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Fish muscle, the main edible parts with high protein level and low fat level, is consumed
worldwide. Diet contributes greatly to �sh growth performance and muscle quality. In
order to elucidate the correlation between diet and muscle quality, the same batch of
juvenile grass carp (Ctenopharyngodon idellus) were divided into two groups and fed with
either grass (Lolium perenne, Euphrasia pectinataand Sorghum sudanense) or arti�cial
feed, respectively. However, the different two diets didn't result in signi�cant differences in
all the detected water quality parameters (e.g., Tm, pH, DO,NH3/NHC

4 -N, NO�
3 -N, NO�

2 ,
TN, TP, and TOC) between the two experimental groups. After a4-month culture period,
various indexes and expression of myogenic regulatory factor (MRFs) and their related
genes were tested. The weight gain of the �sh fed with arti�cial feed (AFG) was nearly 40%
higher than the �sh fed with grass (GFG). Signi�cantly higher alkaline phosphatase, total
cholestrol, high density cholestrol and total protein weredetected in GFG as compared
to AFG. GFG also showed increased hardness, resilience and shear force in texture
pro�le analysis, with signi�cantly bigger and compact muscle �bers in histologic slices.
The fat accumulation was most serious in the abdomen muscle of AFG. Additionally,
the expression levels ofMyoG, MyoD, IGF-1, and MSTNs were higher, whereasMyf-5,
MRF4, and IGF-2 were lower in most positional muscles of GFG as compared toAFG.
Overall, these results suggested that feeding grass could promote muscle growth and
development by stimulating muscle �ber hypertrophy, as well as signi�cantly enhance
the expression ofCoL1As. FeedingC. idelluswith grass could also improve �esh quality
by improving muscle characteristics, enhancing the production of collagen, meanthile,
reducing fat accumulation and moisture in muscle, but at thecost of a slower growth.

Keywords: muscle growth and development, myogenic regulatory factors family ( MRFs), muscle �ber, texture
property, grass carp
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INTRODUCTION

Fish muscle development and growth are complex dynamic
processes involving both the recruitment of new muscle �bers
(hyperplasia) and the growth of existing �bers (hypertrophy).
Di�erent from mammals, �sh have a long-lasting ability to recruit
new skeletal muscle �bers, persisting from larval life stagetill
juveniles reaching adult body size (Stickland, 1983, Weatherley
et al., 1988; Rowlerson and Veggetti, 2001). Identi�cation of the
factors involved in regulating hyperplasia and hypertrophy in �sh
muscle has great potential to optimize muscle quality.

It's well-known that �sh growth and �esh quality are a�ected
by both external and internal factors, such as aquaculture models,
rearing conditions, ration level, genetics, and so on (MacDonald
and Webber, 1995; Johnston, 2001; �uczyn et al., 2009; Yan
et al., 2013; Gutierrez et al., 2014; Gisbert et al., 2016). Among
them, food sources and nutrients are considered as primary
contributors. In particular, the e�ects of diet nutrient levels on
muscle �ber characteristics, including size and number of muscle
�bers, intramuscular fat content, moisture and so on, have been
widely reported no matter in mammals and �sh species (Joo et al.,
2013; Li et al., 2016). The changes in dietary protein level mainly
resulted in a decrease in the muscle �ber size as the total number
of �bers did not vary signi�cantly inSenegalese sole(Luisa et al.,
2016). Fish oil substitution by 66% vegetable oils has an e�ect on
the adipocyte size inSparus aurataL. (Cruz et al., 2011). Changes
in dietary lipid sources also a�ected the number of white muscle
�bers in Oncorhynchus mykiss(Fauconneau et al., 1997). Lysine
supply caused decline in muscle �ber diameter and number when
compared to the treatment with a commercial diet in nile tilapia
(Oreochromis niloticus) (Aguiar et al., 2005). A recent study
reported that muscle protein content and water holding capacity
were signi�cantly elevated, while moisture, lipid and ash contents
were signi�cantly decreased with increased dietary phosphorus
level (up to 5.6 g/kg) inC. idellus(Wen et al., 2015).

Muscle quality is in�uenced by muscle �ber characteristics
and other endogenous factors such as internal cross-linkingof
connective tissue, texture, fatty acid compositions, etc. (Cheng
et al., 2014). Myotome is one of most important constituents
of muscle. It is made up of a large number of single muscle
�bers linked by intramuscular connective tissues. Collagenis the
most signi�cant constituent of the connective tissues. It plays a
vital role in maintaining �let integrity and muscle cohesiveness
(Bjørnevik et al., 2004; Aussanasuwannakul et al., 2012). Previous
studies were focused mainly on the in�uence of di�erent diets
on muscle texture, without thoroughly investigating the link
between muscle texture and its molecular regulation (Mommsen,
2001; Gong et al., 2017).

The growth of �sh muscle is regulated by various genes.
Among them, the growth hormone (GH)-insulin-like growth
factor (IGF) system is the key regulator of growth in
vertebrates. How this system modulates muscle mass in
�sh is just recently becoming elucidated (Fuentes et al.,
2013). In �sh, myogenesis involves the speci�c regulation of
myogenic regulatory factors (MRFs), which control speci�cation,
activation, and di�erentiation of myogenic cells (Watabe, 1999).
Muscle growth is also modulated by myostatin (MSTN), which

normally inhibits the growth of skeletal muscle (McPherron
et al., 1997). Both postnatal aquaculture environment and dietary
factors can a�ect expression levels of MRFs and their related
positive & negative regulating genes, as shown inO. mykiss
(Alami et al., 2010), Piaractus mesopotamicus(Gutierrez et al.,
2014), O. niloticus(Nebo et al., 2013), andC. idellus(Lin et al.,
2015; Zheng et al., 2015). Despite the increasing researches
on the relationships between MRFs and their target genes, a
comprehensive study onC. idellusis still lacking.

Ctenopharyngodon idellusis the principal species in freshwater
aquaculture in China (He et al., 2015). Intensive farming based
on utilization of arti�cial formulated feed has contributed to the
continuous growth in the production of grass carp (Borlongan
and Satoh, 2002; FAO Yearbook, 2014). Unfortunately, the �esh
quality of farmed grass carp declined over time through the
course of arti�cial aquaculture and has led to increasing public
concerns (Qin, 2010). To get high quality �sh products is a key
target for successful aquaculture industry in the future (Li et al.,
2013; Valente et al., 2013). Given that diet is a key contributor to
�sh �esh quality, it is important to assess whether feeding natural
grass could improve the �esh quality ofC. idellus. To this aim, we
have conducted a comprehensive study to compare the e�ects of
natural grass and arti�cial feed on �sh muscle characteristics, and
explored the link between �sh culture modes and �esh quality.To
help elucidate the underlying molecular mechanism, we further
investigated the expression of important genes between di�erent
feeds. The result could provide a theoretical basis and reference
for further research.

MATERIALS AND METHODS

Experimental Design
The experiment was carried out in �led culture ponds in
Chonghu Fish Farm, Hubei Province, China. Water temperature
was between 22� C in July, 26� C in August–October. Despite of
the Tm, the other water quality parameters of each culturing
pond were monitored in the middle of each month, meanwhile,
2 days before sampling, the physical and chemical parameters of
the water in temporary tanks were also detected and analyzed.
C. idellusused in this study were the same batch of cultivatedC.
idellus�ngerling with average initial weight at 35 g per tail. These
�sh were divided into two groups with three replicate ponds for
each group. At the beginning of the experiment, about 3,000 tails
of C. idellus, polycultured with 550 tails ofHypophthalmichthys
molitrix (about 14 g per tail) and 350 tails ofAristichthys nobilis
(about 25 g per tail), were assigned to each pond (the area is
22666.67 m2/pond). Fish in the grass feed group (GFG) were
fed with 100 kg grass per pond, at 9 am per day, they include
Lolium perenne, Euphrasia pectinataand Sorghum sudanense
(crude protein 15.30%, crude fat 2.88%, moisture 78.40%, crude
�ber 25.90%, ash 3.50%). The natural grass were planted along the
culture ponds of both experimental groups, which could provide
adequate food sources for the �sh of GFG. Whereas, the �sh in
the arti�cial feed group (AFG) were fed with commercial feed
(Haid, China), which contain crude protein 28.00%, crude fat
7.06%, moisture 8.75%, crude �ber 15.00%, and ash 15.63%. 15 kg
arti�cial feed were supplied to each pond of AFG at 9 am and 15
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pm per day. All the farmedC. idelluswere fed to satiation during
the whole rearing period. This experiment was carried out from
8th, July to 28th, October, 2016.

At the end of this experiment, 150 �sh in each group were
captured and then transferred to the laboratory in the Collegeof
Fisheries, Huazhong Agricultural University. Finally, 120�sh in
each group were used for growth performances data measure and
samples collection.

The Animal Research: Reporting ofIn Vivo Experiments
(ARRIVE) guidelines and “Guidelines for Experimental
Animals” of the Ministry of Science and Technology (Beijing,
China) were compiled during the experimental period.
Institutional Animal Care and Use Ethics Committee of
Huazhong Agricultural University had approved our study. All
e�orts were made to minimize su�ering of sampled �sh species.

Pond Water Quality Measurement
During the 4-month culture period, the rearing conditions
and water quality parameters were monitored and analyzed
timely. Water temperature (Tm) of the two experimental
groups ponds were both between 22� C in July, 26� C in
August–October. Despite of the Tm, the other water quality
parameters of each culturing pond, such as pH, dissolved oxygen
(DO), ammonia nitrogen (NH3/NHC

4 -N), nitrate nitrogen
(NO�

3 -N), nitrite nitrogen (NO�
2 -N), total nitrogen (TN),

total phosphorus (TP) and total organic carbon (TOC), were
also measured in the middle of each month. Meanwhile, 2
days before sampling, the physical and chemical parameters
of the water in temporary tanks were also detected and
analyzed.

Among these tested water quality parameters, Tm,
pH, and DO values were directly detected by Multi-
Parameter Water Quality Detector. The TOC values were
tested and analyzed by nondispersive infrared absorption
method (GB/T13193-1991). Otherwise, the TN and TP
were detected according to alkaline potassium persulphate
digestion-UV spectrophotometric method (GB/T11894-
1989) and ammonium molybdate spectrophotometric
method (GB/T 11893-1989), respectively. The values of
NH3/NHC

4 -N, NO�
3 -N, and NO�

2 -N were also measured
and calculated by their corresponding national standard
methods: GB/T7479-1987, GB/T 7480-1987, and GB
7493-1987.

Measurement of Growth Traits
Upon arrival, C. idellusof the two experimental groups were
respectively stocked in temporary rearing tanks for 1 week. The
feeding was stopped 2 days before sampling. The sampled �sh
was anesthetized in 100 mg�L� 1 tricaine methanesulfonate (MS-
222, Sigma, St. Louis, Missouri, USA) before measuring the
growth indexes and samples collection.

The body weight, body length and body height of total 120 tails
�sh per group were measured. After collecting blood samples, the
visceral mass cut o� from esophagus to cloacal ori�ce, were took
out from abdominal cavity and weighed. Then, the liver tissues
were totally separated from the visceral mass and weighed the
fresh weight again. Afterwards, the speci�c growth rate (SGR)

and condition factor (CF) were calculated based on the measured
data.

SGRD (Ln(W1) � Ln(W2))=T � 100

CF D (W1=L3) � 100

Note: W1-Body Mass (g); W2-Initial Weight (g); T-Feeding days;
L-Body Length (cm).

Samples Collection
Blood Sampling
The blood samples (180–200 mL per tail) from 10 �sh each
group were taken from caudal vein without an anti-coagulating
substance by injector puncture. The blood samples were placed
at room temperature for 30 min, then centrifuged at 3,000 g
for 30 min at ordinary temperature for serum preparation.
The separated serum was stored at� 80� C until the serum
biochemical indexes analysis.

Muscle Tissue Sampling
Histological section was used to analyze the characteristicof
muscle �ber Four positional muscle samples were respectively
collected from back, rib, abdomen, and tail parts. The fresh
biopsy specimens (transversely larger than 5� 5 mm at
minimum; vertically larger than 5� 8 mm at minimum) were
preserved in 4% paraformaldehyde at room temperature.

The expression levels of multi-gene were detected in 10
positional muscle tissues, i.e., back, rib, abdomen, red, tail, odd
�n, paired �ns, opercula, jaw and eyes muscles. The 10 tested
muscle tissues were collected based on the general pro�le of the
distribution of 10 positional muscles (Figure 1). This sampling
standard was rigorously followed during the experiments.

Serum Biochemical Assay
Serum samples were prepared according to the previous
method (Shi et al., 2006). The lactate dehydrogenase (LD),
alkaline phosphatase (ALP), total cholesterol (TCHO), high
density cholesterol (HDLC), glucose (GLU), albumin (ALB),
total protein (TP), and triglycerides (TGK) were tested by
automatic biochemistry analyzer (Hitachi 7020, Hitachi High
Technologies, Inc., Ibaraki, Japan). Test kits were purchased from
Nanjing Jiancheng Biochemical Corporation (Nanjing Jiancheng
Biochemical Corporation, Nanjing, China), and the procedures
followed were in accordance with the instructions of the kit.

Muscle Texture Measurements
Muscle texture assay was performed according to the method
described byMa et al. (2014). Muscle above the lateral line was
dissected from 24 �sh for each culture model, and then was cut
into 1 � 1 � 1 cm block for TPA test and 1� 1 � 4 cm for
shear force test. The Texture Analyser used is TA-XT Plus Micro
TPA (Stable Micro Systems, Surrey, England) equipped with a �at
bottomed cylindrical probe P/36R. The type of loading probe is
Auto-5 g, and the samples were compressed for 2 times in TPA
test. Test condition was recorded at a pre-test speed of 3 mm/s,a
test speed of 2 mm/s and a post-test speed of 2 mm/s with the stay
time at 5 s, the data collection rate was 200 pps. Filet heights and
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FIGURE 1 | The distribution of different positional muscle tissues ofC. idellus.
The different positional muscle samples tested in this study were collected
from corresponding designated parts ofC. idellus. General pro�le of the
distribution of 10 positional muscles was shown in section(A). Detailed
distribution of muscles in head was described in section(B). The part of �sh
body in light gray, is given only as a spatial reference(A). Corresponded to the
muscle analyzed in present study, the gray part is super�cialred muscle. The
10 numbers in (A) represent 10 positional muscles. 1-eyes muscle; 2-jaw
muscle; 3-opercular muscle; 4-paired �ns muscle; 5-red muscle; 6-odd �n
muscle; 7-back muscle; 8-abdomen muscle; 9-rib muscle; 10-tail muscle.

maximum force (g shear force) needed to compress �lets 65% of
their height. 65% was chosen together with rounded probe ends
as to reduce damage of muscle structures (Hyldig and Nielsen,
2001). The samples of TPA and shear force tests were carried
out at room temperature, with 10 �sh in each culture model and
�ve parallel samples were taken in TPA test. Three measurements
were performed on each �let in shear force test (1 cm between
each measure point) centrally on the �esh side and the thickest
muscle layer. Texture curves were recorded and the max force
was determined as an average of the three measurements.

Histological Analysis
Serial transverse 10mm-thick sections were stained with
hematoxylin & eosin (H & E staining) and intracytoplasmic lipids
with oil red O (Oil O staining) according to the procedures
(Rasmussen and Ostenfeld, 2000), respectively.

A total of 200–400 �bers of white muscle per �sh were
studied in a Leica MZ 6 microscope for their cross sectional area
(CSA) and the diameter (d D 2r) of each �ber was calculated
from the �ber area (A) [A D p�r2), thus, d D 2

p
(A�p � 1)].

A size limit for identifying �bers was set at �ber diameters
� 10mm since the optical resolution below this limit did not
allow for su�cient identi�cation and accuracy in the analyses
(Luther et al., 1995). The circularity of each �ber (4p ��ber
area�circumference� 2) was also determined. A circularity of

1.0 indicated a complete circle. The free software Image J
(http://rsb.info.nih.gov/ij/) was used for quantitative statistics
and analyses.

Molecular Cloning and Analysis
The tissues were homogenized by grinding apparatus to
extract total RNA using RNAiso reagent (TaKaRa, Shuzo,
Japan) according to the manufacturer's instructions. The total
RNA was then dissolved in 50mL RNase-free water. The
quality of total RNA was checked with the agarose gel and
concentration were measured by NanoDrop 2000 (Thermo
Scienti�c, Waltham, MA, USA). The PrimeScript RT reagent
Kit with gDNA Eraser (TaKaRa, Shuzo, Japan) was used to
reverse-transcribe the �rst strand cDNA from the total RNA.
The partial C. idelluscDNA sequences were obtained from
National Center for Biotechnology Information (NCBI1), which
include MRFs (myogenin, MyoG; myogenic di�erentiation,
MyoD; myofactar-5,Myf -5; myofactar-6,MRF4); myostatin type
I and type II (MSTN-1/MSTN-2); insulin-like growth factor
1 (IGF-1); insulin-like growth factor 2 (IGF-2); collagen type
I alpha-1 (COL1A-1) and collagen type I alpha-2 (COL1A-
2). Special ampli�ed primers of these genes cDNA were
given in Table 3. PCR products were gel-puri�ed, ligated into
the T/A cloning vector pMD-19T (Takara, Dalian, China)
and transformed intoEscherichia coliDH5a competent cells.
Positive clones were examined by PCR followed by direct
sequencing.

Quantitative Real-Time PCR Analysis
Expression patterns of these genes (MyoG, MyoD, Myf -5, MRF4,
MSTN-1, MSTN-2, IGF-1, IGF-2, COL1A-1, andCOL1A-2) were
analyzed using quantitative real-time PCR (qRT-PCR). The� -
actin and18srRNA were selected as reference genes. All primer
sequences were described inTable 1. The qRT-PCR assay was
performed using SYBR Premix Ex Taq

TM
(TaKaRa, Dalian,

China) on a Roche Light Cycler 480 machine (Roche, Sussex,
UK). The qRT-PCR conditions were as follows: denaturation
at 95� C for 30 s, followed by 40 cycles of 95� C for 5 s,
annealing at 58� C (MyoG)/60� C (MyoD)/60� C (Myf -5)/56� C
(MRF4)/58� C (MSTN-1)/58� C (MSTN-2)/60� C (IGF-1)/58� C
(IGF-2)/55� C (COL1A-1), and 55� C (COL1A-2) for 20 s, and
elongation at 72� C for 15 s. The relative quanti�cation of the
target and reference genes was evaluated according to standard
curves. Each experiment was conducted in triplicate. The relative
stability measures (M) of the reference genes were calculated
by GeNorm2 (http://medgen.ugent.be/genorm/). Based on the
results,� -actin was chosen as the reference gene in subsequent
analyses.

Statistical Analysis
The white muscle �ber circularity data were ln-transformedby
software Image J. Fiber diameter was additionally �tted as a
covariate to �ber circularity. For comparison of the distributions

1NCBI. Available online at: http://www.Ncbi.Nlm.Nih.Gov/gorf/or�g.cgi
(Accessed February 14, 2014).
2GeNorm. Available online: http://medgen.ugent.be/genorm/ (Accessed
December 10, 2013).
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TABLE 1 | The primer sequences for genes cloning and expression in thestudy.

Target gene GeneBank no. Primer sequence (5
0
-3

0
)

INTERNAL CONTROL PRIMERS FOR qRT-PCR

� -actin DQ211096 Sense CAGAGCTTCTCCTTGATGTC

Antisense GATATGGAGAAGATCTGGC

18s EU047719 Sense GGCGCGCAAATTACCCATTT

Antisense TCCCGAGATCCAACTACAAGC

QUANTITATIVE PRIMERS OF THE GENES

MyoG JQ793897 Sense AGAGGAGGTTGAAGAAGGTC

Antisense GTTCCTGCTGGTTGAGAGA

MyoD GU218462 Sense CCCTTGCTTCAACACCAACG

Antisense TCTCCTCTCCCTCATGGTGG

Myf-5 GU290227 Sense GGAGAGCCGCCACTATGA

Antisense GCAGTCAACCATGCTTTCAG

MRF4 KT899334 Sense TCATTCAACTTGTGCCCTCC

Antisense GCCCACTTTGCGATACCC

MSTN-1 KM874826 Sense GCAGGAGTCACGTCT TGGCA

Antisense GAGTCCCTCCGGATTCGCTT

MSTN-2 KM874827 Sense GACCACA CCAGGGTCCAAC

Antisense TCACACTGGTAAAGCCCGTCAA

IGF-1 EU051323 Sense GCTGCAGTTTGTGTGTGGAG

Antisense ATGCGATAGTTTCTGCCCCC

IGF-2 EF062860 Sense GCTTCCACAAACCGCCTACC

Antisense AAAGAGTCTCCGCCGTTGCT

COL1A-1 HM363526 Sense ACGCACACAAACAATCTCAAGT

Antisense GCATGGGGCAAGACAGTCA

COL1A-2 HM587241 Sense ACTCCGATAGAGCCCAGCTT

Antisense ACATTGGTGGCGCAGATCA

of muscle �ber sizes, the non-parametric Kolmogorov-Smirnov
two sample test was applied. This test is very sensitive in
detecting di�erences in dispersions and skewness compared to
other statistical tests (Zar, 1996). One-way ANOVA was used
for analysis of di�erences in the two frequencies of each �ber
diameter category. Di�erences were considered signi�cant at
P< 0.05 and highly signi�cant atP< 0.01.

For statistical analysis, data from qRT-PCR were all presented
as the mean� S.E. for each genes (MRFs, MSTN-1, MSTN-
2, IGF-1, IGF-2, COL1A-1, and COL1A-2). The optimized
comparative Ct (2� 11 CT) value was used to compute the relative
expression level (Livak and Schmittgen, 2001). One-way ANOVA
andt-test were used to compare the signi�cance of genes among
di�erent positional muscle samples and the expression of each
gene in the same muscle position between the two culture models
C. idellus. Meanwhile, Duncan's test was also applied to multiple
comparisons by IBM SPSS Statistics 19.0 (SPSS, Chicago, IL,
USA).

The other analyses of variance were performed either on
means of triplicates (growth performances, blood biochemical
indexes and texture indexes). The 0.05 probability level was
used to denote data that were statistically signi�cant, while
0.01 probability level was used to denote data that were highly
signi�cant.

RESULTS

Water Quality Parameters
During the 4-month breeding cycle, the results of water quality
parameters were showedFigure 2. The results of pH were
higher in AFG since September, in especial, signi�cances were
tested in October and November (P < 0.05). Most of the DO
values were higher in the GFG with no signi�cance (Figure 2A).
Among the detections of various forms of nitrogen, most of
the measured NH3/NHC

4 -N and NO�
2 -N values were higher in

AGF, particularly, the detected concentrations of NO�
2 -N in July

and October were signi�cantly higer in AFG (P < 0.05). In
addition, as time goes on, the concentrations of NH3/NHC

4 -N
increased in both groups, however, the change trend of NO�

3 -N
concentrations were opposite. The other aspect, no signi�cance
was found in all the test results of TN, TP, and TOC measurement
(Figure 2C). In general, no matter which test indicator, their
variation tendency in GFG were consistent with the change
trendency of the corresponding test indicator in AFG.

Growth Performance
Table 2shows the growth performance of the two experimental
groups C. idellus fed with arti�cial feed and grass feed,
respectively. The average initial weight of the two groups �sh
was about 35 g per tail. After 113 days of separate feeding,
the body mass, body length, body height, visceral weight and
liver weight, even SGR were all signi�cantly higher in AFG
(P < 0.01). Only the CF was signi�cant higher in GFG (P <
0.05).

Serum Biochemical Parameters
Table 3 shows the serum biochemical data ofC. idellus in
the two experimental groups. The comparison results indicate
that di�erent feeding diet had signi�cant e�ect on LD, ALP,
TCHO, HDLC, and TP concentrations (P < 0.05). The great
signi�cances were observed in the concentrations of LD between
the two culture models (P< 0.01). No signi�cant di�erences were
observed in the concentrations of GLU, ALB, and TGK between
GFG and AFG.

Muscle Texture Pro�les
The data of texture measurements are represented
in Table 4. Signi�cant di�erences were detected in
adhesiveness, springiness, cohesiveness, gumminess,
chewiness, resilience, and shear force between the two
groups (P < 0.05) except the hardness. Adhesiveness,
springiness, cohesiveness, gumminess, and chewiness were
signi�cantly higher in AFG (P < 0.05), while resilience
and shear force were signi�cantly higher in GFG (P <
0.01).

Histological Observation
The histological changes were recorded using diameters of white
muscle �bers, interstitium between myo�bers, and �let lipid
distributions (Figure 3). The average �ber diameters of back,
rib, and tail muscle in AFG were signi�cantly lower than those
in GFG (P < 0.01), however, the opposite result occurred in
abdomen muscle (Figure 4A). Compared with �sh in GFG, the
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FIGURE 2 | Water quality parameters of two experimental groups. The different chemical elements in water body of grass feed group (GFG) and arti�cial feed group
(AFG), including(A) temperature (Tm), dissolved oxygen (DO), pH;(B) various forms of nitrogen (NH3/NHC

4 , NO�
3 , NO�

2 ) and (C) the total amount of various chemical
elements (total nitrogen—TN, total phosphorus—TP, and total organic carbon—TOC) were tested in every month from July to November. Vertical bars represent the
mean � S.E. Meanwhile, the red color star bars indicate the signi�cance between the two experimental groups, *means signi�cant (P < 0.05), **means greatly
signi�cant (P < 0.01).

TABLE 2 | Growth performance ofC. idellusfed with different feeds.

Experimental group Body mass SGR Body length Body height Visce ral weight Liver weight CF

Unit g % cm cm g g %

Grass feed 993.77� 41.66 3.26 � 0.02 31.37 � 0.24 6.50 � 0.12 36.23 � 1.19 7.19 � 0.18 3.32 � 0.03

Arti�cial feed 1386.27 � 37.31** 2.96 � 0.04** 34.52 � 0.18** 7.25 � 0.08** 55.70 � 2.33** 13.99 � 0.12** 3.21 � 0.00*

The data-measured traits of growth performances were represented by mean � SE; **difference between the two experimental groups is signi�cant at the 0.01 level; *difference is
signi�cant at the 0.05 level.

interspaces between myo�bers of the four tested muscle parts
were all evidently larger in AFG �sh (P< 0.01;Figure 4B). There
was no signi�cant di�erence in fat content of rib muscle tissue
between two groups. For back and tail muscle tissues, the �let
lipid contents was signi�cantly higher in GFG (P < 0.01). The
trend is reversed for abdomen muscle tissue (Figure 4C).

Gene Expressions in Various Muscle
Tissues
The gene expression levels ofMRFs varied either in nine
positional white muscle tissues and one red muscle tissue in each
group or in the same part of muscle between di�erent groups. The
expression levels ofMyoGin various positional muscle samples,
except for in tail muscle tissue, were 1.2–7.6 times higher than
those in AFG (P < 0.01).MyoD expression levels were higher in
back, rib, red, tail, paired �ns, opercular, and eyes muscles of C.
idellusin GFG. In the other muscular tissues, higher expression
levels were observed in AFG (P< 0.01).

The expression patterns ofMfy-5 and MRF4 di�ered from
MyoGandMyoD. These gene expressions were all in�uenced by
both diet and sampling positions (P < 0.05).Mfy-5 and MRF4
expressed the most in red muscle of the two experimental groups.
And their expression levels were signi�cantly higher in back, eyes
and tail muscle tissues of AFG, while higher expressions occurred
in muscle tissues of eyes, tail, opercula, odd �n, and paired �ns of
�sh from GFG (P< 0.05) (Figure 5).

Gene expressions ofMSTNs (MSTN-1 and MSTN-2) and
IGFs (IGF-1andIGF-2) were plotted inFigure 6. The expression

level ofMSTN-1was higher in back, tail, paired �ns, jaw, and eyes
muscle samples of �sh in AFG, and expressed lower in the other
positional muscles (P < 0.01). MSTN-2 expressed much more
in the most of sampled muscles in �sh of GFG, except for lower
expression level detected in the muscle of back, rib, and eyes (P<
0.01).

Gene expressions ofIGF-1 andIGF-2 varied in the deferent
sampling positions of muscle.IGF-1 expressed signi�cantly
higher in GFG (P < 0.01), with a few exceptions of expressions
in back and eyes muscles. Gene expression level ofIGF-2 was
signi�cantly higher in AFG (P< 0.01).

Collagen type I alpha were coded by two subtypes genes
CoL1A-1andCoL1A-2, which had the similar expression patterns
in two groups (Figure 7). The both genes had the highest
expressions in red muscle and higher expressions in eyes
muscle, opercular muscle, and tail muscle.CoL1A-1 andCoL1A-
2 expressed lower in the muscle of back, rib, abdomen and
paired �ns. There was signi�cant deference in the expressions
of two genes in each sampled muscle tissue between groups
(P< 0.01).

DISCUSSION

In present study, �sh fed with succulence diets (L. perenne,
E. pectinata, andS. sudanense) had a signi�cantly slower growth
performance than �sh fed with arti�cial feed. It is consistent
with previous observations, the negative correlation between
the enhanced dietary �bers and the decreased weight gain, in
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TABLE 3 | Serum biochemical parameters inC. idelluscultured under two feeding models.

Indicator LD ALP TCHO HDLC GLU ALB TP TGK

Unit U/L U/L mmol/l mmol/l mmol/l g/l g/l mmol/l

Grass feed 829.17� 6.87** 132.83 � 5.09* 7.69 � 0.02* 2.50 � 0.03* 3.68 � 0.07 3.33 � 0.33 36.50 � 0.58* 6.74 � 0.14

Arti�cial feed 454.58 � 9.20 109.58 � 2.76 6.70 � 0.25 2.21 � 0.06 2.96 � 0.33 3.67 � 0.30 31.17 � 1.17 7.09 � 0.13

Asterisks expressed the signi�cant difference.*Signi�cance is at the 0.05 level;**signi�cance is at the 0.01 level.

TABLE 4 | Comparison of texture measurements between two feeding model C. idellus.

Group Hardness Adhesiveness Springiness Cohesiveness Gummi ness Chewiness Resilience Shear force

Grass feed 5318.43� 22.76 � 11.69 � 0.37** 0.54 � 0.02* 0.26 � 0.00** 1405.40 � 68.16** 755.11 � 27.18** 0.16 � 0.00** 503.11 � 3.89**

Arti�cial feed 5294.80 � 54.59 � 25.92 � 2.20 0.60 � 0.00 0.29 � 0.00 1520.71 � 75.16 909.20 � 43.56 0.13 � 0.00 360.62 � 1.96

The data of measured traits were expressed by mean� SE; **difference between the two experimental groups is signi�cant at the 0.01 level; *difference is signi�cant at the 0.05 level.

FIGURE 3 | Tissue sections of different positional muscle ofC. idellus. The different positional muscle samples were collected from arti�cial feed C. idellus(sl) and
grass feedC. idellus(zq). Left part(A), H&E staining (original magni�cation� 200) exhibits a distribution of muscle �ber and muscle �ber space. Right part (B), oil red
o staining (original magni�cation� 100) shows the intracytoplasmic fat (Red color). The capital letters B, L, F and W indicate namely-the back, rib, abdomenand tail
muscles. In addition, lowercase letters—“a” and “b” (H&E staining) stand for the crosscutting and longitudinal cut respectively.

Barbodes altus(Elangovan and Shim, 2002), O. mykiss(Harlioglu,
2011), even inC. idellus(Yu et al., 2014b; Cheng et al., 2016).

One potential caveat is that the growth performances and
�esh quality could be a�ected by rearing conditions (Johnston,
2001; Yan et al., 2013; Gutierrez et al., 2014). However, in present
study, temperature, DO and concentrations of various chemical
elements were not signi�cantly changed by feeding with di�erent
diets. Moreover, the variation trends of mineral element contents
were similar in the two groups during the 4-month period. Only
pH values were decreased by feeding with grass in the last 2
months. In summary, feeding with grass or arti�cial feed may

cause the change of water indicators in aquaculture ponds under
the same management conditions. Nevertheless, di�erent diets
are more important factor in the signi�cant di�erences on growth
traits and �esh quality, than the water environmental factors.

Serum biochemical parameters are often used as sensitive
biomarker for con�rming the aquatic product quality and for
monitoring any changes in aquaculture in many �sh species
(Polakof et al., 2012). Many studies have shown that most
serum parameters, such as ALP and cholesterol, are able to
respond to the restricted nutrient intake, linking nutritional
status with impaired weight status (Nova et al., 2008). In
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FIGURE 4 | Quantitative results of different positional muscle tissue sections. Quantitative analysis of different positional muscle �ber sections of grass feedC. idellus
(dense slash �lling) and arti�cial feedC. idellus(black �lling). The muscle �ber diameter statistics of four positional muscle tissues was shown in(A). The comparisons
of distances between muscle �bers and percentages of intramuscular lipid between the two groups were separately presented in (B) and (C). Vertical bars represent
the mean � SE. The X axis represent back muscle, rib muscle, abdomen muscle, and tail muscle, respectively. Lowercase (grass feed group) and capital letters
(arti�cial feed group) state the signi�cant differences among the four positional muscle tissues sections (P < 0.05). While the great signi�cance between the two
models were marked with **P < 0.01.

FIGURE 5 | The expression levels ofC. idellus MyoG, MyoD, Myf-5, and MRF4 in 10 positional muscle tissues. The expression levels ofC. idellus MyoG, MyoD,
Myf-5, and MRF4 in back, rib, abdomen, red, tail, odd �n, paired �ns, opercular, jaw, and eyes muscle samples, which collected respectively from the two culture
model C. idellus. The expressions of genes in grass feedingC. idellus(dense slash �lling) and arti�cial feeds feedingC. idellus(black �lling). Theb-actin was used as an
internal control to calibrate the cDNA template for all the samples. Vertical bars represent the mean� SE. Different letters mean signi�cantly different (P < 0.05) in the
same model, lowercase letters used in grass feed group, capital letters used in arti�cial feed group. Meanwhile, the starbars also indicate the signi�cance between the
two culture models in red color, *means signi�cant (P < 0.05), **means greatly signi�cant (P < 0.01).
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FIGURE 6 | The expression levels ofC. idellus MSTN-1, MSTN-2, IGF-1, and IGF-2 in different muscle tissues. The expression levels ofC. idellus MSTN-1, MSTN-2,
IGF-1, and IGF-2 in back, rib, abdomen, red, tail, odd �n, paired �ns, opercular, jaw, and eyes positions of the two culture modelC. idellus. The expressions of genes
in grass feed group represented in dense slash �lling, which in arti�cial feed represented in black �lling. Theb-actin was used as an internal control to calibrate the
cDNA template for all the samples. Vertical bars represent the mean � SE. Different letters mean signi�cantly different (P < 0.05) in the same model, lowercase letters
used in grass feed group, capital letters used in arti�cial feed group. Meanwhile, the star bars also indicate the signi�cance between the two culture models in red
color, * means signi�cant (P < 0.05), ** means greatly signi�cant (P < 0.01).

mammals, a study showed that in rats fed with �ber diets
(celery, parsnip, and rutabaga), the fecal moisture content
increased, body water content decreased, and serum biochemical
parameters were also higher when compared with �ber-free
control group (Mongeau et al., 1990). Similarly, the higher
values of most parameters found in this study might also
re�ect lower moisture content inC. idellus fed with grass.
Compared with AFG, signi�cantly higher concentrations in
LD, ALP, TCHO, HDLC, TP, and GLU content were found
in GFG, C. idellus in GFG exhibited better physiological
functions in response to the changes in food nutritional
composition. This is consistent with results demonstrated in
other �sh species, e.g.,Pagrus major (Mohammed et al.,
2016) and C. carpio(Imanpoor et al., 2016). These �ndings
suggest that feedingC. idellus with grass can promote
the metabolism and transport of various substances in the
body.

Flesh quality is a�ected by various intrinsic and extrinsic
factors. The previous works proposed several potential factors,
including breed, genotype, gender, diet, exercise, and ambient
temperature, which can be used to manipulate muscle �ber
characteristics and subsequently �esh quality in animals (Joo
et al., 2013). Because the �esh texture depends primarily on
muscle �ber characteristics, numerous studies have reported
the relationship between quality traits and �ber characteristics
(Johnston, 1999; Johnston et al., 2000). Texture also a�ects
other characteristics of �esh quality such as appearance, �avor
and nutrients of �sh products (Anne et al., 2016). Generally,
�esh quality involving in muscle texture and histological
characteristics ofC. idelluswas a�ected by feeding regimes; for
instance, feeding �sh with di�erent diets that made with varying
amounts of nutrient compositions.

Muscular texture is governed primarily by the construction
of muscle �bers and cytoplasm between myo�bers (Taylor et al.,
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FIGURE 7 | The expression levels ofC. idellus CoL1A-1 and CoL1A-2 in different muscle tissues. The expression levels ofC. idellus CoL1A-1 and CoL1A-2 in back,
rib, abdomen, red, tail, odd �n, paired �ns, opercular, jaw, and eyes positions of the two culture modelsC. idellus. The expressions of genes in grass feed group
represented in dense slash �lling, which in arti�cial feed represented in black �lling. Theb-actin was used as an internal control to calibrate the cDNA template for all
the samples. Vertical bars represent the mean� SE. Different letters mean signi�cantly different (P < 0.05) in the same model, lowercase letters used in grass feed
group, capital letters used in arti�cial feed group. Meanwhile, the star bars also indicate the signi�cance between the two culture models in red color, **means greatly
signi�cant (P < 0.01).

2002). High lipid content in �lets has also been suggested as
an important contributor to �esh soft texture (Bjørnevik et al.,
2004). Changes in muscle �ber size can cause alteration in
�esh texture. There are two closely associated factors a�ecting
myo�brillar structure. One is rearing situations (e.g., culture
conditions, storage times and feeding rations), the other is
connective tissue, cross-linking between collagen molecules
(Johnston et al., 2007; Fuentes et al., 2012). In this study,C.
Idellus in AFG showed signi�cantly higher �let lipid content
in abdominal muscle tissues and larger distances between
myo�bers. Furthermore, �sh muscle in AFG had lower values
in texture parameters including hardness, resilience, and shear
force. These results suggest that �sh fed with arti�cial feed may
exhibit more soft �esh traits. One important �nding is that
the fat deposition is most severe in abdominal muscle tissues
collected from AFG, and feedingC. idelluswith natural grass
could e�ectively alleviate this problem.

The physiological processes of muscle growth, degradation
and �esh quality are regulated by various molecular mechanisms
(Salem et al., 2013). Since speci�c aspects of muscle growth
and breakdown are dependent upon nutritional status, the
expressions of genes involved in the myogenic signaling pathway
are often analyzed to determine molecular response to di�erent
dietary (Johansen and Overturf, 2006). In this study, eight
genes related to muscular growth and development,MyoD,
MyoG, Myf -5, MRF4, MSTN-1, MSTN-2, IGF-1, and IGF-2,
were quantitatively analyzed. These genes are theC. idellus's
homologs of the mammalianMRFs genes involved in myogenic
signaling pathway and their positive and negative transcription
factors (IGFs and MSTN) (Fuentes et al., 2013; Zeng et al.,
2014). Slower growth rate was observed in GFG, coupled with
signi�cant decreased expressions ofMyf -5, MRF4, and IGF-2.
The expressions ofMyoD, MyoG, MSTNs, andCoL1A-2 were

signi�cantly upregulated in �sh muscle in GFG. Similar results
have been reported in many other �sh species, includingO.
mykiss(Johansen and Overturf, 2006), D. rerio (Ulloa et al.,
2013), Solea senegalensis(Luisa et al., 2016), and C. idellus(Yu
et al., 2014a). MyoG levels always appear to be correlated with
nutritional state in other organisms (Jeanplong et al., 2003). Our
results suggest that grass feeding may lead to a rise in the amount
of myotube proliferation and fusion, as well as signi�cantly larger
�ber diameters and numbers. Compared with AFG, the decreased
transcription levels ofMyf -5, MRF4 as well asIGF-2 in most
of tested positional muscle tissues of GFG, could be induced by
malnutrition.

MSTN-1 and MSTN-2 negatively regulate muscle growth of
�sh ( Zheng et al., 2015). The elevated expressions of both genes
in most of positional muscle tissues of GFG suggest thatMSTNs
may contribute to the decreased muscle growth of �sh in GFG.
Consistent with this notion, in a previous study of mammals,
normal mice and cattle showed a dramatic decrease in skeletal
muscle mass when compared with those carrying mutations in
myostatin (Grobet et al., 1997; McPherron et al., 1997). Moreover,
the expression levels ofMRFs and their related regulatory genes
had signi�cant di�erences between the various tested positional
muscle tissues, potentially due to the movement patterns and
muscle activity of these tissues.

The relationship between the regulatory mechanism and
texture variations has also been demonstrated in the research on
the e�ect of feedingC. idelluswith sole faba bean (Vicia faba)
on muscle �rmness (Lin et al., 2009; Yu et al., 2014b). In this
study, the diameter of muscle �ber increased in �sh feed with
grass, consistent with the increased expression of type I collagen
(CoL1A-1 and CoL1A-2) in grass feedingC. idellus. Although
the regulatory mechanism of muscle �rmness inC. idellusis still
unclear, a few studies have identi�ed some genes associatedwith
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texture variations of �sh, e.g.,Salmo salar L.(Larsson et al., 2012)
and C. idellus(Yu et al., 2014b). The increased expression of
CoL1As may be one of the reasons why the �sh fed with grass
rather than arti�cial feed had much higher muscle �rmness.

CONCLUSION

Signi�cant correlation was found between the di�erence in �sh
growth and diets. Di�erential expressions ofMRFs, IGFs, and
MSTNs genes may contribute to the changes in muscle growth
and development ofC. idellusfed with di�erent diets. Elevated
expressions ofMyoG and MyoD also re�ected higher potential
of muscle regeneration in grass feeding group. Compared with
the C. idellusfeeding with arti�cial feed, the �sh fed with grass
showed overall more type I collagen content, increased muscle
�rmness, enhanced activity of muscle �ber hypertrophy, but
declined growth rate. The signi�cantly increased expressions of
CoL1A-1 and CoL1A-2 in back muscles ofC. idellusfrom GFG
are positively correlated to stronger muscle �rmness. Feeding
grass can reduce fat deposits in �sh abdomen.

AUTHOR CONTRIBUTIONS

Most contributions to this research have been made by HZ, such
as conception and design, acquisition of data, as well as analysis
and interpretation of data, etc. DL, XH, and WC also participated
in conception and design of this study. LL, XZ, and RT made
contributions to samples collection. HZ and DL participate in
drafting the manuscript and revising it critically for important
intellectual content; DL and JX give �nal approval of the version
to be submitted and any revised version.

ACKNOWLEDGMENTS

This work was supported by the Earmarked Fund for China
Agriculture Research System (CARS-45), National Natural
Science Foundation of China (project number: 31502140,
31401977), and the Fundamental Research Funds for the Central
Universities (2662015PY119). The authors thank Shaojie Yan,
Huihui Cheng, Chen Xiao, Zhimin Zhang, and Xiao Liang for
their valuable assistance in �sh culture and tissues sampling.

REFERENCES

Aguiar, D. H., Barros, M. M., Padovani, C. R., Pezzato, L. E., andPai-Silva, M.
D. (2005). Growth characteristics of skeletal muscle tissue inOreochromis
niloticuslarvae fed on a lysine supplemented diet.Fish. Biol. 67, 1287–1298.
doi: 10.1111/j.1095-8649.2005.00823.x

Alami, D. H., Wrutniak, C. C., Kaushik, S. J., and Médale, F. (2010). Skeletal
muscle cellularity and expression of myogenic regulatory factors and myosin
heavy chains in rainbow trout (Oncorhynchus mykiss): e�ects of changes
in dietary plant protein sources and amino acid pro�les.Comp. Biochem.
Physiol. A Mol. Integr. Physiol.156, 561–568. doi: 10.1016/j.cbpa.2010.
04.015

Anne, L., Bénédicte, L., Isabelle, L., Thierry, A., Muriel, B., Louis, L., et al. (2016).
How muscle structure and composition in�uence meat and �esh quality.Sci.
World J.2016, 1–14. doi: 10.1155/2016/3182746

Aussanasuwannakul, A., Slider, S. D., Salem, M., Yao, J. B., and Kenney, P.
B. (2012). Comparison of variable-blade to Allo-Kramer shear method in
assessing rainbow trout (Oncorhynchus mykiss) �llet �rmness. J. Food Sci.77,
335–341. doi: 10.1111/j.1750-3841.2012.02879.x

Bjørnevik, M., Espe, M., Beattie, C., Nortvedt, R., and Kiessling, A. (2004).
Temporal variation in muscle �ber area, gaping, texture, color and collagen
in triploid and diploid Atlantic salmon (Salmo salar L). J. Sci. Food Agr. 84,
530–540. doi: 10.1002/jsfa.1656

Borlongan, I. G., and Satoh, S. (2002). Dietary phosphorus requirement
of juvenile milk�sh, Chanos chanos(Forsskal). Aquac. Res. 32, 26–32.
doi: 10.1046/j.1355-557x.2001.00003.x

Cheng, H. H., Xie, C. X., Li, D. P., Xiao, Y. H., Tian, X., Chen, J., et al.(2016).
The study of muscular nutritional components and �sh quality of grass carp
(Ctenopharyngodon idellus) in ecological model of cultivating grass carp with
grass.Fish. China40, 1050–1059. doi: 10.11964/jfc.20150709964

Cheng, J. H., Sun, D. W., Han, Z., and Zeng, X. A. (2014). Texture and
structure measurements and analyses for evaluation of �sh and �llet
freshness quality: a review.Compr. Rev. Food Sci. Food Saf. 13, 52–61.
doi: 10.1111/1541-4337.12043

Cruz, G. L., Sánchez, G. J., Bouraoui, L., Saera, V. A., Pérez, S. J., Gutiérrez, J.,
et al. (2011). Changes in adipocyte cell size, gene expression of lipid metabolism
markers, and lipolytic responses induced by dietary �sh oil replacement in
gilthead sea bream (Sparus aurata L.). Comp. Biochem. Physiol.158, 391–399.
doi: 10.1016/j.cbpa.2010.11.024

Elangovan, A., and Shim, K. F. (2002). The in�uence of replacing �sh meal
partially in the diet with soybean meal on growth and body composition

of juvenile tin foil barb (Barbodes altus). Aquaculture 189, 133–144.
doi: 10.1016/S.0044-8486(00)00365-3

FAO Yearbook (2014).Fishery and Aquaculture Statistics. Beijing: Chinese
Fisheries Year Book; China Agriculture Press.

Fauconneau, B., Andre, S., Chmaitilly, J., Le Bail, P. Y., Frieg, F., and
Kaushik, S. J. (1997). Control of skeletal muscle �bres and adipose
cell size in the �esh of rainbow trout.J. Fish Biol. 50, 296–314.
doi: 10.1111/j.1095-8649.1997.tb01360.x

Fuentes, A., Fernández-Segovia, I., Serra, J., and Barat, J. M. (2012). E�ect of partial
sodium replacement on physicochemical parameters of smoked sea bass during
storage.Food Sci. Technol. Intl. 18, 207–217. doi: 10.1177/1082013211415156

Fuentes, E. N., Valdés, J. A., Molina, A., and Björnsson, B. T. (2013).
Regulation of skeletal muscle growth in �sh by the growth hormone-
insulin-like growth factor system.Gen. Comp. Endocr. 192, 136–148.
doi: 10.1016/j.ygcen.2013.06.009

Gisbert, E., Mozanzadeh, M. T., Kotzamanis, Y., and Estévez, A. (2016).
Weaning wild �athead grey mullet (Mugil cephalus) fry with diets
with di�erent levels of �sh meal substitution.Aquaculture 462, 92–100.
doi: 10.1016/j.aquaculture.2016.04.035

Gong, Y., Chen, W., Han, D., Zhua, X. M., Yang, Y. X., Jin, J. Y., et al. (2017). E�ects
of food restriction on growth, body composition and gene expressionrelated in
regulation of lipid metabolism and food intake in grass carp.Aquaculture469,
28–35. doi: 10.1016/j.aquaculture.2016.12.003

Grobet, L., Martin, L. J., Poncelet, D., Pirottin, D., Brouwers, B., Riquet, J., et al.
(1997). A deletion in the bovine myostatin gene causes the double-muscled
phenotype in cattle.Nat. Genet.17, 71–74. doi: 10.1038/ng0997-71.

Gutierrez, P. T., Almeida, F. L., Carani, F. R., Vechetti, I. J., Padovanic,
C. R., and Salomão, R. A. S. (2014). Rearing temperature induces
changes in muscle growth and gene expression in juvenile pacu (Piaractus
mesopotamicus). Comp. Biochem. Physiol. B Biochem. Mol. Biol.169, 31–37.
doi: 10.1016/j.cbpb.2013.12.004

Harlioglu, A. G. (2011). The in�uence of replacing �sh meal partially in diet with
soybean meal and full-fat soya on growth and body composition of rainbow
trout (Oncorhynchus mykiss). Pak. J. Zool.43, 175–182. http://zsp.com.pk/175-
182%20(27)%20PJZ-347-10%20revised%20proof.pdf

He, L., Pei, Y., Jiang, Y., Li, Y., Liao, L., Zhu, Z., et al. (2015). Global gene expression
patterns of grass carp following compensatory growth.BMC Genomics16:184.
doi: 10.1186/s12864-015-1427-2

Hyldig, G., and Nielsen, D. (2001). A review of sensory and instrumental
methods used to evaluate the texture of �sh muscle.Text. Stud. 32, 219–242.
doi: 10.1111/j.1745-4603.2001.tb01045.x

Frontiers in Physiology | www.frontiersin.org 11 March 2018 | Volume 9 | Article 283



Zhao et al. Diet Affects Fish Muscle Quality

Imanpoor, M., Imanpoor, M. R., and Roohi, Z. (2016). E�ects of dietary vitamin
C on skeleton abnormalities, blood biochemical factors, haematocrit, growth,
survival and stress response ofCyprinus carpio, fry. Aquacult. Int. 2016, 1–11.
doi: 10.1007/s10499-016-0080-3

Jeanplong, F., Bass, J. J., Smith, H. K., Kirk, S. P., Kambadur, R., Sharma,
M., et al. (2003). Prolonged underfeeding of sheep increases myostatin
and myogenic regulatory factor Myf-5 in skeletal muscle while IGF-I and
myogenin are repressed.J. Endocrinol. 176, 425–437. doi: 10.1677/joe.0.
1760425

Johansen, K., and Overturf, K. (2006). Alterations in expressionof genes
associated with muscle metabolism and growth during nutritional restriction
and refeeding in rainbow trout.Comp. Biochem. Physiol. B Biochem. Mol. Biol.
144, 119–127. doi: 10.1016/j.cbpb.2006.02.001

Johnston, I. A. (1999). Muscle development and growth: potential
implications for �esh quality in �sh. Aquaculture 177, 99–115.
doi: 10.1016/S0044-8486(99)00072-1

Johnston, I. A. (2001). Genetic and environmental determinants
of muscle growth patterns. Fish Physiol. Biochem. 18, 141–186.
doi: 10.1016/S1546-5098(01)18007-6

Johnston, I. A., Alderson, R., Sandham, C., Dingwall, A., Mitchell, D., Selkirk,
C., et al. (2000). Muscle �ber density in relation to the colour andtexture
of smoked Atlantic salmon (Salmo salar L.). Aquaculture 189, 335–349.
doi: 10.1016/S0044-8486(00)00373-2

Johnston, I. A., Bickerdikeb, R., Li, X. J., Dingwall, A., Nickell,D., Alderson,
R., et al. (2007). Fast growth was not associated with an increased incidence
of soft �esh and gaping in two strains of Atlantic salmon (Salmo salar)
grown under di�erent environmental conditions.Aquaculture265, 148–155.
doi: 10.1016/j.aquaculture.2007.01.045

Joo, S. T., Kim, G. D., Hwang, Y. H., and Ryu, Y. C. (2013). Control of fresh
meat quality through manipulation of muscle �ber characteristics.Meat Sci.
95, 828–836. doi: 10.1016/j.meatsci.2013.04.044

Larsson, T., Mørkøre, T., Kolstad, K., Østbye, T. K., Afanasyev, S., and Krasnov, A.
(2012). Gene expression pro�ling of soft and �rm atlantic salmon �llet.PLoS
ONE7:e39219. doi: 10.1371/journal.pone.0039219

Li, L., Zhou, J. S., He, Y. L., and Yang, J. N. (2013). Comparative study of muscle
physicochemical characteristcs in commonCyprinus carpio,Silurus asotusand
Ctenopharyngodon idellus. J. Hydroecol. 34, 82–86. http://sstxzz.ihe.ac.cn/ch/
reader/create_pdf.aspx?�le_no=201211120227

Li, Y. H., Li, F. N., Wu, L., Wei, H. K., Liu, Y. Y., Li, T., et al. (2016). E�ects
of dietary protein restriction on muscle �ber characteristics and mTORC1
pathway in the skeletal muscle of growing-�nishing pigs.J. Anim. Sci.
Biotechnol.7:47. doi: 10.1186/s40104-016-0106-8

Lin, W. L., Zeng, Q. X., and Zhu, Z. W. (2009). Di�erent changes in
mastication between crisp grass carp (Ctenopharyngodon idellus) and grass
carp (Ctenopharyngodon idellus) after heating: the relationship between
texture and ultrastructure in muscle tissue.Food Res. Int.42, 271–278.
doi: 10.1016/j.foodres.2008.11.005

Lin, Y., Zhou, J., Li, R., Zhao, Y., and Zheng, Y. (2015). Cloning and expression
patterns of MRFs and e�ect of replacing dietary �sh oil with vegetable oils on
MRFs expression in grass carp (Ctenopharyngodon idellus). Turk. J. Fish. Aquat.
Sci. 15, 257–266. doi: 10.4194/1303-2712-v15_2_07

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative, PCR and the 2� 11 C

T method.Methods25,
402–408. doi: 10.1006/meth.2001.1262

�uczyn, S. J., Ton, S. E., and �uczyn, S. M. J. (2009). Essential mineral
components in the muscles of six freshwater �sh from the Mazurian
Great Lakes (northeastern Poland).Arch. Pol. Fish. 17, 171–178.
doi: 10.2478/v10086-009-0015-y

Luisa, M. P. V., Eduarda, M. C., Vera, S., Luis, M. C., and Jorge,M. O. F. (2016).
Plant protein blends in diets for Senegalese sole a�ect skeletal muscle growth,
�esh texture and the expression of related genes.Aquaculture453, 77–85.
doi: 10.1016/j.aquaculture.2015.11.034

Luther, P. K., Munro, P. M. G., and Squire, J. M. (1995). Muscle ultrastructure in
the teleost �sh.Micron26, 431–459. doi: 10.1016/0968-4328(95)00015-1

Ma, L. Q., Qi, C. L., Cao, J. J., and Li, D. P. (2014). Comparative study on
muscle texture pro�le and nutritional value of channel cat�sh (Ictalurus
punctatus) reared in ponds and reservoir cages.J. Fish. China38, 532–537.
doi: 10.3724/SP.J.1231.2014.48963

MacDonald, I. A., and Webber, J. (1995). Feeding, fasting andstarvation:
factors a�ecting fuel utilization. Proc. Nutr. Soc. 54, 267–274.
doi: 10.1079/PNS19950053

McPherron, A. C., Lawler, A. M., and Lee, S. J. (1997). Regulationof skeletal
muscle mass in mice by a new TGF-b superfamily member.Nature387, 83–90.
doi: 10.1038/387083a0

Mohammed, F. E. B., Abdelaziz, M. E. H., Mahmoud, A. O. D., Adel,
E. S. A. Z., Saad, Z. E. D., Malik, M. E., et al. (2016). E�ect of
di�erent levels of dietary copper nanoparticles and copper sulfate on
growth performance, blood biochemical pro�les, antioxidant status and
immune response of red sea bream (Pagrus major). Aquaculture455, 32–40.
doi: 10.1016/j.aquaculture.2016.01.007

Mommsen, T. P. (2001). Paradigms of growth in �sh.Comp. Biochem. Physiol. B
Biochem. Mol. Biol.129, 207–219. doi: 10.1016/S1096-4959(01)00312-8

Mongeau, R., Siddiqui, I. R., Emery, J., and Brassard, R. (1990).E�ect of dietary
�ber concentrated from celery, parsnip, and rutabaga on intestinalfunction,
serum cholesterol, and blood glucose response in rats.Agric. Food Chem. 38,
195–200. doi: 10.1021/jf00091a043

Nebo, C., Portella, M. C., Carani, F. R., Almeida, F. L., Padovani, C. R., Carvalho,
R. F., et al. (2013). Short periods of fasting followed by refeeding change the
expression of muscle growth-related genes in juvenile Nile tilapia (Oreochromis
niloticus). Comp. Biochem. Physiol. B Biochem. Mol. Biol.164, 268–274.
doi: 10.1016/j.cbpb.2013.02.003

Nova, E., Lopez, V. I., Varela, P., Casas, J., and Marcos, A. (2008). Evolution of
serum biochemical indicators in anorexia nervosa patients: a 1-year follow-up
study.J. Hum. Nutr. Diet. 21, 23–30. doi: 10.1111/j.1365-277X.2007.00833.x

Polakof, S., Panserat, S., Soengas, J. L., and Moon, T. W. (2012). Glucose
metabolism in �sh: a review.J. Comp. Physiol. B Biochem. Syst. Environ. Physiol.
182, 10–15. doi: 10.1007/s00360-012-0658-7

Qin, Z. Q. (2010). E�ects of feeding di�erent raw materials on growth and �esh
quality of grass carpCtenopharyngodon idellus. J. Fujian Fish.2010, 81–85.
doi: 10.3969/j.issn.1006-5601.2010.01.021

Rasmussen, R. S., and Ostenfeld, T. H. (2000). In�uence of growthrate on white
muscle dynamics in rainbow trout and brook trout.J. Fish Biol.56, 1548–1552.
doi: 10.1111/j.1095-8649.2000.tb02164.x

Rowlerson, A., and Veggetti, A. (2001). Cellular mechanisms of post-
embryonic muscle growth in aquaculture species.Fish Physiol. 18, 103–140.
doi: 10.1016/S1546-5098(01)18006-4

Salem, M., Manor, M. L., Aussanasuwannakul, A., Kenney, P. B., Weber, G.
M., and Yao, J. B. (2013). E�ect of sexual maturation on muscle gene
expression of rainbow trout: RNA-Seq approach.Physiol. Rep.1, 100–120.
doi: 10.1002/phy2.120

Shi, X., Li, D., Zhuang, P., Nie, F., and Long, L. (2006). Comparative
blood biochemistry of Amur sturgeon, Acipenser schrenckii, and
Chinese sturgeon, Acipenser sinensis. Fish Physiol. Biochem.32, 63–66.
doi: 10.1007/s10695-006-7134-9

Stickland, N. C. (1983). Growth and development of muscle �bers in the rainbow
trout (Salmo gairdneri). J. Anat.137, 323–333.

Taylor, R. G., Fjaera, S. O., and Skjervold, P. O. (2002). Salmon �llet texture is
determined by myo�ber-myo�ber and myo�ber-myocommata attachment.J.
Food Sci.67, 2067–2071. doi: 10.1111/j.1365-2621.2002.tb09502.x

Ulloa, P. E., Peña, A. A., Lizama, C. D., Araneda, C., Iturra, P., Neira, R., et al.
(2013). Growth response and expression of muscle growth-related candidate
genes in adult zebra�sh fed plant and �shmeal protein-based diets.Zebra�sh
10, 99–109. doi: 10.1089/zeb.2012.0823

Valente, L. M. P., Moutou, K. A., Conceição, L. E. C., Engrola, S., Fernandes,
J. M. O., and Johnston, I. A. (2013). What determines growth potential
and juvenile quality of farmed �sh species?Rev. Aquacult. 5, 168–193.
doi: 10.1111/raq.12020

Watabe, S. (1999). Myogenic regulatory factors and muscle di�erentiation during
ontogeny in �sh. J. Fish Biol.55, 1–18. doi: 10.1111/j.1095-8649.1999.tb
01042.x

Weatherley, A. H., Gill, H. S., and Lobo, A. F. (1988). Recruitment
and maximal diameter of axial muscle �bers in teleost and their
relationship to somatic growth and ultimate size.J. Fish Biol.33, 851–859.
doi: 10.1111/j.1095-8649.1988.tb05532.x

Wen, J., Jiang, W. D., Feng, L., Kuangd, S. Y., Jiang, J., Tang, L., et al. (2015).
The in�uence of graded levels of available phosphorus on growth performance,

Frontiers in Physiology | www.frontiersin.org 12 March 2018 | Volume 9 | Article 283



Zhao et al. Diet Affects Fish Muscle Quality

muscle antioxidant and �esh quality of young grass carp (Ctenopharyngodon
idellus). Anim. Nutr. 1, 77–84. doi: 10.1016/j.aninu.2015.05.004

Yan, S. A., Lin, X. X., and Lin, Q. (2013).Analysis of Free Amino Acid
Content and Composition in Muscle of Pseudosciaena crocea (Richardson)
Di�erent Aquaculture Models. (Fujian Analysis & Testing), 10–13.
doi: 10.3969/j.issn.1009-8143.2013.05.02

Yu, E. M., Liu, B. H., Wang, G. J., Yu, D. G., Xie, J., Xia, Y., et al. (2014a). Molecular
cloning of type I collagen cDNA and nutritional regulation of type I collagen
mRNA expression in grass carp.J. Anim. Physiol. Anim. Nutr. 98, 755–765.
doi: 10.1111/jpn.12132

Yu, E. M., Xie, J., Wang, G. J., Yu, D. G., Gong, W. B., Li, Z. F., et al. (2014b). Gene
expression pro�ling of grass carp (Ctenopharyngodon idellus) and crisp grass
carp.Int. J. Genomics. 2014, 639–687. doi: 10.1155/2014/639687

Zar, J. H. (1996).Biostatistical Analysis, 3rd Edn. Prentice-Hall International.
Zeng, C., Liu, X. L., Wang, W. M., Tong, J. G., Luo, W., Zhang, J., et al. (2014).

Characterization of GHRs, IGFs and MSTNs, and analysis of their expression
relationships in blunt snout bream,Megalobrama amblycephala. Gene535,
239–249. doi: 10.1016/j.gene.2013.11.027

Zheng, G. D., Sun, C. F., Pu, J. W., Chen, J., Jiang, X. Y., and Zou, S. M.
(2015). Two myostatin genes exhibit divergent and conservedfunctions in
grass carp (Ctenopharyngodon idellus). Gen. Comp. Endocrinol.214, 68–76.
doi: 10.1016/j.ygcen.2015.03.008

Con�ict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or �nancial relationships that could
be construed as a potential con�ict of interest.

The reviewer SL and handling Editor declared their shared a�liation.

Copyright © 2018 Zhao, Xia, Zhang, He, Li, Tang, Chi and Li. This is an open-access
article distributed under the terms of the Creative CommonsAttribution License (CC
BY). The use, distribution or reproduction in other forums ispermitted, provided
the original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Physiology | www.frontiersin.org 13 March 2018 | Volume 9 | Article 283


