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Abstract: Superoxide dismutase and catalase are two major antioxidant enzymes in the fish an-
tioxidant defense system, which can remove excess reactive oxygen species and protect fish from
stress-induced oxidative damage. The present study aimed to clone the sequences of Yangtze stur-
geon, Acipenser dabryanus, Cu/Zn superoxide dismutase (AdCu/Zn-SOD) and catalase (AdCAT), and
to explore changes of gene expression in the liver and intestine during fasting and refeeding. A total
of 120 fish were exposed to four fasting and refeeding protocols (fasting for 0, 3, 7, or 14 d and then
refeeding for 14 d). The coding sequences of AdCu/Zn-SOD and AdCAT encoded 155 and 526 amino
acid proteins, respectively, both of which were expressed mainly in the liver. During fasting, when
compared to the control group, liver AdCu/Zn-SOD expression was significantly higher in the 3- and
14-d groups, whereas its intestinal expression increased significantly only in the 7-d group. Liver
AdCAT expression increased significantly in the 3-, 7-, and 14-d groups. During refeeding, liver
AdCu/Zn-SOD expression increased significantly in the 3-, 7-, and 14-d groups compared with those in
the control group. Similarly, intestinal AdCu/Zn-SOD expression increased significantly in the 3- and
7-d groups. Moreover, intestinal AdCAT expression was significantly higher in the 3-d group than in
the control group, but decreased significantly in the 14-d group. Our findings indicated that AdCu/Zn-
SOD and AdCAT play important roles in protecting fish against starvation-induced oxidative stress.
Yangtze sturgeon exhibited the potential to adapt to a starvation and refeeding regime.
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1. Introduction

Starvation is a common phenomenon when fishes lack sufficient foods to meet nutri-
tional requirements [1]. Many fish species are routinely affected by periods of starvation of
variable length. Starvation is considered to be one of the most important factors affecting
the normal growth, development, reproduction, and survival of fishes [2,3]. In contrast
to other vertebrates, who can only resist a short period of starvation, teleosts can survive
long-term food deprivation by utilizing stored energy through oxidative pathways [4—-6].
Starvation not only induces cessation of growth, but also causes stress in fishes [7]. Several
studies have revealed that the pro-oxidant effects mediated by starvation are responsible
for most of the negative effects, because the reactive oxygen species (ROS) generated by
sustained aerobic metabolism are not adequately neutralized by antioxidant systems [8-10].

ROS are continuously produced and eliminated by living organisms and are nor-
mally maintained at certain steady-state levels. However, overproduction of ROS causes
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damage to cellular macromolecules (e.g., membrane lipids, DNA, carbohydrates, and
proteins) [11,12]. To cope with the continuous generation of ROS, organisms have evolved
a cellular antioxidant detoxification system consisting of enzymatic antioxidants and non-
enzymatic small molecules. In particular, the major antioxidant enzymes, superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), and peroxidase bear the
most responsibility for ROS elimination [13]. Among these enzymes, SODs play an essential
role in cellular defense systems against oxidative stress by catalyzing the dismutation of
superoxide anions to hydrogen peroxide and molecular oxygen [14]. SODs are ubiquitous
and have been classified into three groups according to their metal ion cofactor in the active
site: (1) copper/zinc-SOD (Cu/Zn-SOD), (2) manganese SOD (Mn-SOD), and (3) iron-SOD
(Fe-SOD). Cu/Zn-SOD, because of its wide distribution in intracellular and extracellular
compartments of both prokaryotes and eukaryotes, plays a particularly important role
in protection against oxidative tissue injury caused by excessive ROS [15,16]. CAT is a
major oxidoreductase enzyme that converts H,O, to H,O and O,. In addition, at low
H,O; concentration, catalase can also oxidize toxins such as alcohols, phenols, formalde-
hyde and formic acid via the peroxidatic pathway, by using one molecule of H,O, [17].
Cu/Zn-SOD has been cloned from several fish species including the cyprinid, Onychostoma
macrolepis [18], Pengze crucian carp, Carassius auratus var. Pengze [19], marbled eel, Anguilla
marmorata [20], and large yellow croaker, Pseudosciaena crocea [21]. CAT gene sequences have
been reported for turbot, Scophthalmus maximus [22], rock bream, Oplegnathus fasciatus [23],
and Chinese black sleeper, Bostrychus sinensis [24]. So far, the Cu/Zn SOD and CAT from
Yangtze sturgeon have not been elucidated. Understanding the identification and charac-
teristics of these two antioxidant enzymes will be helpful to uncover underlying molecular
mechanism for further improving stress tolerance in Yangtze sturgeon in the future.
Yangtze sturgeon, Acipenser dabryanus, also known as Dabry’s sturgeon, is an important
and rare native species in China. Since 2000, the Yangtze sturgeon has not reproduced
naturally due to changes in hydrological conditions caused by human activities, and there
is currently no natural population in the Yangtze River [25,26]. Releasing captive-bred
populations into appropriate reaches is the only way to restore the natural Yangtze sturgeon
population. However, similar to other fish species, sturgeons entering natural habitats for
the first time will inevitably face the threat of starvation, especially during breeding and
migration periods [27]. The fish is valued and rare; research involving the Yangtze sturgeon
has mainly focused on its population genetics [28-30] and on cloning and expression
profiles of immune-related genes [31-34], while only a few studies regarding the effect of
starvation on the antioxidant function of Yangtze sturgeon are available. Previous study
found that Yangtze sturgeon could alter the level of their antioxidant defense to cope
with oxidative stress under starvation and refeeding [10]. Additionally, in our earlier
study, we found that the starvation-induced oxidative stress in Yangtze sturgeon could
be alleviated by refeeding [35]. However, these results were obtained by changes of
antioxidant enzyme activity, and limited information is reported regarding the expression
of antioxidant enzymes involved in starvation and refeeding in Yangtze sturgeon. To
gain a deeper understanding of the mechanism of physiological adaptation to nutritional
restriction stress in Yangtze sturgeon, we cloned and characterized the Cu/Zn-SOD and
CAT genes from Yangtze sturgeon (designated as AdCu/Zn-SOD and AdCAT, respectively).
We also detected their mRINA expression levels in response to different feeding statuses.

2. Materials and Methods
2.1. Experimental Design

The F, generation of Yangtze sturgeon juveniles were obtained from the Fishery
Institute of the Sichuan Academy of Agricultural Sciences (Sichuan, China), and were
cultured for two weeks to acclimatize to the experimental conditions. A total of 120 fish,
with an approximate mean initial body weight of 60.53 £ 0.28 g, were distributed randomly
into four groups, and each group contained 3 tanks (1.5 m diameter, 0.8 m height). The
groups were as follows: The 0 d group (control): starved for 0 d; the 3 d group: starved for
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3 d; the 7 d group: starved for 7 d; and the 14 d group: starved for 14 d. At the end of the
starvation test, all groups were refed for 14 d. The fish were fed twice a day (at 08:00 and
18:00 h) using a commercial feed with 41.31% crude protein and 10% lipid (Supplementary
Materials Table S1). About 30% of the water in each tank was replaced daily to avoid
accumulation of waste products (uneaten feed and feces). During the experimental period,
the water temperature was maintained at 18.5 & 2 °C, the dissolved oxygen content was
6.24 + 0.53 mg L™, the pH was 7.0 4 0.5, the NH,*-N content was 0.066 + 0.003 mg L1,
and the NO,-N content was 0.001 & 0.000 mg L~!. The feeding trial was conducted under
natural light and dark cycles. All experimental protocols were carried out following the
Guide for the Care and Use of Laboratory Animals (Ministry of Science and Technology of
China, 2006) and were approved by the Animal Care Advisory Committee of the Sichuan
Academy of Agricultural Sciences (Approval No.: 20180929001A).

2.2. Sample Collection

Tissues for cloning (liver) and tissue distribution analysis (three fish after temporary
culture) were sampled before the trial, including heart, muscle, intestine, stomach, eye,
skin, gill, liver, spleen, and brain tissues. The fish were euthanized using 3-aminobenzoic
acid ethyl ester methanesulfonate (MS-222, 60 mg L~!) and then sampled immediately. The
liver and intestine were collected from two fish of each tank to analyze the expression of
Cu/Zn-SOD and CAT at the end of fasting and at 14 d of refeeding, and stored at —80 °C
until analysis.

2.3. Molecular Cloning of Cu/Zn-SOD and CAT from Yangtze Sturgeon

Total RNA was extracted from the above-mentioned tissues using the Trizol reagent
(Invitrogen, Waltham, MA, USA) and electrophoresed on a 1% agarose gel to test the quality
of the RNA. Then, the RNA was reverse transcribed to cDNA using a PrimeScript™ RT
Reagent Kit (Takara, Dalian, China) based on the manufacturer’s protocol. The partial
Cu/Zn-SOD and CAT cDNA sequences were obtained from the transcriptome of Yangtze
sturgeon, which was generated in our laboratory using high-throughput DNA sequencing
(data not shown). The open reading frame (ORF) sequences encoding AdCu/Zn-SOD and
AdCAT were then amplified by PCR using gene-specific primers. The cycling conditions
of the PCR reactions were the same as those reported by Qin et al. [36]. Next, the PCR
products were purified using a Universal DNA Purification Kit (TTANGEN, Beijing, China)
and then inserted into vector pMD-19 T using a cloning kit (Takara, Dalian, China). Finally,
the clones were sequenced by the Tsingke Biotechnology Co., Ltd. (Chengdu, China). The
specific PCR primers for cloning are shown in Table 1.

Table 1. PCR primers and optimal annealing temperatures (OATs) used for cloning and gene
expression studies.

Primer Sequence (5’ to 3') OAT (°C)
AdCu/Zn-SOD-F ATGGTGTTGAAAGCTGTTTGCG 51
AdCu/Zn-SOD-R GACAGAAACACTGAAGATTAGC

AdCAT-F ATGGCGGGAAACCGAGAC 51
AdCAT-R TCACATCTTGGATTCACGTGCA
AdCu/Zn-SOD-qF AAACTTATAACTCTATCAGGACCTTATTCA 549
AdCu/Zn-SOD-qR CAGTCACCAGGCTCTCGTCAT )
AdCAT-qF CCTGTGAACTGCCCCTAT 60.4
AdCAT-gR ACATTGTCATCGTCGGAG ’
p-actin-qF GACCGAGGCACCCCTGAAC 510
B-actin-qR GATGGGCACTGTGTGTGTGAC ’

2.4. Sequence Analysis and Phylogenetic Analysis

The ORFs were analyzed using online software (https://www.ncbinlm.nih.gov/
gorf/gorf.html, accessed on 18 February 2021), and the deduced amino acid sequences
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of AdCu/Zn-SOD and AdCAT were aligned with their counterparts from other species
using DNAMAN software (Lynnon Biosoft, San Ramon, CA, USA). Protein sequence
identities (%) were obtained using the Basic Local Alignment Search Tool (BLAST). Amino
acid sequences of AdCu/Zn-SOD and AdCAT from Yangtze sturgeon and other organisms
were used to construct a phylogenetic tree. The Neighbor-Joining phylogenetic tree was
generated using the MEGA 7.0 program. Furthermore, 1000 bootstrap replicates were
assessed to guarantee the reliability of the tree. All protein sequence IDs used in the present
study are shown in Supplementary Materials Tables S2 and S3.

2.5. Quantitative Real-Time PCR (qPCR)

Primers for the AdCu/Zn-SOD and AdCAT mRNA, as well as those for the 3-actin gene,
are shown in Table 1. All primers were designed using the Primer 5.0 software (PREMIER
Biosoft International, San Francisco, CA, USA). The qPCR reaction was performed using
a Bio-Rad CFX Connect System (Bio-Rad, Hercules, CA, USA). The PCR reaction was
conducted with a total volume of 20 uL containing 10 uL of 2 x TB Green Premix Ex Taqll
(Takara, Shiga, Japan), 2 uL. of cDNA template, 1 pL of 10 umol L~! each forward and
reverse primer, and 6 uL of RNase-free dH,O. The cycling conditions were: 95 °C for 3 min,
followed by 40 cycles of 95 °C for 5 s, annealing at different temperatures (Table 1) for
each gene for 10 s, and 72 °C for 30 s. Each transcript was analyzed in triplicate (n = 3 for
each group). The target and housekeeping gene amplification efficiencies were calculated
according to the specific gene standard curves generated from 10-fold serial dilutions. The
2-AACT method was used to calculate the expression results.

2.6. Statistical Analysis

All data were tested for statistical significance using one-way analysis of variance
(ANOVA) followed by Duncan’s multiple range tests using the SPSS statistical package
version 22.0 (IBM Corp., Armonk, NY, USA), and are shown as the mean =+ the standard
error of the mean (SEM). Significant differences were confirmed at p < 0.05.

3. Results
3.1. Cloning, Characterization, and Phylogenetic Analysis of AdCu/Zn-SOD and AdCAT

The nucleotide sequences of the AdCu/Zn-SOD and AdCAT genes were obtained and
characterized from Yangtze sturgeon, and have been deposited in GenBank (accession
no. MZ004926 and MZ004927). The ORFs of AdCu/Zn-SOD and AdCAT were 468 bp and
1581 bp, encoding proteins of 155 and 526 amino acids, respectively. Each nucleotide
sequence consisted of an initiation codon and a stop codon (Figures 1 and 2).

A BLASTX search showed that the protein sequence of AdCu/Zn-SOD was highly
similar to many other teleost Cu/Zn-SODs, such as that from sterlet sturgeon, Acipenser
ruthenus (98.06%), Arctic char, Salvelinus alpinus (81.17%), lake trout, Salvelinus namaycush
(80.52%), nine-spined stickleback, Pungitius pungitius (79.87%), and marbled eel (79.22%)
(Supplementary Materials Table S2), which revealed the high conservation of Cu/Zn-
SOD in teleosts. Notably, two conserved signature sequences of the Cu/Zn-SOD family
were found in AdCu/Zn-SOD: signature 1 (GFHVHAFGDNT) from position 45 to 55 and
signature 2 (GNAGGRLACGVI) from position 139 to 150 residues. In addition, we also
detected a single disulfide bond formed by four Cu?* -binding active-site residues (His*,
His*?, His®*, and Hisul), four Zn?* -binding active-site residues (His®*, His”2, His®! and
Asp8), and two cysteine residues (Cys®® and Cys!#”) from the deduced AdCu/Zn-SOD
protein (Figures 1 and 3). According to the results of the phylogenetic analysis, AdCu/Zn-
SOD was clustered with Cu/Zn-SODs from other teleosts, but was most closely related to
the Cu/Zn-SOD from sterlet sturgeon (Figure 4).
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1 ATGGTGTTGAAAGCTGTTTGCGTTCTAAAGGGCACCGGCGACGTCTGTGGAACAGTGCAT
1 MVLEKAVCVLEKGTGDVCGTVH
61 TTTGTGCAAGAAAAGGAGACTGGACCAGTGAAGT TAACGGGGCAAATAACAGGTTTAACT
21 FVQEEKETGPVEKELTOGSQTITGLT
121 CCTGGAGAGCATGGCTTTCACGTCCATGCAT TTGGAGACAACACCAATGGTTGTGTGAGT
41 P GEHGFHVYVHAFGDDNTNG IEI Vs
181 GCTGGTCCTCACTTCAACCCACTTGGCAAAACCCATGGTGCACCGCAAGATGAAATTAGG
61 AGPHFNPLGEKTHGAPQDETIR
241 CATATAGGAGATCTTGGTAATGTAATAGCTGGAGATGATAAGGTGGCAATTATTAATATC
81 BHIGDLGNVIAGDDIEKVAITINI
301 GAGGACAAACTTATAACTCTATCAGGACCTTATTCAATCATAGGTCGAACTATGGTGATC
101 EDKLITLSGPYSIIGRTMVI
361 CACGAGAAAGCTGATGATTTGGGCAAAGGAGGAAATGACGAGAGCCTGGTGACTGGCAAT
121 HEKADDLGEKGGNDET SLVTGN
421 GCTGGTGGCCGCTTGGCCTGOGGAGTAATTGGAATTGCTCAAAGCTAA

141 A 66 RLA[C]JGVIGTIAQS*

Figure 1. The nucleotide and deduced amino acid sequence of AdCu/Zn-SOD (Cu/Zn superoxide
dismutase from Yangtze sturgeon). Two conserved signature sequences are marked by underlining;
four Cuz*—binding active sites (His47, His?*?, His®, and Hisul) and four Zn2+-binding active sites
(His®, His”?, His®! and Asp®) are highlighted in yellow; and two cysteine residues (Cys® and
Cys!'%”) are boxed, * indicates a stop codon.

1 ATGGCGGGAAACCGAGACAAAGCAT CCGACCAGATGAAAATGTGGAAGGAGAACAGGGGA
1 MAGNRDIEKASDQMEKMTVW¥ZEKENTRG®G
61 GCGCAGAGAGCGGACACGCTGAGCACTGGTGCAGGCGTGCCCGTGGGGGACAAGCTGAAC
21 AQRADTLSTGAGYVPVY GDIEKTLHN
121 TCGCTGACGGCCGGGCCACGGGGCCCCCTGCTGGTCCAGGACGTGGTGT TCACGGACGAG
41 SLTAGPRGPLLVQ@DVVFTTDE
181 ATGGCCCATTTTGACCGGGAGCGCATCCCAGAGAGAGTAGTGCACGCTAAGGGGGCAGGA
61 M AHEFEDRETRTPETRVVYHAZKTGASG
241 GCATTTGGATACT TGGAGGTGACCCATGACATCACCAAGTACACCAAGGCCAAGATATTC
81 ABGYLEVITEDITENYT EAKTIRE
301 GAGCACGTTGGGAAGAGGACACCCACCGCAGTGAGGT TCTCCACCGTGGCTGGAGAGGCT
101 EHVGEKRTPTAVRTFZSTVAGEA
361 GGCTCTGCAGACACTGTGCGGGATCCTCGCGGCTTTGCAATGAAGT TCTACACAGAAGAA
121 GSADTVRDPRGFAMEKTFTYTEE
421 GGGAACTGGGACCTCACTGGGAACAACACCCCCATTTTCTTCATCCGGGACCCCTTACTG
141 GNVWVDLTGNNTTPTIFTFTIRDPLTL
481 TTCCCTTCCTTTATCCACTCTCAGAAGAGGAACCCGCAGACCCACCTGAAGGACCCAGAC
161 FPSFIHSQEKRNPAQTHLTEKTDTPTD
241 ATGGTGTGGGATT TCTGGAGCCTGCGGCCAGAGT CACTGCATCAGGTCACCTTCCTGTTC
181 MVWDFWSLRPESLIHQVYTTFTLTF
601 AGTGACCGTGGAATTCCAGATGGACACCGACACATGAATGGCTATGGTTCCCACACCTTC
201 SDRGIPDGHRHEMNGYGSHTTF
661 AAGCTGGTCAATAACGCAGGGGAGGCAGTCTACTGCAAAT TCCACT TCAAGACTGACCAG
221 KLVNNAGEA AYYCEKTFHTFZEKTTDAQ
721 GGCATTAAGAACATCCCGGTGGATGAGGCCAGCAGCT TGTCCGCCACAAACCCTGACTAC
241 G I KNTIPVDEASSLSATNPIDY
781 AGCATCCAGGACCTGTACAACGCCATCGCCAACGGCAATTACCCCTCCTGGAGCGTTTTC
261 ST QDLYNAIANGNTYPSTVWVWSVF
841 ATCCAGGTCATGACCT TTGAGCAGGCAGAGCAGT TCCGCTGGAACCCCTTCGACCTGACC
281 I1 QVMTFEQ QAEQFZRWNPTFIDLT
901 AAGGTTTGGTCTCATAAAGATTTCCCTCTGATCCCGGTGGGGAAACTCGTGCTGAACCGA
301 KVVSHEKEDFPLTIPYVGEKLTYVLNTHR
961 AACCCTGTCAACTACT TTGCAGAAGTGGAGCAGCTGGCAT TCGACCCCAGCAACATGCCC
321 NPVNYFAEVEQLAFDPSNMP
1021 CCTGGCATTGAGCCCAGCCCTGACAAGATGCTGCAGGGACGCTTGT TCTCATACCCGGAC
341 PGIEPSPDI KMLOQGRLFSYZPTD
1081 ACTCACAGACACCGCCTGGGAGCCAATTACCTGCAAATCCCTGTGAACTGCCCCTATAAG
361 I HRHRLGANYLAQTIPVNCPTYEK
1141 ACTCGAGTGGCAAACTACCAGAGAGACGGGCCCATGTGCATGT TCGATAACCAGGGCGGA
381 TRVANYQRDGPMCMFDNGQG® GG
1201 GCCCCCAATTACTACCCCAACAGCT TCAGCGCCCCGGAGACACAGCCGCAGT TCCTGGAG
401 APNYYPNGSTFSAPETA QPAQFTLE

Figure 2. Cont.
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A.dabryanus
A.baerii
A.ruthenus
£.alpinus
M.cyprinoides
S.namaycush
L.oculatus
A.marmorata
C.semilaevis
C.striata
S.maximus
M.musculus
H.sapiens
Consensus

A.dabrvanns
A.baerii
A.ruthenus
5.alpinus
M.cyprinoides
£.namaycush
L.oculatus
A.marmorata
C.semilaevis
C.striata
S.maximus
M.musculus
H.sapiens
Consensus

1261 ACCAAGTTCAAGGTGTCTGCCGACGTGGCTCGCT TTAACAGCTCCGACGATGACAATGTG
421 TKPFEKVSADVYARTFNSSDD D NI
1321 ACCCAGGTGCGCACTTTCTACACACAGGTTCTGAATGAAGAAGAGCGCCAGCGTCTGTGT
441 sV R TFYTQVLNEEETRG QRLTC
1381 GAGAACATCGCCGGCCACCTCAAGGAGGCTCAGCTTTTCATCCAGAAACGTGCAGTGAAG
461 ENIAGHLIEKEAQLTFTIA®QEKTRAVEK
1441 AACTTCATGGATGTTCATCCAGACTATGGGAGCCGCATCCAGGCCCTGCTGGACAAATAC
481 NFMDVEPDYGSRIQALLTIDIE KTY
1501 AACACACAGGCTGGGGAGAATGTGATCCGGACCTACGCCCCCACCGCTGCGT CCCTGACT
501 NTQAGENVIRTYAPT AASTLT
1561 GCACGTGAATCCAAGATGTGA

521 A RE S KM =*

Figure 2. The nucleotide and deduced amino acid sequence of AACAT (Catalase from Yangtze
sturgeon). The catalase proximal active-site signature domain is marked by single underlining,
the catalase proximal heme-ligand signature domain is marked by double underlining, the N-
glycosylation site is highlighted in green, and the peroxisome targeting signal is highlighted in yellow,

* indicates a stop codon.

100
100
100
100
100
100
140
100
100
100
100
100
100

e T T T T T O T e O O e O |

sagph np h pd

rh gdlgnv

155
155
155
154
155
154
154
154
154
154
154
154
154

iigrt v he ddlg gg

Figure 3. Alignment of the full amino acid sequences of AdCu/Zn-SOD with its homologs from other
species. The two conserved signature sequences of AdCu/Zn-SOD are highlighted by red and blue
boxes, respectively. Four Cu?*-binding active sites (His*’, His*’, His®, and His'?!) and four Zn?*
-binding active sites (His®*, His”2, His8! and Asp84) are marked by arrows. Two cysteine residues
(Cys® and Cys'#’) are marked with green triangles.

Regarding the deduced AdCAT protein sequence, the BLASTX search showed that it
shared high affinities with many other teleost CATs deposited in GenBank, including those
from sterlet sturgeon (98.10%), spotted gar, Lepisosteus oculatus (85.93%), senegal bichir,
Polypterus senegalus (84.41%), ropefish, Erpetoichthys calabaricus (84.03%), and Pacific red
snapper, Lutjanus peru (83.11%) (Supplementary Materials Table S3), which revealed high
conservation of CAT in teleosts. In addition, we found typical catalase family signatures,
including an active-site signature (FDRERIPERVVHAKGAG) from position 64 to 80 and a
proximal heme-ligand signature motif (RLFSYPDTH) from position 354 to 361, which are
known to be highly conserved among teleosts. Additionally, a well-conserved potential
N-glycosylation site (NVTQ) from position 439 to 442 and a predicted peroxisome targeting
signal (SKM) from position 524 to 526 were found in the derived amino acid sequence
of AdCAT (Figure 2 and Supplementary Materials Figure S1). The phylogenetic analysis
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showed the AACAT forms a clade with CAT sequences from other teleosts, and was most
closely related to CAT from sterlet sturgeon (Figure 5).

53 Channa striata

46 Scophthalmus maximus

45 Pungitius  pungitius

Cynoglossus semilaevis

68 Oryzias latipes

Lepisosteus oculatus

58 r A Acipenser dabryanus

— 100 |—Ac1’penser ruthenus

41 Anguilla marmorata

Chanos chanos

33 97 —— Salvelinus alpinus
—119

Salvelinus namaycush

79 Oncorhynchus mykiss

71 Salmo salar

99 Megalops cyprinoides

Danio rerio

Lctalurus  punctatus

Gallus gallus

Mus musculus

R4 Homo sapiens

67 Sus scrofa

|
0.05

Figure 4. Phylogenetic tree of the amino acid sequence of the AdCu/Zn-SOD protein. A was used to
highlight Acipenser dabryanus.

3.2. Tissue Distribution of AdCu/Zn-SOD and AACAT mRNA Expression

Tissue distributions of AdCu/Zn-SOD and AdCAT mRINA expression are shown in
Figures 6 and 7. They were expressed in all detected tissues but showed some variations.
AdCu/Zn-SOD mRNA was highly expressed in the liver, brain, and eye, but showed low
expression levels in the stomach, gill, spleen, skin, and muscle. AdCAT mRNA was also
detected in all examined tissues, with higher expression in the brain, gill, and spleen, and
lower expression in muscle, skin, brain, and stomach.
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41 —— Lutjanus peru
82 |b—— Sparus aurata
99 Sander lucioperca
A8 Archocentrus centrarchus
[ 55 Oryzias latipes
i Oncorhynchus mykiss
73 Megalops cyprinoides
Anguilla  anguilla
83 19 Denticeps clupeoides
3] Danio rerio
81 Ictalurus  punctatus
Lepisosteus oculatus
100 —— & Acipenser dabryanus
48 Acipenser rutheniis
Polypterus senegalus
100 '———— FErpetoichthys calabaricus
Cynops orientalis
- Gallus gallus
99 Mus musculus
100 Homo sapiens
86 Sus scrofa
A

0.02

Figure 5. Phylogenetic tree of the amino acid sequence of the AACAT protein. A was used to highlight
Acipenser dabryanus.

3.3. Effect of Fasting and Refeeding on Yangtze Sturgeon Liver and Intestine
AdCu/Zn-SOD Expression

Transcriptional changes of AdCu/Zn-SOD in the liver and intestine in response to
the feeding regime in Yangtze sturgeon are displayed in Figure 8. During fasting, the
expression levels of AdCu/Zn-SOD in the liver were significantly higher in the 3- and 14-d
groups (p < 0.05), but significantly lower in the 7-d group compared with that in the control
group (p < 0.05). The AdCu/Zn-SOD mRNA level in the intestine increased significantly
only in the 7-d group in comparison with that in the control group (p < 0.05). During
refeeding, the expression levels of AdCu/Zn-SOD in the liver increased significantly in the
3-,7-, and 14-d groups compared with those in the control group (p < 0.05). Similarly, the
AdCu/Zn-SOD mRNA levels in the intestine increased significantly in the 3- and 7-d groups
(p < 0.05).
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Figure 7. Distribution of AACAT gene expression in different tissues of Yangtze sturgeon.
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Figure 8. Relative expression of AdCu/Zn-SOD in the liver of Yangtze sturgeon during fasting and
refeeding, s: starvation, r: refeeding. Data represent means + SEM of six replicates. The different
lowercase letters represent significant differences (p < 0.05).

3.4. Effect of Fasting and Refeeding on Yangtze Sturgeon Liver and Intestine AACAT Expression

The effects of fasting and refeeding on the liver and intestine AdCAT mRNA expression
in Yangtze sturgeon are shown in Figure 9. During fasting, the liver AACAT transcript
levels increased significantly in the 3-, 7-, and 14-d groups (p < 0.05). The intestinal AACAT
mRNA level was significantly higher in the 7-d group than in the other groups (p < 0.05),
the expression levels of AAdCAT mRNA were increased significantly in the 14-d group
compared with that in the control group (p < 0.05), while there was no significant difference
between the 14-d and the control group. During refeeding, the mRNA level of the liver
AdCAT was significantly higher only in the 7-d group compared with that in the control
group (p < 0.05). In the intestine of Yangtze sturgeon, the mRNA expression of AdCAT
was significantly higher in the 3-d group than in the control group (p < 0.05), whereas a
significant decrease was found in the 14-d group (p < 0.05).
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Figure 9. Relative expression of AACAT in the intestine of Yangtze sturgeon during fasting and
refeeding, s: starvation, r: refeeding. Data represent means + SEM of six replicates. The different
lowercase letters represent significant differences (p < 0.05).
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4. Discussion

SOD and CAT are two major antioxidant enzymes in the fish antioxidant defense sys-
tem. Their transcript levels are considered to accurately reflect a fish’s antioxidant capacity
to the exclusion of interference of the biochemical origin of the oxidant stressors [16]. To
provide a better understanding of the molecular mechanism through which starvation and
refeeding regime affect the antioxidant function of Yangtze sturgeon, the present study
investigated the mRNA profiles of Cu/Zn-SOD and CAT. Initially, we cloned and sequenced
the ORFs of AdCu/Zn-SOD and AdCAT. The obtained amino acid sequences of AdCu/Zn-
SOD showed several highly conserved sequences, including Cu?* active sites and Zn?*
active sites, which were highly consistent with Cu/Zn-SODs from other teleosts. No signal
peptide was found, suggesting that it would be localized in the cytoplasm, as supported by
the cytoplasmic location of Cu/Zn-SODs in other teleosts, such as large yellow croaker [21],
Pengze crucian carp [19], and silver carp, Hypophthalmichthys molitrix [37]. The sequence
homology analysis demonstrated that Yangtze sturgeon Cu/Zn-SOD showed high similar-
ity (66-98%) to Cu/Zn-SOD proteins from other teleosts. The phylogenetic analysis also
indicated that AdCu/Zn-SOD clustered together with SODs from most teleosts, particularly
that from sterlet sturgeon. Collectively, these analyses strongly suggest that AdCu/Zn-SOD
plays similar roles to other SODs based on its possession of the essential characteristics of
known SODs orthologs.

For AdCAT, multiple alignment showed that AACAT shared high identity (79-98%)
with CATs from other teleosts, which suggested that AACAT might be present as a homote-
tramer like most CATs. There was no signal peptide in AACAT, indicating that CAT is an
intracellular protein, similar to most CAT homologs [38]. Moreover, the AACAT protein se-
quence contains several conserved sequences and characteristic motifs, such as a proximal
active site signature domain, a peroxisome targeting signal, and a heme-ligand signature
motif, representing the typical characteristics of CAT family proteins. These findings were
in line with several previous reports on CATs [19,24,38], strongly suggesting that AACAT
has similar functions to CATs from other species. The phylogenetic analysis demonstrated
that AACAT formed a clade with CATs from other teleosts, and was closely related to CAT
from sterlet sturgeon. Taken together, these analyses indicated that AACAT is a member of
the CAT family, and it was expected to be a peroxisomal protein as in other teleosts.

The mRNA expression levels of AdCu/Zn-SOD and AdCAT in various tissues were
detected using qRT-PCR. The results showed that both genes were expressed in all tissues
tested. Notably, both AdCu/Zn-SOD and AdCAT mRNAs showed their highest expression
in the liver. This was consistent with earlier research on Pengze crucian carp [19]. To date,
many studies have revealed that the liver is a vital organ for the expression of antioxidant
genes in teleosts [24,38—40]. The high expression of the antioxidant genes might be related to
the fact that the liver is the key organ in which oxidative reactions and antioxidant defenses
occur [39]. In fishes, the gills contact xenobiotics most directly and provide the first line
of antioxidant defense [41]. Thus, it was not surprising that higher mRNA expression of
AdCAT was found in the gills. Besides, we also noted high expression of AdCu/Zn-SOD
mRNA in the brain. This supported the view that the brain is highly vulnerable to the effect
of ROS because of its high oxygen consumption [42]. Therefore, the strong expression of
the two antioxidant genes in the liver, gill, and brain suggested that they are closely related
to oxidative reactions and antioxidant defenses of Yangtze sturgeon.

In the present study, the expression levels of AdCu/Zn-SOD and AdCAT were detected
in the liver and intestine during starvation. The AdCu/Zn-SOD and AdCAT expression levels
were increased significantly in the intestine of Yangtze sturgeon exposed to 7 d of starvation
compared with that in the control group, while the liver AdCAT expression was always
high during starvation. This indicated that starvation causes oxidative stress at the cellular
level by creating energy deficits. Similar to our results, both SOD and CAT expression
levels increased in the liver of roho, Labeo rohita fingerlings during starvation for a week [1],
in the right lobe of the liver of large yellow croaker for 4 d [43], and in the liver of Nile
tilapia, Oreochromis niloticus for 21 d [44]. In contrast to our results, Wang et al. [45] found
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that food deprivation did not significantly affect SOD and CAT expression levels in the gill,
spleen, liver, and kidney of Schizothorax wangchiachii. The discrepancies among these data
might, in part, be caused by differences in life-history stages, experimental conditions, fish
species, starvation duration, food availability, and target tissues examined. Besides, the
intestinal expression levels of AdCu/Zn-SOD and AdCAT decreased significantly during
starvation for 14 d compared with that of 7 d. This was in line with a previous report that
juvenile sterlet sturgeon showed decreased total antioxidant capacity when exposed to
long-term starvation [46]. This phenomenon is associated with the elimination of fish’s
resistance to persistent production of intracellular ROS. With increasing time of stress, the
production of ROS exceeds the scavenging ability of endogenous antioxidants, resulting
in oxidative damage to tissues. Notably, the liver AdCu/Zn-SOD expression level was
significantly higher in the 14-d group than in the 7-d group. This agreed with the report
of Lin et al. [47], in which the CytMnSOD and MtMnSOD expression levels in hemocytes
of white shrimp, Litopenaeus vannamei, decreased significantly after starvation for 5 d, and
then were markedly elevated after 14 d of fasting. One possible explanation could be that
antioxidant function in fishes might be indirectly reactivated by the strengthened immunity
that develops with increasing stress time. As was found in white shrimp, higher antioxidant
gene expression levels (CytMnSOD and MtMnSOD) were observed together with a higher
immune capability during long-term fasting [47]. However, the mechanisms are still not
well understood and require further investigation. Interestingly, the expression levels
of AdCu/Zn-SOD and AdCAT were all increased significantly in the intestine of Yangtze
sturgeon exposed to 7 d of starvation compared with those in the liver, suggesting that the
intestine of Yangtze sturgeon juveniles seems to be more sensitive to lipid peroxidation
mediated by ROS that were induced during starvation and refeeding regimes than the liver
subjected to the same regimes. A previous report showed that exposure of stellate sturgeon,
Acipenser stellatus, to starvation for 7 d and 14 d resulted in differential change of the SOD
and CAT activities in the liver and intestine [48]. The discrepancy could be attributed to the
different tissue distributions of the genes, their protein functions, and their physiological
functions. As is widely known, the liver and intestine play crucial roles in maintaining
normal physiological functions. The liver is a major site of detoxification and xenobiotic
metabolism, and the intestine plays a central role in digestion and absorption [49].

We also evaluated whether the oxidative stress induced by starvation could be relieved
or eliminated by refeeding. In the present study, the mRNA levels of the liver and intestine
AdCu/Zn-SOD in the 3- and 7-d groups as well as the expression of the liver AICAT in
the 7-d group increased significantly compared with those in the control group after 14 d
of refeeding. Previously, we found that the activities of CAT increased significantly in
the 3- and 7-d groups compared with those in the control group after 14 d of refeeding,
which were consistent with the gene expression patterns in liver and intestine [35]. In
addition, we also observed that the intestine, malondialdehyde (MDA) contents in the
3- and 7-d groups were reduced to the level of the control group, or were even lower
than that of the control group, after 14 d of refeeding [35]. MDA is a stable product of
lipid peroxidation that is produced after ROS-mediated oxidation of the polyunsaturated
fatty acids (PUFA) [50]. Decreased MDA in fish exposed to stress is a sign of increasing
antioxidant activity. Therefore, it might be considered that the production level of ROS
after refeeding could be diminished in comparison to the level induced by starvation. On
the other hand, the antioxidant function in liver and intestine was enhanced by refeeding.
In agreement with our results, the activities of SOD and CAT were significantly increased
after refeeding for 7 d or 14 d in the liver and intestine of stellate sturgeon [48,51], in the
intestine of European sea bass, Dicentrarchus labrax [52], and in the liver of brown trout,
Salmo trutta refed for 21 d [3]. In contrast, Yang et al. [10] found that SOD and CAT activities
recovered to control values in the serum of Yangtze sturgeon after refeeding for 8 weeks.
The apparent discrepancy might be related to the various tissues, fish ages, and refeeding
periods. Furthermore, the liver and intestine AdCu/Zn-SOD and AdCAT mRNA levels
decreased markedly in the 14-d group compared with those in the 7-d group after 14 d of
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refeeding. Similar to the results reported by Su et al. [53] that the SOD activity of the liver
in blunt snout bream, Megalobrama amblycephala, decreased significantly during 3 weeks of
refeeding after fasting for 20 d compared with that fasting for 15 d. One possibility was that
the starvation period might have been too long or the refeeding period might have been
too short to fully restore oxidative stress biomarkers and antioxidant genes expressions in
the liver and intestine of Yangtze sturgeon.

The present work extends a previous study conducted by our research group on
Yangtze sturgeon liver and intestine regarding the adaptability of this species to a starvation
and refeeding regime. Our previous data showed that Yangtze sturgeon subjected to 3-d
fasting and 14-d refeeding regime presented complete compensatory growth and were
able to efficiently alleviate the oxidative stress by enhancing activities of the antioxidant
enzymes in their liver and intestine. We concluded that this alternative feeding regime is
worthy of further investigation. Therefore, Yangtze sturgeon juveniles possess a potential
to adapt to a short starvation period introduced in the feeding schedule.

5. Conclusions

We successfully identified and characterized the Cu/Zn-SOD and CAT genes from
Yangtze sturgeon, and AdCu/Zn-SOD and AdCAT were highly conserved in Yangtze stur-
geon. The amino acid sequences of AdCu/Zn-SOD and AdCAT were also highly homologous
with those of sterlet sturgeon. AdCu/Zn-SOD and AdCAT were expressed in all tissues exam-
ined, with the highest expression level in liver. Our results indicated that AdCu/Zn-SOD and
AdCAT play important roles in protecting fish against starvation-induced oxidative stress.
Moreover, this research revealed that the expression of liver and intestine AdCu/Zn-SOD
and AdCAT in the 3- and 7-d groups increased significantly during starvation and refeeding.
However, after a long period of fasting (14 d), the level of expression of AdCu/Zn-SOD was
inhibited; even after refeeding for 14 d, the expression still did not recover. According to
our previous and current data, Yangtze sturgeon juveniles possess the potential to adapt to
a short starvation period introduced in the feeding regime. Our findings not only provide
information regarding the physiological status of Yangtze sturgeon, but also promote the
development and optimization of protective strategies for Yangtze sturgeon.
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