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The largemouth bass is an important species, and its culture has risen sharply with the
surge in fish aquaculture in China. Due to the lack of selective breeding technology for the
largemouth bass, the growth rate and disease resistance are low, its sexual maturation
is slow, and other serious problems are contributing to a sharp decline in the safety
and quality of largemouth bass products in recent decades. Therefore, comprehensive
breeding programs to improve the economic performance and promote the modern
industrial development of largemouth bass must be considered a priority. Here, a total of
152 adult largemouth bass, including two parents and 150 progenies, were selected to
produce the genetic mapping family. Then, a high-density linkage map was constructed
based on restriction site—associated DNA sequencing using 6,917 single-nucleotide
polymorphisms (SNPs) located in 24 linkage groups (LGs). The total genetic length of
the linkage map was 1,261.96 cM, and the length of each LG varied from 24.72 cM for
LGO2 to 117.53 cM for LG16, with an average length of 52.58 cM and an average SNP
number of 286. Thirteen significant quantitative trait loci (QTLs) for sex determination
were located on LG04, LGO5, LGOS, LG12, LG15, LG21, and LG23. An informative QTL
cluster that included six QTLs was detected on LG12. However, one notable QTL, which
accounted for 71.48% of the total phenotypic variation, was located in the region of
1.85 cM on LGO5. In addition, 32 identified QTLs were related to growth, including body
weight, body length, body height, and head length. The QTLs for these growth-related
traits are located in 13 LG regions and have little effect on phenotypic variation. This high-
density genetic linkage map will enable the fine-mapping of economic traits and support
the future genome assembly of the largemouth bass. Additionally, our study will be useful
for future selective culture of largemouth bass and could potentially be used in molecular-
assisted breeding of largemouth bass for aquaculture.

Keywords: largemouth bass, linkage map, single-nucleotide polymorphism, sex determination, growth-related,
quantitative trait loci
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INTRODUCTION

Thelargemouth bass, Micropterus salmoides, isalarge carnivorous
fish inhabiting freshwater rivers and lakes in North America
(Bai et al., 2008). This species is now widely cultivated in China
because of characteristics such as strong temperature resistance,
adaptability to new environments, and attractiveness as a food
source. In 1983, the largemouth bass was first introduced into
mainland China. At present, it plays an indispensable role as
a freshwater aquaculture species in China (Deng et al., 2011);
more than 30 years after the establishment of largemouth bass
farming, China has an annual output of approximately 500,000
tons. However, the lack of artificial selection and directional
breeding in previous decades has resulted in a decline in the
growth rate of pond-cultured fish (Dongmei et al, 2013), a
shortened period of sexual maturity, and reduced disease
resistance, which seriously affect the quality and safety of the
fish products (Fogelson et al., 2016). In summary, a largemouth
bass species program needs to be established to improve its
economic traits and sustain the development of the largemouth
bass industry.

One of the most common phenomena in biology is the
strikingly different patterns of morphology, reproductive
strategies, and behaviors exhibited by male and female
individuals within a species (Songlin et al., 2014). Teleosts are
the most widely distributed and diverse group of vertebrates.
Unlike mammals and birds, which exhibit highly conserved
master sex-determination genes that control a conserved
genetic network responsible for gonad differentiation, teleosts
exhibit a wide range of sex-determination patterns, which may
be regulated by genetic and environmental factors and their
interactions (Fowler and Buonaccorsi, 2016; Sun et al., 2017).
From the perspective of evolution, how the transition between
temperature and genetic determination takes place and why such
a shift occurs remain a mystery, but they are a very interesting
phenomenon (Shen and Wang, 2014). Generally, fish species
show obvious sex determination. In some fish, significant
differences in body size and growth rate exist between males and
females, and these disparities can have a significant influence
on their commercial value, such as the half-smooth tongue sole
(Cynoglossus semilaevis) (Song et al., 2012), Japanese flounder
(Paralichthys olivaceus) (Shao et al., 2015), halibut (Palaiokostas
et al., 2013), tilapia (Andrey et al., 2006), and so on. The males
of largemouth bass also have a better growth rate than the
females. Therefore, identification of sex-associated markers
can reveal the mechanisms underlying the genomic evolution
and help determine sex for the generation of single-sex groups
(Liao et al., 2009).

Linkage maps provide a framework for marker-assisted
selection programs and have been widely used for quantitative
trait locus (QTL) mapping of many important traits on
chromosomes (Yue, 2014; Yu et al., 2016). Quantitative trait locus
localization based on a high-density genetic linkage map can play
an important role in promoting marker-assisted selection and
breeding of aquaculture varieties (Liu and Cordes, 2004; Wang
et al., 2006). In the process of constructing a high-density genetic

linkage map (Salem et al, 2018), we gave priority to single-
nucleotide polymorphisms (SNPs) because of their stability and
abundance as genetic markers. The advent of a new generation
of sequencing, including restriction site-related DNA sequencing
(RAD-Seq), has revolutionized the genomic approach and allowed
the discovery of thousands of SNPs throughout the genome
(Davey et al.,, 2011; Houston et al., 2012). Using the methods
mentioned above, QTL maps have been drawn to identify genetic
structures associated with complex quantitative traits in many
fish species (Palaiokostas et al., 2013; Sun et al., 2015), such as
tilapia (Andrey et al., 2006; Shirak et al.,, 2006), common carp
(Chen etal., 2018), kelp (Zhang et al., 2015), rainbow trout (Wang
et al., 2011), halibut (Palaiokostas et al., 2013), Atlantic salmon
(Fotherby et al., 2007), and other organisms (Kijas et al., 2018).
These applications indicate that the RAD-Seq method is suitable
for constructing high-density genetic linkage maps and QTL
mapping (Palaiokostas et al., 2018).

When constructed successfully by RAD-Seq, a genetic map
for a nonmodel species provides high efficiency at a low cost
(Brown et al., 2016). Thus, the main purpose of this study is to
construct the first high-density linkage map of largemouth bass
as well as to fine-mapping for sex determination and growth in
this species using RAD-Seq technology (Feng et al., 2018). Our
study will contribute to the identification of potential genes for
economic traits in largemouth bass; these genes can be used for
sex determination and selective breeding. Our results will also
support a new genome sequence assembly and comparative
genome research in largemouth bass in the future.

MATERIALS AND METHODS

Family Samples and DNA Isolation

The parents were collected from Foshan Nanhai Jieda Feed Co.,
Ltd., China. The largemouth bass F1 full-sib family was produced
from the parental fish. Artificial injection of oxytocin was used
to promote egg laying, and the collected fertilized eggs were
placed in indoor incubators for incubation. The hatching water
temperature was about 23°C, and the hatchlings were transferred
to a cement pond with an area of 12 m? for feeding. Small
zooplankton and fairy shrimp were fed as an open bait, and then
red worms were fed. When the largemouth bass was 3 months
old, all the fish were put into one 667-m? breeding pond. At the
age of 9 months, 150 experimental fish were randomly collected
from the progeny of the family for measurement of body weight
(BW), body length (BL), body height (BH), and head length (HL)
with an average BW of 313 gand BL of 23.9 cm. Then, anatomical
method was carried out to determine the gender of each sample.
At the same time, fin clips from the two parents and the muscle
tissues of their progeny were preserved in absolute ethanol and
stored in a —20°C freezer.

RAD Library Construction and Sequencing
To construct a RAD library, genomic DNA from 152 samples
(150 offspring and two parents) was extracted according to a
previously published protocol (Baird et al., 2008), and its quality
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was evaluated with a Qubit Fluorimeter (Invitrogen, USA) and
0.6% agarose gel electrophoresis. The enzyme reaction system
(30 pl) was incubated at 65°C for 10 min and contained 1 g
genomic DNA and 15 U of Pstl (15 U/yl, restriction enzyme
cut site 5 CTGCA 3’) (Thermo Scientific, Waltham, MA, USA).
Barcode adapters were designed with sample-specific nucleotide
codes according to the standard Illumina adapter design flow
(Illumina, San Diego, CA, USA). Afterward, the unique barcode
adapters (10 umol) for each DNA sample were added to the
reaction system. Six pools containing all the DNA samples were
assembled. Fragments with a size range from 250 to 450 bp were
chosen to build the libraries. The six libraries were independently
sequenced on different lanes of an Illumina HiSeq 4000 (Illumina)
with 150-bp paired-end reads.

SNP Calling and Genotyping

The Illumina sequencing short reads were filtered using the
SOAPnuke package (http://soap.genomics.org.cn/) to remove
reads containing more than 5% undetermined nucleotides
and extremely low-quality bases. Unconstrained reads without
sample-specific barcodes and enzyme motifs were discarded as
well. Then, the high-quality reads were used for the subsequent
analyses. The STACKS (version 0.99998) pipeline was used to
assemble the loci, de novo, from the sequencing data for SNP
calling (Rochette and Catchen, 2017). USTACKS, CSTACKS,
SSTACKS, and GENOTYPE programs were utilized to create
libraries of loci. A maximum of three mismatches was allowed
between samples’ stacks when producing the catalog. A
minimum depth of two sequencing reads was allowed for Stacks
assembling. The modules Stacks and Genotypes were operated
mapping each progeny data to the catalog for SNP calling and
genotyping, respectively. The detailed parameters used were
as follows: USTACKS: -i 1 -t gzfastq -r -d -m 2 -M 2 -p 15.
CSTACKS: -b 1 -n 3 -p 15. SSTACKS: -b 1 -p 15. GENOTYPE:
-b1-r1-tcp -o.Locilost in more than 30% of the offspring were
deleted from the subsequent analysis.

High-Density Genetic Map Construction
Markers were initially grouped in JoinMap v4.1 using the
“independence LOD” parameter setting as “Start = 2, End =
20, Step = 1”7 (Uchino et al., 2016). After this initial grouping to
individual linkage groups (LGs), markers were divided into 24
groups. To reduce the needs for computing resources, we used
Lep-MAP2 to calculate the genetic distance of each LG. The
“Filtering” module was used to filter SNP markers by comparing
the progenies genotype distribution and the expected Mendelian
proportions (segregation distortion test), with “MAFLimit”
set at 0.05 (consistent with filtering described above) and
“dataTolerance” set at 0.001 to remove markers exhibiting
significant segregation distortion. The “SeparateChromosomes”
module was used to reassign markers into LGs. The
“OrderMarkers” module with Kosambi mapping function was
used to calculate the SNP markers order and genetic distance.
Utilizing parallelized computing, this step was repeated several
times to assess consistency of marker order between replicates.
Meanwhile, error rates were calculated.

QTL Fine-Mapping

QTL analyses were performed with WinQTLCart version 2.5
by using the composite interval mapping (CIM) model analysis.
The LOD profiles were generated at 1-cM steps along each LG to
identify the positive QTL position. Thresholds for LOD scores
were determined by implementing a method of 500 permutation
iterations with the P value less than 0.05. Thus, the linkage
genome-wide LOD threshold was determined to 3.0. Quantitative
trait locus that exceeded the LG-wide LOD threshold with P <
0.05 was recognized as suggestive QTL.

RESULTS

Sequencing and Genotyping

After the low-quality reads had been filtered out, 354 Gigabytes
(Gb) of clean data were obtained from the two parents and
their 150 progeny (Supplemental Table 1). The average clean
data of each progeny accounted for 2.5 Gb. After using the
Stacks pipeline, we identified 60,577 SNP markers (28,040
maternal heterozygous, 25,125 paternal heterozygous, and 7,412
heterozygous in both parents; Supplemental Table 2) across all
the progeny; of these markers, 18,480 SNP markers were present
in more than 80% of the progeny. These refined SNP markers
were used to construct the linkage map.

Linkage Map Construction

After the distorted segregation markers had been eliminated,
7,015 markers were improved and successfully assigned to 24
LGs, which was consistent with the reported karyotype analysis of
largemouth bass. After correction with the Lep-MAP2 program,
98 SNPs were deleted. Finally, we generated the largemouth bass
high-density genetic map with 6,917 SNPs and 24 LGs (Figure
1 and Table 1, Supplemental Table 3). The linkage map of the
total genomic length was 1,261.96 cM, with the genetic length of
each LG varying from 24.72 ¢cM for LG2 to 117.53 ¢cM for LG16,
with an average length of 52.58 cM and an average SNP number
of 286.

Mapping of Sex Determination

The high-density, high-resolution genetic linkage map consisted
of 6,857 SNPs, approximately 100-fold more markers than the
previous linkage map. This linkage map will be applied widely
to mapping and positional cloning of important traits, thereby
providing a new chromosome framework for the assembly and
map integration of genome sequences.

In this study, we identified 13 significant QTLs, including
49 SNP loci for sex determination, which were distributed
among seven LGs: LG04, LG05, LG08, LG12, LG15, LG21, and
LG23. The most significant QTL had an LOD value of 36.87
and accounted for 71.48% of the phenotypic variation. It is
located in the 1.85-cM region of LG05 and is supported by two
markers clustered together on LGO5. In addition, an adjacent
QTL accounts for 11.51% of the total phenotypic variation;
its LOD value is 3.75, and it contains four markers. Several
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FIGURE 1 | Genetic lengths and SNP distribution of 24 linkage groups of largemouth bass.
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QTLs (QTL5, QTL6, QTL7, QTLS, QTLY, and QTL10) were
also clustered on LG12 and supported by 26 absolute markers
(Figure 2, Table 2, 3).

Among these, the highest LOD value for sexual determination
is 4.72 for QTL6, which is located at 2.58 to 3.46 cM and accounts
for 8.25% of the phenotypic variation. In addition, QTLS5 is
located at 0 to 1.07 cM and accounts for 14.13% of the phenotypic
variation and has an LOD value of 3.15. The other QTLs on LG12
for sexual determination were found at 6.87 t0 6.93, 9.33 to 10.86,
12.40 to 12.49, and 59.30 to 59.40 cM; these QTLs had LOD
values of 3.04 to 4.28 and accounted for 8.80% to 11.90% of the
phenotypic variation.

Growth-Related Locus Detection

In this study, we investigated BW, BL, HL, and BH as growth-
related traits and identified growth-related QTLs on 13 LGs.
These 32 QTL regions related to growth-related traits were found
to harbor 202 significant SNPs, including 36 SNPs for BW, 53
SNPs for BL, 86 SNPs for HL, and 27 SNPs for BH. The large
distribution and low phenotypic variation of these QTLs indicate

that they are controlled by complex genetic regulation during
growth. Ten QTLs for BW were identified, and they explained
between 6.11% and 14.99% of the total phenotypic variance. The
most prominent region had the highest LOD value at 4.14; it was
located at 61.3 to 61.7 cM of LG16 and accounted for a notable
11.55% of phenotypic variation (Figure 3 and Table 4). The
two QTLs for BL were located on two different LG regions and
explained between 8.56% and 10.56% of the phenotypic variation
(Figure 4 and Table 5); the most prominent was located at 50.0
to 50.6 cM of LG19 with an LOD value of 3.69. For HL, 11 QTLs
were found, and these accounted for 9.57% to 13.97% of the
total phenotypic variance (Figure 5 and Table 6). For BH, nine
QTLs were found on six LGs, and these accounted for 8.89% to
13.03% of the total phenotypic variance (Figure 6 and Table 7).
Although the QTL profiles of the four growth-related traits
showed significant differences, a few overlaps were present. For
instance, BW2 shared almost the same interval as HL3, BW4
shared almost the same interval as BH1, and the BW5 region
was included in BH2. Additionally, the BW7, the smallest region,
ranged from 60.7 to 61.0 cM of LG15, exactly the same region as
BH5 and similar to HL10.
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TABLE 1 | Summary statistics of the linkage map of largemouth bass. DlSCUSSlON
o~ No- of SNPs Distance (cM) Comparing with other genetic markers, SNP markers are the most
LGO1 484 75.67 abundant type of marker in the genome with high polymorphism.
LG02 224 24.72 However, in a nonmodel aquaculture species with a relatively
LGOS 924 co.a7 large mapping population, developing a sufficient number of
LG04 245 57.87
LGO5 195 48.35 SNPs and performing cost-effective genotyping are difficult
LGO6 323 36.21 (Palaiokostas et al., 2013; Zhao et al., 2017). With advances of
LGO7 355 45.72 the NGS technologies, various sequence-based SNP genotyping
LGo8 226 46.30 technologies have been developed providing rapid and cost-
LG09 116 36.12 . . . .
LG10 19 36.02 effective high-throughput SNP genotyping platforms for linkage
LG11 347 50.55 mapping. In many species, such as the common carp (Jian et al.,
LG12 428 80.63 2014), turbot (Bouza et al., 2012), and rice (Deschamps et al.,
LG13 24 66.90 2010), the detection of SNPs has increased significantly and
LG14 230 41.36 contributes to a better understanding of complex traits, genetic
LG15 515 91.038 . . . .
LG16 507 117.53 breeding, and genomic selection. RAD-Seq is a useful method
LG17 180 40.83 for the discovery of SNP markers that is being extensively used in
LG18 159 37.60 many species (Baird et al., 2008; Davey et al., 2013). If a reference
LG19 328 70.00 genome is unavailable, the de novo method is one of the best
tgg? ;g? ggg: approaches to use with the available analytical tools (Baxter
LG22 304 45.66 et al., 2011; Catchen et al., 2011). Therefore, most researchers
LG23 228 32.04 can perform RAD-Seq in dozens of individuals from an F1
LG24 245 52.41 hybrid population as well as their parents (Yue, 2014), such as
Total 6,857 1,261.96 catfish (Yun et al., 2015), common carp (Xiaofeng et al., 2013),
Average 286 5258 Asian sea bass (Le et al., 2015), Atlantic salmon (Gonen et al,,
38
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FIGURE 2 | The sex determination in largemouth bass, where chromosome-wide LOD (3.0) threshold is denoted with a red dashed line.
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TABLE 2 | Genomic regions associated with sex determination in largemouth bass.

QTL peak locus LG Position (cM) LOD Explained variation No. of SNPs
QTL1-SD LGO4 10.71-11.54 3.75 11.51% 4
QTL2-SD LG05 2.20-4.15 36.87 71.48% 2
QTL3-SD LGO5 46.53-47.53 4.42 7.97% 3
QTL4-SD LG08 34.28-34.33 3.1 8.51% 1
QTL5-SD LG12 0-1.07 3.15 14.13% 1
QTL6-SD LG12 2.58-3.46 4.72 8.25% 14
QTL7-SD LG12 6.87-6.93 3.59 9.91% 1
QTL8-SD LG12 9.33-10.86 4.28 11.90% 7
QTL9-SD LG12 12.40-12.49 3.04 8.80% 2
QTL10-SD LG12 59.30-569.40 3.13 7.42% 1
QTL11-SD LG15 24.02-24.39 3.67 0.65% 1
QTL12-SD LG21 22.75-23.09 3.16 7.09% 6
QTL13-SD LG23 9.70-9.72 3.01 8.85% 6

TABLE 3 | Details of genotype for SNPs and the number of male and female
fish of QTL2-SD in largemouth bass.

Marker ID Genotype No. of No. of Ratio of
females males female to
male
768973 CT 68 0 1.08
TT 0 63
410100 AG 71 0 1.1
AA 0 64

2014), rainbow trout (Nichols et al., 2015), Japanese freshwater
fish (Shao et al., 2015), and many others. As one of the important
applications of genetic mapping, QTL mapping provides a bridge
from structural genome research to functional genome research

and has important applications in production. By providing
a framework for QTL mapping, high-quality genetic linkage
maps can facilitate genetic breeding of economically important
aquaculture varieties (Chen et al., 2018). In Japanese flounder,
lymphocystis disease-resistance traits have been localized with a
high-quality genetic linkage map and applied to marker-assisted
breeding (Fuji et al., 2006). In salmon (Reid et al., 2005) and
rainbow trout (Sundin et al., 2005), growth-related traits have
been located and studied with a genetic map. A number of linkage
maps of common carp have been constructed, and immediately
afterward, different QTLs for body shape, swimming ability, meat
quality, and so on were successfully mapped (Zhang et al., 2011;
Laghari et al., 2014), etc.

In this study, with the help of RAD-seq method, we
were able to take advantage of our novel genotyping array,
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FIGURE 3 | The body weight in largemouth bass, where chromosome-wide LOD (3.0) threshold is denoted with a red dashed line.
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TABLE 4 | Genomic regions associated with Body weight in largemouth bass.

QTL peak locus LG Position (cM) LOD Explained variation No. of SNPs
QTL1-BW LGO3 32.4-32.9 3.72 10.79% 12
QTL2-BW LGO4 40.0-40.5 3.66 11.59% 3
QTL3-BW LG09 6.0-6.2 3.2 10.63% 1
QTL4-BW LG09 7.2-8.0 3.81 14.99% 3
QTL5-BW LG09 12.8-13.3 4.06 12% 3
QTL6-BW LG13 62.6-63.0 3.04 8.41% 1
QTL7-BW LG15 60.7-61.0 3.7 6.11% 12
QTL8-BW LG16 70.7-72.9 3.09 14.65% 3
QTL9-BW LG16 63.2-63.5 3.51 10.37% 1
QTL10-BW LG16 61.3-61.7 4.14 11.55% 1
5
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FIGURE 4 | The body length in largemouth bass, where chromosome-wide LOD (3.0) threshold is denoted with a red dashed line.
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TABLE 5 | Genomic regions associated with body length in largemouth bass.

QTL peak locus LG Position (cM) LOD Explained variation No. of SNPs
QTL1-BL LG11 5.7-6.0 3.17 8.56% 53
QTL2-BL LG19 50.0-50.6 3.69 10.56% 8

which contained 6,917 SNPs and provided new insights
into sex-related traits. As the first high-density genetic map
of largemouth bass, this map provides an essential tool for
QTL fine-mapping of sex determination. One major QTL
(LGO5) associated with sex determination was supported
by two markers, which clustered in a narrow linkage span

(2.20-4.15 cM) of LGO5 and accounted for 71.48% of the
total phenotypic variation, suggesting that this is one of the
most important QTLs for sex determination in largemouth
bass (Figure 3). Moreover, other QTLs (QTL5, QTL6, QTL7,
QTLS8, QTLY, and QTL10) were found to be clustered on LG12
and were supported by an aggregation of 26 markers (Figure
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FIGURE 5 | The head length in largemouth bass, where chromosome-wide LOD (3.0) threshold is denoted with a red dashed line.
TABLE 6 | Genomic regions associated with head length in largemouth bass.
QTL peak locus LG Position (cM) LOD Explained variation No. of SNPs
QTL1-HL LGO3 30.6-31.6 3.67 11.26% 1
QTL2-HL LGO3 53.9-564.8 4.13 10.13% 10
QTL3-HL LGO4 39.8-40.6 4.58 13.97% 3
QTL4-HL LGO6 18.8-19.1 3.15 13.38% 1
QTL5-HL LG11 5.6-6.2 4.18 10.01% 53
QTL6-HL LG12 76.6-77.5 3.15 17.57% 1
QTL7-HL LG12 50.8-51.2 3.23 16.67% 2
QTL8-HL LG12 11.4-11.9 4.69 16.6% 2
QTL9-HL LG15 80.3-80.9 3.32 10.26% 12
QTL10-HL LG15 60.7-61.0 3.41 9.57% 2
QTL11-HL LG19 29.8-32.6 5.26 13.56% 1

3). From the details of genotype for SNPs and the number
of male and female fish of QTL2-SD in largemouth bass, we
found that these two markers suggested that this species may
have monogenic sex determination of ZW (female) and ZZ
(male) kind. Also, other regions are most likely to be “micro
effect function,” which just makes interference caused by
other factors. Normally, heterogametic sex chromosomes have
evolved independently in various lineages of vertebrates, with
one of the chromosomes harboring master sex-determining
genes or major loci. Such phenomena are sometimes found
in fish sex determination studies. For example, Takashi
Kamiya found that an SNP (C/G) in the Amhr2 gene is the
only polymorphism associated with phenotypic sex by linkage
and association mapping of the sex-determining locus in tiger
pufferfish (Takifugu rubripes). They also discovered that two

other species of Takifugu are conserved with the association
of the Amhr2 SNP with phenotypic sex. Such undifferentiated
sex chromosomes may be more common in vertebrates than
previously thought (Takashi et al., 2012). We also found
similar phenomena in the mandarin fish; one major QTL
(LG23) related to sex determination was supported by five
markers that were found to cluster at a narrow linkage span
(60.27-68.71 cM) of LG23, contributing to 37.1% to 53.3%
of the phenotypic variation, indicating that this was the sex
determination (Sun et al., 2017). In Atlantic halibut, four
significant sex-determination markers were located in the
3.2-cM region of LG13, in which 78% to 89% of the markers
were related to sex (Palaiokostas et al., 2013). In addition,
two important QTLs that influence sex determination in
the Gilthead sea bream are located on LG21 (Dimitrios
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FIGURE 6 | The body height in largemouth bass, where chromosome-wide LOD (3.0) threshold is denoted with a red dashed line.
TABLE 7 | Genomic regions associated with body height in largemouth bass.
QTL peak locus LG Position (cM) LOD Explained variation No. of SNPs
QTL1-BH LG09 7.4-7.9 3.39 13.08% 3
QTL2-BH LG09 12.7-13.3 411 12.19% 3
QTL3-BH LG14 39.0-39.5 3.13 12.84% 1
QTL4-BH LG15 58.5-59.0 3.48 13.19% 3
QTL5-BH LG15 60.7-61.1 3.77 11.57% 12
QTL6-BH LG19 46.7-47 .1 3.12 22.52% 6
QTL7-BH LG22 25.1-25.3 3.26 8.89% 6
QTL8-BH LG24 37.7-37.9 3.17 9.67% 1
QTL9-BH LG24 38.0-38.2 3.29 9.41% 1

Loukovitis, 2012). In contrast, for some teleosts, sex-related
QTLs are thought to be distributed on different LGs. In sea
bass, hypothesized sex-determination QTLs existed on LG6,
LG11, and LGI18-21, accounting for 16.19% to 21.28% of
the variation in traits (Palaiokostas et al., 2015). Seven sex-
related loci were mapped in LG1f, LG14f, and LGlm by
CIM in the half-smooth tongue sole, and they accounted for
12.5% to 25.2% of the trait variation (Song et al., 2012). Also,
in tilapia and turbot, sex-determining QTLs were identified
in association with different chromosomes (Martinez et al.,
2009; Eshel et al., 2012). The above research results indicate
that single or multiple LGs or chromosomes are involved in
sex determination in different species, providing support for
monogenic or polygenic sex determination. Therefore, the
mechanisms of sex determination of teleosts are extremely
complicated and remain to be further elucidated. However, in
this study, the high LOD values and phenotypic variations in

the major sex-related QTLs in this study suggest that a single
LG may be involved in sex determination in largemouth bass
and that one sex-determining gene may be located in this LG.

For years, researchers have tried to unravel the genetic
basis of growth-related measurements, not only because of
their high biological value but also owing to their economic
importance. The ultimate goal is to develop molecular markers
that can predict the phenotypes of edible fish and eventually
apply these markers to marker-assisted breeding. However,
for now, we still know little about the relationships between
the loci of effect or genes and the growth-related traits in most
of teleosts (Chen et al., 2018). In this study, 32 QTLs in total
were found to be associated with four growth traits. However,
compared to the high contributions of the major sex-related
QTL, the contributions of each growth-related QTLs were quite
low (6.11%-14.99%). This result was not surprising, because
multiple QTLs contribute to these complex traits. The QTLs
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associated with four growth traits (BW, BL, BH, and HL) in
the largemouth bass were analyzed. Multiple QTLs for a single
growth trait may be distributed on different LGs, and different
QTLs supported by different trait markers can be detected on
multiple LGs. For instance, significant QTLs for the BW were
detected on seven and five different LGs in rainbow trout and
Asian sea bass, respectively. In turbot, 11 QTLs for BL in the
second growth stage were detected on eight different LGs,
indicating that the quantitative variation of fish growth traits
was controlled by multiple separate major QTLs.

Here, we found that QTLs in certain chromosomal regions
were correlated with multiple growth traits in largemouth
bass. Quantitative trait loci controlling the BW and HL were
present in the same regions of LG04 and LG15. The markers
on LG04 were identical, and both significantly correlated
with BW and HL, as well as the markers on LG15; this result
demonstrated the similarity of these two traits, in agreement
with the result of the phenotypic comparison, which showed
that higher HL was correlated with higher BW. Similar
studies have been reported in the Songpu mirror carp, Yellow
River carp, and related hybrids, with few molecular markers
(Yunjing et al., 2014). HL has been reported to be important
in determining the BW of rounded fish (Neto et al., 2012),
and HL has a greater direct impact on BW than on BL in large
yellow croaker (Liu, 2008).

Additionally, the QTLs for BW and BH were identified in
almost the same region of LG09, as well as LG15, indicating
that a strong correlation exists between BW and BH, and BH
may be an indirect indicator of BW in largemouth bass. In
addition to two growth traits associated in some chromosomal
regions of a single QTL, the QTL BW7, which was mapped
to the smallest region from 60.7 to 61.0 cM of LG15, shared
exactly the same region with BH5 and had a similar interval
to HL10; thus, this location was found to be associated with
three growth traits. Markers in these three QTLs coincided
and were significantly correlated with BW, BH, and HL. This
phenomenon, where a single QTL is associated with two or
more growth traits in some chromosome regions, is common.
In the mandarin fish, the marker R1_32378 on LG10 was
significantly correlated with both BW and BH (Sun et al,
2017). In the golden pompano, all of the remaining BH QTLs
explained 16.6% to 21.3% of the phenotypic variation, thus
revealing a QTL common to BW, BH, and BL (Zhang et al,,
2017). In the Asian sea bass, Lca371 on LG02 was shown
to be associated with BW, BL, and total length (Wang et al,,
2011). In the turbot, the SNP locus SM_343 on LG1 displayed
a significant QTL effect during the first and second growth
periods and was responsible for two or more traits with an
LOD greater than 5.0 (Wang et al., 2015). In the common carp,
SNP0626 on LG19 was significantly related to both BW and BL
(Laghari et al., 2014). Similar phenomena have been observed
in some fish, suggesting that genes in that particular region
have significant pleiotropic effects, controlling a series of
related traits. Moreover, the identification of QTLs influencing
many traits could enhance genetic progress and molecular
marker-assisted breeding and imply that a genetic interaction
underlies these traits in aquaculture (Niu et al., 2017).

CONCLUSION

Herein, we performed high-throughput SNP genotyping on
a mapping family of largemouth bass and constructed a high-
density genetic linkage map. This map provides an important tool
for QTL fine-mapping of economically important traits. We were
able to take advantage of a high-throughput SNP genotyping
array to provide new insights into sex- and growth-related traits
and determine the number and position of QTLs for these traits,
although candidate gene identification was difficult because of
the absence of a reference genome. Therefore, further molecular
cloning to examine the locations of the QTLs in this study or
whole-genome sequencing and gene annotation of largemouth
bass is the ideal solution for identifying the candidate genes, and
these strategies should be employed in the future.
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