common dentex (Dentex dentex) juveniles, a carnivorous fish species. Comp.
Biochem. Physiol. A Mol. Integr. Physiol. 203, 17-23. doi: 10.1016/j.
cbpa.2016.08.014

Phelps, R. P, and Walser, C. A. (1993). Effect of sea salt on the hatching of
channel catfish eggs. J. Aquat. Anim. Health 5, 205-207. doi:
10.1577/1548-8667(1993)005<0205:EOSSOT>2.3.CO;2

Pisoschi, A. M., and Pop, A. (2015). The role of antioxidants in the chemistry
of oxidative stress: a review. Eur. J. Med. Chem. 97, 55-74. doi: 10.1016/j.
ejmech.2015.04.040

Pittman, K., Yafera, M., Pavlidis, M., Geffen, A. J., Koven, W, Ribeiro, L.,
et al. (2013). Fantastically plastic: fish larvae equipped for a new world.
Rev. Aquac. 5, S224-S267. doi: 10.1111/raq.12034

Post, G. (1987). Textbook of Fish Health. Revised and Expanded Edition. Neptune
City, NJ: TEH. Publications.

Qin, C., Huang, K., and Xu, H. (2002). Protective effect of polysaccharide
from the loach on the in vitro and in vivo peroxidative damage of hepatocyte.
J. Nutr. Biochem. 13, 592-597. doi: 10.1016/S0955-2863(02)00193-6

Quoseena, M., Vuppaladadium, S., Hussain, S., Banu, S., Bharathi, S., and
Idris, M. M. (2020). Functional role of annexins in zebrafish caudal fin
regeneration — a gene knockdown approach in regenerating tissue. Biochimie
175, 125-131. doi: 10.1016/j.biochi.2020.05.014

Rach, J. J., Gaikowski, M. P, Howe, G. E., and Schreier, T. M. (1998). Evaluation
of the toxicity and efficacy of hydrogen peroxide treatments on eggs of
warm- and coolwater fishes. Aquaculture 165, 11-25. doi: 10.1016/
$0044-8486(98)00248-8

Rach, J. J., Valentine, J. J., Schreier, T. M., Gaikowski, M. P,, and Crawford, T. G.
(2004). Efficacy of hydrogen peroxide to control saprolegniasis on channel
catfish (Ictalurus punctatus) eggs. Aquaculture 238, 135-142. doi: 10.1016/j.
aquaculture.2004.06.007

Rasowo, J., Okoth, O. E., and Ngugi, C. C. (2007). Effects of formaldehyde,
sodium chloride, potassium permanganate and hydrogen peroxide on hatch
rate of African catfish Clarias gariepinus eggs. Aquaculture 269, 271-277.
doi: 10.1016/j.aquaculture.2007.04.087

Rojo-Cebreros, A. H., Ibarra-Castro, L., and Martinez-Brown, J. M. (2018).
Immunostimulation and trained immunity in marine fish larvae. Fish Shellfish
Immunol. 80, 15-21. doi: 10.1016/j.f5.2018.05.044

Schelkle, B., Doetjes, R., and Cable, J. (2011). The salt myth revealed: treatment
of gyrodactylid infections on ornamental guppies, Poecilia reticulata.
Aquaculture 311, 74-79. doi: 10.1016/j.aquaculture.2010.11.036

Schnick, R. A. (1988). The impetus to register new therapeutants for aquaculture.
Prog. Fish Cult. 50, 190-196. doi: 10.1577/1548-8640(1988)050<0190: TITRNT>
2.3.COs2

Schreier, T. M., Rach, J. J, and Howe, G. E. (1996). Efficacy of formalin,
hydrogen peroxide, and sodium chloride on fungal-infected rainbow trout
eggs. Aquaculture 140, 323-331. doi: 10.1016/0044-8486(95)01182-X

Shamsi, S., Steller, E., and Zhu, X. (2021). The occurrence and clinical importance
of infectious stage of Echinocephalus (Nematoda: Gnathostomidae) larvae
in selected Australian edible fish. Parasitol. Int. 83:102333. doi: 10.1016/j.
parint.2021.102333

Shao, Y., Wang, Y., Yuan, Y., and Xie, Y. (2021). A systematic review on
antibiotics misuse in livestock and aquaculture and regulation implications
in China. Sci. Total Environ. 798:149205. doi: 10.1016/j.scitotenv.2021.149205

Sinha, A. K., Romano, N., Shrivastava, J., Monico, J., and Bishop, W. M. (2020).
Oxidative stress, histopathological alterations and anti-oxidant capacity in
different tissues of largemouth bass (Micropterus salmoides) exposed to a
newly developed sodium carbonate peroxyhydrate granular algaecide formulated
with hydrogen peroxide. Aquat. Toxicol. 218:105348. doi: 10.1016/j.
aquatox.2019.105348

Small, B. C., and Wolters, W. R. (2003). Hydrogen peroxide treatment during
egg incubation improves channel catfish hatching success. N. Am. J. Aquac.
65, 314-317. doi: 10.1577/C02-048

Subasinghe, R. P, Bueno, P. B., Phillips, M. J., Hough, C., McGladdery, S. E.,
and Arthur, J. (2000). “Aquaculture in the third millennium” in Technical
Proceedings of the Conference on Aquaculture in the Third Millennium; February
20-25, 2000. NACA, Bangkok and FAO, 167-191.

Sunyer, J. O., Zarkadis, I. K., Sahu, A., and Lambris, J. D. (1996). Multiple
forms of complement C3 in trout that differ in binding to complement
activators. Proc. Natl. Acad. Sci. U. S. A. 93, 8546-8551.

Teresa Vega-Ramirez, M., Moreno-Lafont, M. C,, Valenzuela, R,
Cervantes-Olivares, R., Miguel Aller-Gancedo, J., Fregeneda-Grandes, J. M.,
et al. (2013). New records of Saprolegniaceae isolated from rainbow trout,
from their eggs, and water in a fish farm from the state of México. Rev.
Mex. Biodivers. 84, 637-649. doi: 10.7550/rmb.28627

Wang, H. S., Fang, Q. S, and Zheng, L. Y. (2002). Effects of salinity on
hatching rates and survival activity index of the larvae of Epinephelus akaara.
J. Fish. China 26, 344-350.

Wang, Q., Ji, W,, and Xu, Z. (2020). Current use and development of fish
vaccines in China. Fish Shellfish Immunol. 96, 223-234. doi: 10.1016/j.
£51.2019.12.010

Wang, Q., Yu, Y., Zhang, X., and Xu, Z. (2019). Immune responses of fish to
Ichthyophthirius multifiliis (Ich): a model for understanding immunity against
protozoan parasites. Dev. Comp. Immunol. 93, 93-102. doi: 10.1016/j.
dci.2019.01.002

Webb, S., Mukhopadhyay, A. G., and Roberts, A. J. (2020). Intraflagellar transport
trains and motors: insights from structure. Semin. Cell Dev. Biol. 107, 82-90.
doi: 10.1016/j.semcdb.2020.05.021

Zambonino-Infante, J. L., Panserat, S., Servili, A., Mouchel, O., Madec, L., and
Mazurais, D. (2019). Nutritional programming by dietary carbohydrates in
European sea bass larvae: not always what expected at juvenile stage.
Aquaculture 501, 441-447. doi: 10.1016/j.aquaculture.2018.11.056

Zhou, W,, Rahimnejad, S., Lu, K., Wang, L., and Liu, W. (2019). Effects of
berberine on growth, liver histology, and expression of lipid-related genes
in blunt snout bream (Megalobrama amblycephala) fed high-fat diets. Fish
Physiol. Biochem. 45, 83-91. doi: 10.1007/s10695-018-0536-7

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may

Frontiers in Physiology | www.frontiersin.org

18

October 2021 | Volume 12 | Article 768907


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/S0006-8993(00)03065-1
https://doi.org/10.1016/j.isci.2021.102124
https://doi.org/10.1016/j.cbd.2016.01.007
https://doi.org/10.1016/j.chemosphere.2018.07.093
https://doi.org/10.1016/j.dci.2011.03.003
https://doi.org/10.1016/j.immuni.2020.05.001
https://doi.org/10.1016/j.aquaculture.2017.12.041
https://doi.org/10.1016/j.aquaculture.2017.12.041
https://doi.org/10.1016/j.fsi.2019.06.047
https://doi.org/10.1016/j.fsi.2019.06.047
https://doi.org/10.1016/j.cbpa.2016.08.014
https://doi.org/10.1016/j.cbpa.2016.08.014
https://doi.org/10.1577/1548-8667(1993)005<0205:EOSSOT>2.3.CO;2
https://doi.org/10.1016/j.ejmech.2015.04.040
https://doi.org/10.1016/j.ejmech.2015.04.040
https://doi.org/10.1111/raq.12034
https://doi.org/10.1016/S0955-2863(02)00193-6
https://doi.org/10.1016/j.biochi.2020.05.014
https://doi.org/10.1016/S0044-8486(98)00248-8
https://doi.org/10.1016/S0044-8486(98)00248-8
https://doi.org/10.1016/j.aquaculture.2004.06.007
https://doi.org/10.1016/j.aquaculture.2004.06.007
https://doi.org/10.1016/j.aquaculture.2007.04.087
https://doi.org/10.1016/j.fsi.2018.05.044
https://doi.org/10.1016/j.aquaculture.2010.11.036
https://doi.org/10.1577/1548-8640(1988)050<0190:TITRNT>2.3.CO;2
https://doi.org/10.1577/1548-8640(1988)050<0190:TITRNT>2.3.CO;2
https://doi.org/10.1016/0044-8486(95)01182-X
https://doi.org/10.1016/j.parint.2021.102333
https://doi.org/10.1016/j.parint.2021.102333
https://doi.org/10.1016/j.scitotenv.2021.149205
https://doi.org/10.1016/j.aquatox.2019.105348
https://doi.org/10.1016/j.aquatox.2019.105348
https://doi.org/10.1577/C02-048
https://doi.org/10.7550/rmb.28627
https://doi.org/10.1016/j.fsi.2019.12.010
https://doi.org/10.1016/j.fsi.2019.12.010
https://doi.org/10.1016/j.dci.2019.01.002
https://doi.org/10.1016/j.dci.2019.01.002
https://doi.org/10.1016/j.semcdb.2020.05.021
https://doi.org/10.1016/j.aquaculture.2018.11.056
https://doi.org/10.1007/s10695-018-0536-7

Wang et al.

Metabolic Programming in Fish

be evaluated in this article, or claim that may be made by its manufacturer, is

not guaranteed or endorsed by the publisher.

Copyright © 2021 Wang, Xu, Zou, Li, Song, Zheng, Ji, Xu and Wang. This is an
open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

19

October 2021 | Volume 12 | Article 768907


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Physiology

ORIGINAL RESEARCH
published: 28 January 2022
doi: 10.3389/fphys.2021.813451

OPEN ACCESS

Edited by:

Qingchao Wang,

Huazhong Agricultural University,
China

Reviewed by:

Shenping Cao,

Changsha University, China
Yancui Zhao,

Ludong University, China
Guoxing Nie,

Henan Normal University, China

*Correspondence:
Liangbiao Chen
Ibchen@shou.edu.cn

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Aquatic Physiology,

a section of the journal
Frontiers in Physiology

Received: 11 November 2021
Accepted: 23 December 2021
Published: 28 January 2022

Citation:

Wang H, Wang Y, Niu M, Hu L

and Chen L (2022) Cold Acclimation
for Enhancing the Cold Tolerance

of Zebrafish Cells.

Front. Physiol. 12:813451.

doi: 10.3389/fohys.2021.813451

Check for
updates

Cold Acclimation for Enhancing the
Cold Tolerance of Zebrafish Cells

Huamin Wang?23t, Ying Wang'23t, Minghui Niu'23, Linghong Hu'?3 and
Liangbiao Chen'23*

" International Research Center for Marine Biosciences, Ministry of Science and Technology, Shanghai Ocean University,
Shanghai, China, 2 Key Laboratory of Exploration and Utilization of Aquatic Genetic Resources, Ministry of Education,
Shanghai Ocean University, Shanghai, China, ° Shanghai Collaborative Innovation for Aquatic Animal Genetics and Breeding,
Shanghai Ocean University, Shanghai, China

Cold stress is an important threat in the life history of fish. However, current research on
the tolerance mechanisms of fish to cold stress is incomplete. To explore the relevant
molecular mechanisms enabling cold stress tolerance in fish, here we studied ZF4 cells
subjected to short-term (4 days) low temperature stress and long-term (8 months)
low temperature acclimation. The results showed that cell viability decreased and
the cytoskeleton shrank under short-term (4 days) low temperature stress, while the
cell viability and the cytoskeleton became normal after cold acclimation at 18°C for
3 months. Further, when the cells were transferred to the lower temperature (13°C), the
survival rate was higher in the acclimated than non-acclimated group. By investigating
the oxidative stress pathway, we found that the ROS (reactive oxygen species) content
increased under short-term (4 days) cold stress, coupled with changes in glutathione
(GSH), catalase (CAT), superoxide dismutase (SOD) enzyme activity levels. In addition,
overproduction of ROS disrupted physiological cellular homeostasis that generated
apoptosis via the activation of the mitochondrial pathway. However, when compared
with the non-domesticated group, both ROS levels and apoptosis were lowered in the
long-term (8 months) domesticated cells. Taken together, these findings suggest that
cold acclimation can improve the low temperature tolerance of the cells. This exploration
of the mechanism by which zebrafish cells tolerate cold stress, thus contributes to laying
the foundation for future study of the molecular mechanism of cold adaptation in fish.

Keywords: ZF4 cells, cold stress, cold acclimation, oxidative stress, apoptosis

INTRODUCTION

As the major component of aquatic fauna, fish species are often exposed to wide fluctuations
of water temperature, which plays an essential role in their growth, survival, and reproduction
(Vondracek et al, 1988; Schmidt and Starck, 2010; Shahjahan et al., 2017). Most vital
activities decline or halt when fish are exposed to lower water temperatures, such as
for zebrafish (Danio rerio), whose embryos development slows down as the temperature
drops (Kimmel et al, 1995; Schmidt and Starck, 2010). Furthermore, low temperature
stress can cause gill apoptosis in both zebrafish and tilapia (Hu et al, 2016). Studies
show that when exposed to low temperature, the metabolic rate decreased and energy
homeostasis were disrupted in orange-spotted grouper (Epinephelus coioides) and coho salmon
(Oncorhynchus kisutch) (Larsen et al, 2001; Sun et al, 2019). Even worse, in aquaculture
and natural waters, a substantial temperature decline may trigger the death of various fish
(Beitinger et al., 2000; Liang et al,, 2015). Therefore, it is necessary to investigate how fish
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physiologically respond to low temperature, and in recent
years, many studies have examined fish responses to cold
stress. For example, fish can tolerate cold stress by adjusting
their metabolism, which includes increased energy demand and
glycolysis and amino acid catabolism (Islam et al., 2021; Schleger
et al., 2021). Furthermore, fish can also alter the rate of protein
synthesis and the activity of enzymes under low temperature (Ren
et al., 2021; Yilmaz et al., 2021). Nevertheless, those extensive
research activities have focused on short-term stress responses to
cold, leaving little known about the specific molecular mechanism
by which fish improve their cold tolerance during the long-term
process of acclimatization. Recently, many studies have shown
that cold acclimation can enable the physiological activities of
fish to adapt to a lower temperature (Johnson et al., 2014;
Klaiman et al., 2014; Keen et al, 2017). However, research
investigating the role of long-term temperature acclimation in
specific mechanisms that enhance the low temperature tolerance
of fish remains scarce.

Cold stress can cause oxidative stress by inducing the
production of excess reactive oxygen species (ROS). When
levels of active oxygen increases in an organism, the system
of antioxidant enzymes that can eliminate ROS are activated
in the body (Ali et al., 2010). For example, lipid and protein
peroxidation products of the northern moray eel (Zoarces
viviparus) increased markedly after its acute exposure to low
temperature (Heise et al., 2006). The expression of antioxidant
enzyme genes of tilapia (Oreochromis niloticus) and pufferfish
(Takifugu obscurus) also increased considerably under low
temperature stress (Cheng et al., 2017; Yilmaz et al., 2021). In
pufferfish (Takifugu obscurus) and euryhaline milkfish (Chanos
chanos), cold stress induced oxidative stress in their blood and
hepatocytes, respectively (Cheng et al., 2018; Chang et al., 2021).
However, excessive oxidative stress may trigger oxidative damage
to organisms, which is likely to directly result in macromolecular
damage and cell apoptosis (Xing et al., 2016; Zhuang et al., 2017).
Recent reports have shown that many fish apoptosis-related genes
are significantly induced by low temperature (Heise et al., 20065
Sun et al., 2019). Therefore, overcoming oxidative stress is also a
great challenge for fish under conditions of hypothermic stress.

Zebrafish is a key model in zoology, being widely used
in developmental biology, genetics, physiology, toxicology, and
other fields of animal research (Grunwald and FEisen, 2002;
Ruzicka et al., 2019). We should note that zebrafish is tropical
bony fishes capable of tolerating water temperatures ranging from
10.6°C £ 0.5°C to 41.7°C £ 0.3°C (Cheryl and Beitinger, 2005).
Hence, zebrafish is widely used in the study of fish temperature
stress (Lopez-Olmeda and Sanchez-Vazquez, 2011). Much like
its individual fish, the embryonic fibroblast cell line of zebrafish
(ZF4) has an optimum growth temperature of 28°C and exhibits
a wide range of temperature tolerance. Accordingly, ZF4 cells
are considered a suitable cell model for the low temperature
stress research, and were selected for study here. To maintain
cellular homeostasis, fish must activate a physiological cascade of
acclimation strategies while under cold stress (Donaldson et al.,
2008; Tseng et al., 2011). To better explore those responses, the
effects of short-term cold stress and long-term cold acclimation
on zebrafish cell physiology, oxidative stress, and apoptosis

should be investigated. This study not only provides ideas toward
low temperature stress but also deep insights into the theory that
cold acclimation can improve low temperature tolerance.

MATERIALS AND METHODS

Cell Culture and Treatment

ZF4 cell lines were purchased from the American Type Culture
Collection (ATCC, Cat No. CRL 2050). These cells were thawed,
resuscitated, and passaged at 28°C, 5% CO,, in Dulbecco’s
modified Eagle’s medium/F12 nutrient mix (SH30023.01B,
Hyclone, Thermo Scientific, MA, United States) with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin-
glutamine solution (SV30082.01, Hyclone, Thermo Scientific,
MA, United States). The temperature treatment for the cold
stress experiment was selected to be consistent with previous
reports on zebrafish (Wu et al., 2011; Han et al., 2016). For the
short-term cold stress group, when adherent cells had reached
80-90% confluency, the cells were moved to 18 and 13°C
incubators with 5% CO; for 4 days. For the cold acclimation
group, the culture media was changed every 2-3 days and
the cells were passaged regularly at 18°C, with 5% CO,, for
3 months. After undergoing the cold acclimation treatment,
the low temperature domesticated cells were divided into 13°C
incubators with 5% CO; for a 5 day period. Meanwhile, the cells
at 28°C were transferred into 13°C incubators, also for 5 days,
to serve as the control group. The morphology of these treated
cells was observed and photographed daily under a fluorescent
inverted microscope.

Cell Viability Assay

Cell viability was detected using a CCK-8 assay kit (C0038,
Beyotime Biotechnology, Shanghai China) and following the
manufacturer’s instructions. The ZF4 cells were seeded onto a
96-well plate, at a density of 5000 cells per well, with 100 pwL
of medium. After the cold temperature treatment, 10 wL of
the CCK-8 reagent was added to each well at various time
points, and then all cells were further incubated for 4 h. Their
absorbance at 450 nm was quantified with an enzyme-linked
immunosorbent assay reader.

Phalloidin Staining and Inverted

Fluorescence Microscope

The cells that climbed onto the carry sheet glass (20 mm) were
cultured in an incubator. At the start of the experiment, the cells
were washed three times with 1 x PBS. Then, the cells were
fixed with 4% paraformaldehyde for 15 min at room temperature,
and then washed again with 1 x PBS. After fixation, cells were
incubated in a 0.5% Triton X-100 solution for 5 min, and then
washed again with 1 x PBS. The cytoskeleton was stained with
TRITC-conjugated phalloidin (CA1610, Solarbio, Beijing, China)
for 30 min, away from any light, at room temperature. Next,
the cells were washed three times with 1 x PBS. Finally, DAPI
(100 nM in PBS, Invitrogen, CA, United States) was used to
counterstain the nuclei at room temperature for 40 s. Their
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fluorescence images were captured under a confocal microscope
(Leica, SP8 FALCON, Germany).

Antioxidant Enzyme Activity

ZF4 cells were seeded in 100-mm-diameter dishes (2 x 10°
cells per dish) and cultured to 90% confluency. Their cold
stress treatment was performed as described above. Then all
the cells were collected and washed with 1 x PBS two times
and centrifuged for a final collection. The respective activity of
superoxide dismutase (SOD), catalase (CAT), and glutathione
(GSH) enzymes was determined using commercial assay kits
(Jiancheng Bioengineering Institute, Nanjing, China). The
activities of SOD, CAT and GSH are expressed in U/mg protein.

Quantification of Reactive Oxygen

Species

To monitor the intracellular generation of ROS, viable ZF4 cells
were collected for staining. The generation of intracellular ROS
was detected using 2,7’'-Dichlorodihydrofluorescein diacetate
(DCFH-DA, D6883, Sigma, MO, United States) as the peroxide-
sensitive fluorescent probe. The cell suspension (5 x 10*
cells/mL) was incubated with 10 uM DCFH-DA for 30 min in
the absence of any light. After being washed with 1 x PBS, the
cell suspension was analyzed by flow cytometry within 30 min
(BD FACS Accuri C6; BD Biosciences, CA, United States).
Lastly, data analysis of intracellular ROS was conducted using
Flow]Jo 10 software.

Mitochondrial Membrane Potential
Assay

Two assays were used to evaluate the effects on cells
mitochondrial membrane potential. Mitochondrial membrane
potential (MMP) was analyzed using JC-1 (T4069, Sigma, MO,
United States) in both flow cytometric and cell fluorescence
assays. All cells were washed with ice-cold 1 x PBS and
stained with 5 mg/mL JC-1 for 30 min in the dark. Then, each
cell suspension was quantified by flow cytometry (BD FACS
Accuri C6; BD Biosciences, MO, United States). Fluorescence
images were acquired using a confocal microscope (Leica, SP8
FALCON, Germany).

Apoptosis Assay

According to the manufacturer’s instructions, cell apoptosis was
detected by Annexin V-FITC/PI Apoptosis kit (CA1020, Solarbio,
Beijing, China). The cells were dual-stained with Annexin
V-FITC and PI at room temperature for 20 min in the dark. This
method simultaneously determines the percentage of live and
total apoptotic cells (early and late apoptotic). After incubation
and washing, the cell suspension was analyzed by flow cytometry
(BD FACS Accuri C6; BD Biosciences, MO, United States). Data
analysis was performed using Flow]Jo 10 software.

Statistical Analysis

Results of each experiment were obtained three times (n = 3
replicates), with three biological replicates used in every
experiment, unless noted otherwise. The experimental data are

expressed here are the mean =+ standard deviation (SD). All data
analyses and graphing were done using IBM SPSS Statistics v20
and GraphPad Prism 8.0. The results were analyzed by single-
factor analysis of variance (one-way ANOVA) and by the paired
t-test. A result of P < 0.05 was considered significant (*); that
of P < 0.01 was considered extremely significant (**); that of
P < 0.001 was considered extremely significant (***).

RESULTS

Cold Acclimation Affected Cell
Morphology and Viability

To investigate whether cold acclimation promotes cold tolerance,
short-term cold stress (4 days) and long-term cold acclimation
treatments (3 months) were applied to ZF4 cells. After being
treated at 18°C for 4 days, the cells displayed a slight contraction
and widening of the cell gaps. When the treatment temperature
dropped from 18 to 13°C and was maintained for 4 days, the
cells were observed to shrink and grow into strips, with the
gaps between cells becoming larger and the boundary of cells
unclear. In addition, some dead cells were observed floating in
the culture medium. However, when we exposed the cells to 18°C
for 3 months of cold acclimation, that contraction of cells and
those cell gaps were not discernible. Next, we exposed the cold
acclimation group (18°C for 3 months) and the non-acclimation
group (28°C) to 13°C for 5 days, which revealed the shedding of
cells was mild to moderate in the acclimation group but severe in
the non-acclimation group.

Only a few cells were observed in the non-domesticated
group, and the cell margin appeared fairly blurry (Figure 1A).
In parallel, we used the CCKS8 assay to detect cell viability in
both the cold stress and cold acclimation groups. These results
indicated no significant difference in the cell viability versus
the control group (28°C) (Figure 1B). In stark contrast, the
cell viability decreased dramatically in both cold stress groups
(P < 0.05 vs. control). Further, after transferring the cells to
a 13°C exposure, a significant difference was observed when
comparing the cell viability of the cold acclimation group (18°C
for 3 months) with the control group (P < 0.05) (Figure 1C).
All these results suggested that cold acclimation enables the cell
to remain intact and viable under lower temperatures. Given
that cell viability was reduced by ~50% in going from normal
conditions (28°C) to 13°C exposure for 4 days, in subsequent
experiments these variables were selected as the standard time
points for the induction of ZF4 cell apoptosis.

Effects of Cold Stress on the
Cytoskeleton Structure of ZF4

To observe the cell cytoskeleton under cold stress conditions,
phalloidin-strained F-actin was used to stain the cytoskeleton.
This F-actin cytoskeleton was then detected by rhodamine-
phalloidin (red) staining, while the nuclei were visualized with
DAPI (blue). As seen in Figure 2, the control group’s (28°C)
cells were arranged regularly and well clustered. However, the
morphology of ZF4 cells underwent gradual shrinkage in the
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FIGURE 1 | Effect of cold stress on cell morphology and cell viability. Cells were allowed to grow in the incubator at 28°C in 5% CO2 and then treated with low
temperature (13 and 18°C). Ctr, the control group; Dg, the domesticated group; Ng, the non-domesticated group. (A) Morphological pictures of ZF4 cells under
normal or low temperature conditions. Cell morphology was examined under an inverted microscope at a 20 x magnification. Scale bar = 100 um. (B,C) The
CKK-8 assay was used to measure the viability of groups of short-term low temperature stress and long-term low temperature acclimation cells. The experiments
were repeated three times. The results are presented as the mean + SD (n = 6); *P < 0.05, **P < 0.01.

two cold stress groups, and became rounder with decreasing Yet, when we transferred the cells to the lower temperature
temperature. After a 3-month period of cold acclimation, without acclimation, the F-actin distribution lost its regularity.
the cell morphology gradually became regular in appearance. Furthermore, a large amount of granular fluorescence was found
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FIGURE 2 | Low temperature acclimation helps to maintain the ZF4 cell
cytoskeleton. F-actin was labeled with rhodamin-phalloidin following exposure
to low temperatures at different time points in ZF4 cells. The cell cytoskeletons
were stained with phalloidin (red) and the staining of nuclei was performed
with DAPI (blue). Laser scanning confocal microscopy was used to visualize
the cytoskeleton of the cell. Scale bar = 25 um. Ctr, the control group; Dg,
the domesticated group; Ng, the non-domesticated group.

aggregating into clusters. Collectively, these results illustrated
that cold stress significantly affected the cytoskeleton, but cold
acclimation can protect the cells from death by stabilizing the
cytoskeleton structure.

Cold Acclimation Inhibits Cold
Stress-Induced Oxidant Stress in ZF4
Cells

To estimate the endogenous anti-oxidative capacity and oxidative
stress status of ZF4 cells, we measured several antioxidant enzyme
activities (SOD, CAT, and GSH) and ROS. Such antioxidant
enzymes are considered the primary defense system against
oxidative stress in cells. As Figure 3 shows, SOD, CAT, and GSH

activities were increased in a similar manner in both cold stress
groups as the temperature decreased. CAT activity increased
sharply on the 2nd day, while SOD and GSH activities peaked
on the 3rd day (P < 0.01). After 3 months of acclimation,
these cell enzyme activity levels had decreased substantially to
below those of the control group (Figures 3B,D,F). At a lower
temperature of 13°C, the antioxidant enzymes of the acclimated
group were significantly higher (P < 0.05) in comparison with
the non-acclimated group.

Reactive oxygen species is an important indicator of cellular
oxidant stress induced by cold stress. As shown in Figure 4,
ROS increased significantly in both cold stress groups at each
time point vis-a-vis the control group (P < 0.05); however,
the original ROS content was restored after cold acclimation
(P > 0.05). When the cells were transferred to the lower
temperature exposure, the ROS levels were lower in acclimated
than non-acclimated group (P < 0.01). All these results indicated
that cold acclimation protected the ZF4 cells against the oxidative
stress induced by cold stress.

Effects of Cold Stress on Mitochondrial

Membrane Potential in ZF4

Mitochondria have important roles in cellular aerobic respiration
and oxidative phosphorylation, and their normal functioning
is closely correlated with the level of intracellular ROS. JC-1
is a fluorescent probe for measuring mitochondrial membrane
potential. When the mitochondrial membrane potential is
normal, the JC-1 mitochondrial matrix aggregates to form
polymers (J-aggregates) that emit red fluorescence. Conversely,
when its mitochondrial membrane potential is low, JC-1
is a monomer in the mitochondrial matrix that produces
green fluorescence. The shift of JC-1 from a red to green
fluorescence state can be used to easily detect diminished cell
membrane potential. Here, JC-1 staining and flow cytometry
were both used to detect the changes in ZF4 cell mitochondrial
membrane potential induced by low temperature stress. As
evinced by Figure 5A, after JC-1 staining, the normal group
cells showed red fluorescence, while the JC-1 in some cells
changed from red fluorescence to green fluorescence under
cold stress, indicating that mitochondrial membrane potential
decreased under conditions of cold stress. Flow cytometry
detected the mitochondrial membrane potential of ZF4 cells
subjected to cold stress.

Compared with the control group (28°C), cold stress at
13 and 18°C for 4 days decreased the mean fluorescence
intensity of the mitochondrial membrane potential by 55.28
and 65.51%, respectively (P < 0.01) (Figure 5B). In addition,
the mitochondrial membrane potential of ZF4 cells decreased
slightly after undergoing cold acclimation. Nevertheless, the
differences in mitochondrial membrane potential between the
cold acclimated group and control group were not pronounced
(P > 0.05). Interestingly, when the acclimated group and the
normal group were exposed to a lower temperature (13°C),
statistically significant differences between these two groups were
evident (P < 0.01). The mitochondrial membrane potential
level was significantly lower in the normal group than the cold
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FIGURE 3 | Effects of cold stress on the antioxidant capacity of ZF4 cells. The effects of short-term low temperature stress and long-term cold acclimation on the
antioxidant activities of SOD (A,B), CAT (C,D), and GSH-Px (E,F) in the ZF4 cells were measured using the corresponding detection kits. Ctr, the control group; Dg,
the domesticated group; Ng, the non-domesticated group. The experiments were repeated three times. The results are presented as the mean + SD (n = 3);
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acclimated group (P < 0.05) (Figure 5C). Altogether, these
results suggested that cold acclimation significantly relieved
mitochondrial dysfunction in ZF4 cells.

Cold Acclimation Reduces the Cold
Stress-Induced Cellular Apoptosis of ZF4

It has been reported that increased ROS generation could lessen
mitochondrial membrane potential (AYym) and sequentially
trigger mitochondria-dependent apoptosis. Therefore, we used
Annexin V-FITC staining to detect the occurrence of ZF4 cell
apoptosis induced by the cold stress. These results revealed
the number of cell apoptosis increasing with a longer cold
stress period relative to the control group. After 4 days of
treatment at 13 and 18°C, the apoptosis rate of ZF4 cells was
increased by 43.78 and 35.53%, respectively (both P < 0.01)
(Figures 6A,B). However, the cold acclimation group only
decreased the percentage of apoptosis by 10.97%. Similarly, we
detected higher prevalence of apoptosis (54.24%) in the non-
acclimation group than in the acclimation group (38.32%) after
5 days of cold treatment at 13°C (Figure 6C). These findings were
consistent with the results of CCK-8 testing. Our results clearly
showed that cold acclimation reduces the apoptosis induced by
lower temperature stress.

DISCUSSION

As ectothermic animals, fish have particularly sensitive responses
to changing temperatures in their aquatic environment. Over the
past few decades, the major studies on the impact of climate
change have focused on how high temperatures will affect fish
biology. However, large-scale fish mortality and sublethal impacts
caused by cold shock events also pose major challenges to
fish survival (Viadero, 2005; O’Gorman et al., 2016). Generally,

low temperature stress includes two aspects: cold acclimation
and sudden temperature changes (Goos and Consten, 2002;
Engelsma et al., 2003; Donaldson et al., 2008). Studies suggest
that cold acclimation can improve the survival rate of fish under
lethal low temperatures; for example, the survival rate of carp
(Cyprinus carpio) at the lethal low temperatures of 8 and 10°C
increased significantly after being cold-acclimated (Ge et al,
2020). Yet, our knowledge of the mechanisms through which
low temperature domestication improves fish survival remains
surprisingly limited. Therefore, here we studied zebrafish cells to
explore the specific mechanism of cell survival after acute cold
stress and cold acclimation. The present research contributes to a
comprehensive understanding of cold tolerance in fish via novel
insights into their cold acclimation-mediated physiology.

In this study, when facing acute cold stress, we found that
cell viability decreased and the cytoskeleton shrank, whereas
they remained normal after undergoing cold acclimation at
18°C for 3 months. These above findings indicate the successful
establishment of a cold acclimation cell model. In addition,
when the cells were exposed to a lower temperature (13°C),
the cell viability of the acclimated group exceeded that of
the non-acclimated group, indicating that the cells achieved
cold tolerance ability and greater vigor after experiencing cold
acclimation. Other studies have shown that acclimation generally
fosters a corresponding compensation mechanism to maintain
the homeostasis of the internal environment in fish (Goos and
Consten, 2002; Engelsma et al, 2003). Also demonstrated in
many animal studies, including those with zebrafish, is that cold
acclimation affects the reduction in thickness of the compact
myocardium and the changed collagen content when adjusting
to a decrease in temperature (Johnson et al., 2014). In the process
of cold acclimation, lipid catabolism and lipid oxidation were
enhanced in milkfish (Chanos chanos) (Hsieh et al., 2003), and
the actin cytoskeleton is known to be essential for maintaining
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FIGURE 5 | The effect of cold stress on mitochondrial membrane potential. Ctr, the control group; Dg, the domesticated group; Ng, the non-domesticated group.
(A) Representative images were scanned by a confocal microscope after staining with JC-1. The red fluorescence indicates high mitochondrial membrane potential,
while the green indicates low mitochondrial membrane potential. Scale bar = 50 um. (B,C) Quantitative results of mitochondrial membrane potential by flow
cytometry. Each experiment was performed in triplicate. The results are presented as the mean + SD (n = 3); *P < 0.05, **P < 0.01.

tissue architecture (Egge et al., 2019). In the present study, we cytoskeleton. This fits with other research that has shown the
found that those cells lacking cold acclimation had a significantly  cytoskeleton plays a key role in maintaining the structure and
lessened F-actin cytoskeleton structure after being transferred to  functioning of cells at low temperatures (Colinet et al., 2017;
a 13°C exposure, whereas the acclimated cells retained a robust ~ Marteaux et al., 2018). Our study suggests acclimated cells attain
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FIGURE 6 | Cold acclimation alleviated cold-induced cell apoptosis in ZF4 cells. Ctr, the control group; Dg, the domesticated group; Ng, the non-domesticated
group. (A) Analysis of cell apoptosis by flow cytometry. Apoptosis was evaluated with AnnexinV-FITC/PI staining. (B,C) Apoptotic cells were calculated and graphed
according to the flow cytometry results in GraphPad Prism 8 software. The results are presented as the mean + SD (n = 3); **P < 0.01.

better survival by improving their viability and modulating their
cytoskeleton structures under cold stress conditions.

Cold stress can lead to an increase in endogenous ROS,
such as hydroxyl radicals (-OH), superoxide free radicals (O,—),
and hydrogen peroxide free radicals (H,O,). However, the cell
has an intracellular antioxidant defense system, including SOD,
CAT, and GSH, which play pivotal roles in scavenging ROS.
When the production of ROS exceeds the body’s processing
capacity, oxidative stress will occur (Lesser, 2006; An and Choi,
2010). In our study, antioxidant proteins and intracellular ROS
were elevated at the onset of acute cold stress (13, 18°C).
The upregulation of antioxidant enzymes protects the body
from too much oxidative stress, and similar results have been
reported in other fish studies (Cheng et al., 2017; Sanchez
Nuno et al, 2018). Moreover, the level of mitochondrial
membrane potential decrease and cell apoptosis increased with
prolonged exposure to low temperature. Some researchers

have pointed out that low temperature stress leads to the
dysfunction of various biochemical reactions and physiological
functions of fish. For example, acute cold stress affects the
oxygen consumption rate and respiratory rate of fish (Maria
Cristina and Paunescu, 2019), and a low temperature stress
can alter the biochemical blood indexes and metabolism of
large yellow croaker (Pseudosciaena crocea) (Liu et al., 2019).
The intracellular ROS are mainly generated in mitochondria,
and cold stress causes reduction the mitochondrial membrane
potential and leads to enhanced ROS production (Morgan
and Liu, 2011; Gerber et al, 2020; Xia et al, 2020). After
a period of low temperature acclimation, the level of ROS
and mitochondrial membrane potential in the cells returned
to normal, and cell apoptosis decreased. This observation is
consistent with previous findings that the apoptosis of zebrafish
gill cells was decreased after undergoing cold acclimation
(Chou et al., 2008).
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Our study’s results suggest the production and clearance of
ROS is in a state of dynamic balance during cold acclimation,
which was able to lessen oxidative damage and decrease cell
apoptosis. In fact, low concentrations of ROS promote cell
proliferation, but high concentrations of ROS lead the body
to form oxidative stress damage, DNA breaks, mutations, and
peptide chain breaks (Engelsma et al., 2003; Tang et al., 2015). For
the non-domesticated group, enzyme activity level and survival
rates decreased, and the ROS level of the cells dramatically
increased at 13°C for 5 days. In recent years, many reports have
demonstrated that ROS plays an indispensable role in the signal
transduction related to apoptosis (Tang et al., 2017; Wang et al.,
2017; Feng et al., 2021). Hence, it can be inferred that the non-
domesticated group cells cannot remove excess ROS, leading to
an imbalance of oxidative stress and subsequently inducing cell
apoptosis. After being transferred to a lower temperature (13°C),
the cold acclimation group featured higher levels of antioxidant
enzyme activity and a decreased ROS content. While the
mitochondrial membrane potential decreased, the ZF4 cells’ rate
of apoptosis rose in the non-domesticated group. Some reports
have also suggested that low temperature acclimation improves
mitochondrial function, including an increase in mitochondrial
volume density and cristae surface area (Chung and Schulte,
2015; Yang et al., 2019). Accordingly, we could infer that cold
acclimation results in enhanced mitochondrial function, which
was able to reduce the accumulation of ROS and increase the
mitochondrial membrane potential, and subsequently suppress
the cell apoptosis caused by oxidative stress. In this way, the
overall content of intracellular ROS would have been reduced,
and mitochondrial functioning correspondingly changed to an
enhanced state after domestication. These results explain why
cold acclimation reduces oxidative stress to strengthen cold
tolerance in ZF4 cells.

In conclusion, this study established a zebrafish ZF4 cell
model for acute cold stress and long-term cold acclimation. It
was determined that acute cold stress could induce oxidative
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INTRODUCTION

The swimming crab Portunus trituberculatus (P.trituberculatus) is widely distributed in estuary and
coastal areas of temperate western Pacific Ocean (Dai et al., 1986), and comprises a large aquaculture
industry in China with a production of 100,895 tons in 2020 (China Fishery Statistical Yearbook
2021). To satisfy the growing market demand, the crab aquaculture has been moving toward more
intensive systems with higher feed inputs and stocking density. In intensive culture systems,
ammonia (throughout this paper, the term “ammonia” refers to the sum of NH; and NH,"),
mainly derives from the decomposition of leftover feeds and the excretion of cultured crabs, has been
recognized the major limiting factor (Pan et al., 2018; Si et al., 2019; Zhang et al., 2021). Ammonia is a
toxic molecule to aquatic animals, including the swimming crab (Liu et al., 2015; Pan et al., 2018).
Recent studies have showed that ammonia exposure can disturb immune response (Romano and
Zeng, 2013), which causes tissue injury (Si et al., 2019; Lu et al, 2022) and even death of P.
trituberculatus (Liu et al,, 2015; Zhao et al., 2020). Due to the increasing concerns on ammonia
toxicity, several studies have been conducted on ammonia detoxification strategies in crustaceans.
These studies found that the swimming crab can defend against environmental ammonia through
several compensatory mechanisms, for example, ammonia excretion via its transporters in branchial
epithelium, ammonia conversion into non-toxic or less toxic substances, and decreasing the rate of
metabolic generated ammonia (Mykles et al., 2010; Henry et al., 2012; Liu et al., 2015; Pan et al., 2018;
Zhang et al, 2021). In fact, strategies of ammonia detoxification have been identified, but the
regulation mechanism still largely unknown.

Neuropeptides are a diverse set of endocrine signaling molecules in animals (Zhang et al., 2015;
Egekwu et al., 2016; Wang et al., 2018; Li et al., 2020). Recently, many studies have focused on the
identification of neuropeptides and their roles in physiology and behaviors of decapod crustaceans,
such as in Scylla paramamosain (S.paramamosain) (Bao et al., 2018), Carcinus maenas (Jodi et al.,
2018), Chorismus antarcticus (Toullec et al., 2017), and Litopenaeus vannamei (L.vannamei) (Zhang
et al,, 2020). Existing studies have demonstrated that neuropeptides play important roles in
alleviating environmental stressors, such as ammonia (Si et al, 2019; Zhang et al., 2020), low
salinity level (Barman et al., 2012; Li et al., 2014; Liu et al., 2014; Sun et al., 2020), hypoxia (Sun et al.,
2020), and low pH value (Liu et al., 2019). However, there has been limited information regarding to
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the neuropeptides and their regulatory roles in ammonia
detoxification in swimming crab. The identification of
neuropeptides represents the first and essential step to
elucidate the functions of these molecules against ammonia stress.

In silico transcriptome mining is a powerful tool for
identifying neuropeptide repertoire (Christie et al, 2008;
Saowaros et al.,, 2015; Nguyen et al., 2018). In the past several
years, many neuropeptides have been identified in crustaceans,
using the second-generation RNA-seq technology (Veenstra
2015; Wang et al, 2018). With the rapid advancement in
transcriptome  sequencing, third-generation  sequencing,
including Oxford Nanopore Technologies (ONT) and Pacific
Biosciences (PacBio), has been increasingly utilized in
transcriptome analysis in crustaceans (Deamer et al., 2016). It
has significant advantages in read length, accuracy, transcript
identification, and genetic information richness, compared with
the second-generation RNA-seq technology (Abdel-Ghany et al.,
2016). In the present study, we explored the putative
neuropeptides in P. trituberculatus using long-read ONT
sequencing method, which analyzed the variation of genetic
expressions of neuropeptides under the ammonia stress
condition. To the best of our knowledge, this is the first report
of nanopore transcriptome analysis in the swimming crab. The
dataset of this study will lay the fundament for unraveling the
regulatory roles of the neuropeptides in ammonia toxification
process, and provide a valuable resource for genetic studies in this
species.

MATERIALS AND METHODS

Animal and Sample Collection

A total of twenty female swimming crabs (202.6 + 9.8 g) were
obtained from Haifeng Company (Weifang, China), and
acclimated to laboratory conditions for 14 days. During
acclimation, the crabs were divided equally into two groups
and they were cultured in different 3000-L tanks, water
temperature was kept at 18.2°C + 0.5°C, aeration was applied
continuously, pH was 7.6 + 0.2, the salinity was 30.3 = 0.3,
ammonia-N concentration was below 0.10 mg/L. The swimming
crabs were fed ad libitum with live Manila clam Ruditapes
philippinarum daily, and the feed residues were removed
before the next feeding time. One-third of the rearing water
was exchanged daily. After acclimation, three individuals were
randomly chosen for both control and ammonia exposure
groups. The control group was reared with low ammonia level
(ammonia-N < 0.10 mg/L), while the exposure group was reared
at high ammonia level (ammonia-N =20 mg/L). The ammonia-N
concentration for treatment group was realized by infusion of
calculated amount ammonium chloride (NH,CI) stock solutions
which was prepared with filtered seawater, and checked using
salicylic acid method with spectrophotometer. Following 24-h
exposure, the crabs in different groups were placed in an ice bath
for anesthetization for 5min, and then sacrificed for eyestalk
dissection and cerebral ganglia collection. The tissues were
immediately frozen in liquid nitrogen and stored at —80°C.

Neuropeptidome in Portunus Trituberculatus

ONT Transcriptome
Total RNA of the samples was extracted with TRIzol Reagent

(Thermo Fisher Scientific, United States), and RNA integrity
was evaluated using the RNA Nano 6000 Assay Kit with the
Bioanalyzer =~ 2100  system  (Agilent  Technologies,
United States). An equal amount of total RNA from each
sample of both groups were pooled together. Oxford
PromethION 2D amplicon libraries prepared
according to the Nanopore community protocol using
library preparation kit SQK-LSK109, and sequenced on R9
flowcells to generate fast5 files. All the generated fast5 reads
were then basecalled in guppy v3.2.10 with the default options
to produce fastq files. The clean reads were filtered using
Nanofilt v2.5.0 with options of length = 300. The full-length
transcripts were identified using the method of Pinfish
pipeline, detected using Pychopper, and aligned to reference
genome of P. trituberculatus with minimap2 v2.16 (Deamer
et al, 2016). At present, there are two chromosome-level
reference genome for P. trituberculatus, which are publicly
available (Tang et al., 2020;Lv et al., 2021). In order to find
more neuropeptide-encoding genes, we used the recent version
with higher number of annotated genes (Lv et al., 2021). The
consensus sequence was obtained by clustering according to
the results of comparison, and known and novel transcripts
were identified using Gffcompare v0.11.2.

were

Gene Annotation and Classification

The functional annotation of identified transcripts was performed
using a Blast search against the NCBI non-redundant nucleotide
sequences (Nt), NCBI non-redundant protein sequence (Nr),
Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes Ortholog database (KO), Orthologous Groups
(KOG/COG), Protein family (Pfam), Clusters of a manually
annotated and reviewed protein sequence database (Swiss-
Prot) with a cutoff E-value of 107'°,

Identification of Neuropeptides

To identify the neuropeptides in P. trituberculatus, we searched
sequence annotation file for the keywords of known
neuropeptides in other decapods. In addition, we carried out a
local tblastn analysis with Bioedit 7.0.5.3 software, using the
known crustacean neuropeptide precursors which were
primarily from Nephrops norvegicus (Nguyen et al, 2018),
Lysmata vittata (Bao et al., 2020), and S. paramamosain (Bao
et al,, 2018), as query sequences. All the identified neuropeptide
sequences were validated with Blast in NCBI. The structure of the
mature neuropeptides was predicted using a well-established
workflow (Veenstra 2011; Nguyen et al, 2016; Bao et al,
2020). All the deduced precursors were analyzed for the
presence of a signal peptide using the online program SignalP
5.0  (http://www.cbs.dtu.dk/services/SignalP/). ~ Prohormone
cleavage sites were identified based on the information
presented in Veenstra (2000). Multiple sequence alignment of
the predicted peptide sequences was conducted with ClustalX,
and then the sequence alignment file was exported to LaTEX
TexShade for conservation calculation.
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FIGURE 1 | In silico transcriptome analysis in Portunus trituberculatus. (A) Long-read transcriptome of P. trituberculatus. (B) The functional annotation of non-
redundant sequences in seven databases. (C) Comparison of transcripts present in different datasets, including GO, Nr, KOG, SwissProt, KO and KOG. (D) Functional
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Expression Profile of the Neuropeptides
Under Acute Ammonia Stress

Total RNA of the samples from the control and ammonia
exposure groups were reverse-transcribed to cDNA using Evo
M-MLYV RT Kit with gDNA Clean for qPCR II (Accurate Biology,
China) following the manufacturer’s instruction. The PCR
reaction was run on the ABI 7500 fast Real-Time PCR System
(Applied Biosystems, United States) with SYBR Green Premix
Pro Taq HS qPCR Kit II (Accurate Biology, China). The PCR
reaction was carried out in a total volume of 20 uL, comprising of
10 uL of 2x SYBR Green Pro Taq HS Premix II, 0.8 pL each of
10 mM each primer, 2 pL of diluted cDNA, and 7.2 uL DNase-
free water. The PCR program was set as followed: 95°C for 30 s; 40
cycles of 95°C for 5 s and 60°C for 30 s. f-actin was amplified as an
internal control housekeeping gene which is commonly used in
ammonia stress studies (Feng et al., 2010; Zhang et al., 2021), and
the relative expression levels of the neuropeptides were calculated

using the 27248 method (Livak and Schmittgen, 2002). Difference
in expression level of a specific neuropeptide between the control
and ammonia exposure groups was analyzed using independent-
samples t-test with SPSS 24.0. Differences were considered
significant if p < 0.05.

RESULTS AND DISCUSSION

ONT Sequencing and Annotation

In order to identify the neuropeptides in the swimming crab, a
library was prepared from pooled RNA extracts of eyestalk and
cerebral ganglia, and sequenced using the Oxford Nanopore
PromethION platform. After removal of low quality reads and
adaptors, a total of 15.86 GB clean reads were obtained
(Figure 1A). After filtering rRNA, reads with the primers at
both ends were considered as full-length reads. A total of
16,346,649 full-length reads were obtained, accounting for
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FIGURE 2 | Overview of putative neuropeptides identified in Portunus trituberculatus. (A). Sequence length, ORF length, and signal peptide in each putative
neuropeptide. Shades of blue indicate an absence of the signal peptide. Gene expression profile in eyestalk and cerebral ganglia are transformed into log2-fold changes
(right) with color-coded as described in legend, and the asterisk indicates differentially expressed genes (DEGs) under ammonia stress. Sequence alignment of ACP (B),
DH31 (C), RPCH (D), sNPF (E), MYO (F), CHH-I (G), CHH-II (H), NP (I), FLRF (K), AST-B (K), and AST-B (J). Conserved amino acids are shown in purple shading
while similar amino acids are shown with blue shading. Abbreviation: ACP, Adipokinetic hormone/Corazonin-related peptide; AGLP, Agatoxin-like peptide; AST-A,
Allatostatin A-type; AST-B, Allatostatin B-type; AST-C/CC, Allatostatin C/CC-type; CRP, Calcitonin related peptide; CCH, CCHamide; CFSH, Crustacean female sex
hormone; CRZ, Corazonin; CCAP, Crustacean cardioactive peptide; CHH, Crustacean hyperglycemic hormone; DH, Diuretic hormone; EFL, EFLamide; EH, Eclosion
hormone; ETH, Ecdysis triggering hormone; FLRF, FLRFamide; GPB-5, Glycoprotein hormone beta-5; GSEFL, GSEFLamide; HIGSLYR, HYGSLYRamide; ISLP,
Insulin-like peptide; ITPL, lon transport peptide-like; MIH, Molt inhibiting hormone; MYO, Myosuppressin; NP, Neuroparsin; NPF1, Neuropeptide F1; PDH, Pigment
dispersing hormone; PNX, Phoenixin; RPCH, Red pigment concentrating hormone; SIF, SIFamide; sNPF, short Neuropeptide; TAP, Terminal ampullae peptide; VNP,
Vasotocin-neurophysin. Lv, Lysmata vittata; Nn, Nephrops norvegicus; Sp, Scylla paramamosain; Pt, Portunus trituberculatus.

92.13% of the clean reads (Figure 1A). Comparison of clean reads
with the reference genome resulted in a mapped rate of 73.81%.
The mapped reads were clustered to obtain consensus sequences,
and the consensus sequences were aligned to reference genome of
P. trituberculatus to eliminate redundant reads (Lv et al., 2021).
After removing redundant reads, 25,054 non-redundant
sequences were generated. The non-redundant sequences were
functionally annotated in seven databases (Figures 1B-D).
14,014 (65.92%), 4,843 (22.78%), 11,912 (56.03%), 11,746
(55.26%), 11,912 (56.03%), 13,195 (62.06%), and 10,487
(49.32%) transcripts were annotated in Nr, Nt, Pfam, Swiss-
prot, GO, KO, and KOG database, respectively. 3374 (15.87%)

transcripts were annotated on all the seven databases. Generally,
ONT sequencing generated a set of high-quality transcripts for
identification of neuropeptides as well as other genetic studies in
P. trituberculatus. All the reads of ONT sequencing were
deposited in the Genome Sequence Archive (GSA) of the
China National Center for Bioinformation (CNCB) with the
accession number CRA006434.

In silico Mining of Putative Neuropeptides

Based on Nr-annotation and homology searches, a total of 51
putative neuropeptide precursor transcripts were identified in
ONT transcriptome of P. trituberculatus, including isoforms of
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Adipokinetic hormone/Corazonin-related peptide (ACP),
Agatoxin-like peptide (AGLP), Allatostatin (AST), Bursicon f,
Calcitonin related peptide (CRP), CCHamide (CCH), Crustacean
female sex hormone (CFSH), Corazonin (CRZ), Crustacean
cardioactive peptide (CCAP), Crustacean hyperglycemic
hormone (CHH), Diuretic hormone (DH), EFLamide (EFL),
Eclosion hormone (EH), Ecdysis triggering hormone (ETH),
Elevenin, FLRFamide (FLRF), Glycoprotein hormone beta-5
(GPB-5), GSEFLamide (GSEFL), HYGSLYRamide (HIGSLYR),
Insulin-like peptide (ISLP), Ion transport peptide-like (ITPL),
Molt inhibiting hormone (MIH), Myosuppressin (MYO),
Neuroparsin  (NP), Neuropeptide F1 (NPF1), Pigment
dispersing hormone (PDH), Phoenixin (PNX), Prohormone,
proctolin, pyrokinin, Red pigment concentrating hormone
(RPCH), SIFamide (SIF), short Neuropeptide (sNPF),
Sulfakinin, Tachykinin, Terminal ampullae peptide (TAP),
Trissin, and  Vasotocin-neurophysin (VNP).  These
neuropeptides cover most of the previously identified
neuropeptides in other decapods (Bao et al., 2015; Nguyen
et al, 2018; Bao et al, 2020), and the majority of the
neuropeptide transcripts (86.3%) contain the complete coding
sequences, which indicate that ONT transcriptome sequencing is
a powerful approach to mine the putative neuropeptides in the
swimming crab.

As shown in Figures 2B-K, highly conserved motifs were
identified in a number of neuropeptide families, such as AST-B
(XWXGXWamide), FLRFamide (R/K-N/S-F/Y-LRFamide),
MYO (QDLDHVFLRFamide), RPCH (pQLNFSPGWamide),
sNPF (XPXXRLRFamide), and family of CHH and NP
(conserved Cys) (Backing et al, 2002; Christie et al, 2010;
Christie 2014; Nguyen et al., 2016; Liu et al., 2020; Qiao et al,,
2020). In addition, the amino acid sequences of all the putative
neuropeptide precursor and their structure information,
including sites of bioactive mature peptides, location of
cleavage sites, and precursor size were provided in
Supplementary File S1, S2.

Expression Profile of the Neuropeptides

Under Ammonia Stress
Although it is well-established that neuropeptides are critical in
regulating stress responses in crustaceans, limited information is
available on their roles in defending against ammonia stress (Si
et al, 2019; Zhang et al, 2021). In the present study, we
investigated the expression profile of neuropeptides in the
swimming crab under ammonia exposure for the first time. As
shown in Figure 2A, 19 and 22 neuropeptides exhibited
differential expression in eyestalk and cerebral ganglia,
respectively, after ammonia stress. In eyestalk, 9 neuropeptides
showed upregulation under ammonia stress, while 10 exhibited
downregulation. In cerebral ganglia, 10 and 12 neuropeptides
were upregulated and downregulated, respectively. Among these
differentially expressed neuropeptides, 6 including CCH2, CHH2,
DH31, ITPL, NP3, and PDHY, showed the same expression
pattern in eyestalk and cerebral ganglia.

It is well established that CHH regulates a diverse array of
physiological processes in decapod crustaceans (Chen et al,

Neuropeptidome in Portunus Trituberculatus

2020). A recent study demonstrated that CHH is crucial for
regulating ammonia excretion in the white shrimp L. vannamei.
CHH knockdown can significantly downregulate ammonia
transporters in branchial epithelium, and result in ammonia
accumulation in the hemolymph of white shrimp (Zhang
et al, 2020). In addition to modulating ammonia excretion,
CHH plays a major role in stimulation of glycolysis and
lipolysis, which can result in higher levels of hemolymph
glucose and ATP in decapods (Backing et al., 2002). In this
study, a significant upregulation of CHHI in eyestalk was
observed after ammonia stress. Given that ammonia excretion
is highly energy-consuming, the result indicates that CHH1 may
coordinate the processes of energy metabolism and ammonia
excretion in the swimming crab, facilitating the defenses against
ammonia stress. Interestingly, the other type of CHH, CHH2, was
significantly downregulated. This result indicated that different
types of CHH have distinct roles in regulating stress response to
ammonia. Further studies are required to reveal the detailed
functions of the different types of CHH under ammonia stress.

Our recent study found that ammonia exposure can result in a
remarkable reduction in vitellogenesis in the swimming crab
(Meng et al,, 2021). In accordance with that result, expression
of the key neuropeptides in vitellogenesis regulation, including
NP1 and RPCH, significantly changes after ammonia stress. NP1,
functioning as inhibitory factor of vitellogenesis, has showed
significant upregulation, whereas RPCH which promotes
vitellogenesis was downregulated after ammonia exposure (Bao
et al,, 2015; Nguyen et al., 2016; Nguyen et al., 2018; Liu et al,,
2020). Taken these results together, the neuropeptides NP1 and
RPCH may mediate the ammonia-induced inhibition of
vitellogenesis in the swimming crab, which could represent a
tradeoff between the allocation of energy to ammonia-defense
and reproduction.

In summary, we identified putative neuropeptide-encoding
transcripts from eyestalk and cerebral ganglia of P. trituberculatus
using long-read ONT transcriptome sequences for the first time,
which they were analyzed for their expression profiles under
ammonia stress. This study provides a fundamental support for
future research on the roles of neuropeptides in ammonia stress
regulation process, and a valuable dataset for genetic studies in
the swimming crab.
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Sterol regulatory-element binding proteins (SREBPs), sirtuin (SIRT1), and liver X receptor
o (LXRo) play important roles in regulating cholesterol metabolism in mammals. However,
little is known about the relationship between cholesterol metabolism and SIRT1, LXRa,
and SREBP-1 in fish. In addition, knowledge of the effects of salinity on hepatic cholesterol
metabolism in euryhaline teleosts is fragmented. This study revealed that hepatic
cholesterol content was significantly different between fresh water (FW)- and seawater
(SW)-acclimated Indian medaka. Gene expression analysis indicated srebp-1, Ixre, and
sirt1 transcripts were not affected by changes in ambient salinity. However, SREBP-1, but
not LXRow and SIRT1 protein expression, was significantly induced in the liver of FW-
acclimated medaka. When SREBP-1 Vivo-MO inhibited SREBP-1 translation, hepatic
cholesterol content was predominantly downregulated in FW- and SW-acclimated
medaka. This is the first study to show that SREBP-1 is involved in cholesterol
biosynthesis in fish. Furthermore, SREBP-1 knockdown had different effects on the
expression of hmgcr and fdps, which encode the key enzymes involved in cholesterol
biosynthesis. This study further enhances our knowledge of cholesterol metabolism in the
livers of euryhaline teleosts during salinity acclimation.

Keywords: SREBP-1, cholesterol, salinity, liver, medaka

INTRODUCTION

Cholesterol is an essential component of all animal cell membranes and functions as a precursor to fat-
soluble vitamins and steroid hormones (Lee, 2020). Mammalian physiology is usually influenced by the
modification of cholesterol metabolism (Goedeke and Fernandez-Hernando, 2012). Both mammals and
fish acquire cholesterol from the diet (exogenous cholesterol) and de novo synthesis (endogenous
cholesterol) (Babin and Vernier, 1989). Cholesterol is largely a product of metabolism in animals. The
liver synthesizes more cholesterol than any other organ (Engelking, 2015). It could be absorbed by the
intestine or released from the liver into the bloodstream (Khan, 2005). When cholesterol is
supplemented in diets, it can significantly improve the growth of Atlantic salmon, catfish, rainbow
trout, Nile tilapia, and turbot (Farrell et al., 1986; Twibell and Wilson, 2004; Yun et al., 2011; Yun et al,,
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2012; Xu et al., 2018). Fish were found to grow well with exogenous
cholesterol supplementation might because the energy used to
synthesize cholesterol was saved for growth (Kemski et al., 2020).

The cholesterol contents in the tissues of aquatic animals
varied with environmental factors including temperature
(Hassett and Crockett, 2009), pollutants (Mohamed et al.,
2019), and toxicity (Binukumari and Vasanthi, 2014).
Environmental salinities were also reported to affect cholesterol
levels in aquatic animals. Serum cholesterol levels were
significantly higher in the 0 and 10 %o groups than the 20%o
group of pufferfish (Takifugu fasciatus, Wen et al., 2021).
Cholesterol levels were also higher in hepatopancreases of the
mud crab (Scylla paramamosainduring) of the 4 and 12 %o
groups than the 25 %o group after overwintering. The adaptive
significance of these changes in cholesterol contents may
contribute to the building blocks necessary for modifying the
membrane properties in response to an environmental challenge
(Hazel and Williams, 1990). Cholesterol in excess of dietary
requirements could facilitate lipid mobilization and storage in
the hepatopancreas of the shrimp (Litopenaeus vannamei) to
play important roles in increasing their adaptability to
environments by improving osmoregulatory capacity, leading
to better survival and growth under low salinity conditions (Roya
et al., 2006). In addition, 0.4% dietary cholesterol was found to
increase branchial Na*, K*-ATPase activity, and serum cortisol
content of juvenile Nile tilapia to improve their ability for
hyperosmotic adaptation (Xu et al., 2018).

In addition to dietary uptake, de novo synthesis is the other
source of cholesterol. Cholesterol biosynthesis is tightly regulated
by sterol regulatory element-binding proteins (SREBPs, Amemiya-
Kudo et al., 2002; Horton et al., 2002). Mammalian cells produce
three SREBP isoforms, SREBP-1a, SREBP-1c, and SREBP-2.
Among them, SREBP-1c is the dominant isoform of SREBP-1 in
the livers of adult mammals and is involved in the activation of
genes related to the synthesis of fatty acids, but not cholesterol. No
alternatively spliced isoforms of the srebp-1 gene (e.g., srebp-1a and
Ic in mammals) were found in fish (Minghetti et al., 2011; Thomas
et al,, 2013; Dong et al., 2015). According to a comparison of the
deduced amino acid sequences, fish SREBP-1 is more similar to
human SREBP-1a than to human SREBP-1c (Dong et al., 2015).
On the other hand, SREBP-2 was found to specifically transactivate
cholesterol synthesis genes (Amemiya-Kudo et al., 2002; Horton
et al, 2002). In mammals, SREBP-2 plays a vital role in the
mevalonate pathway of cholesterol synthesis, involving the action
of more than 20 enzymes (Horton et al., 2002; Xue et al., 2020). 3-
hydroxy-3-methylglutaryl CoA reductase (HMGCR) and farnesyl
diphosphate synthase (FDPS, also known as farnesyl
pyrophosphate synthase; FPPS) among these enzymes are
involved in highly synchronized sterol and cholesterol synthesis
(Horton et al.,, 2002; Xue et al., 2020). HMGCR is a rate-limiting
enzyme in cholesterol biosynthesis (Smith et al., 1988) and is
induced by sterol depletion and repressed in response to sterol
accumulation (Goldstein and Brown, 1990; Wang et al., 1994). In
contrast, FDPS catalyzes the formation of farnesyl diphosphate, a
key intermediate in the synthesis of cholesterol and isoprenylated
cellular metabolites (Ishimoto et al., 2010). Feeding diets containing

tuna fish oil for two weeks decreased the serum cholesterol
concentration by 50% in mice, and the hepatic mRNA levels of
fdps and hmgcr by 70% and 40%, respectively, in rats (Corcos
et al., 2005).

In fish, Zhu et al. (2018) reported that the plasma cholesterol
levels of rainbow trout decreased after being fed a plant-based diet.
Meanwhile, the gene expression of srebp-2 and hmgcr was
significantly increased in livers of the rainbow trout. In addition,
when cholesterol was supplemented in the plant-based diet to feed
Atlantic salmon, the gene expression of srebp-2 and fdps was
suppressed, hmgcr was not altered, and srebp-1 was induced in the
liver (Kortner et al., 2014). Thus, srebp-2 in trout and salmon was
suggested to have similar roles in cholesterol metabolism in
mammals. Cholesterol biosynthesis in fish may also be regulated
by ambient salinity. The gene expression of srebp-2, hmgcr, and
fdps was stimulated in livers of the tongue sole (Cynoglossus
semilaevis) after transfer from 30 %o to 15 %o SW for 60 days
(Sietal, 2018). In livers of the rabbitfish fed with the vegetable oil
diet reared at 10 %o salt-water, srebp-1 displayed higher expression
levels and increased biosynthesis ability of long-chain
polyunsaturated fatty acid, respectively, rather than those in the
32 %o seawater group (Zhang et al., 2016). Differential responses of
SREBP-1 in fish could assist in adapting to different ambient
salinity (Dong et al., 2017). Nevertheless, it remains unclear
whether SREBP-1 is involved in cholesterol metabolism in fish.

When oxysterols increase because of cholesterol overload, the
liver X receptors (LXRs) which are the oxysterol receptors could
act as the cholesterol sensor to protect cells (Zhao and Dahlman-
Wright, 2010). Two isoforms of LXR (Bertrand et al., 2004; Cruz-
Garcia et al., 2009), LXRa (NR1H3) and LXR (NR1H2) were
identified in this nuclear receptor superfamily (Peet et al., 1998).
LXRo is abundantly expressed in the liver, intestine, adipose
tissue, kidneys, and immune macrophages, whereas LXRf is
ubiquitously expressed in mice (Schultz et al., 2000). LXRs can
promote hepatic lipogenesis by activating the transcriptional
program of fatty acid synthesis, especially by increasing the
transcription of srebp-Ic, the key lipogenic activator, in mice
(Repa et al., 2000). LXRa is vital for cholesterol metabolism
through the increased expression of genes involved in bile acid
synthesis and cholesterol excretion in mouse livers (Schultz et al.,
2000). LXRs in fish is also involved in cholesterol metabolism
(Kortner et al., 2014; Zhu et al., 2018). After feeding with a plant-
based diet, hepatic Ixro expression as well as plasma cholesterol
levels of rainbow trout decreased (Zhu et al., 2018). The
expression of Ixr was also induced when cholesterol was
supplemented into the plant-based diet to feed Atlantic salmon
(Kortner et al., 2014). On the other hand, transcriptome analysis
revealed salinity effects on expression of genes related to lipid
metabolism including Ixro and srebp-1 in livers of the turbot
(Scophthalmus maximus) and showed a significant downward
trend under low salinity stress (Liu et al., 2021).

In addition to SREBP-1 and LXRo, sirtuin 1 (SIRT1) also
plays a beneficial role in cholesterol metabolism by deacetylating
both LXR and SREBP-1/2 (Walker et al., 2010). Sirtuins (SIRTS)
are members of a protein family of NAD-dependent deacetylases
(Grozinger et al., 2001; Albani et al., 2010; Vassilopoulos et al.,
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2011). After deacetylation, SIRT1 destabilizes SREBP-1/2
(Ponugoti et al.,, 2010; Walker et al., 2010). Therefore, SIRT1
can modulate hepatic cholesterol metabolism by mediating LXR
(Kemper et al., 2013) and SREBP-1/2 activities. In SIRT1
knockout mice, decreased expression of LXR downstream
target genes involved in cholesterol metabolism and hepatic
cholesterol accumulation was reported (Feige and Auwerx,
2007; Li et al., 2017). These results are consistent with the
abnormal cholesterol accumulation observed in the liver-
specific SIRT1 knockout mice (Li et al., 2007).

Upon salinity challenge, the euryhaline fish are able to survive
well through efficient osmoregulatory mechanisms mainly
exhibited on the membrane of epithelial cells in
osmoregulatory tissues (Hwang and Lee, 2007). Previous
studies have indicated that in some fish cholesterol contents
which were pivotal for membrane structures and functions
changed with environmental salinities (Xu et al., 2018; Wen
et al., 2021). On the other hand, SREBP-1/2, LXRa., and SIRT1
were reported to be crucial for regulating cholesterol metabolism
in mammals (Schultz et al., 2000; Horton et al., 2002; Li et al.,
2007). Although in mammalian livers SIRT1 was known to
control SREBP-1 gene expression through the mechanism
involving the transcription factor LXR as described above, the
mechanisms in cholesterol biosynthesis and accumulation in
livers of euryhaline fish in response to ambient salinity changes
were not clear.

The euryhaline Indian medaka (Oryzias dancena, the
synonym of Oryzias melastigma, Yusof et al., 2011) is an ideal
model species for osmoregulatory studies (Yang et al., 2013), of
which the physiological, biochemical, and molecular responses
after exposure to contaminants and other environmental
stressors were commonly studied due to their characteristics,
i.e., small in size, short in generation time, easy to handle, and
strong intolerance to environmental stress (Dong et al., 2014).
Therefore, this study used this model species to investigate
whether changes in ambient salinity affected cholesterol
accumulation in livers of the Indian medaka through
the protein and gene expression of SREBP-1, LXRo, and
SIRT1. SREBP-1 knockdown was further performed by Vivo-
Morpholino to reveal its role in cholesterol biosynthesis
in livers of this euryhaline fish. This study will enhance
our understanding of the regulatory mechanisms of
cholesterol metabolism of the euryhaline teleost during
salinity acclimation.

MATERIAL AND METHODS

Experimental Fish and Treatments

Indian medaka with a total length of 3.5 + 0.5 cm and weight of
8.0 + 1.0 g) were purchased from an aquarium (Taichung,
Taiwan) and kept in laboratory conditions in brackish water
(15 %o) prepared by adding appropriate amounts of Blue
Treasure Sea Salts (New South Wales, Australia) to aerated
tap water for at least two weeks before the experiments. The
medaka were then transferred into fresh water (FW; 0 %o) and
seawater (SW; 35 %o) tanks with re-circulatory filter units for at

least four weeks and 50% of the water was changed every two
days. The medaka were fed to satiation with a commercial diet
(A045F; Hai Feng, Nantou, Taiwan) containing 45% crude
protein, 6% crude lipid, 16% ash, and 8% water. Throughout
the experimental period, a 12:12 h light: dark regime (08:00 to
20:00 h light period) was maintained using timed lighting. The
water temperature of the control group was maintained at 28 +
1°C (Juo et al.,, 2016), and 36 to 60 fish were kept in one tank.
The experimental protocol was reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) of the
National Chung Hsing University, Taichung, Taiwan (IACUC
Approval No. 106-054).

RNA Extraction and Reverse Transcription
Medaka acclimated to SW or FW were placed on ice under
anesthesia, and the livers were immediately dissected. One
sample (50-100 mg) from each group contained six livers
collected from six individuals and was placed in an Eppendorf
tube containing 200 ML of TriPure Isolation Reagent (Roche,
Mannheim, Germany). The samples were frozen in liquid
nitrogen and stored at -80 °C. The RNA extraction method
used in this study was modified from that described by Hu et al.
(2017). The RNA pellet was dissolved in sterilized diethyl
pyrocarbonate (DEPC) water (20 pL). Extracted RNA integrity
was verified on a 1% agarose gel (SeaKem® LE Agarose; Lonza,
Basel, Switzerland) electrophoresed using SafeView' " Classic
(ABM, San Jose, CA, USA). The concentration and purity of
the total RNA were measured using a NanoDrop 2000 (Thermo,
Wilmington, DE, USA). The purity of the RNA was evaluated by
the ratio of absorbance A260/A280, with the accepted values
between the ranges of 1.9-2.1.

To prepare genomic DNA-free RNA samples, purified RNA
samples were further treated (10,000-25,000 units/mg) with DNase I
(Thermo Fisher Scientific, Waltham, MA, USA). First-strand cDNA
was synthesized using the iScript"™ cDNA Synthesis Kit (Bio-Rad,
Hercules, CA, USA) and 1 ug of genomic DNA-free total RNA,
following the manufacturer’s instructions. After the reverse
transcription reaction, real-time PCR (qPCR) was used to
determine the mRNA levels using FastStart " Universal SYBR
Green Master (04913850001; Roche).

Quantitative Real-Time PCR

Primers used for qPCR analyses were designed according to the
sequences of O. melastigma (also named O. dancena) in the
National Center for Biotechnology Information (NCBI) database
(www.ncbinlm.nih.gov). Primer and thermal cycling conditions
(Applied Biosystems® Veriti® 96-Well Thermal Cycler; Thermo
Fisher Scientific) were analyzed using gradient temperatures
ranging from 54-62°C. Thermal cycling is performed by
mixing with 1.6 pL ANTP mixture (Takara, Shiga, Japan), 2 UL
10x Ex Taq reaction buffer (Takara), 0.1 pL Ex Taq polymerase
(Takara), 1 uL of cDNA (20x dilution), 0.5 UL of each forward
and reverse primer (250-400 nM), and adding nucleotide,
DNase, and RNase-free water (Protech, Taipei, Taiwan) to the
total volume of 20 UL. The PCR product was verified by 1-2%
agarose gel electrophoresis (according to the length of the target
sequence). The confirmed PCR product was sent to Tri-I Biotech
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Company (Taipei, Taiwan) for sequence analysis. Sequencing
results were confirmed against O. melastigma using the online
database available in NCBI (https://www.ncbi.nlm.nih.gov).

The mRNA expression levels of sirt], Ixre, and srebpl were
measured using a Rotor-Gene Q Real-Time PCR System
(QIAGEN, Hilden, Germany) in the reaction mixture for
real-time PCR containing 1 uL ¢cDNA (20x dilution), primers
(0.5-1 pL) in the concentration range from 250-400 nM
(according to the primer efficiency), and 10 pL KAPA SYBR
FAST qPCR Master Mix (KAPA Biosystems, Cape Town, South
Africa) to a total volume of 20 pL using nucleotide, DNase, and
RNase-free water (Protech). Non-specific products were
confirmed by melting curve analysis and gel electrophoresis
of the primers. The primer efficiency was maintained within
95-105% to verify the primer specificity (Table 1). The
corresponding values of the target genes were calculated
using the relative Ct method (Livak and Schmittgen, 2001)
using the following formula: Relative expression= 2/- [(Ct
target gene, n - Ct B-actin, n) - (Ct target gene, ¢ - Ct
B-actin,c)]. Ct corresponded to the threshold cycle number,
“n” indicated each sample, and “c” indicated the control mixed
with cDNA samples of all experiments (Livak and Schmittgen,
2001). Actin was used as the normalization gene.

Preparation of the Nuclear Fraction

Livers were sampled from medaka as described in the previous
paragraph. After sampling, 100 mg of liver samples were ground
using disposable polypropylene pellet pestles in microtubes
containing 1 ml of 1x phosphate-buffered saline (PBS) using a
sonicator. The ground tissues were centrifuged at 1,300 x g at 4°C
for 10 min, and the supernatants were discarded. After
centrifugation, the pellets were used to extract nuclear and
cytoplasmic proteins using the Nuclear/Cytosol Fractionation
Kit (K266-25, BioVision, Milpitas, CA, USA) according to the
manufacturer’s instructions. Extracted cytoplasmic and nuclear
protein samples were stored at -80°C. Protein concentration was
determined using the Bradford assay (B6916, Sigma-Aldrich, St.
Louis, MO, USA) and bovine serum albumin (Pierce, Hercules,
CA, USA) as the standard.

Antibodies

Immunogens of the primary antibody were aligned with the medaka
sequence to the most suitable primary antibody using multiple
sequence alignments (Corpet, 1988). The primary antibodies used in
this study included (1) SIRT1, a rabbit polyclonal antibody (13161-
1-AP; Proteintech, Rosemont, IL, USA) raised against the residues
AG3808 of human SIRT1; (2) LXRat, a mouse monoclonal antibody
(sc-377260, Santa Cruz, Dallas, TX, USA) specific for epitope
mapping between amino acid 433-461 of LXRa. of human origin
and (3) SREBP-1, a mouse monoclonal antibody (sc-13551, Santa
Cruz, Dallas, Texas, USA) raised against amino acids 301-407-
SREBP-1 of human origin. Primary antibodies were diluted 1:500
with antibody dilution buffer prior to immunoblotting. Secondary
antibodies used in this study included the (1) goat anti-mouse IgG
antibody (HRP) (GTX 213111-01, GeneTex, Irvine, CA, USA) for
detecting the LXRol and SREBP-1a antibodies, and (2) goat anti-
rabbit IgG antibody (HRP) (GTX 213110-01, GeneTex) for
detecting the SIRT1 antibody. To test the specificity of the
primary antibodies, negative controls were included using the
antibody dilution buffer to replace the primary antibodies of
SIRT1 (Supplementary Figure 1), LXR (Supplementary Figure
2), and SREBP-1 (Supplementary Figure 3). The antibody dilution
buffer contained 1% bovine serum albumin and 0.01% sodium azide
in 50 mL PBST.

Immunoblotting

Nuclear protein fractions with 6x sample loading buffer (12%
SDS, 0.06% bromophenol blue, 30% glycerol, 0.6 M
dithiothreitol, and 62.5 mM Tris at pH 6.8) added were
incubated at 65°C for 15 min to denature the proteins. The
protein ladder (PM2500, 3-color Regular Range Protein Marker,
SMOBIO, Hsinchu, Taiwan; #26616, PageRulerTM Pre-stained
Protein Ladder, Thermo Fisher Scientific) loaded for
immunoblotting of SIRT1, LXR, SREBP-1 were 24, 50, and 50
g of protein per lane, respectively, and PARP1 (sc8007, Santa
Cruz Biotechnology, Dallas, TX, USA) was used as a positive
control. Proteins were separated on 8-10% SDS-PAGE gels using
a Mini-PROTEAN® 11 Electrophoresis Cell (Bio-Rad). The
separated proteins were transferred to a PVDF membrane

TABLE 1 | Primer sequences used for the cDNA cloning (PCR) and expression detection (QPCR) of medaka livers.

Gene Primer sequence (5’ to 3') Amplicon size (bp) Reference number Primer efficiency Primer concentration

sirt1 F: CTAAGAGACCTTCTGCCTGA G 138 XM_024297249.1 0.96 250 nM
R: AGACTGGTGTAGAAG TTGC

Ixroc F: CTCAGGTTTCCACTACAACG 17 XM_024295306.1 1.02 400 nM
R: TACAG GTAAA GTGTC GCC

srebp-1 F: CAGCA GTCTAACCAGAAACTC 103 XM_024272328.1 1.05 400 nM
R: ACGATACCTCCATCTACCTG

srebp-2 F: GAAATAGAGAATGGACGGAGG 171 XM_030794047.1 1.05 400 nM
R: ACTGACAAACTGAAGCATCTC

hmger F: GGCTCTTCACCATCTTCTCC 117 XM_024260286.1 0.99 400nM
R: ACAGGTCTATGAGGAGCAGG

fdps F: ACAGAGACCACATATCAGACGG 151 XM_024268301.1 1.03 400nM
R: CTCGTTCTACCTCCCAGTGG

b-actin F: CCATTGAGCACGGTATTGTCA 102 XM_024296129.1 1.05 250nM
R: GCAACACGCAGCTCGTTGTA
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(Millipore, Bedford, MA, USA) by electrophoresis on ice. After
blocking with 5% (w/v) skim milk for 1 h to minimize the non-
specific binding, the blots were incubated overnight at 4°C with
the primary antibody. The membranes were washed three times
with PBST and incubated with the secondary antibody for 1 h at
room temperature. Images were developed with Immobilon"™
Western Chemiluminescent HRP Substrate (Millipore) using a
cooling-charge-coupled device camera (ChemiDoc XRS+, Bio-
Rad) and associated software (Quantity One v 4.6.8, Bio-Rad).
The bands were converted to numerical values using ImageLab
3.0 (Bio-Rad) to quantify and compare the relative protein
abundance of the immunoreactive bands.

Assay of Cholesterol Contents

After sampling, medaka livers (16 + 1 mg) were placed in a
microtube containing 200 UL of a mixture of chloroform (Merck,
14-650-505, Phillipsburg, NJ, USA), isopropanol (#SHBK4071,
Sigma-Aldrich), and NP-40 (IGEPAL® CA-630, Sigma-Aldrich)
in a ratio of 7:11:0.1, followed by grinding on ice. Samples were
centrifuged for 10 min at 15,000 x g at 4°C. Subsequently, the
supernatants were transferred to new and air-dried at 50°C to
remove chloroform. The cholesterol content in the liver was
assayed as described below using the Total Cholesterol Assay Kit
(STA384-192 assays, Cell Biolabs, San Diego, CA, USA)
according to the manufacturer’s protocol. Cholesterol levels
were measured at 570 nm using the colorimetric method with
the cholesterol standard. Cholesterol standards were prepared
before assays by diluting 10 mM stock solution in 1x Assay
Diluent at a ratio of 1:40 to make a 250 WM working solution.
The cholesterol standards were prepared promptly in serial
dilutions from 0-250 pM, including 10 points, according to
the manufacturer’s protocol. The formula for calculating
cholesterol content are:

Total cholesterol (mg/g)

_ [ Sample corrected absorbance

Sample diluti
Slope of standard curve * Sample ciution

Vivo-Morpholino Design

The translational blocking of SREBP-1 Vivo-Morpholino (5-
GATAGGCGATTCATC TCTACGGTTG-3’) was designed by
Gene-Tools LLC (Philomath, OR, USA), reverse complementary
to the SREBP-1 full-length sequence of the O. melastigma
database (XM_024272328.1, https://www.ncbi.nlm.nih.gov/),
and confirmed by the Vivo-MO sequence by BLAST search
using the NCBI database. A standard Vivo-Morpholino (MO)
control (5-CCTCTTACC TCAGTTACAATTTATA-3') was
purchased from Gene-Tools.

FW- and SW-acclimated adult medaka were anesthetized
with 4% MS222 made with aerated water and then injected
with 0.5 mM SREBP-1 or control in 5 UL Vivo-MOs (either the
original solution supplied by the vendor, 0.5 or 0.05 mM diluted
with phosphate-buffered saline, pH 7.4 (PBS) using a BD insulin
syringe and Ultra-Fine II needle (0.22 mm, 31G x 8 mm, Becton
drive, Franklin lakes, NY, USA). Vivo-MO or control was gently

injected into the region closer to the anal pore in the abdomen of
the medaka. After injection, the fish were returned to their
acclimated environments (i.e., FW or SW) and maintained for
24 h and 72 h. The effects of Vivo-MO were evaluated in a
preliminary study using immunoblotting as previously
described. The livers of the Vivo-MO and control groups were
then sampled for cholesterol analysis.

Statistical Analyses

Statistical analyses were done in the statistical program Minitab
(Minitab® 17 Minitab Inc., PA, USA). Normality and
homogeneity of variance between the groups that were
statistically compared were tested (the significance level was set
at P < 0.05). For the mRNA and protein abundance and
cholesterol level results, data between the FW- and SW-
acclimated medaka of each temperature group were compared
using Student’s t-test (P < 0.05). The data of different temperature
groups in FW or SW were compared using one-way analysis of
variance (ANOVA) with Tukey’s test (P < 0.05). Values are
expressed as mean + standard error of the mean (SEM).

RESULTS

Hepatic Cholesterol Content in FW- and
SW-Acclimated Medaka

To explore the effects of ambient salinity on cholesterol
accumulation in the livers of Indian medaka, fish were exposed
to fresh water (FW) or seawater (SW) for two weeks.
Subsequently, the livers were sampled to measure cholesterol
content. Figure 1 shows that the hepatic cholesterol content in
the FW group was significantly higher than that in the SW group.

The Gene and Protein Expression of
HMGCR, FDPS, and SREBP-1/2 in Livers
of FW- and SW-Acclimated Medaka

Real-time PCR analyses revealed the mRNA expression of hmgcr,
fdps, and srebp-1/2 in the livers of FW- and SW-acclimated
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FIGURE 1 | Hepatic cholesterol content of fresh water (FW)- and seawater
(SW)-acclimated Indian medaka. Values are mean + S.E.M. (N = 6). Student’s
t-test, *p < 0.05.
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medaka. Hepatic hmgcr, fdps, and srebp-1/2 transcripts were not
significantly different between FW- and SW-acclimated medaka
(Figure 2A). In contrast, the relative protein abundance of
SREBP-1 in the liver was significantly higher in FW- than in
SW-acclimated medaka (Figure 2B). Cholesterol content was
approximately 7-fold higher in FW-acclimated medaka than in
SW-acclimated medaka (Figure 2B).

The Gene and Protein Expression of

LXRo and SIRT1 in Livers of

FW- and SW-Acclimated Medaka

Real-time PCR analyses revealed that the mRNA expression of
Ixracand sirtI in the liver was similar in FW- and SW-acclimated
medaka (Figures 3A, 4A). Immunoblot analysis also revealed
that the relative protein expression of LXRol and SIRT1 in the
livers of FW- and SW-acclimated medaka was not significantly
different (Figures 3B, 4B).

The Effect of SREBP-1 Knockdown on
Hepatic Cholesterol Content of Medaka
Vivo-morpholino (Vivo-MO) of SREBP-1 was used to inhibit
SREBP-1 translation in Indian medaka. Figure 5A shows that
SREBP-1 Vivo-MO could inhibit SREBP-1 protein expression
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FIGURE 2 | Relative gene (A) and protein (B) expression of SREBP-1,
HMGCR, FDPS, and SREBP-2 in livers of fresh water (FW)- and seawater
(SW)-acclimated Indian medaka. mRNA expression was analyzed by real-time
PCR. The immunoblots were used to detect SREBP-1 protein expression of
in the nuclear fractions of livers. Values are mean + S.E.M. (N = 6). Student’s
t-test, *p < 0.05.
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FIGURE 3 | Relative gene (A) and protein (B) expression of LXRa in livers
of fresh water (FW) and seawater (SW)- acclimated Indian medaka. mRNA
expression was analyzed by real-time PCR. The immunoblots were used to
detect the protein expression. Values are mean + S.E.M. (N = 6).

predominantly in the livers of Indian medaka compared to the
control Vivo-MO. In contrast, SREBP-1 knockdown in FW- or
SW-acclimated Indian medaka significantly inhibited hepatic
cholesterol content (Figure 5B).

The Effect of SREBP-1 Knockdown on the
mRNA Expression of Cholesterol
Synthesis-Related Genes

In both FW- and SW-acclimated Indian medaka, SREBP-1
knockdown significantly decreased hmgcr, but increased fdps
expression (Figure 6). However, hepatic srebp-2 expression did
not change in either FW- or SW-acclimated Indian medaka with
SREBP-1 knockdown (Figure 6).

DISCUSSION

Steroid metabolism-related pathways, such as steroid and
steroid hormone biosynthesis, are important for salinity
adaptation in aquatic animals (Charmandari et al., 2005;
Aruna et al., 2015). The expression of genes involved in lipid
or steroid metabolism-related pathways in fish livers changes in
response to ambient salinity (Si et al., 2018; Liu et al., 2021).
Cholesterol is the sole precursor of steroids (Azhar et al., 2003).
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In this study, the cholesterol content of medaka liver, the
central organ for cholesterol biosynthesis in vertebrates, was
significantly higher in FW- than in SW-acclimated medaka.
Cholesterol biosynthesis in the livers of Indian medaka may
also be related to changes in ambient salinity, resulting in
changes in hepatic cholesterol content. Kang et al. (2008)
reported that plasma osmolality was significantly lower in
Indian medaka under freshwater (FW) acclimation than in
seawater (SW) acclimation. In contrast, the plasma osmolality
was similar between the hypertonic SW and isotonic BW
groups. The livers of FW-acclimated medaka may have
experienced hypoosmotic stress. This is because osmotic
stress can induce cell death; hence, maintenance of cell
osmolality is a vital issue (Lang et al., 2000; Burg et al., 2007).
Cholesterol biosynthesis in response to changes in ambient
salinity is related to the physical properties of the cell
membranes (Parasassi et al., 1995). The presence of
cholesterol leads to a decrease in the permeability coefficients
of phospholipid vesicles to Na*, K*, and Cl" (Papahadjopoulosa
etal., 1972). A previous study indicated that the erythrocytes of
guinea pigs containing an increased amount of cholesterol
showed a dominant decrease in membrane permeability to
both the active and passive components of Na* efflux (Kroes
and Ostwald, 1971). Therefore, the increased cholesterol
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content in the livers of FW-acclimated medaka may help
protect fish against extracellular hypoosmotic stress.

Under salinity stress, the gill is the predominant organ for
osmoregulation in euryhaline teleosts. Na*/K*-ATPase (NKA) is
expressed in mitochondria-rich cells (i.e., ionocytes) of the gill
that actively transports Na® from and K" into cells and can
provide a primary driving force to activate other ion transport
systems involved in osmoregulation (Hwang et al., 2011; Lin C.
H. et al, 2021). NKA comprises o- and B-subunits. The o-
subunit is considered the catalytic center of NKA, with binding
sites for cations and ATP (Scheiner-Bobis, 2002). Lipid rafts
(LRs) are plasma membrane microdomains enriched in
cholesterol. Previous mammalian studies have shown that LRs
may play a crucial role in ion exchange. In milkfish and tilapia,
the branchial NKA o.-subunit was mainly expressed in LR (Lin Y.
T. et al,, 2021). In contrast, experiments on the mammalian
kidney epithelial cell line (LLC-PK1) revealed that plasma
membrane cholesterol positively affects NKA ol expression
(Chen et al, 2011; Lambropoulos et al., 2016; Zhang et al.,
2020). A previous study indicated that FW-acclimated Indian
medaka have higher branchial NKA o protein expression than
SW-acclimated medaka (Kang et al, 2008). The liver is the
central organ involved in vertebrate cholesterol biosynthesis.
Therefore, the increased liver cholesterol content in FW-
acclimated medaka may increase the delivery of cholesterol to
the gill and increase membrane NKA o1 protein expression.

Sterol regulatory element-binding protein-1 and 2 (SREBP-
1/2) are vital regulators of cholesterol metabolism, and 3-
Hydroxy-3-Methylglutaryl CoA reductase (HMGCR) and
farnesyl diphosphate synthase (FDPS) are key enzymes
involved in cholesterol biosynthesis (Amemiya-Kudo et al,
2002; Horton et al., 2002; Xue et al., 2020). HMGCR is an
important enzyme that controls the first rate-limiting step of
the cholesterol synthesis pathway (Sharpe and Brown, 2013). In
mammals, hmgcr is the transcriptional target of SREBP-1a and
SREBP-2 (Horton et al., 2002; Sundqvist et al., 2005; Xue et al.,
2020). Si et al. (2018) indicated that the gene expression of
srebp-2, hmgcr, and fdps was upregulated in the livers of
Cynoglossus semilaevis under long-term hypotonic stress. In
this study, we found that the hepatic gene expression of srebp-1/
2, hmgcr, and fdps was not different between FW- and SW-
acclimated medaka. In contrast, in this study, we found that the
nuclear protein expression of SREBP-1 was significantly
upregulated in FW-acclimated medaka. When SREBP-1
translation was knocked down by intraperitoneal injection of
SREBP-1 Vivo-MO, we found that SREBP-1 knockdown caused
a dominant decrease in hepatic cholesterol content in both FW-
and SW-acclimated medaka. The decreased percentage of
hepatic cholesterol content was approximately 70-80% in
SREBP-1 knockdown group compared to the control group.
These results revealed that SREBP-1 is positively related to
cholesterol biosynthesis in the liver of teleosts. Thus, higher
SREBP-1 protein expression in the liver of FW-acclimated
medaka may contribute to the upregulation of cholesterol
content. In addition, we found that SREBP-1 knockdown
caused a dominant downregulation in the transcription of
hmger in the livers of FW- and SW-acclimated medaka.

There are two SREBP-1 proteins in mammals, SREBP-1a and
1¢, in mammals (Horton et al., 2002). SREBP-1a is universal for
fatty acid and cholesterol biosynthesis, but SREBP-1c is
restricted to fatty acid biosynthesis (Horton et al.,, 2002). In
teleosts, several studies have indicated that only one SREBP-1
form was translated, and the analysis of amino acid sequences
showed that teleostean SREBP-1 was close to mammalian
SREBP-1a (Minghetti et al., 2011; Thomas et al., 2013; Dong
et al, 2015). Dong et al. (2015) reported that the gene
expression of SREBP-1 in the liver of Japanese seabass was
decreased by dietary polyunsaturated fatty acids compared to
dietary saturated or monounsaturated fatty acids. Hence, fish
SREBP-1 may be involved in lipid metabolism. This study
indicated that the knockdown of SREBP-1 caused a decrease
in hepatic cholesterol content in Indian medaka. Taken
together, teleost SREBP-1 may function universally in lipid
metabolism, similar to mammalian SREBP-1a.

In zebrafish, aplexone treatment disturbs the transcription of
enzymes in the HMGCR pathway and reduces cellular cholesterol
levels. This causes a feedback loop to induce fdps gene expression
(Choti et al., 2011). This study revealed that fdps gene expression
was predominantly upregulated in SREBP-1 knockdown medaka.
The decreased hepatic cholesterol content caused by SREBP-1
knockdown in Indian medaka may also cause a feedback effect that
induces hepatic fdps gene expression. In mice, the target disruption
of the srebp-1 gene caused the upregulation of the srebp-2
transcript and nuclear SREBP-2 protein expression, resulting in
increased cholesterol synthesis in the liver (Shimano et al., 1997).
In contrast, these results indicated that hepatic srebp-2 gene
expression was not changed in Indian medaka with SREBP-1
knockdown. Additionally, SREBP-1 knockdown did not positively
affect hepatic cholesterol synthesis in Indian medaka. The
regulatory mechanism for cholesterol homeostasis may have
subtle differences between fish and mammals. Therefore, the
impaired expression of SREBP-1 caused divergent SREBP-2
expression and cholesterol synthesis. SREBP-2 plays an essential
role in regulating cholesterol synthesis in mammalian experiments
(Amemiya-Kudo et al., 2002; Horton et al., 2002). Previous studies
have indicated that dietary cholesterol depletion and
supplementation induced a positive and negative feedback effect
on hepatic srebp-2 gene expression in fish (Kortner et al., 2014;
Zhu et al., 2018). This study indicated that the gene expression
level of srebp-2 was approximately 5-fold higher than that of srebp-
I in the livers of Indian medaka. Therefore, hepatic srebp-2 gene
expression was not significantly different between FW- and SW-
acclimated medaka and SREBP-1 knockdown did not change
SREBP-2 gene expression. The importance of SREBP-2 in
cholesterol metabolism in fish cannot be neglected.

Liver X receptor oo (LXRat) plays a key role in controlling
cholesterol metabolism in mammalian livers (Zhao and
Dahlman-Wright, 2010; Jakobsson et al, 2012). To maintain
cholesterol homeostasis, LXRo induces the expression of a range
of genes involved in cholesterol transport and catabolism in the
target tissues (Zhao and Dahlman-Wright, 2010; Jakobsson et al.,
2012). In turbot (Scophthalmus maximus), Ixro gene expression
was significantly decreased 24 and 48 h post-transfer from SW to
FW (Liu et al., 2021). On the contrary, our results indicated that
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both gene and nuclear protein expression of LXRa were
unchanged in the liver of Indian medaka acclimated to FW
and SW for one week. Additionally, we found that sirtuin 1
(SIRT1) gene and nuclear protein expression in the liver of
Indian medaka were not significantly different between FW and
SW acclimation. SIRT1 is an NAD"-dependent histone/protein
deacetylase that can deacetylate LXRs and increase their activity.
Increased activity of LXRs has a positive effect on cholesterol
catabolism in target tissues (Li et al., 2007). According to these
results, ambient salinity did not affect the nuclear protein
expression of LXRo and STIR1. Cholesterol elimination in the
liver may not change in Indian medaka after acclimation to FW
and SW for one week. However, FW-acclimated medaka showed
higher nuclear protein expression of SREBP-1, which may
contribute to the elevation of hepatic cholesterol biosynthesis.
Finally, these phenomena may result in elevated cholesterol
levels in the liver of FW-acclimated medaka.

In conclusion, these results showed that the knockdown of
SREBP-1 decreased the expression of cholesterol metabolism-
related genes and cholesterol content in the liver of Indian
medaka. This is the first study to show SREBP-1 may have a
positive effect on hepatic cholesterol metabolism in teleosts.
Thus, the SREBP-1 protein expression was upregulated in FW-
acclimated medaka, which may contribute to the higher hepatic
cholesterol content compared to that in SW-acclimated medaka.
We found that the gene and protein expression of LXRa and
SIRT1 did not differ between the FW and SW groups in Indian
medaka, implying that cholesterol catabolism and other lipid
metabolic reactions might not be regulated in Indian medaka
under salinity stress. Further experiments will help verify these
hypotheses in the future.
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An eight-week experiment was undertaken to examine the effect of dietary hydroxyproline
(Hyp) supplementation on growth performance, collagen synthesis, muscle quality of an
improved triploid crucian carp (Carassius auratus Triploid) (ITCC). Six isonitrogenous
(840 g/kg diet), isolipidic (60 g/kg diet) and isocaloric (17.80 MJ/kg diet) diets were
formulated containing a certain amount of Hyp: 0.09% (the control group), 0.39, 0.76,
1.14, 1.53 and 1.90%. Each diet was randomly assigned to three tanks and each group
was fed two times daily until apparent satiation. The results showed that growth
performance and feed utilization of ITCC were significantly improved with the dietary
Hyp level was increased from 0.09 to 0.76%. Crude protein, threonine and arginine
content in the dorsal muscle in 0.76% hydroxyproline group were significantly higher than
those in basic diet group (p < 0.05). The muscle textural characteristics increased
remarkably with the amount of Hyp in the diet rising from 0.09 to 1.53% (p < 0.05).
Meanwhile, the contents of type | collagen (Col I) and Pyridinium crosslink (PYD) in the
muscle of fish were significantly increased by dietary Hyp (p < 0.05). The muscle fiber
diameter and density of the fish were significantly increased when fed with 0.76% Hyp (p <
0.05). Furthermore, dietary supplementation with an appropriate concentration of Hyp
substantially increased the expression of genes involved in collagen synthesis (col7afl,
colla2, p4hal, p4hB, smad4, smad5, smad9, and tgf-f) and muscle growth (igf-7, tor,
myod, myf5, and myhc) (o < 0.05). In conclusion, dietary supplementation of Hyp can
enhance fish growth performance, collagen production, muscle textural characteristics
and muscle growth of ITCC. According to the SGR broken-line analysis, the
recommended supplementation level of Hyp was 0.74% in the diet for ITCC,
corresponding to 2.2% of dietary protein.

Keywords: hydroxyproline, growth performance, collagen synthesis, muscle texture, Carassius auratus triploid
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INTRODUCTION

Fish meal has always been utilized as a preferred protein source
due to its high protein content, excellent essential amino acid
composition (EAA) and easy digestibility (Daniel, 2018).
However, the limited supply of fish meal around the world
has been unable to keep up with the fast development of
global aquaculture, resulting in global rising of fish meal price
year by year (Fawole et al., 2021). As a result, appropriate plant-
derived alternative protein sources have received more and more
attention. However, poor growth occurs when some farmed fish
are fed diets that include high levels of plant ingredients (Chen
et al., 2019b; Liu et al., 2020). Some researchers believed that the
deficiency of some amino acids in plant protein feed is an
important reason leading to the decrease of growth
performance in fish, such as lysine, methionine and
hydroxyproline (Hyp) (Hua et al., 2019; Clark et al., 2020).

Hydroxyproline (Hyp), extensively prevalent in marine and
animal feedstuffs but mostly absent in plant-based source (Zhang
etal,, 2015). The hydroxylation of proline residues in protein (mainly
collagen) results in the formation of Hyp via prolyl hydroxylase on
the endoplasmic reticulum (Li and Wu, 2018). Always, Hyp is
known to be a substrate for the production of glucose
hydroxyproline, pyruvate and glycine (Li et al., 2009). And it is a
conditionally-essential amino acid in aquatic organisms (Wu et al,
2011). So far, some studies in marine carnivorous fish have found
that Hyp has different effects on the growth performance of cultured
fish. For example, Rong et al. (2020b) discovered that supplementing
Hyp in a high plant-protein diet substantially enhanced growth and
vertebral development of chu’s croaker (Nibea coibor). The growth-
related indicators were substantially positively linked with the dietary
Hyp levels for Atlantic salmon (Salmo salar L.) (Kousoulaki et al,
2009). However, a different result was found in Atlantic salmon that
dietary supplementation of different contents of Hyp had no
significant effect on growth performance and feed efficiency of
fish (Zhang et al,, 2013).

Skeletal muscle, composed of muscle fibers and intramuscular
connective tissue, is the most palatable portion of fish flesh
(Listrat et al., 2016). Collagen, the primary component of
intramuscular connective tissue, helps maintain tissue stability
and structural integrity and is directly related to muscle hardness
and muscle quality (Palka, 1999). In vertebrates, roughly 99.8% of
Hyp is located in collagen (Barbul, 2008). Hyp is key to forming
triple-helical molecules, which helps to maintain the integrity of
collagen fibrils and increases protein heat stability (Gelse et al.,
2003; Li and Wu, 2018). Muscle texture is a conventional
indicator used in the evaluation of fish flesh quality. Besides
collagen concentration, the muscle texture of fish is also
remarkably affected by collagen crosslink (Hansen et al,
2007). Research on Atlantic salmon revealed a strong positive
correlation between pyridinium crosslink (PYD) content and
muscle stiffness (Johnston et al., 2006). Also, the appropriate
amount of Hyp can greatly improve the dorsal muscle textural
characteristics, and collagen formation was found to be
significantly correlated to the levels of PYD, prolyl 4-
hydroxylase (P4H) and lysyl hydroxylase (LH) in the muscle
of large yellow croaker (Larimichthys crocea) (Wei et al., 2016).

Regulation of Hydroxyproline in Fish

TABLE 1 | Formulation and chemical composition of the experimental diets for
ITCC (% dry matter).

Ingredients Dietary Hyp Level (%)
0.09 0.39 0.76 1.14 1.53 1.90
L-Hydroxyproline’ 0.00 0.40 0.80 1.20 1.60 2.00
Fish meal® 0.50 0.50 0.50 0.50 0.50 0.50
Soybean meal® 22.00 22.00 22.00 22.00 22.00 22.00
Rapeseed meal® 19.00 19.00 19.00 19.00 19.00 19.00
Cottonseed meal® 16.00 16.00 16.00 16.00 16.00 16.00
Wheat flour 13.00 13.00 13.00 13.00 13.00 13.00
Soybean oil 3.70 3.70 3.70 3.70 3.70 3.70
a-starch 4.00 4.00 4.00 4.00 4.00 4.00
Corn starch 8.00 8.00 8.00 8.00 8.00 8.00
Choline chloride 0.50 0.50 0.50 0.50 0.50 0.50
Vitamin premix® 1.00 1.00 1.00 1.00 1.00 1.00
Mineral premix* 2.00 2.00 2.00 2.00 2.00 2.00
CMC 3.00 3.00 3.00 3.00 3.00 3.00
Ca(HoPOy)2 1.00 1.00 1.00 1.00 1.00 1.00
Cellulose 4.30 4.30 4.30 4.30 4.30 4.30
Alanineg® 2 1.60 1.20 0.80 0.40 0.00
Hydroxyproline 0.09 0.39 0.76 1.14 1.53 1.90
Crude protein 34.71 3458 3399 34.14 34.01 33.74
Crude lipid 5.87 5.82 5.79 6.00 5.96 6.10
Moisture 8.32 8.09 8.12 8.09 7.74 7.60
Ash 8.93 8.88 8.66 8.61 8.68 8.62
Total phosphorus 0.90 0.97 0.96 0.91 0.87 0.94
Total calcium 0.55 0.54 0.55 0.53 0.52 0.50
Gross energy (MJ/kg)  17.87 1794 1804 1772 1775 18.14

'L-Hydroxyproline: Purchased from Sigma-Aldrich Co. Ltd (United States).

2All of these ingredients were supplied by Hunan Zhenghong Science and Technology
Develop Co., Ltd., China. Fish meal, crude protein: 68.87%, crude lipid: 10.47%;
Soybean meal, crude protein: 48.57%, crude lipid: 1.40%, Rapeseed meal, crude
protein: 44.37%, crude lipid: 2.63%, Cottonseed meal, crude protein: 54.60%, crude
lipid: 2.02%.

SVitamin premix (mg/kg diet): Vitamin B;, 20; Vitamin Bs, 20; Vitamin Be, 20; Vitamin By,
0.02; folic acid, 5; calcium pantothenate, 50; inositol, 100; niacin, 100; biotin, 0.1; Vitamin
A, 11, Vitamin D, 2; Vitamin E, 50; Vitamin K, 10; Vitamin C, 100; cellulose, 3,412.
“Mineral premix (mg/kg diet): NaCl, 500.0; MgSO.7H.0, 8,155.6; NaH.PO +-2H.0,
12500.0; KH-PO,, 16000.0; CaHPO ,2H-0, 7,650.6; FeSO47H,0, 2286.2;
CeH10Ca0g-5H,0, 1750.0; ZnSO47H0, 178.0; MnSO4H20, 61.4; CuSO4-5H.0,
156.5;, CoSO,7H.0, 0.91; Ki, 1.5; Na,SeOs, 0.60; Corn starch, 899.7.

SAlanine: Purchased from Sigma-Aldrich Co. Ltd (United States).

Furthermore, several investigations in mammals have indicated
that the transforming growth factor-beta/SMAD family proteins
(TGF-B/Smads) pathway is the primary signaling pathway
controlling collagen production, especially the production of
type I collagen (Yano et al., 2012; Xu et al.,, 2016). In contrast,
the connection between the TGF-p/Smads pathway and type I
collagen in fish is not entirely understood.

Muscle development is a complicated adaptive process that
involves both developing new muscle fibers (hyperplasia) and
expanding existing muscle fibers (hypertrophy), and it is
regulated by a number of elements, including insulin-like growth
factor I (IGF-1), myogenic regulators (MRFs) and myosin heavy
chain (MyHC) (Rowlerson and Veggetti, 2001). Investigations
in vitro and in vivo have shown that IGF-1, a major regulatory
hormone governing vertebrate development, may increase the
proliferation and differentiation of myoblasts and induce
myotube hypertrophy (Zanou and Gailly, 2013). MRFs are
muscle-specific basic helix-loop-helix transcription factors that
govern the production of certain proteins throughout the cellular
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TABLE 2| Amino acid profile of the experimental diets for 8 weeks (% dry matter).

Ingredients Dietary Hyp Level (%)
0.09 0.39 0.76 1.14 1.53 1.90

Essential amino acid
Threonine 1.01 1.00 0.98 0.98 0.98 0.96
Phenylalanine 1.32 1.30 1.32 1.32 1.31 1.30
Valine 117 1.17 1.17 1.15 1.18 1.16
Isoleucine 1.16 117 1.16 1.15 1.17 1.16
Leucine 1.99 2.01 1.98 1.99 1.97 1.97
Methionine 0.29 0.29 0.30 0.28 0.29 0.28
Arginine 2.06 2.10 2.09 2.08 2.07 2.05
Lysine 1.46 1.48 1.48 1.45 1.43 1.40
Histidine 0.71 0.71 0.71 0.73 0.70 0.70
Tryptophan ND' ND ND ND ND ND

Non-essential amino acid
Aspartic acid 2.38 2.39 2.39 2.38 2.37 2.37
Serine 1.30 1.33 1.30 1.32 1.30 1.29
Glutamic acid 5.23 5.24 5.26 5.22 5.22 5.20
Glycine 117 1.16 1.16 1.14 1.15 1.16
Alanine 2.69 2.30 1.87 1.50 1.12 0.84
Tyrosine 0.74 0.75 0.75 0.75 0.76 0.74
Proline 1.47 1.48 1.46 1.48 1.46 1.45

'ND: not determined.

differentiation and determination process (Hernindez-Herndndez
et al, 2017). Myogenic factor 5 (Myf5) and myogenic differentiation
antigen (MyoD) as representative transcription factors of MRFs are
mainly involved in the initial proliferation process of myoblasts and
the directional completion of myogenic cells (Zammit, 2017). Also,
MyHC has essential regulatory effects on muscle fiber types and
muscle specificity (Song et al, 2020). According to the recent
research in turbot (Scophthalmus maximus), rich-Hyp fish meal
hydrolysate can enhance muscle growth by modulating the
expressions of genes related muscle growth, including myod,
myf5, and mrf4 (Wei et al, 2020). Nevertheless, the precise role
of Hyp in regulating muscle development in fish remains unknown.

Carassius auratus Triploid is obtained from the crossing of red
crucian carp (Carassius auratus red var.) x common carp (Cyprinus
carpio L.) allotetraploid hybrids (8) with the diploid Japanese
crucian carp (?) (Carassius auratus cuvieri T. et S.) (Chen et al,
2009). Because of its advantages of fast growth speed, strong stress
tolerance and delicious flesh quality, ITCC is the preferred species of
crucian carp in freshwater aquaculture in China (Fu et al., 2021). Up
to now, some studies have reported that Hyp can promote growth
and improve muscle quality in carnivorous marine fish, whereas
Hyp’s potential for the same effect on omnivorous freshwater fish
remains unknown. Therefore, ITCC was used as a model in this
study to evaluate the dietary requirements of Hyp and its effects on
growth performance, collagen production, muscle texture and
muscle fiber development.

MATERIALS AND METHODS

Experimental Diets
Table 1 shows the formulation and chemical composition of the
experimental diets. Crystalline L-hydroxyproline (Hyp, >99%

Regulation of Hydroxyproline in Fish

pure) was purchased from Sigma-Aldrich Co. Ltd.
(United States). Six isonitrogenous (340 g/kg diet), isolipidic
(60 g/kg diet) and isocaloric (17.80 MJ/kg diet) diets were
formulated with graded levels of Hyp: 0% (control group),
0.4%, 0.8%, 1.2%, 1.6 and 2.0%, respectively. Using high-
performance liquid chromatography (LC-6AD, Shimadzu
Corporation, Japan), the amounts of Hyp in the diet contents
were measured, and the final Hyp contents in each diet were
0.09%, 0.39%, 0.76%, 1.14%, 1.53% and 1.90%, respectively.
Protein sources included fishmeal, rapeseed meal, cottonseed
meal, soybean meal and wheat flour; soybean oil for a lipid
source; corn starch and a-starch for the main carbohydrate
sources. All feed components were passed through a 40-mesh
sieve before thoroughly combined with 10% distilled water for
10 min, then the wet dough was extruded into 2 mm pellets using
a laboratory granulator (SZLH200, Jiangsu Zhengchang Group
Co. Ltd., China). The feed pellets were gradually dried in the air
before being kept in separate sealed plastic bags at 4 C till usage.
Table 2 shows the amino acid composition of the
experimental diets.

Fish and Feeding Trial

About 1,000 ITCC were purchased from the Fisheries Research
Institute of Hunan Province (Changsha, Hunan, China). All the
fish were soaked in 4% saline for 20 min before being transferred
to the indoor recirculating aquaculture system. Two weeks prior
to the formal experiment, all fish were cultured in two cylindrical
fiberglass tanks (1,500L) and fed the compound feed (a
combination of six experimental diets) twice daily (9: 00 and
15: 00) to make fish adapt to the experimental feeds and feeding
frequency.

Subsequently, all fish were fasted for 24 h before the feeding
trial began. Four hundred and fourteen acclimatized fish with the
similar size (initial body weight: 15.01 + 0.05g) and apparent
health were weighed and randomly divided into 18 fiberglass
tanks (100 L). With a density of 23 fish per tank, triplicate tanks
were randomly assigned to each of the six experimental diets. Fish
in all the groups were fed to apparent satiation, twice daily at 9: 00
and 15: 00 h for an 8-weeks feeding trial.

The water flowed into each tank at a constant rate of
1,200 ml min~". During the feeding study, dissolved oxygen
and ammonia nitrogen in the experimental system and the
experimental tank were determined once a week, the water
temperature and pH were measured once a day. The dissolved
oxygen was greater than 7.0 mg L', and the ammonia nitrogen
level was below 0.1 mgkg™'. The water temperature was kept
constant at 27.1 + 2.9°C, while the pH ranged between 6.5 and 7.0.
Furthermore, the photoperiod of this experiment was regularly
controlled for a 12 h light-dark cycle (light from 8: 00 to 20: 00).

Sample Collection

Preceding the feeding trial, 30 fish were randomly selected and
separated into three sample groups (10 fish per sample group) for
the initial examination of body composition. All fish from each
tank were starved for 24 h at the end of the feeding experiment,
then netted out and sedated with 50 mg L™ MS-222 (tricaine
methane sulfonate, Sigma-Aldrich, United States). Four fish were

Frontiers in Physiology | www.frontiersin.org

53

June 2022 | Volume 13 | Article 913800


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Cao et al.

sampled in triplicate for final body composition analysis. Blood
samples were drawn from the caudal vein with heparinized
syringes, centrifuged at 3,000 g for 10 min, and kept at —80°C
in a refrigerator. Following blood collection, the fish were
dissected on ice to obtain the tissues of skin, liver and
vertebrae for further detection of Hyp, and the muscle for
detection of Hyp, biochemical composition, related enzymes as
well as gene expressions analysis. Dorsal muscle of four fish from
each tank were dissected on ice for texture analysis, also, dorsal
muscle of another two fish were collected and fixed in a 4%
paraformaldehyde solution for further histological analysis.

Biochemical Analysis

The Association of Official Analytical Chemists’ technique was
used to assess the approximate composition of the diets, dorsal
muscle and whole fish samples (AOAC, 2005). The crude protein
was measured using a Kjeltec 8,400 Analyzer Unit machine
(FOSS Tecator, Haganas, Sweden), and the crude lipid was
determined using the Soxtec ST 243 system (FOSS, Sweden).
Moisture was determined by drying at 105°C in an oven to
constant weight, and ash content was determined by burning
for 3h in a muffle furnace at 550°C. An automated adiabatic
oxygen bomb calorimeter was used to measure the gross energy
(Phillipson Microbomb Calorimeter, Gentry Instructions Inc.,
Aiken, United States), and the dietary and dorsal muscle total
amino acid (TAA) was determined using high-performance
liquid chromatography (LC-6AD, Shimadzu Corporation,
Japan).

Hydroxyproline Determination

The muscle, skin, liver and vertebrae of ITCC were dissected and
diluted in a solution of 0.67% physiological saline. The tissues
were then crushed and homogenized using a high-speed tissue
grinding device (KZ-II, Wuhan Servicebio technology, China)
and centrifuged at 5,000 g for 10 min at 4 C. The Hyp content
was determined using the isolated supernatant. The method
used to calculate Hyp was modified somewhat from that used by
Wei et al. (2016). Aliquots of 1 ml standard Hyp were prepared
from a stock solution of Hyp (Sigma-Aldrich Corp.,
United States). 1 ml standard Hyp (1-50 pg/ml) or 1 ml of
hydrolysed tissue sample (plasma, muscle and other tissues)
were mixed with 2ml buffered chloramines T reagent and
incubated at room temperature for 30 min. Following
incubation, 2 ml perchloric acid (dilute 27 ml 70% perchloric
acid to a 100 ml solution) was added to the mixture and
incubated for another 5min at room temperature. The
mixture was then heated at 60 C for 20 min with 2ml of
P-DMAB solution. Upon cooling, the absorbance was
measured at 560 nm, and the concentration of Hyp was
calculated using a standard curve.

The Type | Collagen, Pyridinium Crosslink,
Prolyl 4-Hydroxylase and Lysyl Hydroxylase

Assay
The type I collagen (Col I), pyridinium crosslink (PYD), prolyl 4-
hydroxylase (P4H) and lysyl hydroxylase (LH) levels in dorsal
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muscle of ICTT were measured using a biotin double antibody
sandwich ELISA kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, Jiangsu, China) according to the manufacturer’s
instructions, respectively.

Muscle Texture Analysis

For the muscle texture examination, three fish from each tank
were selected. From the dorsal muscles on both sides above the
lateral line and below the dorsal fin of each fish, two pieces
fillets was gently removed for texture analysis using a texture
analyzer (TMS-PRO, Food Technology Corporation,
America). The texture profile analyses (TPA) parameters
were built using double compression. The compression ratio
of the muscle sample was 60%, and the test speed was 1 mm/s.
Each sample’s textural characteristics such as chewiness,
springiness, hardness, adhesiveness, cohesiveness and
gumminess were calculated via the force-time curve
produced using the computer software, Texture Lab Pro
(1.18-408, FTC, America).

Histological Analysis

The histological examination of muscle samples was carried
out in accordance with the previously reported technique (Cao
et al, 2021). In brief, the muscle samples were cut into
rectangular muscle blocks measuring 3mm x 3mm X
10 mm along the lateral line, fixed in 4% paraformaldehyde
solution for 24 h, and then dried in 70% ethanol. The samples
were embedded in paraffin wax after being dehydrated with
varying amounts of ethanol and xylene. Sagittal sections with a
thickness of 5 um were taken from each sample, which were
then dewaxed with xylene and stained with hematoxylin-eosin
(H&E). The image analysis program Image-pro Plus was used
to measure the muscle fiber diameter (DI) and density (DO) of
sections. For each sample, eight microscopic fields were
investigated at random. The contour of 150-250 muscle
fibers in each microscopic field was digitized by Image
Analysis System, and the diameter of muscle fibers was
calculated. The number of fibers per mm?® of muscle cross-
sectional area was used to calculate fiber density.

Gene Expression Analysis

The sequences of the primers utilized in the measurement of
transcriptional levels of prolyl 4-hydroxylase subunit a-1-like
(p4hal), prolyl 4-hydroxylase subunit B (p4hf), collagen type I
alpha 1 (collal), collagen type I alpha 2 (colla2), tgf-8, SMAD
family member 4 (smad4), smad5, smad9, igf-1, target of
rapamycin (tor), myod, myf5 and myhc are shown in
Table 3. The PCR primers design used Carassius auratus
sequences.

TRIzol reagent was used to extract total RNA from muscle tissues
(Invitrogen Life Technologies). Next, 12% agarose gel
electrophoresis was used to evaluate the integrity of the RNA,
and spectrophotometry was used to determine the quantity of
RNA (BioPhotometer, Eppendorf). The PrimeScrip RT kit was
then used to reverse-transcribe total RNA into complementary
DNA (cDNA) (Takara, Japan). The obtained cDNA was stored
at —20°C. A CFX96 Real-time PCR Detection System (Bio-Rad,
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TABLE 3 | Sequences of the primers used for gRT-PCR analysis.

Regulation of Hydroxyproline in Fish

Gene Acronym Primer Sequence Accession No. Amplicon Size Annealing Temp.
(bp) (c)

Collagen type | alpha 1 collal F: TGTCACTGAGGATGGTTGCAC AB275454 83 60
R: GACGGGATG CGTTGTTT

Collagen type | alpha 2 colla2 F: TGAGGGCTAAGGATTATGAGG AB275455 99 60
R: GGGCAGGGTTCTTCTTTGAGC

Prolyl 4-hydroxylase subunit a-1-like p4hal F: CGTCTTCCCTGGCATCGGAGTTG XM_026207228 93 55
R: TTACCCAATAACACAGGGCATCC

Prolyl 4-hydroxylase subunit B p4hp F: AGGAGAGAAGGAGAACCCCAA XM_026213906 133 60
R: AGCAATAAGAGACTCCGCCTG

Transforming growth factor-p tof-p F: CCTGGGCTGGAAGTGGATA EU086521 190 60
R: GTAAAGGATGGGCAGTGGG

SMAD family member 4 smad4 F: TGGCTGGTCGTAAAGGAT XM_026274091 152 60
R: CTCGTAATGGTAAGGGTTCA

SMAD family member 5 smadb F: CGAGGTGTGCGAGTATCCGTT XM_026281121 169 55
R: ATTGTGACTCAGGTTGCGAAA

SMAD family member 9 smad9 F: GCACTCCACTACATCCATCAC XM_026274041 93 55
R: CCTCCTCATCTCCTTGT

Insulin-like growth factor 1 igf-1 F: AGCGTGTCTACAAGCTCCG KF813006 175 60
R: GGATGTCTAGCGGTCATTTCT

Target of rapamycin tor F: TTGATGGCACGGTGTTTCCTAA KF772613 195 60
R: GCCCTGGTTCTGGTGCTTGTAG

Myogenic differentiation antigen myod F: ACCAGAGGCTGCCCAAAG KP715154 128 60
R: AGTCTCCGCTGTAATGTTCC

Myogenic factor 5 myf5 F: GTTTGAGGCACTACGGCG KP715152 192 60
R: CTTTCAGAACAGCTTGAGGAAG

Myosin heavy chain myhc F: GTGCTTGACATTGCTGGGTT XM_026260328 143 60
R: ATGCCTTCTTTCTTGTATTCCT

B-actin B-actin F: TTGAGCAGGAGATGGGAACCG AB039726.2 115 60
R: AGAGCCTCAGGGCAACGGAAA

United States) was utilized to perform a quantitative real-time
polymerase chain reaction (QRT-PCR). Then, 16 pl volume was
used for the amplification, which included 8 pl 2 x SYBR Premix
ExTaq polymerase (Takara), 1 ul cDNA, 0.64 pl forward and reverse
primers, 0.32 ul ROX Reference Dye (20 uM) and 5.4 pl ddH,O. The
following were the cycling conditions for the qRT-PCR reaction:
Pre-incubation at 95°C for 3 min, then 40 cycles of 95°C for 10,
annealing temperature (about 60°C, Table 3) for 20's, and 72°C for
10s. In order to identify the relative expression levels of the target
genes, -actin was utilized as an internal reference. The comparative
CT technique (2" method) was used to do relative quantification
of gqRT-PCR (Livak and Schmittgen, 2001).

Calculations and Statistical Analysis
At the end of experiment, the growth parameters were calculated
as follows:

Weight gain rate (WGR, %) = (total final body weight—total
initial body weight)/total initial body weight x 100.

Specific growth rate (SGR, % day’l) = [(In FBW—In IBW)/
days] x 100.

Feed efficiency (FE, %) = (total final body weight—total initial
body weight)/total dry feed intake x 100.

Feeding rate (FR, % body weight day™') = (total dry feed
intake)/[days x (total final body weight + total initial body
weight)/2] x 100.

Protein efficiency ratio (PER, %) = (total final body
weight—total initial body weight)/total protein intake x 100.

Nitrogen retention efficiency (NRE, %) = (total final whole fish
protein content—total initial whole fish protein content)/total
protein intake x 100.

Total nitrogen waste output (TNW, gkg™' weight gain) =
(total protein intake x (100—NRE))/((total final body
weight—total initial body weight) x 6.25) x 100.

Survival rate (SR, %) = (final fish number/initial fish
number) x 100.

All data in Figures and Tables were performed as mean *
standard error (SE). SPSS 19.0 was used to conduct the statistical
analysis (SPSS Inc., Chicago, IL, United States). Growth,
biochemical composition, enzymatic activities, muscle texture,
histological examination and gene expression underwent a one-
way analysis of variance (ANOVA) followed by Duncan’s
multiple range test. When p < 0.05, differences were
considered significant. The optimal supplemented level of Hyp
in the diet on SGR was calculated via broken-line regression
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TABLE 4 | Growth, feed utilization and survival rate of ITCC fed with the experimental diets containing different levels of Hyp for 8 weeks.

Items Dietary Hyp Level (%)
0.09 0.39 0.76 1.14 1.53 1.90

IBW (g) 14.99 + 0.04 15.01 + 0.02 14.99 + 0.05 15.05 + 0.02 15.03 + 0.02 15.00 + 0.02
FBW (g) 41.94 + 1.072 43.95 + 1.32% 46.79 + 0.62° 46.58 + 0.58° 46.76 + 0.72° 46.68 + 0.69°
WGR (%) 179.76 + 7.78% 192,92 + 9.22% 212.10 + 3.54° 209.49 + 4.10° 211.16 + 4.88° 211.12 + 4.55°
SGR (%/d) 1.84 + 0.052 1.92 + 0.06% 2.03 + 0.02° 2.02 + 0.02° 2.03 + 0.03° 2.03 + 0.02°
FE (%) 44,60 + 1.73° 47.21 + 2.60° 52.68 + 0.86° 52.43 + 1.05° 53.90 + 1.22° 52.62 + 1.04°
FR (%) 3.54 + 0.06° 3.43 + 0.08° 3.26 + 0.03% 3.25 + 0.04% 3.18 + 0.04% 3.25 + 0.03?
PER (%) 128.49 + 4.972 141.04 + 10.45%° 154.97 + 2.53%° 153.57 + 3.08°° 158.47 + 3.59° 155.99 + 3.08°
NRE (%) 22.71 + 0.85° 23.40 + 1.99° 27.05 + 1.09° 25.63 + 0.84% 25.67 + 0.48% 25.35 + 1.18%
TNW (g/kg WG) 45.57 + 0.92° 4312 + 2.65° 38.77 £ 0.712 39.66 + 0.87° 38.56 + 0.75% 39.33 + 0.972
SR (%) 100.00 + 0.00 100.00 + 0.00 100.00 + 0.00 100.00 + 0.00 100.00 + 0.00 100.00 + 0.00

Values are Means + SE (n = 3); a, b, ¢ mean values in the same row with different superscript letters are significantly different (p < 0.05); Absence of letters indicates no significant difference

between treatments.

IBW: initial body weight. FBW: final body weight. WGR: weight gain rate. SGR: specific growth rate. FE: feed efficiency. FR: feeding rate. PER: protein efficiency ratio. NRE: nitrogen

retention efficiency. TNW: total nitrogen waste output. SR: survival rate.
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FIGURE 1 | Broken-line regression analysis between SGR and dietary
Hyp level in ITCC fed with different experimental diets for 8 weeks. The
breakpoint of the broken-line is 0.74% of dry diet.

analysis (y = L-U x (R—x)) in Origin 7.5 (Origin Software, CA,
United States).

RESULTS

Growth Performance

Table 4 shows the growth performance and feed utilization of
fish fed diets with different levels of Hyp. Final body weight
(FBW), FE, WGR and SGR were significantly increased with
increasing of dietary Hyp level from 0.09 to 0.76% (p < 0.05),
however, with dietary Hyp supplemented levels further
increased, FBW, FE, WGR and SGR remained largely
unchanged. In contrast, FR exhibited an inverse relationship
with SGR. According to the broken-line regression analysis,
the association between SGR and dietary Hyp level was: y =
2.0250-0.2938 x (0.74-x) (R® = 0.6204, Figure 1). For the
growth of ITCC, the optimal Hyp content in the diet was
established at 0.74%. In terms of protein utilization, PER and
NRE showed a similar trend to SGR with the gradual increase

of Hyp in the diets. TN'W was lowest in the group of fish that
were fed the 0.76% Hyp supplemented diet, followed by 0.39,
1.14, 1.53, 1.90%, and highest in the control group.

Chemical Composition of Whole Fish and

Dorsal Muscle

The ash level of whole fish samples treated with 0.39% Hyp was
considerably higher than in the control group (p < 0.05)
(Table 5). Initially, the content of crude protein was
significantly enhanced when dietary Hyp increased from 0.09
to 0.76% but reduced as the Hyp level in the diet was further
increased. Meanwhile, dietary Hyp level had no effect on crude
protein, crude lipid and moisture content in whole fish samples
(p > 0.05). No significant changes in moisture and ash were
detected in dorsal muscle samples (p > 0.05). In addition, with the
rising level of dietary Hyp supplementation, the content of most
essential amino acids in dorsal muscle first increased and then
decreased (Table 6). In particular, the levels of threonine and
arginine increased significantly as the dietary Hyp supplemental
level was raised from 0.09 to 0.76% but decreased gradually with
additional Hyp supplemented in the diets (p < 0.05).

Muscle Texture

Table 7 displays the muscle texture results. Dietary Hyp inclusion
substantially enhanced hardness, and the maximum value of
hardness determined to be 4.30 the 1.90% Hyp
supplemented group (p < 0.05). Meanwhile, chewiness,
springiness and gumminess were increased remarkably as the
level of Hyp in the diets were raised from 0.09 to 1.53%, whereas
these indices were decreased when the level of Hyp in the diet was
1.90%. And among the six treatments, there was no significant
change in adhesiveness and cohesiveness (p > 0.05).

in

The Hydroxyproline Content in Different

Tissues
Dietary Hyp levels had a significant effect on the amount of Hyp
in different tissues of ITCC (p < 0.05) (Table 8). The Hyp
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TABLE 5 | Whole body and dorsal muscle compositions of ITCC fed with different experimental diets for 8 weeks.

Items

Whole body composition (% fresh weight)

Crude protein
Crude lipid
Ash

Moisture

Dorsal muscles composition (% fresh weight)

Crude protein
Crude lipid
Ash

Moisture

Dietary Hyp Level (%)

Regulation of Hydroxyproline in Fish

0.09

16.72 + 0.33
11.04 £ 0.5
2.85 £ 0.16%
69.85 + 0.24

17.06 + 0.12°

1.32 £ 0.07
1.44 + 0.06
75.65 + 0.09

0.39

15.98 + 0.11
11.18 + 2.01
2.47 + 0.12°
68.15 + 0.46

17.69 + 0.11%°
1.24 + 0.07
1.38 + 0.06
76.23 + 0.42

0.76

16.35 + 0.71
121 £ 0.55
2.52 + 0.07%°
68.22 + 0.38

18.55 + 0.73°
1.28 + 0.06
1.42 + 0.04
76.00 + 0.13

1.14

16.59 + 0.59
1217 +1.16
2.71 + 0.08%
68.18 + 0.79

17.79 + 0.19%
1.30 + 0.04
1.38 +0.12
76.55 + 0.57

1.53

16.01 + 0.16
13.06 + 0.91
2.63 + 0.05%°
67.94 + 0.97

17.57 + 0.28%°
1.25 + 0.08
1.39 + 0.04
75.92 + 0.96

1.90

15.68 + 0.06
13.57 + 1.34
2.58 + 0.08%°
67.3 +1.22

17.26 + 0.55%°
1.20 + 0.04
1.51 + 0.01
75.69 + 0.75

Values are Means + SE (n = 3); a, b, c mean values in the same row with different superscript letters are significantly different (p < 0.05); Absence of letters indicates no significant difference

between treatments.

TABLE 6 | Amino acid profile in dorsal muscle of ITCC fed with different experimental diets for 8 weeks (% dry matter).

Amino Acids

Dietary Hyp Level (%)

0.09
Essential amino acid
Threonine 2.62 + 0.09%
Phenylalanine 2.95 + 0.11
Valine 298 + 0.11
Isoleucine 3.08 +0.10
Leucine 5.36 + 0.18
Methionine 1.72 + 0.03
Arginine 3.67 £ 0.13%
Lysine 6.01 + 0.29
Histidine 3.21 +0.14%
Tryptophan ND'
Non-essential amino acid

Aspartic acid 6.84 + 0.25
Serine 2.74 + 0.09
Glutamic acid 9.74 + 0.33
Glycine 2.93 + 0.06
Alanine 3.27 £ 0.10
Tyrosine 2.15 £ 0.08
Proline 210+ 0.05

"ND: not determined.

0.39

2.86 + 0.15%°
3.16 + 0.18
3.13+0.15
3.21+0.16
5.68 + 0.29
1.96 + 0.1

3.94 + 0.22%
7.07 +0.43

3.42 + 0.16%°

ND

7.23 £ 0.40
2.86 + 0.15
10.19 + 0.58
2.95 +0.14
3.45 + 0.20
227 +0.11

2.09 + 0.08

0.76

3.01 + 0.08°
3.29 + 0.12
3.27 + 0.10
3.37 + 0.11
5.96 + 0.18
2.05 + 0.06
412 £0.12°
7.19 + 0.41
3.51 +0.10%°
ND

7.58 + 0.24
3.00 + 0.08
10.75 + 0.33
3.07 £ 0.05
3.63 £ 0.10
2.38 + 0.07
2.16 + 0.04

1.14

2.87 +0.03%
3.24 + 0.03
3.19 + 0.01
3.29 + 0.02
5.80 + 0.04
1.97 +0.02

4.05 + 0.04%
7.23 +0.10

3.54 + 0.08%°

ND

7.35 = 0.07
291 +0.02
10.41 £ 0.10
3.05 + 0.06
3.583 +0.04
2.31 + 0.01

2.15 +0.03

1.53

2.89 + 0.03%°
3.23 + 0.09
3.24 + 0.05
3.31 +0.07
5.84 + 0.11
1.97 + 0.03

4.02 + 0.09%°
6.95 + 0.37
3.57 + 0.09°

ND

7.40 = 0.08
2.95 + 0.05
10.54 + 0.10
3.06 + 0.03
3.53 + 0.05
2.33 + 0.05
2.18 + 0.03

1.90

2.65 + 0.04°
2.95 + 0.08
2.97 + 0.07
3.02 + 0.08
5.34 + 0.20
1.56 + 0.27
3.71 + 0.06%®°
6.17 + 0.41
3.16 + 0.05°
ND

6.85 + 0.32
2.72 + 0.04
9.71 £ 0.48
2.93 + 0.01
3.26 + 0.08
2.16 + 0.02
2.06 + 0.04

Values are Means + SE (n=3); a, b, ¢ mean values in the same row with different superscript letters are significantly different (p < 0.05); Absence of letters indicates no significant difference

between treatments.

TABLE 7 | Muscle texture of ITCC fed with different experimental diets for 8 weeks.

Dietary Hyp Level (%)

Items
0.09

Hardness (N) 3.67 +0.172
Springiness (mm) 0.51 + 0.04%
Chewiness (mJ) 0.60 + 0.072
Adhesiveness (N*mm) 0.031 + 0.004
Cohesiveness (%) 0.38 + 0.03
Gumminess (g*mm) 1.04 + 0.122

0.39

4,11 £ 0.24%°
0.54 + 0.03%°
0.60 + 0.08°
0.032 + 0.005
0.37 + 0.03
1.16 + 0.14%

0.76

3.89 + 0.08%°
0.63 + 0.04°
0.68 + 0.09%°
0.037 + 0.004
0.39 + 0.02
1.20 + 0.11%°

1.14

412 +0.11%°
0.54 + 0.02%°
0.55 + 0.06°
0.031 + 0.003
0.36 + 0.02
1.10 = 0.10%

1.53

4.16 + 0.08°
0.64 + 0.05°
0.93 + 0.13°
0.027 + 0.003
0.43 + 0.03
1.54 +0.14°

1.9

4.30 + 0.11°
0.60 + 0.04%°
0.67 + 0.10%°
0.031 + 0.005
0.37 + 0.03

1.13 £ 0.16%

Values are Means + SE (n = 9); a, b mean values in the same row with different superscript letters are significantly different (p < 0.05); Absence of letters indicates no significant difference

between treatments.
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TABLE 8 | The hydroxyproline content in different tissues of ITCC fed with different experimental diets for 8 weeks.

Tissues Dietary Hyp Level (%)

0.09 0.39 0.76 1.14 1.53 1.90
Muscle (mg/g) 0.91 £ 0.102 1.37 £ 0.01% 1.64 = 0.19° 1.41 + 0.16% 1.46 + 0.17% 1.44 + 0.24%°
Skin (mg/g) 8.77 + 0.93% 10.33 + 0.31% 13.15 + 1.10°° 11.98 + 0.94%° 9.66 + 0.94% 13.99 + 1.52°
Liver (ug/g) 256.88 + 5.69% 553.99 + 72.59°° 671.96 + 103.44° 567.93 + 195.71% 430.59 + 46.70°° 456.84 + 73.89%°
Vertebra (mg/g) 7.39 £ 0.172 7.62 + 0.497 8.45 + 0.73% 9.47 + 0.89%° 9.04 + 1.18% 10.5 + 0.40°
Plasma (mg/ml) 100.00 + 9.62° 119.84 + 7.57% 124.60 + 12.01% 141,27 + 10.68" 142.86 + 4.76°° 170.63 + 9.36°

Values are Means + SE (n = 6); a, b, c mean values in the same row with different superscript letters are significantly different (p < 0.05); Absence of letters indicates no significant difference
between treatments.

TABLE 9 | The type | collagen (Col I) content, pyridinium crosslink (PYD) content, prolyl 4-hydroxylase (P4H) and lysyl hydroxylase (LH) activity in muscle of ITCC fed with
different experimental diets for 8 weeks.

Items Dietary Hyp Level (%)

0.09 0.39 0.76 1.14 1.53 1.90
Col | (ng/mg prot) 4.88 + 0.022 5.53 + 0.36%° 5.34 + 0.45%° 513 + 0.24% 6.02 + 0.27° 5.98 + 0.27°
PYD (ng/mg prot) 25.74 + 1.06° 28.76 = 0.60% 26.91 + 1.62% 26.73 + 1.64% 30.37 + 1.17° 30.79 + 1.18°
P4H (ng/mg prot) 0.66 + 0.03% 0.74 £ 0.03% 0.75 + 0.04% 0.83 + 0.05° 0.81 + 0.07° 0.84 + 0.05°
LH (ng/mg prot) 0.136 + 0.005% 0.142 + 0.003% 0.157 + 0.007% 0.154 + 0.005% 0.154 + 0.004% 0.161 = 0.013°

Values are Means + SE (n = 6); a, b mean values in the same row with different superscript letters are significantly different (p < 0.05); Absence of letters indicates no significant difference
between treatments.

FIGURE 2 | Microstructure of dorsal muscle of ITCC in cross-section. Bars represent 50 p; (A-D) represent different dorsal muscle from the 0.09, 0.76, 1.14 and
1.90% of Hyp supplemental groups, respectively.

TABLE 10 | The muscle fiber diameter (DI) and density (DE) of ITCC fed with different experimental diets for 8 weeks.

Items Dietary Hyp Level (%)

0.09 0.39 0.76 1.14 1.53 1.90
DI (um) 47.49 + 1.94° 55.84 + 1.98° 61.48 + 1.36° 58.12 + 1,13 56.39 + 1.29° 4914 + 1.79°
DE (n/mm?) 158.67 + 6.44% 175.00 + 7.09% 221.67 + 18.00° 218.00 + 19.08° 184.67 + 19.38% 167.67 + 6.06%

Values are Means + SE; a, b, ¢ mean values in the same row with different superscript letters are significantly different (p < 0.05); Absence of letters indicates no significant difference
between treatments.

contents in muscle and liver were substantially higher in the  vertebrae and plasma were all considerably higher following a
0.76% Hyp supplemented group when compared to the non-Hyp  gradient of increased Hyp level in feed, and the 1.90% group
group (p < 0.05). In addition, the levels of Hyp in the skin,  reached the maximum value (p < 0.05).
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FIGURE 3 | Relative expressions of colat, col1a2, p4hal and p4hp in muscle of ITCC fed with different experimental diets for 8 weeks. Data are present as
Means + SE (n = 6). Different lowercase letters above the same group of bars represent significant difference between the corresponding groups (p < 0.05).
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FIGURE 4 | Relative expressions of smad4, smad5, smad9 and tgf-f in muscle of ITCC fed with different experimental diets for 8 weeks. Data are present as
Means + SE (n = 6). Different lowercase letters above the same group of bars represent significant difference between the corresponding groups (o < 0.05).

smad9

Col |, Pyridinium Crosslink and Relative

Enzymatic Activities in Muscle

Dietary Hyp levels ranging from 1.53 to 1.90% substantially
enhanced the contents of Col I and PYD in muscle (p < 0.05)
(Table 9). Furthermore, the P4H activity of fish fed diets
containing 1.14%, 1.53%, and 1.90% Hyp was substantially
greater than the control group (p < 0.05). LH activity
gradually increased with increasing dietary Hyp level, and the
greatest value of LH was achieved in the 1.90% Hyp
supplemented group (p < 0.05).

Histological Analysis

Figure 2 depicts the HE staining results of the dorsal muscle in a
cross-section, and Table 10 shows the effects of dietary Hyp on
muscle fiber diameter (DI) and density (DE) in ITCC. The density
of muscle fiber was greater in fish fed Hyp-supplemented diets
than in the control group (p < 0.05). Furthermore, muscle fiber
diameter rose progressively as the dietary Hyp supplemental level

was raised from 0.09 to 0.76% but thereafter declined with dietary
Hyp further increased.

Gene Expression

As shown in Figures 3, 4, the collal, colla2, p4hal, p4hf3, smad4,
smad5, samd9 and tgf-B levels gradually increased with enhancing of
Hyp levels in the diets (p < 0.05). The maximum expression levels of
collal, colla2, smad4 and tgf-f appeared in the 1.53% Hyp
supplemented group, and the maximum levels of p4hal, p4hp,
smad5 and samd9 appeared in the 1.90% Hyp group. The
expression levels of genes related to muscle growth and
development are shown in Figure 5. Dietary Hyp levels
substantially increased the transcriptional level of igf-1 expression
(p < 0.05). Muscle mRNA levels of tor were significantly higher in
fish fed the 1.14% Hyp diet than fish fed the control diet, whereas
myod mRNA levels were higher in fish fed the 1.53% Hyp diet. In
addition, myf5 and myhc mRNA expressions significantly rose with
increasing Hyp level up to 0.76%, and decreased thereafter (p < 0.05).
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FIGURE 5 | Relative expressions of igf-1, tor, myod, myf5 and myhc in muscle of ITCC fed with different experimental diets for 8 weeks. Data are present as
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DISCUSSION

Hydroxyproline (Hyp), as a conditionally necessary amino acid
(Li et al.,, 2009), is plentiful in fish meal but lacking in plant
protein sources commonly used in aquatic feed (Li et al., 2011).
As a result, the possible negative consequences of Hyp deficiency
should be addressed in diets high in plant-based feedstuff.
Previous researches have shown that supplementation of Hyp
in the diets can significantly increase the growth performance and
feed utilization of some marine and carnivorous fish, including
large yellow croaker (Wei et al., 2016), Atlantic salmon (Aksnes
et al., 2008) and Chinese perch (Siniperca chuatsi) (Feng et al.,
2022). In the present study, WGR, SGR and FE of ITCC were
remarkably enhanced by increasing dietary Hyp level to 0.76%.
These results agree with the finding that WG and SGR in the
spotted drum (Nibea diacanthus) increased significantly when
dietary Hyp content rose from 0 to 1%, but stayed stable when
Hyp in the diet rose from 1 to 2.5% (Rong et al., 2020a). Rong
et al. (2020a) revealed that enhancement of Hyp on growth and
protein synthesis ability might be closely related to the significant
upregulation of the TOR signaling pathway and upstream GH-
IGF-1 axis. However, in some other studies, dietary addition of
Hyp showed no significant influence on the growth performance
of Atlantic salmon (Albrektsen et al., 2010) and turbot (Zhang
et al,, 2015). These findings showed that the effect of an Hyp-
containing diet regimen on fish growth might be related to
aquatic animal size and species, culture environment, and
other feed nutrient content. Furthermore, when the dietary
Hyp supplemented level was increased to more than 0.76% in
the current study, fish growth did not further improve. The data
indicates that the optimal requirement of Hyp in ITCC is about
0.76%, and the extra Hyp cannot be used for the growth of fish.
The broken-line regression analysis of SGR and dietary Hyp level
indicated that 0.74% dietary Hyp content was optimum for the
growth of ITCC.

In general, the weight gain of fish is mainly due to muscular
protein and lipid accretion (Tu et al, 2015). In this study, the

utilization efficiency of feed protein (PER, NRE, and TNW) and
the crude protein of dorsal muscle in the fish fed diet containing
0.76% Hyp was considerably greater than in fish provided a
control diet. Crude protein of the whole body also showed a
gradual upward trend with more Hyp in the diet (p > 0.05). The
result was consistent with the previous researches in large yellow
croaker and spotted drum, which found dietary protein
utilization, crude protein in the whole body, dorsal muscle and
swim bladder were all significantly elevated by dietary Hyp (Wei
et al.,, 2016; Rong et al., 2020a). These phenomena indicated that
dietary inclusion of appropriate Hyp might help with protein
synthesis in the tissues of fish, contributing to the growth
performance of fish. Protein deposition in fish is, in essence,
amino acid deposition (Kaushik and Seiliez, 2010). In the current
study, the contents of different amino acids in the dorsal muscle
of ITCC exhibited a certain degree of increase under the influence
of dietary Hyp, particularly threonine and arginine, which both
reached maximum levels when 0.76% Hyp was supplemented.
Nutrition research has found that the balance of dietary essential
amino acids in vertebrates is key to the efficient absorption and
utilization of amino acids (Heger and Frydrych, 2019). Some
studies in fish have found that supplementation of amino acids
lacking in diets can effectively improve the utilization efficiency of
inferior diets and increase the deposition levels of protein and
amino acids (Clark et al., 2020; Zhao et al., 2020). In this study,
Hyp was the essential amino acid for fish fed diets high in plant-
based ingredients. Dietary inclusion of appropriate amounts of
Hyp improved dietary amino acid balance, promoting protein
synthesis and growth of ITCC.

According to the study of Pinilla-Tenas et al. (2003), Hyp is
likely to be absorbed and transported directly to tissues without
dihydroxylation. In the current study, Hyp was significantly
accumulated in the tissues (muscle, skin, liver, vertebrae and
plasma) of ITCC with the increase of dietary Hyp. Similar
findings were obtained in Chinese perch and Atlantic salmon,
where dietary Hyp supplementation dramatically raised total Hyp
content in plasma, liver, vertebrae and muscle (Aksnes et al,
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2008; Feng et al., 2022). Hyp content is always regarded as a
significant indication of collagen concentration since it is nearly
almost dense in collagen. In particular, as dietary Hyp increased,
we saw a substantial rise in type I collagen (Col I) content in
muscle, which was consistent with a progressive increase in
muscular Hyp. The texture mechanical properties (hardness,
springiness, chewiness, adhesiveness, cohesiveness and
gumminess) are conventional indicators widely used to
evaluate fish flesh quality (Hyldig and Nielsen, 2001; Moreno
et al., 2012). In this study, the level of Hyp in the diet was
increased from 0.09 to 1.53%, which resulted in substantial
muscular improvement in hardness, springiness, chewiness
and gumminess. Similarly, a sufficient amount of dietary Hyp
supplementation has been shown to improve the muscle collagen
content and texture of chu’s croaker (Rong et al., 2020b), turbot
(Liu et al.,, 2014) and Atlantic salmon (Albrektsen et al., 2010),
suggesting that supplementation of Hyp aids in the improvement
of ITCC muscle quality, most likely via raising the concentration
of muscular collagen.

Collagen production involves several post-translational and
co-translational modifications of polypeptide chains. P4H is the
primary form of prolyl hydroxylase (PHD), an important
collagen-specific enzyme that catalyzes the hydroxylation of
proline residues to 4-Hyp (Gorres and Raines, 2010). P4hal
and p4hp, two subunits of p4h gene identified in vertebrates,
are the pivotal genes involved in regulating collagen maturation
and secretion (Sekiya et al., 2005). We observed that P4H activity,
p4hal and p4hf expression in fish muscle of specimens fed high-
level Hyp were considerably higher than in control group fish.
This result demonstrates that including adequate Hyp in the diet
can stimulate collagen synthesis in fish muscle. Previous research
has revealed that the muscle texture of fish is altered by both
collagen crosslinking and concentration (Li et al., 2005). Hagen
etal. (2007) discovered that the cross-linking process is critical for
collagen hardness and strength and that PYD was the most
essential parameter influencing fish muscle texture.
Furthermore, the endogenous enzyme LH is known to be
involved in the production of collagen crosslinks, which can
catalyze lysine hydroxylation to hydroxylysine in collagen
molecules (Yamauchi and Shiiba, 2002). In the present study,
we observed significantly enhanced PYD content and LH activity
in muscle with the inclusion of adequate dietary Hyp, which is
similar with the results in large yellow croaker (Wei et al., 2016)
and rainbow trout (Oncorhynchus mykiss) (Johnsen et al., 2011).
These results showed evidence that dietary supplementation of
Hyp improved the muscle texture properties of ITCC by
promoting the biosynthesis of collagen in muscle and
increasing the content of collagen crosslink.

Type 1 collagen (Col I), a primary constituent of collagen in
fish muscle connective tissue, consists of one a2 (I) chain and
two al (I) chains that undergo colla2 and collal gene
regulation (Sato et al., 1997; Biittner et al., 2004). In this
study, significant higher collal and colla2 genes expressions
and Col I content in muscle were observed in the 1.53-1.90%
Hyp supplemented groups. This result was consistent with a
study of Chinese perch in which diets were supplemented with
1.92-2.37% of Hyp, the relative expression levels of collal and

Regulation of Hydroxyproline in Fish

colla2 genes in muscle were significantly upregulated (Feng
et al., 2022). Similarly, research on model mice suggests that
Hyp content in the skin correlated positively with the
expressions of connective tissue growth factor (ctgf) and
collal mRNA (Liao et al., 2006). Moreover, in vitro
research has showed that fgf-f significantly increased
collal mRNA in mouse mesangial cells (Kato et al., 2007).
TGF-B signal transduction occurs mainly through the
activation of receptor substrate Smads protein pathway to
achieve a signal from the cell membrane receptor into the
nucleus (Moustakas et al., 2001). Smad4 is a critical regulator
in the TGF-B/Smads signal pathway and is also key to the
control of type I collagen expression in animals (Xia et al,,
2021). Smad5 and Smad9 are two representative subtypes of
receptor-activated Smad (R-Smad) (Kim and Kim, 2014). In
the present study, the gene expressions of smad4, smad5,
smad9 and tgf- were increased by dietary Hyp inclusion,
especially in the high Hyp supplemented group. A similar
result was found that feeding grass carp (Ctenopharyngodon
idella) with faba bean significantly enhanced the mRNA and
protein expressions of TGF-Pp and Smad4, as well as the
expression of type I collagen (collal and colla2) (Yu et al,
2019). These studies indicated that dietary supplementation
of appropriate Hyp could increase substrates of collagen
synthesis in tissues, thus up-regulating the expression of
related genes and promoting Type 1 collagen biosynthesis
and accumulation in fish. However, with the increase of Hyp
in the diet, collagen content in fish muscle increased while p4h
(p4hal, p4ha2, and p4ha3), collal, and colla2 genes down-
regulated in turbot (Zhang et al., 2013) and Nibea diacanthus
(Rong et al., 2019). These investigators hypothesized that
consuming Hyp supplements improves collagen levels in
fish muscle by preventing collagen degradation rather than
boosting collagen synthesis. Therefore, more research is
needed to determine the mechanism of dietary Hyp on
collagen production in fish muscle.

As it accounts for 40-60% of body weight, skeletal muscle is an
integral part of the fish carcass. In fish, muscle fiber is the basic
unit of skeletal muscle, representing the level of muscle
development (Xu et al., 2019). Variations in dorsal muscle
fiber diameter and density provide guidance for understanding
of fish muscle growth and development. The current findings for
the first time reveal that dietary supplemented Hyp dramatically
enhanced fiber diameter and density in the dorsal muscle of fish,
indicating that Hyp has positive effects on muscle growth. IGFs
influence the development of fish skeletal muscle and can induce
the proliferation and differentiation of myoblasts (Fuentes et al,
2013). As a crucial regulatory gene downstream of the GH-IGF-I
growth axis, for is required for promoting translation initiation
and increasing muscle protein synthesis (Wullschleger et al.,
2006). This study revealed that dietary supplementation with
adequate Hyp dramatically up-regulated the relative expressions
of igf-1 and tor genes in muscle. Similarly, Rong et al. (2020a)
demonstrated that optimal dietary Hyp significantly elevated the
tor expression in the muscle, liver and swim bladder of the
juvenile spotted drum. Zhao et al. (2020) suggested that
leucine, another essential amino acid, improved muscle
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protein synthesis in hybrid catfish (Pelteobagrus vachelli x
Leiocassis longirostris) by up-regulating igf-1 and igf-Ir mRNA
levels. Studies on mammals found that Hyp levels are highly
consistent with igf-1 relative expression (Chen et al., 2019a; Xiao
et al,, 2020). These results partially explain the mechanism of
dietary Hyp increasing muscle growth of fish. Moreover, fish
muscle fiber is formed by the proliferation and differentiation of
activated satellite cells, a process that is also influenced by a
number of myogenic regulatory elements (Rescan, 2005). Myod
and myf5 play an important regulatory role in the activation and
proliferation of satellite cells (Zammit, 2017). Myhc affects fish
muscle growth by promoting the proliferation and hypertrophy
of muscle fibers (Song et al., 2020). The present studies showed
that the appropriate level of dietary Hyp upregulated the gene
expressions level of myod, myf5 and myhc in fish muscle. This
result was consistent with reports on turbot and Atlantic salmon
that showed dietary Hyp-rich fish meal hydrolysate and fish bone
hydrolysate improved muscle growth and upregulated the
expressions of muscle myod, myf5, and mrf4 (Albrektsen et al.,
2018; Wei et al., 2020). These studies indicated that muscle
growth and differentiation were at least partially positively
regulated by intramuscular myod, myf5 and myhc genes in
ITCC. Recently, some growing evidences suggest that essential
amino acids play a regulatory role in fish muscle development.
For instance, methionine, histidine and lysine have been proved
to affect muscle hyperplasia and up-regulate myog and myod gene
expression in fish (Childress et al., 2016; Michelato et al., 2017;
Alami-Durante et al., 2018). Hyp, as a conditionally essential
amino acid, is presumed to have a similar regulating impact on
fish muscle growth. Notwithstanding, additional research is
needed to elucidate how dietary Hyp affects the expression of
genes associated with muscle growth in fish.

CONCLUSION

This study demonstrates that dietary supplementation of 0.76%
or more Hyp can significantly improve growth and feed
utilization of ITCC. Dietary inclusion of Hyp improved Hyp
accumulation in various tissues, muscle textural characteristics,
collagen content in muscle and expressions of collagen synthesis-
related genes. In addition, an appropriate level of Hyp in the diet
significantly elevated protein synthesis in muscle by regulating
muscle growth-related gene expression. According to the SGR
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This experiment simulated the hypoxic environment caused by actual production
operations in fish farming (i.e., catching, gathering, transferring, and weighting) to study
the effects of acute hypoxic conditions on the physiological and metabolic responses of
triploid rainbow trout (O. mykiss). Two groups of fish weighting 590 g were sampled in the
normoxia group (dissolved oxygen above 7 mg/L) and hypoxia group (dissolved oxygen
ranged from 2 to 5 mg/L for 10 min). The results showed that 1) regarding stress response,
hypoxia increased plasma levels of cortisol, heat shock protein 70 (HSP-70), lysozyme,
alanine aminotransferase (ALT), aspartate aminotransferase (AST) and creatine
phosphokinase (CPK); induced the expression of hepatic genes encoding nuclear
factor erythroid 2 related factor 2 (Nrf2), interferon y (IFN-y) and interleukin-1p (IL-7p).
2) Regarding metabolism response, hypoxia increased plasma levels of globulin (GLOB),
glucose (GLU), triglyceride (TG) and lactate dehydrogenase (LDH); upregulated the hepatic
gene expression of phosphoenolpyruvate carboxykinase, (PEPCK), pyruvate
dehydrogenase kinase (PDKT), acetyl-CoA carboxylase (ACC) and acetyl-CoA oxidase
(ACO); downregulated the hepatic gene expression of carnitine palmitoyl transferase 1
(CPTT); and unchanged the expression of hepatic genes in glycolysis and autophagy. 3) In
response to hypoxia-inducible factors (HIFs), the hepatic HIF-2«a gene was activated in the
hypoxia group, but HIF-Ta gene expression remained unchanged. Thus, during acute
hypoxic stress, triploid rainbow trout were in a defensive state, with an enhanced immune
response and altered antioxidant status. Additionally, the hepatic mitochondrial oxidation
of glucose- and lipid-derived carbon in trout was suppressed, and hepatic
gluconeogenesis and lipid synthesis were activated, which might be regulated by the
HIF-2a pathway.

Keywords: triploid rainbow trout, acute hypoxia, physiology, metabolism, HIF-2a
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INTRODUCTION

Rainbow trout (O. mykiss) is one of the most extensively farmed
salmonid species, and in 2018, global production was over 848,000
tons (FAO, 2020). Because of its advantages of rapid growth, high
meat quality and no gene pollution, triploid rainbow trout have
become the main upmarket cold-water fish in China (Ma et al., 2019).
Dissolved oxygen (DO) is one of the main restricted environmental
factors in fish farming. Rainbow trout have been shown to be a
hypoxia-sensitive fish species when the DO in water is below 7 mg/L
(Abdel-Tawwab et al., 2019; Hou et al., 2020). Triploid salmonid fish
appear to require higher oxygen for growth and feeding than diploid
fish (Hansen et al, 2015). Therefore, hypoxic stress should be
considered in triploid rainbow trout farming.

During the initial stage of hypoxia, some fish did not show any
special activity and remained static at the bottom of the tank to
conserve energy (Wu et al, 2007; Douxfils et al, 2012). With
decreasing of DO levels, fish swam rapidly in a circular motion with
a wide mouth opening, moved upward to the water surface, and
began air breathing (Bowyer et al., 2015). A DO level consistently
below 1-2 mg/L could lead to fish death (Abdel-Tawwab et al.,
2019). Special production operations in fish farming, such as
catching, gathering, transferring, or weighting, can cause local
DO levels to decrease below 5mg/L, or even 2mg/L, within
minutes. In land animals, the pulmonary vascular response was
altered within 10 min of exposure to acute hypoxia in subjects
developing high-altitude pulmonary edema (Dubowitz et al., 2009).
In zebrafish, acute hypoxia (15 min at 10% or 5% air saturation)
caused osmorespiratory compromise (Onukwufor and Wood,
2020). However, few studies have focused on the response of
fish to short-term and intense hypoxic stress.

The effects of hypoxic stress on fish growth, physiological
performance, immune responses and hypoxia signaling pathways
have been reported (Zhu et al., 2013; Xiao, 2015; Abdel-Tawwab et al.,
2019). When DO is insufficient for the oxygen demands of fish, blood
biochemical indicators reflecting fish physiological function are
changed, such as the number of red blood cells; the levels of
cortisol, triglyceride (TG), and glucose (GLU); and the activities of
lactic dehydrogenase and transaminase (Barcellos et al, 1999;
Trenzado et al., 2006; Martos-Sitcha et al., 2019; Hou et al., 2020).
Hypoxic stress can disturb the normal physiological function of fish
by imposing oxidative stress on organisms by accelerating the
generation of highly reactive oxygen species (ROS) (Lushchak,
2011). This causes oxidative damage and inflammatory reactions
that seriously threaten the health of farmed fish. The aerobic
metabolic pathway is converted into an anaerobic metabolic
pathway to fulfill the high-energy requirements of fish during
hypoxic stress (Abdel-Tawwab et al, 2019). Nutritional
metabolism can be affected by hypoxia, but the results are
controversial in different fish species and under different hypoxic
conditions (acute or chronic stress) (Beck et al., 2016; Pillet et al.,
20165 Li et al., 2018). Based on the data from the terrestrial animals,
adaptive changes in physiological and metabolic conditions in fish
may be mediated by a family of hypoxia-inducible factors (HIFs)
(Majmundar et al., 2010; Mylonis et al., 2019). Several studies have
reported a connection between HIFs and hypoxia in Atlantic croaker
(Micropogonias undulatus) (Rahman and Thomas, 2007), Eurasian
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perch (Perca fluviatilis) (Rimoldi et al., 2012), whitefish (Coregonus
clupeaformis) (Whitehouse and Manzon, 2019), largemouth bass
(Micropterus salmoides) (Yang et al., 2019), and rainbow trout (Hou
et al,, 2020). However, the aforementioned information for triploid
rainbow trout remains undefined.

Thus, this study simulated the hypoxic environment caused by
actual production operations in fish farming to evaluate the effect
of acute hypoxic stress on the physiological and metabolic
responses of triploid rainbow trout by measuring plasma
biochemical parameters, antioxidant capacity, immune
responses, hypoxia-related gene expressions, and energy
metabolism.

MATERIALS AND METHODS
Fish, Feeding, and Sampling

This study was performed in strict accordance with the Standard
Operation Procedures of the Guide for the Use of Experimental
Animals of Qinghai University. The research protocol was
reviewed and approved by the Ethical Committee of Qinghai
University.

Female triploid rainbow trout from the same population were
obtained from the Qinghai Minze Longyangxia Ecological
Aquaculture Co., Ltd., China. Before the sampling, the water
temperature was 14°C, and DO remained higher than 7 mg/L.
Eighteen fish were randomly selected from a cultured cage and
then sampled directly as the normoxic group. For the simulation
of the hypoxic environment caused by actual production
operations of catching and gathering in fish farming, 30 fish
were randomly picked from the same culture cage and gently
placed in a sealed plastic 400 L tank. When the DO in the tank
was reached 5mg/L because of fish breathing, the time was
started. After hypoxic treatment for 10 min, DO decreased to
2 mg/L because of oxygen depletion, and some fish bellied up and
floated in the water. Six seemingly normal fish were then sampled
directly. The other new fish were picked from the same cage to
repeat the aforementioned procedure twice. Eighteen fish were in
the hypoxic group. DO and water temperature were continuously
monitored using a DO meter (OxyGuard Handy Polaris portable,
Denmark).

Sample Collection

All sampled fish were anesthetized with eugenol (1:10,000)
(Shanghai Reagent Corp, China) and then weighted (body
weight, 592.89 + 9.33 g; no difference was observed between
the two groups). Blood was collected from the caudal vein by
using heparinized syringes. Plasma was obtained by
centrifugation at 3,000 rpm for 10 min. Plasma samples of
similar volumes from three fish in the same group were
pooled as one biological replicate. Liver tissue samples from
the bled fish were subsequently dissected, and tissue samples
of similar size were pooled according to the same procedure used
for plasma. Six biological replicates (n = 6) from each group were
analyzed. All samples were frozen in liquid nitrogen and then
stored at —80°C for further biochemical and gene expression
studies.
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Liver samples were added to 0.9% cold physiological saline,
and the ratio of tissue mass (g) to physiological saline (ml) was 1:
9. Tissue homogenates (10%) were prepared by grinding with a
tissue homogenizer (XHF-D, Xinzhi, China) and then
homogenized by centrifugation at 4°C and 3,000 rpm for
10 min to determine the total protein, malondialdehyde
(MDA), and total antioxidant capacity (T-AOC) contents.

Biochemical Analysis

Plasma alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), creatine phosphokinase (CPK),
lactate dehydrogenase (LDH), total protein (TP), albumin (ALB),
globulin (GLOB), glucose (GLU), triglyceride (TG), and total
cholesterol (TC) levels were assayed in a certified hospital by using
standard clinical methods in an automatic biochemical analyzer
(ADVIA 2400; SIEMENS; Germany). Plasma cortisol, lysozyme,
and heat shock protein 70 (HSP-70) levels were determined by
enzyme-linked immunosorbent assay (ELISA), using commercial
ELISA kits (Shanghai Enzyme Biotechnology Co., Ltd.).

The MDA and T-AOC contents in the plasma and liver were
determined via a commercial kit (Nanjing Jiancheng Bioengineering
Research Institute), using the TBA method and three FRAP methods,
respectively. The protein content in the liver was determined by using
a commercial kit (Nanjing Jiancheng Bioengineering Research
Institute) and the Coomassie Brilliant Blue method.

Total RNA Extraction and cDNA Synthesis
Total RNA was extracted from the liver tissue of triploid rainbow
trout by using a total RNA extraction kit (DP419, Tiangen, China).
A cDNA template was obtained using the PrimeScriptTM II1st
strand cDNA Synthesis Kit (6210A, TaKaRa, Japan).

Real-Time PCR Primer Design

According to the gene sequences of rainbow trout for nuclear factor
erythroid 2 related factor 2 (Nrf2), superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx), heme oxygenase 1
(HO-1), interferon y (IFN-y), tumor necrosis factor-o (TNF-a), heat
shock protein 70 (HSP-70), interleukin-1p (IL-1p), interleukin-8 (IL-
8), fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), acetyl-
CoA oxidase (ACO), adipose differentiation-related protein (ADRP),
carnitine palmitoyl transferase 1 (CPTI), pyruvate dehydrogenase
kinase (PDKI), phosphoenolpyruvate carboxykinase, (PEPCK),
glucose-6-phosphatase  (G6PASE), glucokinase (GK), glucose
transporter 2 (GLUT2), L-lactate dehydrogenase (LDHA),
glycogen synthase (GYS), glycogen phosphorylase, liver form-like
(GYPL), microtubule associated protein 1 light chain 3 beta (LC3f),
autophagy-related 4B (ATG4B), autophagy-related 12 L (ATGI2L),
gamma  aminobutyric acid  receptor-associated  protein
(GABARAPLI), hypoxia-inducible factor la (HIF-la), hypoxia-
inducible factor 2o (HIF-2), factor inhibiting hypoxia-inducible
factor 1(FIHI), and egl nine 1-like protein (EGLN1/PHD2), real-
time PCR primers were designed using Primer 6.0 software. The
primer sequences are shown in Table 1.

Gene Expression Analysis
Real—tiéne PCR was conducted using a PCR instrument (Light
Cycler 480, Roche, United States) in a final volume of 10 ul

Trout Response to Hypoxic Stress

containing 5 pl SYBR” Premix Ex TaqTM II (2x), 0.3 pl forward
primer, 0.3 ul reverse primer, 1 ul cDNA template, and 3.4 ul
sterile water. The thermal cycling system reaction conditions
were 95°C for 5 min; 95°C for 30's, 60°C for 30 s, and 72°C for
30s; and 40 cycles of 72°C, for 10 min. Each reaction was
repeated three times. The relative abundance of the genes
was normalized to that of f-actin and calculated using the
2744 method.

Statistical Analysis

Statistical analysis of the experimental data was performed using
SPSS 20 data analysis software, and the obtained data were
expressed as the mean + standard error. The effects of
normoxia and hypoxia on individual indicators were analyzed
using independent samples f-test. Compared with the normal
group, *p < 0.05; *p < 0.01.

RESULTS

Effect of Acute Hypoxic Stress on the
Plasma Biochemical Parameters of Triploid

Rainbow Trout
As shown in Table 2, the ALT, AST, LDH, CPK, GLOB, GLU,
and TG levels were significantly higher in the hypoxic group, but
ALB level was lower than that in the normoxic group (p < 0.05).
Particularly notable is that the maximal increase in LDH level was
approximately 4.6-fold higher in the hypoxic group than in the
normoxic group. No significant differences were observed in the
plasma TP, TC, and ALP levels between the two groups (p > 0.05).
Under hypoxic conditions, plasma levels of lysozyme, cortisol,
and HSP-70 increased significantly (p < 0.01; Table 2).

Effect of Acute Hypoxic Stress on the
Hypoxia-Related Gene Expression in the

Liver of Triploid Rainbow Trout

Changes in the expression of hypoxia-related genes are shown in
Figure 1. The mRNA expression of HIF-2«a was upregulated in
the liver of triploid rainbow trout under acute hypoxic stress (p <
0.05; Figure 1). Particularly notable is that the maximal increase
in HIF-2a was approximately 2.5-fold higher in the hypoxic
group than in the normoxic group. However, the mRNA
expression of HIF-lo, FIHI, and PHD2 was not affected by
acute hypoxic stress (p > 0.05).

Effect of Acute Hypoxic Stress on the
Antioxidant Capacity and Antioxidant
Related Genes Expressions in the Plasma or
Liver of Triploid Rainbow Trout

As shown in Figure 2, the MDA contents of the plasma and liver
in the hypoxic group were significantly higher than those in the
normoxic group (Figures 2A,B; p < 0.05). T-AOC levels in the
plasma and liver showed trends opposite those of MDA content
(Figures 2C,D; p < 0.05).
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TABLE 1 | Primers used for gene expression analysis in Oncorhynchus mykiss.

Primer

Hypoxia-related genes
RTHIF-1a-F1
RTHIF-1a-R1
RTHIF-2a-F1
RTHIF-2a-R1
RTFIH1-F1
RTFIH1-R1
RTPHD2-F1
RTPHD2-R1

Antioxidant-related genes
RTNrf2-F1
RTNrf2-R1
RTSOD-F1
RTSOD-R1
RTCAT-F1
RTCAT-R1
RTGPx-F1
RTGPx-R1
RTHO-1-F1
RTHO-1-R1

Immune-related genes
RTIFN-y-F1
RTIFN-y-R1
RTTNF-a-F1
RTTNF-a-R1
RTHSP-70-F1
RTHSP-70-R1
RTIL-1p-F1
RTIL-1B-R1
RTIL-8-F1
RTIL-8-R1

Glycometabolism genes
RTGK-F1
RTGK-R1
RTLDHA-F1
RTLDHA-R1
RTPEPCK-F1
RTPEPCK-R1
RTGEPASE-F1
RTGEPASE-R1
RTPDK1-F1
RTPDK1-R1
RTGLUT2-F1
RTGLUT2-R1
RTGYS-F1
RTGYS-R1
RTGYPL-F1
RTGYPL-R1

Lipometabolism genes
RTFAS-F1
RTFAS-R1
RTACC-F1
RTACC-R1
RTCPT1-F1
RTCPT1-R1
RTACO-F1
RTACO-R1
RTADRP-F1
RTADRP-R1

Autophagy-related genes
RTLC3p-F1
RTLC3p-R1
RTGBRAP-F1

Primer
sequence (5'to 3')

TCTGAGGACGGGGACATGAT
GGTCTGAGCAGTGGAGAACC
GGTTACATCAGACGGCGACA
CCTTCTTCCCAGTGCCATTTT
ACAGCCCTATCTGGAACGACTC
CCACTGGTTGCTCGTTGTTTAT
TGGAAAACCTGCTTAAATGTGGAC
TTTGAACCGCTTGCCTTGC

GCAGAGGTCTGCCCACCTGAAT
GCCACAAGGCAGGGTGACACTT
TGAAGGCTGTTTGCGTGCTGAC
CCGTTGGTGTTGTCTCCGAAGG
CCGTCCTTCGTCCACTCTCAGA
CTCGGCATCCTCAGGCTTCAAG
TCATCATGTGGAGCCCTGTCTG
TCTGCCTCAATGTCACTGGTCA
CGCCTACACCCGTTACCTAG
CTCTCCGCTGCTTAACCCAA

TACCCTCACCTTCCCACCA
TTCCTGCGGTTGTCCTTCTT
GGCGAGCATACCACTCCTCTGA
AGCTGGAACACTGCACCAAGGT
GGACGCAGCCAAGAACCAAGT
GGCCGTGTCGAGTCGTTGAT
ACGGTTCGCTTCCTCTTCTACA
GCTCCAGTGAGGTGCTGATGAA
GTCAGCCAGCCTTGTCGTTGT
CGTCTGCTTTCCGTCTCAATGC

AGATCACTGTGGGCATCGAC
GATGTCACAGTGAGGCGTCA
GGCGTGAATGTTGCTGGTGT
TCCTCCTTGTCTGCGTCTGTG
CGGTGTGTTTGTAGGAGCCT
ACGTGGAAGATCTTGGGCAG
GCTGACCTGCATACCACCTT
CAGCCACCCAGATGAGCTTT
CAGACCCCATCGTCAGCC
TACCCTCACCTTCCCACCA
GGACCAGCAACTTCATCATAGGC
CCAAACAACAGCACAGCAAACA
GACAGAGAGGCCAACGACTC
ACTCATGGAAATGGGCGAGG
TGATTAACCTGGGGCTGCAG
GCCATCGAGTCCAGGAAACA

TCTAGAGACGCCACCTTCGA
TGCAGTTTCTCCTCAGCCAG
TCATCAATGCCAAGGACCCC
CGTCAGAGTCCAGGTTTGCT
TACAGCTGGCCCAATTCAGG
TCGCAGTGTTCTTGTCCTCC
TTGGGCCTCATCATTGCAGT
ACTGGGTCTGGTGCTCAATG
CAGATGGTCAGCAGCGGAATG
GAGCCCAGACGGACATAGTAGC

CCCCAACAAGATTCCGGTCA
GGTTGGAGTTCAGCTGGAGG
TACCTTGTGCCCTCTGACCT

Gene

HIF-1«
HIF-2«
FIH1

PHD2

Nrf2
SOD
CAT
GPx

HO-1

IFN-y
TNF-a
HSP-70
IL-18

IL-8

GK
LDHA
PEPCK
G6PASE
PDK1
GLUT2
GYS

GYPL

FAS
ACC
CPT1
ACO

ADRP

LC3B

GABARAPL1

Trout Response to Hypoxic Stress

Accession

AF304864.1
XM_021576379.1
NM_001281328.1

HQ615594.1

HQ916348.1
NM_001160614.1
XM_021568213.1
AF281338.1

XM_0215658210.1

NM_001124620.1
AJ401377 1
AB062281.1
AJ557021.2

NM_001124362.1

AF053331.2

XM_021564046.1
NM_001124275.1
XM_021575943.1
XM_021597164.1
AF321816.1

XM_0215663420.1

XM_0215685435.1

XM_021581290.1
XM_021618451.1
AF327058.3

XM_021613038.1

XM_021615225.1

KX845472.1

NM_001165091.1
(Continued on following page)
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TABLE 1 | (Continued) Primers used for gene expression analysis in Oncorhynchus mykiss.

Primer Primer Gene Accession
sequence (5'to 3)
RTGBRAP-R1 GCTGAGGTGGGAGGAATGAC
RTATG4B-F1 TATGCGCTTCCGAAAGTTGTC ATG4B CA345181.1
RTATG4B-R1 CAGGATCGTTGGGGTTCTGC
RTATG12L-F1 TGGAGGCCAATGAACAGCTG ATG12L XM_021623074.1
RTATG12L-R1 CTTCCCATCGCTGCCAAAAC
Reference gene
RTp-actin-F1 TACAACGAGCTGAGGGTGGC B-actin AJ438158.1
RTp-actin-R1 GGCAGGGGTGTTGAAGGTCT
TABLE 2 | Effect of acute hypoxic stress on the plasma biochemical parameters of 3.5 -
triploid rainbow trout (n = 6). *
e
Biochemical parameters ~ Normoxic group  Hypoxic group  t-test E 3 ONormoxic @Hypoxic
a ok E 2.5 A
ALT® (U/L) 11.40 £ 0.40 21.80 + 1.80 -
AST® (U 276 + 13.40 553 + 42.00 *x ]
ALP® (UL) 186 + 7.94 207 + 16.50 ns & 27
CPK? (UL 3414 + 321 6688 + 228 *x et
LDH® (UL) 213 + 13.60 982 + 135.00 - 215
TP (/L) 42.90 + 0.71 43.10 + 0.95 ns E
ALB? (g/L) 16.10 = 0.25 15.10 = 0.34 * = 14
GLOB" (g/L) 26.70 + 0.54 28.30 + 0.56 * =
GLU (mg/dl) 91.08 + 6.66 127.80 + 3.60 o> & 0.5 1
TC (mg/di) 42537 + 11.99 44471 + 21.66 ns
TGK (mg/dl) 383.66 + 8.84 472.94 + 15.03 o 0 T T T
Cortisol (pg/mi) 325.75 = 6.26 426.75 = 11.64 w HIF-1a HIF-2a FIH1 PHD2
HSP-70' (pg/ml) 115.41 + 3.35 132.39 + 3.97 *x
Lysozyme (U/L) 1.69 + 0.04 201 + 005 . FIGURE 1 | Effect of acute hypoxic stress on the expression of the
hypoxia-related genes in the liver of triploid rainbow trout (n = 6; HIF-7a,
Note: mean + standard error; ns, no significant difference (p > 0.05); p < 0.05; *p < 0.01. hypoxia-inducible factor 1a; HIF-2«, hypoxia-inducible factor 2«; FIH1, factor
ALT, alanine aminotransferase. inhibiting hypoxia-inducible factor 1; PHD2, egl nine 1-like protein).
PAST, aspartate aminotransferase. Asterisks indicate the significant difference (t-test; *p < 0.05; **p < 0.01).

CALP, alkaline phosphatase.
9CPK, creatine phosphokinase.
°LDH, lactic dehydrogenase.
TP, total protein.

9ALB, albumin.

"GLOB, globuiin.

'GLU, glucose.

TC, total cholesterol.

kTG, triglyceride.

'HSP-70, heat shock protein 70.

The effect of acute hypoxic stress on the antioxidant gene
expression in the liver is shown in Figure 3. The expression of
Nrf2 mRNA was upregulated in the liver, and the mRNA expression
of SOD and HO-1 was downregulated (p < 0.05; Figure 3). Particularly
notable is that the maximal increase in Nrf2 was approximately 2.5-
fold higher in the hypoxic group than in the normoxic group. No
significant difference was observed in the mRNA expression of CAT
and GPx in the liver of triploid rainbow trout (p > 0.05).

Effect of Acute Hypoxic Stress on the
Immune-Related Genes Expressions in the
Liver of Triploid Rainbow Trout

Changes in the expression of genes related to the immune system
are shown in Figure 4. The mRNA expression of IFN-y and IL-1f

in the liver were upregulated under acute hypoxic stress (p < 0.05;
Figure 4). Additionally, the maximal increase in IFN-y was
approximately 3.5-fold higher in the hypoxic group than in
the normoxic group. However, the mRNA expression of TNF-
o in the liver was downregulated (p < 0.05; Figure 4). No
significant differences were observed in the mRNA expression
levels of HSP-70 and IL-8 in the liver of triploid rainbow trout (p >
0.05; Figure 4).

Effect of Acute Hypoxic Stress on the
Glycometabolic Genes Expressions in the

Liver of Triploid Rainbow Trout

Data on the mRNA expression of the glycometabolic genes are
shown in Figure 5. The mRNA expression of PEPCK and PDKI
in liver tissue was upregulated under acute hypoxic stress (p <
0.05). Additionally, the maximal increase in PEPCK was
approximately 4-fold higher in the hypoxic group than in the
normoxic group. However, no significant differences were
observed in the mRNA expression levels of GLUT2, GYPL,
GK, LDHA, G6Pase, and GYS in the liver of triploid rainbow
trout under acute hypoxic stress (p > 0.05).
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Effects of Acute Hypoxic Stress on the
Lipometabolic Gene Expression in the Liver

of Triploid Rainbow Trout

Data on the mRNA expression of the lipometabolic genes are
shown in Figure 6. The mRNA expression levels of ACC and
ACO were upregulated, but CPTI was downregulated in liver

tissue under hypoxic stress (p < 0.05). Additionally, the maximal
increase in ACC was approximately 8-fold higher in the hypoxic
group than in the normoxic group. However, no significant
differences were observed in the mRNA expression levels of
FAS and ADRP in liver of triploid rainbow trout under
hypoxic stress (p > 0.05).
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Effects of Acute Hypoxic Stress on
Autophagy-Related Genes Expressions in
the Liver of Triploid Rainbow Trout

No significant differences were observed in the mRNA expression
levels of LC3p, gabarapLl, atg4b, and atgl2L in the liver of
triploid rainbow trout under hypoxic stress (p > 0.05; Figure 7).

DISCUSSION

The study simulated an acute hypoxic environment (2-5 mg/L
for 10 min) caused by actual production operations of fish
farming (i.e., catching, gathering, transferring, or weighting).

LC3p gabarapL1 atg4b atgl2L

FIGURE 7 | Effect of acute hypoxic stress on the expression of the
autophagy-related genes in the liver of triploid rainbow trout (n = 6; LC3,
microtubule associated protein 1 light chain 3 beta; gabaraplL1, gamma
aminobutyric acid receptor-associated protein; atg4b, autophagy-

related 4p; atg12L, autophagy-related 12L). Asterisks indicate significant
differences (t-test; *p < 0.05; *p < 0.01).

During the hypoxic treatment, the fish firstly remained static at
the bottom of the tank and then swam rapidly and moved
upward to the water surface with a wide mouth opening.
Finally, some fish bellied up and floated in the water. This
treatment can lead to hypoxic stress in fish. When the fish body
is stimulated by external adverse stress, a stress hormone,
cortisol, is secreted, and its level increases in the blood
(Bortoletti et al., 2021). In this study, the plasma cortisol
content increased under acute hypoxic stress, which could
be considered a sensitive signal of fish stress (Mommsen et al.,
1999). A rapid, significant cortisol increase after an acute
hypoxic disturbance was also found in other fish species
(Abdel-Tawwab et al., 2019). Positive feedback potentiates
the collaboration between cortisol and glucose in rainbow
trout during stress (Conde-Sieira et al, 2012). A positive
correlation between cortisol and glucose levels was observed
in this study. In addition, plasma ALT and AST levels were
increased in the hypoxic group in this study. Particularly
notable is that the ALT activity (21.8 U/l) exceeded the
normal reference range (4-19 U/L) of triploid rainbow trout
reported in our previous study (Meng et al., 2019), reflecting
the damage to the fish’s liver. The MDA used as an indicator of
lipid peroxidation and the T-AOC used as an indicator of the
antioxidant capacity of the body were used in the analysis in
this study. Based on the results of these indicators in the
plasma and liver, the fish could experience oxidative stress
under acute hypoxia.

The hypoxia-inducible factor-mediated signaling pathway
has been recognized as a master regulator of cellular response
to hypoxic stress (Xiao, 2015). Studies have found that acute
hypoxic stress leads to upregulation of HIF-la mRNA
expression in the liver of fish, such as in zebrafish (Danio
rerio) (Mandic et al., 2020), grouper (Sebastes schlegelii) (Jia
et al,, 2021), and big black mullet (Dicentrarchus labrax)
(Vanderplancke et al., 2015). In this study, the expression
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of HIF-2a« in the liver increased, but not that of HIF-I« under
acute hypoxia stress, suggesting that HIF-2« is a sensitive
biomarker of acute hypoxic stress in triploid rainbow trout. In
mammals, HIF-2a plays a critical role in stimulating the
expression of genes encoding antioxidant enzymes to
suppress the accumulation of ROS, inhibiting the
mitochondrial consumption of glucose-derived carbon by
PDK, regulating the lipid metabolism, and improving
immune responses (Reviewed in Majmundar et al., 2010).
Hence, the following studies aimed to evaluate the effect of the
HIF-2a signaling pathway on the antioxidant, immune, and
metabolic activties of triploid rainbow trout under acute
hypoxic stress.

In the antioxidant system, an increase in the expression of Nrf2
can activate the expression of Nrf2/ARE signaling pathway-
related genes, leading to an increase in antioxidant enzyme
activity (Balogun et al., 2003). In this study, the expression of
the Nrf2 gene in the liver was upregulated under acute hypoxic
stress, and the expression of downstream genes such as SOD,
CAT, and GPx was suppressed or unchanged. A study on
Schizothorax prenanti found that the expression of SOD, CAT,
and GPX was suppressed at the initial stage of acute hypoxic stress
but increased at a later stage (Zhao et al., 2020). Only 10 min of
hypoxic stress was used in this study, which was too short to
stimulate the genes expression of antioxidant enzymes. HO-1 is a
cytoprotective enzyme that could be involved in cytoprotection
and antioxidant activity against hypoxic stress (Majmundar et al.,
2010; Abdel-Tawwab et al, 2019). A study on rainbow trout
showed that the expression of liver HO-1 was downregulated by
external adverse stress (Akdemir et al., 2016). The same result was
also found in this study, whereas it was opposite to the result in
mammals, that is, HIF2a could activate HO-1 (Majmundar et al.,
2010). Therefore, further studies are required.

Regarding the immune response to hypoxia, this study found
that plasma globulin, HSP-70, and lysozyme levels increased
under acute hypoxic stress. The literature has speculated that
fish can increase specific proteins such as lysozyme or HSP-70 to
enhance immunity level and manage stress (Ortuno et al., 2001;
Ming et al., 2012). In addition, HIFs can increase the production
of inflammatory cytokines to participate in immunoreaction
(Majmundar et al., 2010). The results of this study also
showed that the expression of IFN-y and IL-1f in the liver
was upregulated after hypoxic stress. However, the expression
of TNF-a decreased after hypoxia stress. Generally, the acute
hypoxic stress made the fish body in a defensive state, thereby
enhancing the immunity level in the study.

Under hypoxic stress, DO in water is insufficient to fulfill the
oxygen demands for aerobic metabolism, and anaerobic
metabolism is triggered (Abdel-Tawwab et al., 2019). Plasma
LDH activity increased sharply under acute hypoxic stress in this
study, reflecting an increase in anaerobic metabolism (Ma et al.,
2019). Studies have shown that the HIF-1 pathway plays a vital
role in the glycometabolic switch from aerobic to anaerobic
processes by regulating downstream genes, such as GLUT and
LDH, and the key enzyme of glycolysis (Richards, 2009;
Rademakers et al., 2011; Goda and Kanai, 2014). However, the
expression of GLUT2, GK, and LDHA in the liver did not change

Trout Response to Hypoxic Stress

under acute hypoxic stress, which might be related to the lack of
HIFla in this study. PDK inhibits the pyruvate dehydrogenase
complex and blocks the conversion of pyruvate (the glycolytic
end-product) to acetyl-CoA (normally into the TCA cycle)
(Mylonis et al., 2019). This study showed that the expression
of PDKI in the liver was upregulated under acute hypoxic stress.
The finding indicates that the flow of pyruvate into the
mitochondria is decreased. Based on the result that the
expression of PEPCK was upregulated in the hypoxic group,
pyruvate participated in gluconeogenesis under acute hypoxic
stress.

The liver is a critical site for lipid synthesis and export in fish
(Tocher and Douglas, 2003). Lipids provide a rich source of
energy via oxidative phosphorylation (Jungermann, 1988; Shohet
and Garcia, 2007). Under hypoxic stress, lipid metabolism is
reprogrammed to suppress lipid catabolism through B-oxidation
and stimulate lipid storage and inhibition (Huss et al., 2001;
Bostrom et al., 2006). The regulation of metabolism is more
dependent on HIF-2a more than HIF-1a (Rankin et al., 2009). In
this study, upregulation of the HIF-2a gene reduced CPT-I
expression-mediated fatty acid mitochondrial B-oxidation and
increased ACC expression-mediated fatty acid synthesis under
acute hypoxic stress. This might explain why plasma TG levels
increased in the hypoxic group. A notable result was found for
ACO, which could control peroxisomal [-oxidation. The
expression of ACO was upregulated under acute hypoxic
stress, which might be related to the suppression of
mitochondrial oxidation.

Under hypoxic conditions, autophagy is activated by ROS
(Moore, 2008; Azad et al., 2009), and thus serves to reduce
oxidative damage (Scherz-Shouval and Elazar, 2007; Gurusamy
et al, 2009; Jain et al, 2015). However, the expression of
autophagy-related genes (LC3f, gabarapLl, atgdb, and atgl2L)
in the liver was not induced by acute hypoxic stress. A possible
reason for the results is that the fish body was in a defensive state
after 10 min of hypoxic stress was applied.

CONCLUSION

This study simulated the hypoxic environment caused by
actual production operations in fish farming (i.e., catching,
gathering, transferring, or weighting), which could lead to
acute hypoxic stress in fish. Under the hypoxic conditions,
triploid rainbow trout are in a defensive state to manage stress
by enhancing immunity levels, altering antioxidant status,
suppressing hepatic mitochondrial oxidation of glucose- and
lipid-derived carbon, and activating hepatic gluconeogenesis
and lipid synthesis. These phenotypes might be regulated by
the HIF-2a pathway.
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Global warming is predicted to increase prolonged thermal challenges for aquatic
ectotherms, i.e. it causes metabolic performance declines, impacts food intake, and
finally causes impaired growth. In this research work, we investigated whether a tropical
fish, Danio rerio (zebrafish), could tolerate prolonged thermal challenges and whether the
temperature increase has a significant impact on growth and metabolism. To answer our
questions, we evaluate the metabolomic performance, a question that has received little
attention so far, using differential chemical isotope labeling (CIL) liquid chromatography-
mass spectrometry (LC-MS). Three groups of fish were exposed to various temperatures
of 27.6 + 2°C, 30.7 £ 2°C or 32.2 + 2°C during 270 days post fecundation (dpf) to evaluate
the impact of the temperature increase on the growth and metabolomic performance. The
results obtained demonstrated different metabolomic changes in response to acclimation
to the different temperatures. After 270 days, the fish maintained at the highest tested
temperature (32°C) showed reduced growth, reduced condition factor, and elevated levels
of metabolites associated with amino acid catabolism and lipid metabolism pathways in
the liver and intestine compared with fish kept at lower temperatures (27.6 + 2°C). These
findings demonstrate an explicit redistribution of energy stores and protein catabolism
in fish at the highest temperature, thus showing a preference for maintaining length
growth during limited energy availability. Moreover, here we also screened out both the
marker metabolites and the altered metabolic pathways to provide essential insights to
ascertain the effects of the water temperature increase on the growth and development of
tropical fish.

Keywords: metabolomics, climate change, ectotherm, fish, heat shock proteins
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Growth and Metabolic Responses to Water Warming

HIGHLIGHTS

e Metabolic response of zebrafish reared at different
temperature were studied

e Brain, liver an intestine tissue reflects metabolic changes in
physiology of fish

e Amino acid, protein catabolism and energy metabolism
pathways are altered in all tissues by the temperature
conditions

e The altered metabolome may be useful as a key indicator of
adverse effect of the water warming

INTRODUCTION

Aquatic ecosystems worldwide are warm-up, and their average
temperatures are progressively increasing due to climate change.
Environmental temperature commands growth and metabolic
performance in ectotherms, including most fish (Neuheimer
et al,, 2011). Metabolites (e.g., glucose, glycerol, and alanine) are
products and intermediate metabolism compounds that respond
to shifts in the environment (Bundy et al.,, 2009). Metabolite
profiles play essential roles in the biochemical pathways that
shape individual phenotypes (Wagner et al., 2013; Wagner
et al., 2014). Metabolomics is a cutting-edge technology that
offers considerable advantage over other omics techniques
since metabolites are preserved among organisms, unlike
genes or proteins. Gas chromatography-mass spectrometry,
liquid chromatography-mass spectrometry (LC-MS), and
nuclear magnetic resonance are the three most commonly used
analytical technologies for metabolic analysis (Samuelsson et al.,
2006; Samuelsson and Larsson, 2008; Samuelsson et al., 2011).
In aquatic organisms, researchers have used metabolomic
approaches to evaluate the impact of temperature increases
on organisms such as molluscs (Ellis et al., 2014), crustaceans
(Hammer et al., 2012) and marine coral communities (Coelho
etal., 2015). However, despite their advantages, the evaluation of
the impact of the water temperature increase on the metabolite
composition in fish is still an underexplored area.

The survival of aquatic organisms underwater temperature
increases depends on their capacity for physiological and cellular
adaptation (Donelson et al., 2012; Miller et al., 2012). Most
studies on thermal impacts on fish relate elevated temperatures
with traits relevant to thermal stress resistance, including the
induction of heat shock proteins (HSPs). HSPs are highly
conserved, ubiquitously expressed families of stress response
proteins induced in diverse organisms by different physiological
and environmental stressors (Sgrensen et al., 2003; Fabbri et al.,
2008). In fish, prolonged exposure to high temperatures induces
proteotoxic stress. Thus, the rise in the temperature leads to
severe problems, such as the accumulation of misfolded proteins
that involve an additional stress source on the proteostasis
network, including protein translation, folding, trafficking, and
turnover. Specifically, HSPs prevent and reduce the aggregation
of other proteins damaged by heat and assist in the refolding or
degradation of stress-damaged proteins (Wallace et al., 2015;

Riback et al., 2017). In fish, the HSP protein expression increases
when individuals are exposed to elevated temperature, and their
sensitivity varies with species, developmental stage and season
(Wallace et al., 2015), indicating a potential ecological relevance
of HSPs in global warming. HSPs in fish have been studied
extensively at the protein level and from the molecular aspect
to quantifying the mRNA abundance. For example, the hsp70
mRNA has been identified in rainbow trout (Kothary et al,
1984), medaka (Arai et al., 1995), zebrafish (Lele et al., 1997),
and tilapia (Molina et al., 2000), and well-increased mRNA levels
have been registered due to heat stress. Recent studies in fish
have shown that hsp90 and hsp47 increase due to heat stress in
Puntius sophore and Channa striatus; the expression of several
HSP proteins as hsp60, hsp70, hsp78, and hsp90 was up-regulated
by the action of the increase on the temperature (Purohit et al,,
2014; Mahanty et al., 2017).

In this research work, we report a method based on high-
performance chemical isotope labelling (CIL) LC-MS platform
(Su et al., 2016) that enables us to investigate the impact of the
increase in water temperature on the metabolic performance of
zebrafish a tropical species. Tropical fish species, in particular,
are expected to have lower thermal adaptation capacity than
temperate species because they have evolved in a more stable
thermal environment (Wysocki, et al., 2009; Sinclair et al,
2016; Rezende and Bozinovic, 2019; Morgan et al., 2020). In
particular, adult zebrafish is eurythermal and can occasionally
tolerate warm temperatures in a short time (days), around 38°C
(Lopez-Olmeda and Sanchez-Vazquez, 2011). However, during
the development, the zebrafish larvae and juvenile stage are
highly susceptible to warm temperatures above 32°C (Pype et al,,
2015). Therefore, for the fish that live within the limits of their
thermal capacities, such as zebrafish, the prolonged exposure
to warm temperatures (as projected by climate change) during
their development can pleasantly impact their physiology and
metabolic performance (Somero, 2010). Consequently, this study
addresses questions regarding the mechanisms underlying the
long time-scale impact of the water temperature increase during
the development of zebrafish Danio rerio. Previous studies have
shown variable effects on the growth of fish reared at >2°C and >
3-4°C above the current-day temperature water (Johansen and
Jones, 2011). However, even if the increase in water temperature
can impact fish growth, its effects on the animal’s metabolic
performance are unknown. The fish liver is an essential metabolic
organ that controls metabolism, bile secretion, and glycogen
storage and plays an essential role in environmental adaptation
(Jiao et al., 2020). Additionally, the liver is vital to establishing
energy balance to maintain general homeostasis and cope with
environmental and physical disturbances. We use metabolomics
to inspect changes in metabolites produced in a biological system
(cell, tissue, or organism) in response to external stimuli, such
as temperature in the liver. It can also be used to describe the
observable chemical profiles of the metabolites (Ott et al., 2003).
To inspect this metabolic profile, we also used the intestine, and
brain tissue of fish reared for a long time at warm temperatures.
Previous CL-based metabolomics studies on fish have revealed
that the acute elevated temperature leads to changes in essential
metabolites, including decreased liver glycogen and decreased
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muscle phosphocreatine and ATP levels, indicating increased  twice per week. Total ammonia and nitrite concentrations in each
energetic costs at the higher temperature. However, to the dateno  tank were kept under 0.05 and 0.01 mg L'}, and pH remained at
studies have investigated the long-term response to temperature 8.0 + 0.5. The thermal gradient was fixed through an outer water
on the tissue metabolome in zebrafish while monitoring growth.  jacket system situated at unlike temperatures. The experimental
Thus, this study aimed to clarify the effect of elevated temperature ~ set up was carried out as to correlate whether differences in
on the metabolome and dynamics concerning growth and food  the thermoregulation environment drive different metabolic
consumption in the water environment. traits and establish whether the growth parameters, heat-shock

proteins expression and metabolic regulation is influenced by the

water temperature. Fish were allowed to acclimate to the tanks

MATERIAL AND METHODS and experimental temperatures for 7 days, and during this period

the fish were not fed. On day 8, feeding was started. At month
Fish Husbandry and 1 (30 dpf) and month 9 (270 dpf) after the start of temperature
Experimental Conditions acclimation, 9 fish/per condition were randomly sampled. We

reared fish for a long time at unlike thermal conditions during
270 dpf. Our first sample time was at 30dpf after the first

Chile. Fish were handled in accordance with the “International feeding. There were 60 fish in each replicate and thermal tank

Guiding Principles for Biomedical Research Involving Animals” (Nf180 by thgrmal group; n= 60 by rePlicate) and'were.fed a
established by the European Union Council (2010/63/EU). maintenance diet (Skretting, GEMMA Micro 300) twice daily for
270 dpf. Fish were sacrificed by over-anaesthesia with tricaine

methanesulfonate (MS222, Sigma Aldrich). Body weight (BW)
and length (L) was immediately determined and posteriorly used
to calculate Fulton’s K condition factor (100*(weight/length?)).
After 270 days of exposure, liver, intestine and brain were
dissected and treated according to the metabolomic and gene

All experiments were carried out at the ThermoFish Lab,
Biotechnology Centre, University of Concepcion, Concepcion,

Zebrafish (Danio rerio) was used as a typical ectothermic animal.
An advantage of these fishes is an enormous amount of scientific
literature and a completely deciphered genome. Zebrafishes were
maintained on a 14-h light/10-h dark cycle, and fertilized eggs
were collected (Aquaneering zebrafish system). 540 embryos
from the same parents were kept in 0.3x Danieau’s solution [17.4 -
mM NaCl, 0.21 mM KCl, 0.12 mM MgSO,7H,0, 0.18 mM Ca  €Xpression approaches.

(NO,) ,, 1.5 mM HEPES (pH 7.6)] were obtained from JT Baker . .

Chemical (Phillipsburg, NJ, USA). The larvae were maintained Homogenization and

at 25°C with a 12 h light:12 h dark cycle in culture water Metabolite Extraction

(UV-sterilized and well-aerated water, pH 7.2 + 0.5, dissolved ~ Liver,brainandintestine samples were collected from 9 individuals
oxygen: 6.6 = 0.3 mg/L, electrical conductivity: 0.256 + 0.005mS/  reared at three different temperatures. The individuals were
cm, water hardness: 185 + 9 mg/L CaCO;) and acclimated in 15 randomly chosen. Milli-Q water was produced from a Millipore
L glass tanks for 2 weeks before the experiment. At the start of  purification system (Waters-Millipore Corporation, Milford,
the experiment, the temperature of three tanks was 27°C, then =~ MA, USA) Ceramic beads and 4:1 (v/v) pre-cooled LC-MS grade
establishing experimental temperatures of 27.6 + 0.9°C, 30.7 +  methanol:water (according to sample weight) were added into
1.2°C and 32.2 + 0.8°C (Figure 1), in triplicate tanks for each ~ each of the individual sample tubes. Tissues were homogenized
temperature (3 thermal chambers per temperature). Each system  for one cycle of 15 seconds using a bead beater homogenizer
had a flow rate of 5 m?® h'', and water was U.V.-sterilized. The (TissueLyser L, Qiagen). The tubes were centrifuged at 12,000 g
water temperature of each tank was measured twice per day. for 10 min at 4°C. From each sample, all the supernatant was
Dissolved oxygen was also measured daily and always remained ~ transferred into a new vial and dried down. The extracts were
above 6.6 + 0.3 mg/L. Ammonia, nitrite, and pH were measured  stored at -80°C until further analysis.

A B
Zebrafish (Danio rerio) Zebrafish (Danio rerio)
A | A | 1 A | | | [
Zensc || mze | wasc LA g ey Zensc || wmmzc | saosc 27.6009°C 307812 322108
ey IETTE — = = L
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+
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FIGURE 1| Experimental setup. (A) Schematic diagram of the experimental setup 30 dpf. (B) Schematic diagram of the experimental setup 270 dpf.
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Sample Quantification and Chemical
Isotope Labelling

The dried extracts were taken from the -80°C freezer and
re-dissolved in 30 uL of water. The total concentrations of samples
were determined using the NovaMT Sample Normalization Kkit.
For the samples having total concentration higher than 2 mM,
water was added accordingly to adjust their concentrations
to 2 mM. After concentration adjustment, supernatant was
divided in 2 aliquots for labelling, backup and preparation of
pooled sample. For the aliquot for amine-/phenol- labelling, 25
uL of samples was used. The individual samples were labelled
separately using '2C,-dansyl chloride and quantified by LC-UV
based on absorption at 338 nm (Wu and Li, 2012). A pooled
reference by tissue (ie., liver-pool, intestine-pool and brain-
pool) was prepared by mixing the same amount of aliquot
from each of the 3 tissues. The reference-pool was taken and
labeled by *C-dansylation (*3C,-dansyl labeling). An aliquot of
the *C-labeled pool was mixed with a >C-labeled individual
sample in 1:1 molar ratio to produce a mixture for LC-MS
analysis. 2C-dansyl chloride (DnsCl) and amino acid standards
were purchased from Sigma-Aldrich Canada (Markham, ON,
Canada). The isotopic compound used to synthesize *C-dansyl
chloride was purchased from Cambridge Isotope Laboratories
(Cambridge, MA, USA).

LC-MS

An Agilent 1290 series binary UPLC system with a Waters
ACQUITY UPLC BEH C18 column (2.1 mm 10 cm, 1.7 mm
particle size, 130 A pore size) connected to an Agilent electrospray
ionization (ESI) time-of-flight mass spectrometer (Model 6230,
Agilent, Palo Alto, CA, USA) was used for LC-MS analysis. For
the TOF instrument, the ion source conditions were: nitrogen
nebulizer gas: 1.38 Bar, dry gas flow: 5 L/min, dry temperature:
325 C, capillary voltage: 4000 V, end plate offset: 120 V, mass
range: m/z up to 1700, and spectra rate: 1 Hz. The resolving
power of the instrument was typically about 11,000 (FWHM) at
m/z 622. All MS spectra were obtained in the positive ion mode.
For LC-MS, LC solvent A was 0.1% (v/v) formic acid in water,
and solvent B was 0.1% (v/v) formic acid in ACN. The gradient
elution profile was as follows: t 1/4 0 min, 15% B; t 1/4 2 min, 15%
B; t 14 15 min, 45% B; t 174 20 min, 65% B; t 1/4 26 min, 98% B;
t /4 29 min, 98% B; t 1/4 29.1 min, 15% B. The flow rate was 250
mL/min. The sample injection volume varied, depending on the
applications.

Data Processing

The MS data were internally mass-calibrated and then processed
using a peak-pair picking software, IsoMS (Zhou et al., 2014).
The level 1 peak pairs, along with their peak intensity ratios, were
aligned from multiple runs by retention time within 20 s and
accurate mass within 10 ppm using IsoMS-Align to generate the
initial metabolite-intensity table. The Zero-fill program was used
to find the missing ratios in the table from the raw LC-MS peak
list and then fill in these values to produce the final table (Huan
and Li, 2015a). Iso-Quant was finally applied to calculate the

individual peak ratio based on chromatographic peak areas of
the 12C- and *C-labeled peaks with a peak pair in the table (Huan
and Li, 2015b; Huan et al., 2015). The ratio values were used for
statistical analysis (Supplementary Tables S1-S6).

RNA Extraction, cDNA Synthesis, and
Transcript Quantification

9 random fish were sampled for each temperature (27.6 + 2°C,
30.7 £ 2°C or 32.2 £ 2°C), and subsequently snap-frozen in
liquid nitrogen and conserved at -80°C. Total RNA was extracted
from the liver, intestine and brain of individual fish with the
TRI Reagent” (0.5 ml; Sigma-Aldrich Missouri, United States)
and quantified by absorbance at 260 nm. Only samples with an
A260/280 ratio between 1.8 and 2.1, and an A260/230 ratio above
1.8 were used for reverse transcription. Purified RNA integrity
was confirmed by agarose denaturing gel electrophoresis. cDNA
was synthesized from 50 ul of total RNA (200 ng/ul) using the
RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas,
Waltham, MA, USA) according to the manufacturer’s indications.
RT-qPCR was performed using the StepOnePlus™ Real-Time
PCR System (Applied Biosystems, Life Technologies, Carolina,
USA), and each assay was run in triplicate using the Maxima
SYBR Green qPCR Master Mix-2X (Bio-Rad, Carolina, USA).
For qPCR assays, 5 ul of synthetized cDNA were diluted with
15 pl of nuclease-free water (Qiagen, Hilden, Germany). Each
qPCR mixture contained the SYBR Green Master Mix, 2 ul of
diluted cDNA, 500 nmol/l each primer, and RNase free water to
a final volume of 10 pl. Amplification was performed in triplicate
on 96-well plates with the following thermal cycling conditions:
initial activation for 10 min at 95°C, followed by 40 cycles of 15
seconds (s) at 95°C, 30 s at 60°C, and 30 s at 72°C (primer table in
Supplementary Table S7). An absolute quantification approach
was used that involved calculating the number of gene copies in
unknown “test” samples from comparison with a standard curve
prepared using a dilution series of linearized plasmids with known
concentrations. The PCR product for each gene was extracted
from agarose gel using the Nucleospin Gel and PCR Clean-Up
Kit (Macherey-Nagel, Dueren, Germany). The PCR amplicons
were cloned the using pGEM-T Easy Vector and JM109 High-
Efficiency Competent Cells (Promega, Madison, WI, USA). The
Nucleospin Plasmid Quick Pure Kit (MACHEREY-NAGEL)
was used to purify the plasmid DNA containing the PCR insert.
Then, the plasmid was linearized using the HindIII restriction
enzyme to prevent amplification efficiency problems that can
arise from using supercoiled plasmids, and the amount of dsDNA
was quantified using the Quant-iT PicoGreen dsDNA Assay Kit
(Invitrogen, California, United States). The concentration of each
plasmid was calculated by absorbance at 260 nm, and a five-fold
dilution series produced for copy number calculations via qPCR
and using Eq. (1).

amount * 6,022 x 10>
length *1x10° * 650

Number of copies =

where the amount of DNA (ng) was derived from absorbance at
260 nm and length (base pairs) was determined by adding the
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PCR product length to the size of the plasmid. The use of these
standard curves controlled for amplification efficiency differences
between assays and permitted calculating the “absolute” number
of mRNA transcripts, thereby facilitating gene comparisons.

Statistical Analysis

For statistical analysis of the organ samples, only the common
peak-pairs shown up in at least 50% of the samples were retained
for analysis. No outliers were found and all observations
(n=27 for each of the temperature groups for each time point)
were included in the data analyses. Orthogonal Partial Least
Squares Discriminant Analysis (OPLS-DA) (Trygg and Wold,
2002; Nicholson et al., 2007) was conducted to find differences
between temperature groups and different time points. Since
only pairwise comparisons are possible in OPLS-DA we focused
on effects of the highest temperature. Evaluation of the OPLS-DA
models were conducted by assessing the model fit (R2) and
prediction quality (Q2). Principle component analysis (PCA) and
orthogonal partial least square discriminant analysis (OPLS-DA)
were performed using SIMCA-Pp 12.0 (Umetrics, Umead,
Sweden). The data were mean-centered and pareto-scaled (unit
variance) prior to analysis. Condition factor (CF) was calculated
as 100 x (BW x FL- 3) for initial and final average sizes of each
group. Positive metabolite identification was performed based
on mass and retention time match to the dansyl standard library
containing 273 unique amines/phenols using DnsID (Huan et al.,
2015). Putative identification was done based on accurate mass
match to the metabolites in the human metabolome database
(HMDB) (8021 known human endogenous metabolites) and the
Evidence-based Metabolome Library (EML) (375,809 predicted
metabolites with one reaction) using MyCompoundID (Li et al,,
2013). The mass accuracy tolerance window was set at 10 ppm
for database search.

RESULTS

Growth, Condition Factor and Molecular
Regulation of Heat-Shock Proteins (Hsps)
The fish in each thermal tank were acclimatized to an artificial
photoperiod of 12 h light:12 h dark 300 dpf. The cumulative
mortality at different thermal gradients was 0.67%, 1.1%,
and 2.7%, respectively. There were no significant differences
in cumulative mortality in the treatment groups (p > 0.05).
The fish grew in weight and length at all three temperatures,
but the highest temperature tested significantly affected the
growth (two-way ANOVA temperature * time p = 0.0001). A
significant interaction between temperature and time on growth
(p = 0.0001) was detected, while there was no difference in
growth among the groups exposed to different temperatures
during the first month (30 dpf). Fish at 32.2°C had a significantly
lower BW (Figure 2B) and L (Figure 2D) than fish kept at the
lower temperatures after 270 dpf (p = 0.0001 for both variables,
Figures 2A-D). CF was affected by temperature and time
(p=0.02 and p = 0.0001, respectively), with a significant interaction
between these variables (p = 0.0001). The fish at 30.7 and 32.2°C

show a significant difference in CF just at 270 dpfin fish reared at
32.2°C with lower CF than fish at 27.6 and 30.7°C (p =0.002 and
0.0001, respectively, Figures 2E, F). A commonly used molecular
marker of thermal stress is the molecular expression of cell
chaperones, such as heat-shock proteins (HSPs). his represents a
response rate where hsp mRNA levels were significantly altered
in response to high temperatures. As shown in Figure 3, the
expression of the hsp genes in the zebrafish was greatly enhanced
upon exposure to 32°C heat stress mainly, in the liver and brain.

Metabolomic Analysis

Figure 1 shows the workflow for parallel organ metabolome
profiling using CIL LC-MS. First, each organ is directly analysed.
Next, the 12C-dansyl labelled individual samples are separately
injected into LC-UV to measure each sample’s total concentration
of labelled metabolites for sample amount normalisation. Based
on the total concentration, the volume of an individual sample
(unlabelled) was mixed with an equal amount of other unlabelled
samples to generate a pooled organ sample (i.e., liver-pool, brain
pool, and intestine pool from 9 individuals in each thermal
treatment). Then, the pooled sample labelled by 13C-dansylation
served as a reference or internal standard for the 12C-labelled
samples. Next, an equal amount of the 12C-labelled individual
sample and the 13C-labeled pooled sample was mixed. Finally,
a quality control (QC) sample was prepared by mixing an equal
amount of the 12C-labeled and 13C- labelled pooled samples.
LC-TOF-MS analysed the mixtures of 13C-pool (Figure 4A).
A table of metabolite intensity was produced after peak pair
extraction and peak ratio calculation. The peak ratio values
(12C2-peak vs 13C2-peak) for a given metabolite peak pair
in all individual samples reflected the relative concentration
differences of the metabolite in these samples. The quantitative
metabolome tables generated from all organs were used for data
comparison and statistical analysis.

Liver Metabolome

The liver samples subjected to metabolic analysis by CIL-LC/
MS were analysed posteriorly using the Metabolome Database
(HMDB) and the Evidence-Based Metabolome Library (EML).
A chart diagram (Figure 4B) was generated for the metabolites
detected in the total sample after 270 dpf for each thermal
treatment. Peak pairs that were presented in at least 89.4% of
samples in any group were retained. Less commonly detected peak
pairs were filtered out to ensure data quality (69.8%). The ratio
of total proper signals was normalised for all data. The missing
values of peak pairs in some samples due to low signal intensity
(i.e., below the detection limit) were replaced with a rationally
determined ratio by a unique zero-imputation program. 12
12C-/13C-mixtures were produced from triplicate experiments
of 9 Liver samples using the workflow shown in Figure 4A.
LC-MS individually analysed these mixtures, and three injections
of the QC sample spaced evenly among the 9 sample injections
were also performed (9 individual livers and three pools of the-
liver samples, N=12). The QC data clustered together, indicating
excellent analytical reproducibility in LC-MS data acquisition.
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FIGURE 2 | Analysis of biometric parameters and condition factor of Danio rerio during the experimental period. (A) Body weight 30 dpf, (B) body weight 180
dpf, (C) length 30 dpf, (D) length 180 dpf, (E) condition factor 30 dpf, (F) condition factor 180 dpf. Different letters correspond to significant differences among
temperature groups for each time point. Asterisk denotes significant change over time within each temperature group. Values are means + SEM (n=27 for each
experimental group).
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FIGURE 3 | Gene expression of heat-shock proteins (hsp). Heatmap of hsp expression from Danio rerio when comparing fish exposed to 30.7°C and 32.7°C with

Some separations of the three thermal treatments were already
visible. Figure 5A shows the PCA plot of the liver dataset
according to three individuals by thermal treatment. 500
metabolites were detected positively (Figure 4B), including
amino acids, nucleotides, carbohydrates, organic acids, and
lipids (Supplementary Tables S1, S2).

PCA was used to show the impact of the temperature on
the liver’s metabolic functions. The PCA results revealed
clear differences in metabolite profiles among the thermal
treatments, indicating great differences in liver function
after 270 days at different temperatures. OPLS-DA was used
to identify differentially expressed metabolites in the liver
of D. rerio in response to different temperatures during
the development. The OPLS-DA results revealed notable
differences in the metabolite profiles among treatments
after 270 days of exposure to 30.7°C and 32.2°C. Figure 5B
shows the OPLS-DA plot of the liver dataset according to
the treatments. These three treatments are clearly separated
(R2X = 0.369, R2Y = 0.952, and Q2 = 0.944). The R2Y metric
describes the percentage of variation explained by the model,
while the Q2 metric describes the model’s predictive ability
(27.6°C, Figure 5B).

Based on the OPLS-DA results, the differential metabolites
among the groups were classified (Supplementary Tables
S1, S2). The significant differences in the levels of differential
metabolites among the groups were normalized, and clustered
heat maps were generated (Figure 5C). Significant differences
were registered in the liver metabolite profiles among the groups
in response to different water temperatures, with most differences
observed in the amino acid metabolism (20%), lipid metabolism
(14.2%), protein and DNA methylation (13.9%, Figures 6A,
B). Furthermore, a significant difference in the treatments
were observed for the metabolites SCP-2 (sterol carrier
protein 2), and HMG-CoA synthase (hydroxymethylglutaryl-
CoA synthase), S-Adenosyl-L-homocysteine, N-acetyl-5-
hydroxytryptamine, N-acetylserotonin, Serotonine, Alanine,
Gamma-Glutamylglutamic acid, symmetric dimethylarginine,
N(6)-Methyllysine, kanosamine, 7-Aminomethyl-7 carbaguanine
and Very-low-density lipoprotein (VLDL), High-density
lipoprotein (HDL). Interestingly, fish at normal thermal
conditions also showed significantly lower concentrations of
the metabolite annotated as Valyl-Aspartate than at higher
temperatures. Valyl-Aspartate plays a critical role in the
correct function of the fish liver. Significant treatment effects
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FIGURE 4 | Workflow of the differential chemical isotope labeling LC-MS method for tissue metabolomic profiling. (A) Procedure for analyzing individual samples
within liver, intestine or brain. (B) Identification results for each peak pair in liver, intestine or brain in each thermal set-up. Metabolites identified in tier 1 and tier

2 correspond to high confidence identified results, and were used for pathway analysis the pathway analysis tools (CIL Library and Pathway Analysis module in
MetaboAnalyst. Metabolites that were identified in tier 1 and tier 2 are shown in Supplemental Tables 1-6.
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were observed for the metabolites annotated as a-ketoglutaric
acid, which is an essential metabolite in the tricarboxylic acid
cycle (TCA) and plays an important role in the synthesis and
decomposition of glutamic acid. Glutamic acid is the precursor
of arginine, proline, and glutathione. Therefore, variations in
the amount of glutamic acid reflect changes in glutathione,
arginine, and proline metabolism. Simultaneously, cysteamine
was also identified as being differentially expressed between
the groups. Cysteamine can directly or indirectly stimulate the
release of growth hormones by inhibiting or weakening the
effect of somatostatin, thereby promoting the growth differences
observed in the fish reared at different temperatures. This
observation highlights the impact of higher temperatures on the
liver’s metabolism.

Intestine Metabolome

In total, 12 2C-/13C-mixtures were produced from triplicate
experiments of 9 intestine samples by using the workflow
shown in Figure 4A. These mixtures were analysed
individually by LC-MS, and three injections of the QC sample
spaced evenly among the 9 sample injections were also
performed (9 individual intestines and three pool-intestine
samples, N=12). The QC data were clustered together,
indicating excellent analytical reproducibility in LC-MS data
acquisition. Some separations of the three thermal treatments
were already visible. Figure 5D shows the PCA plot of the
intestine dataset according to three individuals by thermal
treatment. A total of 541 metabolites were detected (Figure 4B

and Supplementary Tables S3, S4). The PCA results revealed
clear differences in the profiles of the metabolites among the
different thermal treatments, showing higher differences in
intestine function after 270 days of exposure to the different
temperatures. The OPLS results also revealed notable
differences in the metabolite profiles among treatments after
270 days of exposure to 27.6, 30.7 and 32.2°C. Figure 5E
shows the OPLS-DA plot of the intestine dataset according to
the treatments. These three treatments are clearly separated
(R2X = 0.989, and Q2 = 0.193). Based on the OPLS-DA
results, the differential metabolites among the groups were
classified (Supplementary Tables S3, S4). The significant
differences in the levels of differential metabolites among
the groups were normalised, and clustered heat maps were
generated (Figure 5F). The temperature-induced differences
in the intestine metabolite profiles among the groups show
the most differences in metabolites, such as nucleotide
biosynthesis (46.4%), followed by D-amino acid metabolism
and lipid metabolism-related metabolites (Figures 6C, D). A
significant treatment effect was registered for the metabolites
annotated as VLDL, HDL, 5-Guanidino-2-oxopentanoic acid,
and Isomer 1 5-Guanidino-2-oxopentanoic acid, which display
significantly higher concentrations than in the intestines of
fish reared at higher temperatures (Figure 6D).

Interestingly, fish at normal thermal conditions also
displayed significantly lower concentrations of the metabolite
annotated as Aspartyl-Glycine and Valyl-Aspartate than
the fish reared at the higher temperature. D-Amino acids
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play a significant role in relevant biological functions, such
as D-Amino, which may have adverse effects as they can be
found in some bacteria or form spontaneously in specific
reactions for example, those induced by high temperatures.
D-Amino acid oxidase (DAAO) is one of the main enzymes
that metabolise D-Amino acids via deamination. DAAO is
highly specific toward D-amino acids and favours free neutral
D-amino acids or those with hydrophobic, polar, or aromatic
groups (Figure 6D).

Brain Metabolome

454 metabolites were positively detected in the brain
(Figure 4B), including amino acids, nucleotides, carbohydrates,
organic acids, and lipids (Supplementary Tables S5, S6).
The QC data were clustered together, indicating excellent
analytical reproducibility in LC-MS data acquisition. Some
separations of the three thermal treatments were already

visible. Figure 5G shows the PCA plot of the intestinal dataset
according to three individuals by thermal treatment. PCA
was carried out to explore the effect of temperature on the
metabolic functions of the brain. The PCA results revealed
clear differences in metabolite profiles among the different
thermal treatments, showing higher differences in brain function
after 270 days of exposure to the different temperatures. The
OPLS results revealed differences in the metabolite profiles
among treatments after 270 days of exposure to 27.6, 30.7 and
32.2°C (Figure 5H). These three treatments were separated
(R2Y =0.999 and Q2 =0.765). Significant differences in the levels
of differential metabolites among the groups were normalized,
and clustered heat maps were generated (Figure 5I). Notable
differences were observed in the brain metabolite profiles
among the groups in response to different water temperatures,
with the most differences in lipid metabolism, arginine
biosynthesis and phenylalanine, tyrosine and tryptophan
biosynthesis (Figures 6E, F).
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DISCUSSION

Climate change imposes various thermal challenges on
organisms, mainly those inhabiting aquatic environments. It is
projected that the mean temperature will increase by 1.5-5°C
compared to early 1900 (IPCC, 2014), with heatwaves increasing
frequency and severity (Perkins et al, 2012). Ectotherms,
especially aquatic organisms, are vulnerable as their body
temperature directly follows their environment (Angilletta,
2009). In this study, the growth and the metabolic performance
are influenced in fish conditioned during the long term (270 dpf)
at high temperatures (32°C). Specifically, we showed that fish
reared at higher temperatures below the lethal (32.2°C) presented
a reduced growth, reduced condition factor and significant
increase in metabolites related to protein catabolism energy and
lipid metabolism. These results agree with previous studies and
show that specific zebrafish is sensitive to temperatures above
32°C (Asheim et al., 2020) and showed that fish conditioned to
long-term to supra-optimal temperatures drive reduced growth
and fecundity (Portner et al., 2001; Portner and Knust, 2007;
Grins et al., 2014; Asheim et al., 2020).

In this study, we demonstrated the utility of the CIL-LC/
MS-based metabolomics method for assessing changes in
the metabolome of D. rerio in the brain, intestine and liver of
fish reared at high temperatures. In ectotherms, have been
observed that the liver is the tissue impacted mainly by high
temperatures. The physiological response of the liver to high
temperatures remains consistent between different taxa, with
significant metabolite performance; in contrast, the impact of
the warm temperature on the metabolite composition in the
fish intestine and other tissues is still limited. In mammals,
high temperatures significantly increase hepatic lactate uptake
through gluconeogenesis (Lucke, 1978; Hall et al., 1980). For
example, mice exposed to high temperatures for a long time have
been observed to alter the gluconeogenesis process, TCA cycle
components (fumarate, malate, and 2-ketoglutarate) and the
urea cycle (Araujo et al., 2019). Our results agree with mammal
studies and show that the high temperature impacts the TCA
cycle, gluconeogenesis, and fatty acid metabolism.

Additionally, we observed the up-regulation of SCP-2 (sterol
carrierprotein2)and HMG-CoA synthase (hydroxymethylglutaryl-
CoA synthase). Specific, SCP-2 binds and transports lipid
ligands such as long-chain fatty acids and their CoA thioesters 4
(Hayashi et al., 2002) and phospholipids (Shimazu et al., 2013).
HMG-CoA synthase catalyzes the condensation of acetyl-CoA
with acetoacetyl-CoA to form 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA), an intermediate in cholesterol synthesis and
ketogenesis (Shimazu et al., 2010). HMG-CoA contributes to the
synthesis of cholesterol, an essential component of membrane
fluidity (Polymeropoulos et al., 2009). Fatty acids synthesized in
the liver should be integrated into triacylglycerols and packaged
into VLDL or HDL (Vitali et al., 2017), which drives the fatty
acids to other tissues for use or storage (Xiao et al., 2020). We
observed that changes in VLDL and HDL levels induced by the
rise in the temperature indicate that lipids might be broken down
into smaller, simple molecules, suggesting that the individuals

are in a catabolic state. Thus, our results are in concordance with
previous studies and show that the metabolic activity of the liver
is highly susceptible to a catabolic state by external stressors, such
as a rise in the water temperature (Surai et al., 2019; Xiao et al,,
2020; Zhang et al., 2021).

Perhaps the most compelling finding is that heat treatment
produced significant changes in the intestinal metabolites in the
intestine, with most metabolites significantly reduced compared
with the group reared at 27, 6°C, including oleic acid, palmitic
acid, stearic acid, and mannose, myristic acid, and carbazole.
These metabolites are involved in the fatty acid synthesis, mainly
with energy and lipid metabolism (Savage et al., 2007; Loscalzo,
2011; Li et al, 2017). Previous reports have also shown that
lengthy exposure to elevated temperature impacts the metabolism
of the fatty acids in the intestine, including increased levels of
VLDL and decreased HDL. As shown in Figure 6, the fatty acid
pathway, VLDL, and HDL greatly impacted the intestine. This
study also highlights those high temperatures induce a specific
change in the amino-acid (AA) metabolism, mainly in the
intestine and brain. The bubble diagram shows that the heat
treatment inhibited fatty acid synthesis in the intestine and drove
changes in the intestine’s amino-acid (AAs) metabolism, linked
explicitly with the AA turnover (Bouchama and Knochel, 2002;
Kovats and Hajat, 2008; He et al., 2019). Our results indicate
that fish reared at high temperatures reduce the phenylalanine
and tyrosine pathways, suggesting an increased AA turnover
(Boglione et al., 2013; Messineo et al., 2018). Several reports
have shown that high temperature impacts the AAs™ turnover
(Kullgren et al., 2013; Sommer and Wolf, 2014; Salamanca
et al, 2021), causing tyrosine and phenylalanine deficiency
and reducing fish growth (Todgham et al, 2017; Valenzuela
et al., 2018). These results are in concordance with our results
that show that the warm temperature impacts AA turnover and
reduces growth (Figures 2, 6). However, the specific roles of AA
deficiency by increased temperature and its relationship with
reduced growth need further investigation.

One interesting finding is that AA deficiency is a process
highly impacted in the three tissues. For example, in the liver
and intestine, metabolites related to aminoacidic catabolism and
some neuropeptides, both pathways linked to AA deficiency and
feeding behaviour, were affected significantly in fish reared at high
temperatures (Sanhuezaetal., 2018), as observed in the brain. Our
results are in concordance with the study in Acipenser stellatus
and, in particular, show that warm temperature changes the
turnover of L-glutamic acid, L-alanine, L-tryptophan, L-valine,
and L-tryptophan, L-valine, L-valine L-leucine (Monselise et al.,
2011; Mushtaq et al., 2014). We observed that other amino acids’
synthesis also significantly impacted the three tissues, liver,
intestine and brain, such as D -Serine or Alanine. D-Serine is
related to the locomotor activity induced by environmental
stressors and diseases (Fry, 1971; Reilly and Thompson, 2007;
Hayes and Volkoft, 2014; Rosewarne et al., 2016; Speers-Roesch
et al., 2018; Jutfelt, 2020; Le et al., 2020). In our study, D-Serine
was highly expressed in fish reared at warm temperatures in all
tissues. In fish, reports show that modifications on the D-Serine
and the Alanine levels were triggered by heat stress.
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CONCLUSION

The current research allowed the identification of significant
changes in the metabolite performance of fish reared at high
temperatures. Moreover, at high temperatures, fish show
significant differences in the mean body weights. We identified
vital metabolites and processes involved in thermal acclimation,
including enhanced fatty acid oxidation, lipid and carbohydrate
metabolism and amino acid catabolism such as a-ketoglutaric
acid, SCP-2, HMG-CoA synthase, D-serine or alanine, serotonin,
5-hydroxytryptamine. Future research into genetic and epigenetic
mechanisms and their effect on the metabolic pathways identified
will help improve our understanding concerning the fish responses
to climate change. This information may also be valuable for
biomarker discovery research in untargeted metabolomics.
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As an intestinal organism settled long-term within the gut of marine fish, Vibrio scophthalmi
is a potential object for the bacterium genetic variation and adaptation research. The
genetic diversity, antimicrobial resistance phenotype, and genotype of 33 V. scophthalmi
isolated from diseased marine fish intestines between 2002 and 2020 were evaluated.
The results showed that all isolates were frequently resistant to penicillins, cephalosporins,
aminoglycosides, and macrolides and displayed multidrug-resistant (MDR) phenotype in
vitro. Thirty percent of isolates were resistant to more than 20 different drugs. The average
insensitive (resistant and intermediate) rate of V. scophthalmi isolates was 49.5%~81.8%
between 2002 and 2020, but the t-test revealed that there was no significant difference
in the drug-resistance rate of V. scophthalmi isolates with typical interannual variability.
Eleven antimicrobial resistance genes (strB, strA, ant(3 )-I, mphA, blaPSE, gnrS, tetC,
tetE, tetM, tetS, and int1) were detected in these isolates, but the antimicrobial resistance
phenotypes and genotypes of these isolates were not consistent. Enterobacterial
repetitive intergenic consensus polymerase chain reaction (ERIC-PCR) analysis indicated
that 33 isolates could be divided into two clusters (G1 and G3) and two single isolates
(G2 and G4), and the G2 cluster was isolated from South Sea C. undulates with typical
geographical species differences. There was no significant correlation between the
drug susceptibility and the genetic types of V. scophthalmi isolates. The results reveal
the mismatch phenomenon between antimicrobial resistance and genotype of inherent
V. scophthalmi in the marine fish intestines, and the antimicrobial susceptibility isolates
might be a potential risk source for storage and transmission of resistance genes.

Keywords: Vibrio scophthalmi, antimicrobial susceptibility, antimicrobial resistance genotype, genetic diversity,
ERIC-PCR
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Vibrio scophthalmi Diversity in China

INTRODUCTION

Vibrio scophthalmi was first isolated from the intestines of
juvenile turbot and identified as a species of Vibrio genus based
on phenotypic traits, G+C content, DNA-DNA hybridization,
and 16S rDNA gene sequence in 1997 (Cerdag-cuellar et al.,
1997). Previous studies have indicated that V. scophthalmi has
pathogenicity to aquatic animals such as Paralichthys olivaceus
(Qiao et al., 2012), Dentex dentex L. (Sitja-bobadilla et al.,
2010), and Thunnus maccoyii (Valdenegro-vega et al., 2013).
Furthermore, V. scophthalmi was also the abundant Vibrio
species in the healthy turbot intestinal microbiota and serves
as an intestinal organism settled long term within the gut of
marine fish (Cerdag-cuellar and Blanch, 2010).

As an intestinal bacterium in marine fish, the physiological
and metabolic phenotype of V. scophthalmi was highly related to
the breeding environment and food foundation of fish. Thus, V.
scophthalmi could be a potential object for the bacterium genetic
variation and adaptation research in fish culture. Identifying the
types of microbial pathogens through various methods such as
phenotyping and molecular typing to investigate the prevalence
of hospitalized infections is a necessity (Healy et al.,, 2005).
Antimicrobial resistance is an important concern in the public
health systems that due to the rise in the resistant strains of
bacteria (Nouri et al., 2020). And the enterobacterial repetitive
intergenic consensus sequences polymerase chain reaction
(ERIC-PCR) is a simple, fast, and affordable PCR-based methods
for molecular typing analysis of different isolated bacteria, which
were less dependent on effective and variable factors on bacterial
growth (Sedighi et al., 2020).

In this study, we evaluated the antimicrobial resistance
and genotype characteristics of V. scophthalmi from diseased
fish intestines (85% strains isolated from diseased flatfish)
from 2002-2020 and gained a better understanding of the
relationship between antimicrobial-resistant phenotypes and
resistance genotypes of those isolates. The results could provide
an overview of the status of bacterial genetic diversity and
antimicrobial sensitivity in intensive cultivation of fish and
provide guidance on aquatic disease treatment.

MATERIALS AND METHODS

Strains Information

and Growth Conditions

From Nov 2002 to Oct 2020, epidemiological and etiological
investigations were performed which primarily aims at
monitoring the prevalence of bacterial diseases among cultured
marine fish in China. During this time, a total of 33 isolates
were preliminarily identified to be V. scophthalmi with typical
timeline differences. The isolates in our study were isolates
from fish intestines with typical intestinal diseases. The
detailed information of 33 V. scophthalmi isolates was shown in
Supplementary Table 1. The isolate resources were resuspended
in 20% glycerol and stored at —80°C in our laboratory for long-
term preservation. For all the experiments, the V. scophthalmi

isolates were grown in tryptic soy agar medium and incubated
aerobically at 28°C for 24 h.

Antimicrobials Susceptibility Testing

A total of 33 agents were chosen for antimicrobials susceptibility
test in vitro for scientific research. Some of the drugs were
allowed in veterinary practices at different periods, and others
were chosen for the drug resistance census in this study only.
The types and concentrations of antimicrobials were listed in
Supplementary Table 2. The testing was performed using the
disc diffusion method as described in the Clinical and Laboratory
Standards Institute MO07 (CLSI-MO7). Escherichia coli ATCC
25922 was used as the reference strain. The bacterial suspension
was prepared and adjusted to approximately 1 x 10® cfu/ml. The
disc contains antimicrobial agents that were affixed to the agar
plate coated with 100 ul of bacterial suspension. Culture media
were maintained in a normal atmosphere incubator for 24 h
at 28°C. Each group was replicated twice, and the mean of the
inhibition zone was used as the result. The bacterial sensitivity
was calculated by referring to the aquatic bacterial susceptibility
test standard issued by the CLSI.

Determination of ARGs

To determine the presence of antimicrobial resistance genes
(ARGs), PCR detection assays were used to examine the
presence or absence of 20 ARGs belonging to six categories
(Versalovic et al., 1991; Yamamoto and Harayama, 1995; Byers
et al., 1998; Speldooren et al., 1998; Jun et al., 2004; Kim et al.,
2004; Chuanchuen and Padungtod, 2009; Nguyen et al., 2009;
Colomer-lluch et al., 2011; Liu et al., 2013; Deng et al., 2014; Qiao
et al., 2017; Moffat et al., 2020; Yuan et al., 2021; Yu et al., 2021).
Primers of all target ARGs were based on the published literature
and are shown in Supplementary Table 3. The PCR method
employed to determine the presence of ARGs was based on
the genomic DNA of V. scophthalmi isolates. The gene analyses
used specific primers and PCR conditions modified according to
primer Tm values. The PCR fragments were sequenced for both
strands, and the sequence identities were conformed using the
BLAST database.

ERIC-PCR Analysis

The optimized ERIC-PCR condition was employed for
the genetic diversity analysis of V. scophthalmi isolates as
Versalovic et al. (Versalovic et al., 1991) described with minor
modification. The final optimized amplification conditions
consisted of initial denaturation at 94°C for 5 min, followed by
30 cycles each of denaturation at 94°C for 30 s, annealing at
55°C for 1 min, extension at 72°C for 5 min, and an additional
10-min extension at 72°C. The amplification was repeated three
times to confirm the reproducibility of the ERIC-PCR method.
The zero-one manual method was used to analyze the patterns,
and the dendrogram was drawn according to the clusters
(Movahedi et al., 2021).
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RESULTS

Antimicrobial Resistance

Phenotypes of V. scophthalmi

Allisolates V.scophthalmiweretested forantimicrobial susceptibilities
to 33 selected antibiotics in vitro, and the antimicrobial resistance
phenotypes were evaluated and summarized in Figure 1. Among
the V. scophthalmi isolates, the resistance frequency to penicillins and
aminoglycosides reached up to 48.48%-100% and 57.58%-93.94%,
respectively. In contrast, there was a low resistance frequency to
phenicols (9.09% for florfenicol and 15.15% for chloroamphenicol).
When it comes to cephalosporins, tetracyclines, macrolides,
and fluoroquinolones, there were significant differences in the
antimicrobial resistance rates of V. scophthalmi isolates in different
agents that belong to the same category. For cephalosporins,
isolates were frequently resistant to cefradine and cefalexin with
75.76% and 72.73%, moderately resistant to cefazolin, ceftriaxone,
ceftizoxime, ceftazidime, and cefotaxime with 33.33%-57.58%, and
seldom resistant to sulbactam (18.18%). For tetracyclines, isolates
were frequently resistant to tetracycline (36.36%) and doxycycline
(30.30%) and infrequently resistant to minocycline (3.03%). For
macrolides, isolates were frequently resistant to acetylspiramycin
(90.91%) and moderately resistant to clarithromycin, erythromycin,
and azithromycin (36.36%-42.42%). For fluoroquinolones, isolates
were frequently resistant to pipemidic (90.91%), moderately resistant
to lomefloxacin (42.42%), and infrequently resistant to ciprofloxacin,
ofloxacin, fleroxacin, enrofloxacin, norfloxacin, and nalidixic
with 3.03%-15.15%. Incidence of resistance to oxacillin (100%),
neomycin (93.94%), acetylspiramycin (90.91%), and pipemidic
acid (90.91%) was the highest among individual antimicrobials.
Incidence of resistance to minocycline (3.03%), ciprofloxacin

Antimicrobial Category

W Resistan

Intermediate

FIGURE 1| Antimicrobial susceptibility tests of 33 V. scophthalmi isolates to
different kinds of antimicrobials.

(3.03%), and norfloxacin (3.03%) was the least observed among the
individual antimicrobials. Thirty percent of isolates were resistant to
more than 20 different drugs. The most resistant isolate was VS11,
which was resistant to 27 agents, and the least resistant isolate was
VS19, which was resistant to 5 agents.

The proportion of drug-sensitive V. scophthalmi isolated reached
the lowest in 2006 with 6.1% and the highest value in 2002 with
69.7%. Combining the resistance rate of V. scophthalmi with the
isolation background indicated that there was no significant
correlation between the resistance rate of V. scophthalmi and the host.
Furthermore, the average insensitive (resistant and intermediate)
rate was 49.5%~81.8% between 2002 and 2020, the insensitive rate
was lowest in 2002, and the isolates in 2005 and 2019 recorded
more than 75% insensitive rates, respectively. But based on the t-test
statistical analysis, there was no significant difference in the drug-
resistance rate of V. scophthalmi isolates with typical interannual
variability.

Multidrug-Resistant Analysis

Isolates that were simultaneously non-susceptible to at least one
agent in three or more antimicrobial categories were considered
multidrug-resistant (MDR) (Magiorakos et al., 2012). As shown
in Figure 2, there were six MDR profiles based on the in vitro
susceptibility of 33 V. scophthalmi isolates to seven antimicrobial
categories. All isolates were non-susceptible to at least one agent
in penicillins (A), aminoglycosides (C), macrolides (E), and
fluoroquinolones (G). This suggested that all V. scophthalmi
displayed MDR in vitro. Furthermore, the MDR phenotype of V.
scophthalmi isolates from 2002 to 2006 also with high growth rate
equally. There was no significant correlation between the MDR
phenotype of V. scophthalmi and the host.

Antimicrobial Resistance Genotypes

of V. scophthalmi

The distribution of ARGs was evaluated and summarized in
Figures 2-4. Eleven of 38 resistance genes were detected in at
least one isolates. Twenty-one isolates carried one or more ARGs
evaluated. Among them, fetM was the most prevalent gene, with
the detection frequencies of 48.5%, followed by strA, strB, tetE,
qnrS, intl, ant3"-I, mphA, blaPSE, tetC, and tetS.

None of the isolates carry p-lactam and macrolides resistance
genes except isolate VS17. Of all the tetracycline-resistant isolates,
tetracycline- and doxycycline-resistant isolates VS24, VS27,
and VS30 were found to be negative for any of the tetracycline
resistance genes. Comparatively, tetracycline-resistant genes, tetM,
tetS, or tetC, were present in isolates VS12, VS17, VS23, VS28, and
VS33, which were susceptible to tetracycline antimicrobial agents.
Among pipemidic acid-insensitive isolates (n = 33), only three
isolates (VS30, VS31, and VS32) carry quinolone resistance genes
gnrS. For aminoglycosides resistant genes, strA, strB, and ant3"-I
were detected in 11 aminoglycoside-resistant isolates, but the
other aminoglycoside-resistant isolates (n = 22) did not bear any
aminoglycoside-resistant genes. Furthermore, integron factors intl
occurred in isolates VS17, VS27, and VS28. The results showed that
V. scophthalmi isolates were resistant to some antimicrobial agents
but may present negative to relevant resistance genes.
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FIGURE 2 | Multidrug-resistant (MDR) profiles of 33 V. scophthalmi isolates
to seven different antimicrobial categories. M is the isolate that is non-
susceptible to all agents listed in category; I\ is the isolate that is non-
susceptible to some but not all agents listed in category; and [is the isolate
that is susceptible to all agents listed in the category.

ERIC-PCR Typing and Cluster Analysis

The DNA fingerprints gained by ERIC-PCR consisted of distinct
bands ranging in size from 100 to 10,000 bp. The dendrogram
was generated by using the software BioNumerics 7.0. All 33
isolates showed 25 ERIC-PCR patterns. As shown in Figure 4,

when the relative similarity coefficient is 62%, 33 isolates could
be divided into two clusters (G1 and G3) and two single isolates
(G2 and G4). G1 and G3 were the dominant groups, in which G1
consisted of 12 (36.4%) isolates, whereas G3 contained 19 isolates
(57.6%). Among them, fingerprints of isolate VS15 (G2) and
isolates in G1 were quite similar, and the fingerprint of isolate
VS04 presented a low similarity with other isolates.

Based on the epidemiological investigation information,
VS15 (G2) was isolated from Cheilinus undulates only once,
and 11 of 12 hosts in the G1 cluster and 16 of 19 hosts in the
G3 cluster belonged to flatfish; in addition to that, VS21 (G1
cluster) was isolated from Epinephelus septemfasciatus and VS13/
VS22/VS23 (G2 cluster) were isolated from Sebastes schlegelii
and Tetraodontidae, respectively. The G2 and G4 clusters were
isolated before 2009, and isolates in G2 and G4 clusters appeared
alternately. There was no significant correlation between
the ERIC-PCR genetic types, drug-resistant phenotype, and
genotypes of V. scophthalmi isolates.

DISCUSSION

Vibrio spp. was identified as the common and serious pathogen in
marine fish and shellfish worldwide, and the use of antimicrobials
has greatly contributed to the development and spread of
antimicrobial resistance among Vibrio sp. (Loo et al., 2020). To
make the aquaculture industry more sustainable, surveillance
of bacteria susceptibility and genetic variation was needed. As a
native bacterium in the marine fish intestine, a high prevalence of
in vitro resistance of V. scophthalmi to penicillins, cephalosporins,
aminoglycosides, and macrolides was observed in this study.
The ASEAN countries including Malaysia, Myanmar, and the
Philippines permit the use of tetracycline and oxytetracyclines
in their aquaculture sector (Weese et al., 2015). In European
countries, oxytetracycline is approved for use in aquaculture
(Rodgers and Furones, 2009). The in vitro resistance rate of
V. scophthalmi to doxycycline was 58.33% during 2002-2006.
In contrast, the resistance rate of V. scophthalmi to doxycycline
was 14.29% during 2007-2020. Martineau et al. found that the
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reduction of antimicrobial use could reduce the emergence of
resistance (Martineau et al., 1996). The significant reduction in
the resistance rate of V. scophthalmi to doxycycline, suggests
that with the development of a standard and regulatory system
of antimicrobials usage, as well as research and development
of new techniques such as vaccination, microecologics, and
Chinese herbal medicine, the consumption of doxycycline
could be gradually reduced in aquaculture in China.

This study is the first large-scale survey on the ARGs of
V. scophthalmi isolates. These findings showed that those
V. scophthalmi isolates settled long term within the gut of
marine fish carried a variety of ARGs, and the V. scophthalmi
isolates might be considered as a potential vehicle for the transfer
ARGs in species or seafood. Our findings also demonstrated
an obvious mismatch between antimicrobial resistance
phenotype and genotype in V. scophthalmi isolates, which
were also found in other species, such as V. parahaemolyticus,
Lactobacillus pentosusand, Leuconostoc pseudomesenteroide,
E. coli, and Listeria sp. (Seung et al., 2012; Maria et al., 2014;
Luo et al, 2016). The antimicrobial phenotype is mediated
by membrane structure, antimicrobial resistance genes, or
physiological metabolism. V. scophthalmi isolates in our study
were resistant to some antimicrobial agents but may present
negative to relevant resistance genes. The mechanism of drug
resistance of V. scophthalmi isolates with diverse antimicrobial
phenotypes should be investigated further. Furthermore,
the antimicrobial resistance phenotype analysis reveals that
there was no significant difference in the drug-resistance
rate of V. scophthalmi isolated with typical interannual
variability. But different kinds of ARGs were detected in
V. scophthalmi isolated in recent years. Therefore, there is a great
significance of surveillance of antimicrobial susceptibility of
V. scophthalmi, which is highly relevant to food safety and
public health.

ERIC-PCR is based on the targeting of repeated DNA
sequences with oligonucleotide primers which has been broadly

employed to perform the epidemiological typing of pathogenic
bacteria such as V. parahaemolyticus (Sahilah et al, 2014),
Staphylococcus aureus (Akindolire et al., 2018), and Bacillus cereus
(Gao et al,, 2018). In this study, the ERIC-PCR results suggested
a low genetic diversity among V. scophthalmi isolates. In fact, the
33 isolates could only be divided into two clusters (G1 and G3)
and two single isolates when the relative similarity coefficient was
62%. V. scophthalmi isolates shared a higher degree of similarity
that usually came from close isolation time. What is surprising is
that isolates VS30 and VS32, isolated during an outbreak in 2019,
shared the same profiles with stain VS33, an isolate obtained in
2020. The same applies to isolates VS24, VS25, and VS26 that
were isolated in 2013, and strain VS23 which was isolated in 2012.
These findings showed evidence of epidemiological associations
among V. scophthalmi isolates isolated at different times. The
same ERIC profile was observed in isolates VS23, VS24, VS25,
and VS26. However, the four isolates showed different hosts and
antimicrobial resistance patterns. The phenomenon indicated
that isolates sharing completely the same ERIC profile presented
different antimicrobial resistance patterns or hosts, suggesting
that the resistant phenotype of V. scophthalmi isolates may be
associated with the antimicrobials distributed in the environment
and was not associated with the genotype of isolates.

In conclusion, the antimicrobial susceptibility of V. scophthalmi
isolated from diseased fish intestines with typical interannual
differences in the costal mariculture area of China was highly
prevalent and all of them were resistant to multiple antimicrobial
agents. The distribution of ARGs reveals the mismatched
phenomenon between the antimicrobial resistance phenotype
and genotype of V. scophthalmi isolates. Furthermore, the ERIC-
PCR analysis showed a low genetic diversity of V. scophthalmi
isolates. Further, there was no significant correlation between
the genetic types, drug resistance phenotype, and genotypes of
V. scophthalmi isolates. The results will provide data support for
further understanding the genetic variation of inherent strains in
the fish breeding system and protection product development.
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MicroRNAs, as one of the post-transcriptional regulation of genes, play an
important role in the development process, cell differentiation and immune
defense. The sea cucumber Apostichopus japonicus is an important cold-
water species, known for its excellent nutritional and economic value,
which usually encounters heat stress that affects its growth and leads to
significant economic losses. However, there are few studies about the
effect of miRNAs on heat stress in sea cucumbers. In this study, high-
throughput sequencing was used to analyze miRNA expression in the body
wall of sea cucumber between the control group (CS) and the heat stress
group (HS). A total of 403 known miRNAs and 75 novel miRNAs were
identified, of which 13 miRNAs were identified as significantly
differentially expressed miRNAs (DEMs) in response to heat stress. A total
of 16,563 target genes of DEMs were predicted, and 101 inversely correlated
target genes that were potentially regulated by miRNAs in response to heat
stress of sea cucumbers were obtained. Based on these results, miRNA-
mMRNA regulatory networks were constructed. The expression results of
high-throughput sequencing were validated in nine DEMs and four
differentially expressed genes (DEGs) by quantitative real-time
polymerase chain reaction (RT-gqPCR). Moreover, pathway enrichment of
target genes suggested that several important regulatory pathways may
play an important role in the heat stress process of sea cucumber, including
ubiquitin-mediated proteolysis, notch single pathway and endocytosis.
These results will provide basic data for future studies in mMIiRNA
regulation and molecular adaptive mechanisms of sea cucumbers under
heat stress.

KEYWORDS

Apostichopus japonicus, microRNA, heat stress, stress response, miRNA-mRNA
network
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Introduction

The sea cucumber (Apostichopus japonicus) is widely
distributed along the northwest Pacific coast at 35~44°N and
has been utilized as an important marine economic resource for
its nutritional and medicinal value (Chang and Loscalzo, 2010;
Wang et al., 2015). The total amount of sea cucumber cultivation
in China has continuously increased and the cultivation area has
been expanding since 2003. In 2020, the annual production of sea
cucumber cultivation reached 200,000t with an increase of
14.48% over the previous year, and the production value
reached 50 billion US dollars (Ministry of Agriculture and
Rural Affairs, 2021). The sea cucumber aquaculture industry
has suffered great loss, with the global warming and the frequent
occurrence of high temperatures in summer. Heat stress was
reported to impose many negative effects on the growth,
metabolism, and reproduction of aquatic farmed animals.
the
miRNA under heat stress would help to reduce the damage

Therefore, understanding molecular mechanism of
caused by heat stress on sea cucumbers and breed new varieties
with high temperature resistance.

As a typical temperate species, the sea cucumber was greatly
affected by water temperature, not only on its physiological
activities, but also on feeding and metabolism (Zhao et al,
2015; Li et al, 2016a). The high temperature was shown to
reduce the activity and food intake of sea cucumber, disorder the
metabolism of free radicals in the body and even lead to disease
and death (Wang et al., 2011; Li et al., 2012). It was showed that
the total number of coelomic cells, phagocytosis rate and
lysozyme activity in the coelomic fluid of A. japonicus was
decreased to a certain extent after entering summer dormancy
(Shao et al.,, 2016). The research on the effects of temperature
changes on the physiology, growth and gene expression of sea
cucumbers has gotten a lot of attention. Zhang et al. (2015) found
that increasing temperature can affect the DNA methylation level
of A. japonicus, and then change the expression of the heat shock
protein gene. The methylation sites of intestinal, respiratory tree
and gonadal tissues in sea cucumber were mainly distributed in
the gene functional regions, and the methylation sites were
mainly of CG type (Li et al., 2018). Under heat stress at 26°C,
the methylation level of intestinal genome in sea cucumber
increased, while at 32°C, the methylation level decreased (Wen
et al, 2021). At present, the research on the regulation
mechanism of sea cucumber under heat stress focuses on the
epigenetic and transcriptional regulation, but there are few
studies on the post-transcriptional regulation.

MicroRNAs (miRNAs) are endogenous noncoding small
RNAs with 22nt, which regulate post-transcriptional gene
expression by binding to the 3’ untranslated region (UTR) of
target genes (Bartel, 2004; Pedersen et al, 2007). Numerous
studies have reported that miRNAs can provide reversible
gene silencing mechanisms during animal aestivation and
thus miRNAs involved in cellular

hibernation, can be
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adaptation to specific demands under stressful conditions
(Jones-Rhoades and Bartel, 2004). It has been reported that
miRNA played a key role in the response to heat stress of
plants and animals (Jones-Rhoades and Bartel, 2004). In
rainbow trout, some miRNAs, including ssa-miR-301a-3p, ssa-
miR-30a-5p and ssa-miR-30a-5p, can regulate the key changes of
cells under high temperature stress (Ma et al, 2019). In
Litopenaeus vannamei, 41 differentially expressed miRNAs
related to heat stress were selected, such as lva-miR-92b, lva-
miR-317 and lva-miR-184 (Boonchuen et al., 2020). Recently, Li
et al. (2016b) and Zhou et al. (2018) found that some miRNAs
including miR-184 and miR-2004 played a key role in the
coelomic fluid of sea cucumber in response to heat stress.
However, it was largely unknown for the miRNA regulation
in the body wall of diseased sea cucumber in response to heat
stress.

The purpose of this study was to identify known miRNAs
and novel miRNAs from the body wall of sea cucumber high-
throughput sequencing analysis, as well as to investigate the
regulation mechanism between miRNAs and their target genes in
sea cucumber after heat treatment. Our findings will be useful in
further studies of sea cucumber biomarkers and will provide
basic data for future studies on miRNA regulation and sea
cucumber molecular adaptive mechanisms under heat stress.

Materials and methods
Experimental design and tissue collection

Sea cucumbers (body weight 50.0 £ 2.0 g) of appr. 1 year old
were collected from Qingdao Ruizi Group Co., Ltd., in Shandong
Province, China. The sea cucumbers were transported to our lab
in Qingdao and acclimated in aerated indoor tanks for 5 days.
During the experiment, the temperature and salinity of sea water
were around 15°C and 30%o, respectively. The sea cucumbers
were fed with a regular compound feed, and one third of seawater
was changed daily.

When acclimation finished, a total of 30 sea cucumbers were
selected and randomly divided into two groups. For the control
group (CS), the culture temperature was continued to maintain at
15°C. According to previous studies of our lab, the median lethal
temperature (LTso) to sea cucumber was 32°C (Zhang et al,
2022). Therefore, the temperature for the heat stress group (HS)
was set to 32°C in the present study. Heaters were used to give
thermal stress to the sea cucumbers. The temperature system was
continuously increased at a heating rate of 2°C/24 h. The moment
when the water temperature reached 32°C was regarded as the
initial time. In the subsequent experiment, the water temperature
was maintained at 32°C + 0.5°C. On the third day of the
experiment, three sea cucumbers in the CS group and three
skin ulceration syndrome individuals in the HS group were
randomly selected. The body wall of six sea cucumbers were
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immediately sampled and frozen in liquid nitrogen, since the
body wall was the target organ of skin ulceration syndrome. All
the samples were stored at —80°C for miRNA sequencing
analysis.

RNA extraction and processing

Total RNA was extracted from each sample using the Animal
Tissue RNA Purification Kit (LC Sciences, Houston, TX,
United States) according to the manufacturer’s instructions.
The quality of total RNA was checked in Bioanalyzer 2100
(Agilent, Santa Clara, CA, United States) with RNA integrity
number >7.0.

Small RNA library was constructed according to the protocol
of TruSeq Small RNA Sample Prep Kits (Illumina, San Diego,
CA, United States). RNAs in the 16-30 nt size range were
purified from a 15% polyacrylamide gel, then sequentially
ligated to 5’ and 3’ adapters. Reverse transcription was
subsequently performed by polymerase chain reaction (PCR)
amplification. The purified PCR products were sequenced by
Mumina Hiseq2500 (LC-BIO, Hangzhou, China).

Sequence data analysis

Raw reads were subjected to an in-house program,
ACGT101-miR (LC Sciences, Houston, TX, United States) to
remove adapter dimers, junk, low complexity, and clean reads
ranging from 16 to 30 nt in length were obtained. Sequence
matching non-coding RNAs, including rRNA, tRNA, small
nuclear RNA (snRNA), and small nucleolus RNA (snoRNA),
were mapped to Repbase database (http://www.girinst.org) and
Rfam database (http://rfam.xfam.org). The unique small RNA
sequences were aligned against the miRBase V22.0 (http://www.
mirbase.org/blog) to select the known miRNAs and novel
miRNAs and at most one mismatch inside of the sequence
was allowed in the alignment. The Deuterostoma species in
the miRBase were used as host species and the priority rank
of these species in sequence alignment was listed in
Supplementary Table S1. Then, the sequence was mapped to
the sea cucumber genome (assembled by our lab, unpublished)
by Bowtie 1 (Berthelot et al., 2014) to determine the genomic
locations of known miRNAs and the flank sequences of novel
miRNAs. The hairpin structures of the novel miRNAs were
predicated from the flank 80 nt sequences using miRDeep2
(FriedInder et al., 2012). Principal component analysis (PCA)
was performed on the valid data using the vegan R package.

TPM (millions of transcripts) normalization was used for
miRNA expression analysis. Differential expression of miRNAs
was selected using DEGseq (http://www.bioconductor.org/
packages/release/bioc/html/DEG-seq.html).
p-values were calculated from the normalized expression

Fold-change and
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TABLE 1 RT-qPCR primers used for validation of this study.

Gene ID Primer sequences (5'-3")
miR-210 TATACTTGTGCGTGCGACAGCG
miR-31ac AGGCAAGATGTTGGCATAGCTGT
miR-10 CGCTACCCTGTAGATCCGAATTTGTG
miR-2004-5p GGCTTTCTGTGGCTGTCGTGTTAAG
miR-92a-3p CTATTGCACTTGTCCCGGCCTAT
miR-92a-5p TATTGCACATGTCCCGGCCTG
miR-92¢ TTATTGCACTCGTCCCGGCC
miR-193 TACTGGCCAGCACAATCCCAG
miR-4185 CGCGTTGTATTCGTACTGTCTGACC
BAG3 R GTTATCGCCTCTCGGTTCAC

BAG3 F GACTCTCAGCATCCATTCTTCA
WDR20 R GGACTTGACCAGCCGAGAA
WDR20 F AGCAGCAATTTAACACCAGAGA
TRAF7 R ACAGCAGGAGTATGACAAGTGA
TRAF7 F GGAATGGAATGAAGCGGTTGA
FUT4 R CGGTCCACAAGTAGAAGTACG
FUT4 F TGGCTTAGGTCGCTCTATGATA
ACTB R GATGTCACGGACGATTTCACG
ACTBF AAGGTTATGCTCTTCCTCACGCT
Us R TGGAACGCTTCACGAATTTGCG

U6 F GGAACGATACAGAGAAGATTAGC

referring to the methods in published studies (Song et al.,
2017). |logy(Foldchange)] > 1 and p-value lower than 0.
05 was considered as
miRNAs (DEMs).

significantly different expression

Target gene prediction and function
analysis

MiRanda (http://www.microrna.org/) and TargetScan
(http://www.targetscan.org/vert_80/) were used to predict
the target genes of known miRNAs and novel miRNAs.
Target genes with a context score percentile <50 were
removed from the TargetScan, and target genes with
maximum free energy (Max Energy) >-10 were removed
from the miRanda. Finally, the intersection of these two
websites was taken as the final target genes of different
expression miRNA.

Gene ontology (GO) and kyoto encyclopedia of genes and
genomes (KEGG) analyses were carried out to further
of
differential expressed miRNAs were mapped to GO terms in
the and KEGG
database (http://www.genome.jp/kegg/) respectively. The GO
terms and KEGG pathways with p-value < 0.05 through
hypergeometric test were defined as significantly enriched terms.

understand genes biological functions. Target genes

database  (http://www.geneontology.org/)
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Correlation analysis of miRNA and
differentially expressed genes

In previous mRNA-seq studies, we have identified differentially
expressed genes (DEGs) under heat stress using the same samples as
the present study (Li, 2021). Therefore, correlation analysis of
miRNA-mRNA were carried out in order to identify key miRNA-
target pairs. p < 0.05 and fold change >2 were set as the threshold for
screening miRNA-target pairs. Only inversely correlated miRNA-
mRNA were identified. The identified miRNA-mRNA regulatory
network was constructed by Cytoscape 2.8.3 software (Shannon et al.,
2003).

Quantitative real-time PCR validation of
mMiRNA and mRNA expression

Quantitative real-time PCR (RT-qPCR) was used to verify the
expression level of nine DEMs and four DEGs that were selected
from miRNA-mRNA regulatory network based on their potential
functional importance. The remaining RNA samples from the small
RNA-Seq library RT-gPCR
amplifications. B-Actin and U6 were used as the internal control
gene for DEGs and DEMs (Table 1). Total RNA after genome DNA
removing was reverse-transcribed to cDNA using Evo M-MLV RT

construction were used for

Kit (TaKaRa, Japan) following the manufacturer’s instructions. The
reaction was set for 25 min at 37°C and 5 s at 85°C. The cDNA was
amplified using SYBR Green Premix Pro Taq HS qPCR Kit (TaKaRa,
Japan) with miRNA and mRNA specific forward primers and
universal reverse primers. The PCR amplification parameters were
as follows: 95°C for 2 min, followed by 45 cycles of 95°C for 15 s, 60°C
for 15 s, and 70°C for 25 s. Amplification specificity was verified by
melting curve analysis. The relative expression levels of target gene
transcripts were calculated according to the comparative cycle
threshold (Ct) method (272*“"), and GraphPad 6.0 was used for
statistical analysis. All data are expressed as mean * standard
deviation (SD).

Results
Small RNA library construction

In total, six small RNA libraries (CS1, CS2, CS3, HS1, HS2, HS3)
were constructed from the body wall of sea cucumbers in the present
study. The raw data have been submitted to the National Center for
Biotechnology — Information under the accession number
SRR18918495 ~ SRR18918500. A total of 11,929,100 and
10,107,557 raw reads were generated from the CS and HS,
respectively. After removing low-quality reads, including repeat
reads, junk reads, mRNA and other noncoding RNAs, a total of
5,902,588 and 5,053,528 valid reads were obtained from the CS and
HS, respectively (Table 2). PCA analysis was performed on the data of
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six groups, and it was found that HS group and CS group had great
repeatability, respectively (Supplementary Figure S1). From the valid
reads length statistics, the distribution showed that 22 nt was the most
common type (Supplementary Figure S2). A total of 403 known
miRNAs were identified in six libraries (Supplementary Table S1).
Among these known miRNAs, 281 miRNAs were grouped into
127 families, of which miR-25 was the largest family with
16 members, followed by let 7 family with 10 members, and the
miR-1 with eight members (Supplementary Table S3). Among the
127 families, 61 families contained only one number, and 33 families
contained two numbers. The information of top 20 families were
displayed in a histogram (Supplementary Figure S3). The sequences
nonmatched to miRBase database were compared with the genome to
predict the novel miRNAs by miRDeep2 and 75 novel candidate
miRNAs were predicted (Supplementary Table S4). Some novel
miRNAs with the same mature sequence but different precursors
were considered to belong to a novel miRNA family. These novel
miRNA candidates were named in the form of “PC plus number”
(Supplementary Table S4). The miRNA precursor sequences plus a
sequence of 100 nt per site were presented in Supplementary Table S5.

Differential expression analysis of miRNAs

Compared with the control group, 144 miRNAs were
and miR-210,
334 miRNAs were downregulated including miR-152 and

upregulated  including miR-92a while
miR-22. The t-test was used for analysis and p < 0.05 was
regarded as the criterion to identify the differential expressed
miRNAs (DEMs). The result showed that 13 DEMs were
identified between CS and HS, of

upregulated and downregulated DEMs were five and eight,

and the numbers

respectively (Figure 1; Table 3). These miRNAs may play an
important role in regulating sea cucumbers in response to heat
stress. Besides, there was a novel miRNA (Novel-6338) that
included in these DEMs. Among these DEMs, the expression
of miR-92a-3p and miR-210 showed more than two-fold up
regulation and miR-10 showed more than five-fold up regulation.
Particularly, the expression levels of miR-31, miR-2004-5p and
miR-1357-3p were downregulated over four fold.

Target gene prediction and functional
analysis

In order to understand the biological processes and molecular
functions of miRNAs during heat stress, Targetscan and miRanda
were used to predict the target genes of the 13 DEMs. TargetScan
algorithm removes the target gene whose context score percentile is
less than 50, and miRanda algorithm removes the target gene whose
maximum energy is greater than —10. Finally, the intersection of these
two softwares is taken as the final target gene of DEMs. For the
13 DEMs, a total of 16,563 target genes were predicted, including
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TABLE 2 Statistics of small RNA sequences from the six libraries in the body wall of Apostichopus japonicas.

Types CS1 CS2
Raw reads 11,070,085 11,460,240
3ADT and length filter 5,147,178 3,551,267
Junk reads 15,992 7,360
rRNA 371,333 157,862
tRNA 47,955 53,999
snoRNA 3,600 9,253
snRNA 3,295 2,589
mRNA 1,759,941 1,867,237
Repeats 51,088 36,052
Valid reads 3,659,175 5,772,797
Known miRNA 266 244
Novel miRNA 55 23
I 2
-miR—4185—3p 1
0
miR-1357-3p
-1
— miR-193-3p I-2
— Novel-6338
r miR-2011
miR-2004-5p
miR-92a-3p
miR-210
miR-92a-5p
cs1 cs2 cs3 HS1 Hs2 HS3
FIGURE 1

Cluster analysis heatmap of differentially expressed miRNAs.

5,153 target genes of five upregulated DEMs and 11,410 target genes
of eight downregulated DEMs. The GO database annotation results
showed that 11,001 target genes of 13 DEMs were annotated to

Frontiers in Physiology

CS3 HS1 HS2 HS3
11,543,525 12,595,348 12,071,954 11,336,397
4,822,194 4,836,882 3,588,507 4,170,684
7,356 7,965 5,557 6,489
358,843 495,445 209,038 124,374
122,106 93,783 51,361 56,706
8,105 3,609 11,341 4,357
7,585 3,236 2,714 2,331
1,034,122 1,238,688 2,096,006 2,023,885
66,679 43,662 50,584 17,811
5,109,872 5,849,747 6,052,171 4,927,402
280 147 168 249

17 17 20 14

334 GO terms (p < 0.05), including 178 terms for biological processes,
65 terms for cellular components, and 91 terms for molecular
functions. Of these GO terms, membrane, integral component of
membrane and nucleus in cellular components are enriched with
more genes, and we listed the top 10 terms with the most target genes
number in each category (Figure 2). The result showed that
4,235 target genes were annotated into 25 KEGG pathways (p <
0.05), among which the endocytosis, ubiquitin mediated proteolysis,
homologous recombination, axon guidance, notch signaling pathway
interaction were the top five pathways with the most abundant target
genes (Figure 3).

Correlation analysis of miRNA-mRNA

To reveal the roles of miRNAs, the DEMs were selected for
association analysis with the DEGs obtained by previously
transcriptome  sequencing. Finally, we identified 101 inversely
correlated target genes that potentially regulated by miRNAs in
response to heat stress of sea cucumbers (Supplementary Table
S6). Of these 101 inversely correlated target genes, 12 inversely
correlated target genes were down regulated by four up regulated
DEMs, and 89 inversely correlated target genes were up regulated by
eight down regulated DEMs. Among them, miR-92¢ combined with
the most DEGs in the upregulated DEMs, and miR-2004-5p
combined with the most DEGs in the downregulated DEMs
(Figures 4A,B). The DEGs in the regulation network, such as WD
repeat-containing protein 20 (WD20), glycoprotein 3-alpha-
L-fucosyltransferase A-like (FUT4), E3 ubiquitin-protein ligase
(TRAF), Serine/threonine protein kinase TAO3-like isoform
(PAK4), interleukin -17D-like (IN17) and BAG family molecular
chaperone regulator 3 (BAG3) involved in ubiquitin-mediated
proteolysis and notch signaling pathway. These results suggested
that these negative regulatory genes might be involved in the
response of A. japonicus to heat stress.
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TABLE 3 Information of significantly differential expressed miRNAs in the body wall of Apostichopus japonicas under heat stress.

miRNA ID Expression level of Expression level of log, (fold_change) Up/down
CS (mean * SD) HS (mean + SD)
miR-92a-5p 171,784.572 + 0.03 326,057.996 + 0.06 1.12 Up
miR-92a-3p 231.004 + 0.05 504.888 + 0.08 1.13 Up
miR-2004-5p 132.433 + 0.07 23.616 + 0.07 -2.49 Down
miR-2011 17,240.464 + 0.05 7,210.385 + 0.03 -1.26 Down
miR-210 407.597 + 0.04 951.313 + 0.04 1.22 Up
miR-184 257,392.996 + 0.04 122,704.002 + 0.06 -1.07 Down
miR-193-3p 770.017 + 0.06 371.259 + 0.13 -1.05 Down
miR-31 5,632.975 + 0.08 1,503.164 + 0.10 -1.91 Down
miR-4185-3p 26.704 £+ 0.09 7.890 + 0.06 -1.76 Down
miR-92¢ 6,493.253 + 0.03 14,052.467 + 0.08 1.11 Up
Novel-6338 20.839 £ 0.13 6.583 £ 0.01 -1.66 Down
miR-1357-3p 27.683 £ 0.10 1.259 + 0.02 —4.46 Down
miR-10 15,749.221 + 0.07 82,172.348 + 0.09 2.38 Up
[1 biological_process cellular_component | molecular_function
1500
[}
Q
c
[}
&2 1000
o
e
o
Q2
£
S 50
4
FSESS &S SF &, §
F&, > 5
FIGURE 2

Top 10 enriched GO terms of the target genes of differentially expressed miRNAs.

Validation of differentially expressed
mMiRNAs and their differentially expressed
genes expression by real-time PCR

To verify the reliability of the sequencing expression profiles, nine
miRNAs and four negative genes were applied to RT-qPCR. A peak
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was detected in the melting curve during the experiment, indicating
that all PCR products were specifically amplified. The results of RT-
gPCR showed that the expression trend of miRNA and negative
genes were consistent with the high-throughput sequencing results.
The expression of miR-210 and miR-10, miR-92a-3p, miR-92a-5p
and miR-92c¢ were significantly upregulated (Figure 5A), and miR-
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FIGURE 3
KEGG pathway enrichment of the target genes of differentially expressed miRNAs.
2004-5p, miR-31, miR-193 and miR-4185 were significantly miRNAs, negative target genes and miRNAs-mRNA

downregulated (Figure 5B). The expression of BAG3 and
TARF7 were significantly upregulated, and WDR20 and
FUT4 were significantly downregulated (Figure 5C).

Discussion

In the present study, we performed a high-throughput
miRNA sequencing and miRNA-mRNA correlation analysis
to study the post-transcription regulation mechanism of A.
japonicus in response to high-temperature stress. We obtained
13 significantly differentially expressed miRNAs and a list of
negative regulator genes of these differentially expressed miRNAs
in the body wall of A. japonicus during heat stress. These
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regulation networks may play important roles in regulating
heat stress, which broadens our understanding of the
molecular regulation mechanism of A. japonicus in response
to heat stress.

Among the 13 identified differentially expressed miRNAs,
some miRNAs (such as miR-184, miR-193, miR-2004, miR-31,
miR-210 and miR-10) have been reported to be involved in stress
responses or immune processes previously. MiR-184 has been
reported to be related to the infection of Procambarus clarkii by
Spiroplasma eriocheiris (Ou et al., 2013). Xu et al. (2019) found
that miR-184 of Sinopotamon henanense was significantly
upregulated in response to oxidative stress induced by
cadmium (Cd). MiR-193 has been reported to be related to
Bos taurus infection (Shi et al.,, 2014). The expression level of
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FIGURE 4

Regulation networks of miRNA-mRNA of key genes of
correlation analysis. (A) Down-up mode; (B) Up-down mode.

miR-2004 was increased with the increase of A. japonicus
complement AJC3 in the coelomic cells of A. japonicus in
different periods after LPS stimulation (Zhong et al., 2015).
The results of Zhou et al. (2018) showed that miR-2004 was
regarded as a significantly expressed gene in the coelomic cells of
A. japonicus under the infection of V. splendidus. MiR-31 has
been proved to regulate the occurrence of inflammatory bowel
disease by directly targeting the hypoxia-inducible factor (Olaru
et al.,, 2015). Suzarez et al. (2010) confirmed that miR-31 could
regulate the inflammatory response by negatively regulating the
binding of e-selectin and neutrophils to endothelial cells. Kang
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FIGURE 5

Validation of differentially expressed miRNAs and target

genes via RT-qPCR method; (A) Validation of upregulated
differentially expressed miRNAs; (B) Validation of downregulated
differentially expressed target genes; (C) Validation of

negative DEGs. Values indicate the mean + SD (n = 3).

et al. (2019) found that miR-31 was significantly upregulated in
the liver after infecting grouper with V. alginolyticus, and the
target genes were mainly concentrated in immune-related
pathways. Therefore, we inferred that miRNA plays a complex
regulatory role in various stress responses.

MiR-210 was known as a major hypoxia-inducible
microRNA, conserved  and

which is  evolutionarily
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ubiquitously expressed in the hypoxic cell and tissue types,
serving versatile functions (Chang and Loscalzo, 2010). It was
found that miR-210 can negatively regulate the production of
LPS-induced pro-inflammatory cytokines through NF-kB1 in
mouse macrophages (Qi et al., 2012). Yu et al. (2021) found that
miR-210 can activate PI3K/AKT pathway by regulating PI3K and
p-AKT protein, promoting the proliferation, and inhibit the
apoptosis of dental pulp stem cells. Recently, Li et al. (2016b)
found that miR-210 regulated the host defense of A. japonicus
through TLRs (Toll-like receptors) pathway. In the present study,
the significantly upregulated expression indicates that miR-210
also play role in sea cucumber’s body wall in response to heat
stress. It was speculated that A. japomicus may reduce the
expression of target genes by upregulating the expression level
of miR-210 to cope with the harm of heat stress.

MiR-10 family members were highly conservative and closely
associated with metabolizing response. MiR-10 can directly
regulate the expression levels of FLT1 (vascular endothelial
growth factor receptor 1) and sFLT1
endothelial growth factor receptor 1), both of which are

(soluble vascular

closely related to the growth of vascular endothelial cells
(Livak and Schmittgen, 2013). Knock-out of miR-10 could
lead to premature termination of the growth of blood vessels
in the embryonic internodes of zebrafish larvae, while over-
expression of miR-10 could accelerate the angiogenesis in
zebrafish and the growth of human umbilical vein endothelial
cells (Wienholds, 2005). Another study, found that miR-10 can
regulate the growth of blood vessel endothelial cells by promoting
2006).
Overexpression of miR-10 could promote virus-induced

new signal transmission (Naguibneva et al,
apoptosis, and researchers discovered that the expression of
apoptosis protein caspase-3 increased in tandem with miR-10
expression (Zhang, 2014). Moreover, miR-10 was significantly
upregulated in the process of infection by infecting porcine
alveolar macrophages with PRRSV (Porcine Reproductive and
Respiratory Syndrome Virus), and the transfection experiment
demonstrated that the upregulated expression of miR-10 could
significantly inhibit the replication of HP-PRRSV and N-PRRSV
in porcine alveolar macrophages (Zhao et al., 2017). In the
present study, we found that miR-10 was significantly
upregulated 5-fold after heat stress. It indicates that miR-10
regulates the metabolism of A. japonmicus during heat stress,
but it is molecular function needs further to be studied.

In the process of A. japonicus in response to heat stress,
ubiquitin-mediated proteolysis and notch signaling pathway
were significantly enriched, indicating that they played
important role in the process. Ubiquitin-mediated proteolysis
is an important cellular immune pathway, which can control the
basic life activities of cells by degrading key regulatory proteins
and regulating the cellular stress response and immune response
to pathogenic microorganisms (Chen et al., 2012). For example,
when shrimp was infected by V. cholerae, ubiquitin proteins can

mediate cellular immunity to cope with the infection (Li, 2020).
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The notch signaling pathway can regulate cell differentiation,
proliferation and apoptosis, which is of great significance to cell
growth and development. Abnormal expression of notch
signaling can induce many kinds of cancers, such as breast
cancer (Wang et al, 2017), lung cancer (Tian et al, 2017),
and gastric cancer (Wang et al, 2018). We inferred that
ubiquitin-mediated proteolysis and Notch signaling pathway
could resist the effects of high temperature by regulating the
expression of downstream immune genes in the process of heat
stress.

Through the correlation analysis between the differentially
expressed miRNAs and transcriptome data, it found that
12 DEMs 101
TRAF7 has been partially studied in aquatic animals, and
BAG3, WDR20 and FUT4 are mostly focused on wound
tissue recovery and cancer treatment in medicine. BAG3 is a

can target inversely correlated DEGs.

member of the BAG gene family, which plays an important role
in regulating cell apoptosis, autophagy, movement and
development, and mediating the adaptability of cells response
to heat stress (Rosati et al., 2011). The results of GO enrichment
analysis showed that BAG3 could inhibit cell apoptosis and
promote tumor cell proliferation by binding to HSP70
(Manzerra and Brown, 1990). TRAF7 belongs to the TRAFs
family, which involves a variety of biological functions including
innate immunity, embryo development, stress response and
inflammatory response (Reuss et al., 2013). In mammals,
TRAF7 can regulate the signal activities by enhancing MEKK
(mitogen-activated protein kinase), and then participate in the
immune response of the body (Xu et al., 2004). Cynoglossus
has
TRAF7 expression in all tissues infected with V. harveyi,
particularly the liver (Wei et al, 2018). Studies have shown

semilaevis also been found to downregulate

that WDR20 has a positive or negative correlation with the
occurrence of lymphoma, prostate cancer and other diseases
(Ohashi et al., 2015). At the same time, experiments have also
proved that miR-3188 can target and inhibit the expression of
WDR20 (Zhang et al, 2018). Screening of key genes of A.
japonicus in response to heat stress provides basic data for
elucidating its regulation mechanism. Further research will
focus on the verification of the regulatory relationship
between DEMs and DEGs.

Conclusion

In this study, we identified the expression profiles of miRNAs
under heat stress in A. japonicus by using small RNA-seq. We
highlighted 13 DEMs compared with the control group, which were
involved of immunity response and cellular activity. In addition, we
performed a correlation analysis of DEMs and differentially
expressed genes in sea cucumber and 101 key negative regulator
genes of DEMs were obtained, which may play important roles in
regulating the process of A. japonicus under heat stress. Our study
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provided an increasing understanding of miRNAs’ roles in A.
japonicus during heat stress. Through the discovery of their
related targets, we have a deeper understanding of miRNAs and
functional genes. In conclusion, our results provided new insights
into the miRNA regulation and molecular adaptation mechanisms
of A. japonicus under heat stress.
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Physiology, metabolism,
antibiotic resistance, and
genetic diversity of Harveyi
clade bacteria isolated from
coastal mariculture system in
China in the last two decades

Hao Kang™?*, Yongxiang Yu**!, Meijie Liao**,
Yingeng Wang?®**, Guanpin Yang®, Zheng Zhang?®>, Bin Li*>,
Xiaojun Rong?** and Chunyuan Wang?**

tCollege of Marine Life Sciences, Ocean University of China (OUC), Qingdao, China,

?Key Laboratory of Maricultural Organism Disease Control, Yellow Sea Fisheries Research Institute,
Chinese Academy of Fishery Sciences, Qingdao, China, sLaboratory for Marine Fisheries Science
and Food Production Processes, Qingdao National Laboratory for Marine Science and Technology,
Qingdao, China

Vibrio bacteria, particularly members of the Harveyi clade, are the most
important pathogens of aquatic organisms that cause significant economic
losses in the world. It is difficult to provide specific data on taxa of the Harveyi
clade for biological research and prevention strategies. Therefore, we
conducted an extensive phenotypic and antibiotic resistance study, as well as
phylogenetic and molecular typing of 192 isolates of the Harveyi clade
collection from 2000 to 2020 with a typical interannual difference from a
coastal area in China. The isolates had a significant interspecific genetic and
antibiotic resistance diversity. Based on the multilocus sequence analysis
(MLSA) of housekeeping genes (gyrB, pyrH, recA, and atpA), 192 Harveyi
clade isolates were rapidly and accurately classified into 10 species. The
population of these isolates was composed of 95 sequence types (STs), of
which 92 STs were newly identified, indicating a high degree of genetic
diversity. ST327 ranked first, accounting for 11.5% of the total number of
isolates (22 out of 192), followed by ST215 with 6.25%, while 63 STs included
single isolates. At the metabolic level, the physiological and biochemical
experiments revealed that all the Harveyi clade isolates were positive for
oxidase and negative for melibiose. The isolates showed a varied tolerance to
11 antibiotics. No isolates were resistant to neomycin. The percentages of
sulfadimidine-resistant strains (61 out of 192), sulfadiazine (44 out of 192),
sulfamonomethoxine (44 out of 192), sulfamethoxazole (33 out of 192),
thiamphenicol (34 out of 192), ciprofloxacin (52 out of 192), and enrofloxacin
(31 out of 192) were 31.77%, 22.92%, 22.92%, 17.19%, 17.71%, 27.08%, and
16.15%, respectively. A proportion of 61.8% of the isolates presented a
multiple antibiotic resistance index (MARI) lower than 0.1, indicating that the
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risk of antibiotic resistance transmission of most of the Harveyi clade is low in
mariculture systems in China. These results provide substantial data to support
further studies on the identification and genetic and metabolic diversity of
Harveyi clade isolates in mariculture systems in China.

KEYWORDS

vibrio, harveyi clade, phenotype, multi-locus sequence analysis (MLSA), multi-locus
sequence typing (MLST), antibiotic resistance

Introduction

Vibrio spp. are curved rods of Gram-negative bacteria
composed of halophile species with significant biodiversity and
present naturally in marine, estuarine, and freshwater systems
worldwide (Thompson et al., 2004; Baker-Austin et al., 2017;
Baker-Austin et al., 2018; Hackbusch et al., 2020). A recent
evolutionary event within the genus Vibrio occurred 39 million
years ago (Sawabe et al., 2007). The genus Vibrio has over 100
species that have been classified into 14 clades (Ruwandeepika
et al., 2012; Romalde et al., 2014). The colloquially “Harveyi
clade” is considered as the most severely pathogenic Vibrio
cluster of aquatic organisms, capable of causing more than 50
different types of aquatic animal diseases and potentially
disrupting the aquaculture system due to its high mortality
(Del Gigia-Aguirre et al., 2017; Wang et al.,, 2021). Multiple
Harveyi clade species have been implicated in the aquatic
diseases from different countries, causing mortalities up to
100% of some common economic aquatic animals such as
Litopenaeus vannamei and tilapia, which are widely farmed
around the world (Tran et al., 2013; Prithvisagar et al., 2021).
Harveyi clade species were thought to be the major pathogens
threatening the health development of the aquaculture
industry globally.

The Harveyi clade consists of V. harveyi and 11 related
species, i.e., V. alginolyticus, V. parahaemolyticus, V. campbellii,
V. rotiferianus, V. natriegens, V. azureus, V. mytili, V. owensii, V.
jasicida, V. diabolicus, and V. sagamiensis (Lin et al., 2010; Cano-
Gomez et al., 2011; Ruwandeepika et al., 2012; Goudenege et al.,
2014). These species share high phenotypic and genotypic
homology, with 16S rDNA gene sequence similarities greater
than 97% and DNA-DNA re-association values close to 70%,
making it challenging to differentiate them (Sawabe et al., 2007;
Cano-Gomez et al,, 2009). Furthermore, because the maritime
environment is complex and changing through time and space,
marine microorganisms that live in it have adapted to this
environment, and hence present a diverse range of species,
metabolic types, functional gene composition, and ecological
functions (Fraser et al., 2007). Traditional biochemical tests and
single-gene sequencing led often to the misidentification of
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different species of the Harveyi clade (Gomez-Gil et al., 2004;
Cano-Gomez et al., 2009).

The development in bacterial identification technology has
been promoted by molecular identification techniques such as
multilocus sequence analysis (MLSA), core genome tree, average
nucleotide identity (ANI), DNA-DNA hybridization (DDH),
and genomic characteristic dissimilarity (Richter and Rossello-
Mora (2009); Thompson et al., 2009; Fu et al., 2015). Meanwhile,
bacterial typing systems are used to distinguish genera, species,
and strains according to their phenotypic and genetic
characteristics, e.g., restriction fragment length polymorphism
(RFLP), amplified fragment length polymorphism (AFLP),
pulsed-field gel electrophoresis (PFGE), multilocus sequence
typing (MLST), core genome MLST (cgMLST), and
enterobacterial repetitive intergenic consensus PCR (ERIC-
PCR) (Botella et al.,, 2002; Yang et al., 2017; Alikhan et al,
2018; Yan et al., 2021). MLSA is rapid and robust in classifying
all prokaryotes using a universal set of genes, and successful in
establishing species-level taxonomy within the Harveyi clade
based on different levels of genes (Gevers et al., 2005; Cano-
Gomez et al., 2009). Pascual et al. (2010) reported that the
concatenated sequences of rpoD, rctB, and toxR can be used to
identify species of Vibrio strains appropriately. Coincidentally,
the gene combination topA-mreB has also provided a practical
yet accurate approach for routine identification of V. harveyi-
related species (Cano-Gomez et al., 2011). Furthermore, MLST
outperformed the other typing techniques in studies of
evolutionary, phylogenetic, and population genetics, as it
provided unambiguous data using a large international
database (https://pubmlst.org/) (Maiden et al., 1998; Aanensen
and Spratt, 2005; Harun et al., 2021). Typing can also be
performed by directly identifying the nucleotide sequence and
variation of multiple housekeeping genes of strains, which has
been applied to numerous prokaryotes as well eukaryotic
organisms, including the Harveyi clade species V.
parahaemolyticus and the general database of Vibrio spp. (Han
et al., 2015; Jelocnik et al., 2019).

Antibiotic resistance of Harveyi clade isolates is an
important indicator of metabolic and phenotypic diversity. As
the most important pathogen clade in aquatic organisms,
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Harveyi clade strains caused more than 50 kinds of aquatic
animal diseases and were considered to be a major economic
threat to the aquaculture industry (Lin et al., 2010; Goudenege
et al, 2014; Wang et al., 2021). Among them, Vibrio harveyi is
one of the most serious Vibrio pathogenic, which can infect the
most diverse range of aquatic animals in the world (Santhyia
et al,, 2015). Therefore, analyzing the antimicrobial resistance of
pathogens in a particular area is crucial to the development of
effective preventive measures.

China is the world’s largest aquaculture producer. The total
content of aquatic products exceeded 65 million tons in 2020,
which guaranteed the national demand for high-quality protein
(China Fisheries Yearbook, 2021). However, pathogens have
become a restrictive factor for the development of aquaculture
in China, resulting in annual losses of over 20 billion RMB, with
Vibrio spp. proved as the most important pathogen of marine
organisms (China Fisheries Yearbook, 2021). Moreover, the
Chinese mariculture sector is characterized by rich and
diversified breeding. In different aquaculture systems, a single
bacterial species exhibits diverse metabolic phenotypes and
ecological functions. During the past two decades, various
species of the Harveyi clade have been isolated from infected
animal in mariculture in China with dominance higher than 60%
in our laboratory. In the present study, the genetic populations
and evolutionary relationship of Harveyi clade strains isolated
from coastal areas of a mariculture system in China were
investigated based on different gene classes and levels. Following
that, the prevalence, antibiotic resistance, and genetic diversity of
all isolates were analyzed using phenotypic and molecular typing
methods. The results of this study provide a theoretical
foundation for understanding the differences in multivariate
epigenetic mechanisms among species of the Harveyi clade
from China with typical interannual variations, as well as basic
data for prevention and treatment of aquatic animal diseases.

Materials and methods
Strains and culture conditions

We chose 192 isolates identified as Harveyi clade with typical
temporal differences, isolated from animal parts of marine and
mariculture environments infected with bacteria with prevalence
and dominance of more than 60% in coastal areas of China from
2000 to 2020. Furthermore, 12 type strains served as process
control, namely, V. harveyi ATCC 14348, V. campbellii ATCC
25920, V. owensii DSM 23055, V. alginolyticus ATCC 17749, V.
natriegens ATCC 14048, V. mytili LMG 19157, V. parahaemolyticus
ATCC 17802, V. jasicida DSM 21061, V. rotiferianus DSM 17186,
V. azureus NBRC 104587, V. sagamiensis NBRC 104859, and V.
diabolicus HE800.

All the strains were preserved in our laboratory in cryo-vials
with 20% (v/v) glycerol at —80°C. Data on the isolates are
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depicted in Supplementary Table 1. The isolates were
cultivated on trypticase soy broth (TSB) plates (TSB
supplemented with 1.5% agar) at 28°C for 24 h until use.

DNA extraction

Genomic DNA was extracted from the cultivated isolates
following the protocol described by Rahman et al. (2014) with
minor modifications. A single colony was collected from a fresh
culture and resuspended in 100 pl of nuclease-free water,
vortexed for 5 s, and incubated at 99°C for 10 min. After that,
the suspension was vortexed again and centrifuged at 12,000
relative centrifugal force (RCF) for 5 min. The supernatant was
then transferred to a fresh tube and stored at —20°C. The
concentration and purity of the extracted DNA were assessed
using NanoDrop 2000. Solutions with a 260/280 ratio of 1.7 to
2.0 were used for PCR assays.

PCR amplification and sequencing

PCR amplification and sequencing of the 16S rDNA or 16S
rRNA gene were performed according to Weisburg et al. (1991)
using the primers 27F and 1492R. The four housekeeping genes
gyrB, pyrH, recA, and atpA were amplified and sequenced using
the primers and the amplification conditions described by
Rahman et al. (2014). The complete list of genes analyzed in
this study and all primers used for PCR amplification and
sequencing are listed in Table 1. A PCR template of
approximately 100 ng of DNA was used for amplification.
PCR products were visualized on a 1.5% agarose gel. The
qualified rate of the products was determined according to the
molecular weight standard. Sequencing and purification of PCR
products were performed by Shanghai Sangon Biological
Engineering Technology and Services Co., Ltd. (Shanghai,
China). The DNA sequences were analyzed using the BLAST
tool of GenBank and optimized for highly similar sequences
(Mega BLAST) (Kumari et al., 2020).

Phylogenetic analysis and
genetic diversity

Sequences of the genes 16S rDNA, gyrB, pyrH, recA, and
atpA were aligned using ClustalX (Tamura et al., 2013).
Phylogenetic analysis based on the genes 16S rDNA (1298 bp),
gyrB, pyrH, recA, and atpA, as well as various concatenations of
four protein-coding loci (gyrB, pyrH, recA, and atpA), were
conducted using the neighbor-joining (NJ) approach. Bootstrap
(BT) support for individual nodes was calculated with the
Kimura 2-parameter model using 1000 BT replications. The
trees were constructed using MEGA 6.0 software. A fully
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TABLE 1 Primers used for amplification and sequencing of Harveyi clade isolates.

Primer name sequence (5-3’)

VigyrBF GAAGGTGGTATTCAAGCGTT

VigyrBR CGGTCATGATGATGATGTTGT
VipyrHdgF CCCTAAACCAGCGTATCAACGTATTC
VipyrHdgR CGGATWGGCATTTTGTGGTCACGWGC
VirecAF TGCGCTAGGTCAAATTGAAA
VirecAdgR GTTTCWGGGTTACCRAACATYACACC
ViatpA-01-F CTDAATTCHACNGAAATYAGYG
ViatpA-04-R TTACCARGWYTGGGTTGC

27F AGAGTTTGATCCTGGCTCAG

1492R TACGGCTACCTTGTTACGACTT

Tm (°C) product size Reference

55 570 (Rahman et al., 2014)
55

55 501 (Rahman et al., 2014)
55

55 462 (Rahman et al., 2014)
55

57 489 (Rahman et al., 2014)
57

56 1298 (Weisburg et al., 1991)
56

resolved and highly harmonious tree topology was obtained,
depicting individual strain relationships.

Morphological, physiological, and
biochemical analyses

Single colonies of the Harveyi clade isolates were picked up
and inoculated on thiosulfate-citrate-bile salts—sucrose (TCBS)
agar, TSB, and HB7011-5 Vibrio chromogenic medium (hopebio
Biotechnology Co., Ltd, China) plates and incubated at 28°C for
24 h, after which colony morphology was observed. Twenty-
three biochemical tests were evaluated by the following tests:
gram staining, o-Nitrophenyl B-D-galactopyranoside (ONPG),
urease, xylose, sucrose, Simmons citrate agar, lysine
decarboxylase, gelatin, amygdalin, melibiose, o-L-
rhamnopyranose monohydrate, hydrogen sulfide (H,S),
malonic acid disodium salt, mannitol, D-glucose, methyl red
and Voges-Proskauer tests (MR-VP), inositol, ornithine
decarboxylase, DL-arabinose, sorbitol, lactose, arginine double
hydrolase, tryptone water, and glucose oxidase. All the selected
biochemical tests were determined with the Bacterial
biochemical identification kit (hopebio Biotechnology Co., Ltd,
China), according to the manufacturer’s instructions.

Antimicrobial susceptibility testing

The antibiotic susceptibility of the Harveyi clade isolates
was tested on TSB following the Kirby-Bauer disc diffusion
method (K-B method) and the Clinical and Laboratory
Standards Institute [CLSI], (2017) guidelines. Eleven
antimicrobial agents were tested, namely, aminoinositols:
florfenicol (FFC, 30 ug/disk) and thiamphenicol (THI, 30 pg/
disk); tetracycline: neomycin (NEO, 30 pg/disk) and
doxycycline (DOX, 30 pg/disk); quinolones: ciprofloxacin
(CIP, 5 ug/disk), enrofloxacin (ENR, 10 pg/disk), and
flumequine (FLU, 30 ug/disk); and sulfonamides:
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trimethoprim/sulfamethoxazole (SMZ, 1.25 ug/disk and 25
pg/disk, respectively), sulfamonomethoxine (SMM, 250 pg/
disk), sulfadiazine (SDI, 250 pg/disk), and sulfadimidine
(SDM, 250 pg/disk). The isolates were inoculated in TSB with
1.5% NaCl solution and adjusted to an optical density (OD) 0.5
McFarland standard after a 24-h incubation period at 28°C. The
antibacterial discs were then applied after 100 pl of the bacterial
solution was equally spread over the agar plates. The inhibition
zones were measured using the SCAN 4000 automatic image
analysis colony counter (Interscience, France) after 20 h of
incubation at 28°C. The reference strain Escherichia coli ATCC
25922 was used for quality control. All the experiments were
performed in triplicates. Each strain was classified as resistant,
intermediate, or susceptible, according to Clinical and
Laboratory Standards Institute [CLSI] (2017). The multiple
antibiotic resistance index (MARI) was calculated based on
the formula described by Krumperman (1983).

MLST and UPGMA analysis

PCR primers, amplification conditions, and housekeeping
gene sequencing methods were carried out following the
methods of Rahman et al, (2014). The Vibrio spp. Pubmlst
database (http://pubmlst.org/Vibrio.spp) was used to obtain the
allele number and define the sequence type (ST). If ST's or alleles
other than the database are identified, submit the new allele to
the database administrator to obtain a serial number of the
newly identified allele or STs (Jiang et al., 2019). Using
goeBURST (http://goeBURST.phyloviz.net) and the MLST
classification data, we created a minimal spanning tree based
on PHYLOViZ 2.0 (Ribeiro-Gongalves et al., 2016) and assigned
STs to clonal complexes (CC). The nucleotide diversity was
determined using the software DNA Sequence Polymorphism
DnaSP version 6.12.03 (Rozas et al,, 2017). The number of
polymorphic sites, GC content, and the ratio of
nonsynonymous to synonymous substitutions (dy/ds) were
calculated by START v 2.0 (Jolley et al,, 2001).
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Results

Epidemiological investigation of the
Harveyi clade isolates

A total number of 192 isolates were identified, of which 101
isolates were isolated from fish (52.7%), 60 in flatfish (31.3%), 22 in
grouper (11.6%), 19 in other species (9.8%), 64 in shrimp (L.
vannamei) (33.3%), 23 in sea cucumber (12%), and 4 in crab (2%)
(Figure 1). In addition, 63 of the total strains (33.2%) were from
2010 and earlier, while 129 strains (66.8%) were collected from 2011
to 2020. Based on the BLASTn search of the 16S rDNA gene, V.
harveyi (79 isolates), V. alginolyticus (63 isolates), V. owensii (19
isolates), V. rotiferianus (11 isolates), V. natriegens (9 isolates), V.
azureus (3 isolates), V. parahaemolyticus (2 isolates), V. campbellii
(2 isolates), V. jasicida (2 isolates), and V. sagamiensis (2 isolates)
were identified.

Taxonomic evolution of the Harveyi
clade based on MLSA

As shown in Figure 2, the phylogenetic tree cluster analysis
based on the concatenated sequences of the genes gyrB, pyrH,
recA, and atpA divided the 192 isolates together with 12
reference strains into 10 distinct clades (representing 10 gene
species) and three outgroups. The numbers of the 10 gene
species were distributed as follows: 77 V. harveyi, 41 V.
alginolyticus, 19 V. parahaemolyticus, 17 V. owensii, 17 V.
natriegens, 12 V. rotiferianus, 3 V. campbellii, 3 V. diabolicus,

10.3389/fmars.2022.932255

2 V. jasicida, and 1 V. mytili. Two subgroups emerged from all
the strains of V. alginolyticus and V. diabolicus. When we
compared the phylogenetic tree constructed using only 16S
rDNA sequencing, we could not identify the strains of V.
harveyi, V. campbellii, V. rotiferianus, V. parahaemolyticus,
and V. owensii within the Harveyi clade (99% to 100%
sequence identities) (Supplementary Figure 1).

Furthermore, the phylogenetic analysis based on different
gene combination levels indicated that it was possible to
accurately classify Vibrio species within the Harveyi clade
based on the phylogenetic tree constructed using the
concatenated sequences of the four genes. After analyzing all
the concatenated genes, the three-locus phylogeny (gyrB, pyrH,
and atpA) was consistent with the four-locus phylogeny and the
Harveyi clade was identified (Supplementary Figure 2). As for
the two-locus concatenated sequences, the genes gyrB and atpA
identified V. owensii, V. parahaemolyticus, and V. rotiferianus,
while the genes gyrB and pyrH identified V. owensii
(Supplementary Figure 3). A slightly more complicated
grouping emerged from all the single-gene trees of the
nucleotide sequences (Supplementary Figure 4). Nonetheless,
atpA was the only gene with the highest discriminatory power.
The aforementioned results indicate that the MLSA scheme
based on the concatenated sequences of four protein-coding
genes can offer a robust phylogenetic reconstruction to resolve
unitary relationships of the Harveyi clade isolates. Meanwhile,
the three-gene scheme based on gyrB, pyrH, and atpA is suitable
for Harveyi clade identification to some extent.

The 16S rDNA gene, gyrB, pyrH, atpA, and recA sequences
determined in this study have been deposited in the GenBank of

2%

33.30%

FIGURE 1
Host composition of the 192 Harveyi clade isolates (100%).
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NCBI under the accession numbers ON437347-ON437538,
ON469581-ON469772, ON778048-ON778239, ON778240-
ON778431, and ON4491819-ON492010, respectively.

Phenotypic and physiological
characterization of Harveyi
clade bacteria

The phenotypic analysis of the Harveyi clade isolates in this
study was in accordance with Bergey’s manual of determinative
bacteriology (Holt et al., 1994). All the Harveyi clade isolates
growing on TCBS agar were yellowish or greenish colonies,
Gram-negative, oxidase-positive, and glucose-fermenting
bacteria. Macroscopic observation showed that the upper
surface of the colonies of the Harveyi clade isolates on the
solid medium was raised, smooth, and wet (Supplementary
Figure 5). These characteristics can be first attributed to the
genus Vibrio. The biochemical features indicated that the
Harveyi clade isolates had a positive oxidase and were unable
to ferment melibiose, rhamnose, and amygdalin. In addition, 153
isolates were able to ferment sucrose and showed negative MR-
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VP and positive inositol reactions, 85 isolates had a positive
ONPG reaction, 106 isolates produced a positive urease reaction,
175 isolates showed a positive lysine decarboxylase test, 55
isolates had a positive gelatin test, and 107 isolates showed a
positive arginine double hydrolase test and were unable to
decompose hydrogen sulfide (Table 2). On the other hand, all
the isolates of V. harveyi, V. alginolyticus, V. campbellii, V.
owensii, and V. diabolicus tested positive for lysine
decarboxylase. V. rotiferianus, V. campbellii, and V. diabolicus
were all citrate and urease positive (Table 2). The results
indicated that these biochemical markers may be employed for
the early screening of these Harveyi clade species.

In addition to MLSA, all members of the V. campbellii, V.
jasicida, and V. parahaemolyticus group showed green colonies
on TCBS agar, indicating that they were unable to ferment
sucrose. Nevertheless, V. diabolicus and V. owellii were sucrose
positive. The other groups showed yellow and green colonies on
TCBS, and thus were either sucrose positive or negative. The
colonies of V. harveyi, V. campbellii, V. sagamiensis, and V.
aliginolyticus appeared translucence on TSB, while the colonies
of the other strains were transparent. On the modified Vibrio
chromogenic medium, V. parahaemolyticus and V. jasicida
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showed large colonies of blue-green color and the colonies of V.
alginolyticus were pale yellow or beige, while the other species
were inhibited.

Diversity and clustering analysis of
sequence types

The nucleotide sequence variations of the four gene
fragments are summarized in Table 3. The GC contents of
every locus were similar and varied per locus from 47.31%
(atpA) to 48.53% (pyrH). The number of alleles of each locus
in the 192 Harveyi clade isolates was distributed as follows: 53
pyrH, 56 atpA, 79 gyrB, and recA. The number of polymorphic
sites ranged per locus from 137 (atpA) to 170 (recA). The
nucleotide diversity varied from 0. 0.02643 (atpA) to 0.08482
(pyrH), indicating that allele loci had a low mutation rate. The
value of dy/ds of each locus was lower than 0.25, suggesting a
purifying selection of the four housekeeping genes for the 192
Harveyi clade isolates.

A total of 95 STs were identified, of which 92 were newly
identified STs (Supplementary Table 1). The MLST analysis
revealed high molecular diversity among the Harveyi clade
isolates, with most strains forming unique sequence types in
the Chinese mariculture system of this study. ST327 was the
most common among the newly identified STs, accounting for
11.5% of the total number of isolates (22 out of 192), with all of
them being V. alginolyticus. ST215, represented by V. harveyi,
was the second most common STs and accounted for 6.25% of
the total number of isolates (12 out of 192). Sixty-three STs had
single isolates. Twenty-seven were identified in 77 isolates of V.
harveyi, with each ST comprising 1 to 12 isolates. Fifteen STs
were found in 41 isolates of V. alginolyticus, with each ST having
1 to 22 isolates. Eleven STs were identified in 19 V.
parahaemolyticus isolates, with each ST containing 1 to 5
isolates, followed by V. natriegens (15 out of 17), V. owensii
(11 out of 17), V. rotiferianus (9 out of 12), V. campbellii (3 out
of 3), V. diabolicus (3 out of 3), V. jasicida (2 out of 2), and V.
mytili (1 out of 1). Furthermore, the statistical classification of
the ST strains according to their host origin showed that 42 ST's
were present in 101 isolates from fish, 26 STs in 64 isolates from
shrimp, 4 STs in 4 isolates from crab, and 23 STs in 23 isolates
from sea cucumber.

10.3389/fmars.2022.932255

The identification of the CC clustering patterns indicated
that 95 STs were separated into 7 CCs (CC0, CCl1, CC2, CC3,
CC4, CC5, and CC6) and 4 doublets (D1-D5) (Figure 3), while
the remaining 36 STs were singletons. The most common CC
was CCO, which included 78 isolates with 5 STs, all of which
were identified as V. harveyi. Based on UPGMA analysis, the ST's
that belong to the same CCs and doublets were also clustered
together in the UPGMA tree (Figure 4). CCO was composed of
V. harveyi and represented the core group, which was divided
into two major branches. One branch included V. campbellii, V.
rotiferianus, V. owensii, V. mytili, and V. jasicida, while the other
branch included V. parahaemolyticus, V. diabolicus, V.
alginolyticus, and V. natriegens. Among them, V.
parahaemolyticus and V. campbellii had the closest genetic
distance to V. harveyi. V. jasicida (composed of D2) and V.
natriegens (composed of CCl and CC5) were the most
genetically distant species from CCO.

Antimicrobial susceptibility
characteristics of the Harveyi
clade isolates

The antibiotic resistance profiles of each Harveyi clade
isolate are illustrated in Figure 5. The results showed that
93.8% of the Harveyi clade isolates were resistant to NEO.
SDM resistance was found in 31.9% of the isolates. SDI and
SMM resistance were observed in 22.9% of the isolates.
Resistance to SMZ, THI, and ENR was recorded in 17.3%,
14.6%, and 8.3% of the isolates, respectively. On the other
hand, Harveyi clade isolates were highly sensitive to certain
antibiotics. Susceptibility to FFC, THI, FLU, ENR, CIP, SMZ,
SMM, and SDI was recorded in 92.8%, 82.3%, 89%, 84%, 73%,
78%, 72%, and 61% of the isolates, respectively (Figure 6).

Multiple antibiotic resistance analysis indicated that the
multiple antibiotic resistance index (MARI) of all the isolates
ranged from 0 to 0.82 (Figure 7 and Supplementary Table S1),
which revealed that 97.9% of the isolates (188 out of 192) were
resistant to at least one antibiotic. A MARI value higher than 0.2
was observed in 30.7% of the resistant isolates (59 out of 192).
These isolates have a transmission potential since the MARI was
higher than 0.2, indicating a high antibiotic exposure risk. The
isolates Vhh 50, Vhh 60, Val 14, and Vna 09 had the highest

TABLE 3 Nucleotide sequence variations of each MLST locus for 192 Harveyi clade isolates.

Locus Fragment size (bp) Alleles number GC content (100%) Nucleotide diversity Polymorphic site number dy/dg ratio

grB 570 79 48.01
pyrH 501 53 48.53
recA 462 79 47.99
atpA 489 56 47.31

The ratio of nonsynonymous to synonymous substitutions (dx/ds).
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0.07722 160 0.10715
0.08482 145 0.06443
0.06461 170 0.04899
0.02643 137 0.16802
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Distribution of multi-antibiotic resistance strains.

MARI value (0.82) and were resistant to nine antibiotics. The
remaining 55 isolates showed multidrug resistance to at least
three tested antibiotics (Figure 6).

Association analysis of antimicrobial resistance with the
genetic population of the isolates is shown in Figure 5. ST132
consisted of seven isolates of V. harveyi, all of which were
resistant to neomycin, while the other STs had sensitive
phenotypes. The resistance profiles of the other isolates of the
same ST showed different profiles. Moreover, 59 strains were
resistant to the three antibiotics mentioned above, including 40
non-repetitive STs scattered in different years. Due to the large
number of various STs and the significantly varying ST numbers,
the relationship between the different STs and antimicrobial
resistance was difficult to determine.

Discussion

We analyzed a total of 192 isolates of the Harveyi clade from
infected parts of animals from marine and mariculture
environments in coastal areas of China from 2000 to 2020.
The phenotypic, metabiotic, and genotypic properties of these
isolates were investigated thoroughly in this study. Many
researchers confirmed that the phenotypic traits do not affect
the differentiation of Harveyi clade isolates (Gauger and Gomez-
(2012)
showed that the traditional phenotypes were unable to

Chiarri, 2002; Thompson, 2003). Lukjancenko et al.

distinguish sister species due to large conserved regions in the
proteome prediction. Gomez-Gil et al. (2004) demonstrated that
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V. harveyi, V. campbellii, and V. rotiferianus had similar
phenotypes and were misidentified. The results of this study
also revealed that the phenotypic methods have a limited ability
to discriminate Harveyi clade members. Although 16S rDNA
gene sequencing is considered as a gold standard method for
bacterial taxonomy, it does not have sufficient resolution to
correctly identify Harveyi clade species (Gomez-Gil et al., 2004;
Janda and Abbott, 2007; Chatterjee and Haldar, 2012). The low
discriminating ability of the 16S rDNA gene in identifying the
192 isolates in the present research was consistent with previous
studies. In recent years, studies have shown that MLSA can
accurately identify Harveyi clade strains with high resolution
and reproducibility (Thompson et al.,, 2005; Xie et al., 2020).
Rahman et al. (2014) found that most Vibrio species could be
easily identified using population and phylogenetic analyses
based on the combination of the genes gyrB-pyrH-atpA-recA.
Using five housekeeping genes (i.e., rpoA, pyrH, topA, fisZ, and
mreB), Cano-Gomez et al. (2011) identified 36 Vibrio harveyi-
related isolates as V. harveyi, V. campbellii, V. rotiferianus, and
V. owensii. Furthermore, Pascual et al. (2010) identified rapidly
and accurately 44 Vibrio core groups as V. harveyi, V. campbellii,
V. rotiferianus, and V. parahaemolyticus using seven
concatenated genes (i.e, 16S rDNA, recA, pyrH, rpoD, gyrB,
rctB, and toxR). Xie et al. (2020) have recently demonstrated that
the two pathogenic bacteria HM-12 and HM-14 were confirmed
as V. harveyi and V. alginolyticus, respectively, using the five
housekeeping genes ftsZ, gapA, gyrB, mreB, and topA.
Furthermore, the NJ tree analysis of the species V.
alginolyticus and V. diabolicus revealed two subgroups, which
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supports the reports stating that the two species were originally
one species (Rahman et al,, 2014). In the present study, 192
Harveyi clade isolates were accurately identified to 10 species
using the four concatenated genes gyrB, pyrH, atpA, and recA.
Likewise, V. rotiferianus and V. jasicida revealed two subgroups,
which led us to speculate that these two species may also have
originated from one species. These studies clearly show that
MLSA can effectively resolve phylogenetic relationships at the
genus and species level; however, there are no general criteria for
selecting the genes and their number for MLSA. Therefore, the
use of MLSA needs to be improved to make its application more
viable and ubiquitous.

Molecular subtyping is widely used for epidemiological and
population genetic analysis of pathogenic bacteria. MLST was first
introduced in the epidemiology of pathogenic Neisseria
meningitidis strains (Maiden et al., 1998). MLST has been
widely employed in recent years for V. parahaemolyticus. Han
etal. (2015) found that 218 V. parahaemolyticus clinical isolates in
China produced 137 STs, indicating that V. parahaemolyticus
from China has a high genetic diversity. Using MLST, Jiang et al.
(2019) found that 90 V. parahaemolyticus strains from Bohai and
Yellow Seas of China were composed of 68 sequence types,
displaying a high level of genetic diversity. Rahman et al. (2014)
reported that 182 Vibrio strains obtained from the Venice Lagoon
and a marine environment were classified into 162 STs and were
processed as distinct species/taxa. We analyzed in the present
study the extent of genetic diversity on nucleotide variations
among the Harveyi clade isolates. Han et al. (2015) and Turner
etal. (2013) reported the same phenomena in V. parahaemolyticus
strains. The observed alleles, polymorphic site numbers, and
nucleotide diversity reveal the richness and uniqueness of the
Harveyi clade isolates from coastal areas of China.

In this study, we identified 95 ST's among 192 Harveyi clade
isolates. In comparison to the pubMLST database, 92 STs were
newly discovered, demonstrating that our research contributed
substantially to the diversity of Vibrio spp. in the MLST
database. ST28, ST88, and ST132 were found to be identical to
the sequence types of isolates recovered from the Venice Lagoon
(Rahman et al,, 2014). When examining the three STs with the
largest number, no significant relationship between the STs and
the annual change was observed. The analysis of the STs and
their origin (host and collection data) shows that the isolates
with the same ST may have originated from the same host (e.g.,
ST327). Nevertheless, the majority of the STs consisted of
isolates from different regions and sampling years (e.g., ST215
and ST216). However, cgMLST correlates with time and regions
of bacterial isolates well (Alikhan et al,, 2018). As a bacterial
typing system, it has become an innovative tracing tool in recent
years (Monte et al., 2021). Gonzalez-Escalona et al. (2017)
demonstrated that cgMLST clearly showed higher resolution
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than traditional MLST for V. parahaemolytics. With the
development of whole genome sequencing technology, we will
use comparative genomics and cgMLST scheme for higher-
resolution analysis of Harvey clade isolates.

Antibiotic resistance of Harveyi clade isolates is an
important indicator of metabolic and phenotypic diversity.
In the current investigation, antibiotic susceptibility tests
showed that all the Harveyi clade isolates were resistant to
neomycin, but showed low resistance to other antibiotics.
Similarly, Obaidat et al. (2017) reported that all V.
parahaemolyticus isolates in the Harveyi clade were
neomycin resistant. In the Indian subcontinent, Vibrio spp.
exhibited high neomycin resistance (Guardiola et al., 2012).
Ciprofloxacin was the most active quinolone antibiotic against
the Harveyi clade in this study, which is consistent with the
results of Zanetti et al. (2001). The increased resistance to
quinolones in Vibrio spp., with spatial and temporal
differences, may be related to various antibiotic resistance
mechanisms (Blair et al., 2015; Blanco et al, 2016; Deng
et al., 2020). In this study area, compared with other areas,
we found the uniqueness and diversity of Harveyi clade isolates
between the coastal areas of China and other countries. For
instance, the MARI values of the Harveyi clade isolates ranged
from 0 to 0.82. The MARI reflects the degree of the
environmental pollution caused by antibiotics that may be
dangerous to human health (Tanil et al., 2005; Pall et al., 2021).
A value higher than 0.2 indicates a high antibiotic exposure
risk, while a value lower than 0.2 indicates a low antibiotic
exposure risk (Mohamad et al.,, 2019). According to our
findings, 61.8% of the Harveyi clade isolated from coastal
areas in the past 20 years have a MARI value less than 0.1,
indicating that the risk of antibiotic resistance transmission of
most Harveyi clade is low in mariculture systems in China.
However, the resistance to the 11 antibiotics was found in
various combinations, showing that this resistance was not
concentrated in a single ST. Thus, the Harveyi clade isolates
analyzed by MLST are multidrug-resistant bacteria. New non-
antibiotic bacteriostatic medications and alternatives should be
developed to reduce the impact of the extensive use of
antibiotics on the environment and ecological health (Tan
et al,, 2016). In recent years, antibiotic drugs have been made
into dietary microspheres by scholars to achieve high
availability, attractiveness and digestibility to fish, which will
promote the source of antibiotics, reduce antibiotic
contamination in fisheries, and ease the control of antibiotic
resistance (Zhang et al., 2021). Therefore, analyzing the drug
resistance of pathogens in different regions of the eastern coast
of China in the past 20 years is of great significance for
formulating antibacterial drug reduction policies and
effective antibacterial drug use programs.
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Conclusions

Our analyses showed that the strains have significant
interspecific genetic and antibiotic resistance diversity. The
Harveyi clade isolates were classified rapidly and robustly
using the MLSA approach. The MLST analysis showed high
genetic diversity and uniqueness of the Harveyi clade isolates
from China with multiple sequence types. Furthermore, our
study confirmed the presence of multiple antibiotic resistance in
the Harveyi clade from the coastal areas of China collected in the
last two decades. Although the MARI demonstrated that most
Harveyi clade isolates from marine and mariculture
environments in coastal areas of China had a low probability
of antibiotic resistance transmission, they were still highly
resistant to various antibiotics, emphasizing the need to
increase the development of non-antibiotic drugs and
antibiotic alternatives. These results will provide a basis for
further studies on the genetic and metabolic diversity of
Harveyi clade isolates in mariculture systems in China.
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SUPPLEMENTARY TABLE 1

Allele profiles, sequence types, multiple antibiotic resistance index values
(MARI), antimicrobial resistance profiles’ identification based on
multilocus sequence analysis (MLSA), and sources of 192 Harveyi
clade isolates.

SUPPLEMENTARY FIGURE 1

Neighbor-joining (NJ) phylogenetic analysis based on 16S rDNA gene
sequences of Harveyi clade isolates and reference strains used in this
study. Numbers at nodes represent the bootstrap (BT) values based on
1000 resamplings.

SUPPLEMENTARY FIGURE 2

NJ phylogenetic analysis based on all three-locus concatenated
sequences of Harveyi clade isolates and reference strains used in this
study. Numbers at nodes represent the BT values based on
1000 resamplings.

SUPPLEMENTARY FIGURE 3

NJ phylogenetic analysis based on two-locus concatenated sequences of
Harveyi clade isolates and reference strains used in this study. Numbers at
nodes represent the BT values based on 1000 resamplings.

SUPPLEMENTARY FIGURE 4

Phylogenetic reconstructions based on individual analyses of gyrB, pyrH,
recA, and atpA using the NJ method. Numbers at nodes represent the BT
values base on 1000 resamplings.

SUPPLEMENTARY FIGURE 5

Morphology of Harveyi clade type strains. (A) growth of Harveyi clade type
strains on TCBS agar; (B) microscopy Harveyi clade type strains on
TCBS agar.
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Acute hypoxia in water has always been a thorny problem in aquaculture.
Oxygen and iron play important roles and are interdependent in fish. Iron is
essential for oxygen transport and its concentration tightly controlled to
maintain the cellular redox homeostasis. However, it is still unclear the role
and mechanism of iron in hypoxic stress of fish. In this study, we investigated the
role of iron in hypoxic responses of two zebrafish-derived cell lines. We found
hypoxia exposed zebrafish liver cells (ZFL) demonstrated reduced expression of
Ferritin and the gene fth31 for mitochondrial iron storage, corresponding to
reduction of both intracellular and mitochondrial free iron and significant
decrease of ROS levels in multiple cellular components, including
mitochondrial ROS and lipid peroxidation level. In parallel, the mitochondrial
integrity was severely damaged. Addition of exogenous iron restored the iron
and ROS levels in cellular and mitochondria, reduced mitochondrial damage
through enhancing mitophagy leading to higher cell viability, while treated the
cells with iron chelator (DFO) or ferroptosis inhibitor (Fer-1) showed no
improvements of the cellular conditions. In contrast, in hypoxia insensitive
zebrafish embryonic fibroblasts cells (ZF4), the expression of genes related to
iron metabolism showed opposite trends of change and higher mitochondrial
ROS level compared with the ZFL cells. These results suggest that iron
homeostasis is important for zebrafish cells to maintain mitochondrial
integrity in hypoxic stress, which is cell type dependent. Our study enriched
the hypoxia regulation mechanism of fish, which helped to reduce the hypoxia
loss in fish farming.
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Introduction

Dissolved oxygen is one of the key physical and chemical factors
in aquatic ecological environment, and also is an important limiting
factor in fish culture (Valavanidis et al., 2006). Aquatic habitats often
experience extreme fluctuations in O, content ranging from near
anoxia (<1% O,) to hyperoxia (300-500% O,) reflecting the local
dynamics of the photosynthesis, respiration and atmospheric gas
exchange (Diaz and Rosenberg, 2008). Although terrestrial
amphibians and  reptiles encounter  hypoxic  burrow
environments, the degree of hypoxia that experienced by aquatic
species is more serious (Bickler and Buck, 2007). Low dissolved
oxygen, or hypoxia, can negatively affect fish behavior, physiology,
immunology, and growth (Abdel-Tawwab et al., 2019; Qiang et al.,
2019). Mild hypoxic conditions do not cause fish death, although it
can cause behavior and feeding abnormalities, but severe hypoxic
conditions or anoxia (0.1% O,) can be fatal to fish (Richards, 2011).
Studies found that red blood cells (RBC), hemoglobin and/or blood
cells in fish increased rapidly under hypoxia stress (Affonso et al.,
2002; Boggs et al., 2022). Hemoglobin is an important protein that
carries oxygen in red blood cells. Thus, more hemoglobin needs to
be synthesized to increase oxygen supply under hypoxic conditions.

Iron is essential for oxygen transport and is a component of
proteins that carry oxygen molecules, such as hemoglobin and
which
mitochondrial respiration and result in mitochondrial DNA
damage (Walter et al, 2002; Rouault 2006; Salahudeen and

Bruick, 2009). At the physiological level, cellular iron is necessary

myoglobin, iron deficiency causes anemia, limits

for maintenance of metabolism, and excessive free iron may lead to
oxidative damage and/or cell death (Mittler 2017). Therefore, the
homeostasis of iron must be strictly controlled. Many studies have
shown that hypoxia stress causes iron metabolism dysfunction, and
hypoxia can also protect cells from damage caused by the disrupted
iron metabolism (Fuhrmann et al., 2020; Duarte et al., 2021; Ni et al.,
2021). It is very important to coordinate the physiological hypoxia
response with the effective control of iron. However, it is still unclear
the role and mechanism of iron in hypoxic stress of fish.
Superoxide and other reactive oxygen species (ROS) have
been recognized harmful and toxic byproducts of aerobic
metabolism, but they are also important signaling molecules
in a variety of physiological and pathophysiological conditions
(Sena and Chandel, 2012; Mittler 2017). Low level of ROS is
utilized for signal transduction, but prolonged elevations of ROS
result in the oxidation of nucleic acid, protein, lipid and leading
to cell dysfunction or death (Zhang et al., 2008). ROS and ROS-
dependent signaling pathways seem to be linked in different ways
to those that adapt to low oxygen conditions (Schieber and
Chandel, 2014). As one of the significant source of cellular
ROS, mitochondria play central roles in hypoxic responses
(Lenaz 2001; Murphy 2009; Zhang and Wong, 2021). On one
hand, mitochondria themselves are especially vulnerable to ROS-
mediated oxidative damage (Sena and Chandel, 2012). On the
other hand, ROS production from the mitochondria is
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temporarily increased in response to acute hypoxia
(Hernansanz-Agustin et al., 2014). However, localization and
speciation of the paradoxical increase in reactive oxygen species
production in hypoxia remain debatable. Therefore, the cell types
and the time frame of hypoxic should be considered.
Mitochondria have been viewed as pluripotent organelles,
controlling cellular life, stress and death (Galluzzi et al., 2012).
Thus, maintaining a functional mitochondrial network is the
basis of cellular homeostasis in response to conditioned stress
and physiological adaptation. Mitochondrial autophagy is one of
the major mechanisms of mitochondrial quality control (Ashrafi
and Schwarz, 2013; Ni et al., 2015). Autophagosomes selectively
engulf dysfunctional or redundant mitochondria and degrade
them in lysosomes (Kroemer and Jaattela, 2005). Mitophagy is
highly sensitive to dynamic changes in endogenous metabolites,
including iron-, glycolysis-TCA-, NAD + -, amino acids-, and
fatty acid-related metabolites (Ting Zhang et al, 2021). In
addition, disturbances of iron homeostasis (including iron
deposition and iron deficiency) and abnormal iron
metabolism have been widely reported to be closely associated
with mitochondrial dysfunction (Bogdan et al., 2016; Wei et al.,
2020). Mitochondria provide a place for iron metabolism in cells,
and iron deprivation triggers mitophagy (Palikaras et al., 2018).
Fish liver is one of the earliest and most sensitive tissues to
external stimuli, and is also the earliest tissue to appear damage
(Kietzmann 2019). Meanwhile, liver plays an important role in
iron homeostasis (Rishi and Subramaniam, 2017). Oxygen is the
basic element to maintain cell life activities, and hypoxia will
cause different effects on different cells (Michiels 2004).
Therefore, we used zebrafish liver cells (ZFL) and zebrafish
embryonic fibroblasts cells (ZF4), a kind of cell that is
insensitive to both hypoxia and iron, to explore the role and
mechanism of iron in fish cells respond to hypoxia stress.
Hypoxia (3-0.1% O,) is capable of rapidly inducing, via the
hypoxia-inducible factor (HIF-1), a cell survival response
engaging autophagy. This process is a HIF-ldependent
autophagic response which also mediate mitophagy, a
metabolic adaptation for survival that is able to control
reactive oxygen species (ROS) production. In contrast, severe
hypoxic condition or anoxia (0.1% O,), where the latter is often
confused with physiological hypoxia, are capable of inducing a
HIF independent autophagic response. (Mazure and Pouysségur,
2010). Many studies focus on oxygen concentration above 1%,
but there are few studies on lower oxygen concentration.
Therefore, 0.1% oxygen concentration was selected as hypoxic
stress for study. In this study, we demonstrated that hypoxic
stress caused iron loss in the cytoplasm and mitochondria of ZFL
cells, resulting in mitochondrial damage and ultimately cell
death. The cell death due to hypoxia is a non-ferroptosis form
of death, although iron supplementation can reverse the course.
However, iron has different roles in ZF4 cells to respond to
hypoxia stress. This study established the role of iron in

maintaining mitochondrial integrity in hypoxic response,
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which help to understand the regulatory mechanism of fish
response to hypoxia stress to reduce the hypoxia loss in fish

farming.

Material and method
Cell culture and treatment

ZFL and ZF4 cells were provided by the Cell Bank of the
Chinese Academy of Sciences. Cells were cultured in DMEM
F12 medium containing 10% fetal bovine serum (FBS) and
100 U/mL penicillin/streptomycin in cell culture incubator
(Eppendorf, Germany). The cells were seeded 24 h before to
ensure attachment, then were cultured under normoxic (21% O,)
and hypoxic (0.1% O,, balanced nitrogen) environment with 5%
CO, at 28°C when the cellular confluency reached 70%.

Biological reagents ferric ammonium citrate (FAC) (Sigma,
United ~ States), (DFO)  (MedChemExpress,
United States) and Ferrostatin-1 (Fer-1) (MedChemExpress,
United States) have been used to rescue cells under hypoxia

Deferoxamine

stress. FAC, DFO and Fer-1 were dissolved and stored according
to the manufacturers’ protocol, and then diluted to the appropriate
concentration in cell culture medium for cell treatment. In detail, the
final concentrations of FAC were 0, 0.1, 0.25, 0.5, 0.75, 1.0 and
2.0mM; the final concentrations of DFO were 0, 10, 30, 50, 70,
90 and 100uM; the final concentrations of Fer-1 were 0, 1, 2, 4, 6,
8and 10 uM. Cells were pretreated with FAC, DFO and Fer-1 for 1 h
before hypoxia stress.

The determination of cell morphology

Cells were seeded onto 6 cm culture dishes with the cell
confluency reached 70%. The cells were treated with or without
FAC, DFO or Fer-1 for 1h prior hypoxic incubations. Upon
incubated with or without treatment for corresponding time
under normoxia or hypoxia, the morphological features of cells
were captured using Zeiss microscope directly.

Cell vitality assay

To analyze the viability of the cells, cells were plated in 96-
well plate with 90 ul medium 24 h before to ensure attachment
and were cultured under normoxic (21% O,) environment with
5% CO, at 28°C. When the cellular confluency reached 70%, cells
in the control group were directly analyzed for cell activity, and
cells in the experimental group were pretreated with FAC, DFO
and Fer-1 for 1h under normoxic (21% O,). Then the
experimental group cells were transferred to hypoxic (0.1%
O,, balanced nitrogen) environment with 5% CO, at 28 °C for
1,2,3 and 4d.
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PrestoBlue™ HS Cell Viability Regent
United States) were used to analyze the viability of the cells.

(Invitrogen,

Briefly, add 10 pl of cell viability regent directly to cells in culture
medium, and incubate for 3h under normoxic (21% O,)
environment with 5% CO, at 28 °C. Afterwards, absorbance
was measured on a plate reader (Biotek, United States) at
570 nm, using 600 nm as a reference wavelength.

Western blotting

Total protein was extracted using RIPA (sigma, Germany) lysis
buffer inhibitor =~ PMSF
United States). Protein concentration was detected by BCA
protein assay kit (Invitrogen, United States). Total of 20 ug
protein was electrophoresed in 10% SDS-PAGE gels and
transferred onto PVDF membranes (Merk, Germany). The

containing  protease (Invitrogen,

membranes were blocked with TBST solution containing 5%
milk for 25h at room temperature, then probed with the
primary antibody overnight and the secondary antibody for 1h.
Wash the membranes with TBST solution three times for 5 min
each before and after incubation of secondary antibodies. Finally, the
blots were captured by Amersham imager 600 (GE, United States)
and the quantitative results were analyzed by Image] analysis
software. The list of antibodies is as follows: Ferritin (Huabio,
China), Hifla (Boster, China), LC3 (Cell Signaling Technology,
United States), P62 (Cell Signaling Technology, United States), Actin
(Huabio, China) and the secondary antibody (Huabio, China).

Real-time quantitative PCR analysis

RNA was isolated using Trizol according to the manufacturer’s
protocol (Invitrogen, United States) and measured using a
Nanodrop spectrophotometer (ThermoFisher, United States).
Reverse transcription was performed with the Maxima First
Strand ¢DNA Synthesis Kit for RT-PCR (Takara, Japan). RNA
expression of tfa, tfr2, fth27, fth28 and fth31 was analyzed using
SYBR Green Master Mix (Roche, Switzerland) on a Roche
480 System (Roche, Switzerland) and normalized to Actin.
Primers are listed in Table 1.

Intracellular ROS measurement

Intracellular ROS production was detected by 2,7-
(CM-H2DCFDA)

(Invitrogen, United States) according to the manufacturer’s

dichlorodihydrofluorescein diacetate
introduction. Briefly, ZFL and ZF4 cells were seed in 6 cm
plates and harvested after treatment for 3 days. Firstly, cells
were washed twice with DPBS solution (Sangon, China). Then
cells were labeled with 5 uM CM-H2DCFDA for 30 min at 28°C
and washed for two times. The fluorescence was quantified using
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TABLE 1 Primer information.
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Gene name Forward primer Reverse primer

tfa AGCAGCAGACATTGAGTGTC TTTGCTCCATCTACTGTAAC
tfr2 AGCAGTTTACCTCACACTGAC AGGAATGTTGTCCGGCTCG
fthl27 TGCGAGGCTTTGATCAACAAG TGGCAAATCCAGGAAGAGCC
fthl28 AAGATGATCAATCTGGAGC TTGAAGAACTTGGCAAATCC
fthi31 AGGCTGCGATCAACAAGATG AGGAAGAGCCACATCGTC
actin TGTCCCTGTATGCCTCTGGT AAGTCCAGACGGAGGATG

Biosciences AccuriC6 flow cytometry (Becton Dickinson,
United States) with an excitation wavelength of 488 nm and
emission at 525 nm.

Detection of lipid peroxidation level

Lipid peroxidation was quantified by incubating with C11-
BODIPY™ superoxide indicator (Invitrogen, United States).
This fluorophore is readily incorporated into cellular
membranes and is about twice as sensitive to oxidation as
arachidonic acid, thereby losing its bright red fluorescence
with a shift to green. The green fluorescence was selectively
detected using the excitation and emission bandpass filters of
488 and 510 nm, respectively. Therefore, the increase of
oxidative stress was accompanied with a linear increase in
green fluorescence intensity.

In brief, cells were washed twice with DPBS solution
firstly, then incubated with C11-BODIPY reagent solution
(5uM) at 28°C for 15 min. Removed the remaining C11-
BODIPY reagent and washed cells two times with DPBS
solution. The fluorescence was quantified using Biosciences
AccuriCé6 flow cytometry (Becton Dickinson, United States) at
the fluorescence intensity (488/510 nm).

Mitochondria-derived ROS determination

The level of mitochondria-derived ROS is determined
with the MitoSOX™ Red mitochondrial superoxide
indicator (Invitrogen, United States). Briefly, cells were
washed twice with DPBS solution firstly, then incubated
with MitoSOX reagent solution (5 pM) at 28°C for 15 min.
Removed the remaining MitoSOX reagent and washed cells
two times with DPBS solution. The fluorescence was
quantified using Biosciences AccuriC6 flow cytometry
(Becton Dickinson, United States) at the fluorescence
intensity (510/580 nm).
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Mitochondrial iron determination

Mitochondrial iron concentration was determined by RPA
(rhodamine B-[(1,10-phenanthrolin-5-yl)aminocarbonyl]

benzyl  ester) (Squarix  biotechnology,  Germany).
Deprotonated rhodamine B (rthodamine B base) was chosen
for mitochondrial targeting and as a fluorophore, and was
coupled with 4-(bromomethyl)-N-(1,10- phenanthrolin-5-yl)
benzamide for iron chelation, which is the specific indicator
allowing selective determination of mitochondrial chelatable
iron in viable cells (Bapat et al., 2002; Gordan et al., 2020).
In brief, ZFL cells were washed with DPBS solution for two
times and incubated with RPA dye solution (10 pM) at 28°C for
15 min. Cells were removed remaining RPA reagent and washed
for two times with DPBS solution. Then photographed with Zeiss
fluorescence confocal microscope (Zeiss, Germany) at proper
fluorescence intensity (564/601nm) and the density of
fluorescence was analyzed by Image] analysis software (Tang

et al.,, 2019).

Intracellular iron determination

Intracellular iron concentration was determined by PGSK
fluorescence probe (Phen Green™ SK, Diacetate) (Invitrogen,
United States). PGSK fluorescence is quenched upon binding
chelatable iron and fluorescence intensity can be used to
quantify the amount of chelatable iron when the remaining
probe is removed (Petrat et al., 1999; Ramachandran et al,
2004; Siri-Angkul et al.,, 2021).

Briefly, ZFL cells were washed with DPBS solution for two
times and incubated with PGSK dye solution (10 uM) at 28°C
for 15 min. Cells were removed remaining PGSK reagent and
washed for two times with DPBS solution. Ferrous ion in
cytoplasm could quench the green fluorescence of cell. Then
photographed with Zeiss fluorescence confocal microscope at
proper fluorescence intensity (507/532 nm) and the density of
fluorescence was analyzed by Image] analysis software.
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RNA sequencing and analysis

Total RNA of ZFL cell was extracted using TRIzol Reagent
the protocol
United States). The concentration of total RNA was determined
with a Qubit fluorometer (Life Technologies, United States). A
microgram of RNA from each sample was used to prepare the
mRNA-Seq library with the TruSeq RNA Sample Prep Kit
United ~ States)
instructions and then sequenced with Illumina HiSeq 2,500 system.

according  to manufacturer’s (Invitrogen,

(Tllumina, following the manufacturer’s

RNA-seq reads were trimmed using Trimmomatic (Ver.
0.33 AVGQUAL:20 TRAILING:20 MINLEN:50). The clean
Mlumina paired-end reads of each sample were mapped to the
annotated zebrafish genome (GRCz11) using HISAT? aligner (Ver.
2.0.4). Cufflinks was used to count the reads for each gene and
transformed to FPKM. Differentially expressed genes (DEGs) were
determined using the edgeR package developed in R. Genes with
log2FC > 1 and p_value <0.05 were up-regulated. Genes with
log2FC < -1 and p_value <0.05 were down-regulated, GO
enrichment and KEGG enrichment analysis for the DEGs were
performed using ClusterProfiler package (cutoff, p-value < 0.05).
Volcanic maps were generated using R.

Analysis of mitochondrial membrane
potential

Mitochondrial membrane potential of ZFL cells were
measured by JC-1 fluorescent probe (Beyotime, China). After
treatment, cells were incubated with JC-1 working solution at
28°C for 30 min. Subsequently, cells were washed with JC-1
buffer solution for two times. Then photographed with Zeiss
fluorescence confocal microscope at proper fluorescence
intensity (485 and 590 nm). Results were expressed as the
of the which
represented the degree of mitochondrial damage.

ratio red/green fluorescence intensity,

Mitochondrial tracking

Cells were plated on coverslips. After treatment, remove the
medium from the dish and add the prewarmed MitoTracker probe-
containing medium (Invitrogen, United States). Incubate the cells
for 30 min at 28°C. Then replace the loading solution with fresh 4%
PFA (Sangon, China) for 15 min. Washed cells two times with DPBS
solution and photographed with Zeiss fluorescence confocal
microscope at proper fluorescence intensity (644/665 nm).

Lysosomal tracking

Cells were plated on coverslips. After treatment, remove the
medium from the dish and add the prewarmed LysoTracker™
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Red DND-99 probe-containing medium (Invitrogen,
United States). Incubate the cells for 1 h at 28°C. Then replace
the loading solution with fresh 4% PFA for 15 min. Washed cells
two times with DPBS solution and photographed with Zeiss
fluorescence confocal microscope at proper fluorescence

intensity (577/590 nm).

Statistical analysis

All data was performed at least three times. Bar graphs were
plotted, and error bars were calculated using GraphPad Prism
seven software (San Diego, United States). Statistical analysis was
conducted using the Student’s t-test or one-way ANOVA with
Tukey’s post hoc test. All values are shown as mean + s.d., p <
0.05 were considered statistically significant. One asterisk, two
asterisks and three asterisks indicate p < 0.05, p < 0.01 and p <
0.001, respectively.

Results

Hypoxia inhibits cell growth and ROS
production, leading to iron deficiency in
cytoplasm and mitochondria

We first investigated the effects of hypoxia on ZFL cells. At
21% O, (normoxia), ZFL cells grew well. When grew at 0.1%
O, (hypoxia), however, cells grew poorly and began to die
severely from the third day, with only a small fraction of the
cells (about 20%) survived to the fourth day (Figures 1A,B).
We then investigated the effect of hypoxia on ROS levels, since
the main effect of hypoxia is oxidative damage. We examined
the total ROS level by CM-H2DCFDA probe and found that
ROS
(Figure

level stress
10).

mitochondrial-derived ROS and lipid peroxidation levels

was down-regulated under hypoxia

Further investigation revealed that both

were reduced (Figures 1D,E). These results revealed that
hypoxia is harmful to ZFL cells that can inhibit cell growth
and ROS production.

Iron is the main driving force of REDOX reaction (Jomova and
Valko, 2011). Western blotting showed that the expression of
Ferritin, a cytoplasmic iron storage protein, was significantly
reduced, suggesting loss of iron in the cytoplasm (Figure 1F).
The same observation is also confirmed by chelatable Fe*
sensitive probe PGSK, showing a significant reduction in
chelatable iron (Figure 1G). Mitochondrial iron is required to
trigger the ROS-oxidative stress via Fenton action (Levi and
Rovida, 2009). The results the
mitochondrial iron storage gene fth31 was significantly reduced
(Figure 1H), which was consistent with the results of specific probing

revealed expression  of

of mitochondrial Fe** using RPA (Figure 11). Collectively, hypoxia in
the ZFL cells caused cytoplasmic and mitochondrial iron loss.
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FIGURE 1

Hypoxia stress affects cell growth, ROS production and iron metabolism in cytoplasma and mitochondria. (A) Microscopic analysis of
morphological changes of ZFL cells under normoxia or hypoxia for 1, 2, 3and 4 d. (B) Cell Viability analyzed with PrestoBlue™ HS Cell Viability Regent
under normoxia or hypoxia for 1, 2, 3 and 4 d. (C—E) Analysis of changes in total ROS (C), mitochondrial-derived ROS (D) and lipid peroxidation (E)
levels in cells with CM-H2DCFDA, MitoSOX and C11-BODIPY probe under normoxia and hypoxia for 3 days. (F) Western blot analysis of Ferritin
expression in ZFL cells cultured under normoxia and hypoxia for 3 days. (G) Phen Green™ SK (PGSK) probe analysis and quantification of cytoplasmic
free iron content in ZFL cells after treated under normoxia and hypoxia for 3 days. (H) The mRNA expression of mitochondrial iron storage gene fth31
in ZFL cells quantified by real-time RT—PCR under normoxia and hypoxia for 3 days. (I) Fluorescence microscope with RPA red indicator analysis and
quantification of mitochondrial iron content in ZFL cells treated under normoxia and hypoxia for 3 days. Normoxia was used as a control group for
significance analysis. Error bars, mean + s.d., n = 3 (biological replicates).

Iron homeostasis is important for ZFL cells
to respond to hypoxic stress, which is
independent of ferroptosis

To explore the effect of iron concentration on ZFL cell viability
under hypoxia stress, FAC and DFO were used to supplement and
chelate iron in ZFL cells respectively. The results showed that the
proliferation capacity and survival rate of ZFL cells without FAC
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(0 mM) under hypoxia decreased gradually compared with the
normoxia group (con group) (Figure 2A). However, the
proliferation and survival rate of the hypoxic treated cells
supplemented with proper amounts of FAC were significantly
higher than that without exogenous iron supplementation
(0 mM). Moreover, the proliferation and survival rate of FAC
group (0.1, 025, 0.5mM) were even higher than that of

normoxia group after 2days of hypoxia stress (Figure 2A).
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FIGURE 2

Iron supplementation could improve the survival activity of ZFL cells under hypoxia stress, but iron chelation and inhibition of ferroptosis could

not. (A—C) Survival rate of ZFL cells analyzed with PrestoBlue™ HS Cell Viability Regent after treated with a series of concentrations of FAC (A), DFO
(B) and Fer-1 (C) under hypoxic stress from one to 4 days. Hypoxia 0 mM or hypoxia O uM was used as a control group for significance analysis. (D)
The microscope analysis of morphology changes of ZFL cells under normoxia or treated with FAC (2.5 mM), DFO (10 pyM) and Fer-1 (2.5 uM)
under hypoxic stress for 3 days. Error bars, mean + s.d., n = 3 (biological replicates).

Evenly, the survival rate of ZFL cells in the FAC group was about
2-3 times higher on the fourth day of the treatment compared with
the hypoxic group without FAC treatment (0 mM) (Figure 2A).
Conversely, DFO treatment resulted in non-proliferation and
significantly reduced cell survival compared with the normoxia
group and the hypoxia control group (0 uM) in the first 3 days
(Figure 2B), indicating iron chelation exacerbate ZFL death under

Frontiers in Physiology

hypoxic stress. At the fourth day, both DFO treated and untreated
cells exhibited poor survival rates under hypoxia (Figure 2B).
Ferroptosis is an iron- and ROS-dependent form of regulated
cell death (RCD) (Xie et al,, 2016). To investigate whether the
cell damage under hypoxia is related to ferroptosis, we tried
to rescue the damage with Fer-1 (Ferrostatin-1), an inhibitor
of ferroptosis by inhibiting lipid peroxidation. The results
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DFO

Fer-1

Iron supplementation can increase ROS level and reduce mitochondrial damage in cells under hypoxia stress. (A,B) Western blot analysis and
quantification of Ferritin expression in ZFL cells cultured under normoxia and hypoxia treated with FAC, DFO and Fer-1 for 3 days. Actin as a loading
control. (C—E) Analysis of changes in total ROS (C), lipid peroxidation level (D) and mitochondrial-derived ROS (E) levels in cells with H2DCFDA, C11-
BODIPY and MitoSOX probe under normoxia and hypoxia for 3 days. Cells under hypoxic stress were rescued with FAC (2.5 mM), DFO (10 pM)
and Fer-1 (2.5 uM). (F,G) Quantitative results and representative images of cellular JC-1 fluorescence in normoxic cell and hypoxic cells treated with
FAC (2.5 mM), DFO (10 uM) and Fer-1 (2.5 pM) under hypoxia stress. Normoxia was used as a control group for significance analysis. Error bars,

mean + s.d., n = 3 (biological replicates)

revealed that Fer-1 failed to rescue the hypoxia induced
death, death
(Figure 2C). This observation was consistent with the
1E). Further

cell suggesting a ferroptosis independent

decreased lipid peroxidation level (Figure
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morphological observation of cells showed that exogenous
iron supplementation could prevent cell death and improve
cell viability under hypoxia stress, while DFO and Fer-1 could
not (Figure 2D).
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Iron supplementation restored ROS levels
and reduced mitochondrial damage of ZFL
cells under hypoxia

To explore the role of iron in the ZFL cells response to hypoxic stress,
we carried out further exploration. Firstly, WB showed that exogenous
iron supplementation increased the expression level of iron-storing
protein Ferritin, while iron chelation reduced Ferritin level, whereas
addition of the ferroptosis inhibitor had no significant effect (Figures
3A,B). Accordingly, further examination of ROS levels showed that only
exogenous iron supplementation partially restored the total ROS levels
(Figure 3C). As iron is the cofactor of lipoxygenase, iron supplementation
significantly increased the level of lipid peroxidation (Figure 3D). In
addition, mitochondria are important source of reactive oxygen species
(ROS) (Lenaz 2001). Iron supplementations increase mitochondrial-
derived ROS level (Figure 3E). Indeed, iron supplementation restored the
membrane potential of mitochondria and reduced the damage, which
did not occur in DFO nor Fer-1 treatment (Figures 3F,G). These results
indicated the importance of iron in maintaining the mitochondrial
integrity and a certain amount of ROS level to sustain the physiological
function of mitochondria and cell under hypoxic stress.

RNA-seq analysis revealed iron
supplementation improved mitophagy

In order to explore how the FAC protect ZFL cells from death
under hypoxia stress, we performed RNA-seq analysis (Figure 4A).
There were totally 919 and 2,558 genes that were differentially expressed
in WT and FAC cells under hypoxia compared with WT cells under
normoxia (Figures 4B,C). KEGG enrichment analysis revealed that the
pathway of autophagy and lysosome were significantly up-regulated in
WT hypoxia cells compared with WT normoxia cells (Figure 4D).
However, the enrichment analysis of hypoxic cells treated by FAC
found that mitophagy pathway was the most significantly up-regulated
pathway except autophagy and Lysosome pathways (Figure 4E).
Furthermore, GO enrichment analysis showed that autophagosome
membrane components were significantly upregulated in FAC treated
hypoxia cell (Figures 4F,G). Taken together, these analyses suggest that
maintaining mitochondrial normality is essential for ZFL cells to survive
the hypoxia stress.

Iron supplementation restores
mitochondrial function under hypoxia
stress

Mitochondrial quality is controlled by the selective removal
of damaged mitochondria through mitophagy (Ashrafi and

Schwarz, 2013). Results indicated the expression of
autophagy-related proteins LC3 and P62 were significantly
up-regulated under hypoxia stress (Figures 5A-D). In

combination, the expressions of LC3 and P62 after iron
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supplementation were weaker than those of chelated iron and
inhibited ferroptosis (Figures 5A-D). Further exploration found
that mitochondria were evenly distributed in the cytoplasm
under hypoxia supplemented with iron, while the density of
mitochondria decreased and clustered around the nucleus treated
with DFO and Fer-1 (Figure 5E). The tracking of lysosomes
revealed that the level of acid lysosomes increased and showed a
large amount of aggregation in the control group (Figure 5F),
indicating that hypoxia caused mitochondrial damage (Figures
SE,F).
mitochondrial damage caused by hypoxic stress, while DFO
and Fer-1 did not.

However, iron supplementation could improve

ZF4 cells showed different patterns of iron
responses under hypoxic condition

Given that the liver is an important organ for iron
metabolism (Rishi and Subramaniam, 2017), we next sought
to test whether other cell types had similar responses. Results
showed that compared with ZFL cells, ZF4 cells had a better
survival rate under hypoxia stress, with about 80% cells being
alive on the fourth day (Figure 6A). The mRNA expression of
genes related to iron metabolism showed completely opposite
trends in ZF4 cells (Figure 6B), and also the protein levels of
Hifla and Ferritin (Figure 6C), indicating cytoplasmic and
mitochondrial iron contents was increased in this cell line.
Consistent with this, iron supplementation reduced the cell
survival rate under hypoxia, while iron chelation or inhibition
of ferroptosis showed no significant changes (Figures 6D,E).
Further ROS level detection of cells showed that hypoxia

stress reduced the general ROS level (Figure 6F),
mitochondrial-derived ROS and lipid peroxidation levels
(Figures 6G,H). In addition, iron supplementation can

significantly increase ROS level, and even mitochondrial ROS
and general ROS level exceed those of normoxic group (Figures
6F,H), which caused cell damage (Figures 6D,E). Chelation of
iron or inhibition of ferroptosis slightly lowers ROS level. These
results suggest that ZF4 cells have a different hypoxic stress
response in terms of iron regulation compared with ZFL cells,
indicating iron regulation under hypoxic response is cell type
dependent.

Discussion

In this study, we revealed hypoxia causes iron loss in
cytoplasm and mitochondria of the ZFL cells, which leads to
death.
supplementation inhibits hypoxia-induced cell death, increase
ROS
mitochondrial function. Therefore, iron plays essential roles in

mitochondrial damage and ultimately cell Iron

levels, reduce mitochondrial damage and restore

mitochondrial responses to hypoxic stress in ZFL cells. The
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FIGURE 5

Iron supplementation increases the proportion of functioning mitochondria. (A,B) Western blot analysis and quantitative results of

LC3 expression in ZFL cells cultured under normoxia and hypoxia treated with or without FAC (2.5 mM), DFO (10 uM) and Fer-1 (2.5 yM) for 3 days
Actin as a loading control. (C,D) Western blot analysis and quantitative results of P62 expression in ZFL cells cultured under normoxia and hypoxia
treated with or without FAC (2.5 mM), DFO (10 uM) and Fer-1 (2.5 pM) for 3 days. Actin as a loading control. (E) Representative images and
quantitative results of Mitotraker red Dye to visualize mitochondrial mass in normoxia cell and cell treated with or without FAC (2.5 mM), DFO (10 uM)
and Fer-1(2.5 pM) under hypoxia stress for 3 days. (F) Representative images and quantitative results of Lysotraker red DND-99 Dye to visualize acid
lysosomal in normoxia cell and cell treated with or without FAC (2.5 mM), DFO (10 pM) and Fer-1 (2.5 uM) under hypoxia stress for 3 days. Normoxia
was used as a control group for significance analysis. Error bars, mean + s.d., n = 3 (biological replicates)

involvement of iron in hypoxia responses is also demonstrated by
ZF4 cells in which higher cell survival rate is sustained with the
elevation of expression of the iron storage proteins.

Oxygen and iron are important for the health of living
organisms. Hypoxia imposes stress to cells and organisms,
which occurs under both pathological and non-pathological
conditions (Fuhrmann and Brune, 2017). Cells in living
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organisms adapt to hypoxia by changing metabolism, which is
facilitated by changes in protein expression, mRNA or protein
stability that occur at the level of transcription or translation
(Solaini et al., 2010; Zhang et al., 2021). Multiple studies have
clearly shown that oxygen homeostasis and iron metabolism are
interlinked, such as the target of HIF, which play an important
role in cell adaptation to low oxygen levels in normal and
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Response of ZF4 cells to hypoxic stress. (A) Cell Viability was analyzed with PrestoBlue™ HS Cell Viability Regent under normoxia or hypoxia

treated for 1, 2, 3 and 4 d. (B) The mRNA expression of iron absorption and storage gene in ZFL cells was quantified by real-time RT-PCR under
normoxia and hypoxia for 3 days. (C) Western blot analysis of Hif-1a and Ferritin expression in ZF4 cells cultured under normoxia and hypoxia for
3 days. (D) The microscope analysis of morphology changes in ZF4 cells under normoxia or hypoxia treated with or without FAC (2.5 mM), DFO

(10 pM) and Fer-1 (2.5 uM) for 3 days. (E) Cell Viability was analyzed with PrestoBlue™ HS Cell Viability Regent under normoxia or hypoxia treated
with or without FAC (2.5 mM), DFO (10 pM) and Fer-1 (2.5 uM). (F=H) Analysis of changes in general ROS (F), mitochondrial-derived ROS (G) and lipid
peroxidation (H) levels in cells with H2DCFDA, MitoSOX and C11-BODIPY probe under normoxia and hypoxia for 3 days. Cells under hypoxic stress
were rescued with FAC (2.5 mM), DFO (10 uM) and Fer-1 (2.5 pM). Normoxia was used as a control group for significance analysis. Error bars, mean +

s.d., n = 3 (biological replicates).

damaged tissues, are involved in iron homeostasis (Shah and Xie,
2014; Xu et al,, 2017; Yang et al,, 2018; Han et al,, 2022). The
regulation between hypoxia and iron is complexed. On the one
hand, hypoxia stress can cause iron homeostasis disorder (Aral
et al., 2020; Hu et al, 2022); on the other hand, hypoxia is
beneficial and can protect cells from death caused by abnormal
iron metabolism (Ast et al., 2019; Fuhrmann et al., 2020; Ni et al.,
2021). Our study also confirms that maintaining iron
homeostasis is critical to respond to hypoxia stress. The
expression of genes related to iron absorption and storage was
significantly decreased in ZFL cells under hypoxia stress, which
directly correlated hypoxia with iron metabolism.

Frontiers in Physiology

132

Mitochondria are the main consumers of oxygen in cells and
are severely affected by reduced oxygen utilization (Hamanaka
and Chandel, 2009; Dan Dunn et al., 2015). Mitochondria require
large amounts of iron for heme synthesis and iron-sulfur cluster
maturation to form the electron transfer chain essential for
(Hirota 2019). Thus,
metabolism is essential for mitochondrial function and cell

oxidative  phosphorylation iron
survival. Controlling the balance between iron availability and
physiological hypoxia response is important to maintain
intracellular homeostasis (Lakhal-Littleton and Robbins, 2017).
ROS produced by the OXPHOS complex not only manifests as

an unexpected escape of electrons from ETC and transfer to
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molecular oxygen, but also recognized as an important medium
of cellular physiological signaling to cope with hypoxia (Zhang
et al., 2022). As we found, hypoxic stress reduced the free iron
content of cytoplasmic and mitochondrial, thereby reducing the
ROS levels of cytoplasmic and mitochondrial, which can be
restored by iron supplementation. This suggests that the
homeostasis of free iron and ROS levels is important to
respond to hypoxia stress.

Mitochondrial ROS (mtROS) considered as an essential
component of physiological cell communication (Shadel and
Horvath, 2015). Large amounts of mtROS directly destroy
proteins, lipids, and nucleic acids, while low levels of mtROS
act as signaling molecules to adapt to stress (Sena and Chandel,
2012; Fuhrmann and Brune, 2017). Even lower levels of mtROS
are required for normal cell homeostasis (Sena and Chandel,
2012). Therefore, mtROS are not categorically harmful
2014).
mitochondrial biology is altered (Fuhrmann and Brune, 2017).

(Kalogeris et al, In a hypoxic environment,
Presumably, mitochondria try to reduce ROS formation to
reduce the risk of macromolecular damage during hypoxia
(Fuhrmann and Brune, 2017). Excessive mtROS promote
mitochondrial dysfunction and inflammation leading to
mitochondrial damage (Zhao et al, 2021). Mitophagy is an
essential mitochondrial quality control mechanism that
eliminates damaged mitochondria and the production of ROS
(Su et al., 2022). Our study found that iron supplementation can
reduce mitochondrial damage and restore ROS levels produced
by mitochondria, thereby enhancing the ability of cells to
respond to hypoxic stress. There is certainly a need to learn
more about the communicating ability and distinct targets of
ROS under hypoxia and explore how a gradual and time-
dependent decrease of oxygen affects mitochondrial biology.

Several studies of different groups, including marine
gastropods, fish, frog and turtles, have reported increases in
antioxidants during hypoxia (Hermes-Lima and Zenteno-
Savin, 2002). This response to increased antioxidant levels in
low oxygen conditions is called preparation for oxidative stress
(Oliveira et al., 2018). This adaptive mechanism refers to the
increased expression and/or activity of antioxidant enzymes
during hypoxia, which may attenuate the effects of increased
ROS formation during hypoxia (Estrada-Céardenas et al., 2021).
However, it has been suggested that increased mitochondrial
ROS formation induced by hypoxia may trigger the activation of
antioxidant defenses during hypoxia limitation (Welker et al.,
2013). Our study found that hypoxia stress for 3 days led to a
decrease in mitochondrial ROS levels in ZFL cells. Therefore,
further investigations should be directed to study the interplay
between hypoxia, ROS production, antioxidant and tolerance to
hypoxia.

In recent years, research on aquaculture shows that
iron plays an important role in hypoxic response. The
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comparative transcriptomic analysis revealed abundant
and their differential
regulation mechanism in muscle and liver of different

hypoxia response-related genes
common carp strains under acute hypoxia, including HIFs
(hypoxia-inducible factors), MAP kinase, iron ion binding,
and heme binding (Suo et al, 2022). Morphological
observation on three tilapia exhibited widespread hepatic
and splenic inflammation with marked hemosiderin
accumulations which is caused by direct tissue hypoxia
and polycythemia-related iron deposition (Edwards et al.,
2020). Gene ontology enrichment analyses revealed that
genes up-regulated by hypoxia are primarily involved in
cellular iron homeostasis in zebrafish larvae (Long et al,
2015). Therefore, targeting iron homeostasis is a potential
strategy to protect aquaculture against environmental
hypoxia. Our findings show that iron supplementation
improves the ability of ZFL cells to resist hypoxic stress,
which will facilitate future investigation on the hypoxia
response mechanism and provide a solid theoretical basis

for breeding projects in aquaculture.
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The increasing salinization of freshwater resources, owing to global warming,
has caused concern to freshwater aquaculturists. In this regard, the present
study is aimed at economically important freshwater fish, L. rohita (rohu)
adapting to varying degrees of salinity concentrations. The RNA-seq analysis
of kidney tissue samples of L. rohita maintained at 2, 4, 6, and 8 ppt salinity was
performed, and differentially expressed genes involved in various pathways
were studied. A total of 755, 834, 738, and 716 transcripts were downregulated
and 660, 926, 576, and 908 transcripts were up-regulated in 2, 4, 6, and 8 ppt
salinity treatment groups, respectively, with reference to the control. Gene
ontology enrichment analysis categorized the differentially expressed genes
into 69, 154, 92, and 157 numbers of biological processes with the p value <
0.05 for 2, 4, 6, and 8 ppt salinity groups, respectively, based on gene functions.
The present study found 26 differentially expressed solute carrier family genes
involved in ion transportation and glucose transportation which play a
significant role in osmoregulation. In addition, the upregulation of inositol-3-
phosphate synthase 1A (INO1) enzyme indicated the role of osmolytes in salinity
acclimatization of L. rohita. Apart from this, the study has also found a significant
number of genes involved in the pathways related to salinity adaptation
including energy metabolism, calcium ion regulation, immune response,
structural reorganization, and apoptosis. The kidney transcriptome analysis
elucidates a step forward in understanding the osmoregulatory process in L.
rohita and their adaptation to salinity changes.

KEYWORDS

L. rohita, salinity adaptation, transcriptome, kidney, differential gene expression

Introduction

One of the main environmental factors affecting the spatial distribution of aquatic life and
a significant selective force for local adaptation is salinity (Lemaire et al.,, 2002; Thiyagarajan
et al,, 2003; Aktas and Cavdar, 2012). Fish tolerance to variation in salinity depends on their
osmoregulatory mechanism, which plays a key role in the maintenance of body fluid
homeostasis for survival and efficiency (Rubio et al, 2005; Hwang and Lee, 2007). The
kidney is one of the most important osmoregulatory organs, which counterbalances the
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diffusive loss of major mono and divalent ions through the gills and
skin. In freshwater fishes, the kidney produces large volumes of
diluted urine by re-absorption of major ions in proximal, distal,
convoluted tubules and collecting ducts (Takvam et al., 2021). In
recent times, the impact of climate change has resulted in increased
salinity levels in fresh water resources (Chong-Robles et al., 2014;
Yang et al,, 2016; Haque et al., 2020), causing serious effects on the
aquatic ecosystem via osmotic and ionic stresses on aquatic life.

L. rohita (rohu), a local freshwater fish, is distributed
throughout South Asia, Southeast Asia, Sri Lanka, Japan, China,
the Philippines, Malaysia, and Nepal. Rohu has significantly higher
muscle protein content than other major carps (Shakir et al., 2013),
the species commands a good market price, and consumer demand
makes it an economically important fish. Previous studies in L.
rohita have investigated the effects of salinity variations on growth
performance, hematological and histological changes, and survival
(Baliarsingh et al., 2018; Hoque et al., 2020; Murmu et al., 2020);
however, the molecular mechanisms involved in salinity adaptation
are not well understood.

Studies on the identification of candidate genes involved in
adaptation to salinity changes (Zhang et al., 2017) and transcriptome
of osmoregulatory organs in fresh and marine water fishes on
salinity ~variations as environmental stressors have been
undertaken. The studies highlighted candidate genes of the
kidney involved in several pathways such as oxidative
phosphorylation, metabolic process, inflammatory response
(Chen et al, 2021), energy metabolism, immune-related
pathways, and signaling pathways (Xu et al, 2015). In addition,
several differentially expressed solute carrier family (SLC) genes as
candidate genes in osmotic regulation under salinity stress (Nguyen
etal, 2016; Zhang et al., 2017; Zhao et al,, 2021) and the myosin and
keratin family genes involved in cytoskeletal reorganization (Nguyen
et al, 2016; Zhang et al., 2017) have been reported. These studies
indicated that fish have differential regulatory mechanisms toward
salinity adaptation. Therefore, the present study was conducted to
explore the underlying mechanisms of L. rohita during salinity
tolerance using RNA-seq technology.

The current study is focused on transcriptomic
characterization of the L. rohita kidney to gradually increased
salinity conditions. The aim was to compare the differential
expression  patterns of genes among varying = salt
concentrations and identify the genes that play a key role in
salinity tolerance. The findings of this study provide a better
understanding of how L. rohita regulates the genes and pathways

to adapt to elevated salinity concentrations.

Materials and methods
Salinity stress experimental design

The experiment was conducted at the Postgraduate Institute
of Fisheries Education and Research, Kamdhenu University,

Frontiers in Physiology
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Himmatnagar, Gujarat. Healthy L. rohita fingerlings (>10 g)
were acquired and acclimatized to laboratory conditions in
150 L tanks (15 fingerlings/tank) for 7 days with continuous
aeration at 27°C + 5°C. A constant stocking density of 1 gm/L
was maintained throughout the experiment, and the water level
was maintained accordingly. Feeding was carried out three times
a day at the rate of 5% of the body weight. Unused feed and fecal
matter were siphoned out, and 25% of water was replaced daily.
Later, the fingerlings were randomly divided into control and
salinity treatment groups. The experiment was performed in
triplicate.

The control group was maintained at 0 ppt throughout the
experiment, while in the treatment group, it was gradually
increased (1 ppt/day) to the specified salinity (2, 4, 6, and
8 ppt) and thereafter maintained at the particular salinity for
6 days, and on the sixth day, three fish were randomly sampled
from the control and treatment groups. Then, the salinity was
increased to the next level, and the process was repeated until the
last set of samples was collected at 8 ppt on the 32nd day from the
start of the experiment. Survival of the fingerlings was observed
in the control and treated groups. During experimentation, three
fishes from each replicate were randomly selected in respective
time intervals according to the salt concentrations and sampled
immediately. The collected kidney tissue samples were stored
at —80°C in RNA until further RNA extraction. Samples from the
control group were also collected simultaneously during
sampling at specific salinity. Among the collected samples,
one sample each in the control (K1C2, K1C4, K1C6, and
K1C8) and treatment (K1T2, K1T4, K1T6, and K1T8) groups
at 2, 4, 6, and 8 ppt were processed for the transcriptomic
analysis.

RNA extraction, library construction, and
RNA sequencing

Total RNA isolation was carried out using the RNeasy Plus
Mini Kit (QIAGEN, Germany), according to the manufacturer’s
protocol, and the purity of the isolated RNA was checked with the
QIAxpert instrument (QIAGEN, Germany). The quantity and
integrity of the RNA were assessed with the Qubit 4 Fluorometer
(Thermo Fisher Scientific, United States) and Agilent
2100 Bioanalyzer system (Agilent technologies, California,
United States), respectively. Depletion of rRNA was carried
out using Low Input RiboMinus Eukaryote System v2
(Thermo  Fisher, United States). Eight
sequencing libraries were generated from K1C2, K1C4, K1Ce,
K1C8, K1T2, K1T4, K1T6, and K1T8 using the TruSeq Stranded
Total RNA Library Prep Kit (Illumina, California, United States),
following the manufacturer’s instructions, and index codes were

Massachusetts,

added to attribute the sequences of each sample. After
purification of enriched DNA fragments, high-throughput
sequencing (Miseq/NovaSeq 6000) was performed using
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TABLE 1 Details of the biosample and short-read archive (SRA) submission of the L. rohita kidney transcriptome to the NCBI along with the mapping

percentage against the reference genome.

Bioproject accession no. Sample name

PRJNA853878 Ki1c2 SAMN29416598
K1C4 SAMN29416599
K1Ce6 SAMN29416600
K1C8 SAMN29416601
K1T2 SAMN29416602
K1T4 SAMN29416603
K1T6 SAMN29416604
K1T8 SAMN29416605

paired-end chemistry. The raw sequences were submitted to
NCBI Short Read Archive (SRA; Table 1).

Assembly and differential gene expression
analysis

Quality check of data was performed by FastQC (v0.11.9).
After quality control, reads were aligned against the reference
genome L. rohita (Jayanti) breed (GenBank assembly
accession: GCA_004120215.1) with segemehl (v0.2.0-418).
The reference genome and gene model annotation files
(GCA_004120215.1_ASM412021v1)
from the NCBI, and an index of the reference genome was

were  downloaded
generated. The read numbers mapped to each gene were
counted by featureCounts (v2.0.1). The gene expression
levels of each gene were estimated by reads per kilobase of
exon per million mapped reads (RPKM). The count data
were simulated using the seqgendiff v1.2.3 R package
(Gerard, 2020), the analysis of differentially expressed
genes between control and salinity-challenged groups was
performed with the DESeq R package (v1.34.0), and the
genes with the significant p-value (<0.05) applied as the
threshold were considered as differentially expressed genes
(DEGs).

Enrichment and network analysis

To assess the biological significance of up- and
downregulated genes, GO enrichment was performed using
ClueGO in Cytoscape (v3.9.1). ClueGO performs functional
enrichment in terms of biological processes or pathways
which are visualized and grouped to form a network. This
highlights the relationship between the enriched genes and
their ontology. The default parameters used for ontology were
two-sided hypergeometric tests for both enrichment and
depletion. Network specificity was set to detail with a
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Biosample accession no.

Study Accession no. Mapping %
SRP384125 SRR19895145 95.51
SRP384125 SRR19895144 87.41
SRP384125 SRR19895143 83.91
SRP384125 SRR19895142 92.89
SRP384125 SRR19895141 95.51
SRP384125 SRR19895140 85.92
SRP384125 SRR19895139 85.89
SRP384125 SRR19895138 90.2

kappa score (0.4). Benjamini-Hochberg methodology was
applied for statistical pV correction. The DEGs having
log2FC < —-0.5 OR log2FC > 0.5 and p-value <0.05 were
considered for network analysis, and in order to increase
the readability of the text, the networks were manually
arranged.

Results

Survivability of L. rohita under different
salinity concentrations

The survival rate of the fingerlings was found to be 100% up
to 8 ppt salinity concentration. This might be due to the slow and
gradual increase of the salinity, which helped the fingerlings to
adapt to the increased salinity concentrations.

Data preprocessing and identification of
differentially expressed genes

Alignment of reads against the L. rohita (Jayanti) reference
genome revealed mapping percentages that varied from 83.91%
to 95.51% for the control and salinity-challenged groups,
respectively (Table 1). A total of 37,462 transcripts were
obtained in both the control and treatment groups. The total
number of differentially expressed genes (DEGs) (up and down)
is presented in Figure 1 with the threshold of a p-value < 0.05 and
log2 fold change > + 0.5. The entire list of the DEGs is given in
Supplementary Tables S1-S4. The volcano plots representing the
differentially expressed genes for 2, 4, 6, and 8 ppt are presented
in Figures 2-5, respectively. The hierarchical clustering properly
divided the control samples from the salinity-challenged samples
representing the differential regulation of genes at 2, 4, 6, and
8 ppt based on normalized counts for differentially expressed
mRNA libraries of differentially expressed genes (Supplementary
Figures S1-54).
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FIGURE 2

Volcano plot of differentially expressed genes identified
between control and 2-ppt salinity group rohu fish. The X-axis
signifies the Log2 fold change value, and the Y-axis indicates
the —Log10 p value. The ash color dots indicate no significant
difference between the two groups. The green dots indicate
moderately significant and red dots highly significant differential
genes.
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FIGURE 3

Volcano plot of differentially expressed genes identified
between control and the 4-ppt salinity group rohu fish. The X-axis
signifies the Log2 fold change value, and the Y-axis indicates
the —Log10 p value. The ash color dots indicate no significant
difference between the two groups. The green dots indicate
moderately significant and red dots highly significant differential
genes.

salinity stress in L. rohita. However, in the differential
expression analysis, each gene is considered independently,
while in reality, the expressions of gene and gene products are
interconnected and function in networks. Hence, to discover the
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FIGURE 4

Volcano plot of differentially expressed genes identified
between control and the 60-ppt salinity group rohu fish. The
X-axis signifies the Log?2 fold change value, and the Y-axis indicates
the —Log10 p value. The ash color dots indicate no significant
difference between the two groups. The green dots indicate
moderately significant and red dots highly significant differential
genes.
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FIGURE 5

Volcano plot of differentially expressed genes identified between
control and the 8-ppt salinity group rohu fish. The X-axis signifies the
Log2 fold change value, and the Y-axis indicates the —Log10 p value.
The ash color dots indicate no significant difference between the

two groups. The green dots indicate moderately significant and red
dots highly significant differential genes.

genes which are co-expressed, GO enrichment analysis was
conducted using ClueGO, which has also generated the
visualization of interactions between different biological
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pathways (Figures 6-9) and thus grouped into biological
processes based upon the similarity in the functionality of the
genes. In 2, 4, 6, and 8 ppt salinity concentrations, the most
enriched biological processes are given in Table 2
(Supplementary Figures S5-S8). A complete list of all enriched
biological processes along with GO ids and associated genes is
reported in Supplementary Tables S5-S8.

The overall GO enrichment analysis of 2, 4, 6, and 8 ppt
salinity concentrations revealed many specific modified
pathways in relation to salinity stress. The biological processes
predominantly enriched are involved in osmoregulation (GO:
0005246, GO:0015114, GO:0008331, GO:1901841, GO:1901842,
GO0:0034766, GO:0032413, GO:1904063, GO:2001258, GO:
0015114, and GO:0045162), osmolyte production (GO:
0014066, GO:0005368, GO:0005369, GO:0046934, GO:
0052812, GO:0052813, GO:0004430, and GO:0015734), energy
metabolism (GO:0006850, GO:0019427, GO:0006083, GO:
1902001, GO:0005324, GO:0050996, GO:0090207, GO:
0090208, GO:0010896, and GO:0010898), calcium ion
regulation (GO:0005246, GO:0002115, GO:2001256, GO:
0008331, GO:1901841, GO:1901842, GO:0051926, GO:
1903170, and GO:1901020), immune response (GO:0002369,
G0O:0002709, GO:0001959, GO:0034341, GO:0060330, GO:
0071346, GO:0060333, GO:0032480, and GO:0060334), and
apoptosis (GO:0008630, GO:0030262, GO:0006309, and GO:
0043523).

The GO enrichment analysis is restricted to L. rohita, not a
model species, and thus, rohu-specific annotations are not readily
recognized. Therefore, we further explored the differentially
expressed genes individually and observed genes involved in
hypersalinity stress, viz., genes involved in the activation of
hypoxia-related pathways, endoplasmic reticulum-associated
protein degradation, cell cycle arrest, FOXO signaling
pathway, and the genes involved in the structural
reorganization and detoxification under environmental shift
(migration from freshwater to saltwater).

Discussion

A significant number of genes were differentially expressed
upon salinity adaptation in L. rohita. We have discussed key
components of categories and their potential functions in
response to salinity variations.

Earlier, it has been reported that 20%-62% of the total energy
of a fish is spent on osmoregulation under elevated salinity levels
(Beeuf and Payan, 2001). In our study, there was upregulation of
acyl-CoA synthetase (ACS), polyketide synthase (PKS), and
malonyl acyl carrier mitochondrial (MCAT) key enzymes
utilized in the energy metabolism. ACS plays an important
role in the production of acetyl-CoA, which involves fatty acid
synthesis and the tricarboxylic acid (TCA) cycle (Fujino et al.,
2001). MCAT is an important metabolic enzyme in the saturated
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ClueGO enrichment network of the 2-ppt salinity-challenged treatment group DEGs of L. rohita, with the p-value cut-off <0.05, the
interactions of the GO term network determined by functional nodes, and edges shared between differentially expressed genes with a kappa score of
0.4. The generated network has 121 nodes and 164 edges. Each node represents an individual biological process, and the color refers to the GO
group. In total, 41 GO groups are present in the network, and edges represent the relationship between the GO terms based on the similarity of
their associated genes. The bold font indicates an important GO term that defines the name of the biological process of each group.

fatty acid synthesis pathway, and its upregulation has a positive Corresponding to the overexpression of lipid metabolic
effect on the accumulation of C16 and C18 fatty acids (Simon and enzymes, lipid transporters such as apolipoproteins (APOLSG,
Slabas, 1998). Polyunsaturated fatty acids (PUFA), produced APOB, APOE, APOAI, and APOL3) and SLC22A5 were
through the PKS pathway, are catalyzed by polyketide upregulated. APOE and APOB act as ligands for the

synthase (PKS) (Metz et al, 2001). The upregulated PKS lipoprotein receptors and are involved in the transportation of
indicated the increased production of PUFA as the salinity lipids. Similar results were reported in spotted sea bass under
tolerance of L. rohita, as concluded by Sui et al. (2007) in salinity stress-responsive transcriptomic analysis (Zhang et al.,
Chinese mitten crab larvae. Along with the genes involved in 2017). This inferred that the lipid metabolism plays an important
the energy metabolism, several genes with functions of role in energy production to maintain osmoregulation under
transporting  molecules  were differentially  expressed. salinity stress in L. rohita. The differential expression of several
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solute carrier family genes that participate in glucose
transportation, i.e., SLC2A2, SLC2A1, SLC2A9, SLC2A11, and
SLC5A1 and in amino acid transportation, SLC7A3, was observed
in L. rohita. During high salinity conditions, the free amino acids
can be metabolized in order to provide the ATP necessary for the
metabolic process (Nguyen et al, 2016) and can also be
potentially involved in the regulation of intracellular osmotic
pressure (Venkatachari, 1974; Tseng and Hwang, 2008).

In addition to this, there was differential expression of other
SLC family genes (SLCI3AI, SLC41AI, SLC26A6, SLC4A4,
SLCI2A1, SLC12A3, SLCI12A4, SLC20A1, and SLC34A1) which
indicated the reduced re-absorption levels of the major ions in
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the kidney as the fish were adapting to the salt water. This finding
coincides with that of Watanabe and Takei (2011) for euryhaline
fish, where migration from freshwater to saltwater caused a
drastic change in ion regulation in the opposite direction,
from absorption to excretion in osmoregulatory organs such
as the gills, kidney, and intestines. Interestingly, there was also an
enrichment of the calcium channel regulatory activity, regulation
of store-operated calcium entry biological processes, and also
differential regulation of phospholipase C beta 4 (PLCB4) and
inositol 1,4,5 trisphosphate receptor (IP3R) type II genes, causing
the release of calcium from the endoplasmic reticulum
(Vervloessem et al., 2014). Calcium has been known to be
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ClueGO enrichment network of the 6-ppt salinity-challenged treatment group DEGs of L. rohita, with the p-value cut-off <0.05, the
interactions of the GO terms network determined by functional nodes, and edges shared between differentially expressed genes with a kappa score
of 0.4. The generated network has 148 nodes and 217 edges. Each node represents an individual biological process, and the color refers to the GO

group. In total, 49 GO groups are present in the network, and edges represe
their associated genes. The bold font indicates an important GO term tha

nt the relationship between the GO terms based on the similarity of
t defines the name of the biological process of each group.

involved in many biological pathways including the apoptotic
process (Jiang et al., 1994) and also cell survival through cAMP-
(CREB), Ca**-activated
(Bito and Takemoto-Kimura, 2003;
Persengiev and Green, 2003). The differential expression of
CREB-regulated
kinases (phosphorylation of serine, which is related to CREB
activity) (PK, 1992) demonstrates that Ca*" activates the CREB as
a pro-survival
environmental conditions.

responsive element binding a

transcription  factor

transcription  co-activators and  protein

transcription factor under hyperosmotic
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Likewise, L. rohita also showed various interesting
mechanisms  involved in  osmolyte production to
counterbalance the osmotic pressure induced due to

hypersalinity. The upregulation of the inositol-3-phosphate
synthase 1A (INOI) enzyme, SLC6A6, and SLC6AI8 was
noticed. The INOI gene converts glucose-6-phosphate to 1D
myo-inositol-3-phosphate, eventually converting to myo-inositol
(Sacchi 2013). The of
phosphatidylinositol 4-kinase alpha and phosphatidylinositol

et al, enzymatic  action

5-phosphate-4-kinase through a series of events leads to the
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ClueGO enrichment network of the 8-ppt salinity-challenged treatment group DEGs of L. rohita, with the p-value cut off <0.05, the interactions

of the GO terms network determined by functional nodes, and edges shared between differentially expressed genes with a kappa score of 0.4. The
generated network has 238 nodes and 550 edges. Each node represents an individual biological process, and the color refers to the GO group. In
total, 63 GO groups are present in the network, and edges represent the relationship between the GO terms based on the similarity of their
associated genes. The bold font indicates an important GO term that defines the name of the biological process of each group.

myo-inositol synthesis (KEGG pathway id: 00562) (Figure 10).
SLC6A6 and SLC6AI8 genes involved in the sodium and
chloride-dependent taurine transport determine the role of
taurine as an osmolyte in the acclimatization of L. rohita to
hypersalinity conditions. Similar conclusions were also made by
Gongalves et al. (2011) in Nile tilapia.

The significant differential expression of the myosin gene family
members (MYOIH, MYO6, MYO3B, MYO5B, MYO28A, MYHSY,
MYO9A, MYO7A, and MYLK), keratin (KRT-8), and collagen
family genes in rohu under a high salt concentration was
observed. The genes encoding the structural components of the

Frontiers in Physiology

144

cytoskeleton induced at hypersalinity conditions might be to adjust
the elements for cell reorganization during cell volume regulation
(Nguyen et al, 2016) under osmotic stress to maintain the
equilibrium. The increased expression of myosin light chain
genes was also found in Pangasianodon hypophthalmus (Nguyen
et al, 2016) and L. maculatus (Zhang et al., 2017) under salinity
stress, whereas the expression of keratin-related genes was observed
in catfish under heat stress (Liu et al., 2013). In rohu, under high salt
concentration, the gradual upregulation of several cytochrome
P450 genes and several isoforms of glutathione-S-transferase
(GST) (Supplementary Tables S1-54) was observed among the
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TABLE 2 List of predominantly enriched GO terms with their biological processes (based on the number of genes involved) of the L. rohita kidney
transcriptome under increased salinity concentrations obtained from the ClueGO network analysis of DEGs.

Salinity concentration (ppt) GO ids Biological process
2 0046416 D-amino acid metabolic process
0090481 Pyrimidine nucleotide-sugar transmembrane transporter activity
0005246 Calcium channel regulator activity
0002115 Store-operated calcium entry
0045494 Photoreceptor cell maintenance
0019136 Deoxynucleoside kinase activity
4 0046416 D-amino acid metabolic process
0046514 Ceramide catabolic process
0006379 mRNA cleavage
0030836 Positive regulation of actin filament depolymerization
0034341 Response to interferon-gamma
0051030 snRNA transport
0009164 Nucleoside catabolic process
6 0019478 D-amino acid catabolic process
0016519 Gastric inhibitory peptide receptor activity
0046626 Regulation of the insulin receptor signaling pathway
0035672 Oligopeptide transmembrane transport
0004340 Glucokinase activity
0006562 Proline catabolic process
8 0032413 Negative regulation of the ion transmembrane transporter activity
0009164 Nucleoside catabolic process
0005368 Taurine transmembrane transporter activity
0043409 Negative regulation of MAPK cascade
0043154 Negative regulation of the cysteine-type endopeptidase activity involved in the apoptotic process
0019432 Triglyceride biosynthetic process
0006526 Arginine biosynthetic process
0032217 Riboflavin transmembrane transporter activity
0019405 Alditol catabolic process
0071480 Cellular response to gamma radiation
0006122 Mitochondrial electron transport, ubiquinol to cytochrome ¢
0006782 Protoporphyrinogen IX biosynthetic process
0006048 UDP-N-acetylglucosamine biosynthetic process
0006573 Valine metabolic process

four salinity treatment groups. CYPIA is believed to be important in
acclimatization of freshwater fishes to a higher salt concentration,
and increased expression was also reported in Oncorhiynchus mykiss
(Leguen et al, 2010), Geophagus mirabilis (Evans and Somero,
2008), and Oncorhynchus kisutch (Lavado et al, 2014) gill
transcriptome studies. Glutathione-S-transferase (GST) quenches
reactive molecules and catalyzes glutathione conjugation to
hydrophobic and electrophilic substrates, thus protecting the cells

Frontiers in Physiology

against an oxidative burst (Kumar and Trivedi, 2018). The results
coincided with transcriptomic findings of Anguilla anguilla
(Kalujnaia et al,, 2007) and P. hypophthalmus (Nguyen et al., 2016).

Furthermore, the exploration of significantly expressed genes
manifested an ER-associated degradation (ERAD) of misfolded
proteins (KEGG term ID: 04141) (Supplementary Figure S9) as a
consequence of the wunfolded protein response. The
alpha-1,2-

overexpressed mannosyl-oligosaccharide
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taurine) of the L. rohita kidney after transferring to a high salt concentration. PI4KA, phosphatidylinositol 4-kinase alpha; PIP5K, phosphatidylinositol-
4-phosphate 5-kinase; PLCH, phospholipase C-like protein; ITPK, inositol trisphosphate 3-kinase; INPP5J, phosphatidylinositol 4,5-bisphosphate-
5-phosphatase; PIP4K2, phosphatidylinositol 5 phosphate-4-kinase; INO1, inositol-3-phosphate synthase; SLC6A6, solute carrier family

6 member 6; SLC6A1S8, solute carrier family 6 member 18.

mannosidase (MANIAI) gene accelerated the ER-associated
degradation of misfolded proteins (Hosokawa et al, 2007;
Ogen-Shtern et al., 2016). The conceptual hypothesis from the
differentially expressed genes is that terminally misfolded
proteins were recognized by ERAD substrate recognizers, BiP
(HSPAS5), a molecular chaperon, and endoplasmic reticulum
lectin 1 (ERLECI) gene (Nakatsukasa and Brodsky, 2008) and
translocated to the cytoplasm called retrotranslocation. Then,
ERAD substrates interacted with the E3 ubiquitin ligase complex
(DNAJB2, HSPAI, and UBE2D) in the cytoplasm, and the
ubiquitinated substrates were delivered to the proteasome by
the p97 complex (VCP), an ATP-requiring hexameric AAA
ATPase (Ye et al., 2001; Jarosch et al., 2002; Rabinovich et al.,
2002). There was an upregulation of HERPUDI gene, which also
acted as a shuttle factor for delivering the ubiquitinated ERAD
substrates to the proteasome (Okuda-Shimizu and Hendershot,
2007; Huang et al., 2014). There was also a differential expression
of several proteasomal subunits (PSMD2, PSMD6, PSMDIO0,
PSMD11, PSMDI12, PSMB2, PSMB6, PSMB7, PSMG4, and
PSME3) which explains the proteasomal degradation of
ubiquitinated proteins through an ATP-dependent mechanism
(Motosugi and Murata, 2019). Corresponding to this, there was
also the upregulation of NEK5, polyubiquitin B, C, and
cathepsins involved in removal or degradation of misfolded
proteins (Pratt et al., 2010; Kaminskyy and Zhivotovsky, 2012;
Lin and Qin, 2013; Bianchi et al., 2019).
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In addition, an elevated salt concentration also had an influence
on the immune response in L. rohita. There was a differential
expression of genes involved in the phagosome pathway (KEGG
term id: 04145) (Supplementary Figure S10). Manifestation of the
phagocytic process under salinity stress was also reported in
Oreochromis ~ mossambicus ~ (Jiang et al, 2008) and P.
hypophthalmus (Schmitz et al,, 2017). Maturation of phagosomes
leads to the antigen presentation by MHC complex I/IT and causes the
activation of T cells (Krogsgaard et al., 2005). Moreover, there was an
enrichment of biological processes such as the regulation of T-cell-
mediated immunity and regulation of T-cell cytokine production.
Continuous downregulation of the lysozyme G activity was found
across the four salinity-challenged groups, which might be due to the
increased complement activity, as also observed in O. mossambicus
after transferring to saltwater (Jiang et al,, 2008).

Transfer of L. rohita from freshwater to saltwater stimulated the
pathways involved in prolonging the lifespan of the species. Among
them, the FOXO signaling pathway (KEGG term ID: 04068)
S11) inhibited
apoptosis, depending on the level of stress. In case of prolonged

(Supplementary  Figure either induced or
stress, apoptosis of the abnormal cells prolonged the longevity of the
organism (Carter and Brunet, 2007). The cellular senescence
pathway (KEGG term ID: 04218) (Supplementary Figure S12)
caused cell cycle arrest and can be triggered in response to
different kinds of stress. Under hypersalinity stress, cellular

senescence may be an alarming response to prevent the
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multiplication of abnormal cells and protect the animal (Kumari and
Jat, 2021). There was also enrichment of the apoptotic pathway
(KEGG term ID: 04210) (Supplementary Figure S13). Under the
salinity effect, these three pathways might balance cell proliferation
and survival to maintain cellular homeostasis in L. rohita.

Conclusion

The current experiment investigated the transcriptomic
response of the L. rohita kidney treated under four different salt
concentrations (2, 4, 6, and 8 ppt). From the molecular aspect,
during adaptation to high salinity levels, L. rohita produced
significant changes in osmoregulation, energy metabolism,
hypoxia, protein processing, immune response, structural
reorganization, and detoxification, suggesting the importance of
core components of the kidney in salinity acclimatization. The
differential gene expression patterns and their pathways give
insights into the molecular mechanisms involved in the salinity
adaptation in rohu. Our findings also support the earlier studies on
L. rohita for the plasticity of salinity tolerance and the maintenance
of individuals at low-to-moderate salt concentrations without
affecting their performance. The transcriptomic information also
suggests the scientific basis of response to climate change, causing
increased salinity levels in freshwater resources and is also helpful to
scientists involved in research on freshwater fishes.
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