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Abstract

Background: A high-density genetic linkage map is essential for QTL fine mapping, comparative genome analysis,

identification of candidate genes and marker-assisted selection for economic traits in aquaculture species. The

Yangtze River common carp (Cyprinus carpio haematopterus) is one of the most important aquacultured strains in

China. However, quite limited genetics and genomics resources have been developed for genetic improvement of

economic traits in such strain.

Results: A high-resolution genetic linkage map was constructed by using 7820 2b-RAD (2b-restriction site-associated

DNA) and 295 microsatellite markers in a F2 family of the Yangtze River common carp (C. c. haematopterus). The length

of the map was 4586.56 cM with an average marker interval of 0.57 cM. Comparative genome mapping revealed that a

high proportion (70%) of markers with disagreed chromosome location was observed between C. c. haematopterus

and another common carp strain (subspecies) C. c. carpio. A clear 2:1 relationship was observed between C. c.

haematopterus linkage groups (LGs) and zebrafish (Danio rerio) chromosomes. Based on the genetic map, 21 QTLs

for growth-related traits were detected on 12 LGs, and contributed values of phenotypic variance explained (PVE)

ranging from 16.3 to 38.6%, with LOD scores ranging from 4.02 to 11.13. A genome-wide significant QTL (LOD =

10.83) and three chromosome-wide significant QTLs (mean LOD = 4.84) for sex were mapped on LG50 and LG24,

respectively. A 1.4 cM confidence interval of QTL for all growth-related traits showed conserved synteny with a 2.

06 M segment on chromosome 14 of D. rerio. Five potential candidate genes were identified by blast search in

this genomic region, including a well-studied multi-functional growth related gene, Apelin.

Conclusions: We mapped a set of suggestive and significant QTLs for growth-related traits and sex based on a high-

density genetic linkage map using SNP and microsatellite markers for Yangtze River common carp. Several candidate

growth genes were also identified from the QTL regions by comparative mapping. This genetic map would provide a

basis for genome assembly and comparative genomics studies, and those QTL-derived candidate genes and genetic

markers are useful genomic resources for marker-assisted selection (MAS) of growth-related traits in the Yangtze River

common carp.
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Background
A genetic linkage map is an essential tool in many genet-

ics and genomics researches, such as quantitative trait

loci (QTL) mapping for target traits of economic im-

portance [1], positional or candidate gene cloning [2],

construction of gene-centromere maps [3], comparative

genome analysis [4] and genome assembly [5]. In most

important aquaculture species, genetic maps have been

constructed using amplified fragment length polymorph-

ism (AFLP) and microsatellite (SSR) markers [6]. How-

ever, most of these maps have few molecular markers

and low density owing to the high cost and laborious

wet lab work of marker discovery and genotyping, which

limits their abilities to perform fine-scale QTL mapping

and other studies. With the development of the next-

generation sequencing technologies (NGS), a variety of

genotyping-by-sequencing (GBS) methods have been de-

veloped and applied for rapidly and cost-effectively de-

veloping and genotyping thousands of single nucleotide

polymorphism (SNP) markers which are available for

constructing high-resolution linkage maps [7]. Among

those available GBS techniques, restriction site-

associated DNA (RAD) sequencing [8] and its derivative

methods, such as ddRAD [9], GGRS [10], SLAF [11] and

2b-RAD [12], are reduced representation approaches

that construct sequencing libraries from a fraction of the

genome produced by using restriction enzymes. RAD-

related sequencing technologies have been successfully

used for constructing high-resolution linkage maps in

several aquaculture species, such as Atlantic salmon

(Salmo salar) [13], Japanese flounder (Paralichthys oliva-

ceus) [14], tilapia (Oreochromis niloticus L.) [15], Zhi-

kong Scallop (Chlamys farreri) [5], pearl oyster

(Pinctada fucata martensii) [16], Chinese mitten crab

(Eriocheir sinensis) [17] and Asian seabass (Lates calcari-

fer) [18]. Among those RAD-related methods, 2b-RAD

strategy may have the simplest protocol for library prep-

aration without any extra procedures for fragment selec-

tion and purification, and has been used for map

construction in aquaculture species [5, 19, 20]. Further-

more, 2b-RAD produces uniform fragments for sequen-

cing, thus providing more effective utilization of

sequencing data among all individuals investigated.

Growth, one of the most important economic traits

for aquaculture fish, is a quantitative trait that controlled

by multi-gene QTLs across the genome and environ-

mental effects. Traditional strategies of genetic improve-

ment for growth-related traits have mainly relied on

family and individual selection based on phenotype and

pedigree information [21]. Nowadays, marker-assisted

selection (MAS) using markers linked to QTLs has be-

come a valuable tool to improve the accuracy of selec-

tion and speed up the genetic improvement [22]. QTL

mapping enables us not only to detect genetic markers

associated with the genetic variation for important traits

but also to identify the candidate genes involving physio-

logical processes of the traits [23], showing its strong ap-

plication potential in MAS program. QTL analyses of

growth-related traits have been conducted in some aqua-

culture fishes, such as Atlantic salmon [24], rainbow

trout (Oncorhynchus mykiss) [25], tilapia [26], Asian sea-

bass [18], Japanese flounder [27] and half-smooth tongue

sole (Cynoglossus semilaevis) [28]. In most cases,

growth-related QTLs are mapped to several linkage

groups (LGs), among them few QTLs are identified on a

genome-wide scale and others on chromosome-wide sig-

nificance levels. Significant QTLs for sex determination,

disease resistance and anti-stress traits have also been

investigated for fish species [29].

Common carp (Cyprinus carpio), one of the

most important cyprinid species, is mainly cultured

in Europe and Asia with a culture history of several

thousand years, and contributes an annual production of

4.1 million metric tons in the world (FAO, 2013). Based

on morphological characters, common carp was classi-

fied into three subspecies: C. c. carpio, C. c. haematop-

terus and C. c. rubrofuscus [30]. Owing to the important

roles of common carp in aquaculture industry and bio-

logical studies, various genetic and genomic resources,

such as genetic linkage maps [31], transcriptome [32],

microRNA [33] and genome sequence [34] have been

developed in the Songpu mirror carp strain which be-

longs to the subspecies C. c. carpio. The Yangtze River

common carp, belonging to the subspecies C. c. haema-

topterus and as one of the most important aquacul-

tured strains in China, has quite limited genetics and

genomics resources for analysis of economic traits so

far. The analysis of sequence variations obtained from

genome resequencing has revealed that C. c. carpio and

C. c. haematopterus are grouped into the European and

Asian clades respectively [34]. Recently, a high-

resolution genetic map has been constructed for another

strain of C. c. haematopterus, Yellow River carp, reveal-

ing a puzzling finding that a high proportion (62.3%) of

markers with disagreed chromosome location was ob-

served between C. c. carpio and C. c. haematopterus

[35]. Construction of the high-resolution map for the

Yangtze River strain of common carp would provide

more information to understand the genome structure

and gene rearrangement between the two subspecies.

QTLs for growth-related traits have been identified by

several studies in the Songpu mirror carp strain mainly

based on microsatellite markers [36–38]. Compared with

SNPs, microsatellites have longer flanking DNA se-

quences which are effective for comparative mapping.

However, the density of the map base on microsatellites

is generally medium or low, which is not suitable for fine

mapping of QTL.
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The main objectives of this study include: (1) con-

struction of a high-resolution genetic linkage map based

on 2b-RAD markers and microsatellite markers in the

Yangtze River common carp C. c. haematopterus, (2)

comparative genome analysis between the genetic map

and the assembled genomes of C. c. carpio, zebrafish

(Danio rerio) and grass carp (Ctenopharyngodon idellus),

(3) performing fine QTL mapping for growth-related

traits and sex, and (4) identification of candidate genes

associated with growth-related traits.

Results

Characteristics of the phenotypic traits

The mapping family in this study consists of 104 C. c.

haematopterus progeny, and the phenotypic growth-

related traits were all in concordance with normal distri-

bution (P < 0.001 for all). The average values of body

weight (BW), total length (TL), body length (BL), body

height (BH) and head length (HL) were 369.9 ± 89.2 g,

27.4 ± 2.5 cm, 24.9 ± 2.4 cm, 7.9 ± 0.7 cm and 6.7 ± 0.

6 cm, respectively. These growth-related traits showed a

strong correlation with each other (r = 0.780–0.993, P <

0.001 for all) (Table 1). The highest correlation value (r

= 0.993) was observed between TL and BL. The BW

strongly correlated with TL (r = 0.934), BL (r = 0.934)

and BH (r = 0.931). By phenotype sexing in the mapping

family, 50 and 54 individuals were identified as males

and females, respectively, with a sex ratio of 1:1.08.

2b-RAD and microsatellite genotyping

Nearly 0.18 million potential BcgI restriction sites were

estimated from the assembled genome sequence of com-

mon carp [34]. By single-end sequencing, a total of 263.

98 million reads were generated from 2b-RAD libraries,

including 7.61 million reads from the female parent, 10.

22 million reads from the male parent and 246.15 mil-

lion reads from the progenies (2.37 million reads per

progeny). After quality filtering and sequence trimming,

parental reads were clustered into 121,494 representative

tags, including 91,591 parent-shared tags (codominant

tags) and 29,903 parent-specific tags (dominant tags).

After filtering low-quality tags with low (< 8) or high (>

3000) coverage, 83,924 codominant tags and 24,075

dominant tags were remained and used for constructing

reference tags. The reads of offspring were mapped on

the reference tags after quality filtering and sequence

trimming. Finally, a total of 19,839 polymorphic markers

including 12,084 codominant (parent-shared) markers

and 7755 dominant (parent-specific) markers were het-

erozygous in at least one parent and genotyped in at

least 80% of the offspring.

Among the 1500 microsatellites, 416 were reliably ampli-

fied polymorphic products in the mapping family. In total,

20,255 markers including above 2b-RAD and SSR markers

were remained, and were tested for their segregation dis-

tortion. The results showed that 8921 markers including

3748 2b-RAD codominant markers, 4830 2b-RAD domin-

ant markers and 343 SSR markers were in accordance with

the Mendelian expectations (P ≥ 0.05) and were used for

linkage analysis. These markers showed five segregation

types: <ab × cd > (n = 14), <ef × eg > (n = 28), <hk × hk > (n

= 373), <lm × ll > (n = 4971) and < nn × np > (n = 3535).

Construction of the high-resolution linkage map

By using the JoinMap 4.1 software [39] with the loga-

rithm of odds (LOD) threshold of 11.0, 8115 markers

(7820 2b-RAD markers and 295 SSRs) (Additional file 1:

Table S1) were successfully grouped into 50 linkage

groups (LGs) which was consistent with the haploid

chromosome number of common carp [38]. The sex-

averaged genetic map spanned 4586.56 cM with an aver-

age marker interval of 0.57 cM. The genetic length of

LGs ranged from 49.05 cM (LG38) to 139.52 cM (LG9)

with an average of 91.73 cM, and the number of markers

varied from 89 (LG24) to 262 (LG13) with an average of

162 (Fig. 1 and Table 2). Using two different methods

[40, 41], the genome length was estimated to be 4587.

70 cM (Ge1) and 4645.93 cM (Ge1), with an average of

4616.82 cM which was used as the expected genome

length. Therefore, the genome coverage (Cof ) of this

genetic map was 99.3%. Since the genome size of com-

mon carp has been estimated to be 1.70 Gb based on

cytogenetic method [42], the average recombination rate

across all LGs was ~ 2.7 cM/Mb.

Comparative genome mapping

Through blast search, a total of 6002 (74.0%) markers

were aligned to the assembled genome of C. c. carpio,

among them, 3238 (53.9%) were uniquely mapped on the

assembled LGs and were used for synteny analysis. Over-

all, a one-to-one correspondence was observed between

LGs of C. c. haematopterus and C. c. carpio. However, for

each LG of C. c. haematopterus, about an average propor-

tion of 30% of markers were located on a single LG of C.

c. carpio, others were dispersed on various LGs (Fig. 2a,

Fig. 2b and Additional file 2: Figure S1).

Table 1 Pearson correlation coefficients (r) for all pairwise

combinations of the five growth-related traits (P < 0.001 for all)

Traits TL BL BH HL BW

TL 1

BL 0.993 1

BH 0.849 0.841 1

HL 0.782 0.782 0.723 1

BW 0.934 0.934 0.931 0.780 1

TL total length, BL body length, BH body height, HL head length, BW

body weight
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A total of 509 markers on linkage map of C. c. haema-

topterus were uniquely aligned to the chromosomes of

D. rerio (Fig. 2c and Additional file 3: Figure S2), with

475 (93.3%) markers located into 50 syntenic boxes.

Every two LGs of C. c. haematopterus were homologous

with a single chromosome of D. rerio, showing a clear 2:

1 relationship of C. c. haematopterus LGs and D. rerio

chromosomes. A high level of genomic synteny was also

detected between C. c. haematopterus and C. idellus

(Additional file 4: Figure S3). Of the 667 markers

uniquely anchored to the assembled LGs of C. idellus,

622 (93.3%) were located into syntenic boxes. Four LGs

(LG19, LG20, LG43 and LG44) of C. c. haematopterus

linkage map were mapped to LG24 of C. idellus, while a

clear 2:1 syntenic relationship was observed between the

remaining 46 LGs of C. c. haematopterus and 23 LGs of

C. idellus. Among all aligned markers, 93 (55 2b-RAD

markers and 38 SSRs) were uniquely aligned to all refer-

ence genomes (Fig. 2d), revealing that these markers

were highly conserved among the three cyprinid fishes.

Fine QTL mapping for growth-related traits and sex

The chromosome-wide and genome-wide LOD significance

thresholds for growth-related traits varied from 3.3 to 6.2

and 6.1 to 10.2, respectively, based on permutation test. By

using multiple QTL model (MQM), twenty one QTLs asso-

ciated with growth-related traits were detected on 12 LGs,

including two genome-wide significant QTLs (qBH27-a and

qBW40-a) and 19 chromosome-wide significant QTLs, with

LOD scores ranging from 4.02 to 11.13 (Fig. 3 and Table 3).

Four QTLs (qTL22-a, qTL27-a, qTL39-a and qTL40-a) as-

sociated with TL were located at 68.57 cM, 70.23 cM, 41.

29 cM and 29.36 cM along LG 22, LG 27, LG 39 and LG40,

and contributed values of phenotypic variance explained

(PVE) of 18.3, 20.3, 18.6 and 20.3%, respectively (Fig. 3a).

Owing to the high correlation value (r= 0.993) between TL

and BL, QTLs for BL were located at the same confidence

intervals along four LGs (Fig. 3b). Five QTLs for BH were

mapped to LG12, LG22, LG27, LG31 and LG46 with values

of PVE of 18.0, 18.2, 24.2, 19.7 and 16.7%, respectively (Fig.

3c). Four QTLs associated with HL were located on four

LGs (LG5, LG27, LG28 and LG50) with values of PVE ran-

ging from 16.3 to 18.4% (Fig. 3d). For BW, four QTLs lo-

cated on LG15, LG27, LG40 and LG45 contributed values

of PVE of 21.2, 21.7, 38.6 and 32.5%, with LOD scores of 5.

38, 5.51, 11.13 and 8.89, respectively (Fig. 3e). Among all

confidence intervals of QTLs, only the confidence interval

on LG27 was associated with all five growth-related traits.

Fig. 1 The sex-averaged genetic linkage map of the Yangtze River common carp C. c. haematopterus constructed based on 2b-RAD and

microsatellite markers

Feng et al. BMC Genomics  (2018) 19:230 Page 4 of 13



For sex, the genome-wide LOD significance threshold

was 5.9. A genome-wide significant QTL was finely

mapped on LG50 with the confidence interval ranging

from 12.25 cM to 40.75 cM, and explained 38.1% of the

phenotypic variance (LOD = 10.83) (Fig. 3f ). A total of

15 markers were identified in this QTL region, among

them, nine continuous markers (from ref-20,177 to ref-

119,060) with the average LOD score of 7.12 were all

heterozygous in female parent and homozygous in male

parent. The chromosome-wide LOD significance thresh-

olds for sex varied from 3.2 (LG21) to 3.9 (LG32). Three

chromosome-wide significant QTLs were detected on

LG24, and contributed value of PVE of 18.7%, 16.9 and

22.2%, with LOD scores of 4.67, 4.19 and 5.66,

respectively.

Potential candidate genes for growth

By searching against the non-redundant (nr) protein data-

base, the sequences of six QTL markers for growth-

related traits showed high similarities to fish genes (Add-

itional file 5: Table S2). On the other hand, the homolo-

gous regions of QTLs were identified in the assembled

genomes of D. rerio and C. idellus. On LG27 of C. c. hae-

matopterus, a confidence interval of QTL for all growth-

related traits ranging from 69.2 cM to 70.6 cM was

mapped to a 2.06 M region on chromosome 14 of D. rerio

and a 1.20 M region on scaffold CI01000000 of C. idellus

(Fig. 4). Based on the annotation information of D. rerio

genome, 36 genes were located in this region. Among

them, four genes, ZDHHC9 (zinc finger, DHHC-type con-

taining 9), Apelin, PTTG1 (pituitary tumor-transforming

1) and Adrb2a (adrenoceptor beta 2, surface a) have been

reported to play important roles in growth of skeletal

muscle [43], obesity [44], tumorigenesis [45] and growth

of muscle myotomal fibres [46], respectively, and a

vimentin-like gene contains the sequence of marker ref-

90,952. The confidence interval of the QTL (qHL5-a) on

LG5 was mapped to a 0.87 M region on chromosome 3 of

Table 2 Summary of the sex-averaged genetic linkage map of C. c. haematopterus

Linkage
group

Number of
markers

Genetic length
(cM)

Marker interval
(cM)

Linkage
group

Number of
markers

Genetic length
(cM)

Marker interval
(cM)

1 230 84.81 0.37 26 117 130.08 1.11

2 202 79.33 0.39 27 194 105.41 0.54

3 191 99.11 0.52 28 167 93.80 0.56

4 164 75.62 0.46 29 155 110.47 0.71

5 238 88.88 0.37 30 172 97.30 0.57

6 253 132.94 0.53 31 140 83.34 0.60

7 235 109.44 0.47 32 177 96.74 0.55

8 208 67.66 0.33 33 182 99.28 0.55

9 120 139.52 1.16 34 151 72.11 0.48

10 203 86.65 0.43 35 185 89.15 0.48

11 144 74.81 0.52 36 145 83.09 0.57

12 157 82.47 0.53 37 196 93.89 0.48

13 262 124.18 0.47 38 131 49.05 0.37

14 214 98.26 0.46 39 142 83.78 0.59

15 183 106.71 0.58 40 121 91.32 0.75

16 145 74.49 0.51 41 171 70.94 0.41

17 184 120.83 0.66 42 108 75.74 0.70

18 132 90.00 0.68 43 106 89.97 0.85

19 102 73.04 0.72 44 188 133.00 0.71

20 120 64.74 0.54 45 140 90.28 0.64

21 133 126.07 0.95 46 129 58.67 0.45

22 127 108.16 0.85 47 133 69.99 0.53

23 151 51.55 0.34 48 138 96.70 0.70

24 89 56.83 0.64 49 123 93.48 0.76

25 146 93.05 0.64 50 171 119.86 0.70

Total 8115 4586.56 0.57
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D. rerio and a 0.63 M region on Scaffold CI01000034 of C.

idellus. However, this QTL region was observed inversion

compared to genome sequence of D. rerio and C. idellus

(Additional file 6: Figure S4), indicating that the re-

arrangement of chromosome might occur in this region

between C. c. haematopterus and D. rerio and C. idellus.

According to the annotation of D. rerio genome, two po-

tential growth-related genes, Atf4b2 (activating transcrip-

tion factor 4b2) and Pvalb6 (parvalbumin 6) were located

in this region (Additional file 6: Figure S4). These candi-

date QTL genes may involve in the genetic control of

growth-related traits, which are worthy of further studies.

Discussion

In this study, 2b-RAD sequencing of a F2 family of com-

mon carp generated 8578 high-quality markers which

were more than that obtained by RAD sequencing [34].

However, only 4% of these markers were polymorphic in

both parents, which is similar to that reported in the sea

cucumber [47]. Additional microsatellite markers were

genotyped in this study, and 14% of them were parent-

shared markers which help us to construct the first high-

density sex-averaged genetic map of the Yangtze River

common carp (C. c. haematopterus). The number of LGs

(n = 50) (Fig. 1) is in agreement with the haploid chromo-

some number of common carp [48]. Compared with the

genetic map of Songpu mirror carp (C. c. carpio) [34], this

map had a slightly larger size (4586.56 vs 3946.7 cM) and

a higher resolution (0.57 vs 0.93 cM). On LG21 and LG26,

few markers were located at the terminal region, which

may be caused by the presence of centromeres [3], and/or

the effect of DNA methylation. Attention should be paid

to the caution of mapped markers at the terminal region

and the effect of DNA methylation as this might involve

in the reality and accuracy of some SNP loci. However, it

is unclear whether BcgI (type IIB endonuclease) used in

the 2b-RAD sequencing of this study is sensitive to

methylation or not [49–51], currently we have difficulties

in dressing this issue clearly. In future, we should firstly

clarify the sensitivity of BcgI to methylation and then

a b

c d

Fig. 2 Circos diagram representing syntenic relationships between C. c. haematopterus (right) and (a and b) C. c. carpio (left) and (c) Danio rerio (left),

and (d) Venn diagrams describing overlaps among uniquely aligned markers that mapped to genomes of C. c. carpio (Cc), D. rerio (Dr) and C. idellus

(Ci). Only markers on each linkage group of C. c. haematopterus that were mapped to a single linkage group of C. c. carpio were shown in (b)
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investigate the relationship between the caution of

mapped markers at the terminal region and the effect of

DNA methylation.

With a long history of cultivation, common carp has

been bred into numerous strains and local populations

which are mainly grouped into European and Asian clades

based on sequence variations [34]. In this study, the syn-

tenic analysis was performed between the high-density

genetic map of C. c. haematopterus (Asian) and the as-

sembled genome of C. c. carpio (European) to investi-

gate their evolutionary relationship. The results showed

that a 1:1 relationship between LGs of C. c. haematopterus

and C. c. carpio was observed based on syntenic boxes,

however, only 30% of markers were located in these syn-

tenic boxes (Additional file 2: Figure S1), which was simi-

lar to that observed from the strain of Yellow River carp

C. c. haematopterus [35], indicating the extensive intra-

chromosomal rearrangements between the two subspe-

cies. Common carp is believed to have undergone a fourth

round of genome duplication [34, 52], which was also vali-

dated in this study. A high level of conserved genomic

synteny was observed between C. c. haematopterus and D.

rerio (93.3%) with a clear 2:1 relationship between LGs

and chromosomes (Fig. 2c and Additional file 3: Figure

S2). Similarly, a clear 2:1 relationship was also observed

between LGs of C. c. haematopterus and C. idellus except

for LG24 of C. idellus, which showed synteny with LG19,

LG20, LG43 and LG44 of C. c. haematopterus (Additional

file 4: Figure S3). Therefore, two chromosomes (Chr10

and Chr22) of D. rerio were homologous with LG24 of C.

idellus, which has also been reported in previous studies

[53, 54]. According to the hypothesis that the ancestor of

a

b

c

d

e

f

Fig. 3 A genome scan of LOD profiles for (a) total length, (b) body length, (c) body height, (d) head length, (e) body weight and (f) sex in C. c.

haematopterus. The dashed and solid lines indicated the chromosome-wide and genome-wide significance thresholds
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teleosts had 24 chromosomes [55, 56], the two chromo-

somes (Chr10 and Chr22) of D. rerio may be formed by

the fission of an ancestral chromosome.

Strong correlations among the five growth-related

traits (BW, TL, BL, BH and HL) have been reported in

some aquaculture species, such as Atlantic salmon [57],

blunt snout bream (Megalobrama amblycephala) [58]

and Zhikong Scallop [5]. Similarly in this study, five

growth-related traits were highly correlated with each

other, with the highest correlation value (r = 0.99) be-

tween TL and BL and relatively low correlation value

(mean r = 0.76) between HL and other four traits. As

Table 3 Detected QTLs associated with five growth traits in C. c. haematopterus

Trait QTL LG CI (cM) Nearest marker LOD LOD threshold PVE (%)

GW CW

Total length qTL22-a 22 64.71–72.73 ref-88,098 4.57 6.3 3.9 18.3

qTL27-a 27 69.23–70.62 ref-90,952 5.13 4.1 20.3

qTL39-a 39 41.26–41.34 ref-109,024 4.66 4 18.6

qTL40-a 40 29.09–29.97 ref-13,303 5.13 4.1 20.3

Body length qBL22-a 22 64.71–72.73 ref-88,098 4.65 6.5 3.7 18.6

qBL27-a 27 69.23–70.62 ref-90,952 5.27 4.1 20.8

qBL39-a 39 41.26–41.34 ref-109,024 4.75 4.1 19

qBL40-a 40 29.09–29.97 ref-13,303 5.29 4.1 20.9

Body height qBH12-a 12 39.47–42.79 ref-107,053 4.48 6.1 4.3 18

qBH22-a 22 58.84–69.59 ref-35249_8 4.54 4.1 18.2

qBH27-a 27 69.23–70.62 ref-90,952 6.27 4.3 24.2

qBH31-a 31 23.19–23.65 ref-89691_6 4.96 3.8 19.7

qBH46-a 46 50.83–52.57 ref-37003_10 4.11 3.9 16.7

Head length qHL5-a 5 16.53–18.39 ref-44,945 4.43 5.6 3.8 17.8

qHL27-a 27 69.23–71.09 ref-90,952 4.6 3.8 18.4

qHL28-a 28 13.31–14.66 ref-97,775 4.53 3.8 18.2

qHL50-a 50 40.12–44.71 ref-94,980 4.02 3.6 16.3

Body weight qBW15-a 15 78.61–83.20 ref-43,553 5.38 10.2 4.6 21.2

qBW27-a 27 69.23–70.62 ref-90,952 5.51 5.1 21.7

qBW40-a 40 29.09–29.97 ref-58277_27 11.13 6.2 38.6

qBW45-a 45 64.91–65.76 ref-88407_25 8.89 5 32.5

LG Linkage group, CI Confidence interval, GW Genome-wide, CW chromosome-wide, PVE Phenotypic variance explained

Fig. 4 The QTL region for growth traits on LG27 of C. c. haematopterus and its homologous region in genomes of Danio rerio and Ctenopharyngodon idellus
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expected, QTLs for TL and BL had the same distribu-

tion patterns on four LGs, while three of four QTLs for

HL were located on three LGs which contain no QTL

for other growth-related traits (Table 3). On LG27, a

QTL-containing interval was identified for all growth-

related traits, suggesting the influence of one QTL on all

growth-related traits in the Yangtze River carp. QTLs for

growth on LG27 have also been identified in Yellow

River carp [36], further comparative analysis should be

performed to verify the common loci that have genetic

effects on growth in both strains of C. c. haematopterus.

The high-density genetic map used for QTL analysis

in this study had a higher resolution than previous used

maps [36–38]. The 1.4 cM confidence interval of QTL

for all growth traits showed synteny with a 2.06 M re-

gion on chromosome 14 of D. rerio which contains 36

genes (Fig. 4). Another 0.8 cM confidence interval of

QTL for HL was mapped to a 0.87 M region on

chromosome 3 of D. rerio containing 23 genes (Add-

itional file 6: Figure S4). Potential candidate genes were

identified based on previous study of gene function.

Among them, two genes, Apelin and Pvalb6 are the

most likely to be associated with growth. Apelin, an adi-

pokine, is expressed and secreted by adipocytes, and has

been reported to have significant effects on energy me-

tabolism, insulin sensitivity and pituitary hormone re-

lease [45, 59, 60]. Parvalbumins are extremely abundant

in fish muscle and play an important role in muscle re-

laxation [61]. A microsatellite polymorphism in Pvalb1

has been reported to be significantly associated with

body weight and body length in Asian seabass [61]. Fur-

ther studies are necessary to verify the associations be-

tween polymorphisms in these two genes with growth

traits in common carp.

The sex determination of common carp is male-

dominant (XX/XY) since sex ratios in conventional diploid

offspring approximate 1:1 and gynogenetic offspring are all

female [62]. However, like other fish species, it is difficult to

distinguish between the sex chromosomes (X and Y), as

well as between the sex and autosomal chromosomes based

on current cytogenetic techniques [63, 64]. In this study,

QTLs for sex determination of Yangtze River carp were

identified on LG24 and LG50, which was not consistent

with that observed in Yellow River carp with the QTLs on

LG11and LG43 [35]. Chen et al. [65] identified a sex-

specific DNA marker in Yellow River carp with the marker

sequence mapped on an unplaced genomic scaffold. An

earlier discovery has provided evidence for autosomal influ-

ences on sex determination in common carp [66]. These re-

sults may indicate that sex determination of common carp

is polygenic and different genes may influence sex deter-

mination in different strains. Such polygenic sex determin-

ation mechanism has also been observed in other fish

species, such as zebrafish [67, 68], tilapia [15, 69] and

Atlantic salmon [70]. The sex-determining loci identified in

this study would be useful for MAS breeding in the Yangtze

River common carp.

Conclusions

A high-density genetic linkage map of the Yangtze River

carp (C. c. haematopterus) was constructed based on 7820

2b-RAD markers and 295 microsatellite markers in this

study. Comparative genome mapping revealed that com-

mon carp had undergone extensive intra-chromosomal re-

arrangements during the domestication process. A high

level of syntenic relationship was observed between Yang-

tze River carp and zebrafish and grass carp. A total of 21

QTLs for growth-related traits were identified on 12 LGs.

A set of candidate genes were identified based on the se-

quences of QTL-containing intervals. These genetic

markers or candidate genes associated with growth traits

provide a basis for marker-assisted selection (MAS) in the

Yangtze River carp and/or other common carp strains.

Methods

Mapping family and phenotype data

Two wild populations of common carp were collected

from two geographic areas (Jingzhou and Wuhan) along

the Yangtze River, and were used to produce F1 popula-

tions. In late April 2011, a F2 family was generated by

crossing of a dam and a sire from the the same F1 fam-

ily, and was raised in a 0.3 ha muddy pond after disinfec-

tion and fertilizing at Zhangdu Lake Fish Farm (Wuhan,

China). Fish were fed three times daily, with soy milk at

the larval stage (about 15 days post-hatch) and pellet

feed at subsequent stages. After 9 months of culture,

104 progeny used for QTL mapping were randomly se-

lected for phenotypic measurements. Five parameters of

growth-related traits including BW, TL, BL, BH and HL

were recorded. The measured individuals were then

PIT-tagged and continued being cultured in the pond.

Phenotype sexing was performed for each progeny of

the F2 family by gently press abdomen of the fish in late

April 2012. In Wuhan, the time for fully maturation of

common carp is one year for male and two years for fe-

males. In one year, testis is fully developed and full of

sperm in spawning season (spring). If milt were observed

from the genital opening, then the fish was recorded as

a male, otherwise as a female (female fish also with a

swollen belly, which has moderately developed or almost

matured ovary inside in one year).

The distribution patterns (normal or nonnormal) of

growth-related traits were determined by the Kolmogorov-

Smirnov tests. To investigate the relationships among these

growth-related traits, Pearson correlation coefficients were

calculated using the SPSS 19.0 software (IBM, USA). Fin

clips of parental and full-sib fish were sampled and

ethanol-preserved. Genomic DNA was extracted from fin
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clips using a traditional phenol–chloroform method [71].

DNA quality was checked using 1% agarose gel electro-

phoresis, and the concentration and purity were inspected

using NanoDrop 2000 spectrophotometer (Thermo Scien-

tific, USA). All experimental animal programs involved in

this study were approved by the Animal Care and Use

Committee at the Institute of Hydrobiology, Chinese Acad-

emy of Sciences.

2b-RAD sequencing and de novo genotyping

Before the library preparation, potential restriction sites

were calculated based on the assembled genome se-

quence of common carp (http://www.carpbase.org). 2b-

RAD libraries were prepared for two parents and 104

progeny by following the standard protocol [12] with

some modifications. 200 ng of genomic DNA from each

individual was digested with BcgI restriction enzyme

(New England Biolabs, USA) at 37 °C for 4 h. The diges-

tion product was heat-inactivated for 20 min at 65 °C,

and then ligated to adapter 1 and adapter 2 at 16 °C over

night. The ligated fragments were amplified with Phu-

sion High-Fidelity DNA Polymerase (Thermo Scientific,

USA) using a set of four primers that introduce sample-

specific barcode and sequencing primers. After 15 cycles

of PCR, the library was obtained by purifying the ampli-

fication products at ~ 170 bp via retrieval from 8% poly-

acrylamide gels. Libraries were pooled with equal

amount to make the final library which was sequenced

in a lane of the Illumina HiSeq2500 SE50 platform (Illu-

mina, USA).

Raw reads were first trimmed to remove adapter se-

quences and the terminal 2-bp positions. Reads with no

restriction sites or containing long homopolymers (more

than 10 bp), ambiguous bases (N), low-quality sequences

(more than 5 positions with quality of less than 20) or

mitochondrial origins were removed. The remaining

trimmed reads with 32 bp in length were used for subse-

quent analysis. De novo genotyping was performed using

the RADtyping program v1.0 [72]. Using this software,

both codominant and dominant markers were identified

and genotyped.

Microsatellite genotyping

A total of 1500 genomic and transcript-associated SSR

markers previously published for common carp [73, 74]

were also used for initial segregation screening in the

mapping family. Polymorphic loci segregated in either

female or male parents were genotyped in the progeny

through PCR amplification. PCR was performed on a

veritiTM 96 well thermal cycler (Applied Biosystems,

USA) with a total volume of 12.5 μl, containing 30 ng

template DNA, 1.25 μl 10× PCR buffer (TaKaRa, Japan),

0.25 U Taq DNA polymerase (TaKaRa, Japan), 50 μM

each dNTP, 0.2 μM each primer and water to the final

volume. The thermal cycling was programmed as fol-

lows: 5 min at 94 °C, followed by 37 cycles of 94 °C for

30 s, 35 s at appropriate annealing temperature, and 72 °

C for 40 s, and the last extension at 72 °C for 10 min.

PCR products were size-fractionated on 8% polyacryl-

amide gels and visualized by ethidium bromide staining.

Linkage map construction

Microsatellite loci were separated into three segregation

patterns: 1:1 (type lm × ll or nn × np), 1:2:1 (type hk ×

hk) and 1:1:1:1 (type ab × cd or ef × eg), and 2b-RAD

markers just showed the first two segregation patterns.

The genotyping data of 2b-RAD and microsatellite

markers were integrated for further analysis. Segregating

markers that could not be genotyped in at least 20% of

the offspring were removed. The sex-averaged genetic

linkage map was constructed using JoinMap 4.1 [39]

under the CP algorithm. The “Locus genot. Freq.” func-

tion was used for a chi-square test to assess the good-

ness of fit to the expected segregation ratios for each

locus at the confidence level of 0.05. Markers showing

significant departure from the expected segregation ra-

tios were excluded. Linkage between markers was exam-

ined by estimating logarithm of the odds (LOD) scores

for recombination fraction. Markers were grouped at a

LOD threshold score of 11.0 and a maximum recombin-

ation fraction of 0.35. The regression mapping algorithm

was selected for mapping. The Kosambi mapping func-

tion was used to convert the recombination frequencies

into map distances in centiMorgans (cM). MapChart 2.2

software was used for graphical visualization of the link-

age groups (LGs) [75].

Comparative genome analysis

To perform comparative analysis, sequences of the

markers on the genetic map were aligned to the assem-

bled genomes of C. c. carpio, D. rerio (GRCz10) and C.

idellus (http://www.ncgr.ac.cn/grasscarp). For 2b-RAD

markers, their sequences were mapped to genomes using

the short-read alignment program Bowtie [76]. A max-

imum of two nucleotide mismatches and no gaps be-

tween the 2b-RAD sequence and genomes were

permitted for any alignment. For SSR markers, the flank-

ing sequences were searched against reference genomes

using the basic local alignment search tool (BLAST)

with the cut-off value of 1e-10. Finally, markers of which

sequences were anchored to a single unique position on

reference genomes were used for comparative genome

mapping. The genomic synteny was visualized using the

software Circos [77].

QTL analysis of growth-related traits and sex

QTL analysis was carried out using MapQTL 6.0 pro-

gram [78]. Multiple QTL model (MQM) mapping were
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utilized to detect any significant association between

growth-related traits and marker loci in the data sets.

Cofactors for MQM analyses were automatically selected

with a p-value of 0.02. Significant LOD thresholds were

calculated by permutation test of α < 0.05 and n = 1000

for significant linkages. Calculation of the percentage of

phenotypic variance explained (PVE) by a QTL was per-

formed on the basis of the population variance found

within the progeny.

Identification of potential candidate genes

For those markers that were located in the confidence

intervals of QTLs and mapped at a single position on

the assembled genome of C. c. carpio, their sequences

were extended by adding 500 nucleotide sequences from

each side in the genome, and then searched against the

assembled genomes of D. rerio and C. idellus again. Two

methods were used to identify potential candidate genes

for growth traits. First, the extended sequences of

markers were searched against the non-redundant pro-

tein sequences (nr) at the National Center for Biotech-

nology Information (NCBI) with a threshold of E-value

≤10− 10 using blastx to identify potential candidate genes

of these markers. Second, the extended markers were

used to identify conserved regions in genome of D. rerio,

and the potential candidate genes were identified in the

conserved regions based on the annotation information.
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