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  Abstract               Myostatin  ( MSTN ) is a member of the transforming growth factor-β gene superfamily that 
negatively regulates skeletal muscle development and growth. In the present study, partial genomic fragments 
of  Myostatin-1 (MSTN-1)  in two commercial hatchery populations of  Ancheryth  r  oculter   nigrocauda , an 
economically important freshwater fi sh, were screened for single nucleotide polymorphisms (SNPs) and 
then genotyped by direct sequencing of PCR products. Five SNPs were identifi ed in intron 1 and exon 2, 
including a non-synonymous mutation causing an amino acid change (Val to Ile) at position 180. Association 
analyses based on 300 individuals revealed that the g.1129T>C SNP locus was signifi cantly associated with 
total length (TL), body length (BL), body height (BH) and body weight (BW) in 6- and 18-month-old 
populations, while the g.1289G>A locus was signifi cantly associated with BH and BW in the 6-month-old 
population. Haplotype analyses revealed that fi sh with the genotype combinations TC/TC or TC/GA showed 
better growth performance. Our results suggest that g.1129T>C and g.1289G>A have positive eff ects on 
growth traits and may be candidate gene markers for marker-assisted selection in  A .  nigrocauda . 

  Keyword :  Myostatin-1 (MSTN-1) ; single nucleotide polymorphisms (SNPs);  Ancheryth  r  oculter   nigrocauda ; 
growth traits; association analysis 

 1 INTRODUCTION 

 Growth, one of the most important determinants of 
economic value in aquaculture species, is always of 
primary concern during breeding (Hayes et al., 2007). 
To improve and develop high-quality strains, marker-
assisted selection (MAS) is a powerful method. 
Compared with traditional methods used in animals, 
MAS accelerates genetic improvement and the 
achievement of breeding goals (De-Santis and Jerry, 
2007). The identifi cation and elucidation of candidate 
major genes and associated markers can reveal their 
molecular breeding potential (Tong and Sun, 2015). 
Because of their abundance, single nucleotide 
polymorphisms (SNPs)—especially those falling 
within coding regions—have been widely exploited 
in molecular marker development and genome 
mapping (Liu and Cordes, 2004). A SNP marker 
typically involves two possible nucleotides at a given 

position, with the presence of a particular nucleotide 
possibly aff ecting gene expression and protein 
function (Vignal et al., 2002). SNPs from candidate 
genes are becoming important and effi  cient molecular 
markers for MAS (Spelman et al., 1999). 

  Myostatin  ( MSTN ), also called  GDF - 8 , belongs to 
the TGF-β superfamily. Its encoded protein is a 
growth factor, mainly expressed in muscle, that 
regulates development and growth by inhibiting cell 
cycle progression. Previous studies have shown that 
 MSTN -1 has a conserved gene structure, with three 
exons and two introns, in both fi sh and mammals 
(McPherron and Lee, 1997; Garikipati et al., 2006; 
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Liu et al., 2012). McPherron et al. (1997) have found 
that  MSTN -1 negatively regulates skeletal muscle 
growth. Because of its role in regulating muscle 
development and growth,  MSTN-1  has been selected 
as an important candidate gene in MAS for 
productivity and growth performance in domestic 
animals, including pig (Yu et al., 2007), sheep (Boman 
et al., 2009), chicken (Zhang et al., 2011), and rabbit 
(Fontanesi et al., 2011), and in some aquaculture 
species, such as bay scallop (Guo et al., 2011).  MSTN-
1  also potentially represents an important target gene 
for growth improvement of cultured fi sh (Tang et al., 
2010).  

  Ancheryth  r  oculter   nigrocauda , which belongs to 
subfamily Culterinae, family Cyprinidae, and order 
Cypriniformes (Luo, 1998), is a fi sh endemic to the 
upper reaches of the Changjiang (Yangtze) River in 
China. In recent years, the culture of this species has 
continuously expanded in China. As a consequence, 
the breeding of strains and varieties with excellent 
growth performance is desirable. Although information 
about genetic markers associated with growth traits 
may be used to identify and select individuals carrying 
desired traits in breeding programs,  MSTN -1 
polymorphisms and their possible association with 
growth traits have not been studied in  A .  nigrocauda . 

 In the present study, novel SNPs in  MSTN -1 were 
identifi ed from  A .  nigrocauda  commercial hatchery 
populations. The aim of this study was to explore 
possible associations of  MSTN -1 polymorphisms with 
growth traits in the cultured populations. The results 
of this study should be informative for the evaluation 
of  MSTN-1  as a target gene with candidate molecular 
markers for MAS in  A .  nigrocauda .  

 2 MATERIAL AND METHOD 

 2.1 Sample collection and preparation 

 A mixed population of  A .  nigrocauda  was generated 
by crossing 10 males and 10 females that were 
hormonally induced during the spawning season at 
the Wuhan Aquaculture Science Research Institute, 
Hubei Province, China. Juveniles were raised under 

the same conditions as adults. We randomly sampled 
300 individuals, including 148 fi sh at the 6-month 
stage and 152 at the 18-month stage, and measured 
and recorded traits such as body weight (BW), total 
length (TL), body length (BL), and body height (BH) 
at the Wuhan Aquaculture Science Research Institute. 
To represent fi sh weight, BW was measured on an 
electronic balance. TL was measured from the front 
of the head to the tip of the caudal fi n. BL was 
measured from the front of the head to the front of the 
caudal fi n, while BH was recorded at the tallest point 
on the body. Correlation coeffi  cients among these 
measured traits ranged from 0.888 (TL vs. BH in the 
18-month-old population) to 0.988 (TL vs. BL in the 
6-month-old population). Tissues were collected from 
fi n clips and preserved in anhydrous alcohol for DNA 
isolation.  

 2.2 PCR conditions and SNP identifi cation 

 Based on the   complete  MSTN -1 sequence of  Culter  
 alburnus  (topmouth culter) in GenBank (accession 
number KC583257.1), two primer pairs were designed 
to amplify partial regions of the  A .  nigrocauda   MSTN-
1  gene, including partial intron 1+total exon 2 and 
partial intron 2+exon 3 (Table 1). PCR amplifi cations 
were performed in 25-μL reaction volumes containing 
50–100 ng genomic DNA, 2.5 μmol/L of each primer, 
10 mmol/L dNTPs, 10×  Taq  buff er (including 
15 mmol/L MgCl 2 ), and 0.5 unit  Taq  polymerase 
(TaKaRa, Japan). The amplifi cations were carried out 
using the following protocol: 95°C for 5 min, followed 
by 35 cycles of 94°C for 30 s, an optimized annealing 
temperature (Table 1) for 30 s, and 72°C for 30 s, with 
a fi nal extension of 72°C for 10 min. SNP discovery 
and genotyping were performed by direct sequencing 
of the PCR products.  

 2.3 Statistical analysis 

 Association analyses between  MSTN -1 genotypes 
or combined genotypes and growth traits were 
performed in SPSS 13.0 under the General Linear 
Model (GLM), given as:  Y  =  u  +  G  +  e , where  Y  is the 
phenotypic value of each trait,  u  is population mean 

 Table 1 Primers used for the identifi cation of single nucleotide polymorphisms in  A  ncheryth  r  oculter     n  i  grocauda   

 Primer 
name  Primer sequence (5′  3′)  Location along 

the gene 
 The size of the 
fragment (bp) 

 Amplifi ed gene 
fragment 

 Annealing 
temperature (°C) 

 M1  GGTTCGTATCTTAGCCAATCT  AACTCACCAGTCCATCCTCTC  703–1 507  805  Partial intron 1 
and total exon 2  55 

 M2  TGGAATCGGAACCAGAATCAT  GCAGCCACAGCGGTCTACTAC  2 341–2 895  555  Partial intron 2 
and exon 3  56 
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value of the four growth traits,  G  corresponds to the 
fi xed eff ects of genotypes of each SNP, and  e  is the 
random error eff ect. Because all fi sh were reared in 
the same pond and growth traits were measured at the 
same age, factors such as breed, site, and generation 
were not considered in this model. Signifi cant 
diff erences were tested by Duncan’s multiple range 
test using the GLM program, with  P  < 0.05 and  P <0.01 
considered statistically signifi cant and extremely 
signifi cant, respectively. Popgene 32 software was 
used to calculate allelic and genotypic frequencies, to 
test for Hardy-Weinberg equilibrium, and to calculate 
observed and expected heterozygosities.  

 3 RESULT 

 3.1 Allele and genotype distributions of   SNPs in 
the partial  MSTN -1 gene  

 Among the 300  A .  nigrocauda  individuals 
sequenced for intron 1 and exon 2 of  MSTN -1, a total 
of fi ve SNPs were identifi ed: two in intron 1 
(g.935A>T and g.958A>G) and three in exon 2 
(g.1129T>C, g.1289G>A, and g.1336T>C). The 
g.1289G>A SNP is a non-synonymous mutation 
causing an amino acid change (Val to Ile) at position 

180. Observed and expected heterozygosities of the 
two populations are shown in Table 2. Homozygous 
genotypes for sites g.1129T>C and g.1289G>A were 
not detected in the two populations. In addition, 
g.935A>T, g.958A>G, and g.1336T>C were in 
complete linkage and were thus analyzed as a single 
locus (g.935+958+1336AAT>TGC). The generated 
 A .  nigrocauda   MSTN -1 sequence was deposited at 
NCBI (GenBank accession number KU356181). 

 3.2 Association of polymorphisms in  MSTN -1 with 
growth traits  

 The association analyses between genotypes of the 
three SNPs in  MSTN -1 and growth traits TL, BL, BH, 
and BW in the two  A .  nigrocauda  populations 
indicated that g.1129T>C was signifi cantly associated 
with all four traits. For g.1129T>C, the frequency of 
the T allele was higher than that of the C allele (Table 
2), and fi sh with the TC genotype had better growth 
values than those possessing the TT genotype ( P  < 0.05 
or  P  < 0.01; Table 3, Figs.1, 2). These results suggest 
that allele C had a positive eff ect on growth traits in 
the two tested populations. In addition, g.1289G>A 
was signifi cantly associated with BH and BW in the 
6-month-old population (Table 3, Fig.3). 

 Table 2 Frequencies of genotypes and alleles of single nucleotide polymorphisms in  MSTN -1 in  Ancheryth  r  oculter     n  i  grocauda  

 Population  Locus  Number  Genotype frequencies (%)  Allele frequencies (%)   H  o    H  e   HWE 

 Six-month population 

 g.1129T>C  148  TT      CT  CC  T        C       

     72.97  27.03  0  86.49  13.51  0.270  0.234  0.077 

 g.1289G>A    GG    GA  AA  G       A       

     89.19  10.81  0  94.59  5.41  0.108  0.103  1.000 

 Eighteen-month population 

 g.1129T>C  152  TT      CT  CC  T        C       

     78.29  21.71  0  89.14    10.86  0.217  0.194  0.215 

 g.1336T>C    TT     CT  CC  T       C       

     48.03  44.08  7.9  70.07    29.93  0.441  0.421  0.697 

  H  o : observed heterozygosities;  H  e : expected heterozygosities; HWE: Hardy-Weinberg equilibrium .

 Table 3 Associations between g.1129T>C and g.1289G>A genotypes of  MSTN -1 and growth traits in  Ancheryth  r  oculter   
  nigrocauda  

   Trait 
 Eighteen-month population (g.1129T>C)  Six-month population (g.1129T>C)  Six-month population (g.1289G>A) 

 TT ( n =119)  TC ( n =33)  TT ( n =108)  TC ( n =40)  GG ( n =132)  GA ( n =16) 

 BW (g)  313.86±147.04 a   372.58±115.67 b   16.65±6.94 a   20.16±7.76 b   17.08±6.93 a   21.88±9.12 b  

 TL (cm)  32.09±4.869 a   34.46±3.391 b   13.01±1.46 a   13.71±1.583 b   13.11±1.45 a   13.90±1.88 a  

 BL (cm)  27.17±4.467 a   28.96±2.984 b   10.59±1.26 a   11.24±1.36 b   10.69±1.27 a   11.36±1.56 a  

 BH (cm)  7.43±1.29 A   8.13±0.99 B   2.83±0.40 a   3.10±0.50 b   2.86±0.41 a   3.25±0.56 b  

  A  ,     B : values within each row with diff erent uppercase superscript letters are signifi cantly diff erent at  P <0.01;  a,     b : values within each row with diff erent lowercase 
superscript letters are signifi cantly diff erent at  P <0.05. Within each row, values with the same superscript letter are not signifi cantly diff erent ( P >0.05). 
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 A total of fi ve genotype combinations based on the 
two SNP loci were found in the 18-month-old 
population. With respect to some growth traits, 
individuals with genotype combinations TC/TC 
exhibited a better performance ( P  < 0.05, Table 4). In 
the 6-month-old population, we found that three 
genotype combinations and individuals with genotype 
combinations TC/GA had superior growth ( P  < 0.05 or 
 P  < 0.01, Table 4). 

 4 DISCUSSION 

 In our study, all SNPs in  MSTN -1 were in Hardy-
Weinberg equilibrium ( P >0.05), thus indicating that 
the number of individuals examined was suffi  cient to 
demonstrate a true event and that gametes combined 
freely (Tian et al., 2014). The absence of homozygous 
genotypes for g.1129T>C and g.1289G>A may be 

because fi sh with some particular genotypes may 
have lower survival rates (Wang et al., 2014). 

 Although the  MSTN-1  sequence of topmouth culter 
has been published in GenBank, the eff ects of  MSTN-

 Table 4 Association between  MSTN -1 genotype combinations and growth traits in  A  ncherythroculter     nigrocauda  

   Traits 
 Eighteen-month population  Six-month population 

 TT/TT (52)  TT/TC (55)  TT/CC (12)  TC/TT (21)  TC/TC (12)  TT/GG (109)  TC/GG (23)  TC/GA (16) 

 BW (g)  312.26±145.89 a   313.02±143.65 a   324.66±18.34 a   382.51±137.58 a   355.19±63.12 a   16.73±6.97 a   18.71±6.65 a   21.88±9.12 b  

 TL (cm)  31.81±4.81 a   32.29±4.89 a   32.41±5.39 a   34.40±4.05 a   34.57±1.89 b   13.02±1.46 a   13.53±1.38 a   13.90±1.88 a  

 BL (cm)  26.85±4.35 a   27.50±4.59 a   27.06±4.66 a   28.79±3.50 a   29.26±1.86 b   10.60±1.27 a   11.10±1.25 a   11.36±1.56 a  

 BH (cm)  7.42±1.21 a   7.41±1.33 a   7.58±1.57 a   8.15±1.14 a   8.10±0.70 a   2.84±0.40 A   2.97±0.44 A   3.25±0.56 B  

  A  ,     B : values within each row with diff erent uppercase superscript letters are signifi cantly diff erent at  P <0.01;  a,     b : values within each row with diff erent lowercase 
superscript letters are signifi cantly diff erent at  P <0.05. Within each row, values with the same superscript letter are not signifi cantly diff erent ( P >0.05). 
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 Fig.3 Signifi cant diff erences in growth traits observed 
between diff erent g.1289G>A genotypes in a 6-month-
old population of Ancherythroculter nigrocauda
Signifi cant diff erences in BW between diff erent genotypes 
g.1289G>A; signifi cant diff erences in BH between diff erent 
genotypes g.1289G>A .
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 Fig.1 Signifi cant diff erences in growth traits observed 
between diff erent g.1129T>C genotypes in an 
18-month-old population of Ancherythroculter 
nigrocauda
Signifi cant diff erences in BW between diff erent genotypes 
g.1129T>C; signifi cant diff erences in TL between diff erent 
genotypes g.1129T>C; signifi cant diff erences in BL between 
diff erent genotypes g.1129T>C; signifi cant diff erences in BH 
between diff erent genotypes g.1129T>C.
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 Fig.2 Signifi cant diff erences in growth traits observed 
between diff erent g.1129T>C genotypes in a 6-month-
old population of Ancherythroculter nigrocauda
Signifi cant diff erences in BW between diff erent genotypes 
g.1129T>C; signifi cant diff erences in TL between diff erent 
genotypes g.1129T>C; signifi cant diff erences in BL between 
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1  SNPs on growth traits in culter have not been 
reported. Our study is the fi rst to demonstrate the 
presence of  MSTN-1  SNPs in  A .  nigrocauda . To our 
knowledge, our investigation is also the fi rst to 
uncover signifi cant associations of these 
polymorphisms with growth traits in commercial 
culter. We found that a SNP in exon 2 of  MSTN-1  may 
have a positive impact on growth traits of  A . 
 nigrocauda  at two diff erent growth stages, with fi sh 
harboring the genotype TC showing 18.7% and 21.1% 
increases in body weight at the two respective stages. 
Those fi sh exhibiting superior growth performance 
should be retained for further selective breeding 
studies. An association between SNPs in exon 2 of 
 MSTN-1  and growth traits has been also reported in 
some other species, such as  Takifugu   rubripes  (Wang 
et al., 2014) and  Chlamys   farreri  (Wang et al., 2010). 
Synonymous mutations in exons may indirectly aff ect 
gene functions via alternative splicing, messenger 
RNA turnover, and altered gene expression, or 
alternatively may be in linkage disequilibrium with 
one or more nearby quantitative trait loci (QTLs) for 
growth traits (Sun et al., 2012). In a recent study in 
Atlantic salmon,  MSTN-1 b was linked to markers 
mapping to chromosome 25, where a QTL for body 
weight has been identifi ed (Østbye et al., 2007; 
Gutierrez et al., 2012; Peñaloza et al., 2013). QTL 
mapping and candidate gene studies need to be 
integrated to understand the mechanism underlying 
regulation of muscle growth in aquacultured fi sh. 

 According to our results, a single SNP in exon 2 of 
 MSTN -1 may have a positive impact on growth traits 
in  A .  nigrocauda . However, a single mutation may 
provide limited information about the association 
between SNP polymorphisms and economic traits. 
Some association studies have demonstrated that 
genotypes involving two or more linked SNPs are 
more informative (He et al., 2008, 2010). Our analyses 
revealed that fi sh with the genotype combination TC/
TC exhibited higher TL and BL values at the 18-month 
stage, while fi sh possessing the genotype combination 
TC/GA had larger BW and BH values at the 6-month 
stage. This superior growth performance may be 
because of the presence of favorable C or A alleles. 
Those individuals with favorable alleles should be 
retained for further breeding studies. The allelic 
interactions of diff erent SNPs and their eff ects on 
gene expression and growth traits in  A .  nigrocauda  
will be elucidated in future genetic studies.  

 An advantage of genic SNP markers is their 
location in the somatotrophic axis of protein-encoding 

DNA regions; in other words, they are more likely to 
be near QTLs that aff ect growth (Tao and Boulding, 
2010; Peñaloza et al., 2013). The use of molecular 
markers linked to QTLs can provide an accurate 
estimation of breeding values in animals prior to 
acquisition of phenotypic information (Hayes et al., 
2007). Without controlling for family structure, 
however, it may be diffi  cult to distinguish between 
true SNP-trait associations and false positives. Before 
any application can be made to selective breeding, 
however, further study is needed to 
assess the robustness of any association between 
 MSTN  and the desired traits at the population level. 

 5 CONCLUSION 
 In this study, fi ve novel SNPs were identifi ed in  A . 

 nigrocauda   MSTN-1 , two of which had positive 
eff ects on growth traits. Our results provide further 
evidence for the association of  MSTN-1  
polymorphisms with various growth traits. These 
fi ndings should be valuable for candidate gene 
identifi cation and for the use of  MSTN-1  for MAS in 
 A .  nigrocauda , an economically important freshwater 
fi sh species in China. 
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