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Fish muscle, the main edible parts with high protein level @ahlow 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 gality, the same batch of
juvenile grass carp Ctenopharyngodon idellug were divided into two groups and fed with
either grass (olium perenne Euphrasia pectinataand Sorghum sudanensé or arti cial
feed, respectively. However, the different two diets didi'result in signi cant differences in
all the detected water quality parameters (e.g., Tm, pH, DO}ng/NHff-N, NO;-N, NO,,
TN, TP, and TOC) between the two experimental groups. After 4&-month culture period,
various indexes and expression of myogenic regulatory fast (MRFs) and their related
genes were tested. The weight gain of the sh fed with arti cal feed (AFG) was nearly 40%
higher than the sh fed with grass (GFG). Signi cantly highealkaline phosphatase, total
cholestrol, high density cholestrol and total protein wereletected in GFG as compared
to AFG. GFG also showed increased hardness, resilience andhsar force in texture
pro le analysis, with signi cantly bigger and compact musde bers in histologic slices.
The fat accumulation was most serious in the abdomen muscle oAFG. Additionally,
the expression levels oMyoG, MyoD, IGF-1, and MSTNs were higher, whereasMyf-5,
MRF4, and IGF-2 were lower in most positional muscles of GFG as compared tAFG.
Overall, these results suggested that feeding grass couldmpmote muscle growth and
development by stimulating muscle ber hypertrophy, as welas signi cantly enhance
the expression of CoL1As. FeedingC. idelluswith grass could also improve esh quality
by improving muscle characteristics, enhancing the prodution of collagen, meanthile,
reducing fat accumulation and moisture in muscle, but at theost of a slower growth.

Keywords: muscle growth and development, myogenic regulatory factors family ( MRFs), muscle ber, texture

property, grass carp
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Zhao et al. Diet Affects Fish Muscle Quality

INTRODUCTION normally inhibits the growth of skeletal muscléi¢Pherron
etal., 199y. Both postnatal aquaculture environment and dietary
Fish muscle development and growth are complex dynamigactors can a ect expression levels of MRFs and their related
processes involving both the recruitment of new muscle bergositive & negative regulating genes, as showrQinmykiss
(hyperplasia) and the growth of existing bers (hypertrophy). (Alami et al., 201)) Piaractus mesopotamic(Sutierrez et al.,
Di erentfrom mammals, sh have along-lasting ability toregt 2014, O. niloticus(Nebo et al., 207)3andC. idellus(Lin et al.,
new skeletal muscle bers, persisting from larval life stlllfe 2015; Zheng et al., 20)L5Despite the increasing researches
juveniles reaching adult body siz&t{ckland, 1983Weatherley on the relationships between MRFs and their target genes, a
etal., 1988; Rowlerson and Veggetti, 20@denti cation of the  comprehensive study o@. idelluss still lacking.
factors involved in regulating hyperplasia and hypertrophysh Ctenopharyngodon idellissthe principal species in freshwater
muscle has great potential to optimize muscle quality. aquaculture in ChinaKle et al., 201% Intensive farming based
Its well-known that sh growth and esh quality are a ected on utilization of arti cial formulated feed has contributieto the
by both external and internal factors, such as aquacultusdeis,  continuous growth in the production of grass carpclongan
rearing conditions, ration level, genetics, and so bla¢Donald  and Satoh, 2002: FAO Yearbook, 2DMnfortunately, the esh
and Webber, 1995; Johnston, 2001; uczyn et al., 2009; Yajuality of farmed grass carp declined over time through the
et al., 2013; Gutierrez et al., 2014; Gisbert et al., 2&riong  course of arti cial aquaculture and has led to increasing lfmb
them, food sources and nutrients are considered as primaryoncerns Qin, 201(. To get high quality sh products is a key
contributors. In particular, the e ects of diet nutrient leleeon  target for successful aquaculture industry in the futuree al.,
muscle ber characteristics, including size and number efstie  2013: valente et al., 201l Given that diet is a key contributor to
bers, intramuscular fat content, moisture and so on, haeeb  sh esh quality, it is important to assess whether feedingurat
widely reported no matter inmammals and sh speciésgetal., grass could improve the esh quality 6f idellus To this aim, we
2013; Lietal., 20)6The changes in dietary protein level mainly haye conducted a comprehensive study to compare the e ects of
resulted in a decrease in the muscle ber size as the totalb®m natural grass and arti cial feed on sh muscle charactedstiand
of bers did not vary signi cantly inSenegalese s@leiisa et al., explored the link between sh culture modes and esh qualitg.
20189. Fish oil substitution by 66% vegetable oils has an e ect omelp elucidate the underlying molecular mechanism, wehferrt
the adipocyte size iSparus auratd. (Cruz etal., 201)L Changes  investigated the expression of important genes between ditere

in dietary lipid sources also a ected the number of white mescl feeds. The result could provide a theoretical basis anderter
bers in Oncorhynchus mykigsauconneau et al., 199Lysine  for further research.

supply caused decline in muscle ber diameter and number when
compared to the treatment with a commercial diet in nile tilapia
(Oreochromis nilotichs(Aguiar et al., 2006 A recent study MATERIALS AND METHODS
reported that muscle protein content and water holding capacit Experimental Design
were signi cantly elevated, while moisture, lipid and ashtemts  The experiment was carried out in led culture ponds in
were signi cantly decreased with increased dietary phospsor Chonghu Fish Farm, Hubei Province, China. Water temperature
level (up to 5.6 g/kg) irC. idellugWen et al., 201p was between 2Z in July, 26C in August—October. Despite of
Muscle quality is in uenced by muscle ber characteristicSthe Tm, the other water quality parameters of each culturing
and other endogenous factors such as internal cross-linking pond were monitored in the middle of each month, meanwhile,
connective tissue, texture, fatty acid compositions, eftie(lg 2 days before sampling, the physical and chemical parameters of
et al., 201} Myotome is one of most important constituents the water in temporary tanks were also detected and analyzed.
of muscle. It is made up of a large number of single muscle idellusused in this study were the same batch of cultiva@ed
bers linked by intramuscular connective tissues. Collagethe  idellus ngerling with average initial weight at 35 g per tail. These
most signi cant constituent of the connective tissues. lys a  sh were divided into two groups with three replicate ponds for
vital role in maintaining let integrity and muscle cohegimess each group. At the beginning of the experiment, about 3,008 tai
(Bjgrnevik etal., 2004; Aussanasuwannakul et al.,)2Bt@vious  of C. idellus polycultured with 550 tails oflypophthalmichthys
studies were focused mainly on the in uence of di erent dietsmolitrix (about 14 g per tail) and 350 tails Bfistichthys nobilis
on muscle texture, without thOl’OUghly investigating thaki (about 259 per ta”), were assigned to each pond (the area is
between muscle texture and its molecular regulatidoimsen,  22666.67 fpond). Fish in the grass feed group (GFG) were
2001; Gong et al., 201L7 fed with 100 kg grass per pond, at 9 am per day, they include
The growth of sh muscle is regulated by various genesiglium perenneEuphrasia pectinatand Sorghum sudanense
Among them, the growth hormone (GH)-insulin-like growth (crude protein 15.30%, crude fat 2.88%, moisture 78.40%, crude
factor (IGF) system is the key regulator of growth in per25.90%, ash3.50%). The natural grass were planted aleng th
vertebrates. How this system modulates muscle mass Hulture ponds of both experimental groups, which could provide
sh is just recently becoming elucidated~ientes et al., adequate food sources for the sh of GFG. Whereas, the sh in
2013. In sh, myogenesis involves the specic regulation ofthe arti cial feed group (AFG) were fed with commercial feed
myogenic regulatory factors (MRFs), which control specioati  (Haid, China), which contain crude protein 28.00%, crude fat
activation, and di erentiation of myogenic cells\(atabe, 1999 7,06%, moisture 8.75%, crude ber 15.00%, and ash 15.63%. 15 kg
Muscle growth is also modulated by myostatin (MSTN), whichartj cial feed were supplied to each pond of AFG at 9 am and 15
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pm per day. All the farme. idelluswere fed to satiation during and condition factor (CF) were calculated based on the measu
the whole rearing period. This experiment was carried out frondata.
8th, July to 28th, October, 2016.
At the end of this experiment, 150 sh in each group were SGRD (Ln(W1) Ln(W2))=T 100
captured and then transferred to the laboratory in the Collefe CFD (W1=L3) 100
Fisheries, Huazhong Agricultural University. Finally, 180 in

each group were used for growth performances data measure af%te: W1-Body Mass (g); W2-Initial Weight (g): T-Feeding/da

samples collection. L-Body Length (cm)
The Animal Research: Reporting ¢f Vivo Experiments '

(ARRIVE) guidelines and “Guidelines for ExperimentaISamp|es Collection
Animals” of the Ministry of Science and Technology (Beijing,g|ooq Sampling

Chir\a)_ were (_:ompiled during the experimental ) period.the piood samples (180-200 mL per tail) from 10 sh each
Institutional Animal Care and Use Ethics Committee of 5o, \yere taken from caudal vein without an anti-coaguigti
Huazhong Agricultural University had approved our study. All 5 hstance by injector puncture. The blood samples were placed
e orts were made to minimize su ering of sampled sh species. at room temperature for 30min, then centrifuged at 3,000g

. for 30min at ordinary temperature for serum preparation.
Po,nd Water Qua“ty Measu,rement . » The separated serum was stored a80 C until the serum
During the 4-month culture period, the rearing conditions biochemical indexes analysis.

and water quality parameters were monitored and analyzed
timely. Water temperature (Tm) of the two experimental Muscle Tissue Sampling
groups ponds were both between E2in July, 26C in  Histological section was used to analyze the characteristic
August-October. Despite of the Tm, the other water qualitymuscle ber Four positional muscle samples were respectively
parameters of each culturing pond, such as pH, dissolved oxyge®llected from back, rib, abdomen, and tail parts. The fresh
(DO), ammonia nitrogen (NH/NHG-N), nitrate nitrogen biopsy specimens (transversely larger than 55mm at
(NO3-N), nitrite nitrogen (NO,-N), total nitrogen (TN), minimum:; vertically larger than 5 8 mm at minimum) were
total phosphorus (TP) and total organic carbon (TOC), werepreserved in 4% paraformaldehyde at room temperature.
also measured in the middle of each month. Meanwhile, 2 The expression levels of multi-gene were detected in 10
days before sampling, the physical and chemical parameteggsitional muscle tissues, i.e., back, rib, abdomen, réig otéd
of the water in temporary tanks were also detected anch, paired ns, opercula, jaw and eyes muscles. The 10 tested
analyzed. muscle tissues were collected based on the general pro keeof t
Among these tested water quality parameters, Tmgistribution of 10 positional musclesgure 1). This sampling
pH, and DO values were directly detected by Multi-standard was rigorously followed during the experiments.
Parameter Water Quality Detector. The TOC values were
tested and analyzed by nondispersive infrared absorptioerum Biochemical Assay
method (GB/T13193-1991). Otherwise, the TN and TPSerum samples were prepared according to the previous
were detected according to alkaline potassium persulphai@ethod Shi et al., 2006 The lactate dehydrogenase (LD),
digestion-UV  spectrophotometric  method (GB/T11894-alkaline phosphatase (ALP), total cholesterol (TCHO), high
1989) and ammonium molybdate spectrophotometricdensity cholesterol (HDLC), glucose (GLU), albumin (ALB),
method (GB/T 11893-1989), respectively. The values aétal protein (TP), and triglycerides (TGK) were tested by
NHz/NHS-N, NO;-N, and NO,-N were also measured automatic biochemistry analyzer (Hitachi 7020, HitachigHi
and calculated by their corresponding national standardrechnologies, Inc., Ibaraki, Japan). Test kits were purchiasm
methods: GB/T7479-1987, GB/T 7480-1987, and GBlanjing Jiancheng Biochemical Corporation (Nanjing Jianchen
7493-1987. Biochemical Corporation, Nanjing, China), and the procedure
followed were in accordance with the instructions of the kit.
Measurement of Growth Traits
Upon arrival, C. idellusof the two experimental groups were Muscle Texture Measurements
respectively stocked in temporary rearing tanks for 1 weele ThMuscle texture assay was performed according to the method
feeding was stopped 2 days before sampling. The sampled slescribed byva et al. (2014)Muscle above the lateral line was
was anesthetized in 100 nig ! tricaine methanesulfonate (MS- dissected from 24 sh for each culture model, and then was cut
222, Sigma, St. Louis, Missouri, USA) before measuring theto 1 1  1cm block for TPAtestand 1 1  4cm for
growth indexes and samples collection. shear force test. The Texture Analyser used is TA-XT Plus Micro
The body weight, body length and body height of total 12Gtail TPA (Stable Micro Systems, Surrey, England) equipped with a at
sh per group were measured. After collecting blood sampless, thbottomed cylindrical probe P/36R. The type of loading probe is
visceral mass cut o from esophagus to cloacal ori ce, wemkto Auto-5g, and the samples were compressed for 2 times in TPA
out from abdominal cavity and weighed. Then, the liver tssu test. Test condition was recorded at a pre-test speed of 3 nam/s,
were totally separated from the visceral mass and weighed thest speed of 2 mm/s and a post-test speed of 2 mm/s with the stay
fresh weight again. Afterwards, the speci c growth rate (SGRjime at 5s, the data collection rate was 200 pps. Filet heiglats an
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1.0 indicated a complete circle. The free software Image J
(http://rsb.info.nih.goV/ij/) was used for quantitative adistics
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. Theltot
RNA was then dissolved in 50nL RNase-free water. The
quality of total RNA was checked with the agarose gel and
concentration were measured by NanoDrop 2000 (Thermo
Scienti ¢, 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 (NCBI which
include MRFs (myogenin, MyoG myogenic di erentiation,
MyoD; myofactar-5Myf-5; myofactar-6MRF4); myostatin type

I and type Il MSTN-Y/MSTN-2); insulin-like growth factor

1 (IGF-1); insulin-like growth factor 2 IGF-2); collagen type

| alpha-1 COL1Al) and collagen type | alpha-2COL1A

FIGURE 1 | The distribution of different positional muscle tissues d€. idellus 2). Special amplied primers of these genes cDNA were
The different positional muscle samples tested in this studwere collected given in Table 3 PCR products were gel-puri ed, ligated into
from corresponding designated parts ofC. idellus General pro le of the the T/A cloning vector pMD-19T (Takara, Dalian, China)
distribution of 10 positional muscles was shown in sectior{A). Detailed and transformed intoEscherichia colbH5a competent cells.

distribution of muscles in head was described in sectiorfB). The part of sh

body in light gray, is given only as a spatial referenc@). Corresponded to the Positive clones were examined by PCR followed by direct

muscle analyzed in present study, the gray part is super cialed muscle. The sequencing.

10 numbers in (A) represent 10 positional muscles. 1-eyes muscle; 2-jaw i . . i

muscle; 3-opercular muscle; 4-paired ns muscle; 5-red musde; 6-odd n Quant|tat|ve Real-Time PCR AnalySIS

muscle; 7-back muscle; 8-abdomen muscle; 9-rib muscle; 10tail muscle. Expression patterns of these gerw()a MyoD, Myf-5, MRF4

MSTN-1, MSTN-2, IGF-1, IGF-2 COL1A1, andCOL1A2) were
analyzed using quantitative real-time PCR (qRT-PCR). The

maximum force (g shear force) needed to compress lets 65% gfctin and 18srRNA were selected as reference genes. All primer
their height. 65% was chosen together with rounded probe end€duences were describedTiable 1 ThquRT'PCR assay was
as to reduce damage of muscle structurégl@ig and Nielsen, performed using SYBR Premix EX Taq (TakaRa, Dalian,
200). The samples of TPA and shear force tests were carrigahina) on a Roche Light Cycler 480 machine (Roche, Sussex,
out at room temperature, with 10 sh in each culture model andUK). The gRT-PCR conditions were as follows: denaturation
ve parallel samples were taken in TPA test. Three measuresnengt 95C for 30s, followed by 40 cycles of @5 for 5s,
were performed on each let in shear force test (1cm betweegnnealing at 58C (MyoG/60 C (MyoD)/60 C (Myf-5)/56 C
each measure point) centrally on the esh side and the thitkedMRF4/58 C (MSTN-1)/58 C (MSTN-2)/60 C (IGF-1)/58 C
muscle layer. Texture curves were recorded and the max forék5F2)/55 C (COL1A1), and 55C (COL1A?2) for 20s, and

was determined as an average of the three measurements. ~ €longation at 72C for 15s. The relative quanti cation of the
target and reference genes was evaluated according toasthnd

Histological Analysis curves. Each experiment was conducted in triplicate. Theivela
Serial transverse 1@mm-thick sections were stained with Stability measures (M) of the reference genes were calculate
hematoxylin & eosin (H & E staining) and intracytoplasmic tisi by GeNornf (http://medgen.ugent.be/genorm/). Based on the
with oil red O (Oil O staining) according to the procedures results, -actinwas chosen as the reference gene in subsequent
(Rasmussen and Ostenfeld, 2)0@spectively. analyses.

A total of 200-400 bers of white muscle per sh were
studied in a Leica MZ 6 microscope for their cross sectiona are’ Statistical Analy5|s

(CSA) and the diameterd(D 2r) of each ber was calculated The white muscle ber circularity data were In-transformégt
from the ber area (A) [AD p r?), thus, dD 2 V\ﬁa (Ap D software Image J. Fiber diameter was additionally tted as a

A size limit for identifying bers was set at ber dlameters covariate to ber circularity. For comparison of the distribahs

10mm since the optical resolution below this limit did not ; : , _ _ ,

allow for su cient identi cation and accuracy in the analyse NCBI. Available online at: http://www.Ncbi.NIm.Nih.Gov/gorf/g.cgi
Yy Y (Accessed February 14, 2014).

(Luther et al., 1996 The circularity of each ber (8 ber  2genorm. Available online: http:/medgen.ugent.be/genorm/  (Aceess
areacircumference?) was also determined. A circularity of December 10, 2013).

Frontiers in Physiology | www.frontiersin.org 4 March 2018 | Volume 9 | Article 283


http://rsb.info.nih.gov/ij/
http://medgen.ugent.be/genorm/
http://www.Ncbi.Nlm.Nih.Gov/gorf/orfig.cgi
http://medgen.ugent.be/genorm/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Zhao et al.

Diet Affects Fish Muscle Quality

TABLE 1 | The primer sequences for genes cloning and expression in thetudy.

RESULTS

Target gene  GeneBank no. Primer sequence (5 -3") Water Qua“ty Parameters
During the 4-month breeding cycle, the results of water gyal
INTERNAL CONTROL PRIMERS FOR gRT-PCR parameters were showeBigure 2 The results of pH were
-actin DQ211096 Sense  CAGAGCTTCTCCTTGATGTC  higher in AFG since September, in especial, signi cances were
Antisense  GATATGGAGAAGATCTGGC tested in October and NovembeP < 0.05). Most of the DO
18s EU047719 Sense GGCGCGCAAATTACCCATTT  yalues were higher in the GFG with no signi candédure 2A).
Antisense  TCCCGAGATCCAACTACAAGC  Among the detections of various forms of nitrogen, most of
SR U= HHLSR O IS El =2 the measured NE/NH$-N and NO, -N values were higher in
MyoG Q793897 Sense  AGAGGAGGTTGAAGAAGGTC  AGF, particularly, the detected concentrations of N® in July
Antisense  GTTCCTGCTGGTTGAGAGA and October were signi cantly higer in AFGP(< 0.05). In
MyoD GU218462 Sense CCCTTGCTTCAACACCAACG  addition, as time goes on, the concentrations of HKH 5 -N
Antisense  TCTCCTCTCCCTCATGGTGG increased in both groups, however, the change trend of NO
Myf-5 GU290227 Sense GGAGAGCCGCCACTATGA concentrations were opposite. The other aspect, no signi eanc
Antisense  GCAGTCAACCATGCTTTCAG was found in all the test results of TN, TP, and TOC measurdmen
MRF4 KT899334 Sense TCATTCAACTTGTGCCCTCC (Figure 20). In general, no matter which test indicator, their
Antisense  GCCCACTTTGCGATACCC variation tendency in GFG were consistent with the change
MSTN-1 KM874826 Sense GCAGGAGTCACGTCT TGGCA  trendency of the corresponding test indicator in AFG.
Antisense  GAGTCCCTCCGGATTCGCTT
MSTN-2 KM874827 sense  GAccacaccaceaTccaac  Growth Performance
Antisense  TCACACTGGTAAAGCCCGTCAA Table 2shows the growth performance of the two experimental
IGE-1 EU051323 Sense GCTGCAGTTTGTeTeTaeae — droups C. idellus fed with articial feed and grass feed,
Antisense  ATGCGATAGTTTCTGCCCCC respectively. The average initial weight of the two groups sh
IGE2 EF062860 Sense GCTTCCACAAACCGCCTACe — Was about 359 per tail. After 113 days of separate feeding,
Antisense  AAAGAGTCTCCGCCGTTGET the body mass, body length, body height, viscgral wgight and
COLIAL HM363526 Sense ACGCACACAAACAATCTCAAGT liver weight, even SGR were QII §|gn| captly h'|gher in AFG
Antisense  GCATGGGGCAAGACAGTCA (P < 0.01). Only the CF was signi cant higher in GF® €
COL1A2 HM587241 Sense ACTCCGATAGAGCCCAGCTT 0.05).
Antisense  ACATTGGTGGCGCAGATCA

Serum Biochemical Parameters

Table 3 shows the serum biochemical data 6f idellusin

the two experimental groups. The comparison results indicate
that di erent feeding diet had signi cant e ect on LD, ALP,

of muscle ber sizes, the non-parametric Kolmogorov-Smno tcHo HDLC. and TP concentrationsP(< 0.05). The great
two sample test was applied. This test is very sensitive iggni cances were observed in the concentrations of LD leetw
detecting di erences in dispersions and skewness compared {fe o culture modelsf< 0.01). No signi cant di erences were

other statistical testsZ@r, 1999. One-way ANOVA was used pserved in the concentrations of GLU, ALB, and TGK between
for analysis of dierences in the two frequencies of each bergrg and AFG.

diameter category. Dierences were considered signi caht a
P < 0.05 and highly signi cant aP < 0.01.

For statistical analysis, data from gRT-PCR were all present The data of

as the mean S.E. for each gene®IRFs, MSTN-1, MSTN-

Muscle Texture Pro les
texture measurements are represented
in Table4 Signicant dierences were detected in

2, IGF-1, IGF2, COL1A1, and COL1A2). The optimized adhesiveness,  springiness,  cohesiveness,  gumminess,
comparative Ct (2! ©T) value was used to compute the relativechewiness, resilience, and shear force between the two
expression level(vak and Schmittgen, 20p10One-way ANOVA  groups P < 0.05) except the hardness. Adhesiveness,
andt-test were used to compare the signi cance of genes amongpringiness, cohesiveness, gumminess, and chewiness were
di erent positional muscle samples and the expression of eackigni cantly higher in AFG P < 0.05), while resilience
gene inthe same muscle position between the two culture modedid shear force were signicantly higher in GF@ (<
C. idellusMeanwhile, Duncan's test was also applied to multipley 01).
comparisons by IBM SPSS Statistics 19.0 (SPSS, Chicago, IL,
USA). Histological Observation

The other analyses of variance were performed either omhe histological changes were recorded using diameters ibé wh
means of triplicates (growth performances, blood biochemicanuscle bers, interstitium between myo bers, and let lipid
indexes and texture indexes). The 0.05 probability level wafistributions Figure 3). The average ber diameters of back,
used to denote data that were statistically signicant, lehi rib, and tail muscle in AFG were signi cantly lower than treos
0.01 probability level was used to denote data that were yighin GFG (P < 0.01), however, the opposite result occurred in
signi cant. abdomen muscleRigure 4A). Compared with sh in GFG, the
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Unit: mg/L
30

26

July Aug Sep Oct Nov July Aug Sep Oct Nov July Aug Sep Oct Nov

FIGURE 2 | Water quality parameters of two experimental groups. The fferent chemical elements in water body of grass feed group3FG) and arti cial feed group
(AFG), including/A) temperature (Tm), dissolved oxygen (DO), pHB) various forms of nitrogen (NIj/NH4C, NO, , NO, ) and (C) the total amount of various chemical
elements (total nitrogen—TN, total phosphorus—TP, and tafl organic carbon—TOC) were tested in every month from JulptNovember. Vertical bars represent the
mean S.E. Meanwhile, the red color star bars indicate the signi cace between the two experimental groups, *means signi cant® < 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 men  SE; “difference between the two experimental groups is signi cant at the 0.01 leve "difference is
signi cant at the 0.05 level.

interspaces between myo bers of the four tested muscle partevel ofMSTN-1was higher in back, tail, paired ns, jaw, and eyes
were all evidently larger in AFG stR< 0.01;Figure 4B). There  muscle samples of sh in AFG, and expressed lower in the other
was no signi cant di erence in fat content of rib muscle tissu positional musclesR < 0.01). MSTN-2 expressed much more
between two groups. For back and tail muscle tissues, the lah the most of sampled muscles in sh of GFG, except for lower
lipid contents was signi cantly higher in GFG(< 0.01). The expression level detected in the muscle of back, rib, and Eyes (

trend is reversed for abdomen muscle tisskigigre 40). 0.01).
Gene expressions ¢GF1 andIGF-2 varied in the deferent
Gene Expressions in Various Muscle sampling positions of muscledGF1 expressed signi cantly

Ti higher in GFG P < 0.01), with a few exceptions of expressions
ISSUES . . . L in back and eyes muscles. Gene expression levi&BR was
The_ gene expression I_evels bRFs varied elther_m nine signi cantly higher in AFG P< 0.01).

positional white muscle tissues and one red muscle tissuadh e Collagen type | alpha were coded by two subtypes genes

group orin the same part of muscle between di erentgroups. The- | 1 A1 andCol 142, which had the similar expression patterns
expression levels dflyoGin various positional muscle samples, ; . two groups Figure 7). The both genes had the highest

excep'F for in tail muscle tissue, were _1.2—7.6 times highmn t_h expressions in red muscle and higher expressions in eyes
those in AFG P < 0.01).MyoD expression levels were higher in i, scje opercular muscle, and tail mus@eL 1A 1 and CoL1A

back, rib, red, tail, paired ns, opercular, and eyes musciéS.0 ; oy nressed lower in the muscle of back, rib, abdomen and
idellusin GFG. In the other muscular tissues, higher expressm%aired ns. There was signi cant deference in the expressions

levels were obsgrved in AF@ £ 0.01). . of two genes in each sampled muscle tissue between groups
The expression patterns dfify-5 and MRF4 di ered from (P< 0.01).

MyoGandMyoD. These gene expressions were all in uenced by

both diet and sampling positiond?(< 0.05).Mfy-5 and MRF4

expressed the most in red muscle of the two experimental groupp|SCUSSION

And their expression levels were signi cantly higher in baekes

and tail muscle tissues of AFG, while higher expressionsroedu In present study, sh fed with succulence diets. (perenng

in muscle tissues of eyes, tail, opercula, odd n, and pairezsloh  E. pectinataandS. sudanenyéad a signi cantly slower growth

sh from GFG (P < 0.05) Figure 5). performance than sh fed with arti cial feed. It is consistent
Gene expressions dfISTNs (MSTN-1 and MSTN-2) and  with previous observations, the negative correlation betwe

IGFs (IGF1andIGF-2) were plotted inFigure 6. The expression the enhanced dietary bers and the decreased weight gain, in
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TABLE 3 | Serum biochemical parameters irC. idelluscultured under two feeding models.

Indicator LD ALP TCHO HDLC GLU ALB TP TGK

Unit u/L u/iL mmol/l mmol/l mmol/l g/l gll mmol/l
Grass feed 829.17 6.87* 132.83 5.09* 7.69 0.02* 250 0.03* 3.68 0.07 333 033 36.50 0.58* 6.74 0.14
Arti cial feed 45458 9.20 109.58 2.76 6.70 0.25 221 0.06 296 0.33 3.67 0.30 3117 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 moell 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 2592 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 levie”difference is signi cant at the 0.05 level.

FIGURE 3 | Tissue sections of different positional muscle of. idellus The different positional muscle samples were collecteddm 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 spae. Right part(B), oil red
o staining (original magni cation 100) shows the intracytoplasmic fat (Red color). The capitdetters B, L, F and W indicate namely-the back, rib, abdomernd tail
muscles. In addition, lowercase letters—"a” and “b” (H&E staing) stand for the crosscutting and longitudinal cut resgctively.

Barbodes altug=langovan and Shim, 200®. mykisgHarlioglu,  cause the change of water indicators in aquaculture pondgund
20119, eveninC. idellugYu et al., 2014b; Cheng et al., 2016 the same management conditions. Nevertheless, di erertsdie
One potential caveat is that the growth performances andre more important factor in the signi cant di erences on graiwv
esh quality could be a ected by rearing conditionsdhnston, traits and esh quality, than the water environmental factor
2001; Yan et al., 2013; Gutierrez et al., 20Hdwever, in present Serum biochemical parameters are often used as sensitive
study, temperature, DO and concentrations of various chainic biomarker for con rming the aquatic product quality and for
elements were not signi cantly changed by feeding with deest  monitoring any changes in aquaculture in many sh species
diets. Moreover, the variation trends of mineral elementtemits  (Polakof et al., 20)2 Many studies have shown that most
were similar in the two groups during the 4-month period. Only serum parameters, such as ALP and cholesterol, are able to
pH values were decreased by feeding with grass in the lastr@pond to the restricted nutrient intake, linking nutritial
months. In summary, feeding with grass or arti cial feed maystatus with impaired weight statusNfva et al., 2008 In
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FIGURE 4 | Quantitative results of different positional muscle tisgusections. Quantitative analysis of different positional muscle berections of grass feedC. idellus
(dense slash lling) and arti cial feedC. idellus(black lling). The muscle ber diameter statistics of four psitional muscle tissues was shown if(A). The comparisons
of distances between muscle bers and percentages of intramscular lipid between the two groups were separately presemd in (B) and (C). Vertical bars represent
the mean SE. The X axis represent back muscle, rib muscle, abdomen muse, and tail muscle, respectively. Lowercase (grass feedrgup) and capital letters

(arti cial feed group) state the signi cant differences amog the four positional muscle tissues sectionsR < 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 MRF4in 10 positional muscle tissues The expression levels ofC. idellus MyoG MyoD,

Myf-5, and MRF4in back, rib, abdomen, red, tail, odd n, paired ns, opercular, jaw, and eyes muscle samples, which collected respectivglfrom the two culture
model C. idellus The expressions of genes in grass feeding. 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 theamples. Vertical bars represent the mean SE. Different letters mean signi cantly differentR < 0.05) in the
same model, lowercase letters used in grass feed group, caal letters used in arti cial feed group. Meanwhile, the stabars also indicate the signi cance between the
two culture models in red color, *means signi cantP < 0.05), **means greatly signi cantP < 0.01).
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FIGURE 6 | The expression levels oC. idellus MSTN1, MSTN-2, IGF-1, and IGF-2 in different muscle tissues The expression levels ofC. idellus MSTN1, 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, whichiarti 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 represenhe mean  SE. Different letters mean signi cantly different{ < 0.05) in the same model, lowercase letters
used in grass feed group, capital letters used in arti cial fed group. Meanwhile, the star bars also indicate the signi cace between the two culture models in red
color, * means signi cant P < 0.05), ** means greatly signi cantP < 0.01).

mammals, a study showed that in rats fed with ber diets Flesh quality is aected by various intrinsic and extrinsic
(celery, parsnip, and rutabaga), the fecal moisture conterfactors. The previous works proposed several potential factors
increased, body water content decreased, and serum bidachem including breed, genotype, gender, diet, exercise, and arnbie
parameters were also higher when compared with ber-freéemperature, which can be used to manipulate muscle ber
control group (Mongeau et al., 1990 Similarly, the higher characteristics and subsequently esh quality in animalso(
values of most parameters found in this study might alset al., 201 Because the esh texture depends primarily on
re ect lower moisture content inC. idellusfed with grass. muscle ber characteristics, numerous studies have replorte
Compared with AFG, signi cantly higher concentrations in the relationship between quality traits and ber charagtécs
LD, ALP, TCHO, HDLC, TP, and GLU content were found (Johnston, 1999; Johnston et al., 200Uexture also a ects
in GFG, C. idellusin GFG exhibited better physiological other characteristics of esh quality such as appearancegr av
functions in response to the changes in food nutritionaland nutrients of sh products Anne et al., 2016 Generally,
composition. This is consistent with results demonstratad i esh quality involving in muscle texture and histological
other sh species, e.g.Pagrus major(Mohammed et al., characteristics o€. idelluswas a ected by feeding regimes; for
2016 and C. carpio(Imanpoor et al., 2016 These ndings instance, feeding sh with di erent diets that made with vamg
suggest that feedingC. idellus with grass can promote amounts of nutrient compositions.

the metabolism and transport of various substances in the Muscular texture is governed primarily by the construction
body. of muscle bers and cytoplasm between myo befsylor et al.,
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FIGURE 7 | The expression levels oC. idellus CoL1A1 and CoL1A-2 in different muscle tissues The expression levels ofC. idellus CoL1A1 and CoL1A-2 in back,
rib, abdomen, red, tail, odd n, paired ns, opercular, jaw, ard 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 reesented in black lling. Theb-actin was used as an internal control to calibrate the cDNAemplate for all
the samples. Vertical bars represent the mean SE. Different letters mean signi cantly differenf < 0.05) in the same model, lowercase letters used in grass feed
group, capital letters used in arti cial feed group. MeanwHhe, the star bars also indicate the signi cance between the tw culture models in red color, **means greatly
signi cant (P < 0.01).

2002. High lipid content in lets has also been suggested asigni cantly upregulated in sh muscle in GFG. Similar result
an important contributor to esh soft textureKjagrnevik et al., have been reported in many other sh species, includifg
2009. Changes in muscle ber size can cause alteration imykiss(Johansen and Overturf, 200@D. rerio (Ulloa et al.,
esh texture. There are two closely associated factors mgct 2013, Solea senegalengisiisa et al., 20)¢and C. idellus(Yu
myo brillar structure. One is rearing situations (e.g.,lewe et al., 2014a MyoG levels always appear to be correlated with
conditions, storage times and feeding rations), the other inutritional state in other organismsl¢anplong et al., 200ur
connective tissue, cross-linking between collagen mdédscu results suggest that grass feeding may lead to a rise in tbarm
(Johnston et al., 2007; Fuentes et al., 30I® this study,C.  of myotube proliferation and fusion, as well as signi cantlygler
Idellusin AFG showed signi cantly higher let lipid content berdiameters and numbers. Compared with AFG, the decreased
in abdominal muscle tissues and larger distances betweéranscription levels oMyf-5 MRF4as well adGF-2 in most
myo bers. Furthermore, sh muscle in AFG had lower valuesof tested positional muscle tissues of GFG, could be induced by
in texture parameters including hardness, resilience, dreghs malnutrition.
force. These results suggest that sh fed with arti cialderay MSTN-1 and MSTN-2 negatively regulate muscle growth of
exhibit more soft esh traits. One important nding is that sh (Zheng et al., 20)5The elevated expressions of both genes
the fat deposition is most severe in abdominal muscle tissués most of positional muscle tissues of GFG suggestM@TNs
collected from AFG, and feedin@. idelluswith natural grass may contribute to the decreased muscle growth of sh in GFG.
could e ectively alleviate this problem. Consistent with this notion, in a previous study of mammals,
The physiological processes of muscle growth, degradatiorormal mice and cattle showed a dramatic decrease in skeleta
and esh quality are regulated by various molecular mechard muscle mass when compared with those carrying mutations in
(Salem et al., 20)3Since specic aspects of muscle growthmyostatin Grobetetal., 1997; McPherron et al., 1pMoreover,
and breakdown are dependent upon nutritional status, thehe expression levels MRFs and their related regulatory genes
expressions of genes involved in the myogenic signaling pathwhad signi cant di erences between the various tested posgion
are often analyzed to determine molecular response to di erenmuscle tissues, potentially due to the movement patterns and
dietary (Johansen and Overturf, 2006In this study, eight muscle activity of these tissues.
genes related to muscular growth and developmewy,oD, The relationship between the regulatory mechanism and
MyoG Myf-5, MRF4 MSTN-1, MSTN-2, IGF-1, and IGF-2, texture variations has also been demonstrated in the relsesrc
were quantitatively analyzed. These genes areCth&lellus's the e ect of feedingC. idelluswith sole faba beanV{cia fata)
homologs of the mammaliaMRFs genes involved in myogenic on muscle rmness [(in et al., 2009; Yu et al., 2014Hbn this
signaling pathway and their positive and negative transaipti study, the diameter of muscle ber increased in sh feed with
factors (GFs and MSTN) (Fuentes et al., 2013; Zeng et al. grass, consistent with the increased expression of typedgedil
2019. Slower growth rate was observed in GFG, coupled witliCoL1A1 and CoL1A2) in grass feedingC. idellus Although
signi cant decreased expressions Mf/f-5, MRF4 and IGF-2.  the regulatory mechanism of muscle rmness@nidelluss still
The expressions dflyoD, MyoG MSTNs, andCoL1A2 were unclear, a few studies have identi ed some genes assoaiited
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texture variations of sh, e.gSalmo salar L(Larsson etal., 20)2 AUTHOR CONTRIBUTIONS
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