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Abstract: Heat shock protein 47 (Hsp47) is a collagen-specific molecular chaperone that is indispens-
able for molecular maturation of collagen. In this study, hsp47 and hsp47-like cDNAs were cloned and
characterized in grass carp (Ctenopharyngodon idella). The cDNAs were 1212 and 1218 base pairs long,
respectively, and included an open reading frame encoding 403 and 405 amino acids. The molecular
phylogeny based on the deduced amino acid sequences indicated that the correct sequences of the
hsp47 and hsp47-like cDNA were obtained and the deduced proteins clustered distinctly into teleost
clades. Primary structure analysis and characterization of Hsp47 and Hsp47-like shared the basic
structure and biofunctions of Hsp47 in vertebrates. The spatial pattern of gene expression revealed
that hsp47 and hsp47-like were relatively ubiquitous in different tissues and highly expressed in heart
and skin. The expression levels of hsp47 and hsp47-like and type I collagen mRNAs varied similarly
in different tissues. Type I collagen content increased significantly with the increase of water velocity
in the muscle of grass carp in response to aerobic exercise. Among the gene expression changes of
hsp47, hsp47-like, collal and col1a2 in muscle that occurred in response to aerobic exercise, the change
of type I collagen was most strongly correlated with hsp47 expression. Additionally, collal showed
the highest correlation with hsp47-like and colla2 showed the highest correlation with hsp47. These
findings suggest that grass carp Hsp47 and Hsp47-like are closely related to type I collagen synthesis.
This study firstly suggests fish aerobic exercise can improve type I collagen content and Hsp47 gene
expression in muscle of grass carp.

Keywords: grass carp; hsp47; collagen; molecular cloning; gene expression

1. Introduction

Heat shock protein 47 (Hsp47) is a collagen-specific molecular chaperone that is
essential for the correct folding of procollagen in the endoplasmic reticulum (ER) [1,2].
Hsp47 is encoded by the SerpinH1 gene and belongs to the serpin superfamily, but it does
not inhibit serine proteases and it is specifically required for collagen folding [3,4]. Collagen
is a major protein in animals, accounting for approximately 30% of total protein [5]. At
present, 29 different types of collagen have been found and named (types I-XXIX) and they
play different roles in tissues. Type I collagen is the most abundant collagen in vertebrate
tissues and is a major component of the extracellular matrix [6,7]. Type I collagen consists
of three « chains and it has a central triple-helical domain containing Gly—X-X triplets
covering more than 300 residues. Hsp47 recognizes Gly-Xaa-Arg repeats on triple-helical
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procollagen and can prevent local unfolding or aggregate formation of procollagen [8,9].
Expression of Hsp47 is strongly correlated with expression of collagens in multiple types
of cells and tissues [4]. However, little is known about the relationship between expression
of Hsp47 and collagen in freshwater fish.

The grass carp (Ctenopharyngodon idella) is one of the most important cultured fresh-
water species in China [10,11]. Grass carp is rich in collagen, especially in the tissues of
scales, skin and swim bladder [12,13]. Grass carp collagen can be commercially used as
potential substitutes for mammalian collagens due to their comparatively high thermosta-
bility and fish collagen has two advantages than mammals, no risk of common human
diseases and also avoiding religious objections [6,12-14]. The living environment, nutrition
and physiological state of the grass carp may affect the properties of collagen to a certain
extent [15,16]. The thermal stability of collagen from carp showed seasonal differences,
with higher thermal stability in carp sacrificed in the summer [15]. Fish growth and physi-
ological state are affected by external and internal factors and aerobic exercise in different
water velocities has been reported to improve fish growth performance, innate immune
response and disease resistance [10,11,17-19]. However, there is no relevant research on
the effects of different water velocities on grass carp collagen and related genes.

Prior to this study, to our knowledge Hsp47 has not been investigated in this fish. We
cloned and identified the cDNA sequence encoding Hsp47 and Hsp47-like in the grass carp,
analyzed its functional characteristics and the phylogenetic relationships of its deduced
amino acid sequence and observed the expression levels of isp47 and hsp47-like in different
organs. The relationship between Hsp47 and type I collagen in grass carp was studied
as well by evaluating their expression levels in different organs and the modulation of
expression in muscle in response to fish aerobic exercise.

2. Results
2.1. Molecular Cloning of Hsp47

The nucleotide sequence of the grass carp hsp47 was 1212 base pairs long and contained
an open reading frame encoding 403 amino acids (GenBank accession MT657345) and that
of hsp47-like was 1218 base pairs long and contained an open reading frame encoding
405 amino acids (GenBank accession MW263909).

2.2. Structure Analysis and Characterization of Hsp47

Figure 1 shows the deduced translation products of the hsp47 and hsp47-like cDNA
of grass carp. Hsp47 of grass carp is 91% identical to that of goldfish, 75% to zebrafish,
76% to rainbow trout, 72% to chicken and 67% to mouse and human. Hsp47-like is 76%
identical to Hsp47 of grass carp and is 95% identical to Hsp47-like of goldfish, 93% to
zebrafish and 83% to salmon. Multiple alignments revealed that the Hsp47 and Hsp47-like
proteins of grass carp contained a typical hydrophobic signal sequence, an ER retention
signal (RDEL) and a serine protease inhibitor signature sequence (FYADHPFIF), all of
which are characteristic of Hsp47 in higher vertebrates [20,21] (Figure 1). In the deduced
sequence, two potential Asn-X-Thr glycosylation sites (Asn-Ser-Thr (NST) and Asn-Val-Thr
(NVT)) were found and they are similar to those in mammals [3,20]. Additionally, a third
possible glycosylation site (Asn-Lys-Thr (NKT)) was found, which is similar to that found
in zebrafish [20].
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Figure 1. Deduced amino acid sequence of Hsp47 and Hsp47-like of grass carp and multiple
sequence alignment with Hsp47s from other vertebrates. Identical residues between the sequences
were indicated by the same color and asterisk (*) indicates the same amino acid. The sequence labeled
serpin signature is boxed by a dotted line. The RDEL-ER retention signal sequence is indicated by
the solid line box. The potential glycosylation site (Asn-X-Thr) is underlined. Residues representing
Arg (R), Leu (L), Tyr (Y) and Asp (D) are indicated by different colored inverted triangles.

The three-dimensional (3D) models of Hsp47 and Hsp47-like were created using
structural data from homology modeling (Figure 2). We selected the templates used for
3D structure prediction. The template for HSP47 and HSP47-like was “SERPIN PEPTI-
DASE INHIBITOR, CLADE H (HEAT SHOCK PROTEIN 47), MEMBER 1, (COLLAGEN
BINDING PROTEIN 1)”, whose accession number is 4au4.3. The structure of Hsp47 and
Hsp47-like prediction is determined by X-ray crystallography with a resolution of 2.97 A.
The grass carp model was similar to the models for mammals and zebrafish [22], including
the number and configuration of «-helices and 3-sheets, but one more (3-sheet at the tail of
Hsp47 and Hsp47-like was found in grass carp.
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Hsp 47-like

of the Hsp47 and HSp47-like deduced amino acid sequence predicted from humans (H. sapiens),
zebrafish (D. rerio) and grass carp (C. idella). The «-helices and 3-sheets are represented by different
colors. Residues representing Arg (R), Leu (L), Tyr (Y) and Asp (D) corresponding to Figure 1 are
indicated in the structures. The extra (3-sheet in grass carp is boxed by a dotted line.

2.3. Phylogenetic Analysis

To compare the relationship of the grass carp Hsp47 and Hsp47-like sequences to those
of other vertebrates, a molecular phylogenetic tree was reconstructed based on deduced
amino acids (Figure 3). Database accession numbers of the related sequences are shown
in the figure. The tree indicated that the examined sequences for grass carp clustered as
Hsp47 and Hsp47-like with high bootstrap support, which was consistent with the known
phylogeny of vertebrate species. Grass carp Hsp47 and Hsp47-like were clustered into fish
subgroups, with a close relationship with goldfish Hsp47.
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Figure 3. Phylogenetic analysis of Hsp47 and Hsp47-like of grass carp. Relationship between grass
carp Hsp47 and Hsp47-like sequences and those of other vertebrates. The sequence for grass carp
was predicted based on cDNA sequences obtained in the present study. The others were downloaded
from the protein database and accession numbers are given in parentheses. Horizontal branch lengths
are proportional to the amino acid substitution rate per site. Numbers represent frequencies (%),
with the tree topology presented after 1000 iterations.
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2.4. Comparative Expression of Hsp47, Hsp47-Like and Type I Collagen Genes in Various Organs

Figure 4 shows gene expression of hsp47, hsp47-like and Type I collagen genes collal
and col1a2 standardized by the expression of S-actin. All genes were widely expressed in
the six examined organs, but they showed varied expression levels. The hsp47 gene was
highly expressed in the heart and skin, followed by the swim bladder, muscle and liver
and expression was lowest in the intestine. The hsp47-like gene was highly expressed in
the heart, followed by the swim bladder and skin and expression was low in other tissues.
High expression of col1al and col1a2 was found in the skin, followed by the heart, muscle
and liver and it was lowest in the intestine and swim bladder.
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Figure 4. Relative expression of hsp47, hsp47-like, collal and colla2 in various tissues of grass carp.
Relative mRNA represents the mean =+ SE of samples. (A). relative expression of hsp47; (B). relative
expression of hisp47-like; (C). relative expression of collal; (D). relative expression of colla2. Different
lowercase letters above the bars indicate significant differences among tissues (p < 0.05).

2.5. Effect of Aerobic Exercise on Expression of Muscle Hsp47, Hsp47-Like and Type I Collagen

Transcriptional changes of hsp47, hsp47-like and type I collagen genes collal and colla2
in abdominal and tail muscle in response to aerobic exercise were detected (Figure 5A).
In the muscle, collal transcript levels were significantly higher at water flow velocity of
0.5 bL/s compared with 0.0 bL/s and the transcript levels of col1a2 increased gradually
with the increase of water flow velocity. Hsp47 mRNA expression was significantly higher
at water flow velocity of 1.0 and 1.5 bL/s compared to that of 0 bL/s, whereas Hsp47-like
mRNA expression showed no significant changes among the groups. On the other hand,
type I collagen content was significantly higher at water flow velocity of 1.0 and 1.5 bL/s
compared to that of 0.0 bL/s (Figure 5B). In addition, correlations between hsp47, hsp47-like
expression levels and those of type I collagen genes were analyzed (Figure 5C): collal
showed the highest correlation with hsp47-like and col1a2 showed the highest correlation
with hsp47. Overall, type I collagen content was most strongly correlated with hsp47
expression (Figure 5C).
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Figure 5. Effects of aerobic exercise on relative expression of genes, type I collagen content and the
correlation between genes as well the collagen in muscle of grass carp cultured in four different
water velocities (0.0, 0.5, 1.0 and 1.5 bL/s). (A). relative expression of genes hsp47, hsp47-like, collal
and col1a2 in muscle; (B). type I collagen content; (C). correlation among hsp47, hsp47-like, collal and
colla2 expression and type I collagen content in muscle. Different lowercase letters above the bars
indicate significant differences among tissues (p < 0.05).

3. Discussion

In this study, we identified the hsp47 and hsp47-like genes from the economically
important grass carp for the first time. The Hsp47 and Hsp47-like amino acid sequences in
grass carp share a high degree of identity with those of other vertebrates. The open reading
frame length is consistent with that of the hsp47 gene in goldfish [21], but is a little bit
shorter than those of zebrafish and rainbow trout [20,23]. The typical hydrophobic signal
sequence, an ER retention signal (RDEL) and a serine protease inhibitor signature sequence
(FYADHPFIF) were well conserved in the amino acid sequence deduced in the present
study. The Hsp47 and Hsp47-like deduced sequences also contained three potential Asn-X-
Thr glycosylation sites, two of which are similar to those found in chickens and mammals
and the third is similar to that found in zebrafish, which is absent in the mammals [3,20].
These observations indicated that Hsp47 and Hsp47-like in grass carp likely share the same
basic biofunctions of Hsp47 present in other vertebrates [20,21].

Hsp47 transiently binds to procollagen in the ER, dissociates in the cis-Golgi or ER—-
Golgi intermediate compartment in a pH-dependent manner and is then transported back
to the ER via its RDEL retention sequence [4]. Based on the synthetic collagen model
presented in previous research [22], Hsp47 and Hsp47-like residues in grass carp are
predicted to interact with Asp370 and Arg207 at the Yaa’ position and the Yaa~3 position
of the Yaa~3-Gly-Xaa-Arg sequence of collagen. Additionally, Leu366 and Tyr368 are
predicted to be involved in several hydrophobic interactions. These residues suggest high
conservation from fish to mammals. The 3D structure of grass carp Hsp47 and Hsp47-like
are very similar to those of humans and zebrafish [22]. Interestingly, grass carp has one
more [3-sheet at the tail, which may indicate that grass carp Hsp47 and Hsp47-like have
additional properties, which should be further studied in the future [20,21].

The phylogenetic tree based on the Hsp47 and Hsp47-like deduced amino acid se-
quences obtained in this study indicated a clear affiliation of Hsp47 and Hsp47-like in
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vertebrates. A similar phylogenetic tree structure of zebrafish was found in a previous
study [20]. Both grass carp Hsp47 and Hsp47-like were clustered into fish subgroups and
shared a close relationship with goldfish, which was consistent with the close evolutionary
relationship of grass carp and goldfish.

Tissue expression of grass carp hsp47, hsp47-like and type I collagen genes detected
by qRT-PCR revealed varied expression levels in different organs in this study. Gene
expression levels of hsp47 and hsp47-like showed similar changing trends with those of
collal and colla?2 in different organs. The highest expression of hsp47 and type I collagen
genes occurred in the heart and skin, while the highest expression of hsp47-like is higher
in skin and swim bladder. Grass carp skin was reported to contain an abundance of type
I collagen [7,14], which is a fibril-forming collagen usually consisting of two identical
al-chains and an a2-chain [2,6,24]. Hsp47 is essential in the process of collagen synthesis
and it is strongly correlated with expression of type I collagen in multiple tissues [2,4]. In
this study, similar conclusions and trends were found, as gene expression levels of hsp47
and hsp47-like were correlated to a certain extent with the expression of col1al and col1a2 in
multiple tissues. However, protein expression of Hsp47 and type I collagen in different
organs was not analyzed in this study, collagen and Hsp47 abundance and functional
relevance are limited to some extent since mRNA levels do not always correlate well with
protein levels.

Recently, it has also been found that aerobic exercise, as a mechanism to improve fish
culture yield, has a good effect on muscle quality [25]. Moderate sustained aerobic exercise
can improve muscle growth and cellularity of gilthead sea bream (Sparus aurata L.) [26].
Exercise training can increase protein precipitation and polyunsaturated fatty acid content
in white muscle of Barbodes polylepis, while decrease fat content and change fatty acid
distribution in muscle of salmon (O. tshawytscha) [27,28]. Research showed that skeletal
muscle causes complex temporal and spatial adaptive molecular responses in response
to exercise in zebrafish [29]. Exercise-induced contractile activity promotes a coordinated
adaptive response that leads to myogenesis, satellite cell activation and increases muscle
mass by hypertrophy and vascularization by angiogenesis in adult zebrafish [30]. Collagen
acts as a key component part of muscle in fish, but few studies are focused on the effects of
different water velocities on collagen and its regulatory mechanism.

Therefore, we studied the relationship between Hsp47 and type I collagen in grass carp
by evaluating their expression levels in the muscle of grass carp during aerobic exercise.
Aerobic exercise has been reported to have an important effect on fish muscle growth and
type I collagen plays an important role in muscle, as it is the major constituent of fish
intramuscular connective tissue [17,18,31,32]. In this study, type I collagen content of grass
carp muscle increased significantly with increased water flow velocity, which suggested
that aerobic exercise helps to improve the collagen content of muscle. Additionally, type I
collagen content was much more strongly correlated with hsp47 expression than with collal
and colla2 expression in the muscle during aerobic exercise, which suggested that Hsp47 is
crucially important in collagen synthesis in grass carp. In the process of type I collagen
synthesis, after the formation of two al-chains and one «2-chain, Hsp47 is specifically
required for collagen folding and acceleration of triple-helix formation of collagen [2,33].
In the study of hsp47-knocked out fibroblasts, procollagens were ultimately degraded by
autophagy and the secretion of type I collagen was slow [4,34]. On the other hand, the small
molecule HSP47 inhibitor had ability to prevent collagen overexpression and inhibit the
viability and migration of fibroblasts in vitro [35]. However, most of these Hsp47 studies
focused on mammals and this study firstly confirmed the crucial correlation between
Hsp47 and collagen in grass carp.
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4. Materials and Methods
4.1. Experimental Fish and Sampling

Grass carp (93 £ 7 g) were procured from the Huanggang Bairong Fish Farm and
transported to the aquaculture center of Huazhong Agricultural University, China. The
fish were allowed to adapt to the experimental environment for 1 month. Five fish were
randomly selected for hsp47 cloning and to evaluate the tissue distribution of /isp47. Each
fish was deeply anesthetized in 2-phenoxyethanol solution. The skin, swim bladder,
muscle, liver, intestine and heart tissue were collected and placed in liquid nitrogen. These
tissue samples were stored at —80 °C until RNA extraction. For the fish aerobic exercise
experiment, grass carp were cultured in four different water velocities 0.0, 0.5, 1.0 and 1.5
body length/s (bL/s) for 70 days. Each group had 3 parallel tanks and 14 fish in every tank.
The circular polyethylene tanks (280 L) was used in this study and the culture experimental
system with circular water flow was shown in Figure 6. The fish were fed to satiation with
identical feeds (Haid Group Co., Ltd., Wuhan, China). After the culture experiment, 5 fish
from each group were randomly selected and their muscle were collected and processed as
previously described.

pump injector

water flow direction

dAdaaaaaa4

rotary road

Figure 6. The scheme of culture experimental system with circular water flow.

4.2. Cloning of Hsp47 in Grass Carp

Total RNA was isolated from tissues using TRIpure Reagent (Aidlab, Beijing, China)
according to the manufacturer’s instructions. Qualities and Quantities of extracted total
RNA were assured by gel electrophoresis and ultraviolet spectrophotometry (Nanodrop
2000, Thermo Scientific, USA). Total RNA was reverse-transcribed into cDNA using the
PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa, Shuzo, Japan). The 3'and 5’ ends
of cDNAs were synthesized using the SMART RACE Kit (Clontech, CA, USA) according to
the manufacturer’s protocol. Several oligonucleotide primers were used for PCR, which
were designed from nucleotide sequences in the conserved regions of hsp47 from several
vertebrate taxa obtained from the National Center for Biotechnology Information (NCBI)
and sequences newly obtained in the present study. Another Hsp47-like was found by
the blast of Hsp47 from the genome database of grass carp (http://bioinfo.ihb.ac.cn/
gcgd/php/index.php (accessed on 8 October 2020) and checked using the primer. The
PCR primers for cloning experiment are shown in Table 1. PCR products were subcloned
using the pMD-19T vector (Takara, Dalian, China), transformed into Escherichia coli DH5x
competent cells and the positive clones were sequenced.
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Table 1. PCR primers used for cloning and gene expression studies.

Primers Primer Sequence (5'-3)
hsp47 01-F1 TGAGCTGGGTCTGACTGAAG
hsp47 01-R1 CAAAAGGATGGTCGGCGTAG
hsp47 02-F1 GCCCAGTTCTGTTAGCTTCG
hsp47 02-R1 ACCACGATTGTCCACCATCT
hsp47 03-F1 AGATGGTGGACAATCGTGGT
hsp47 03-R1 CAAAAGGATGGTCGGCGTAG
hsp47 5'race-outer CCATCTTGTGATGGAACTGCTCATCC
hsp47 5'race-inner GCGCTTGTCACGGAAGTTTATTTTGG
hsp47 3'race-outer CAGGGAAGAAAGACCTCTACCTGTCCAATG
hsp47 3'race-inner GAAATCCACCCGATACGAGCATCTTTGG
hsp47-like F1 TCTCTACCACAATGTCGCCA
hsp47-like R1 CGCTCACCTCGCTCAGAA
hspd7-qF TGAGCTGGGTCTGACCGAAG
hsp47-qR TGAAGGGATGGTCAGCGTAG
hsp47-like-qF TCTCTACCACAATGTCGCCA
hsp47-like-qR CGCTCACCTCGCTCAGAA
collal-qF GCATGGGGCAAGACAGTCA
collal-qR ACGCACACAAACAATCTCAAGT
colla2-qF ACATTGGTGGCGCAGATCA
colla2-qR TCTCCGATAGAGCCCAGCTT
B-actin-qF GCCGTGACCTGACTGACT
B-actin-qR CAAGACTCCATACCCAAGAA

4.3. Characterization and Phylogenetic Analysis of Hsp47 in Grass Carp

Amino acid sequences of Hsp47 and Hsp47-like were translated from the cloned
nucleotide sequences using Alignx analysis and the protein identity was searched using
BLAST. A phylogenetic tree of the deduced amino acid sequences of Hsp47 and Hsp47-like
was constructed using the neighbor-joining method (bootstrap method: 1000 replications)
in MEGA 6 and amino acid sequences of the Hsp47s and Hsp47-likes from several ver-
tebrate species were obtained from NCBI. Functional domains of grass carp Hsp47 and
Hsp47-like were predicted by multiple alignments with other vertebrate species using data
from previous studies [3,20]. The 3D structures of Hsp47 and Hsp47-like were predicted
by SWISS-MODEL and a 3D model was constructed using tools for comparative protein
structure modeling [36].

4.4. Gene Expression and Collagen Content Analysis

Gene expression levels of hsp47, hsp47-like and type I collagen genes collal and colla2 in
tissues collected before were measured using quantitative real-time (qQRT)-PCR and B-actin
was used as the reference gene to normalize the expression level. The reverse transcribed
cDNA was used as the template and the qRT-PCR assay was performed using Hieff® qPCR
SYBR Green Master Mix (YEASEN, Shanghai, China) on a Roche Light Cycler 480 machine
(Roche, Sussex, UK). The specific amplification for each primer pair was confirmed by
dissociation curve analysis at the end of the PCR reaction. The experiment was conducted
in triplicate. Primers for qRT-PCR are listed in Table 1. Collagen content of muscle was
measured using the Fish Collagen Type I (Coll) Elisa Kit (Nanjing Jiancheng Biochemical
Corporation, Nanjing, China).

4.5. Statistical Analysis

Statistical analyses were performed using SPSS 25.0 (IBM, Armonk, NY, USA) and the
results are shown as mean =+ standard error of the mean (SE). One-way analysis of variance
followed by Duncan’s multiple comparison tests was used to compare the expression of
each gene among different tissues and the gene expression between grass carp cultured in
different water velocities. Normality and variance uniformity were verified. Significant
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differences were confirmed at p < 0.05. The correlation between genes and collagen content
was analyzed using the Pearson correlation coefficient.

5. Conclusions

Molecular characterization of Hsp47 and its correlation with type I collagen in re-
sponse to aerobic exercise in grass carp was studied. Primary structure analysis and
characterization of Hsp47 and Hsp47-like suggested that they share the conserved struc-
tural features and basic biofunctions of Hsp47 proteins. In the phylogenetic tree analysis,
the grass carp Hsp47 proteins clustered in the teleost clade and were closely aligned with
those of goldfish. Grass carp hsp47 expression showed tissue variations, with the highest
expression in skin and heart. Transcriptional changes of Hsp47 in different organs showed
similar changing trends with those of type I collagen. In the muscle of grass carp during
aerobic exercise, type I collagen content was much more strongly correlated with the ex-
pression of hsp47 than with the expression of collal and col1a2, which suggested that Hsp47
is crucially important in collagen synthesis in grass carp. To our knowledge, this is the first
study to report the cloning of hsp47 and the correlation between Hsp47 and collagen in
grass carp and the results provide basic and general information about Hsp47 in fish. This
study firstly suggests fish aerobic exercise can improve type I collagen content and Hsp47
gene expression in muscle of grass carp.
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