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Abstract. The preproinsulin gene encodes a precursor protein of insulin, which is the most important hormone for lowering blood glucose
levels and promoting the synthesis of glycogen, fat and protein. To explore the correlation between polymorphisms in the preproinsulin
gene and growth traits in grass carp, the preproinsulin gene sequence, measuring a total of 5708 bp, was identiﬁed in the grass carp genome.
The sequence includes a promoter, two introns and three exons, and encodes a 108-aa protein. A total of three SNPs were identiﬁed,
including SNP1 (g.-2661C [ G) in the promoter and SNP2 (g.1305G [ C) and SNP3 (g.1682G [ A) in intron 2. The correlation between
SNPs and growth traits in grass carp was analysed by a general linear model (GLM). The results indicated that no genotype in each single
SNP, SNP1 with SNP2, or SNP1 with SNP3 was related to rapid growth and low fatness, respectively. While eight genotypes of SNP1,
SNP2 and SNP3 were combined into six types of effective diplotypes, the H5 diplotype was signiﬁcantly superior to the other diplotypes
(P\0.05) concerning body weight, body length, body height and body width, and its fatness was lower than those of the other diplotypes,
except for H6 diplotype. This result indicated that the H5 diplotype of the preproinsulin gene in grass carp may be a candidate molecular
marker for selecting fast-growing and low-fatness grass carp.
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Introduction
Grass carp (Ctenopharyngodon idellus) belongs to the genus
Ctenopharyngodon in subfamily Leuciscinae. This ﬁsh is
popular among Chinese consumers due to its delicious meat
and high protein content (Li 1998). The annual output of
grass carp has consistently been the highest among farmed
freshwater ﬁsh since 2003. In 2018, the total production of
grass carp reached 5.50 Mt (Fishery Bureau of Ministry of
Agriculture 2020). In China, farmed grass carp are primarily
fed formula feed, which accounts for 70% of the total cost of
production. Effectively reducing feed costs has become the
research focus of the aquaculture industry. Carbohydrates are
the least expensive energy source among the three major
nutrients (protein, fat and carbohydrates), and higher level of
carbohydrate in formula feed can reduce feed cost. Fish are

considered naturally diabetic because of their low ability to
utilize carbohydrates, but grass carp, as herbivorous ﬁsh,
have a relatively higher ability to utilize carbohydrates
compared to omnivorous and carnivorous ﬁshes (Wilson
1994; Moon 2001). Dietary carbohydrates beyond a
threshold level can lead to such symptoms as decreased
immunity, growth retardation, and increased mortality
(Moon 2001; Polakof et al. 2012). Breeding new varieties
with a high ability to utilize carbohydrates can strongly
reduce the cost of grass carp culture. On the other hand,
grass carp with high body fat levels are considered high-fat
and unhealthy food. Grass carp with a slender body shapes
meet the expectations of consumers. The trait of low fatness
is one of the most important breeding objectives of grass
carp, as ﬁsh with lower fatness are in higher demand. The
development and application of molecular marker
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technology can help to improve breeding efﬁciency. The
molecular markers signiﬁcantly related to target traits are a
substantial basis for marker-assisted selection (MAS). The
candidate gene method has been employed extensively to
obtain effective trait-linked markers and has been applied to
genetic breeding (Dong et al. 2019; Xu et al. 2019; Kim
et al. 2000).
Preproinsulin is the primary translation product of the
insulin gene (Steiner et al. 1967; Steiner 1977). The human
preproinsulin gene is 1789 bp in length and includes three
exons as well as two introns (Steiner et al. 1985). Preproinsulin is synthesized in the endoplasmic reticulum of
pancreatic b cells. And it contains a signal peptides, a
A-chain, B-chain and a C-chain. The signal peptide is
removed in the Golgi apparatus to form proinsulin with 86
aa residues. After the C-chain is hydrolyzed by protease, the
A-chain and B-chains, which are connected by two disulphide bonds, form bioactive insulin consisting of 51 aa
(Chang et al. 1997). Insulin is a multifunctional peptide
hormone that not only controls the metabolism and storage
of glucose, fat and protein but also promotes body growth
(Straus 1984; Clarke et al. 1993; De Pablo and De La Rosa
1995; Shi and Feng 1997). Insulin amino acid sequences are
highly conserved from human to ﬁsh (Simon et al. 2004;
Støy et al. 2010; Caruso and Sheridan 2011), and many
mutations in the human insulin gene have been reported to
be the causes of permanent neonatal diabetes, transient
neonatal diabetes, type-1 diabetes, maturity-onset diabetes of
the young (MODY), and type-2 diabetes (Støy et al.
2007, 2010). Because ﬁsh have a low ability to utilize carbohydrates, the absence of insulin in ﬁsh has become a
research focus. At present, insulin genes have been characterized from more than 30 species of ﬁsh (including
cyclostomes, elasmobranchs, and teleosts) (Caruso and
Sheridan 2011). In ﬁsh, in addition to regulating blood
glucose levels, insulin plays multiple roles such as feeding
(Montserrat et al. 2007; Enes et al. 2010), growth (Duan and
Hirano 1992) and development. Although molecular markers have not been reported in ﬁsh, growth correlation analysis of the molecular markers in the preproinsulin gene of
ducks showed that a diplotype consisting of two SNPs in the
duck preproinsulin gene is signiﬁcantly related to the body
weight and chest muscle weight of ducks (P \ 0.05) (Kong
et al. 2008; Zhu et al. 2014).
In this study, the mRNA sequence of the preproinsulin
gene was identiﬁed from the grass carp EST database
(https://www.ncbi.nlm.nih.gov/sra/?term=SRA111136) (Yu
et al. 2015) and subsequently compared with the grass carp
whole-genome sequence database (http://www.ncgr.ac.cn/
grasscarp/) (Wang et al. 2015) to obtain the complete
sequence of the preproinsulin gene in the genome. SNPs of
the preproinsulin gene were screened by direct sequencing of
the PCR product. Correlations between SNPs and the growth
traits of grass carp in the breeding population were detected.
The results of this study may provide molecular markers for

breeding fast-growing and high-quality varieties of grass
carp.

Materials and methods
Sample collection and preparation

Grass carp samples were obtained from Foshan Sanshui
Baijin aquatic varieties limited company in Guangdong
Province of China. A total of 24 ﬁsh with signiﬁcantly different body weights (12 maximum ﬁsh, 1954.92 ± 61.12 g;
12 minimum ﬁsh, 1213.50 ± 83.92 g) were selected for SNP
screening. In May 2016, 20 grass carp were selected as
parents for propagation and breeding. The fertilized eggs
were placed in hatching rings for incubation in ﬂowing water
and the ﬂow rate was 0.2 ms–1. A total of 5000 fries were
subsequently released into a 600 m2 pond for rearing. In
October 2017, 296 samples were randomly selected for
growth trait correlation analysis. Before measuring, the ﬁsh
were anesthetized using tricaine methane sulphonate (MS222) at a concentration of 10 gm–3 in 20–25°C water. Body
weight was measured using an electronic balance (precision
up to 0.1 g). Body length, body height and body width were
also measured (precision up to 0.1 cm). The fatness (K) was
calculated. Further, the tail ﬁns were cut and stored in
absolute ethanol at –20°C.
K ¼ ðW  L3 Þ  100%;
where W is body weight (g) and L is body length (cm).
Genomic DNA extraction

Genomic DNA was extracted from grass carp tail ﬁn tissues
(mass = 0.03 g) using a Marine Animal Genomic DNA
Extraction Kit (Tiangen, China). The quantity and concentration of the isolated genomic DNA were determined using
1.0% agarose gel electrophoresis and a Nanodrop 2000
spectrophotometer (Thermal Scientiﬁc, USA). Genomic
DNA was stored at –20°C.
SNP loci screening

The preproinsulin mRNA sequence of grass carp identiﬁed
from the transcriptome database of grass carp (https://www.
ncbi.nlm.nih.gov/sra/?term=SRA111136) (Yu et al. 2015)
was compared with the sequence of the grass carp genome
(http://www.ncgr.ac.cn/grasscarp/) (Wang et al. 2015). To
screen SNPs, ﬁve PCR primer pairs (table 1) were designed
using Primer Premier 5.0 software and synthesized by
Guangzhou IGE Biotechnology Ltd. (Guangdong Province,
China). The PCR volume was 50 lL and contained 1 lL of
PrimeSTAR GXL DNA polymerase (Takara, Japan) (1.25 U
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Table 1. Primer pairs for the preproinsulin gene of grass carp for screening SNPs.
Primer
P1
P2
P3
P4
P5

Forward primer (5’–3’)

Reverse primer (5’–3’)

Ampliﬁcation length (bp)

GACATCAGGACGACACACAGT
TTCAAAAGGCTAACGCCTCAT
GTGAGAAGGACACGCTGTTCG
GATTCTAATGCATCCACTGTGG
GGGTTTGGAACGACATTAGGTA

GGCGTAAACATCTCTGACACAAT
GCCATGGTCACACTGACAG
TCCGGCGTCCAGTATGAAAC
GGTAGACAATCAGATCAGACCTTT
AACATGCTACCCATGTGATTTTA

1476
1540
1603
1285
1436

lL–1), 10 lL of 5x PrimeSTAR GXL buffer (Mg2? plus),
4 lL of dNTP mixture (2.5 mM each), 1 lL of upstream and
downstream primers (20 lML–1), and 2 lL of genomic
DNA (40 ng). Ampliﬁcation was performed on 24 grass carp
samples with a TC-96/G/H (b) B ampliﬁer (Bioer Life,
China). The reaction conditions were as follows: 94°C for 4
min followed by 35 cycles (94°C for 30 s, 55°C for 30 s, and
72°C for 120 s) ﬁnally, 72°C for 7 min. The PCR products
were analysed through 1.5% agarose gel electrophoresis and
sequenced using an ABI-3730 XL DNA analyser (Applied
Biosystems, USA). The raw chromatogram datasets were
analysed by Chromas v. 1.45 software. The sequences were
analysed by Vector NTI Advance 11 software (Invitrogen,
USA) to identify the SNPs.
Sequence analysis

Homologous preproinsulin sequences from other species
were determined by the nucleotide and amino acid basic
local alignment search tool (Blastn and Blastp) on the
NCBI website (http://www.ncbi.nlm.nih.gov), and the open
reading frame (ORF) of preproinsulin was determined by
the ORFFinder program (http://www.ncbi.nlm.nih.gov/
projects/gorf/). The SignalP-5.0 server was utilized to
predict the signal peptide (http://www.cbs.dtu.dk/services/
SignalP). The Tmpred server was utilized to analyse the
transmembrane
structure
(http://www.ch.embnet.org/
software/TMPRED_form.html). Sequence alignments of
the amino acids of preproinsulin were performed with
ClustalX 1.81 (Thompson et al. 1997). A neighbourjoining (NJ) phylogenetic tree based on the amino acid
sequences was constructed by MEGA 4.0 software (Tamura et al. 2007). The best-ﬁt model of amino acid
substitution (JTT?I?G) was selected using ProtTest 3
software according to AIC (Darriba et al. 2011). Therefore, the NJ phylogenetic tree was constructed using the
JTT?I?G model, and the conﬁdence of each node was
assessed by 1000 bootstrap replicates. The preproinsulin
of Homo sapiens (accession number NP_000198.1) was
selected as the outgroup.

Synteny analysis

The gene structure and location on the chromosome of the
preproinsulin gene in grass carp were analysed according to
the grass carp genome in the database (http://www.ncgr.ac.
cn/grasscarp/) (Wang et al. 2015). Further, synteny analysis
was performed by comparing the preproinsulin genes from
grass carp to those from human (https://www.ncbi.nlm.nih.
gov/genome/?term=human) and zebraﬁsh (https://www.ncbi.
nlm.nih.gov/genome/?term=zebraﬁsh).
Genotyping and statistical analysis of the SNP locus

SNPs were screened from 24 grass carp samples by the
direct sequencing method. According to the upstream and
downstream sequences of the SNP locus, primers for
genotyping were designed and synthesized (table 2). A
total of 296 grass carp samples were genotyped by PCR
ampliﬁcation and SNaPshot typing. PCR products (3 lL)
were puriﬁed with Exo I and FastAP (Fermentas, USA) at
37°C for 15 min and 80°C for 15 min. After puriﬁcation,
an extension reaction was performed using the SNaPshot
kit (ABI, USA) according to the manufacturer’s instructions. Speciﬁcally, 1 lL of extension product was combined with 10 lL of loading buffer, incubated at 95°C for
3 min, placed in an ice bath immediately, and tested with
an ABI 3730XL DNA analyser (Applied Biosystems,
USA).
Genetic parameters of the SNP locus were calculated by
Popgene 32 (v. 3.2) software, including the effective number
of alleles (Ne), heterozygosity (Ho), expected heterozygosity
(He), allele frequency and X2 (chi-square) test for Hardy–
Weinberg equilibrium in the population. The polymorphism
information content (PIC) of each SNP locus was analysed
using PIC-CALC software. Next, the correlation between the
genotypes of the SNPs and the growth traits (body weight,
body length, body height, body width and fatness) in grass
carp were investigated by the general linear model (GLM) in
SPSS 17.0 software.

ACCGTAAGAGCTAGAGTATGTTGT
CCCCTCAAAGATCTTTAGAGAGAG
CAATTGACGTTATGAAGTGAGTTT
ATACAAAATGGCAGATTATCTGTG
AGTAAAGCTCACTCAATCCTATTC
CTCCATCTGAGAGCACTG
TCACAAAGCAACACACCAT
ACACTTATGTACGTTAGAGAAA
CAAAATGCTATTTCAAACACTCA
SNP1
SNP2
SNP3
PSNP1
PSNP2
PSNP3

g.-2661C[G
g.1305G[C
g.1682G[A

Extension sequence (5’–3’)
Forward primer (5’–3’)
Locus

Mutation position and type

Reverse primer (5’–3’)
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Results
cDNA sequence analysis of preproinsulin gene

The full-length cDNA sequence of preproinsulin (GenBank
accession no. MN529252) is 533 bp, including a 104-bp 5’untranslated region, a 102-bp 3’-untranslated region and a
327-bp ORF sequence encoding 108 aa. The initiation
codon of the ORF sequence is ATG, the termination codon
is TAA, and the 3’-untranslated region contains the putative
polyadenylation signal sequence (AATAAA) (ﬁgure 1 in
electronic supplementary material at http://www.ias.ac.in/
jgenet/).
Alignment results showed that the amino acid sequences
of the A-chain and B-chain in grass carp are highly conserved, while the C-chain has low homology to sequences in
other species. A disulphide bond (C93–C98) existed in the
A-chain, and two disulphide bonds (C30–C94, C42–C107)
connected the A-chain and B-chain (ﬁgure 1; ﬁgure 1 in
electronic supplementary material).

Amino acid sequence analysis of preproinsulin

The deduced preproinsulin of grass carp is composed of 108
aa, including a 16-aa transmembrane region (V16-G31). The
signal peptide analysis results showed that a 23-aa signal
peptide with a cleavage site at A23-G24 was predicted by
the HMM model of SignalP software with a credibility of
0.982. After the signal peptide was cleaved, proinsulin
consisted of a 21-aa A-chain, a 29-aa B-chain and a 35-aa
C-chain with cleavage sites at R87-G88 and K52-R53 (ﬁgure 1; ﬁgure 1 in electronic supplementary material).
Sequence alignment results showed that the amino acid
identities of preproinsulins between grass carp and the other
32 teleosts ranged from 72.2% (Astyanax mexicanus) to
98.1% (Mylopharyngodon piceus), and the amino acid
identities between grass carp and four mammals ranged
from 44.4% (Homo sapiens) to 50.0% (Sus scrofa). The
phylogenetic tree results showed that preproinsulins were
highly conserved across different species (ﬁgure 2).

Gene structure and synteny analysis

The cDNA sequence of preproinsulin was compared with
the known whole-genome sequence of grass carp (GenBank
accession no. MN529252), and the results showed that the
total length of the preproinsulin gene was 5708 bp, including a 2601-bp promoter, a 97-bp exon 1, a 130-bp intron 1, a
185-bp exon 2, a 2433-bp intron 2, and a 262-bp exon 3
(ﬁgure 3). The introns have the correct GT/AG splicing
donor/acceptor sites. According to the previous reports, this
splicing pattern is highly common in grass carp (ﬁgure 1 in
electronic supplementary material).
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b Figure 1. Alignment of preproinsulin amino acid sequences

between grass carp and other vertebrates. ‘-‘ indicates amino acid
gap; ‘*’conserved amino acid residue; ‘:’ subconserved amino acid
residue; gray background shows preproinsulin A-chain and
B-chain. C. idella (MN529252); M. piceus (AIZ50368.1); L. rohita
(ATN38177.1);
C.
auratus
(ALO24192.1);
D.
rerio
(NP_571131.1); K. marmoratu (XP_017296161.1); A. testudineus,
(XP_026213392.1); M. armatus (XP_026184919.1); M. salmoides
(ADV90806.1); O. niloticus (XP_003458727.1); L. crocea
(XP_027129025.1); O. melastigma (XP_024120213.1); S. alpinus
(XP_023868289.1); O. nerka (XP_029481856.1); E. luciu
(XP_010895347.1); S. scrofa (AAQ00990.1); H. sapiens
(NP_000198.1); R. norvegicus (CAA24560.1); B. taurus
(ACD35246.1).

As shown in ﬁgure 4, synteny analysis results showed
myosin, ependymin (epd) and pannexin-1b (Panx1b) genes
upstream and rho GTPase activating protein 35 (Arhgap35),
transmembrane serine protease 13b (tmprss13b), transmembrane serine protease 4b (tmprss4b) and sodium channel voltage-gated type IV beta b (scn4bb) genes downstream
of preproinsulin genes in grass carp, zebraﬁsh and human.
This result indicated that the locations of preproinsulin genes
were highly conserved between ﬁsh and animals.

Figure 2. The phylogenetic tree of preproinsulin amino acid sequences from vertebrate species based on the neighbour-joining (NJ) by
Mega 4.0 program. The length of each branch is proportional to the divergence of the sequence from other homologs. Bootstrap values over
50% (1000 replications) are shown at each node.

Gene structure, SNP screening and growth correlation analysis
5' flanking region

Exon1

Intron1

Exon2

Exon3

Intron2

Figure 3. Genomic structures for preproinsulin of grass carp. The
preproinsulin gene consists of three exons and two introns.
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C (37.5%) and G (62.5%) in the SNP2 locus formed three
genotypes, namely CC (14.87%), CG (45.27%), and GG
(39.87%). While alleles A (10.30%) and G (89.70%) in the
SNP3 locus formed two genotypes, namely GG (79.39%)
and AG (20.61%), no AA genotype was detected. The allele
frequency for G at this locus was 89.70%, making it the
preferred allele (table 3).

Screening of SNPs in the preproinsulin gene

Correlation analysis of SNPs and growth traits

The gene fragments obtained by PCR ampliﬁcation were
sequenced and aligned. Three SNP sites were detected from
24 samples. SNP1 (g.-2661C [ G) was located in the promoter, and SNP2 (g.1305G [ C) and SNP3 (g.1682G [ A)
were located in intron 2 (ﬁgure 5; ﬁgure 1 in electronic
supplementary material).

The correlation analysis results between the SNPs of the
preproinsulin gene and body weight, body length, body
height, body width and fatness indicated that the ﬁsh with
the CG genotype at the SNP1 locus had signiﬁcantly greater
body weight, body length, body height and body width,
while individuals with the GG genotype had signiﬁcantly
lower fatness (P\0.05). However, the SNP2 and SNP3 loci
were not signiﬁcantly related to body weight, body length,
body height or body width (P [ 0.05), but ﬁsh with the AG
genotype at the SNP3 locus had signiﬁcantly higher fatness
than those with the GG genotype (P \0.05) (table 4; table 1
in electronic supplementary material).

Genetic parameter analysis of SNPs in the preproinsulin gene

A total of 296 grass carp DNA samples were genotyped and
analysed using the SNaPshot method and Popgene32 (v. 3.2)
software. The results indicated that SNP1 and SNP2 were
moderately polymorphic (0.25 \ PIC \ 0.5), while SNP3
was low polymorphism (PIC \ 0.25). A X2 test showed that
the three loci were all in Hardy-–Weinberg equilibrium (P [
0.05) (table 3).
The alleles C (55.91%) and G (44.09%) in the SNP1 locus
formed three genotypes, namely CC (28.04%), CG
(55.74%), and GG (16.22%). Similar to SNP1, alleles

Correlation analysis of SNP diplotypes and growth traits

SNP1 and SNP2 markers were combined into ﬁve valid
diplotypes by removing the diplotype with a frequency less
than 3% (table 5; table 1 in electronic supplementary
material). The correlation analysis showed that the

Figure 4. Synteny analysis of preproinsulin genes. Preproinsulin genes are adjacent to myosin, ependymin (epd) and pannexin-1b
(panx1b) genes at the upstream, and rho GTPase activating protein 35 (arhgap35), transmembrane serine protease 13b (tmprss13b),
transmembrane serine protease 4b (tmprss4b) and sodium channel voltage-gated, type IV beta b (scn4bb) genes at the downstream in grass
carp, zebraﬁsh and human. The locations of preproinsulin genes are highly conserved between ﬁsh and mammals.
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body width and body height (P \ 0.05), and exhibited signiﬁcantly higher fatness than those with other diplotypes
(P \ 0.05).
SNP1, SNP2 and SNP3 were combined into six valid
diplotypes (table 7; table 1 in electronic supplementary
material). Correlation analysis showed that the ﬁsh with
diplotype H5 had the greatest body weight and body length
and lower fatness compared with the other diplotypes,
except H6. The individuals with diplotype H4 had the
greatest body height, body width and fatness. The ﬁsh with
diplotype H6 had the lowest body height, body width and
fatness.

Discussion

Figure 5. Sequencing chromatograms of the (a) SNP1, (b) SNP2
and (c) SNP3 in the preproinsulin gene of grass carp.

individuals with diplotype B4 had signiﬁcantly higher body
weights than those with diplotypes B1, B2 and B3 (P \
0.05) and signiﬁcantly higher fatness than those with
diplotypes B1 and B5 (P \ 0.05). Additionally, SNP1 and
SNP3 were combined into ﬁve valid diplotypes (table 6;
table 1 in electronic supplementary material). The ﬁsh with
the D4 diplotype exhibited signiﬁcantly higher growth traits
than those with the D2 diplotype, including body weight,

Similar to other vertebrates, there are three exons and two
introns in the preproinsulin gene of grass carp. Alignment
results showed that the amino acid sequences of the A-chain
and B-chain in grass carp are highly conserved, while the
C-chain has low homology to the sequences of other species.
Therefore, the preproinsulin gene has been considered a
good candidate for phylogenetic analysis of teleosts and
other vertebrates (Hahn et al. 1983; Conlon et al. 1998). In
this study, the phylogenetic tree analysis results indicated
that the amino acid sequence of preproinsulin in grass carp
had the greatest homology with Mylopharyngodon piceus
within Cyprinidae. This result was consistent with the biological evolutionary status of grass carp and provided further
evidence of the evolutionary relationship between grass carp
and other teleosts. On the other hand, the C-chain was once
regarded as a part of the intermediates of insulin mature
peptide, which had no biological function. However, recent
studies have indicated that the C-chain can inhibit glucose
working with the A-chains and B-chains and has the biological function of preventing diabetic complications in
human (Zhou et al. 2003). Whether the C-chain plays a
similar biological function in grass carp warrants further
investigation.
In this study, the preproinsulin gene of grass carp was
selected as a candidate gene to screen growth-related SNPs
to establish a foundation for marker-assisted breeding of

Table 3. Genetic parameters of the three SNPs in a farmed population with 296 individuals.
Locus

Ne

Ho

He

PIC

HWE-P

Genotype frequency (%)

Allele frequency (%)

SNP1
SNP2
SNP3

1.972
1.882
1.227

0.557
0.453
0.206

0.494
0.470
0.185

0.372
0.359
0.168

0.265
0.536
0.0502

CC (28.04%) CG (55.74%) GG (16.22%)
CC (14.87%) CG (45.27%) GG (39.87%)
AG (20.61%) GG (79.39%)

C (55.91%) G (44.09%)
C (37.50%) G (62.50%)
A (10.30%) G (89.70%)

Ho, observed heterozygosity; He, expected heterozygosity; PIC, polymorphism information content; Ne, effective number of alleles; HWEP, Hardy–Weinberg equilibrium P value
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Table 4. Correlation analysis between growth traits and the genotypes of the three SNPs.
Locus

Genotype

N

BW/g

BL/cm

BH/cm

BWD/cm

K

SNP1

CC
CG
GG
CC
CG
GG
AG
GG

83
165
48
44
134
118
61
235

1577.43±162.66b
1638.06±142.33a
1575.60±210.73b
1600.91±150.61a
1605.69±154.63a
1620.63±177.33a
1609.28±171.48a
1611.36±161.31a

46.08±2.02b
46.76±1.62a
46.56±2.61ab
46.31±1.88a
46.54±1.84a
46.63±2.07a
46.29±1.96a
46.60±1.94a

10.26±0.39ab
10.32±0.41a
10.13±0.51b
10.32±0.39a
10.24±0.40a
10.29±0.47a
10.33±0.53a
10.26±0.40a

7.37±0.34b
7.50±0.32a
7.31±0.41b
7.41±0.33a
7.43±0.36a
7.44±0.35a
7.43±0.35a
7.43±0.35a

1.61±0.97a
1.60±0.10a
1.55±0.10b
1.61±0.10a
1.59±0.10a
1.59±0.10a
1.62±0.11a
1.59±0.10b

SNP2
SNP3

The values with same lowercase letters in the same column indicate there are no signiﬁcant difference for growth traits (P[ 0.05) between
the two genotypes in the same SNP site. The values with different lowercase letters indicate there are signiﬁcant difference (P \ 0.05)
between the two genotypes in the same SNP site. N, number of sample; BW, body weight; BL, body length; BH, body height; BWD, body
width; K, fatness.
Table 5. Correlation analysis between growth traits and the diplotypes constructed of the SNP1 and SNP2.
Diplotype
B1
B2
B3
B4
B5

Genotype SNP1/SNP2

N

BW/g

BL/cm

BH/cm

BWD/cm

K

GG/GG
CC/GG
CC/CC
CG/GG
CG/CG

43
41
36
69
89

1574.02±220.71b
1566.63±175.39b
1581.03±147.45b
1648.88±139.73a
1626.26±144.19ab

46.53±2.70a
46.03±2.20a
46.05±1.89a
46.69±1.65a
46.79±1.65a

10.12±0.52a
10.21±0.39a
10.3±0.39a
10.39±0.41a
10.26±0.41a

7.31±0.41a
7.33±0.35a
7.4±0.34a
7.52±0.28a
7.48±0.36a

1.56±0.10b
1.60±0.08a
1.62±0.11a
1.62±0.10a
1.59±0.11ab

For explanation on abbreviation see footnote of table 4.
Table 6. Correlation analysis between growth traits and the diplotypes constructed of the SNP1 and SNP3.
Diplotype
D1
D2
D3
D4
D5

Genotype SNP1/SNP3

N

BW/g

BL/cm

BH/cm

BWD/cm

K

GG/GG
GG/AG
CG/GG
CG/AG
CC/GG

22
26
131
34
82

1597.95±227.72ab
1556.69±197.78b
1633.89±143.85ab
1654.12±137.25a
1578.96±163.07ab

46.88±2.88a
46.29±2.38a
46.88±1.61a
46.32±1.62a
46.09±2.03a

10.14±0.44b
10.12±0.57b
10.28±0.40b
10.5±0.44a
10.26±0.39b

7.36±0.46bc
7.27±0.36c
7.48±0.33ab
7.55±0.29a
7.37±0.35bc

1.55±0.09c
1.57±0.11bc
1.59±0.10bc
1.67±0.10a
1.61±0.09b

For explanation on abbreviation see footnote of table 4.

Table 7. Correlation analysis between growth traits and diplotypes constructed for SNP1, SNP2 and SNP3.
Diplotype
H1
H2
H3
H4
H5
H6

Genotype SNP1/SNP2/SNP3

N

BW/g

BL/cm

BH/cm

BWD/cm

K

CC/CC/GG
CG/CG/GG
CG/CG/GG
CG/GG/AG
CG/GG/GG
GG/CG/GG

36
41
88
32
38
46

1581.03±147.45bc
1566.63±175.39c
1624.60±144.16abc
1643.00±132.85ab
1656.58±145.92a
1573.57±213.36bc

46.05±1.89bc
46.03±2.20c
46.79±1.65ab
46.25±1.63c
47.14±1.63a
46.49±2.62abc

10.3±0.39ab
10.21±0.39b
10.25±0.40b
10.46±0.42a
10.32±0.39ab
10.14±0.52b

7.4±0.34abc
7.33±0.35bc
7.48±0.36abc
7.54±0.29a
7.49±0.27ab
7.32±0.41c

1.62±0.11ab
1.60±0.08bc
1.59±0.11bc
1.66±0.10a
1.58±0.08bc
1.56±0.10c

For explanation on abbreviation see footnote of table 4.

grass carp. By direct sequencing, three SNPs were identiﬁed,
including SNP1 (g.-2661C [ G) in the promoter and SNP2
(g.1305G [ C) and SNP3 (g.1682G [ A) in intron 2. In
addition to the coding regions, noncoding regions also play
important roles in regulating gene transcription,

posttranscriptional processes and translation (Bachl et al.
1998; Nott et al. 2003; Pagani and Baralle 2004).
Polymorphism analysis indicated that SNP1 is a moderately polymorphic site, and CG is the dominant genotype,
exhibiting the highest genotype frequency (55.74%) in the
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grass carp population. Correlation analysis showed that ﬁsh
with the CG genotype had signiﬁcantly higher body weight,
body length, body height and body width than those with the
CC and GG genotypes (P \ 0.05). This result demonstrated
that grass carp with the CG genotype at the SNP1 locus had
better growth traits with hybrid vigour. Grass carp with
homozygous CC and GG genotypes can be used as parents
to breed heterozygous CG genotype offspring with signiﬁcant growth advantages. However, the individuals with the
CG genotype had a signiﬁcantly higher fatness than those
with the GG genotype (P \ 0.05). Grass carp with slender
body shapes meet the expectations of consumers; in other
words, grass carp with relatively low fatness are in greater
demand.
Both SNP2 and SNP3 were located on intron 2. SNP2 and
SNP3 loci were not signiﬁcantly related to body weight,
body length, body height or body width (P[0.05). Notably,
A and G alleles at the SNP3 locus only formed AG and GG
genotypes, but the AA genotype was not detected. This
result suggested that the AA genotype may be related to
recessive lethality, which inhibits the transcription or
expression of the insulin gene and results in inactivated
insulin deﬁciency, causing individuals with this genotype to
be disadvantaged in growth and development and eventually
eliminated. The lethal genotypes of the SNP locus in the
GHRH and GH genes were investigated in Micropterus
salmoides and Siniperca chuatsi (Ma et al. 2014; Sun et al.
2019). The above mentioned data imply that although the
mutations at the SNP3 loci may have no signiﬁcant effects
on growth traits, the AA genotype may be linked to another
unknown lethal genotype in grass carp.
Growth traits are quantitative traits that are controlled by
multiple genes and are generally located in multiple
effective quantitative trait loci (QTLs) (Stephens et al.
2001; Li et al. 2012; Tsai et al. 2014). To improve the
accuracy of the correlation analysis between genotypes and
growth traits, haplotypes or diplotypes have been used to
analyse the comprehensive effects of multiple molecular
marker sites on quantitative traits (Stephens et al. 2001).
Some previous studies suggested that multiple sites in a
single gene can form several haplotypes and diplotypes,
which have stronger correlations to the corresponding
phenotypes. A study of three SNPs in the drug metabolism
enzyme CYP2D6 gene showed that a single SNP had little
correlation with the function of CYP2D6, but the speciﬁc
variant CYP2D6 17 carrying three functional mutations
(T107I, R296C, and S486T) had only 20% of the activity
of wild-type CYP2D6 1 (Oscarson et al. 1997). A similar
report in M. salmoides indicated that although no SNP in
the muscle somatostatin (MSTN) gene was signiﬁcantly
associated with growth traits, individuals with the D2
diplotype, consisting of two SNPs loci, had signiﬁcantly
higher growth traits than those with the D5 diplotype. In
this study, diplotypes were constructed by SNP1 paired
with SNP2 or SNP3. The correlation analysis of the ﬁve
diplotypes (B1, B2, B3, B4 and B5) based on SNP1 and

SNP2 indicated that the ﬁsh with B4 had higher body
weight, body height, body width and fatness. Similar to the
diplotypes from SNP1 and SNP2, in the ﬁve diplotypes
(D1, D2, D3, D4 and D5) from SNP1 and SNP3, the
individuals with D4 had higher body weight, body height,
body width and fatness. The grass carp with diplotype D4
grew more rapidly, but the body shapes were not favourable in consumers. In addition, six diplotypes (H1, H2, H3,
H4, H5 and H6) were constructed by SNP1, SNP2 and
SNP3, and the ﬁsh with diplotype H5 had higher body
weight, body length, body height and body width but lower
fatness. Based on the analysis results noted above, the
average body weight and fatness of ﬁsh with the CG
genotype at the SNP1 locus were 1638.06 g and 1.60,
respectively; those of the ﬁsh with diplotype B4 from
SNP1 and SNP2 were 1648.88 g and 1.62, respectively;
those of the ﬁsh with diplotype D4 from SNP1 and SNP3
were 1654.12 g and 1.67, respectively; and those of the
ﬁsh with diplotype H5 of SNP1, SNP2 and SNP3 were
1656.58 g and 1.58, respectively. This result indicated that
with the increase in pyramiding molecular marker numbers,
the ﬁne phenotypes of rapid growth and low fatness in
grass carp became more signiﬁcant. The above results
suggested that diplotype H5 based on three SNPs in the
experimental population was the most advantageous
genotype in yielding fast growth and low fatness. Therefore, diplotype H5 in the preproinsulin gene can be
employed as a candidate molecular marker for marker-assisted breeding of fast-growing and slender grass carp.
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