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Abstract The razor clam (Sinonovacula constricta) is an im-
portant aquaculture species, for which a high-density genetic
linkage map would play an important role in marker-assisted
selection (MAS). In this study, we constructed a high-density
genetic map and detected quantitative trait loci (QTLs) for
Sinonovacula constricta with an F| cross population by using
the specific locus amplified fragment sequencing (SLAF-seq)
method. A total of 315,553 SLAF markers out of 467.71
Mreads were developed. The final linkage map was composed
of 7516 SLAFs (156.60-fold in the parents and 20.80-fold in
each F; population on average). The total distance of the link-
age map was 2383.85 cM, covering 19 linkage groups with an
average inter-marker distance of 0.32 ¢cM. The proportion of
gaps less than 5.0 cM was on average 96.90%. A total of 16
suggestive QTLs for five growth-related traits (five QTLs for
shell height, six QTLs for shell length, three QTLs for shell
width, one QTL for total body weight, and one QTL for soft
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body weight) were identified. These QTLs were distributed on
five linkage groups, and the regions showed overlapping on
LG9 and LG13. In conclusion, the high-density genetic map
and QTLs for S. constricta provide a valuable genetic resource
and a basis for MAS.

Keywords Sinonovacula constricta -Linkagemap - Growth -
QTL - SLAF

Introduction

The razor clam (Sinonovacula constricta) is distributed in the
intertidal, coastal, and estuarine waters of China, Japan,
Korea, and Vietnam. The species is one of the four most valu-
able and popular edible clams in China, where it has been
cultured for more than 100 years; however, there is a lack of
improved parent clams for S. constricta.

Currently, marker-assisted selection (MAS) is considered
an efficient and widely implemented method for selective
breeding. A high-resolution genetic linkage map is essential
for MAS in aquaculture because it is an indispensable tool for
genome-wide quantitative trait locus (QTL) mapping.
Construction of a genetic linkage map is based on the recom-
bination frequencies between markers during the meiotic
crossover of homologous chromosomes. The map distances
indicate the physical distances between genes on the same
chromosome. Genetic markers used for linkage map construc-
tion usually include restriction fragment length polymor-
phisms, random amplified polymorphic DNA, amplified frag-
ment length polymorphisms (AFLP), simple sequence re-
peats, and single-nucleotide polymorphisms (SNPs) (Xu
et al. 2015). Since the 1990s, genetic linkage maps have been
constructed for more than 40 species of fish and shellfish,
including second-generation linkage maps for several species
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(Yue 2014). With the development of next-generation se-
quencing (NGS) technologies, SNPs are preferred for con-
structing saturated maps because of advantages such as abun-
dance, stability, simplicity, and a possibly direct relationship
with phenotype (Lindblad-Toh et al. 2000), especially for spe-
cies lacking genomic resources. Several methods have been
used to identify SNP markers, for example restriction site-
associated sequencing (RAD-seq) (Miller et al. 2007),
double-digest RAD-seq (Peterson et al. 2012), and two-
enzyme genotyping-by-sequencing (GBS) (Poland et al.
2012). Furthermore, specific locus amplified fragment se-
quencing (SLAF-seq) was developed as a new high-
resolution strategy (Sun et al. 2013b); for high-throughput
sequencing, a large number of polymorphic SLAF tags are
obtained, and specific SNP sites are found on the basis of
these SLAF tags. This approach has been successfully used
for high-density genetic map construction in many species,
regardless of the reference genome sequence. The efficiency
of this method has been widely tested in plants such as soy-
bean (Qi et al. 2014), cucumber (Xu et al. 2015), danshen
(Tian et al. 2016), cauliflower (Zhao et al. 2016), and sorghum
(Ji et al. 2017). In aquatic animals, high-density maps have
been successfully constructed using SLAF-seq for the com-
mon carp (Cyprinus carpio) (Laghari et al. 2013), Pacific
white shrimp (Litopenaeus vannamei) (Yu et al. 2015), and
pearl mussel (Hyriopsis cumingii) (Bai et al. 2016).

Most economic traits are quantitative in nature and deter-
mined by many genes described as QTLs. QTL analysis based
on linkage mapping reveals the genetic basis and inheritance
patterns of these important traits (Li et al. 2012). QTL map-
ping has been performed using well-established procedures
for correlating genetic and phenotypic variations in several
species of fish (Abdelrahman et al. 2017), for instance resis-
tance disease in Asian seabass (Liu et al. 2016) and gilthead
seabream (Negrinbaez et al. 2016), growth traits in Japanese
flounder (Cui et al. 2015) and kelp grouper (Kessuwan et al.
2016), and response to crowding in rainbow trout (Liu et al.
2015). In shellfish, the high fecundity and polymorphism
levels may facilitate QTL mapping (Zhan et al. 2009).
Recently, QTL analysis has conducted in bivalves, for exam-
ple growth-related traits in scallop (Li et al. 2012; Petersen
et al. 2012; Jiao et al. 2014) and oyster (Wang et al. 2016),
shell color in scallop (Petersen et al. 2012), pearl-quality traits
in the triangle pearl mussel (Bai et al. 2016) and pearl oysters
(Jones et al. 2014), and disease resistance in the Pacific oyster
(Sauvage et al. 2010).

To date, there is limited sequence information and markers
(Niu et al. 2008; Niu et al. 2013; Wang et al. 2013; Niu et al.
2016) and no linkage map and QTLs for S. constricta. The
aim of this study was to construct a high-density linkage map
and detect growth-related QTLs by using SLAF-seq for
S. constricta. The results would play a key role in MAS for
the genetic improvement of S. constricta in the future.

Materials and Methods
Mapping Family and DNA Extraction

The mapping family was established in a hatchery in Sanmen
County, Taizhou City, Zhejiang Province, China, in August
2013. The broodstock clams placed in baskets were spawned
with water stimulation and continuous aeration in a breeding
pool. The spawning clams were removed immediately in bea-
kers of sand-filtered seawater. The sex was identified by ob-
serving the morphology of the sperm and eggs. Then, eggs
and sperm from every two clams were mixed for artificial
fertilization. The mating of the two parents generated an F,
cross. Briefly, fertilized eggs of each family were raised sep-
arately in 60-L barrels filled with sand-filtered seawater (sa-
linity, 13%o) for hatching, feeding some sepecies of algae,
such as Isochrysis galbana, Chaeroeeros moelleri, and
Platymonas subcordiformis. After 3 months, the offspring
each family were transferred to an outdoor nursery pond with
nets to separate them.

At 10 months post-hatching, a total of 200 progeny were
randomly collected from one family. The three traits including
shell length (SL), shell height (SH), and shell width (SW)
were measured by vernier calipe. The other two traits includ-
ing soft body weight (SW) and total body weight (TW) were
by electronic balance. Mantle tissues from the two parents and
their progeny were dissected and stored in 75% ethanol at
—20 °C. Genomic DNA was extracted using the phenol and
chloroform method. After quantification using the NanoDrop-
1000 spectrophotometer (Thermo Scientific, Wilmington,
DE, USA) and integrity examination using agarose gel elec-
trophoresis, the DNA samples were stored at —20 °C.

SLAF Library Preparation and High-Throughput
Sequencing

A total of 153 individuals, including the two parents and 151
progeny, were de novo genotyped using SLAF-seq (Sun et al.
2013b). A pre-designed experiment was conducted to evaluate
the enzymes and restriction fragment sizes. The reference was
the genome of oyster (http://gigadb.org/dataset/100030). On
the basis of the results of the experiment, an optimum scheme
was confirmed and used to construct the SLAF library. Two
enzymes, Haelll and EcoRV-HF®, were used to digest the
genomic DNA of all the samples. Then, a single nucleotide
(A) overhang was added to the digested fragments by using
the Klenow fragment (3" — 5’ exon) and dATP at 37 °C.
Duplex tag-labeled sequencing adapters (PAGE-purified,
Life Technologies, USA) were then ligated to the A-tailed
fragments using T4 DNA ligase. PCR was performed in reac-
tion solutions containing the diluted restriction/ligation sam-
ples, dNTP, High-Fidelity DNA polymerase (NEB, Beverly,
MA, USA), and PCR primers 5'-AATGATACGGCGAC
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CACCGA-3' (forward primer) and 5'-CAAGCAGAAG
ACGGCATACG-3' (reverse primer) (PAGE-purified). The
PCR products were then purified using AgencourtAMPure
XP beads (Beckman Coulter, High Wycombe, UK) and
pooled. The fragments ranged from 264 to 364 base pairs
and were gel-purified and diluted for pair-end sequencing on
an Illumina High-seq 2500 sequencing platform. The ratio of
raw high-quality reads with quality scores greater than Q30 (a
quality score of 30 indicates a 0.1% chance of obtaining an
error and thus 99.9% confidence) and guanine-cytosine (GC)
content were calculated for quality control.

SLAF-seq Data Analysis and Genotyping

SLAF marker identification and genotyping were performed
according to the procedures described by Sun et al. (2013b).
Briefly, low-quality reads were filtered out and clean reads
were clustered by similarity above 90% detected using one-
to-one alignment with BLAT. Sequences clustered together
were defined as one SLAF locus. SNP loci of each SLAF
locus were then detected between parents, and SLAFs with
more than three SNPs were filtered out first. Since
S. constricta is a diploid species, SLAF loci with more than
four alleles were defined as repetitive SLAFs and discarded
subsequently. Only SLAFs with two to four alleles were iden-
tified as polymorphic and considered potential markers.
Polymorphic SLAF markers were classified into eight segre-
gation patterns (aa x bb, ab X cc, ab x ¢d, cc X ab, ef x eg,
hk x hk, Im x 1I, and nn x np). Since the F; population of
S. constricta is considered as a cross-pollinator (CP) popula-
tion, only the SLAF markers with segregating patterns of
ab x cd, ef x eg, hk x hk, Im x 1, nn x np, ab x cc, and cc x ab
were used for the high-density genetic map construction.
Finally, SLAFs with more than 80% integrity and more than
10-fold average sequence depths in the parents were used for
the map construction.

Linkage map Construction and QTL Analysis

For linkage analysis, the sequencing data of the successful
SLAF makers were used. The chi-square test (x*) was per-
formed to test the deviation of the polymorphic markers from
the Mendelian inheritance ratios. Markers showing significant
segregation distortion (P < 0.01) were filtered in the map.

To ensure a high-density and high-quality genetic map, a
newly developed High Map strategy was used, which consists
of four modules including linkage grouping, marker ordering,
error genotyping correction, and map evaluation (Liu et al.
2014). The grouping module used the single-linkage cluster-
ing algorithm to cluster the markers into linkage groups, using
a pairwise modified independence LOD (MLOD) score as
distance metric, which less than four were filtered. Then, en-
hanced gibbs sampling, spatial sampling, and simulated
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annealing algorithms were combined to conduct an iterative
process of marker ordering (Jansen et al. 2001; Van Ooijen
2011). The SMOOTH algorithm (van Os et al. 2005) was used
to correct genotyping errors, and a k-nearest neighbor algo-
rithm was applied to impute missing genotypes (Huang et al.
2012) following marker ordering. Map distances were esti-
mated using the Kosambi mapping function (Kosambi
1943). Heat maps and haplotype maps were constructed to
evaluate map quality.

MapQTL 5.0 software was used for QTL mapping with the
interval mapping method. The LOD score threshold was set at
3.0 for QTL declaration, and QTLs that exceeded the LOD
threshold were considered as suggestive QTLs. The LOD
score threshold was determined using the 1000-permutation
test with a confidence of 0.99. QTLs with LOD scores greater
than the threshold at a confidence of 0.99 were declared
significant.

Results
Analysis of SLAF-seq Data

The control sequencing data were evaluated to ensure the
validity of the SLAF library construction. Two restriction en-
donucleases (Haelll and EcoRV-HF) were used for the SLAF
library construction. For the control, the percentage of paired-
end mapping reads was 85.97%, and the percentage of diges-
tion was 94.75%.

In this study, high-throughput sequencing of the SLAF
library generated 93.09 Gb of data containing 467.71
Mreads with a length of 100 bp. The Q30 percentage was
90.22%, and the GC content was 39.99%. The number of
reads in the male and female parents was 19,793,475 and
15,922,216, respectively. On average, 2,860,862 reads were
generated in the F; mapping population (Table S1).

SLAF Marker Detection and Genotype Definition

In the male parent, the number of SLAFs was 218,251, and the
average depth of each SLAF marker was 42.70-fold. In the
female, 224,896 SLAFs were generated, with an average
depth of 30.71-fold for each SLAF. Then, the abnormal
SLAF markerslabes, which were detected at a higher depth
in the offspring but not in the parents, were tested for paternity.
The individuals with more than 0.3% abnormal markers were
identified as abnormal paternity individuals. Excluding 34
abnormal individuals, an analysis of the 117 progeny from
the F; mapping population indicated that 176,706 SLAFs
were generated, with an average depth of 6.70-fold for each
offspring (Table 1).

Of the 315,553 high-quality SLAFs, 144,920 were poly-
morphic with a polymorphism percentage of 45.93%. After
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Table1 SLAF marker statistics Table 3  Depth statistics for the markers on the linkage map

Sample SLAF number Total depth Average depth Sample ID Marker number Total depth Average depth
Male parent 218,251 9,320,066 42.70 Male parent 7516 1,393,369 185.39

Female parent 224,896 6,905,667 30.71 Female parent 7516 960,603 127.81

F, population 176,706 1,184,581 6.70 F, population 7508 156,126 20.80

filtering out the SLAFs lacking parent information, 96,655
SLAFs were classified into eight segregation patterns. The
segregation patterns were as follows: ab x cd, ef X eg, hk x hk,
Im x 11, nn X np, aa x bb, ab X cc, and cc x ab (Fig. S1). For
mapping with the F; population, seven segregation patterns
(ab x cd, ef x eg, hk x hk, Im x 11, nn x np, ab X cc, and cc x ab)
were used for the genetic map construction. To further im-
prove SLAF accuracy, the SLAFs with more than 80% integ-
rity and more than 10-fold average sequence depths in the
parents were used for the map construction. Finally, 8212 of
the 96,655 markers were defined as effective and selected for
the construction of the linkage map. The segregation types for
these effective markers are shown in Table 2.

Construction of the Genetic Map

After completing the data preparation, 7516 of the 8212
SLAFs (91.52%) containing 721 segregation distortion
markers, with 185.39-fold sequence depth in the male parent,
127.81-fold in the female parent, and 20.80-fold in each F,
population on average, were used for constructing the map
(Table 3). The final map included 7516 markers on 19 linkage
groups (LGs), which is consistent with the diploid chromo-
some number of the razor clam (2 N = 38) (Fig. 1),
2383.85 c¢M in length, and an average inter-marker distance
0f 0.32 cM. The number of markers mapped on each linkage
group varied from 104 markers in LG5 to 716 markers in
LG18, with an average of 395 markers per LG. The largest
LG was LG18 covering a genetic length of 180.98 cM, and the
smallest LG was LG17 containing only 180 markers with a
length of 70.66 cM. The value of gap less than 5 cM on the 19
LGs ranged from 88.82 to 99.70% (average, 96.90%). The
maximum gap was 20.92 ¢cM, which was observed in LG13.

Table 2 SLAF statistics

for the markers used for Type SLAF number Percentage

map construction
abxcd 215 2.62
efxeg 760 9.25
hkxhk 352 429
ImxIl 3436 41.84
nnxnp 3449 42.00
Total 8212 100.00

The largest average inter-marker distance was 0.93 ¢cM in
LGS. The two groups (LG11 and LG15) were the most satu-
rated with an average marker density of 0.23 cM (Table 4).

In this study, sex-specific maps were also constructed
(Table S2, S3). The female map contained 4180 markers cov-
ering 2731.31 ¢cM (Table S4), while the male map contained
4189 markers spanning 1815.64 cM (Table S5). The average
inter-marker distances for the male and female maps were
0.44 and 0.66 cM, respectively.

QTL Analysis for Growth Traits

The basic statistics for the growth traits are listed in Table S6.
Pairwise comparisons among the five growth traits using
Pearson’s correlation revealed that all of them were highly
correlated with correlation coefficients ranging from 0.803
to 0.979 (P < 0.01; Table S7). On the basis of the high-
density genetic map, a total of 16 QTLs were detected on
LGY, LG11, LG13, LG18, and LG19 (Table 5). The propor-
tion of phenotypic variance explained by a single QTL (12)
ranged from 11.33 to 15.44% and LOD scores, from 3.04 to
3.77. Five QTLs for shell height are located on LG9 (79.002—
79.404, 86.079-86.539, and 88.654-98.322 cM) and LG13

150
1

100
1

H—HHH-HH-HH

Genetic Distance
|

50

o ES
T T T T T T T T T T T T T
7 8 9 1011 12 13 14 15 16 17 18 19
Linkage Group Number

1T T T
3 4 56

-
N

Fig. 1 The diagram of integrated linkage map for S. constricta and the
shared markers between female and male maps with red color
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Table 4 Summary of the

integrated linkage map for Linkage group Total Total distance Average distance Gap Max gap
S. constricta ID marker (cM) (cM) <5cM (cM)
(%)
LG1 455 117.43 0.26 99.56 5.44
LG2 312 131.69 0.42 97.75 17.58
LG3 267 102.84 0.39 98.50 11.77
LG4 336 119.47 0.36 96.12 13.51
LG5 104 95.32 0.93 94.17 12.98
LG6 441 130.32 0.30 96.82 14.19
LG7 296 136.45 0.46 97.29 17.72
LG8 482 146.58 0.30 97.09 8.49
LG9 557 142.06 0.26 98.92 18.71
LG10 188 95.75 0.51 95.19 11.90
LGl1 510 115.04 0.23 97.25 7.44
LGI2 280 112.92 0.40 91.76 8.64
LG13 265 125.82 0.48 95.83 20.92
LG14 523 154.40 0.30 99.23 8.32
LGI15 674 154.23 0.23 99.70 5.36
LG16 450 126.65 0.28 98.89 12.44
LG17 194 70.66 0.37 98.96 7.45
LG18 716 180.98 0.25 99.16 8.58
LG19 466 125.24 0.27 88.82 13.23
Total 7516 2383.85 0.32 96.90 20.92

(94.737-95.599 and 104.344 cM). For shell length, one QTL
was detected at 68.871-70.03 cM on LG18 and five QTLs on
LG19 containing 79.163-79.839, 90.979-92.28, 98.383,
113.354, and 124.377-125.239 c¢cM. Three QTLs for shell
width are located on the regions containing 44.615-45.931

Table 5 Summary of QTLs for growth traits in the F; population
Trait Group ID  Start End Max LOD PVE
Shell height (cm) 9 79.002  79.406 3.06 11.36
86.079  86.539 3.08 11.50
9 88.654 98.322 3.77 15.44
13 94.737  95.599 3.05 12.07
13 104.344 104.344 3.14 11.61
Shell length (cm) 18 68.871 70.03 3.29 12.00
19 79.163  79.839 3.18 11.77
19 90.979 9228 3.11 11.50
19 98.383 98.383 3.18 11.80
19 113.354 113.354 3.03 11.40
19 124377 125.239 3.01 11.33
Shell width (cm) 11 44.615 45.931 3.07 11.73
11 47.232  47.232 3.05 11.60
13 104.344 104.344 3.11 11.50
Soft body weight (g) 9 92.308 92.308 3.17 13.60
Total body weight (g) 9 92.308 92308 3.04 13.10
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and 47.232 cM on LG11 and 104.344 ¢cM on LG13. The same
QTL for total body weight and soft body weight is 92.308 cM
on LGY, showing a percentage of phenotypic variance ex-
plained (PVE) of 13.6 and 13.1%, respectively.

Discussion

SLAF-seq is a highly automated technique performed by se-
quencing the paired ends of the sequence-specific restriction
fragment length on the basis of high-throughput sequencing.
In this study, SLAF-seq was used to identify a set of SLAF
markers in the razor clam, S. constricta. We constructed a
SLAF library and obtained 93.09-Gb data containing 467,71
Mreads. Subsequently, 315,553 SLAF markers were detected,
including 68,507 high-quality SLAF markers with a polymor-
phism rate of 21.71%, and a total of 8212 polymorphic
markers were identified as effective for linkage mapping.
Moreover, the average sequencing depths were 185.39-fold
and 127.81-fold for the male and female parents, respectively,
and an average 20.87-fold for each progeny; this provided a
high level of genotyping accuracy. The genotype integrity of
these markers was more than 80% in the mapping population,
and the average integrity was 99.95%, confirming the higher
integrity and accuracy. Our results showed that SLAF-seq is a
powerful method for marker identification and high-density
linkage map construction.
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Genetic linkage maps have been constructed in a few bi-
valve species. However, traditionally, AFLP and microsatel-
lite markers were selected for linkage analyses in organisms
lacking enough genomic information, such as the Pacific
Oyster (Crassostrea gigas) (Hubert and Hedgecock 2004),
bay scallop (Argopecten irradians) (Qin et al. 2007),
European flat oyster (Ostrea edulis) (Lallias et al. 2007), pearl
oyster (Pinctada martensii) (Shi et al. 2009), Pacific lion-paw
scallop (Nodipecten subnodosus) (Petersen et al. 2012), and
freshwater pearl mussel (H. cumingii) (Bai et al. 2015). These
maps were mostly constructed using several hundred molec-
ular markers. In this study, we constructed the first genetic
linkage map for S. constricta by using SLAF-seq. The map
consists of 7516 SLAF markers and spans 2383.85 cM, with
an average distance of 0.32 cM. The density of the current
linkage map is much higher than that of the maps constructed
using GBS for bivalves such as Chlamys farreri (3806-2b-
RAD markers, 0.41 cM) (Jiao et al. 2014), Pinctada fucata
(3117 2b—RAD markers, 0.39 ¢cM) (Shi et al. 2014),
and H. cumingii (4983 SLAF markers, 1.81 cM) (Bai et al.
2016).

The number of SLAF markers on each LG was different;
the markers were not randomly distributed, with some clear
marker-dense regions and some marker deserts (Ji et al. 2017).
In the map, an average percentage of 96.90% was obtained for
the gaps on linkage groups less than 5 ¢cM. Although the
average distance between adjacent markers on the map was
short (only 0.32 cM), gaps larger than 10 ¢cM on 11 linkage
groups suggested that such gaps are not restricted to a partic-
ular group. This pattern may contribute to the non-random
distribution of the markers and uneven marker polymorphism
and recombination rates between the mapping parents (Wang
et al. 2012; Sun et al. 2013a). The use of other enzymes for
SLAF library preparation and increasing the size of the map-
ping population may improve the map in the future (Bai et al.
2016).

Sex-specific differences in recombination rates are not un-
common and have been reported in vertebrate and inverte-
brates. The males have substantially lower meiotic recombi-
nation rate than females, for organisms with a chromosomal
mechanism of sex determination (Jones et al. 2013). This has
been termed heterochiasmy and firstly described by Haldane
(1922) and Huxley (1928) (‘Haldane—Huxley rule’) (Haldane
1922; Huxley 1928). In this study, results observed here for
S. constricta show that the male map (1815.64 cM) is shorter
than the female map (2731.31 cM), suggesting a significant
female bias in recombination with an overall ratio of female-
to-male recombination of 1.5:1. The phenomenon has been
reported in pearl oyster (Jones et al. 2013), the Pacific oyster
(Hubert and Hedgecock 2004; Li and Guo 2004), and other
fishes (Sakamoto et al. 2000; Franch et al. 2006; Lien et al.
2011). However, the unusual pattern of sex-specific recombi-
nation rate is not well understood. Several theories have been

proposed, such as differing environments in which the germ
cells develop, temporal differences in initiation of meiosis
between the sexes, and pairing and synapses of the homologs
at meiosis differed between oocytes and spermatocytes (Wang
et al. 2016). In addition, for species with no specialized sex
chromosomes, there will be another underling phenomenon of
the timing, duration, or biological features associated with
meiosis that is responsible for the observed differences be-
tween the sexes (Jones et al. 2013).

Segregation distortion is a common phenomenon, indicat-
ing that the genotypic frequency deviates from a typical
Mendelian ratio (Ji et al. 2017). Previous studies have shown
that a large number of segregation distortions occur in plant (Ji
et al. 2017), fish (Woram et al. 2004; Amores et al. 2014),
shellfish (Qin et al. 2007; Wang et al. 2016), and crustacean
(Qiu et al. 2016) species. In general, markers with segregation
distortion frequently affect the accuracy of genetic maps (Tian
et al. 2016). However, further studies have proven that the
presence of segregation distortion markers will not affect the
use of linkage maps in applications such as QTL mapping
(Zhang et al. 2010). Moreover, the use of distorted markers
for linkage map construction could increase the genome cov-
erage of the genetic map and help improve the detection of
linked QTLs (Xu 2008), and discarding them could potential-
ly remove massive amounts of information and decrease ge-
nome coverage (Luo et al. 2005). Segregation distortion
should be performed in a non-random and consistent distribu-
tion pattern. In this study, markers with significant segregation
distortion (P < 0.01) were initially excluded to guarantee max-
imum map accuracy. A total of 721 markers (7.82%) that
displayed significant distorted segregation (P < 0.05) were
used for constructing the linkage map. These markers were
distributed on 13 linkage groups, especially on LG1, LG2,
LG15, LG16, LG17, and LG19. The uneven distribution of
the distorted markers may suggest that marker distortion was
not caused by technical limitations or other typing errors
(Wang et al. 2016). In bivalves, a high genetic load of delete-
rious recessive genes was detected, resulting in strong zygotic
selection during the larval stage (Launey and Hedgecock
2001); segregation distortion was reduced by genotyping 11-
day-old outbred larvae (Hubert and Hedgecock 2004).
However, the mechanism underlying segregation distortion
is still unclear, and it is recognized as a potentially powerful
evolutionary force (Taylor and Ingvarsson 2003). Biological
causes such as gametic and zygotic selection, duplicated
genes, non-homologous recombination, and non-
homologous or translocation loci on chromosomes may be
the main causes (Faure et al. 1993; Hubert and Hedgecock
2004; Hubert et al. 2010).

Growth is an important trait for the selective breeding of
shellfish. A high-density linkage map is an effective tool for
the fine mapping of QTLs for these important traits. QTLs for
growth-related traits have been developed in bivalves such as
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oyster (Guo et al. 2012; Shi et al. 2014; Wang et al. 2016) and
scallop (Li et al. 2012; Petersen et al. 2012; Jiao et al. 2014).
However, to the best of our knowledge, there are no reports of
QTLs for S. constricta. In this study, five QTLs for shell
height, six QTLs for shell length, three QTLs for shell width,
one QTL for total body weight, and one QTL for soft body
weight were identified. Moreover, the QTL regions focus on
primary linkage groups (such as LG9, LG11, LG13, and
LG19), indicating that genes from different chromosomes
may contribute to the same trait. Moreover, the relatively
low PVE indicated that no major loci were detected and the
growth-related traits were regulated by many genes with low
effects (Wang et al. 2016). In the present study, the PVE ex-
plained by these QTLs ranged from 11.33 to 15.44%, which is
higher than that of the oyster (average, 5.4%) (Wang et al.
2016). Similarly, in small abalone, a total of 15 suggestive
QTL were identified based on a high-density genetic map with
3717 SNPs (Ren et al. 2016). However, a limited number of
QTL for growth-related traits were detected due to genetic
maps with low density. For instance, in Pacific oyster, three
significant QTLs for growth-related traits were detected using
426 markers, which explained 0.6, 7.5, and 13.8% of the phe-
notypic variance respectively (Guo et al. 2012). Then, 27
QTLs for five growth-related traits were detected based on
the second-generation linkage map of Pacific oyster with
3367 SNPs (Wang et al. 2016). It is suggested that the density
of the genetic map is a key to perform QTL fine mapping of
important growth-related traits.

Interestingly, overlaps were observed among the QTL re-
gions for multiple traits. For example, the QTL regions for
shell width and shell height are overlapped on LG13. In par-
ticular, not only was the same QTL detected for total body
weight and soft body weight on LG9, but it also overlapped
with the region for shell height on LG9. Thus, this marker
(92.308 cM, LG9) may be an important genomic region in-
volved in controlling the growth traits. The overlapping of
QTLs has been reported in P. fucata (Shi et al. 2014),
Haliotis diversicolor (Ren et al. 2016), and Lates calcarifer
(Xia et al. 2014), suggesting that genes in that particular re-
gion have significant pleiotropic effects. Furthermore,
Pearson’s analysis showed that the total body weight had the
highest correlation with soft body weight (» = 0.979,
P < 0.01). Besides, total body weight also had a significantly
high correlation with the other traits. Selection for total body
weight will have positive effects on other traits, indicating the
best trait for the breeding of S. constricta. We would perform
further studies to identify the genes located within the QTL
regions.
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