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Construction of a high-density
genetic linkage map and mapping
of quantitative trait loci for
growth-related traits in silver carp
(Hypophthalmichthys molitrix)

Xinhua Wang'?, Haiyang Liu?, Meixia Pang?, Beide Fu?, XiaomuYu?, Shunping He(®3 &
JingouTong®?

High-density genetic map and quantitative trait loci (QTL) mapping are powerful tools for identifying
genomic regions that may be responsible for such polygenic trait as growth. A high-density

genetic linkage map was constructed by sequencing 198 individuals in a F, family of silver carp
(Hypophthalmichthys molitrix) in this study. This genetic map spans a length of 2,721.07 cM with

3,134 SNPs distributed on 24 linkage groups (LGs). Comparative genomic mapping presented a high
level of syntenic relationship between silver carp and zebrafish. We detected one major and nineteen
suggestive QTL for 4 growth-related traits (body length, body height, head length and body weight) at
6, 12 and 18 months post hatch (mph), explaining 10.2~19.5% of phenotypic variation. All six QTL for
growth traits of 12 mph generally overlapped with QTL for 6 mph, while the majority of QTL for 18 mph
were identified on two additional LGs, which may reveal a different genetic modulation during early
and late muscle growth stages. Four potential candidate genes were identified from the QTL regions
by homology searching of marker sequences against zebrafish genome. Hepcidin, a potential candidate
gene identified from a QTL interval on LG16, was significantly associated with growth traits in the
analyses of both phenotype-SNP association and mRNA expression between small-size and large-size
groups of silver carp. These results provide a basis for elucidating the genetic mechanisms for growth
and body formation in silver carp, a world aquaculture fish.

Molecular markers are the basis for high-resolution genetic linkage map construction and quantitative trait
loci (QTL) fine-mapping, which provide powerful tools for genetic analyses of economic traits in fish"2. With
the rapid development of the biotechnology, dominant DNA markers were gradually replaced by co-dominant
markers in genetic mapping'?, including single nucleotide polymorphisms (SNPs) and microsatellites (SSRs). As
the second-generation marker, microsatellites have the merits of high information content and transferability.
However, low efficiency and relatively small amount of SSRs impeded the high-density genetic map construc-
tion, which limits their application in fine-scale QTL mapping and other studies. Next generation sequencing
technologies (NGS) created a new path for developing SNP markers and made them currently preferable genetic
markers by virtue of abundance, simplicity, stability and possibly direct relatedness with phenotype**. Among
the multiple genotyping-by-sequencing (GBS) methods, restriction site-associated DNA (RAD)® and its deriv-
ative methods, such as double-digest restriction site-associated DNA (dd-RAD)’, 2b-restriction site-associated
DNA (2b-RAD)?, genotyping by genome reducing and sequencing (GGRS)?, specific-locus amplified fragments
sequencing (SLAF)'® and genome wide sampling sequencing (GWSS)'!, have been widely used for the con-
struction of high-density genetic maps. Among these RAD-related methods, 2b-RAD technology possesses the
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Traits | BL1 BH1 HL1 BW1 BL2 BH2 HL2 BW2 BL3 BH3 HL3 BW3
BL1 1
BH1 0.740%* |1
HL1 0.715%% | 0.728%* |1
BWI1 0.815%* | 0.796%* | 0.666%* |1
BL2 0.868** | 0.676%* | 0.665%* | 0.726%* |1
BH2 0.629%* | 0.720%* | 0.627** | 0.595%* | 0.774** |1
HL2 0.560%* | 0.624%* | 0.594%* | 0.519%* | 0.700%* | 0.844%* |1
BW2 0.759%* | 0.706%* | 0.655%* | 0.716%* | 0.893** |0.833%* |0.745%* |1
BL3 0.555%* | 0.285%* | 0.273%* | 0.403** | 0.557** | 0.383%* |0.290%* |0.522%* |1
BH3 0.199% 0.372%% | 0.311%* | 0.298%* | 0.250%* | 0.482%* | 0.312%* |0.389%* | 0.611%* |1
HL3 0.248** | 0.255%* | 0.310%* | 0.211% 0.255%* | 0.284** | 0.190* 0.301%* | 0.544%* | 0.622%* |1
BW3 0.441%% | 0.402%* | 0.305%* | 0.455%* | 0.492%* | 0.487** |0.292%* | 0.572%* | 0.798%* |0.883** |0.623%* |1

Table 1. Pearson correlation coefficients (r) between 12 growth traits of silver carp. BL, body length; BH, body
height; HL, head length; BW, body weight. The digits of suffix (1, 2 and 3) indicated the growth traits measured
at 6 months, 12 months and 18 months after hatch, respectively. “*”, Significant at P < 0.05; “**”, Significant at
P<0.01.

benefits of simplest protocol, even distribution on genome, uniform fragments and tunable genome coverage®,
and this method has been successfully used for genetic maps construction in aquatic animals, such as pearl oyster
(Pinctada fucata martensii)®, Zhikong scallop (Chlamys farreri)'?, sea cucumber (Apostichopus japonicus)'®, big-
head carp (Hypophthalmichthys nobilis)'*, crucian carp (Carassius auratus)', etc.

Marker-assisted selection (MAS) is an efficient approach for increasing the accuracy and efficiency of selec-
tion by using markers tightly linked to quantitative trait loci (QTL) as a substitute to assist phenotypic screen-
ing'®. Identification of QTL related to phenotypic traits is the basis for the application of genetic markers in
fish breeding. Fuji et al.'” have successfully applied a microsatellite marker locating in a major QTL for resist-
ance to lymphocystis disease in Japanese flounder (Paralichthys olivaceus). As a major interest in aquaculture,
growth is one of the most complex traits that may be affected by multi-loci across the genome and environmental
factors. Growth-related QTL mapping have been reported in many aquatic animals, such as sea cucumber'?,
bighead carp'*18, Asian seabass (Lates calcarifer)', Japanese flounder (Paralichthys olivaceus)*’, common carp
(Cyprinus carpio)?', large yellow croaker (Larimichthys crocea)??, rainbow trout (Oncorhynchus mykiss)®, tilapia
(Oreochromis niloticus)**, and so on. QTL-related markers and candidate genes were also identified, some of
which showed potentials as candidate genes for marker-assisted selection!®1-,

As a filter-feeding fish, silver carp (Hypophthalmichthys molitrix) has great value for biological control of
bloom-forming cyanobacteria in ponds, reservoirs and lakes?. In China and some Asian countries, silver carp is
also one of the most important food fish. In pond culture, silver carp usually takes 3 years to reach sexual matu-
rity?. According to the recent statistics, annual production of silver carp had exceeded 5.12 million metric tons
in the world, of which more than 80% were produced in China (FAO, 2015). However, during past two decades,
both population resources in natural waters and production traits in aquaculture (such as growth rate) of silver
carp declined in China, and genetic breeding programs for economically important traits are thus required®”2.
To date, very limited genetic and genomic studies have been conducted in silver carp?”*, and the resolution of
current genetic maps is not high enough to perform QTL fine mapping.

Nowadays, rapid and cost-effective manner for SNP developing and genotyping makes the construction of
high-density genetic maps easier to achieve®. This study aims to construct a high-density genetic linkage map
using 2b-RAD technology and detect QTL intervals associating with growth traits of different stages in silver carp.
Comparative mapping between silver carp genetic map and zebrafish (Danio rerio, a model fish of Cyprinidae)
genome was also performed to identify potential candidate genes for growth traits. Hepcidin, a potential candidate
gene, was selected for expression analysis and association study for growth. This study would facilitate the genetic
analysis of growth traits and provide valuable genomic resources for potential molecular breeding programs in
silver carp.

Results

Characterization of the phenotypic traits. In our study, the growth traits (GT) for 6, 12 and 18 months
post hatch (mph) were abbreviated as GT1, GT2 and GT3, respectively, and four phenotypic parameters, includ-
ing body length (BL), body height (BH), head length (HL) and body weight (BW), were measured for all proge-
nies (Supplementary Table A1). Accordingly, a total of 12 morphometric traits were recorded and named as BL1,
BH1, HL1, BW1, BL2, BH2, HL2, BW2, BL3, BH3, HL3 and BW3, respectively. The average values of BW1, BW2
and BW3 were 92.2+8.6g, 194.2+17.6 g and 686.2 +-57.8 g, respectively. All 12 growth and body shape traits
showed significant correlation with each other (P < 0.05; Table 1). The highest correlation value (r=0.893) was
observed between BW2 and BL2, and the lowest correlation value (r=0.190) was observed between HL2 and
HL3. Highly significant correlations were detected between different growth traits measured at the same stage,
and the correlation values were ranged from 0.666 to 0.815 (within GT1), 0.700 to 0.893 (within GT2) and 0.544
to 0.883 (within GT3), respectively. For the traits of different growth stages, the correlations between GT1 and
GT2 (r=0.519-0.868) were significantly higher than that between GT1/GT2 and GT3 (r=0.190-0.572).
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Figure 1. The high-density sex-averaged genetic linkage map for silver carp. A black bar indicated a 2b-RAD
marker. The scaleplate on the left indicated genetic distance (centiMorgan as unit).

2b-RAD genotyping. Based on the digital-enzyme-cut analysis, about 0.098 million Bcgl restriction sites
were identified from the genome sequence of silver carp genome sequence. The amount of the raw reads gener-
ated from the male parent, the female parent and every progeny were 6.3 million, 6.7 million and 1.41 million,
respectively. After initial trimming, the male parent, the female parent and the progenies obtained 5.9 million
reads, 6.4 million reads and 267.6 million reads for further analysis. A total of 73,629 representative tags were
produced after clustering of parental reads, including 58,351 co-dominant tags and 15,278 dominant tags. The
statistical sequencing depth corresponded to 85-fold in the male, 91-fold in the female and 19-fold in the proge-
nies. After filtering low-quality tags, 52,472 co-dominant tags and 11,599 dominant tags were obtained and used
to construct reference tags. High-quality sequences of the 198 progenies were mapped on the reference tags and
a total of 6,603 markers (2,175 co-dominant markers and 4,428 dominant markers) showed heterozygous in at
least one parent.

Construction of the high-density linkage map.  After removing those sequences with low-quality and
highly significant deviation from the segregation ratio, 3,253 polymorphic markers including 2,114 dominant
markers and 1,139 co-dominant markers were obtained for linkage map construction. Finally, 3,134 markers
were successfully grouped into 24 linkage groups (LGs), corresponding to the haploid chromosome number of
H. molitrix®'. The sex-averaged genetic linkage map contained 2,013 dominant markers and 1,121 co-dominant
markers (Fig. 1 and Supplementary Table A2) and spanned a genetic length of 2,721.07 centi-Morgans (cM) with
an average marker interval of 0.86 cM (Table 2). The length of each linkage group ranged from 73.5 to 205.1 cM
with an average of 113.3 cM. According to the two different algorithms®*%3, the expected map length was esti-
mated to be 2,762.3cM (G,;) and 2,766.2 cM (G,;,) with an average of 2,764.2cM (G,). The map coverage (C,,) of
this sex-averaged map was 98.4%.

A total of 1,731 markers were exclusively aligned to the genome sequence of silver carp and obtained extended
sequence for comparative genome analysis with zebrafish. Finally, 581 markers were uniquely aligned to the chro-
mosomes of zebrafish (Fig. 2A,B), with 464 (80%) markers assigned into 25 syntenic boxes. On the orthologous
map, the LG19 of silver carp corresponded to two chromosomes of zebrafish (Chr10 and Chr22), and other LGs
apparently corresponded to a particular chromosome (Fig. 2A,B).

QTL detection and identification of potential candidate gene. Genome-wide (GW) and
chromosome-wide (CW) LOD (logarithm of odds) threshold for each growth trait were listed in Table 3. One
major and nineteen suggestive growth-related QTL were detected on six LGs (Fig. 3) and the detailed informa-
tion were described as follows. Eight chromosome-wide and one genome-wide QTL associated with GT1 were
detected on 4 LGs (LG14, LG16, LG18 and LG22) and the LOD scores ranging from 4.17 to 8.28 (Supplementary
Fig. Al and Table 3). The phenotypic variance explained (PVE) of the genome-wide QTL on LG18 reached to
19.5% (Table 3). A genome scan showed that the different growth traits exhibited quite similar LOD profiles. For
example, two QTL associating with BL1 (qBL1-a and qBL1-b) were distributed on two single LGs, and two of the
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Linkage Number of Geneticlength | Average marker
group markers (cM) interval (cM)
1 167 88.7 0.53
2 358 205.1 0.57
3 168 141.3 0.84
4 116 89.1 0.76
5 146 130.1 0.89
6 127 112 0.88
7 128 153.2 1.19
8 119 99.2 0.83
9 154 151.8 0.98
10 72 73.5 1.02
11 155 85 0.54
12 88 77.4 0.87
13 86 96.8 1.12
14 101 119.9 1.18
15 85 120 1.41
16 113 127.7 1.13
17 98 89.9 0.91
18 101 100.3 0.99
19 199 127.06 0.63
20 104 115.3 1.1
21 108 97.55 0.9
22 129 116.86 0.9
23 140 103 0.73
24 72 100.3 1.39
Total 3,134 2,721.07 0.86

Table 2. Information of the sex-averaged genetic linkage map for silver carp.

four QTL for BW1 (¢BW1-c and gBW1-d) were also separated onto the same two LGs. Besides, one confidence
interval on LG22 was associated with all growth traits of 6 mph. For GT2, six QTL were detected on two LGs
(LG18 and LG22), which were overlapped with that of GT1 (Fig. 3, Supplementary Figs Al and A2). In detail,
two QTL (qBL2-a and gBW2-a) on LG18 were overlapped with that for GT1 (qBL1-a and gBW1-c), and four
QTL (gBL2-b, qBH2-a, qHL2-a and gBW2-b) on LG22 were also overlapped with that for GT1 (gBL1-b, qBH1-b,
qHL1-a and gBW1-d). For GT3, five QTL were detected on three LGs, of which just one QTL on LG14 (qBL3-b)
was overlapped with that for GT1 (QBW1-a), and other four QTL (qBL3-a, qHL3-a, qHL3-b and gBW3-a) were
distributed on two additional LGs (LG8 and LG19). Meanwhile, other four QTL with no overlapping with that
for GT1 and GT2 presented higher PVE (14.5~18.8%) than that of GT1 and GT2 (Supplementary Fig. A3 and
Table 3).

Four potential candidate genes were identified from growth-related QTL intervals after BLAST searching
against the genome of zebrafish (Supplementary Table A3), including hepcidin, phosphodiesterase 11a (PDE11a),
fas-activated serine/threonine kinase (FASTK) and solute carrier family 35 member F3a (SLC35f3a). Three of the
four markers are directly matched within the sequences of the correspondent candidate genes in zebrafish, and
hepcidin gene was identified in the vicinity of the marker ref-68349_2. As a known multi-functional gene, the
potential candidate gene hepcidin was selected for further mRNA expression analysis and association study in
this study.

Association analysis of hepcidin gene. The nucleotide sequences of hepcidin gene in silver carp is
available from the GenBank database (accession no. KF270356). Primers designed for polymorphism iden-
tification and expression analysis of hepcidin were listed in Supplementary Table A4. One polymorphic locus
(hepcidin-g.752 C > T) identified from exon2 of hepcidin gene showed significant growth associations in two
silver carp populations (Fig. 4, Supplementary Table A5). In detail, hepcidin-g.752 C > T significantly associated
with BH1 and BW1 (P < 0.05) in family A, and the individuals with genotype CC had a higher BW (13.8%) than
those with genotype CT. No significant association was detected between genotypes of this SNP and the GT2
and GT3. Only four individuals were identified as genotype CT in population B and the segregation ratio was
significantly deviated from the HWE after Bonferroni corrections. However, the locus hepcidin-g.752 C > T still
significantly associated (P < 0.05 for BH and BW, P < 0.01 for BL and HL) with all four growth traits of population
B, and the BW of the individuals with genotype CC were 217.3% higher than that with genotype CT.

A ubiquitous expression pattern of the hepcidin gene was observed in all analyzed tissues, with the highest
level in the liver, followed by the spleen and the head kidney (Fig. 5A). Then the liver, spleen and head kidney
were selected for comparative expression analysis between small-size and large-size groups from the population
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Figure 2. Genomic synteny between linkage groups (LG) of silver carp and chromosomes (Chr) of zebrafish.
Genomic synteny was visualized using Circos diagram (A) and Oxford grids (B).

LIRS thweahold

Linkage position | Confidence PVE
QTL group Nearest marker | (cM) interval (cM) | LOD CW |GW | (%)
qBL1-a 18 ref-16553 27.9 27.5-28.0 8.28*%* |51 82 19.5
qBL1-b 22 ref-46998_8 49.4 49.1-49.9 5.03% 4.9 14.0
qBHI1-a 16 ref-24639 65.3 65.3-65.6 4.21% 4.1 79 10.3
qBH1-b 22 ref-46998_8 49.4 49.1-49.9 5.48% 4.9 13.0
qHL1-a 22 ref-46998_8 49.4 49.1-49.9 5.51% 4.5 7.2 13.0
qBWI1-a 14 ref-5067_7 55.7 55.3-55.9 5.02% 4.8 12.0
qBW1-b 16 ref-29748_27 38.2 37.3-49.7 4.17* 3.7 - 10.2
qBW1-c 18 ref-16553 27.9 27.5-28.0 5.94% 4.6 13.9
qBW1-d |22 ref-46998_8 49.4 49.1-49.9 4.43* 4.1 11.8
qBL2-a 18 ref-16553 27.9 27.5-28.0 6.71% 5.1 80 14.5
qBL2-b 22 ref-46998_8 49.4 49.1-49.9 5.81% 4.9 12.6
qBH2-a 22 ref-46998_8 494 49.1-49.9 6.75% 4.4 7.6 14.5
qHL2-a 22 ref-46998_8 49.4 49.1-49.9 6.72% 4.2 7.0 14.5
qBW2-a 18 ref-16553 279 27.5-28.0 5.63% 4.6 . 12.3
qBW2-b |22 ref-46998_8 494 49.1-49.9 6.09% 4.3 13.2
qBL3-a 8 ref-68151 64.2 63.9-64.5 5.33% 4.0 55 18.8
qBL3-b 14 ref-30367_1 55.0 54.7-55.4 5.04%* 4.1 17.9
qHL3-a 8 ref-68151 64.2 63.9-64.5 4.96* 3.6 55 17.6
qHL3-b 19 ref-29737 52.0 51.8-52.4 4.08* 3.8 14.7
qBW3-a 19 ref-10649 79.5 79.1-79.6 4.00% 3.8 4.8 14.5

Table 3. Growth-related QTL for 12 morphometric traits of silver carp. BL, body length; BH, body height; HL,
head length; BW, body weight. The digits of suffix (1, 2 and 3) indicated the growth traits measured at 6 months,
12 months and 18 months after hatch respectively. “*”, chromosome-wide (CW) significance; “**”, genome-
wide (GW) significance; PVE, phenotypic variance explained.

B. Significantly different expression levels were detected between these two groups of extreme weights in three
tissues analyzed (P < 0.05 for the spleen and the liver, P < 0.01 for the head kidney) (Fig. 5B).

Discussion

2b-RAD as an effective way of SNP development. To date, RAD sequencing approaches, which can
balance the marker quantity, sequencing cost, sequencing coverage and genotyping accuracy, have become more
and more popular in the construction of high-density linkage maps in non-model species without the whole
reference genome®. Here, we used the 2b-RAD approach to develop thousands of SNPs in silver carp and con-
structed a high-density linkage map containing 3,134 markers. Compared with other RAD-based technology,
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Figure 3. Distribution of growth-related QTL on 6 different linkage groups of silver carp.

BL1 BHI HL1 BWI BL2 BH2 HL2 BW2 BL3 BH3 HL3 BW3 BL BH HL BW
Family A - 6 mph Family A - 12 mph Family A - 18 mph Population B - 6 mph

Figure 4. Differences of observed growth traits between genotypes (CC/CT) of hepcidin-g.752C > T in
two silver carp populations. Significant differences at P < 0.05 and P < 0.01 are labeled with “*” and “**”
respectively.

2b-RAD provided a streamlined library construction method and an adjustable marker density by utilizing selec-
tive adaptors®. This approach has been successfully applied for linkage map construction of several non-model
species™!>"1%, which indicated that 2b-RAD is an appropriate and powerful method for genotyping by sequencing
(GBS) in silver carp and/or other fish.

Different species and marker systems may lead to various levels of segregation distortion®>*. With the same
protocol (2b-RAD) for SNP development, the proportion of segregation-distorted markers was 50.5% in this
study, which was similar to that in pearl oyster® but smaller than that in bivalve mollusk'? In addition, the levels
of segregation distortion of 2b-RAD markers were much higher than that of SSRs and AFLP markers in previous
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Figure 5. Spatial expression analysis of hepcidin gene in silver carp (A) and comparative expression analysis
between small size and large size groups in head kidney, spleen and liver (B). Significant differences at P < 0.05
and P < 0.01 are labeled with “*” and “**”, respectively.

studies, such as the earlier studies for pearl oyster and silver carp**’. Segregating distortion may result from
special selection, such as double recessive of some lethal genes and zygotic selection®®, and may be also from
sampling and genotyping errors®**’. The application of techniques like 2b-RAD, which generated quite small read
length in aquatic animals, could also lead to a huge percentage of segregating distortions.

High-density genetic map for silver carp and comparative genomics. A linkage map with a
small marker interval (< 2 cM), high map coverage and even marker distribution was commonly known as
high-density map, which usually possess thousands of polymorphic markers*!. A few years ago, we reported a
second-generation genetic map for silver carp using a strategy of interspecific hybridization between silver carp
and bighead carp, and 703 microsatellites were grouped into 24 LGs with an average resolution of 2.2 cM?. This
medium-density map was used to comparative genomics studies and genome assembly, but it is not sufficient for
QTL fine mapping for growth related traits in this aquaculture species. Therefore, in present study, a sex-averaged
genetic map for silver carp was constructed using a crossing strategy of a sire and a dam and their 198 proge-
nies. The LGs of the current map were numbered according to our previous map?, of which the number of LGs
is equal to the haploid chromosome number of silver carp (n=24)*'. The number of markers (3,134 SNPs) of
current high-density linkage map is almost 4.5 times higher than previous genetic map constructed by SSRs, and
the average distance between markers dropped significantly from 2.2 cM to 0.86 cM (Table 2). The total length of
the present genetic map (2,721.07 cM) is 74% longer than previous microsatellite map (1,561.1 cM)*, which may
because more markers chained in our study or other possible reasons. The improved genetic map provides a base
for QTL fine mapping of economic traits in silver carp.

Comparative mapping with model species provide the possibility to evaluate the accuracy of the genetic maps
of non-model species and to locate genes of interest. Zebrafish and commonly known carps in aquaculture (e.g.
common carp, silver carp, bighead carp, grass carp, and so on) are all members of the Cyprinidae, the largest fam-
ily among all fish species. In this study, a high level of conserved genomic synteny was observed between silver
carp and zebrafish (80%) with a clear 1:1 relationship between LGs and chromosomes except for LG19 of silver
carp (homologous to Chr10 and Chr22 of zebrafish; Fig. 2). The same synteny results were also detected for big-
head carp'**? and grass carp®. It is believed that Chr10 and Chr22 of zebrafish were fused into one chromosome
in grass carp®. According to our evidence of comparative genomics, this is also the case in silver carp. The high
genomic synteny with zebrafish, whose genome and gene annotations are available online, made the identification
of potential candidate genes convenient in silver carp.

QTL for growth and comparative studies. Growth traits are important quantitative trait and generally
influenced by multiple genes and biological pathways, and QTL mapping is an efficient approach to uncover
potential genomic regions underlying these traits. To date, QTL mapping for growth-related traits have been
performed in many aquatic species'**-?*, and only one QTL study was reported in the hybrids of bighead carp
and silver carp*. In this study, a total of 20 QTL for growth traits measured at three growth stages were identified
on 6 LGs (Fig. 3, Table 3). The comparative analysis of QTL between silver carp and bighead carp'*!® showed
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that two of the 6 LGs (LG18 and LG19) both identified with QTL in our study and in bighead carp (homologous
with LG11 and LG9)'!8. The common QTL regions are valuable resource for the exploration of trans-species
conservation of growth QTL regions among both carp species. Other specific QTL intervals may be responsible to
different species, mapping populations and/or growth stages. Similar phenomenon was also reported in other fish
species**. These QTL detected in the given silver carp family need further validation and association analyses
in other genetic families or backgrounds to insure their availability in MAS breeding of silver carp. In addition,
similar distribution patterns of QTL were detected not only on multiple LGs but also between different growth
traits and/or growth periods. In our results, the markers “ref-16553” on LG18 and “ref-46998_8” on LG22 were
associated with four and eight growth traits, respectively. This co-localization QTL may be a reflection of the high
correlation coefficients among the different growth traits (Table 1), and these two markers would be valuable
genetic resources for future determining and physical cloning of candidate growth genes and MAS program in
silver carp. Similar distribution patterns for growth-related QTL had also been detected in different species, such
as scallop'?, bighead carp!'#'®, Asian seabass*, Japanese flounder?®.

Comparative analysis of QTL detected in different growth stages would be conductive to understanding the
regulation mechanism underlying the traits of interest. In consideration of the mature time of silver carp (3-4
years)?, 6 mph and 12 mph could be judged as the early muscle growth stage, 18 mph and 24 mph as the middle
and later stage of muscle growth, and after that as the gonad development stage. In this study, all six QTL for GT2
were overlapped with QTL for GT1, while only one of the five QTL for GT3 were co-localized on the same linkage
group with QTL for GT1. Therefore, we speculate that silver carp at the middle and later muscle growth stage (18
mph) may start a different development mode, which might be influenced by different set of QTL or genomic
regions compared with early muscle growth stage (6 and 12 mph). Similar phenomenon was also observed in
rainbow trout*®, Atlantic salmon* and Asian seabass*, and the period specific QTL suggested the existence of
dynamic expression for the traits investigated. Atchley & Zhu*® had pointed out that individual growth at different
stages were controlled by two different patterns (cell division and cell size increasing respectively), which made
the existence of these specific QTL reasonable. These growth-related QTL detected in different growth stages are
valuable genomic resources for potential candidate gene discovery and potential MAS program in silver carp. In
addition, we found that the average PVE of GT3 was higher than that of GT1 and GT2. Generally speaking, the
value of the phenotype variations was closely related to the trait variance within family*’, and various levels of
PVE had been detected in previous studies of fish!9-224447,

Potential candidate genes for growth. Comparative mapping with model species is an effective way to
identify potential candidate genes within QTL intervals, and several potential candidate genes for growth traits
had been identified in aquatic animals, such as IFABP-a and ACOX1I in Asian seabass'>*. Hepcidin gene, as one
of the antibacterial peptides, plays an important role in innate immunity and iron regulation in animals®*-*2,
and its potential positive effects on growth have also been proved by adding supplemental antibacterial peptide
into daily diets, in which the individuals from experiment group grown faster than control individuals®***. As a
hydrolase super family, phosphodiesterase (PDE) mainly functioned on the hydrolysis of the second messenger
c¢GMP and cAMBP, and the latter plays an important role in regulating growth, proliferation, phenotypic trans-
formation and other pathways®>*. FASTK, a constitutively phosphorylated Ser/Thr kinase, plays an important
role in the regulation of T-cell apoptosis™*%, and this potential candidate gene needs to further functional studies
considering its relationship with eight growth traits in our present study. The members of solute-carrier family 35
(SLC35) characterized encode nucleotide sugar transporters localizing at the golgi apparatus and the endoplasmic
reticulum®°,

Hepcidin as a potential candidate gene for growth in silver carp. In our study, one polymorphic
locus of the hepcidin gene (hepcidin-g.752 C > T) showed significant associations with growth traits in two tested
populations of silver carp, which confirmed its significant effect on growth in previous studies®***. Interestingly,
hepcidin-g.752 C > T significantly associated with GT1 of the family A, but not with GT2 and GT3 (Fig. 4). This
specific association pattern was consistent with the results of QTL mapping on LG16, further demonstrated that
some genes controlling growth traits just functioned at specific stages and presented a dynamic expression pattern
of different development stages*®. Furthermore, the mRNA expression levels of hepcidin in the large-size individ-
uals were significantly higher than those in the small-size individuals in all three tested tissues (Fig. 5B). These
results strongly indicate that hepcidin may play an important role in the modulation of growth and development
in silver carp.

In summary, based on a high-density genetic linkage map, one major and nineteen suggestive QTL were
first identified at three growth stages of silver carp. The QTL for early muscle growth stage (6 and 12 mph) were
generally overlapped in several LGs, but the QTL for the middle and later muscle growth stage (18 mph) located
at other positions of those LGs, indicating a different genetic modulation during early and late muscle growth
stages in silver carp. As one of the potential candidate genes from the QTL intervals, hepcidin was significantly
associated with growth and body shape traits by the evidence from both mRNA expression between large and
small size fish and genic SNP associations with phenotypes. This study provides a basis for elucidating the genetic
mechanism for growth-related traits in silver carp, which would help to improve production performance via
future MAS programs.

Materials and Methods

Ethics statement. All experimental procedures involving the fish in our study were approved by the
Committee for Animal Experiments of the Institute of Hydrobiology and carried out in accordance with
the Laboratory Animal Management Principles of China. And the informed consent was obtained from all
participants.
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Mapping family. The broodstock fish of silver carp used for genetic mapping were collected from wild popu-
lations of the Yangtze River. A full-sib family was established in May 2014 by mating a pair of sire and dam (with
the weight of 11.2kg and 9.3 kg, respectively) which showed a larger genetic distance based on microsatellite
markers. One thousand progenies were randomly selected and raised in a 5000 m?> muddy pond at the Seed
Farm of Four Major Chinese Carps of Laohe Oxbow (Shishou, China). PIT tags were applied for individual fish
throughout all growth stages in this study to ensure that we get the phenotypes of growth traits precisely for
each fish. Growth traits, including BL, BH, HL and BW, were measured for all progenies at 6, 12 and 18 mph,
respectively. Finally, 198 progenies were randomly selected and used for map construction and QTL detection.
Pearson correlation coefficients, which is the ratio of the covariance of the two random variables to the product
of their standard deviation, were calculated for all 12 traits using the SPSS 19.0 software (IBM, USA). Fin clips
of the parents and progenies were sampled and ethanol-preserved, and genomic DNA was extracted following a
traditional phenol-chloroform protocol®. The quality of DNA was evaluated by visualization on a 1% agarose gel
electrophoresis and by spectrophotometric analysis using a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo
Scientific, USA).

2b-RAD sequencing. Previous studies reported that the genome size of silver carp was about 1 Gb®%.
Before the experiment, a digital-enzyme-cut analysis was conducted on the draft genome assembly of silver carp
(unpublished results) to confirm the sufficient amount of restriction sites. 2b-RAD libraries were prepared for
two parents and 198 progenies following the protocol® with some modifications. The detailed information had
been described in our previous studies by Fu et al.'* and Liu et al.'>. The raw read data were archived at the NCBI
Sequence Read Archive (SRA) database (accession no. PRINA328416).

Preprocessing and genotyping of sequence data. Raw reads were processed for initial trimming using
a homemade Perl script according to the method described in our previous studies'*'*. The remaining trimmed
reads with a length of 32bp were used for subsequent analysis. De novo genotyping was performed using the
RADtyping program v1.3.0*%. This software used stringent criteria in filtering candidate markers, and only those
loci with at least 4 reads supporting were kept for the following analysis'*!>. A co-dominant marker was deter-
mined when a tag sequence was detected in reads of both parents with one SNP between them, and a dominant
marker was determined from a parent-specific tag which only appeared in reads of one parent and absent in the
other parent, and the dominant markers were generated by the variations of a single site within the sequence of
the recognition site of the restriction enzyme (Bcgl).

Linkage map construction and comparative genome analysis. Segregating markers with missing
data exceeding 20% of the progenies were removed. A Chi-square test was performed to assess the goodness-of-fit
to expected segregation ratio for each locus at the confidence level of 0.05. Subsequently, markers showing signif-
icant departure (P < 0.05) from the expected segregation ratios were excluded from further linkage analyses. The
sex-averaged genetic linkage map was constructed using software JoinMap 4.0% under the CP (cross pollinator)
algorithm. The logarithm of odds (LOD) threshold of 9.0 was used to assign markers into linkage groups (LGs).
Graphical visualization of the LGs were achieved by MapChart 2.2 software®.

The expected map length (G,) of silver carp was calculated by the methods proposed by Chakravarti et a
and Fishman et al.’®. The estimate expected map length G,; and G, were obtained and averaged as the final
expected map length (G,). The observed map coverage (C,,) was calculated by the formula of G,/G,, where G,
represents the total observed length of the sex-averaged map®. Comparative mapping was performed between
our genetic map and the reference genome of zebrafish (Danio rerio) based on the method described in our pre-
vious study®. The genomic synteny between our linkage map and the reference genome of zebrafish (http://www.
ncbi.nlm.nih.gov/genome/50) was visualized using the software Circos®” and Oxford grids.

l.32

QTL mapping and potential candidate genes identification. QTL analysis was performed for all
12 morphometric traits of silver carp using software MapQTL 6.0%. As the method described previously®, the
genome-wide and chromosome-wide LOD significance thresholds for each trait were calculated by a permutation
test of < 0.05 and n = 1,000 within the software MapQTL 6.0. Then the LOD scores were calculated through the
multiple QTL model (MQM mapping). The regions with LOD scores greater than the LOD threshold were the
confidence intervals. The phenotypic variance explained (PVE) effected by a QTL was calculated based on the
population variance found within the progenies®®. The extended sequences of QTL-associated markers were used
for BLAST searching against the genomes of zebrafish for the identification of potential candidate genes.

mRNA expression and growth association analysis of potential candidate gene. In order to
investigate the associations between growth traits and genotypes of the candidate genes, forty progenies with
extreme body weight phenotypes (defined as family A, including 20 small size individuals and 20 large size indi-
viduals, with an average body weight of 77.2 g and 106.1 g, respectively), were selected from the mapping fam-
ily of silver carp described above, and they were used for SNP genotyping. The SNP was genotyped by direct
sequencing of the amplification products. Another set of 40 extreme body weight individuals (defined as popu-
lation B, including 20 small-size individuals and 20 large-size individuals, with an average body weight of 37.5g
and 137.5 g, respectively), were selected from a population generated by crossing 13 males and 15 females in
the Zhangdu Lake Fish Farm (Wuhan, China) in May 2015, and they were used for the verification of poten-
tial growth-associated loci detected from family A. A one-way analysis of variance (ANOVA) function in the
SPSS19.0 software was applied to the phenotypic data, and a critical value of P < 0.05 was set as the criterion for
statistical significance.

Five individuals randomly selected from population B were sacrificed and nine tissues (including liver,
spleen, head kidney, intestine, heart, brain, gill, skin and muscle) were sampled for spatial expression analysis. In
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addition, five small-size individuals and five large-size individuals (with a mean body weight of 66.5 g and 304.5 g,
respectively) were sampled for comparative expression analysis. Total RNA were extracted from tissues using
TRIZOL method (Thermo Fisher Scientific). The quality of isolated RNA was also evaluated by 1.5% agarose gel
electrophoresis and NanoDrop 2000 spectrophotometer. Reverse transcription reactions and qRT-PCR amplifi-
cations were carried out following the specifications of the Reverse Transcriptase M-MLV kit (TaKaRa, Japan)
and the SYBR Green PCR kit (QIAGEN, Germany). The expression of silver carp J-actin gene (Hy-3-actin-qPCR;
Supplementary Table A4) was served as the internal control. Reactions were repeated three times for each sample.
The relative expression levels were normalized to the quantification of 3-actin using the 2~22¢T method®.

Received: 7 January 2019; Accepted: 29 October 2019;
Published online: 25 November 2019

References
1. Liu, Z.]. & Cordes, J. E. DNA marker technologies and their applications in aquaculture genetics. Aquaculture 283, 1-37 (2004).
2. Tong, J. G. & Sun, X. W. Genetic and genomic analyses for economically important traits and their applications in molecular

breeding of cultured fish. Science China-Life. Sciences 58, 178-186 (2015).
3. Xia, J. H. et al. A consensus linkage map of the grass carp (Ctenopharyngodon idella) based on microsatellites and SNPs. BMC
Genomics 11, 135 (2010).
4. Davey, J. W. et al. Genome-wide genetic marker discovery and genotyping using next-generation sequencing. Nature Reviews
Genetics 12,499-510 (2011).
. Shi, Y. H. et al. High-density single nucleotide polymorphisms linkage and quantitative trait locus mapping of the pearl oyster,
Pinctada fucata martensii Dunker. Aquaculture 434, 376-384 (2014).
6. Baird, N. A. et al. Rapid SNP discovery and genetic mapping using sequenced RAD markers. PLoS One 3, €3376 (2008).
. Peterson, B. K. et al. Double digest RADseq: an inexpensive method for de novo SNP discovery and genotyping in model and non-
model species. PLoS One 7, 37135 (2012).
Wang, S. et al. 2b-RAD: a simple and flexible method for genome-wide genotyping. Nature Methods 9, 808-810 (2012).
9. Chen, Q. et al. Genotyping by genome reducing and sequencing for outbred animals. PLoS One 8, 67500 (2013).
10. Sun, X. et al. SLAF-seq: an efficient method of large-scale de novo SNP discovery and genotyping using high-throughput sequencing.
PLoS One 8, 58700 (2013).
. Jiang, Z. H. et al. Genome wide sampling sequencing for SNP genotyping: methods, challenges and future development.
International Journal of Biological Sciences 12, 100-108 (2016).
12. Jiao, W. Q. et al. High-resolution linkage and quantitative trait locus mapping aided by genome survey sequencing: building up an
integrative genomic framework for a bivalve mollusc. DNA Research 21, 85-101 (2014).
13. Tian, M. et al. Construction of a high-density genetic map and quantitative trait locus mapping in the sea cucumber Apostichopus
japonicus. Scientific Reports 5, 14852 (2015).
14. Fu, B. et al. A high-density genetic map and growth related QTL mapping in bighead carp (Hypophthalmichthys nobilis). Scientific
Reports 6,28679 (2016).
15. Liu, H. et al. A high-density genetic linkage map and QTL fine mapping for body weight in crucian carp (Carassius auratus) using
2b-RAD sequencing. G3: Genes, Genomes, Genetics 7, 2473-2487 (2017).
16. Tanksley, S. et al. RELP mapping in plant breeding: new tools for an old science. Nature Biotechnology 7, 257-264 (1989).
17. Fuji, K. et al. Marker-assisted breeding of a lymphocystis disease-resistant Japanese flounder (Paralichthys olivaceus). Aquaculture
272,291-295 (2007).
18. Liu, H. Y. et al. QTL fine mapping and identification of candidate genes for growth-related traits in bighead carp (Hypophthalmichehys
nobilis). Aquaculture 465, 134-143 (2016).
19. Wang, L. et al. Construction of a high-density linkage map and fine mapping of QTL for growth in Asian seabass. Scientific Reports
5,16358 (2015).
20. Song, W. T. et al. Construction of high-density genetic linkage maps and mapping of growth-related quantitative trail loci in the
Japanese flounder (Paralichthys olivaceus). PLoS One 7, 50404 (2012).
Lv, W. H. et al. QTL variations for growth-related traits in eight distinct families of common carp (Cyprinus carpio). BMC Genetics
17, 65 (2016).
22. Ye, H. et al. Genetic mapping and QTL analysis of growth traits in the large yellow croaker Larimichthys crocea. Marine Biotechnology
16,729-738 (2014).
23. Wringe, B. E et al. Growth-related quantitative trait loci in domestic and wild rainbow trout (Oncorhynchus mykiss). BMC Genetics
11, 63 (2010).
24. Liu, E et al. A genome scan revealed significant associations of growth traits with a major QTL and GHR2 in tilapia. Scientific Reports
4,7256 (2014).
25. Ke, Z. X,, Xie, P. & Guo, L. G. Impacts of two biomanipulation fishes stocked in a large pen on the plankton abundance and water
quality during a period of phytoplankton seasonal succession. Ecological Engineering 35, 1610-1618 (2009).
26. Liu, J., & He, B. Cultivation of the Chinese freshwater fishes (Third Edition). Beijing: Science Press (1992).
27. Guo, W.]. et al. A second generation genetic linkage map for silver carp (Hypophthalmichehys molitrix) using microsatellite markers.
Aquaculture 412, 97-106 (2013).
28. Li, S., et al. Changjiang River, Zhujiang River, Heilongjiang River silver carp, bighead carp, grass carp germplasm resource research.
Shanghai: Shanghai Science & Technology Press (1990).
29. Liu, S. et al. Monitoring of the four famous Chinese carps resources in the middle and upper reaches of the Yangtze River. Resources
and Environment in the Yangtze Basin 13, 183-186 (2004).
30. Zhang, L. et al. Construction of a genetic linkage map for silver carp (Hypophthalmichthys molitrix). Animal Genetics 41, 523-530
(2010).
. Yu, X. et al. On the karyosystematics of cyprinid fishes and a summary of fish chromosome-studies in China. Genetica 72, 225-236
(1987).
32. Chakravarti, A., Lasher, L. K. & Reefer, J. E. A maximum-likelihood method for estimating genome length using genetic-linkage
data. Genetics 128, 175-182 (1991).
33. Fishman, L. et al. A genetic map in the Mimulus guttatus species complex reveals transmission ratio distortion due to heterospecific
interactions. Genetics 159, 1701-1716 (2001).
34. Fu, X. T. et al. RADtyping: an integrated package for accurate de novo codominant and dominant RAD genotyping in mapping
populations. PLoS One 8, €79960 (2013).
35. Liu, Z. et al. Inheritance and usefulness of AFLP markers in channel catfish (Ictalurus punctatus) blue catfish (I-furcatus), and their
F1, F2, and backcross hybrids. Molecular and General Genetics 258, 260-268 (1998).
36. Tan, Y. D. et al. An amplified fragment length polymorphism map of the silkworm. Genetics 157, 1277-1284 (2001).
37. Shi, Y. H. et al. Genetic linkage map of the pearl oyster, Pinctada martensii (Dunker). Aquaculture Research 41, 35-44 (2009).

w

~

o

1

—

21.

—_

3

—

SCIENTIFIC REPORTS |

(2019) 9:17506 | https://doi.org/10.1038/s41598-019-53469-8


https://doi.org/10.1038/s41598-019-53469-8

www.nature.com/scientificreports/

38. Wang, C. M. et al. Mapping segregation distortion loci and quantitative trait loci for spikelet sterility in rice (Oryza sativa L.).
Genetical Research 86,97-106 (2005).

39. Liu, X. D. et al. A preliminary genetic linkage map of the pacific abalone Haliotis discus hannai Ino. Marine Biotechnology 8, 386-397
(2006).

40. Yu, Z. N. & Guo, X. M. Genetic linkage map of the eastern oyster Crassostrea virginica Gmelin. Biological Bulletin 204, 327-338
(2003).

41. Slate, J. et al. Gene mapping in the wild with SNPs: guidelines and future directions. Genetica 136, 97-107 (2009).

42. Zhu, C. K. et al. Comparative mapping for bighead carp (Aristichthys nobilis) against model and non-model fishes provides insights
into the genomic evolution of cyprinids. Molecular Genetics and Genomics 290, 1313-1326 (2015).

43. Wang, Y. P. et al. The draft genome of the grass carp (Ctenopharyngodon idellus) provides insights into its evolution and vegetarian
adaptation. Nature Genetics 47, 625-631 (2015).

44. Wang, J., Yang, G. & Zhou, G. Quantitative trait loci for morphometric body measurements of the hybrids of silver carp
(Hypophthalmichthys Molitrix) and bighead carp (H. Nobilis). Acta Biologica Hungarica 64, 169-183 (2013).

45. Gutierrez, A. P. et al. Genetic mapping of quantitative trait loci (QTL) for body-weight in Atlantic salmon (Salmo salar) using a 6.5
K SNP array. Aquaculture 358, 61-70 (2012).

46. Martyniuk, C. J. et al. The genetic architecture of correlations among growth-related traits and male age at maturation in rainbow
trout. Journal of Fish Biology 63, 746-764 (2003).

47. Xia, ]. H. et al. Whole genome scanning and association mapping identified a significant association between growth and a SNP in
the IFABP-a gene of the Asian seabass. BMC Genomics 14, 295 (2013).

48. Atchley, W.R. & Zhu, J. Developmental quantitative genetics, conditional epigenetic variability and growth in mice. Genetics 147,
765-776 (1997).

49. Zhang, Y. et al. Genetic linkage mapping and analysis of muscle fiber-related QTLs in common carp (Cyprinus carpio L.). Marine
Biotechnology 13, 376-392 (2011).

50. Krause, A. et al. LEAP-1, a novel highly disulfide-bonded human peptide, exhibits antimicrobial activity. FEBS Letters 480, 147-150
(2000).

51. Neves, J. V. et al. Hepcidin-dependent regulation of erythropoiesis during anemia in a teleost fish, Dicentrarchus labrax. PLoS One
11, 0153940 (2016).

52. Nicolas, G. et al. Lack of hepcidin gene expression and severe tissue iron overload in upstream stimulatory factor 2 (USF2) knockout
mice. Proceedings of the National Academy of Sciences of the United States of America 98, 8780-8785 (2001).

53. Jiang, S. et al. Effects of recombinant antimicrobial peptides on growth and immunity in tilapia (GIFT). Journal of Fishery Sciences
of China 18, 1308-1314 (2011).

54. Song, L. et al. Effects of antibacterial peptide on growth and immunity of penaeus vannamei. Journal of Guangdong Ocean University
30, 28-32 (2010).

55. Soderling, S. et al. Molecular cloning and characterization of a novel human phosphodiesterase gene family. PDE11A. Proceedings of
the National Academy of Sciences of the United States of America 97, 3702-3707 (2000).

56. Soderling, S. H. & Beavo, J. A. Regulation of cAMP and cGMP signaling: new phosphodiesterases and new functions. Current
opinion in cell biology 12, 174-179 (2000).

57. Izquierdo, J. M. & Valcércel, . Fas-activated serine/threonine kinase (FAST K) synergizes with TIA-1/TIAR proteins to regulate Fas
alternative splicing. Journal of Biological Chemistry 282, 1539-1543 (2007).

58. Naro, C. & Sette, C. Phosphorylation-mediated regulation of alternative splicing in cancer. International Journal of Cell Biology 2013,
151839 (2013).

59. He, L., Vasiliou, K. & Nebert, D. W. Analysis and update of the human solute carrier (SLC) gene superfamily. Human Genomics 3,
195 (2009).

60. Ishida, N. & Kawakita, M. Molecular physiology and pathology of the nucleotide sugar transporter family (SLC35). Pfliigers Archiv
447,768-775 (2004).

61. Sambrook, J., & Russell, D. Molecular cloning: a laboratory manual. Cold Spring Harbor: Cold Spring Harbor Laboratory Press (2001).

62. Li, Y., Li, K. & &, T. Z. Cellular DNA content of fourteen species of freshwater fishes. Acta Genetica Sinica 10, 384-389 (1983).

63. Cui, J., Ren, X. & Q.,, Y. Nuclear DNA content variation in fishes. Cytologia 56, 425-429 (1991).

64. Van Ooijen, J. JoinMap™ 4, Software for the calculation of genetic linkage maps in experimental populations. Netherlands: Kyazma
BV (2006).

65. Voorrips, R. MapChart: software for the graphical presentation of linkage maps and QTLs. Journal of Heredity 93, 77-78 (2002).

66. Wang, X. et al. Fine mapping of growth-related quantitative trait loci in Yellow River carp (Cyprinus carpio haematoperus).
Aquaculture 484, 277-285 (2018).

67. Krzywinski, M. et al. Circos: an information aesthetic for comparative genomics. Genome Research 19, 1639-1645 (2009).

68. Van Ooijen, ]., & Kyazma, B. MapQTL ®6, Software for the mapping of quantitative trait loci in experimental populations of diploid
species. Netherlands: Kyazma BV (2009).

69. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 222" method.
Methods 25, 402-408 (2001).

Acknowledgements

This study was supported by the National Key R & D Program of China (2018YFD0900102), State Key Laboratory
of Freshwater Ecology and Biotechnology (2019FBZ04), the Natural Science Foundation of China (3127247,
31472268), and the PhD Scientific Research Startup Foundation of Henan University of Animal Husbandry and
Economy (53000181).

Author contributions

Wang X.H. performed all experiment manipulation and data analyses, and prepared the manuscript including
display items. Liu H.Y. and Pang M.X. involved in fish collection and growth traits measurement, and also assisted
in data analysis. Fu B.D. involved in fish collection and growth traits measurement, and he further performed
the raw sequencing data analyses and SNP genotyping. Yu X.M. collected and provided the phenotypes of fish,
and she was responsible for all experimental animals. He S.P. provided data computing platform and the genome
sequences of silver carp. Tong J.G. drafted the overall design and contributed to the manuscript preparation. All
authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

SCIENTIFIC REPORTS |

(2019) 9:17506 | https://doi.org/10.1038/s41598-019-53469-8


https://doi.org/10.1038/s41598-019-53469-8

www.nature.com/scientificreports/

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-53469-8.

Correspondence and requests for materials should be addressed to J.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2079)9:17506 | https://doi.org/10.1038/s41598-019-53469-8


https://doi.org/10.1038/s41598-019-53469-8
https://doi.org/10.1038/s41598-019-53469-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Construction of a high-density genetic linkage map and mapping of quantitative trait loci for growth-related traits in silv ...
	Results

	Characterization of the phenotypic traits. 
	2b-RAD genotyping. 
	Construction of the high-density linkage map. 
	QTL detection and identification of potential candidate gene. 
	Association analysis of hepcidin gene. 

	Discussion

	2b-RAD as an effective way of SNP development. 
	High-density genetic map for silver carp and comparative genomics. 
	QTL for growth and comparative studies. 
	Potential candidate genes for growth. 
	Hepcidin as a potential candidate gene for growth in silver carp. 

	Materials and Methods

	Ethics statement. 
	Mapping family. 
	2b-RAD sequencing. 
	Preprocessing and genotyping of sequence data. 
	Linkage map construction and comparative genome analysis. 
	QTL mapping and potential candidate genes identification. 
	mRNA expression and growth association analysis of potential candidate gene. 

	Acknowledgements

	Figure 1 The high-density sex-averaged genetic linkage map for silver carp.
	Figure 2 Genomic synteny between linkage groups (LG) of silver carp and chromosomes (Chr) of zebrafish.
	Figure 3 Distribution of growth-related QTL on 6 different linkage groups of silver carp.
	Figure 4 Differences of observed growth traits between genotypes (CC/CT) of hepcidin-g.
	Figure 5 Spatial expression analysis of hepcidin gene in silver carp (A) and comparative expression analysis between small size and large size groups in head kidney, spleen and liver (B).
	Table 1 Pearson correlation coefficients (r) between 12 growth traits of silver carp.
	Table 2 Information of the sex-averaged genetic linkage map for silver carp.
	Table 3 Growth-related QTL for 12 morphometric traits of silver carp.




