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As rate-limiting enzymes of peroxisomal B-oxidation, acyl-coenzyme A oxidase
(ACOXs) play vital roles in maintaining energy homeostasis and regulating
reactive oxygen species (ROS) metabolism. However, there are no studies on
the functions of ACOXs in crustaceans. In the present study, four full-length
cDNA sequences of acoxs, namely the acox-la (2403 bp), acox-1b (2733 bp),
acox-3a (2878 bp) and acox-3b (3445 bp), were successfully isolated from mud
crab Scylla paramamosain, which encoded 666, 673, 701 and 658 amino acids,
respectively. Sequence analysis showed that the ACOX-1a, ACOX-1b and ACOX-
3a possessed conserved structural domains like FAD-binding motif, fatty acyl
CoA oxidase domain and peroxisomal targeting signal, while the ACOX-3b
lacked peroxisomal targeting signal. Results of phylogenetic tree indicated that
the four ACOXs of mud crab grouped gathered with their corresponding
orthologues from crustaceans. The acox-1a, acox-3a and acox-3b were highly
expressed in hepatopancreas, and the acox-1b was mainly distributed in muscle
and hepatopancreas. Compared with feeding groups, the expression levels of
acox-la, acox-3a and acox-3b in hepatopancreas and acox-3a in muscle were
markedly up-regulated in fasting groups, suggesting that the acoxs had
significant effects in modulating energy balance during fasting. In addition,
fasting significantly increased the transcriptional levels of nuclear factor
erythroid 2-related factor (nrf2) and its downstream antioxidant genes (catalase
(cat), glutathione peroxidase (gpx) and glutathione S-transferase (gst)) to improve
antioxidant capacity for removing excessive ROS produced by ACOX-mediated
peroxisomal B-oxidation. These results would be conducive to providing new
insights into evolutionary characteristics and functions of acoxs in crustaceans.
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1 Introduction

Mitochondria and peroxisomes are two important organelles
for B-oxidation of fatty acids, and both play irreplaceable roles in the
utilization of fatty acids (Houten and Wanders, 2010; Ding et al.,
2021). The substrates, enzymes and final products involved in the
specific reaction of fatty acid B-oxidation are different in
mitochondria and peroxisomes. Mitochondria primarily oxidize
short-chain (< C8) and medium-long (C8-C20) fatty acids (Reddy
and Hashimoto, 2001). By contrast, the substrates of peroxisomes
are more complex than the mitochondria, which mainly oxidizes
long-chain fatty acids (> C20), branched-chain fatty acids,
leukotrienes, prostaglandin and so on (Oaxaca-Castillo et al.,
2007; Sun et al., 2020). The rate-limiting enzyme of B-oxidation
in mitochondria is carnitine palmitoyltransferases (CPTs), while the
peroxisomes are acyl-coenzyme A oxidases (ACOXs) (Adeva-
Andany et al., 2019; He et al,, 2021). In addition, B-oxidation of
mitochondria can completely oxidize fatty acids into water and
carbon dioxide (CO,) as well as release energy to synthesize
adenosine triphosphate (ATP) (Panov et al., 2022). However, the
[B-oxidation of peroxisomes is halfway, which only can oxidize fatty
acids into short or medium-chain fatty acyl-coenzyme A (CoA)
providing substrates for B-oxidation of mitochondria, and
meanwhile this process is accompanied with the production of
hydrogen peroxide (H,0,) (Ding et al, 2021; He et al, 2021).
Currently, the studies about physiological functions and regulatory
mechanisms of fatty acid B-oxidation have been more focused on
mitochondria (Verma et al., 2022; Monzel et al., 2023; Huang et al.,
2024), while the attention on fatty acid B-oxidation in peroxisomes
was far too limited, especially in aquatic animals.

Peroxisomes are a single membrane-enclosed and dynamic
organelle existed in almost all eukaryotic cells, and its quantity,
morphology and location can alter with the changes of
environmental and nutritional status (Huybrechts et al., 2009). In
addition to B-oxidation of fatty acids, emerging studies have
suggested that the peroxisomes participate in multiple metabolic
processes like generation and elimination of reactive oxygen species
(ROS), synthesis of bile acids and ether lipid as well as catabolism of
polyamines and D-amino acids (Lodhi and Semenkovich, 2014). As
rate-limiting enzymes, the ACOXs catalyzed the first step of fatty
acid B-oxidation in peroxisomes, and there were three genes named
acox-1, acox-2 and acox-3 found in peroxisomes of mammals,
which encoded ACOX-1, ACOX-2 and ACOX-3 proteins,
respectively (Li et al., 2022). The ACOX-1 mainly oxidizes
saturated and unsaturated straight-chain fatty acids and
dicarboxylic acids, and the ACOX-2 primarily acts on 2-methyl
branched fatty acids (Nohammer et al., 2001). Additionally, the
substrates of ACOX-3 overlap with that of ACOX-1 and ACOX-2,
which can oxidize both methyl-branched and straight-chain fatty
acids (Van Veldhoven, 2010). In comparison, the acox-2 was not
observed in teleost fish, and only found the acox-1 and acox-3 (He
etal., 2014; Madureira et al., 2016; Sun et al., 2020; Kong et al., 2022;
Wang et al., 2022). For examples, two acox-1 isoforms were found
in both Oreochromis niloticus and Ctenopharyngodon idella and
highly expressed in liver (He et al., 2014; Sun et al., 2020).
Madureira et al. (2016) showed that the Salmo trutta possessed
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an acox-3 gene, which was mainly distributed in ovary, heart,
muscle, liver and stomach. Besides, six acox genes were observed
in Chlamys farreri and Patinopecten yessoensis including four
acox-1, an acox-2 and an acox-3, indicating the acox-2 gene
was not absent in bivalves (molluscs), and these acox genes were
primarily expressed in kidneys and digestive glands (Li et al., 2022).
However, to the best of our knowledge, the acox genes in
crustaceans have not been reported yet.

In addition to metabolic functions, increasing studies have
indicated that the peroxisomes are an important sensor of stress,
which played critical roles in adapting to environmental and
metabolic stresses including viral and bacterial infections,
hypoxia, oxidative stress, cold exposure and nutrient deprivation
(Chrousos, 2009; He et al., 2021). Emerging evidence have
suggested that modulation of peroxisomal abundance,
morphology and location within cells as well as cooperation with
other organelles like mitochondria and endoplasmic reticulum
serve as an important strategy for peroxisomes in responding to
external stresses (Chu et al, 2015; He et al., 2021). Besides,
peroxisome-derived ROS and other metabolic products like ether
lipids and acetyl-CoA, were crucial signaling molecules for
peroxisomes to reply stresses (He et al., 2021). The molecular
mechanisms of peroxisomes regulating various forms of stress are
complex, and studies previously conducted have primarily focused
on mammals (He et al., 2020; Ding et al., 2021, 2021). For example,
in considering oxidative stress and fasting stress, ACOX-mediated
peroxisomal B-oxidation produces abundant H,O, in certain tissues
of mammals (Boveris et al., 1972), and the imbalance of
peroxisomal ROS generation and removal can cause oxidative
stress that is closely associated with various human diseases
(Cipolla and Lodhi, 2017). Studies have shown that the sirtuin 5
(SIRTS5) can regulate the ACOX-1 activities by desuccinylation or
succinylation indirectly modulating the ROS generation
(Matsushita et al., 2011; Chen et al., 2018). Peroxisomes is noted
to contain multiple antioxidant enzymes like catalase (CAT),
superoxide dismutase (SOD), glutathione peroxidase (GPX) and
glutathione S-transferase (GST) to eliminate higher amounts of
ROS yielded by ACOX-mediated peroxisomal B-oxidation, and the
peroxisomal biogenesis factor Pex5 participated in coping with
oxidative stress through regulating the redistribution of
peroxisomal CAT (Dubreuil et al, 2020). As for fasting stress,
Kong et al. (2020) indicated that nutrient deprivation can stimulate
physical coactions of lipid droplets and peroxisomes via kinesin-like
protein. The peroxisomal biogenesis factor Pex5 further can recruit
triglyceride lipase to lipid droplet-peroxisome contact positions in a
manner dependent on protein kinase A activation, and the released
fatty acids by lipolysis were provided substrates for 3-oxidation of
peroxisomes. Similarly, studies in aquatic animals also found that
the fasting stress can promote B-oxidation of fatty acids in
peroxisomes (Morais et al., 2007; He et al., 2014; Sun et al., 2020;
Wang et al., 2022), while the mechanisms were still ill-defined.

As a dominant species with a higher economic returns in China,
the mud crab, Scylla paramamosain, has been cultured in South and
East China like Guangdong, Fujian and Zhejiang provinces with its
yield reaching up to 154,661 tons in 2022 (China Fishery Statistical
Yearbook, 2023). Studies have shown that excessive lipid in diets
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can exacerbate the abnormal deposition of lipid in aquatic animals
(liver and enterocoelia), leading to metabolic disorders and
inflammation, and ultimately inhibiting the growth of aquatic
animals. In addition, excessive lipid deposition can also affect
beauty and nutritional quality, and reduce the value of goods.
Therefore, lipid utilization (B-oxidation of fatty acids) has been
become a research hotspot with wide concern. Previously, we have
reported three rate-limiting enzyme genes (cpt-2, cpt-1b and cpt-1a)
involved in fatty acid -oxidation of mitochondria, and made a
preliminary investigation on their regulatory mechanisms (Lin
et al., 2024). In the present study, we further explored the
B-oxidation of fatty acids in peroxisomes, and study contents
mainly included the features of four rate-limiting enzymes (acox-
1a, acox-1b, acox-3a and acox-3b) of peroxisomal B-oxidation and
their functions in respond to fasting. This study was the first time to
report the peroxisomal B-oxidation in crustaceans, which would
contribute to enhancing the knowledge of acoxs evolutionary
characteristics and their functions in lipid utilization of crustaceans.

2 Materials and methods
2.1 Fasting experiment

The fasting experiment contained two treatments (fasting group
and feeding group), and the feeding group was set as control group.
The mud crabs used in the present study were obtained from a local
crab farm in Sandu bay (Ningde, Fujian, China), and the fasting
experiment was conducted in aquaculture system produced by
company of Zhongkehai (Qingdao, China) in Ningde Normal
University. After being acclimated, thirty-six able-bodied and
vigorous crabs (64.51 + 0.83 g) were assigned to six polypropylene
buckets (height, 0.67 m; radius, 0.43; volume, 300 L). Each
polypropylene bucket was placed with six crabs (male crabs: female
crabs, 1: 1), and each treatment contained three polypropylene
buckets (three replicate). During the four-week fasting experiment,
the crabs in fasting group were in a state of starvation all the time. In
addition, the crabs in feeding group were fed twice daily (time 8:30
and 18:00) with Sinonovacula constricta (a local bivalve) to apparent
satiation. Waste (feces and uneaten) produced in feeding experiment
was removed per day, and 30% water of each bucket was siphoned
and injected fresh seawater daily. The water quality parameters were
as follows: water temperature was between 15.3°C and 20.3°C,
dissolved oxygen was higher than 7.0 mg L', and ammonia
nitrogen was less than 0.05 mg L™'. At the end of the fasting
experiment, samples including muscle and hepatopancreas were
obtained after the crabs were dissected. The samples were
immediately frozen in liquid nitrogen and stored at —80°C for
further use.

2.2 Gene cloning

Total RNA from hepatopancreas of mud crab was extracted by
using TRNzol Universal Reagent produced by company of Tiangen
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(Beijing, China). Total RNA above was further reverse-transcribed
into clone template with SMART RACE ¢cDNA Amplification kit
(Clontech, USA) based on the kit instructions after evaluating the
quality and concentration. The cDNA template was kept in -20°C
for subsequent use. Four sequence fragments of acox genes, named
acox-1a, acox-1b, acox-3a and acox-3b, were gotten from our
previous measured transcriptome data. Subsequently, primers
used for cloning the 5" and 3’ untranslated region (UTR) of four
acox genes were designed according to sequence fragments above by
using software Primer Premier 5. The 5" and 3’ UTR of four acox
genes were cloned mainly through using the method of 5" and 3’
rapid amplification of cDNA ends (RACE) respectively as well as
uniting the strategies of two-round PCR ([irst round PCR (touch-
down PCR) and second round PCR (nested PCR)]. The specific
operation methods and steps of clone have been shown in a
previous study (Lin et al., 2024). The related primes have been
shown in Table 1.

2.3 Sequence and phylogenetic analysis

Basic Local Alignment Search Tool (BLAST) at the National
Center for Biotechnology Information (NCBI) was chosen to
identify the obtained cDNA sequences. The open reading frame
prediction and multiple sequence alignment were analyzed by using
OREF Finder and DNAMAN software, respectively. NPS Server and
TMHMM 2.0 were selected to predict the protein secondary
structure and transmembrane domain, respectively. Tertiary
structure of protein was assessed by using SWISS-MODEL, and
isoelectric point and molecular mass of predicted protein were
counted by ExPASy ProtParam tool. SignalP5.0 Server and InterPro
were used to determine the signal peptide and structural region,
respectively. In addition, the phylogenetic tree was constructed by
MEGA 7.0 and ClustalX softwares.

2.4 Quantitative real-time PCR

Six mud crab including three males and three females with
mean mass 49.50 = 1.18 g were selected to investigate the tissue
distribution of four acox genes (acox-1a, acox-1b, acox-3a and acox-
3b). The crabs were anatomized to collect the tissue samples after
being anesthetized with ice including thoracic ganglia, muscle,
cranial ganglia, heart, gill, eyestalk, hepatopancreas and intestine.
The transcriptional levels of four acox genes [acox-Ia, acox-1D,
acox-3a and acox-3b) in different tissues and target genes (acox-1a,
acox-1b, acox-3a, acox-3b, cat, sod, gpx, gst and nuclear factor
erythroid 2-related factor 2 (nrf2)] in response to fasting stress
were determined by using quantitative real-time PCR. The isolation
method of total RNA was same to the gene cloning above, and 1 pug
high-quality total RNA of each sample was reverse-transcribed into
cDNA template using reverse transcription kit (PrimeScriptTM RT
reagent Kit with gDNA Eraser) produced by Takara (Dalian,
China). The reaction volume of quantitative real-time PCR was
20 uL specifically comprising 10 uL 2 x ChamQ Universal SYBR
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TABLE 1 Names and sequences of primers used for cloning.

Primer Sequence (5'-3") Objective

Oligo- AAGCAGTGGTATCAACGCAGAGTACXX | First-Strand
XXX cDNA Synthesis

UPM (long) CTAATACGACTCACTATAGGGCAAGCA = RACE-PCR
GTGGTATCAACGCAGAGT

UPM (short) | CTAATACGACTCACTATAGGGC RACE-PCR

NUP AAGCAGTGGTATCAACGCAGAGT RACE-PCR

M13F CGCCAGGGTTTTCCCAGTCACGAC PCR screening

MI13R AGCGGATAACAATTTCACACAGGA PCR screening

For acox-1a clone

acox-la 3-1 ACCGTTGCTCAGTGGCATTAGTCCG 3’RACE

acox-la 3-2 CACACTGGGAGCTTGGGACGGCA 3RACE

acox-la 5-1 GCGAGGGATGCGGTAGTGGTCAA 5RACE

acox-la 5-2 TGGCTGTGGTCTCCAGTCCTCTCACA 5RACE

For acox-1b clone

acox-1b 3-1 TCAGCCATCCGTAGACAGTCCGAGC 3RACE

acox-1b 3-2 GTTTGACATTCACGACCGCATCCTGG 3RACE

acox-1b 5-1 GGCACCAGCTCGGACTGTCTACGGA 5RACE

acox-1b 5-2 GGTTCCATGACCCAGCTCAGTCTGC 5RACE

For acox-3a clone

acox-3a 3-1 CCTCCTCTCCCACCCCTGGACTTC 3’RACE

acox-3a 3-2 CCGGACGCCGTGGCTCTGGTAGA 3’RACE

acox-3a 5-1 TGAAGGTCTGGGAGGCAGGGTCGTA 5RACE

acox-3a 5-2 CCAGGTCTGAGCCCTCGCTGTGTC 5RACE

For acox-3b clone and qRT-PCR

acox-3b 3-1 AGCCCGACACTCTGGCCAAGGTG 3RACE

acox-3b 3-2 GGTGGATGCATTTGTCAGGCCATG 3RACE

acox-3b 5-1 GCCAGTGGGTGAGGTGTGTTGACGAT 5RACE

acox-3b 5-2 TGTCATTGCGGGCAGGTCAAAGGT 5RACE

X, undisclosed base in the proprietary SMARTer oligo sequence.

qPCR Master Mix produced by Vazyme (Nanjing, China), 0.4 uL of
each positive and negative primer, 1.0 pL of the four-time diluted
c¢DNA and 8.2 UL of distilled water. The experiment was executed in
QuantStudio 3 (Thermo Fisher, USA), and the program included
three steps (holding stage, PCR stage and melting curve stage). The
holding stage contained a 95°C for 30 s, the PCR stage was 40 cycles
of 95°C for 10 s and 60°C for 30 s, and the melting curve stage
included 95°C for 15 s, 60°C for 60 s and 95°C for 15 s. The 18S
rRNA and f-actin were set as reference genes, and the primes used
for quantitative real-time PCR have been given in Table 2. The
amplification efficiency of primers used in the present study was
ranged from 90% and 110%, which was calculated by formula
E = 10C51°P9) _ 1 via five different thinned cDNA samples. The
expression levels of target genes were counted with the method of
2724C reported by Livak and Schmittgen, 2001.
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TABLE 2 Names and sequences of primers used for quantitative real-
time PCR.

Primer Sequence (5°-3’)

B-actin F GCCCTTCCTCACGCTATCCT 185 bp
B-actin R GCGGCAGTGGTCATCTCCT

18S rRNA F TACCGATTGAATGATTTAGTGAGG | 171 bp
185 rRNA R CTACGGAAACCTTGTTACGACTT

Q-acox-1a F CCCCAACTATCACATCCACCA 185 bp
Q-acox-la R AGGACCAATCTCCCCCAGAA

Q-acox-1b F TCCCATCACCGCATTCCTC 110 bp
Q-acox-1b R ACCATCGTTCCATACGCCAG

Q-acox-3a F GTCTGTGGGGAGAGTGGGAATC 173 bp
Q-acox-3a R TGGCTGCGATGTATGGGAAC

Q-acox-3b F CGCACCTACGCCATCAACTT 160 bp
Q-acox-3b R TCTCCCTGCACACAGACACCA

Q-nrf2 F ACTAATCAGAGACATTCGGCGC 138 bp
Q-nrf2 R TCCTTGTAGAGGTCATTCTTGCG

Q-cat F AGCAGGCTGAGAAGTGGGAAT 158 bp
Q-cat R AAGGTTGGAAGGGGTGAAGG

Q-sod F CATCGCCTCCTTCCACAACC 195 bp
Q-sod R ACACCTGCGTCCACACCTACAG

Q-gpx F TGTGAAAGACCACCAGGGGC 186 bp
Q-gpx R CCAAACTGATTGCATGGGAAAG

Q-gst F ACTTCAGGATGAAGGGCGATG 167 bp
Q-gst R CAGGTAGGCTGCCACAAACAC

2.5 Statistical analysis

The results were given in term of mean + standard error, and all
the statistical analysis was performed by using SPSS 20.0 software.
Significant difference was set as P values less than 0.05, and P values
lower than 0.01 was considered as highly significant difference.
After checking the homogeneity and normality, one-way analysis of
variance (ANOVA) followed by Duncan’s multiple comparison test
was used to investigate the statistical differences of target gene
expression levels in different tissues. In addition, the statistical
difference of fasting experiment was determined by independent-
sample T-test.

3 Results
3.1 Sequence analysis

The obtained complete cDNA sequences of acox-1a, acox-1b,
acox-3a and acox-3b have been uploaded to the NCBI database, and
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the GenBank accession numbers were PP708699, PP708700,
PP708701 and PP708702, respectively. The full-length sequence
of acox-1a was 2403 bp including 29 bp of 5 UTR, 373 bp of 3> UTR
and 2001 bp of open reading frame encoding a protein with 666
amino acids (Supplementary Figure S1). The acox-1b sequence with
total length 2733 bp was comprised of 61 bp of 5 UTR, 650 bp of 3’
UTR and 2022 bp of open reading frame encoding a protein with
673 amino acids (Supplementary Figure S2). Besides, the acox-3a
and acox-3b were 2878 bp and 3445 bp, respectively. The acox-3a
sequence contained 293 bp of 5> UTR, 479 bp of 3° UTR and 2106
bp of open reading frame, which encoded a protein with 701 amino
acids (Supplementary Figure S3), and the acox-3b sequence
consisted of 1977 bp of open reading frame encoding a protein
with 658 amino acids, 271 bp of 5 UTR and 1197 bp of 3> UTR
(Supplementary Figure S4). ExPASy ProtParam tool analysis
showed that the theoretical isoelectric point of prediction ACOX-
la, ACOX-1b, ACOX-3a and ACOX-3b proteins were 75.14, 75.43,
78.32 and 73.04 kDa, respectively. In addition, the molecular masses
of prediction ACOX-la, ACOX-1b, ACOX-3a and ACOX-3b
proteins were 7.63, 6.28, 6.60 and 6.67, respectively.

Results of TMHMM 2.0 and SignalP5.0 prediction exhibited
that the ACOX-1a, ACOX-1b, ACOX-3a and ACOX-3b proteins
did not possess membrane-spanning domains and signal peptides.
The three-dimensional prediction models of ACOX-1a, ACOX-1b,

10.3389/fmars.2024.1442810

ACOX-3a and ACOX-3b proteins have been presented in Figure 1.
The secondary structure was predicted by the NPS Server, and the
results indicated that the ACOX-la, ACOX-1b, ACOX-3a and
ACOX-3b proteins were mainly comprised of -corner, random
coil, extended strand and o-helix, and the o-helix occupied the
largest proportion.

3.2 Conserved structural domains

Multiple sequence alignments from mud crab with mammals,
teleost fish and crustaceans revealed that the mud crab ACOX
proteins existed three major conserved function regions like the
FAD-binding motif, peroxisomal targeting signal and fatty acyl
CoA oxidase domain (Figures 2, 3). The mud crab ACOX-1a and
ACOX-1b possessed typical structures of the FAD-binding motif
(CGGHGY) and fatty acyl CoA oxidase domain (KWWPGG), which
were highly conserved in different species. Compare with traditional
highly conserved motif (SKL), the peroxisomal targeting signal of
mud crab ACOX-1a and ACOX-1b has mutated and formed “SNL”
and “ASL” variants, respectively. Similarly, the FAD-binding motif of
mud crab ACOX-3b and the fatty acyl CoA oxidase domain of mud
crab ACOX-3a and ACOX-3b also produced new variants. The FAD-
binding motif of mud crab ACOX-3b was “CGGQGY”, and the fatty

ACOX-3a

FIGURE 1

ACOX-3b

Three-dimensional structure prediction of acyl-coenzyme A oxidase (ACOX) proteins in Scylla paramamosain. ACOX-1a, acyl-coenzyme A oxidase
la; ACOX-1b, acyl-coenzyme A oxidase 1b; ACOX-3a, acyl-coenzyme A oxidase 3a; ACOX-3b, acyl-coenzyme A oxidase 3b.
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INPELLGHI LPJES PEK]
INPELI (WHI LMESPEN

Homo sappiens ACOX-1
Mus musculus ACOX-1
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1 ADPDEI MWFKK
. I ADPEEI MWFKK

NMI LNOEDRQHED. LNFPITRS QREEVAVRIESS AT NVKIVREFG. 90
920
. ISDPEEI YCYKS 90
90
90

NLI LNUSDIQHED. YNFIITRS QRMEVAVKISSATNVKIIVREFG. .

Salmo salar ACOX-1 INVEKLQHI LAJEGI EX) SLVI SAEDEQSED. LNFIISRSERNDAAVKS AQMI LLREYG. .
Danio rerio ACOX-1 NLET LANVLATEG AEKQ) SLVI GUIDIIQHED. L) AAVRI'SAQMI LOLREYG. . . . . I SDPEEI YSYKT
Larimichthys crocea ACOX-1 DVEKLQHI LEJEGPEK] LYVLNIEDIEKEED. P ERNDGAVRINS AQMI LINLREYG. . . . . IADPEEI YCYKK
Penaeus vannamei ACOX-1 INKEET gNT MIJEGEEK] NFFLSQIERLDPI PP NELREEACYMI RISFNEDEKVQQI VGEMEGI RTLVG 103
Eriocheir sinensis ACOX-1 INMEELONFLU[ERKQL) EIBQLMCTINZ ARl DEVPI E' [SNEL J\’THLTK IVADLN. . ... ISLRELNSTVAL 100
Portunus trituberculatus ACOX-1 DVEELANI FIEGKEV, KI[SHLI CS[; ARKDEVPP (TNEVRLVTHLVRIILEEHN. . . . . [SPREANTTQIS 100
Seylla paramamosain ACOX-la DVEELANI FUIEGKEL HL1 CS{ ARKDEVP (TNEVREVTHLMRILAEEN. . . . . IPLREASITQVH 105
Seylla paramamosain ACOX-1h VAKTSENHQCVDDLK NKHET () TLLJEGEDKQ KVFLSQSELDATRP ANELRLJACHMI RI{FNEDEEI QQLVGQVDGI RTLNG 105
Consensus t dg dp k
Fatty acyl CoA oxldnse domain

Homo sappiens ACOX-1 L. ... HLVNFVEPVGLNYSJGI PTELNQGTTAR 1 KL S| [KWWP GG1.GK: 19
Mus musculus ACOX-1 L.... HVVNFVEPVGLNYSQI PTLLNQGTTAR KWWP GG1.GK' 196
Salmo salar ACOX-1 v FRGN LPTLYTQCNKEfL! KWWP GG1.GK 19
Danio rerio ACOX-1 V....VRGVFQEPLGVENVERI PTLKS QCTAH] KWWP GG1.GK' 19
Larimichthys crocea ACOX-1 F....VHPDRPEPLDLHL GUJLPTLLNQATPER) KWWP GG1.GK' 196
Penaeus vannamei ACOX-1 SGLGVALTKDGNPL ALY VLI VP Al L GQGTVE] KWWP GG1.GK' 213
Eriocheir sinensis ACOX-1 E.....LLRDGNPLGLHVSIS DALQGLASPE] KWWP GGI.GK 205
Portunus trituberculatus ACOX-1 s MLKDGNPFGVHLSIRSNALTSLAS PE} 205
Seylla paramamosain ACOX-la s. VLRDGNPLI VHTSHIJANALASLANPK 210
Seylla paramamosain ACOX-1h SGLGVALTKDGNPL ALHF1 JI§VPST NGQGTVE] 215
Consensus wf q gtyaqte ghgt
Homo sappiens ACOX-1 SO NDNGLISUNNE R [P 306
Mus musculus ACOX-1 Y EEMUNE YK VDNY 3113 306
Salmo salar ACOX-1 SF DEVIONE YKL ENVEI D] 306
Danio rerio ACOX-1 FDEVINEY KL EN VN 3 306
Larimichthys crocea ACOX-1 eFNEVINEFIIKL EN VIS 306
Penaeus vannamei ACOX-1 VNTNINEFIRFKHYLN 3 223
Eriocheir sinensis ACOX-1 T NS QUNEFIAS FNHFLA QT 315
Portunus trituberculatus ACOX-1 1 NS QINEYIIRF DHCLH TN 315
Seylla paramamosain ACOX-1a G DNGYLEN R 1P 320
Secylla paramamosain ACOX-1b MNTNLAEFACF S B (@i THL) 325
Consensus i g dng ripr
Homo sappiens ACOX-1 AYAF Q§VGAYVKETYHRI NEG] G 416
Mus musculus ACOX-1 AYAFHJLGRYI KETYMRI NESH G 416
Salmo salar ACOX-1 AYAYKGVGQYVNGVYHRI TGO S Qfe) 416
Danio rerio ACOX-1 AYAFHGVGQYMNKTYHRI SGDHS 1) 416
Larimichthys crocea ACOX-1 AYAFT[jVGQYVRETYHRI S GDJ NE! 416
Penaeus vannamei ACOX-1 TFGI HyS ARRVWDTYNEVTGNJ HE[E) 433
Eriocheir sinensis ACOX-1 SVFAFIJASRSLLEVYHKVTADH GKENV 425
Portunus trituberculatus ACOX-1 SVFAI LIS ASSVI RMQRQVAADI SKIENV 425
Scylla paramamosain ACOX-la SVFAI L[JSASSVLRMQRNVAASHISKIENV 430
Scylla paramamosain ACOX-1b VFGI H§AAQS VMQTYNDVTGS] HD{EN 435
Consensus s i ataayk a
Homo sappiens ACOX-1 ¥DQVHSEKLVCGMJSEINDLPS QRI QPQQVAVWPTNVDI NS PESPTEAYKLRAARIET AAKNLQKEVI HRKS KE VISR 526
Mus musculus ACOX-1 1 ¥DQVQS{EKLVGGMYSPINDLPS QRT QPQQVAVWPTLVDI NSLDSHTRAYKLRAAR 526
Salmo salar ACOX-1 YRQAS AIEHQLS GI INESE. RRLQPQSVSSRPTVVNVNDLASIHVEAYKLRAAK 525
Danio rerio ACOX-1 YKQARALQQLTGIUSHEINES Q. SRI qrmvssm"nvw NDLVSJIVEAYKFRAAK] 525
Larimichthys crocea ACOX-1 YRQAKAEQQLS GIYS VB VYKLRAAT 526
Penaeus vannamei ACOX-1 YREARK[CEKLCHS{YSMTAAQP. . ... ... 533
Eriocheir sinensis ACOX-1 ¥ QAAVK[EKPVLP! K] 524
Portunus trituberculatus ACOX-1 YRAGLE[ESPVLP! i 524
Scylla paramamosain ACOX-1a YRAGLE[ELPVLP! 1 EAFRI SSAN 529
Scylla paramamosain ACOX-1b FREARQEHRL HH! AFRVAVS HIQG 536
Consensus t egentv lq ar k v
Homo sappiens ACOX-1 SE. VVVKLSEKLLKI Q. DKAI G2 KEPITLIES 635
Mus musculus ACOX-1 SE. VTVKV[JADKLPKI Q. DRAVQ RI LEDITVIEP 635
Salmo salar ACOX-1 SDAECHYVVVKLGAAKLGEI G. DTGVH! QTGLESVPQLSQVS QRLKERIAQLEP 634
Danio rerio ACOX-1 SDAECHNVVVKLGAAKLSEI G. DKAVE! LEI [P 634
Larimichthys crocea ACOX-1 SDAZCHNVVVKLGTDKL GEI G. DTAI B! QLEL 635
Penaeus vannamei ACOX-1 AQARTRIFTCEQRVENVESLELSEGVR) I AvLED) 643
Eriocheir sinensis ACOX-1 AELET RI(YT CEQRLRTVESVTVSEGVKN B AELEK 634
Portunus trituberculatus ACOX-1 AEL YMCEKGLSTVEST I ASAGVK! IMATRLIP 634
Scylla paramamosain ACOX-la AELESRIYMCEKLSTVEST RASDRVR: RSGTLS GVDLSTLEEENYEQRJAKLEP 639
Scylla paramamosain ACOX-1h AQVLLI RYSFTCEE[LS GVEKAEVSEATR! RSGALTPS DVNTTLEEELATIRIAALP IfY{s{RgLS| 646
Consensus ¥ v T r av lvd fd
Homo sappiens ACOX-1 NFFLE l,\k‘ﬁmzs. Y : : 660
Mus musculus ACOX-1 HESYYKidked 661
Salmo salar ACOX-1 [HES Y HKYIKPI AKL 660
Danio rerio ACOX-1 (HES HNK . 660
Larimichthys crocea ACOX-1 (HES YHE s 1 targeting signal 661
Penaeus vannamei ACOX-1 PEAYSK 670
Eriocheir sinensis ACOX-1 PKAYYQ 661
Portunus trituberculatus ACOX-1 SKAY 661
Seylla paramamosain ACOX-1a SKAYHE' 666

vlla paramamosain ACOX-1b PDAYYK! 673

S 1 l

v

FIGURE 2

Multiple alignments of the acyl-coenzyme A oxidase 1 (ACOX-1) amino acid sequences from Scylla paramamosain with other species. The threshold
for similarity shading is 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 fatty acyl CoA oxidase domain, FAD-binding motif and Peroxisomal targeting signal are marked with boxes. The
sequences used for comparison are as follows: Homo sapiens (EAW89349), Mus musculus (NP_001258827), Salmo salar (XP_013986887), Danio
rerio (AAH83524), Larimichthys crocea (XP_010746625), Penaeus vannamei (XP_027239044), Eriocheir sinensis (XP_050736712), Portunus
trituberculatus (XP_045124550), S. paramamosain ACOX-1a (PP708699) and S. paramamosain ACOX-1b (PP708700)

acyl CoA oxidase domain of mud crab ACOX-3a and ACOX-3b was
“KCWAGNL” and “KYWITN?”, respectively. In addition, the FAD-
binding motif and peroxisomal targeting signal of mud crab ACOX-
3a were highly conserved, which were “CGGHGY” and “SKL”,
respectively. However, there was no peroxisomal targeting signal
found in mud crab ACOX-3b (Figure 3).

3.3 Phylogenetic analysis
The phylogenetic trees of mud crab ACOX-1a and ACOX-1b

were given in the Figure 4. The results exhibited that the mud crab
ACOX-1a and ACOX-1b grouped together with ACOX-1 from
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crustacean cluster, and separated from ACOX-1 of vertebrates and
molluscs groups. In crustacean group, the mud crab ACOX-1a
formed an independent branch with ACOX-1 from Portunus
trituberculatus, and then further clustered with ACOX-1 from
Eriocheir sinensis and Chionoecetes opilio, producing a bigger
branch. The mud crab ACOX-1b and ACOX-1a were located in
difterent branches. The mud crab ACOX-1b grouped most closely
with ACOX-1 from Homarus americanus. The branch above was
gathered with branch of Penaeus chinensis and Penaeus vannamei
ACOX-1, and further clustered with Penaeus monodon and Penaeus
japonicas ACOX-1 branch, finally forming a bigger branch.

The phylogenetic trees of mud crab ACOX-3a and ACOX-3b
were presented in the Figure 5. The results indicated that the mud
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Bomo ipleie AGORSS.  umia s sis s e ieis eis e aveie ale a6 8 a0 83 0 s e oa AS s e STVEGGDTALLPEFPRGPIID AYRARASSWKELALFTEGEGMLRFKKTI FSALENJPLEAR 63
Mus musculus ACOX-3 . SLPEEKDSALWSDTPKGP|IS AYR ELLLFWDGQDVI HFKKTI FSTLENDPLFAR 63
Salmo salar ACOX-3 e e e MEMGLRDFPS GPIDI YRKKAS|§NWKENVVFLEGEDVMLALKQHVFRVMLENDPT FAR 55
Danio rerio ACOX-3 . YVLGDKMDEGI PDFPNGPIDI YRKKAS|{SWKDMVRFLEGDELI AFKQHVFRTLERUPLFAR 71
Homarus americanus ACOX-3 - DEEGTDLNKLI PDLEDGRTQYRARASINWKKMKAYLDPPEI I AFMNRLYNFMETREVEQY 71
Penaeus japonicus ACOX-3 EEKVTNLDEVI PDLP KA’ VMKTYLDPPYI I KLMDKAFKFLENDQVEQH 71
Eriocheir sinensis ACOX-3 ARRHSVAALTASTAGYGEDTDLDQLVPDLPRGPIDQYRARAT] AFLDPPEVI AHKNRLYQLMESEPDFHR 110
Portunus trituberculatus ACOX-3 1 HSATLP. LTKII(\ FISPSLPWQLPRLTWRDTARTDLDKLVPDLPS A AYIDPPHI I AFKNSLYNFMEGUPVFHR 91
Scylla paramamosain ACOX-32 ...l VAASLTYNAG. . . .. HSEGSDLDKLVPDL| AGA QMKAYI DPPDI I AFKNSMYNFMQGRPVEHR 71
Scylla paramamosain ACOX-3b NTZDLPANTALLDHDN. . HDVRKKFREFLS[LRI MRP 94
Consensus
Homo sapiens ACOX-3 SPGADLSIEKYQELNFLECKRI FEYDFLS VEDVMFKSPLRVPALI QCLGMYDSSELAAKYLEHSLVFGSAVYS: L. TYI QKI FRVEI F{gg LSHESSTKAT 172
Mus musculus ACOX-3 SYGADLPLEKLINELNFLCKRVFEY GEFKVEELLKNPLKI LVLI NCLG) ANKCVLHMLVFGTTVFVS[ESEKEF LSHESNTKA! 172
Salmo salar ACOX-3 QPGEDVSTIZRMIEVTF REICKQLFRYDFLTRDDI VANPWRTVVLNDCLGMYDWSL GAKY FLNKGMFGATV ANS[ES QRE'S LSHESNTRA! 164
Danio rerio ACOX-3 QPGEDVPVRQREELTFLIICKQLFKYDFI TREELMQNPWKMI VLNDCLGMYDWSL CAKYFLNKGMFGATVLNT(ES QREL LSHESNTRAL 180
Homarus americanus ACOX-3 LDG. DANEBEQEYVTLLINKKLNNAKLF ADEELLMDFRKAI ATPSVFGGHNWSLAARMGLLRGFI I SAT LGLETERJN. 1SHETNSRGL 179
Penaeus japonicus ACOX-3 SDG. DMTLEEBQI TYK: VKKLVSNEFVDEDEI MYDYKKAPALNI VI GGYDWSLAARKGLLTNFI SSGI MGLETEKEY. 1 AHETNTRG 179
Eriocheir sinensis ACOX-3 PEG. TLSLPEEENVTFKAI RKI LTSRENNDEDNYLDYRKAPATS AVMGEYDWS MSARLGLLTSFVAAGI 1 GQETEREF 1SHESNVRG 218
Portunus trituberculatus ACOX-3 TGG. DLTLRER:SVTFRE VEKLLNS KFS DEKEVLVDYRKPSANTAVVGEYDFSTAARQGLLTTFI AS GI LGQETERL: Y VSHESNVRG 199
Scylla paramamosain ACOX-3a VEG. DLTLREELRVTLRE VEKLLSSKFSDE. DVLI DYRKPSANTAVVGEYDFSLAARQGLLTNFVAS GI LGQETERE Y VSHESNVRG 178
Scylla paramamosain ACOX-3b RYN. . 1 SLEEESEV ALE[JLKRI CDAGET SVVDFI HNPLRVFAS HELAAT 1 DPAVATKNTVQFNLFGGTVLKLIETEQEHSKLLAGI DTLDDV]SNy LGY[ENWAVEM 202
Consensus e " Fatty acyl CoA oxidase domain £ EEELEE e s ¢
Homo sapiens ACOX-3 TRHIP ATEE] A CVEGDQE PP:BQI DEKTILP MPGVIV HKVRVIZNQSEINRMGOVTP 262
Mus musculus ACOX-3 AR AV VPDGQC! QI EDTKTALP NTGVMIV G NKVRIJHQNLMDRTGNI TS 282
Salmo salar ACOX-3 TRKYRPSTQE) AV TPDGAC SFINQVIDPKT)AL AMPGVI V! HKVRI JIENMANKTGDVTE 274
Danio rerio ACOX-3 TRKYRPNTQH) SV TPDGKCHELE SFINQVEDPKIJL AVPGY VY HNVRI JUENDINKTGDVAP 290
Homarus americanus ACOX-3 RYJLPKTES SE G TPDGI § CELYPIENPRIJVTYPGVTI V DY A1 IJUENLIINRTGDVTP 289
Penaeus japonicus ACOX-3 HFRPKTQS| ) A TPDGVC 1\JP1EDPKTILPYPGVTI DY A1 IJEDNLIUNRTGDVTP 289
Eriocheir sinensis ACOX-3 RYILPASQS Gl YTP FINALEDPHTANTYPGVTI DHY S VIJUENLIINRTGDVTP 328
Portunus trituberculatus ACOX-3 RY[LPAS QA G TPDGVC CFINPLINDPHTIQTYPGI TI V DHY S VIJENLINRTGDVTP 309
Scylla paramamosain ACOX-3a RY[LP AS QT) ARTRSE G TPDGVC CFI{PLIEDPRTPIQTYPGI T1 V DHY ST/ JUENLINRTGDVTR 288
Scylla paramamosain ACOX-3b TEEYLKETD ALHREVI 1VG. GTN GVIYJPI[iD. EKJAQI LENVRVE] NNVRVIZZENLIINRYSDVIA 310
Consensus a a via | I vor r
Homo sapiens ACOX-3 EETY VS PFEDVRQDFGASLGS VSLAI LNEKLAVAIPLOFSEY {EPTEEEEI PVLETP) ILDHFSKSLFLDLVELQRGLASGDRSAR 392
Mus musculus ACOX-3 EETYNSPFKDVRQELGASLGS 1SNSVVNLKLAVSIRIEF QE[CPTDKEEI PVL \LDHFSKTI FMDLI EVQSARLRGDHSDQ 392
Salmo salar ACOX-3 E{EHY VTPFKDP NKIFGASLG A SRVAVVNLKLAMTVET [P SEY KDDQET PVI ILDYFSKSI FGNFVEFQI GVMMKDNSDR 384
Danio rerio ACOX-3 DEQY VS PFKDPNKIFGASLG A TRVALVNLKLAVIVEVEFSEY KEDEEI PVL. \LEHFTKSFSRNFVEFQMGLLMKDKSDR 400
Homarus americanus ACOX-3 S VYETPYKDPNKE GN 1 GFGVVEMVKKS LATEVEYSEVEKQE(ER AE. EELPVI LDNFTKAFNKLFVNFRLEMFDASDKGR 398
Penaeus japonicus ACOX-3 E{t VYETPYKDP) GN 1 GFGVVHERKALTIEN BV SEVEKQEFER GK. DELPVI MDNFTKTFHKLFAEFRMEMLDATDKDR 398
Eriocheir sinensis ACOX-3 1 l!xﬂvmrsﬂrmsml\ 1GFAAVYLKKSLA VSR VIIKQELE AD. KELAVI LDTETKTFNKNFHDFRMES VS GDNKDR 437
Portunus trituberculatus ACOX-3 TYETRYRDPS K IGFGVVYLRKSIT!EI 'YSE AKQF[ELAD. KELSVI B MDTF AKTF AKHFFEFRMESLQPEDKDR 418
Scylla paramamosain ACOX-3a TYKTPFRDP GN 1GFGVVYLRKSI TIEV) Yi\f K LG. KELSVI B)Y LDTFAKTFTKHFFDFRMESLQPEDRDR 397
Scylla paramamosain ACOX-3b b Erssmlsm\ﬂruvmq ASMSMGGSKASLTIRLEY ARSEL ggmxsn’rsu IN..... FGLDYVKKRWAFQAPDGSE. 414
Consensus g i ar ar y a

———— FAD-binding mouf
Homo sapiens ACOX-3 QAELGRST HAL ASAS[RZLASE' 1 3) AMNRLGVLRDDNDPNG 1 JUEQTSNYLLGLLAHQVHDGACFRSPLKSVDFLDAYPGI EDQKFEV 502
Mus musculus ACOX-3 QAELGRJT AL ASAGLSJL AS| 39} AMNRFGDLRNDNDP NG} VAL QTSNYLLSLLEPPLQDGAHFTSPLKTVDFLEAYPGI LGQKFLG 502
Salmo salar ACOX-3 QAELGRST HAI S CS S|S4LGS| i} ANNRLGTI RDDNDPNG VIALIQTSNYLLS QLEAKQQDGVRI ESPLESVNFLEDFDSI LETRFTA 494
Danio rerio ACOX-3 QAELGRJST BALS CAS|$4LGS| 84) AVNRLGDVRDDNDPNG) VPILIQTSNYLLS WI QHKQEGNGRI ESPLETVNFLDDNSSILQSKFTV 510
Homarus americanus ACOX-3 TALYGQRI BALSSAGY, VS A4)RCAGFGYLRDDNDANG VIILIYQTSNWL] GVWKKRS. . EVSAVYPMGTVDYVDQGDHI LGCTWKT 506
Penaeus japonicus ACOX-3 VALYGQRVHGLSSAGLGT S JRCAGFGELRNDNDANG VIILIFQTSNWLVSVWNRRS. . KVSAKHPMGTADYI DDADYI LKQSWKT 506
Eriocheir sinensis ACOX-3 LALFGQRVHGLSSAGLGLS G JKCS GFS Y MRDDNDANG 1 ILEQTSNWLLGVVAARGGDAAATLFPMHTI DYNQNADHI LSLAWTA 547
Portunus trituberculatus ACOX-3 LALFGQRVHGLSSAGLGLS G KCSGLG\ILIDDNDAN 1 ILEQTSNWLLGVVANRA. DAATCLFPMHTTDYLQBADHLLSHPWIT 527
Scylla paramamosain ACOX-3a LALFGQRVHGLSSAGLYGLS G I#KCS GLGQLRDDNDANG 1 ILEQTSNWLLGVVANRG. DAAACLFPMHTTDYLQBADYLLSHPWTS 506
Scylla paramamosain ACOX-3b . HPEVVTMCCVI [S4L AGNMENV VS V{§iioH SCNRFGSFI ALAHAAL) VUMEKVTKERLAVFKPLP. VDPSLPADAGSRAFLHDLLKRRENALFM 519
Consensus e kp w t egdn q
Homo sapiens ACOX-3 SSVADCLDS. . . . AWALAAYKWEVEYELRETY QKLNQEKRSGS S DFEARNKCQVS HGRPEALAFVELTY VQRGHERVHQPSVPPSER AVIIGRIISAIY AIVSISREAALEY 608
Mus musculus ACOX-3 . AAPLAAYRMLVCYLLQESHRRY CQEKKSRGS DFEARNNS QVY GCRPLALAF MELTVMQRIJHERI HSS GLSPSLRT STIMYGIWCLS QHVALLY 608
Salmo salar ACOX-3 . AVPLAAYKMLVCFLLRESERRLAKEKASGKADFEARNNS QVFYCRSLSI VY1 EHTVVQRFHDQTHDEDTPAGLRPY) ﬁc ¥SIWTLSNHVATLY 600
Danio rerio ACOX-3 . AVPLAAYKMLVCFLLGES QRKLFQEKSSGLGDFEARNNS QVYY CRTLAI AF1 EHTVL QRIJHDLI QDEQTPAALRS' MICAIYGAVTLTNENAILY 616
Homarus americanus ACOX-3 SPI DEDSTNQELVRVCKDSLRWLVEWLCQRGSSEI KRHTAAGLDAFTVRNNI QVYLAHTLSLVYVKQVI LSWJDESI H. . EAEASLQPVIYRICAYGITQLEKLLPQLY 614
Penaeus japonicus ACOX-3 SPLNRTSRDQDI VRVCLESLQWLVCWLCEKTS TTFKAEI AAGADPETARNNTQLYLARTLSLTYVRQVI VAWGDQSVR. . SAESSVQPTIVRICAIF AMTELEKI 1 PQLY 614
Eriocheir sinensis ACOX-3 SPI NDGTRNEELY GVCRQAL QWLVCWLCRRTS AELS AQLAAGLDQFTVRNNTQVHLAHTLSLAYVKQVVLMWRJEERI Q. . AAPNSEQPVIYRICAIYGHITQLERENTPLT 655
Portunus trituberculatus ACOX-3 SPI TPHSTNKELVSVCRQALQWLVCWLCLRTS AELDARTAS GQDQFTVRNNI QVYLAHTLSLAYVKQVVLTW EAPASLQPVIVRICAMYGITQVERHVVPLY 635
Scylla paramamosain ACOX-3a SPI TSHSTNKELVGVCRQALQWLVCWLCLRTTTES DTHTAS GQDQETVRNNI QVYLAHTLSLAYVKQVVLTW EAPASLQP! vn!r ELy V614
Scylla paramamosain ACOX-3b TLGKKLQAS. ....... GKEKLFDTWMLKESG. . .. ..ovoeininnnnnnnns LVQDSAWAYGERLVSEQ) . QCEASLKPIITKIHHIYLIDVVEKNPTVFI 59
Consensus 1
Homo sapiens ACOX-3 RAERRCSCPGRRDRSS. . .o . ottt ettt et ettt e et ettt ettt et e e et et et et ettt e et et etie e et Peroxisomal targeting signal
Mus musculus ACOX-3 RGGYI SGEQTGRAMEDAI LTLCEQLKDIAVALVDVI APSDEVINSPI AKADGELYKNLWAAVLQQNGVLERAAWNPEFSANKSVADRLYSQL 700
Salmo salar ACOX-3 QGGYFS GWEPADWI QQAI LTLCS QLKDEAT ALVDAVAPPDFI LNSPI GNADGELYKNLWSTVMQGNKVLERPSWIAEFTSDKPVVGSLPKL 692
Danio rerio ACOX-3 QGGYFS GGQPVDFI QTAI LTLOGQLKDIAVALVDVFAPPDFI LNSPI GKADGELYKNLWSTVMQGKNVLERPSWIAEF CSDKPVYVGSLHAKL 708
Homarus americanus ACOX-3 EGGLVQDGNTI FVVHFHI KRLCGDLLPDAVALVDVFAPPDEF] HS ALGNADGVVY QHLKREI FTAP GALTRS KHWQEMSYRSP i 701
Penaeus japonicus ACOX-3 EGGLVQDGSFVS VVHHHI KRLCSELVPDAVALVD AFALPDFLIRS ALGNADGEVYHHLKTAMFTAP GANS RPKDWQEN VY QTP 701
Eriocheir sinensis ACOX-3 EGGLVVDGGFI TAVQQHVRRLCGELLPDAVALVDSFAPPDFFLRS VLGNADGKVY QHVEAAMFTAPGANSRS QDNREVAYP. 1 741
Portunus trituberculatus ACOX-3 EGGLVVDRSLI TTAQQHI RQLCGELLPDAVALVDS LAPPDFFLHS VLGNADGKVY QHVKTAMFS APNATS RP QHWQEMTY AAP 22
Scylla paramamosain ACOX-3a EGGLVVDHSLI TAVQQHI RQLCRELLPDAVALVDS LAPPDEFLHS VLGNADGRVY QHVKTAMFS APNATS RP QHWQENAY AAP 701
Scylla paramamosain ACOX-3b TNQLLQP. DTLAKVVEASKELCREVGPDALALSDAFDI SDSMLS AP1 AQDWVSYNERDNQGEV 658

Consensus

FIGURE 3

Multiple alignments of the acyl-coenzyme A oxidase 3 (ACOX-3) amino acid
for similarity shading is set at 50%. Identical residues are shaded black. The si
pink and cyan, respectively. The fatty acyl CoA oxidase domain, FAD-binding

sequences from Scylla paramamosain with other species. The threshold
milarity of amino acid residues more than 75% and 50% are shaded in
motif and peroxisomal targeting signal are marked with boxes. The

sequences used for comparison are as follows: Homo sapiens (AAH17053), Mus musculus (NP_109646), Salmo salar (ACN10554), Danio rerio

(NP_998312), Homarus americanus (XP_042235809), Penaeus japonicas (XP_

042885483), Eriocheir sinensis (XP_050713538), Portunus

trituberculatus (XP_045124199), S. paramamosain ACOX-3a (PP708701) and S. paramamosain ACOX-3b (PP708702).

crab ACOX-3a and ACOX-3b clustered with ACOX-3 from
crustacean group. Specifically, the mud crab ACOX-3a,
P. trituberculatus ACOX-3 and E. sinensis ACOX-3 were gathered
together into a branch, and then further clustered with ACOX-3 from
other crustaceans. In addition, the mud crab ACOX-3a showed a
closer genetic relationship with the P. trituberculatus ACOX-3 than
the E. sinensis ACOX-3. Interestingly, the mud crab ACOX-3b
gathered with ACOX-3 from C. opilio and P. vannamei, forming a
relatively independent branch, which was far from the branch of the
mud crab ACOX-3a. Compared with C. opilio ACOX-3, the mud
crab ACOX-3b clustered in a smaller branch with P. vannamei
ACOX-3, showing a more intimate genetic relationship.
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3.4 Tissue distribution

The transcriptional levels of acox-1a, acox-1b, acox-3a and
acox-3b in eight selected tissues were shown in Figure 6. The
expression levels of acox-la and acox-3a in hepatopancreas
exhibited the highest value among all examined tissues, and were
significantly higher than the cranial ganglia, intestine, thoracic
ganglia, gill, heart, eyestalk and muscle (P < 0.05). In addition,
there were no significant differences in acox-Ia and acox-3b
expressions of the cranial ganglia, intestine, thoracic ganglia, gill,
heart, eyestalk and muscle (P > 0.05). Similarly, the present study
also found that the highest number of acox-3b transcripts was
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detected in hepatopancreas among all tissues (P < 0.05), followed by
the muscle and cranial ganglia. By comparison, the highest
transcriptional level of acox-1b was the muscle (P < 0.05), and the
acox-1b was also highly expressed in the hepatopancreas and
eyestalk when compared with the cranial ganglia, heart, thoracic
ganglia, intestine and gill (P < 0.05).

3.5 Expression levels of acox-1a, acox-1b,
acox-3a and acox-3b in reaction to fasting

The effect of fasting stress on acox-1a, acox-1b, acox-3a and
acox-3b expression levels was presented in Figure 7. Compare with
the feeding groups, the transcriptional levels of acox-1a, acox-3a and
acox-3b in hepatopancreas were markedly up-regulated (P < 0.05),
and the acox-3a exhibited a fearfully significant difference (P < 0.01).
There was no significant difference in acox-1b expression of
hepatopancreas (P > 0.05). In addition, the expression level of
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acox-3a in muscle was markedly increased in fasting group when
compared with the feeding group (P < 0.05). No significant
differences in transcriptional levels of acox-1a, acox-1b and acox-3b
between the fasting group and feeding group (P > 0.05).

3.6 Expression levels of antioxidant genes
in reaction to fasting

The effect of fasting stress on the expression levels of antioxidant
genes was shown in Figure 8. Nrf2 is a key transcription factor,
which can regulate cellular oxidative stress response. The results of
present study indicated that the fasting group exhibited markedly
higher transcriptional levels of nrf2 in hepatopancreas and muscle
than the feeding group (P < 0.05). Meanwhile, the downstream
target genes of nrf2 including cat, gpx and gst in hepatopancreas and
muscle were also significantly up-regulated in fasting group when
compared with the feeding group (P < 0.05), and the gpx showing
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Neighbor-joining phylogenetic tree of representative vertebrate and invertebrate acyl-coenzyme A oxidase 3 (ACOX-3) amino acid sequences. The
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.

highly significant difference (P < 0.01). In addition, compared with
feeding group, the transcriptional level of cat in hepatopancreas was
increased by fourteen times in fasting group, while the muscle only
added two times.

4 Discussion

Mitochondria and peroxisomes are the main sites of
B-oxidation of fatty acids in aquatic animals. However, the
functions about mitochondria and peroxisomes of B-oxidation in
lipid metabolism were remain unclear in aquatic animals, especially
in crustaceans. Previously, Lin et al. (2024) have preliminarily
investigated the P-oxidation of fatty acids in mitochondria
including identification and characterization of three rate-limiting
enzyme genes (cpt-2, cpt-1b and cpt-la) and their regulatory
mechanisms in mud crab. In the present study, we further
explored the B-oxidation of fatty acids in peroxisomes of mud
crab. Four full-length ¢cDNA sequences of acoxs involved in
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peroxisomal B-oxidation were successfully obtained from the mud
crab in this study, which were identified as acox-1a, acox-1b, acox-
3a and acox-3b by sequence analysis. In mammals, there were three
genes named acox-1, acox-2 and acox-3 found in peroxisomes, while
the teleost fish was short of acox-2 and only contained acox-1 and
acox-3 like O. niloticus (He et al., 2014), S. trutta (Madureira et al.,
2016), C. idella (Sun et al., 2020), Larimichthys crocea (Kong et al.,
2022). Consistently, the present study exhibited that there was no
acox-2 observed in mud crab, which may indicate that the acox-2
gene also lacked in crustaceans. In addition, Li et al. (2022) reported
that the acox-2 gene was not absent in bivalves (molluscs), and both
C. farreri and P. yessoensis possessed the four acox-1, a acox-2 and a
acox-3. The ACOX-1a, ACOX-1b, ACOX-3a and ACOX-3b
proteins of mud crab contained 666, 673, 701 and 658 amino
acids, respectively and shared high homology with crustaceans,
teleost fish and mammals, suggesting that the ACOX structures
were relatively conservative among different species. Past studies
have exhibited that the ACOXs contained three primary conserved
regions including the peroxisomal targeting signal, FAD-binding
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motif and fatty acyl CoA oxidase domain (Kunau et al., 1995; Hooks
et al,, 1999). Likewise, the mud crab ACOX-1a, ACOX-1b and
ACOX-3a also possessed all the conserved structural domains
above, which was in accordance with the study results from
teleost fish and molluscs like L. crocea, C. idella, S. trutta,
C. farreri and P. yessoensis (Madureira et al, 2016; Sun et al,
2020; Kong et al, 2022; Li et al, 2022). Besides, the mud crab
ACOX-3b lacked the structure of peroxisomal targeting signal and
only included the FAD-binding motif and fatty acyl CoA oxidase
domain. The possible reason is that the peroxisomal targeting signal
lost in the process of genome replication. The present study also
found that the peroxisomal targeting signal of ACOX-la and
ACOX-1b, fatty acyl CoA oxidase domain of ACOX-3a and
ACOX-3b as well as FAD-binding motif of ACOX-3b formed
new variants, and the reason may be in connection with the
mutation of key amino acids in genome replication. These results
were in line with the study of Li et al. (2022) who reported that the
conserved structural domains of ACOX-1, ACOX-2 and ACOX-3
in C. farreri and P. yessoensis contained multiple variants.
Furthermore, the results of phylogenetic tree indicated that the
ACOX-1 and ACOX-3 of mud crab clustered together with their
homologous orthologues from crustaceans. Collectively, the results
of the homology, conserved domains and genetic relationship above
supported the obtained gene sequences pertained to the acox family.

Exploring tissue distribution could contribute to understanding
the physiological roles of target genes. Studies in mammals have
indicated that the acox-1 was abundantly expressed in liver followed
by the kidney, adipose tissue and other tissues (N6hammer et al.,
2001; Vluggens et al., 2010). As for aquatic animals, the acox
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expression in different tissues exhibited multiple patterns because
of species specificity. Kong et al. (2022) reported that the intestine
and liver were the main expressed tissues of acox-1 in L. crocea, and
similar results were also observed in Danio rerio (Morais et al.,
2007) and Takifugu rubripes (Wang et al, 2022). Studies in
S. maximus and T. rubripes also found that the acox-3 expression
levels were primarily detected in liver and intestine (Wang et al.,
2022). In O. niloticus and C. idellus, the acox-1 was principally
distributed in kidney and liver tissues (He et al.,, 2014; Sun et al,,
2020), and in S. maximus, except for liver, the acox-1 was also highly
expressed in brain (Wang et al., 2022). Madureira et al. (2016)
indicated that the acox-1 and acox-3 were most abundant in ovary
followed by liver, stomach, heart and brain in S. trutta. Besides, a
study from two molluscs, C. farreri and P. yessoensis, found that six
acox genes including four acox-1, a acox-2 and a acox-3 were
predominantly expressed in kidneys and digestive glands. From
the results above, it is not difficult to find that the liver is an
important site for acox gene expression despite different species
existed differences. The hepatopancreas in crustaceans was
analogous to liver in vertebrates, which was closely associated
with lipid metabolism (Lin et al., 2024). Consistently, the present
study found that the acox-Ia, acox-3a and acox-3b were mainly
distributed in hepatopancreas when compared with other detected
tissues. Additionally, the highest number of acox-1b transcripts was
observed in muscle among all tissues, and meanwhile the
hepatopancreas also showed high expression level. These results
may suggest that the mud crab acoxs primarily played a crucial role
in peroxisomal B-oxidation of hepatopancreas and muscle,
especially in hepatopancreas.
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As rate-limiting enzymes of peroxisomal B-oxidation,
increasing studies in mammals have suggested that the ACOXs
played indispensable roles in maintaining energy homeostasis,
regulating inflammatory response as well as adapting to
environmental and metabolic stresses (like nutrient deprivation,
oxidative stress, hypoxia and cold exposure) (Houten and Wanders,
2010; Ding et al., 2021; He et al., 2021). However, the studies on the
functions of ACOXs were still at the start stage in aquatic animals,
especially in crustaceans. Wang et al. (2022) reported that both
high-lipid diet and fasting could markedly increase the acox
transcriptional levels in liver of T. rubripe. Consistently, the
acox-1 exhibited a significant up-regulation in C. idella adipocytes
at 12 hours after fasting (Sun et al., 2020), and the acox-3 expression
was observably up-regulated in liver of S. maximus after 10 days
fasting (Wang et al., 2022). In addition, He et al. (2014) observed
that refeeding significantly suppressed the expression of acox-1I in
liver and kidney after starvation. Similarly, the results of present
study found that the expression levels of acox-1a, acox-3a and
acox-3b in hepatopancreas and acox-3a in muscle were markedly
up-regulated after fasting, suggesting that the acoxs also possess
important function in energy homeostasis for mud crab during
fasting. Besides, previously, we have investigated the mitochondrial
B-oxidation in response to fasting in same species, which observed
that the cpt-1a, cpt-1b and cpt-2 (rate-limiting enzymes of
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mitochondrial B-oxidation) in hepatopancreas and muscle were
significantly up-regulated after fasting and their fold changes were
more obvious than the acoxs (Lin et al., 2024). These results showed
that the B-oxidation of mitochondria and peroxisomes existed a
mutual collaboration in response to starvation stress for
maintaining energy balance, and the mitochondrial B oxidation
might dominate during starvation stress. As an important
transcription factor, nrf2 participates in regulating cellular
oxidative stress responses, and activated nrf2 can induce the
expression of a series of downstream antioxidant genes like cat,
sod, gpx and gst (Kong et al.,, 2022). Studies have demonstrated that
ACOX-mediated peroxisomal [B-oxidation can induce the ROS
production, which was an important source of intracellular ROS
(Ding et al., 2021; He et al., 2021; Kong et al., 2022). For example,
Kong et al. (2022) indicated that palmitate caused an increase ROS
generation though mediating the acox-1 expression in L. crocea, and
meanwhile up-regulated the expression of antioxidant genes (nrf2,
sod and gpx) for resisting oxidative stress. The results of present
study found that expression levels of nrf2 and its target genes (cat,
gpx and gst) in hepatopancreas and muscle were markedly up-
regulated in fasting group compared with the feeding group. The
possible explanation is that fasting resulted in ROS generation via
the ACOX-mediated peroxisomal B-oxidation, and then further
induced expression of antioxidant genes to eliminate excessive ROS.
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Relative expression levels of antioxidant genes in hepatopancreas (A) and muscle (B) of Scylla paramamosain in response to fasting stress. nrf2,
nuclear factor erythroid 2-related factor 2; cat, catalase; sod, superoxide dismutase; gpx, glutathione peroxidase; gst, glutathione S-transferase.
Asterisks indicated significant differences between feeding group and fasting group (*P < 0.05 and **P < 0.01).

Furthermore, the present study also found that the increased
multiple of cat relative expression level in hepatopancreas was
more obvious than other antioxidant genes, which may be in
connection with H,O, as a main byproduct of ACOX-mediated
peroxisomal B-oxidation. Similar result was also observed in
L. crocea reported by Kong et al., 2022. These results above
suggested that ACOX-mediated peroxisomal B-oxidation
participated in maintaining energy homeostasis after fasting,
and meanwhile this process caused the ROS generation and
further induced expression of antioxidant genes for relieving
oxidative stress.

5 Conclusion

In the present study, four completed cDNA sequences of acoxs
(acox-1a, acox-1b, acox-3a and acox-3b) were cloned from the mud
crab, which was the first time to report the key genes involved in
regulating peroxisomal B-oxidation in crustaceans. Subsequently,
the present study analyzed the homology, conserved domains,
evolutionary characteristics of ACOX-1a, ACOX-1b, ACOX-3a
and ACOX-3b as well as acox-1a, acox-1b, acox-3a and acox-3b
expression levels in eight selected tissues. Lastly, we further explored
the roles of ACOX-mediated peroxisomal B-oxidation and
oxidation states under the starvation stress. These results would
contribute to enhancing the cognition of acoxs evolutionary
characteristics and ACOX-mediated peroxisomal B-oxidation
in crustaceans.
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