:' frontiers ‘ Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

Yiming Li,
Fishery Machinery and Instrument Research
Institute, China

Yewei Dong,

Zhongkai University of Agriculture and
Engineering, China

Xueshan Li,

Jimei University, China

Kunhuang Han
hankunhuang@Foxmail.com

Weiging Huang
07huangweiqgingl63.com

03 February 2024
22 February 2024
22 March 2024

Lin Z, Huang C, Zhuo Z, Xie J, Lan H, Hu B,
Zhang C, Han K and Huang W (2024)
Molecular cloning and characterization of
three carnitine palmitoyltransferase (cpt)
isoforms from mud crab (Scylla
paramamosain) and their roles in respond to
fasting and ambient salinity stress.

Front. Mar. Sci. 11:1381263.

doi: 10.3389/fmars.2024.1381263

© 2024 Lin, Huang, Zhuo, Xie, Lan, Hu, Zhang,
Han and Huang. 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 Marine Science

Original Research
22 March 2024
10.3389/fmars.2024.1381263

Molecular cloning and
characterization of three
carnitine palmitoyltransferase
(cpt) isoforms from mud crab
(Scylla paramamosain) and their
roles in respond to fasting and
ambient salinity stress

Zhideng Lin*?, Chaoyang Huang®, Zhengrui Zhuo*, Jun Xie®,
Hongliang Lan*, Bixing Hu*, Chengkang Zhang?,

Kunhuang Han"* and Weiqing Huang***

College of Marine Science, Ningde Normal University, Ningde, China, 2Engineering Research Center

of Mindong Aquatic Product Deep-Processing, Ningde Normal University, Ningde, China, *College of
Biological Sciences and Engineering, Ningde Normal University, Ningde, China

As rate-limiting enzymes of B-oxidation of fatty acids in mitochondria, the
carnitine palmitoyltransferase (CPT) played an important role in regulating
energy homeostasis of aquatic animals. However, there was very little research
on B-oxidation of fatty acids in crustaceans. In the present study, the full-length
cDNA sequences of cpt-la, cpt-1b and cpt-2 were isolated from the
hepatopancreas of Scylla paramamosain, and contained 4206, 5303 and 3486
bp respectively. Sequence analysis showed that the CPT-1A, CPT-1B and CPT-2
encoded proteins with 777, 775 and 672 amino acids respectively, and only the
CPT-1A possessed a transmembrane region. In addition, both the CPT-1B and
CPT-2 contained conservative functional domains like N-terminal domain and
acyltransferases choActase 2, while the CPT-1A lacked. The results of
phylogenetic tree indicated that the CPT-1A, CPT-1B and CPT-2 of S.
paramamosain gathered together with their corresponding orthologues from
crustaceans. The tissue distribution exhibited that the cpt-Ia was highly
expressed in hepatopancreas, followed by muscle, eyestalk and cranial ganglia,
and the muscle, eyestalk and heart were main expressed tissues of cpt-1b.
Furthermore, the high expression levels of cpt-2 were mainly detected in
hepatopancreas, muscle and heart. The transcriptional levels of cpt-la, cpt-1b
and cpt-2 were significantly up-regulated under chronic low salinity stress.
Besides, at the acute low salinity stress condition, the expression levels of cpt-
la, cpt-1b and cpt-2 in hepatopancreas were dramatically increased in 14%. and
4%. salinity groups at the 6h and 48h, while the transcriptional levels of cpt-1a,
cpt-1b and cpt-2 in muscle were signally up-regulated in 14%. and 4%. salinity
groups at the 12h and 24h, showing an alternate response pattern. Similarly, the
present study found that fasting could markedly increase the expression levels of
cpt-la, cpt-1b and cpt-2 in hepatopancreas and muscle, especially cpt-1a in
hepatopancreas as well as cpt-la and cpt-1b in muscle. The results above
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indicated that the cpt-1la, cpt-1b and cpt-2 played a crucial part in providing
energy for coping with fasting and salinity stress. These results would contribute
to enhancing the knowledge of cpt phylogenetic evolution and their roles in
energy metabolism of crustaceans.
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B-oxidation of fatty acids, carnitine palmitoyltransferase, fasting, salinity stress,
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1 Introduction

Carnitine palmitoyltransferase (CPT) is a rate-limiting enzyme
for B-oxidation of long-chain fatty acids in mitochondria including
two subtypes CPT-1 and CPT-2, which plays an important role in
maintaining energy balance of body (Bartlett and Eaton, 2004). The
enzymes involved in B-oxidation of fatty acids are existed in the
mitochondrial matrix, while the activated long-chain acyl-
coenzyme A (CoA) in cytoplasm cannot pass freely through the
mitochondrial inner membrane (Xu et al., 2017; Wang et al., 2021).
The CPT-1 and CPT-2 are located in the inner and outer membrane
of mitochondria respectively, and mutual collaboration participate
in transport of long-chain fatty acids in mitochondria (Kerner and
Hoppel, 2000). The CPT-1 can catalyze acyl groups of long-chain
acyl-CoA and carnitine to form acyl carnitine, and the complex
above further passed, and then the complex above passes through
the inner membrane into the matrix via the carnitine-acylcarnitine
translocase (De Paula et al., 2023). Ultimately, the acyl groups are
separated from the hydroxyl group of carnitine to become long-
chain acyl-CoA and carnitine under the catalysis of CPT-2 (Akieda
et al., 2024). After entering the mitochondrial matrix, acyl CoA
becomes the substrate of f-oxidation.

Currently, the study of ¢pt paid more attention to the ¢pt-1, and
studies have confirmed that there were three subtypes of ¢pt-1 in
mammals including cpt-1a (Liver type), cpt-1b (Muscle type) and
cpt-1c (Brain type) (Price et al., 2002; Lopes-Marques et al., 2015).
There were significant differences in the expression of these three
genes in different tissues. The cpt-Ia was mainly distributed in liver,
kidney and colon, the cpt-1b was highly expressed in skeletal
muscle, heart, and testicles (McGarry and Brown et al, 1997),
while the cpt-Ic was only observed in neurons (Price et al., 2002). By
contrast, cpt-1 in teleosts only existed two subtypes, named cpt-1a
and cpt-1b, which were found in Monopterus albus (Chao et al.,
2024), Takifugu obscurus (Liu Q. et al., 2020), Pelteobagrus
fulvidraco (Zheng et al., 2013), Larimichthys crocea (Wang et al,
2019), Ctenopharyngodon idellus (Shi et al., 2017), Oreochromis
niloticus (Bayir et al., 2020), Sparus aurata (Boukouvala et al., 2010)
and Oncorhynchus mykiss (Gutieres et al., 2003). Besides, studies in
C. idellus (Shi et al., 2017), O. niloticus (Bayir et al., 2020) and P.
fulvidraco (Zheng et al., 2013) observed that their cpt-Ia subtypes
possessed multiple isoforms, which may be the results of the
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multiplication of fish genomes. The cpt-1 of most fish was
primarily high expression in tissues with high-energy
requirements like liver, heart and muscle (Zheng et al., 2013; Shi
et al,, 2017; Wang et al., 2019; Bayur et al., 2020; Chao et al., 2024).
Compared with the cpt-1, the cpt-2 did not observe the presence of
subtypes and there are few studies on c¢pt-2 in teleosts, which was
merely covered in C. idellus (Shi et al., 2017) and M. albus (Chao
etal,, 2024). In addition, the structure and function of cpt-1 and cpt-
2 were still poorly understood in crustaceans and only reported in
Eriocheir sinensis (Liu et al., 2018).

[B-oxidation of fatty acids is one of the most important lipolysis
reactions in animals, which is precisely regulated. The currently
known regulatory mechanisms about -oxidation of fatty acids in
teleosts were mainly involved in hormone, nuclear receptor and
microRNA (Dreyer et al., 1992; Esau et al., 2006; Wu et al., 2016;
Ning et al, 2019). The hormone regulation primarily included
insulin and glucagon, the insulin was negatively correlated with
[-oxidation of fatty acids, but glucagon showed positive correlation.
Peroxisome proliferation-activated receptor (PPARs) is one of the
main nuclear receptors controlling lipid catabolism. Studies have
found that PPARs existed three subtypes named PPARo, the
PPARP and PPARY, and the PPARa and PPARP subtypes played
a regulatory role in promoting B-oxidation of fatty acids, while the
PPARY focused on regulating the process in B-oxidation of fatty
acids (Dreyer et al., 1992; Berger and Moller, 2002). In addition, the
B-oxidation of fatty acids in fish was affected by many factors
including physiology (growth stage and nutriture), environment
(water temperature, salinity and pollutants) and diets (lipid sources,
lipid levels, carnitine, choline, betaine and vitamins) (Ning et al.,
2019). In comparison, influence factors and regulatory mechanisms
about B-oxidation of fatty acids in crustaceans were still unclear.

The mud crab (Scylla paramamosain) is an economically
important crustacean. Due to large size, fast growth and special
flavor, the mud crab has been widely cultured in southern China
and many Indo-Pacific countries, and the production of mud crab
in China was reported as 154,661 tons in 2022 (China Fishery
Statistical Yearbook, 2023). Improving the energy supply of lipid
decomposition can help to exert the “protein-saving effect” of lipid
as well as alleviate the problems of growth inhibition, decline in
stress resistance and impaired food quality caused by abnormal
accumulation of lipid, thus the study of lipid catabolism in aquatic
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animals has gradually become a hot spot in the current research of
aquatic animal physiology. The B-oxidation of fatty acids was
considered as the most important pathway of lipid catabolism in
animals. However, the studies of B-oxidation of fatty acids in
crustaceans were still in infancy. Therefore, in the present study,
we investigated the molecular characterization of three rate-limiting
enzymes of fatty acids B-oxidation (cpt-1a, cpt-1b and cpt-2) in mud
crab and their roles in respond to fasting and ambient salinity stress.
These results will contribute to providing new insights into cpt
phylogenetic evolution and increasing the knowledge of ¢pt roles in
lipid catabolism of crustaceans.

2 Materials and methods

2.1 Salinity and starvation
stress experiments

The acute low salinity stress experiment was performed in the
farming system of Ningde Normal University. Healthy mud crabs
procured from a local crab farm in Sandu bay (Ningde, Fujian,
China), were temporarily cultured for acclimatization before
processing. Three salinity levels were set in the present study
containing one control group (24%o salinity) and two groups (14%o
and 4%o salinity). Seventy-two vibrant mud crabs (average weight:
68.66 = 1.38 g) were selected and randomly allocated into twelve
polypropylene buckets (Zhongkehai, Qingdao, China). There were
three treatments, each with four replicates, and each replicate with six
crabs. During the experiment, the mud crabs were fed with a local
bivalve mollusk (Sinonovacula constrzcta), and seawater was
exchanged twice daily. The hepatopancreas, muscle and gill were
obtained at 0, 6, 12, 24, 48 and 96 h after the salinity stress treatment,
and the samples were immediately frozen in liquid nitrogen and kept
in —80°C for further RNA extraction. In addition, the chronic low
salinity stress experiment contained four experimental groups (22%o,
17%o, 12%o and 7%o salinity) and one control group (27%o salinity),
and the starvation stress experiment included starvation group
(experimental group) and feeding group (control group). The crab
size, design, experimental condition, and sampling of the chronic low
salinity stress and starvation stress experiments have been presented
in our previous study (Lin et al., 2023).

2.2 Gene cloning

As the center of lipid metabolism, the fresh hepatopancreas of
mud crab was applied for isolating the total RNA by using TRNzol
Universal Reagent (Tiangen, Beijing, China). After assessing
integrity and purity of the total RNA, the high quality samples
were reverse transcribed into first-strand cDNA by using SMART
RACE cDNA Amplification kit (Clontech, USA) according to
manufacturer’s protocol. The obtained cDNA was stored at -20°C
for further processing. Partial cpt-la, cpt-1b and cpt-2 cDNA
sequences of mud crab were obtained from transcriptome data.
Based on the partial sequences above, primers were designed for
obtaining 5 and 3’ untranslated region (UTR) sequence
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information of the cpt-1a, cpt-1b and cpt-2 cDNA. The primes
used for cloning have been shown in Table 1. Combining the touch-
down PCR (first round PCR) and nested PCR (second round PCR)
strategies, 5" and 3> UTR of c¢pt-1a, cpt-1b and cpt-2 cDNA were
obtained by 5 and 3’ rapid amplification of cDNA ends (RACE)
methods respectively. The amplification program and reaction
system of touch-down PCR and nested PCR have been given in
our previous study (Lin et al.,, 2023). The target fragments were
separated with 1% agarose gel and purified with a TIANgel MIDI
Purification Kit (Tiangen, China). The purified target fragments
were further connected to pMD19-T vector (Takara, China) and
sequenced by a commercial company (Tsingke, China).

2.3 Sequence and phylogenetic analysis

The identity and similarity of sequences were analyzed by using
BLAST at the National Center for Biotechnology Information
(http://www.ncbinlm.nih.gov/). The open reading frame position
was predicted by using ORF Finder (https://www.ncbi.nlm.nih.gov/
orffinder/). Transmembrane structure was forecasted by making use
of TMHMM 2.0 (https://services.healthtech.dtu.dk/services/
TMHMM-2.0/). ExPASy ProtParam tool (https://web.expasy.org/
protparam/) was applied to calculate the proteic molecular mass
and isoelectric point. Proteic secondary structure and structural
domain were analyzed by using NPS Server (https://npsa-
prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/
npsa_sopma.html) and InterPro (https://www.ebi.ac.uk/interpro/),
respectively. SignalP5.0 Server (https://services.healthtech.dtu.dk/
services/SignalP-5.0/) was chosen to predict signal peptide.
SWISS-MODEL (https://swissmodel.expasy.org/) was used to

TABLE 1 Names and sequences of primers used in the present study.

Primer Sequence (5°-3') Objective

Oligo- AAGCAGTGGTATCAACGCAGAGTACXXXXX | First-Strand
cDNA
Synthesis

UPM CTAATACGACTCACTATAGGGCA RACE-PCR

(long) AGCAGTGGTATCAACGCAGAGT

UPM CTAATACGACTCACTATAGGGC RACE-PCR

(short)

NUP AAGCAGTGGTATCAACGCAGAGT RACE-PCR

B-actin F GCCCTTCCTCACGCTATCCT qRT-PCR

B-actin R = GCGGCAGTGGTCATCTCCT qRT-PCR

18S TACCGATTGAATGATTTAGTGAGG qRT-PCR

rRNA F

18S CTACGGAAACCTTGTTACGACTT qRT-PCR

rRNA R

MI3F CGCCAGGGTTTTCCCAGTCACGAC PCR
screening

MI3R AGCGGATAACAATTTCACACAGGA PCR
screening

(Continued)
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TABLE 1 Continued

Primer Sequence (5°-3’) Objective
For cpt-1a clone and qRT-PCR

cpt-la GGCCGGTGTCTGATGAGGGATACG 3’RACE
3-1

cpt-la GTCCCAAGCCTGTGCTAGTTCCCG 3’RACE
32

cpt-la GCTTGAAGGACTTGGGTGGAGGCA 5RACE
5-1

cpt-la CGCTGGCAGGAGTACAGGGAAGGCT 5RACE
5-2

Q-cpt- CCAGGCAGGTATCAAGAGCAGC qRT-PCR
la F

Q-cpt- GAACTCGCACAGTGGAGAAGAGG qRT-PCR
laR

For cpt-1b clone and qRT-PCR

cpt-1b TGATCCATTACCATGTGGCAGGAAGGC 3’RACE
3-1

cpt-1b GGAAGCCAGCTTGTGAAGAGAACCATG 3RACE
32

cpt-1b CAGTTGCGTGGGATCATCAGGGCTAT 5RACE
5-1

cpt-1b CATGTGTCACATTGGCTGCCCGAG 5RACE
52

Q-cpt- AATGTGCAATGCGGTCTGTTTC qRT-PCR
1b F

Q-cpt- ACACTTTGGGCTGGTTCCTCTAA qRT-PCR
bR

For cpt-2 clone and qRT-PCR

cpt-23-1 | TGGCCAGCTTGATGTCACACCTGTG 3’RACE
cpt-23-2 | AGATGGTCATGGGGGAGCAGTGTGA 3’RACE
cpt-25-1 | GAACTCCAGCCTGCGGACAAGTTTTG 5’RACE
cpt-25-2 | GCTTTGGGATGCGAGTGGAGTTGAA 5RACE
Q-cpt- ACAAGGCAAATAAACACACCAGC qRT-PCR
2F

Q-cpt- ATGAACCTCAGAGACGACACCAA qRT-PCR
2R

X, undisclosed base in the proprietary SMARTer oligo sequence.

evaluate tertiary protein structure. Multiple alignments were
performed using DNAMAN software. The phylogenetic tree
construction was built using the software MEGA version 7.0 with
confidence in the resulting phylogenetic tree branch topology
measured by bootstrapping through 10000 iterations.

2.4 Quantitative real-time PCR

For tissue distribution analysis, six mud crabs (body weight:
49.50 + 1.18 g) were purchased from a local crab farm in Sandu bay
(Ningde, Fujian, China). After being anesthetized with ice, the crabs
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above were dissected for obtaining tissues of hepatopancreas,
cranial ganglia, thoracic ganglia, eyestalk, gill, intestine, muscle
and heart. Quantitative real-time PCR was applied to determine
the expression levels of cpt-1a, cpt-1b and cpt-2 in different tissues
above as well as expression levels in respond to salinity and
starvation stress. The TRNzol Universal Reagent (Tiangen, China)
was used to extract the total RNA of samples. Then, 1 pug high-
quality total RNA of each sample was applied to synthesize cDNA
template with PrimeScript® RT reagent Kit with gDNA Eraser
(Takara, Dalian, China), and further diluted into working fluid by
adding 4 times ultra-pure water. The quantitative real-time PCR
was performed in QuantStudio 3 (Thermo Fisher, USA). The
procedure of quantitative real-time PCR contained a hold stage
(95°C for 30 s), PCR stage (40 cycles of 95°C for 10 s and 60°C
for 30 s) and melt curve stage (95°C for 15 s, 60°C for 60 s and 95°C
for 15 s). The reaction system of quantitative real-time PCR
executed in a total volume of 20 UL including 10 UL 2 x ChamQ
Universal SYBR qPCR Master Mix (Q711-02/03, Vazyme
Biotech Co., Ltd., Nanjing, China), 1.0 puL of the diluted cDNA
template, 0.4 UL of each primer (10uM) and 8.2 UL of sterile
distilled H,O. The 18S rRNA and B-actin were selected as
reference genes. The amplification efficiency of primers was
investigated by five different thinned ¢cDNA samples and counted
with formula E = 10751P9 _ 1, The amplification efficiency of
primers used in the presented study was between 90% and 110%.
The relative mRNA levels of target genes were calculated by 2744
method (Livak and Schmittgen, 2001). The primes involved in
quantitative real-time PCR have been presented in Table 1.

2.5 Statistical analysis

SPSS 20.0 software was applied to perform all statistical analysis
in the present study, and P values less than 0.05 was deemed to be
statistically significant. The results were given as means + standard
error. Independent-sample T-test was used to determine the
significant differences between the feeding group and starvation
group. Besides, one-way analysis of variance (ANOVA) followed by
Duncan’s multiple comparison test was chosen to identify the
significant differences of acute and chronic salinity stress
experiments as well as tissue distribution after determining the
normality and homogeneity.

3 Results
3.1 Sequence analysis

The full-length cDNA sequences of cpt-1a (GenBank accession
number PP259098), cpt-1b (GenBank accession number PP259102)
and cpt-2 (GenBank accession number PP259103) are 4206, 5303
and 3486 bp, respectively. Concretely, the cpt-1a consists of a 196 bp
of 5°- UTR, 1676 bp of 3’-UTR with a poly (A) tail and 2334 bp open
reading frame encoded a protein with 777 amino acids
(Supplementary Figure 1). The cpt-1b is composed of a 117 bp of
5-UTR, 2858 bp of 3-UTR with a poly (A) tail and 2328 bp open
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reading frame encoded a protein with 775 amino acids
(Supplementary Figure 2). In addition, the c¢pt-2 includes a 252
bp of 5-UTR, 1215 bp of 3’-UTR with a poly (A) tail and 2019 bp
open reading frame encoded a protein with 672 amino acids
(Supplementary Figure 3). The molecular weights of CPT-1A,
CPT-1B and CPT-2 proteins are 89.36, 88.16 and 75.37 kDa,
respectively. The theoretical isoelectric point of CPT-1A protein
is 8.86, the CPT-1B is 8.75 and the CPT-2 is 8.24.

The NPS Server prediction showed that o-helix, extended
chain, random curl and B-corner together constitute the
secondary structures of CPT-1A, CPT-1B and CPT-2 proteins, in
which o-helix structure accounts for the largest proportion, 49.42%
(CPT-1A), 48.90% (CPT-1B) and 46.28% (CPT-2), respectively.
The predicted three-dimensional structures of CPT-1A, CPT-1B
and CPT-2 proteins have been given in Figure 1. The SignalP 5.0
analysis showed that there are no signal peptides among the CPT-
1A, CPT-1B and CPT-2. The TMHMM 2.0 predicted that the CPT-
1A protein only contains a transmembrane structure
(WLANLVGSVGLSFVFFVILM, 99~118 region) (Supplementary
Figure 1), while the CPT-1B and CPT-2 have no transmembrane
structures. In addition, the function domain prediction displayed
that both the CPT-1B and CPT-2 possess typical characteristics of
CPT proteins including the N-terminal domain (CPT-1B, 1~46
region; CPT-2, 48~149 region) and acyltransferases choActase 2
(CPT-1B, 455~482 region; CPT-2, 368~395 region), while the CPT-
1A has no the structures of N-terminal domain and acyltransferases
choActase (Figure 2).

3.2 Phylogenetic analysis

The results of phylogenetic tree exhibited that the CPT-1A and
CPT-1B of S. paramamosain gathered together with their
corresponding orthologues from crustaceans and separated from
mollusks and vertebrates (mammals, birds, reptiles, amphibians
and fish) (Figure 3). Concretely, the S. paramamosain CPT-1A first
grouped into a branch with Portunus trituberculatus CPT-1A, and
then gathered with E. sinensis CPT-1A into a bigger branch.
Subsequently, the CPT-1A from S. paramamosain, P.
trituberculatus and E. sinensis further clustered together with
other crustaceans including Cherax quadricarinatus, Procambarus

FIGURE 1

CPT-1B

10.3389/fmars.2024.1381263

clarkii, Penaeus japonicas, Penaeus monodon and Penaeus
vannamei. Similarly, the S. paramamosain CPT-1B first gathered
with P. trituberculatus CPT-1B, and then grouped with E. sinensis
CPT-1B. The branch above was further clustered with Homarus
americanus CPT-1, and finally grouped with mollusks (like
Crassostrea gigas, Crassostrea virginica, Mytilus galloprovincialis
and Pecten maximus) into a bigger branch. In addition, the S.
paramamosain CPT-2 gathered with the CPT-2 from crustacean
group and isolated from mammals, birds, reptiles, amphibians, fish
and mollusks (Figure 4). Specifically, the S. paramamosain CPT-2
clustered most closely with P. trituberculatus CPT-2, and then
further gathered together with CPT-2 of E. sinensis and
Chionoecetes opilio, forming a bigger branch, finally grouped with
other CPT-2 from other crustaceans.

3.3 Tissue distribution

The relative expression levels of cpt-Ia, cpt-1b and cpt-2 in
different tissues have been given in the Figure 5. The highest
expression levels of cpt-Ia and cpt-2 were the hepatopancreas
among all the tissues (P < 0.05). The muscle, eyestalk and cranial
ganglia exhibited markedly higher cpt-1a mRNA levels than the
thoracic ganglia, intestine, heart and gill (P < 0.05). In addition,
except for hepatopancreas, the cpt-2 was also highly expressed in the
muscle when compared with the eyestalk, thoracic ganglia, intestine
and gill (P < 0.05). By contrast, the muscle, eyestalk and heart were
main sites of cpt-1b expression, and the muscle showed markedly
higher the cpt-1b mRNA levels than the cranial ganglia, thoracic
ganglia, intestine and gill (P < 0.05).

3.4 Transcriptional levels of cpt-1a, cpt-1b
and cpt-2 in response to chronic low
salinity stress

The relative expression levels of cpt-Ia, cpt-1b and cpt-2 in
response to chronic low salinity stress have been presented in the
Figure 6. The results showed that the cpt-1a transcriptional level in
hepatopancreas was markedly increased in the 7%o salinity group
when compared with the 27%o, 22%o, 17%o0 and 12%o salinity groups

CPT-2

Three-dimensional structure prediction of carnitine palmitoyltransferase proteins in Scylla paramamosain.
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FIGURE 2

Multiple alignments of the carnitine palmitoyltransferase 1 [CPT-1; (A)] and CPT-2 (B) amino acid sequences from Scylla paramamosain with other
species. The threshold for similarity shading was set at 50%. Identical residues are shaded black. The similarity of amino acid residues more than 75%
and 50% are shaded in pink and cyan, respectively. The conserved acyltransferases ChoActase domain is marked with boxes, and the predicted N-
terminal region is underlined. The sequences used for comparison are as follows: Homo sapiens CPT-1A (EAW74722), Mus musculus CPT-1A
(EDL32931), Monopterus albus CPT-1A (WHB10902), H. sapiens CPT-1B (BAD96894), M. musculus CPT-1B (EDL04340), M. albus CPT-1B
(WHB10903), Eriocheir sinensis CPT-1B (AXY87731), H. sapiens CPT-2 (EAX06753), M. musculus CPT-2 (EDL30761), Danio rerio CPT-2
(NP_001007448), Larimichthys crocea CPT-2 (TMS20131), M. albus CPT-2 (WHB10904), E. sinensis CPT-2 (AXY87732).

(P < 0.05), and the 7%o salinity group exhibited higher mRNA levels
of cpt-2 in hepatopancreas than the 27%o and 22%o salinity groups
(P <0.05). There were no significant differences in cpt-1b expression
of hepatopancreas among all groups, although the 7%o, 12%o and
17%o salinity groups showed higher levels than the 27%o and 22%o
salinity groups (P > 0.05). In addition, no significant differences
were observed in ¢pt-1a transcriptional levels of muscle among all
salinity groups (P > 0.05). Compared with the 27%o group, the cpt-
1b mRNA level in muscle was significantly up-regulated in the 7%o
salinity group (P < 0.05), and the 7%o salinity group showed
markedly higher cpt-2 expression level than the 27%o, 22%o, 17%o
salinity groups (P < 0.05). Besides, the cpt-1a transcriptional levels
in gill were markedly increased in the 7%o and 12%o salinity groups
when compared with the 17%o 22%o0 and 27%o salinity groups
(P < 0.05), and 17%o and 22%o salinity groups also showed higher
value than the 27%o salinity group (P < 0.05). There were no
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significant differences in ¢pt-1b expression of gill among all groups
(P> 0.05). The 7%o salinity group had higher cpt-2 expression levels
than the 27%o, 22%o, 17%o0 and 12%o salinity groups (P < 0.05).

3.5 Transcriptional levels of cpt-1a, cpt-1b
and cpt-2 in response to acute low
salinity stress

To investigate the transcriptional levels of cpt-Ia, cpt-1b and
cpt-2 in response to acute low salinity stress, the total RNA were
isolated from the hepatopancreas and muscle at different time
points. The relative expression levels of cpt-1a, cpt-1b and cpt-2 of
hepatopancreas in response to acute low salinity stress have been
presented in the Figure 7. Compared with the 24%o salinity group
(control group), the transcriptional levels of cpt-1a and cpt-2 in
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tree was constructed using the neighbor joining method with MEGA 7.0. The horizontal branch length is proportional to amino acid substitution rate
per site. Numbers represent the frequencies with which the tree topology presented was replicated after 1000 bootstrap iterations.
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Relative expression levels of carnitine palmitoyltransferase (cpt) in
different tissues of Scylla paramamosain. (A): tissue distribution of
cpt-1a; (B): tissue distribution of cpt-1b; (C): tissue distribution of
cpt-2. Vertical bars represented mean + standard error of the mean
(n = 6) for each tissue. Letters show significant differences (P < 0.05)
among tissues as determined by one-way ANOVA followed by
Duncan'’s multiple comparison test

hepatopancreas were up-regulated in the 14%o and 4%o salinity
groups at 6 h and 48 h, and the 4%o salinity group showed markedly
higher mRNA levels than the 24%o salinity group (P < 0.05). There
were no significant differences in c¢pt-1a and cpt-2 expression of
hepatopancreas among the 24%o, 14%o and 4%o salinity groups at
the other time points (P > 0.05). Similarly, the 14%o and 4%o salinity
groups also exhibited higher mRNA levels of c¢pt-1b in
hepatopancreas than the 24%o salinity group at 48 h, while only
the 4%o and 24%o salinity groups showed significant differences
(P < 0.05). In addition, there were no significant differences in cpt-
Ib expression of hepatopancreas among the 24%o, 14%o and 4%o
salinity groups at the other time points (P > 0.05), although the
mRNA levels of ¢pt-1b in 24%o salinity group was lower than the
14%o and 4%o salinity groups at 6 h.
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The relative expression levels of cpt-Ia, cpt-1b and cpt-2 of
muscle in response to acute low salinity stress have been presented
in the Figure 8. Compared with the 24%o salinity group, the
transcriptional levels of cpt-Ia and cpt-2 in muscle were up-
regulated in the 14%o and 4%o salinity groups at 12 h and 24 h,
while only the expression levels of c¢pt-2 in 4%o salinity group
showed significant differences with the 24%o salinity group at 12 h
(P < 0.05). Likewise, the cpt-1b expression levels of muscle in 24%o
salinity group were also lower than the 14%o and 4%o salinity groups
at the 12 h and 24 h, and the 4%o salinity group showed markedly
higher mRNA levels than the 24%o salinity group (P < 0.05).

3.6 Transcriptional levels of cpt-1a, cpt-1b
and cpt-2 in response to starvation stress

The relative expression levels of cpt-1a, cpt-1b and cpt-2 of
hepatopancreas and muscle in response to starvation stress have
been shown in the Figure 9. Compared with the feeding group, the
transcriptional levels of cpt-1a, cpt-1b and cpt-2 in hepatopancreas
were markedly up-regulated in the starvation group (P < 0.05),
especially cpt-lIa showing an extremely significant difference
(P < 0.01). In addition, the expression levels of cpt-Ia, cpt-1b and
cpt-2 in muscle of starvation group were also significantly higher
than those in the feeding group (P < 0.05), and the cpt-1a and cpt-1b
exhibited a highly significant difference (P < 0.01).

4 Discussion

With the rapid intensive development of aquaculture industry,
increasing lipid utilization for saving dietary protein and reducing
the negative effects of abnormal lipid deposition have become the
needs for the healthy development of the industry (Bu et al., 2023).
Therefore, the study of lipid metabolism in aquatic animals,
especially lipid catabolism, is a research hotspot of nutritional
physiology at present. The lipid catabolism is mainly achieved
through the B-oxidation of fatty acids in peroxisome and
mitochondria. Currently, the studies about B-oxidation of fatty
acids in aquatic animals were more focused on fish, while few
were reported in crustaceans (Lavarias et al., 2009; Liu et al., 2018).

The CPT, as rate-limiting enzymes, included CPT-1 and CPT-2
subtypes, which played critical roles in the -oxidation of fatty acids
in mitochondria (Kerner and Hoppel, 2000; Bayir et al., 2020). In the
present study, the full-length cDNA sequences of three cpt isoforms
were successfully cloned from the hepatopancreas of mud crab.
Sequence analysis showed that the three genes were cpt-1a, cpt-1b
and cpt-2 subtypes respectively. Previous studies have indicated that
the cpt-1a existed the phenomenon of genome replication such as P.
fulvidraco (Zheng et al,, 2013), O. niloticus (Bayir et al,, 2020), C.
idellus (Shi et al., 2017) and Synechogobius hasta (Wu et al., 2016),
while this phenomenon was not found in the present study,
meanwhile, cpt-Ic was also not observed. These results were in
lined with the studies of E. sinensis (Liu et al., 2018) and M. albus
(Chao et al,, 2024), which only found three cpt isoforms named cpt-
la, cpt-1b and cpt-2. The cpt-1a, cpt-1b and cpt-2 subtypes of mud
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crab encoded 777, 775 and 672 amino acids respectively and these
sequences of amino acids showed high similarity with mammals, fish
and crustaceans, which indicated that CPT-1A, CPT-1B and CPT-2
were conserved among different species. Studies in mammals
observed that the CPT-1 possessed two transmembrane structures
(Bonnefont et al., 2004; Jogl et al., 2004). Similarly, Liu et al. (2018)
reported that both the CPT-1A and CPT-1B of E. sinensis contained
two transmembrane regions. However, the present study found that
the CPT-1A of mud crab only possessed a transmembrane region and
CPT-1B had no transmembrane structure, and the reason may be
related to the mutation of key amino acids in genome replication. In
addition, the CPT-2 of mud crab did not contain transmembrane
structures possibly because it primarily played a catalytic role within
the membrane. Similar results were also found in E. sinensis (Liu
et al., 2018) and M. albus (Chao et al., 2024).

Studies in mammals and teleosts have indicated that the CPT-1
existed a N-terminal domain (residues 1~150), which played
important roles in regulating catalytic activity and malonyl-CoA
sensitivity (Cohen et al, 1998; Bonnefont et al, 2004; Jogl et al,
2004; Zheng et al.,, 2013; Chao et al., 2024). The present study showed
that the CPT-1B of mud crab also possessed the conserved N-terminal
domain, while the CPT-1A lacked the structure. Consistently, Liu et al.
(2018) found that the CPT-1A of E. sinensis contained the N-terminal
domain and the CPT-1B was absent. In addition, previous studies
observed that the E. sinensis (Liu et al., 2018), C. idellus (Shi et al., 2017)
and M. albus (Chao et al., 2024) have no N-terminal domain in CPT-2.
Intriguingly, we found the CPT-2 of mud crab included a N-terminal
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domain in the present study, suggesting that the CPT-2 structure of
mud crab was different from other species. As transporting sites of
medium-chain acyl-CoA, both the CPT-1B and CPT-2 of mud crab
contained an acyltransferases choActase 2 domain, while the CPT-1A
was not observed. These results were consistent with the study of Liu
et al. (2018), who found that both the CPT-1B and CPT-2 of E. sinensis
possessed acyltransferases choActase domain, and the CPT-1A lacked.
Besides, Chao et al. (2024) showed that all the CPT-1A, CPT-1B and
CPT-2 of M. albus contained the acyltransferases choActase domain,
and except in CPT-1B, CPT-1 peptides of C. idellus included
acyltransferases choActase domain (Shi et al,, 2017). The CPT-1A of
mud crab above did not possess the structures of N-terminal domain
and acyltransferases choActase, indicating that the CPT-1A may be not
necessary for uptake of fatty acids in mitochondria of mud crab. The
results of phylogenetic tree exhibited that the CPT-1A, CPT-1B and
CPT-2 gathered together with their corresponding crustacean
orthologues, which further supported the genes isolated in the
present study belonged to the ¢pt family.

To determine the tissue distribution, it was of great significance
for investigating physiological functions of genes. In mammals,
there were three subtypes of cpt-1 including cpt-Ia, cpt-1b and cpt-
Ic, and their expression in tissues showed tissue specificity (Price
et al., 2002; Lopes-Marques et al., 2015). The cpt-1a was highly
expressed in liver and kidney, the cpt-1b was mainly distributed in
skeletal muscle and heart, and the cpt-Ic was only detected in
neurons (McGarry and Brown, 1997; Price et al., 2002). Compared
with the mammals, the cpt-1 of teleosts merely possessed two
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FIGURE 7

Relative expression levels of carnitine palmitoyltransferase (cpt) in hepatopancreas of Scylla paramamosain in response to acute salinity stress. (A):
cpt-la expression in hepatopancreas; (B): cpt-1b expression in hepatopancreas; (C): cpt-2 expression in hepatopancreas. Total RNA was extracted
from hepatopancreas of S. paramamosain at different time points after 24%., 14%. and 4%, salinity stress, respectively. Samples challenged with 24%.
salinity were adopted as control. Significance was compared between the experimental groups and the control group at the same time point. Bars
with different superscripts are significantly different (P < 0.05, one-way ANOVA and Duncan’s multiple comparison test).

subtypes named cpt-1a and cpt-1b. In addition, the cpt-1a of fish
existed multiple isoforms, and different fish exhibited different
expression profiles. Studies indicated that the cpt-1a of fish was
mainly expressed in liver, muscle and heart (Zheng et al., 2013; Wu
et al, 2016), and the cpt-1b was primarily distributed in white
muscle, heart and adipose tissues (Shi et al., 2017; Chao et al., 2024).
In the present study, the hepatopancreas showed markedly higher
expression levels of ¢pt-1a than other tissues. This result was in
accordance with the study of Liu et al. (2018), who reported that the
cpt-1a of male and female E. sinensis was chiefly distributed in
hepatopancreas compared with other tissues. The hepatopancreas
of crustaceans has been regarded as center of lipid metabolism,
which was akin to fat body in insects and liver in vertebrates (Wen
etal,, 2001). The present results may suggest that the cpt-1a play an
important role in lipolysis of hepatopancreas in mud crab. Besides,
the present study found that the muscle, eyestalk and heart were
main sites of cpt-1b expression, which may indicate that the cpt-1b
involved in f-oxidation of fatty acids in these tissues. Consistently,
study in E. sinensis indicated that the cpt-1b was mainly expressed
in muscle and heart (Liu et al., 2018). Similar results were also
observed in M. albus (Chao et al., 2024), P. fulvidraco (Zheng et al.,
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2013), S. aurata (Boukouvala et al., 2010) and C. idellus (Shi et al.,
2017). The results above suggested that the cpt-Ia and cpt-1b of
mud crab may belonged to liver and muscle isoforms, respectively.
There were relatively few studies about cpt-2. The present study
showed that the highest expression level of cpt-2 was the
hepatopancreas among all the tissues, which was similar to cpt-1a.
This result was in in agreement with the studies of E. sinensis (Liu
et al,, 2018), while Chao et al. (2024) and Shi et al. (2017) reported
that the ¢pt-2 of C. idellus and M. albus was highly expressed in
heart and stomach, respectively. The high expression of cpt-2 in
hepatopancreas further supported that the cpt played a vital role
in B-oxidation of fatty acids in hepatopancreas of mud crab.
Based on the important functions of 3-oxidation of fatty acids in
energy homeostasis, numerous studies have been performed to
determine the regulatory mechanisms and influence factors of the
[3-oxidation of fatty acids in teleost (Gutiéres et al., 2003; Boukouvala
et al., 2010; Zheng et al., 2013; Bayur et al,, 2020; Li et al., 2020; Liu Q.
etal,,2020; Liu Y. et al,, 2020). The findings showed that the regulatory
mechanisms primarily involved in the malonyl-CoA, hormone,
nuclear receptor and microRNA, and the influence factors mainly
included physiology, environment and diets (Bonnefont et al., 2004;
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Relative expression levels of cpt-2

in muscle

Relative expression levels of carnitine palmitoyltransferase (cpt) in muscle of Scylla paramamosain in response to acute salinity stress. (A): cpt-1a
expression in muscle; (B): cpt-1b expression in muscle; (C): cpt-2 expression in muscle. Total RNA was extracted from muscle of S. paramamosain
at different time points after 24%., 14%. and 4%, salinity stress, respectively. Samples challenged with 24%. salinity were adopted as control.
Significance was compared between the experimental groups and the control group at the same time point. Bars with different superscripts are
significantly different (P < 0.05, one-way ANOVA and Duncan’s multiple comparison test).

Morash and McClelland, 2011; Ning et al., 2019; Li et al., 2020). By
contrast, the studies about oxidation of fatty acids in crustaceans were
still in infancy, which was only reported in E. sinensis, and the results
found that the blend vegetable oil (soybean oil: rapeseed oil, 1: 1)
instead of fish oil could markedly up-regulated the expression levels of

cpt-1a, cpt-1b and cpt-2 in hepatopancreas of E. sinensis (Liu et al,
2018). Salinity stress and food shortages are two important factors that
aquatic animals often need to confront, and this process is closely
related to energy metabolism. Therefore, in the present study, we
investigated the roles of cpt-la, cpt-1b and cpt-2 in coping with
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FIGURE 9

Relative expression levels of carnitine palmitoyltransferase (cpt) in hepatopancreas and muscle of Scylla paramamosain in response to starvation
stress. (A): cpt-1a, cpt-1b and cpt-2 expression in hepatopancreas; (B): cpt-1a, cpt-1b and cpt-2 expression in muscle. Asterisks indicated significant
differences between feeding group and starvation group (*P < 0.05 and **P < 0.01).
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starvation and ambient salinity stress. The results of acute low salinity
stress showed that the transcriptional levels of ¢pt-1a, cpt-1b and cpt-2
in hepatopancreas were markedly increased in 14%o and 4%o groups
at the 6 h and 48 h, while the mRNA levels of these three genes in
muscle were markedly up-regulated in 14%o and 4%o groups at the 12
h and 24 h. These results indicated that the cpt-1a, ¢pt-1b and cpt-2 of
hepatopancreas in mud crab responded to acute salinity stress earlier
than muscle, and hepatopancreas and muscle showed an alternate
response pattern. Similar results were also observed in the findings of
Hong et al. (2019) and Zeng et al. (2004), who found that the
expression of cpt was significantly increased under the condition of
acute salinity stress. Consistently, the ¢pt-1a, cpt-1b and cpt-2 of mud
crab were also significantly increased under chronic salinity
conditions. The results above suggested that the cpt-1a, cpt-1b and
cpt-2 of mud crab played an important role in providing energy for
coping with salinity stress. As for most animals in the starvation
period, especially the long-term starvation period, fatty acids are the
main source of energy, and the animals meet the energy demand
through regulating B-oxidation of fatty acids. Studies found that the
cpt-1a expression levels of L. crocea and S. hasta were extremely up-
regulated after fasting (Wang et al, 2019; Zhou et al, 2021), and
Arslan et al. (2020) reported that starvation could markedly increase
the transcriptional level of ¢pt-1b in Salmo trutta. In addition, fasting
gave rise to a significant increase of CPT-1 enzymatic activity in liver
of O. mykiss (Morash and McClelland, 2011). Similarly, the present
study exhibited that the expression levels of cpt-1a, ¢pt-1b and cpt-2 in
hepatopancreas and muscle were significantly up-regulated after
fasting. In addition, the expression levels of cpt-la in
hepatopancreas as well as cpt-Ia and c¢pt-1b in muscle showed more
significant differences, indicating their important roles in -oxidation
of fatty acids in hepatopancreas and muscle during fasting, which also
further supported the results of tissue distribution.

5 Conclusion

The full-length ¢cDNA sequences of cpt-1a, cpt-1b and cpt-2
were isolated from the hepatopancreas of mud crab using the RACE
technology in the present study, and this was first time to obtain
complete sequences in crustaceans. Subsequently, we identified the
homology, structural characteristics and phylogenetic tree of CPT-
1A, CPT-1B and CPT-2, and compared the expression discrepancy
of ¢pt-1a, cpt-1b and cpt-2 in different tissues. Finally, based on their
functions in regulating energy homeostasis, the present study
further systematically investigated the roles of cpt-1a, cpt-1b and
cpt-2 in response to fasting and salinity stress. These results were
conducive to increasing the knowledge of cpt phylogenetic
evolution as well as their roles in energy metabolism of crustaceans.
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