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Introduction: Luciobarbus brachycephalus (commonly known as the Aral barbel)
represents a commercially valuable fish species in China, contributing
significantly to regional aquaculture economies. High-density genetic linkage
mapping coupled with quantitative trait locus (QTL) analysis has emerged as a
powerful approach for elucidating the genetic mechanism of complex traits in
aquatic species.

Method: The present study aimed to construct a SNP-based high-density linkage
map using male parent, female parent, and 165 F; full-sib progenies through
whole-genome  resequencing  strategy, and  subsequently  perform
comprehensive QTL mapping of six economically important growth-related
traits, in order to identify candidate genes underlying growth regulation in L.
brachycephalus.

Results: Pearson correlation analysis demonstrated strong associations among
all six growth-related traits (r > 0.8, P < 0.001), indicating likely pleiotropic
regulation through shared genetic factors. The high-density linkage map for L.
brachycephalus incorporated 164,435 high-quality SNPs distributed across 50
linkage groups, achieving complete genome coverage of 6,425.95 cM. The
exceptional marker density (average inter-marker distance = 0.10 cM)
establishes this as the most precise genetic map reported for this species to
date, enabling the accurate candidate gene localization and enhanced marker-
assisted selection. Through QTL mapping analysis, several genomic regions
significantly associated with growth-related traits were identified based on
genome-wide peak logarithm of odds scores. Specifically, one major QTL for
body height was located on linkage group (LG27), and two distinct QTL for body
weight were positioned on LG20 and LG26. Notably, four longitudinal growth
traits (total length, body length, fork length, and preanal body length) were found
to co-localize within the same significant QTL interval on LG27. These QTL
intervals identified 6.27-39.36% of the phenotypic variance explained for the
respective traits. Furthermore, putative candidate genes potentially regulating
each target trait were identified through comprehensive analysis of these
significant QTL intervals.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fgene.2025.1644874/full
https://www.frontiersin.org/articles/10.3389/fgene.2025.1644874/full
https://www.frontiersin.org/articles/10.3389/fgene.2025.1644874/full
https://www.frontiersin.org/articles/10.3389/fgene.2025.1644874/full
https://www.frontiersin.org/articles/10.3389/fgene.2025.1644874/full
https://www.frontiersin.org/articles/10.3389/fgene.2025.1644874/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2025.1644874&domain=pdf&date_stamp=2025-08-18
mailto:wxpwswws@sina.com
mailto:wxpwswws@sina.com
https://doi.org/10.3389/fgene.2025.1644874
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2025.1644874

Wang et al.

10.3389/fgene.2025.1644874

Discussion: This integrated approach provides a foundation for marker-assisted
selection and enhances the understanding of growth-related genetic mechanisms
in this important species.

KEYWORDS

Luciobarbus brachycephalus, whole-genome resequencing, linkage map, QTL mapping,

growth-related traits

Introduction

The Aral barbel, Luciobarbus brachycephalus (Cypriniformes,
Cyprinidae, Barbinae), is native to the Aral Basin, Chu River
drainage, and the southern and western Caspian Sea (Coad,
1998), and initially introduced to China from Uzbekistan’s Aral
Sea in 2003 (Jiang et al, 2019). This species has become an
economically significant aquaculture resource in China due to its
rapid growth rate, palatability, and broad trophic adaptability. After
2 decades of domestication, annual production has reached
approximately 10 million kilograms, generating an output value
exceeding 400 million CNY (Geng et al, 2022). Notably, L.
brachycephalus exhibits remarkable euryhaline tolerance, thriving
in both freshwater and saline-alkaline aquatic systems (Geng et al.,
2016), making it a promising candidate for aquaculture expansion in
marginal environments. Consequently, L. brachycephalus has been
successfully introduced to multiple regions across China and
established as a commercially dominant aquaculture species. Its
cultivation generates significantly economic, ecological, and social
benefits for both farmers and consumers (Geng et al, 2012).
However, the species faces a critical bottleneck restricted genetic
diversity due to intensive inbreeding within small breeding
populations. This genetic constraint stems from its recent
introduction history and limited number of breeding stock. To
support sustainable development of L. brachycephalus industry,
there is an urgently need to develop improved L. brachycephalus
varieties with enhanced growth performance and disease resistance
through systematic breeding programs.

Growth
characteristics in aquaculture, receiving substantial focus in

traits represent critically important economic
genetic improvement programs. Over recent decades, numerous
improved aquatic animal varieties have been developed through
conventional breeding approaches, including mass selection, family
selection, and hybridization, with growth performance serving as the
primary selection criterion. These traditional methods, which rely
on phenotypic and pedigree evaluations at either individual or
family levels, remain constrained by their labour-intensive nature
and prolonged breeding cycles (Gjedrem, 2000; Rhode et al., 2023).
In contrast, marker-assisted selection (MAS) offers a more precise
and efficient alternative for genetic improvement. When validated
molecular markers linked to target traits are available, MAS can
significantly accelerate breeding progress by enabling early-life
selection with greater accuracy (Tong and Sun, 2015).

The implementation of MAS in breeding programs requires
prior identification of genomic regions and candidate genes
associated with economically important traits. This foundational
work enables precise selection of offspring carrying desirable genetic
variants, thereby accelerating genetic improvement (Zhu S. R. et al,,

2019). Quantitative trait locus (QTL) mapping has emerged as a
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powerful tool for elucidating the genetic architecture of complex
traits in aquatic species (Ashton et al., 2017). Extensive QTL analyses
have been conducted for various commercially relevant traits in
aquatic animals, including sex determination (Loukovitis et al.,
2012; Wang et al, 2015), disease resistance (Liu et al, 2016;
Massault et al., 2011; Wang et al., 2017), stress resistance (Gu
et al, 2018; Li et al, 2017; Moen et al, 2004), and body color
(Jorgensen et al., 2018; Li et al,, 2019). Particularly for growth-
related traits (the most economically significant characteristics in
aquaculture), QTL mapping has successfully identified regulatory
genomic regions in multiple commercially important species,
including L. brachycephalus (Geng et al, 2022), Epinephelus
lanceolatus (Wu et al, 2023), Argyrosomus japonicus (Jackson
and Rhode, 2024), Argopecten scallops (Wang F. K. et al., 2025),
and Acanthopagrus schlegelii (Jia et al., 2025).

Early genetic mapping studies predominantly employed low-
throughput molecular markers (e.g., random amplified polymorphic
DNA, amplified fragment length polymorphism and simple
sequence repeat) for linkage map construction, yielding limited
marker density and consequently reducing QTL mapping
resolution (Liu et al, 2012; Nomura et al, 2011; Zhang et al,
20105 Yin et al,, 2022). The rapid development of next-generation
sequencing (NGS) technologies has dramatically reduced genome
sequencing costs (You et al., 2020), while enabling comprehensive
detection of genetic variants from the whole genome-wide level,
including single nucleotide polymorphisms (SNPs), indels, and
structural variations (Reuter et al, 2015). This technological
advancement has spurred the development of multiple high-
throughput genotyping approaches, including restriction site-
associated DNA sequencing (RAD-seq) (Chen et al, 2022),
specific length amplified fragment sequencing (SLAF-seq) (Cui
et al, 2021), 2b-RAD (Aslam et al, 2018), and whole genome
resequencing (WGRS) (Mizukoshi et al., 2018). Among these,
WGRS has emerged as a particularly powerful tool for
population-scale variant discovery in both animals and plants
(Lin et al,, 2022; Yu et al, 2018), offering three key advantages
for molecular breeding applications: (1) genome-wide
characterization of genetic diversity (Wang X. et al., 2025; Wang
S.L.etal, 2025), (2) construction of ultra-high-density linkage maps
(Liu et al., 2022; Zhang et al., 2022), and (3) precise genome-wide
association studies (Tang et al, 2023; Cui et al,, 2025). Unlike
WGRS  provides
genomic coverage by sequencing the entire genome of organisms
with established reference assemblies, thereby enabling exhaustive
variant detection and functional annotation.

reduced-representation methods, complete

Current knowledge indicates that only one genetic linkage map
exists for L. brachycephalus, developed using SLAF-seq strategy to
facilitate growth-related QTL analysis. This map comprises
4,304 unique loci distributed across 50 linkage groups, spanning
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a total genetic distance of 2,419.2 cM (Geng et al., 2022). Genome-
wide QTL analysis detected 72 statistically significant loci
(LOD >3.0) associated with growth traits, distributed across nine
linkage groups. These QTLs explained 9.2%-13.4% of the
phenotypic variance (PVE) for the measured traits. Notably, no
known growth-associated genes were found within the identified
QTL regions. In the present study, we established an F1 full-sib
family of L. brachycephalus, and employed WGRS to characterize
genomic variations in the parental generation (male and female) and
165 progenies. This approach enabled the construction of a high-
density SNP-based linkage map, and subsequently precise genome-
wide QTL analysis to identify genomic regions and candidate genes
associated with growth performance. These findings provide novel
insights into the genetic mechanism of growth traits in L.
brachycephalus, promoting the establishment of a framework for
advanced genomic selection in this commercially important species.

Materials and methods
Ethics statement

All experimental procedures involving animal tissue collection were
conducted in strict compliance with institutional ethical guidelines, and
were approved by the Institutional Animal Care and Use Committee of
the Suqian Institute of Agricultural Sciences, Jiangsu Academy of
Agricultural Sciences (Approval No.20230714002, Suqian, China).

Sample collection for linkage map
construction

Parental stocks of L. brachycephalus exhibiting distinct phenotypic
variants (yellow and red body coloration) were selected to generate an
F1 full-sib mapping population. From this cohort, 200 progenies were
randomly sampled for genetic analysis and maintained under
controlled aquaculture conditions: water temperature 25.0 °C + 0.5
°C, and dissolved oxygen >6.0 mg/L with continuous aeration. The fish
were fed by a commercial diet (Runnong Animal Husbandry, Harbin,
China) at a daily ration of 4 meals per day with each meal providing 2%
of their body weight during the culture period. Following a 10-month
growth period post-hatching, morphometric measurements were
collected from the parental generation (male and female) and
165 offspring according to the Chinese National Standard GBT
18654.3-2008. Six economically significant growth traits were
quantified using digital calipers (Deli, Zhejiang, China), including
body weight (BW), total length (TL), body length (BL), body height
(BH), preanal body length (PBL), and fork length (FL). Prior to tissue
collection, specimens were anesthetized using buffered MS-222
(100 mg/L) until opercular movement ceased. White skeletal muscle
samples were immediately excised, flash-frozen in liquid nitrogen, and
stored at —80 °C to preserve genomic DNA integrity.

WGRS and SNP calling

The genomic DNA was extracted from white muscle samples of
the two parental individuals and 165 progenies using the Animal
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Genomic DNA Kit (Tiangen Biotech Co., Ltd., Beijing, China)
following the manufacturer’s protocol. DNA quality was assessed
through two complementary methods. First, DNA integrity was
evaluated by electrophoresis on a 1.2% agarose gel, with visualization
conducted using a ChemiDoc™ Touch gel imaging system (Bio-Rad,
CA, United States). Subsequently, DNA concentration and purity
were determined using a NanoDrop-2000 spectrophotometer
(Thermo Fisher Scientific, MA, United States). Only DNA
samples meeting the stringent quality criteria (OD,g0,250 ratio of
1.8-2.0 and ODjg/230 ratio >2.0) were deemed suitable for
sequencing library construction.

A total of 0.5 g of genomic DNA from each individual was used
for library preparation. Sequencing libraries were constructed using
the TruSeq Nano DNA HT Sample Prep Kit (Illumina, CA,
United States) following the manufacturer’s protocol. The
libraries were then sequenced on an Illumina NovaSeq X Plus
system (Illumina, CA, United States) with a paired-end (PE)
350 bp strategy. Raw sequencing reads were subjected to quality
filtering using Fastp (v0.20.0) (Chen et al., 2018) to remove low-
quality reads (mean Phred score <20), including adapter-
contaminated reads, and reads with excessive ambiguous bases
(>10 Ns). The resulting high-quality clean reads were aligned to
the L. brachycephalus reference genome (GWHBCHZ00000000,
https://ngdc.cncb.ac.cn/gwh/) using BWA-MEME (v0.4.17) with
default parameters (Jung and Han, 2022). The aligned reads were
converted to BAM format, sorted using SAMtools (v1.11) (Li et al.,
2009), and PCR duplicates were marked and removed with Picard
(v3.0) (https://github.com/broadinstitute/picard, accessed on 17 July
2024). Variant calling was performed using GATK (v4.5.0.0)
following the GATK Best Practices pipeline (McKenna et al,
2010), detecting SNPs and indels across all samples. The
resulting variants were converted to PLINK format (PLINK v1.
9 beta 7.7) and filtered to retain high-confidence SNPs by excluding
loci with a call rate <80% across all samples, a minor allele frequency
(MAF) < 0.01, monomorphic genotypes (only one allele present),
and multiple SNPs within a single read (Purcell et al., 2007). Finally,
the filtered SNPs were functionally annotated using snpEff (v4.3)
(Cingolani et al., 2014) based on the reference genome annotation
file. This pipeline ensured high-quality data for downstream
genetic analyses.

The construction of the high-density linkage
map in L. brachycephalus

The linkage map of L. brachycephalus was constructed using
JoinMap v5.0 (Ooijen and JoinMap, 2018) with SNPs classified into
two segregation patterns: 1:2:1 (hk x hk, expected for heterozygous x
heterozygous crosses) and 1:1 (nn X np or lm x ll, expected for
heterozygous x homozygous crosses). A chi-square test (x>, P <
0.001) was applied to assess deviations from expected Mendelian
Markers
distortion (P > 0.05) were excluded to ensure map reliability. The

segregation  ratios. showing significant segregation
remaining markers were grouped into 50 linkage groups at a
logarithm of odds (LOD) threshold of 30, corresponding to the
known chromosome number of L. brachycephalus. Lep-MAP3 was
employed for regression mapping, with the OrderMarkers module
optimizing marker positions within each LG. Recombination
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FIGURE 1

Heatmap visualization of Pearson correlation coefficients (r) among various growth-related phenotypic traits. The color gradient represents the
strength and direction of pairwise correlations, with red hues indicating strong positive correlations (r = +1), green hues denoting weak or negative
correlations (r = —1), and intermediate colors reflecting gradations in association strength. BW: body weight, TL: total length, BL: body length, BH: body

height, PBL: preanal body length, FL: fork length.

frequencies were converted to genetic distances (centiMorgans, cM)
using Kosambi’s mapping function in Lep-map (Vinod, 2011). The
final linkage map was visualized using the Perl SVG module,
providing an intuitive graphical representation of marker
distribution across linkage groups.

Genetic correlation and QTL analysis of
growth-related traits

Pearson’s correlation coefficients were calculated among the
six economically important growth-related traits to evaluate their
phenotypic relationships (Carr, 2012). Initial QTL mapping of
growth-related traits was performed using Interval Mapping
(IM) in MapQTL 6.0 software (Silva et al., 2012). Significance
LOD thresholds of each phenotype were established through
(1,000 permutations, P < 0.05). The
significant QTL intervals were assessed at both linkage group-

permutation tests

wide and genome-wide levels using likelihood ratio statistics
(1,000 replicates, 95% confidence). Growth-associated markers
for each QTL were identified based on peak LOD positions and
flanking regions using restricted Multiple QTL model (rMQM)
analysis, which enhanced QTL detection accuracy while enabling

identification of potential novel markers. The statistical
significance of identified QTLs was determined using
empirically derived LOD score thresholds. Only QTLs

exceeding the permutation-derived LOD threshold (P < 0.05)
were considered significant. Significant QTLs were graphically
represented using MapChart 2.2 (Voorrips, 2002), displaying
their genomic positions and effect sizes.
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Identification and characterization of
candidate genes within significant
QTL regions

Potential candidate genes regulating each trait were identified
within QTL regions containing peak LOD scores. Growth-associated
SNPs identified within QTL intervals were mapped to the L.
brachycephalus reference genome. Protein-coding genes located
within #50 kb of significant SNPs were extracted from the
reference annotation using BEDTools (v2.30.0), with genomic
coordinates relative to the transcription start site.

Results
Characterization of the growth-related traits

The mean values (+SD) of growth-related traits among the
165 progenies were 15.34 + 22.65 g for BW, 121.70 + 41.34 cm
for TL, 99.30 + 34.31 cm for BL, 108.36 + 36.31 cm for FL, 76.35 +
24.67 cm for PBL, and 17.48 + 6.90 cm for BH. The growth-related
traits slightly deviate from a normal distribution, particularly in
terms of BW (Supplementary Figure S1; Supplementary Table S1).
Pearson correlation analysis was performed to assess pairwise
relationships among six economically important growth-related
traits in L. brachycephalus (Figure 1). All six growth-related traits
showed strong positive correlations (r > 0.8). The strongest
association occurred between BL and FL (r = 0.998, P < 0.05),
while the weakest correlation was observed between BW and BH (r =
0.813, P < 0.05).
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TABLE 1 Summary of raw sequencing data.

Specimen Raw reads GC (%) Q30 (%)
Male parent 72,042,403 37.81 94.63
Female parent 57,846,661 37.59 94.82
Maximum 46,813,309 38.15 95.24
Minimum 28,753,108 37.19 94.63
Total 57,275,460,063
Average 67,440,617.6 37.72 94.95

Construction of sequencing libraries and
sequencing

In the present study, WGRS was performed on both male and
female parent, and 165 progenies using NGS technology. Sequencing
generated approximate 72.04 million raw reads for the male parent and
57.85 million for the female parent. Additionally, progeny sequencing
yielded approximate 28.75-46.81 million raw reads per individual,
totalling 5.60 billion reads across all offspring. The combined
sequencing output from both male and female parent and
165 progenies yielded 1,729.69 Gb of raw genomic data (Table 1).

Following quality filtering, mapping rates across progenies
ranged from 99.59% to 99.79% (mean = 99.73%), demonstrating
high sequencing accuracy in the present study. The draft genome of
L. brachycephalus has been assembled, with a total size of 1,698.3 Mb
(1.66 Gb) (Geng et al., 2021). The male and female parents yielded
approximately 72 million and 58 million clean reads, achieving
sequencing depths of 12.96x and 10.52x, respectively. Progeny
per

all

sequencing yielded 28.42-46.28 million clean reads
individual, with depth of 5.99x
samples (Table 2).

The present study finally identified 14,595,378 high-quality

SNPs through comprehensive genome-wide analysis. Variant

an average across

TABLE 2 Summary of clean data.

10.3389/fgene.2025.1644874

analysis identified approximately 7.88 million SNPs in the male
parent (6,115,253 heterozygous and 1,764,021 homozygous) and
8.30 million SNPs in the female parent (6,592,962 heterozygous and
1,705,263 homozygous). Progeny SNP analysis revealed ranges of
6.53-7.88 million for total SNPs, 4.81-6.12 million for heterozygous
sites, and 7.41-8.34 million for per
individual (Table 3).

homozygous sites

Construction of the high-density genetic
linkage map

The high-density genetic linkage map of L. brachycephalus
contained 164,435 SNPs distributed across 50 linkage groups,
spanning a total genetic distance of 6,425.95 cM (Table 4).
Significant variation was observed in both SNP density and
genetic distance across different linkage groups. The 50 linkage
groups corresponded to the haploid chromosome number (n = 50)
of L. brachycephalus (2n = 100), consistent with previous karyotypic
reports (Figure 2) (Zhu C. et al,, 2019). SNP distribution varied
substantially across linkage groups, ranging from 221 (LG47) to
12,084 (LG38), with a mean density of 6,448.43 SNPs per linkage
group. Genetic lengths varied among linkage groups, ranging from
103.61 cM (LG34) to 149.96 cM (LG48). The average inter-marker
distance across linkage groups ranged from 0.01 cM (LG38) to
0.56 cM (LG9), with an overall mean of 0.10 cM. Gap analysis
revealed that 99.62% of inter-marker intervals were <5 cM, with
extreme values ranging from 0.41 cM (LG38) to 28.37 cM (LG49).

Genome-wide QTL analysis reveals growth-
related loci and candidate regulatory genes

Genome-wide QTL mapping identified growth-related loci on
three linkage groups: LG27 QTLs for BH, BL, TL, PBL, and FL, while
BW QTLs were detected on LG20 and LG26 (Table 5; Figure 3). The

Specimen Clean reads GC (%) Q30 (%) Depth Mapped ratio
Male parent 71,102,572 37.62 95.57 12.96 99.75
Female parent 57,235,215 37.47 95.55 10.52 99.72
Maximum 46,279,669 38.04 95.91 8.61 99.79
Minimum 28,424,424 37.09 95.42 5.47 99.59
Average 33,544,574.5 37.61 95.72 5.99 99.73
TABLE 3 Summary of SNPs from male parent, female parent, and progenies.
Specimen SNP number Ts/Tv Heterozygosity Homozygosity
Male parent 7,879,274 132 6,115,253 1,764,021
Female parent 8,298,198 1.32 6,592,962 1,705,263
Maximum 7,880,775 1.34 6,115,253 1,765,522
Minimum 6,525,981 1.31 4,806,857 1,719,124
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TABLE 4 Summary statistic of the linkage map of L. brachycephalus.

10.3389/fgene.2025.1644874

Linkage group SNPs Distance (cM) Average (cM) Max gap (cM) Gap >5 cM (%)
LG1 257 141.38 055 7.74 0.07
LG2 3,699 110.64 0.03 3.19 0
LG3 3,622 105.23 0.03 497 0
LG4 8,095 148.82 0.02 452 0
LG5 6,269 145.49 0.02 0.67 0
LG6 1,001 116.63 0.12 10.40 0.01
LG7 779 121.08 0.16 3.63 0
LG8 5371 104.31 0.02 3.05 0
LG9 223 125.05 0.56 12.01 0.01
LG10 4,708 130.53 0.03 260 0
LG11 1,845 128.16 0.07 7.08 0.01
LG12 7,061 147.70 0.02 450 0
LG13 9,726 134.96 0.01 0.99 0
LG14 2,196 134.61 0.06 403 0
LG15 1,190 114.54 0.1 207 0
LG16 2,845 12425 0.04 291 0
LG17 4941 109.97 0.02 538 0.01
LG18 1,721 115.25 0.07 12.64 0.02
LG19 780 133.99 0.17 27.84 0.03
LG20 1,741 137.63 0.08 621 0.01
LG21 5,654 116.39 0.02 255 0
LG22 873 146.17 0.17 23.59 0.01
1G23 3,355 134.16 0.04 1.57 0
LG24 7,109 142.36 0.02 1.12 0
LG25 4203 141.23 0.03 8.18 0.01
LG26 2,854 149.89 0.05 256 0
LG27 529 130.71 025 10.18 0.01
LG28 1,301 147.10 0.11 4.16 0
LG29 1,411 120.11 0.09 1.97 0
LG30 3,741 135.38 0.04 492 0
1G31 6,637 133.72 0.02 408 0
1G32 1,794 144.14 0.08 14.66 0.02
LG33 1,100 139.84 0.13 12.70 0.02
LG34 4421 103.61 0.02 420 0
LG35 5,616 131.11 0.02 3.84 0
LG36 760 116.53 0.15 20.92 0.03
LG37 1,489 119.52 0.08 372 0
1G38 12,084 118.09 0.01 041 0
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TABLE 4 (Continued) Summary statistic of the linkage map of L. brachycephalus.

Linkage group SNPs Distance (cM) Average (cM) Max gap (cM) Gap >5 cM (%)
LG39 1,980 112.18 0.06 10.41 0.02
LG40 3,577 134.34 0.04 6.17 0.01
LG4l 6,317 117.75 0.02 2.72 0
LG42 3,059 139.71 0.05 6.52 0.01
LG43 791 119.09 0.15 11.87 0.02
LG44 3,693 127.53 0.03 435 0
LG45 669 108.62 0.16 2.16 0
LG46 4,496 120.83 0.03 3.97 0
LG47 221 112.09 0.51 2123 0.03
LG48 2,874 149.96 0.05 4.62 0
LG49 581 148.76 0.26 28.37 0.02
LG50 3,266 138.82 0.04 3.13 0
Total 164,435 6,429.95 0.38
Average 6,448.43 128.59 0.10 8.37
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FIGURE 2

The consensus high-density SNP-based linkage map for L. brachycephalus.

BH-associated QTL on LG27 accounted for 6.27% of PVE with a
peak LOD score of 11.20. Additionally, BW-associated QTLs on
LG20 and LG26 explained 10.01% and 39.36% of PVE, with peak
LOD scores of 27.13 and 26.77, respectively. Notably, BL, TL, PBL,
and FL traits shared a common QTL interval on LG27, with
respective PVE of 7.78% (LOD = 11.74), 7.49% (LOD = 13.08),
7.31% (LOD = 12.14), and 7.63% (LOD = 13.19).

Multiple candidate genes potentially regulating growth
performance in L. brachycephalus were identified within the
identified QTL intervals, located in close proximity to the peak
marker positions (Table 5). Histone deacetylase 1 (HDACI) was
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identified as a potential regulator of BH, while ethanolamine
phosphotransferase 1 (EPT1) emerged as a candidate gene
influencing multiple length traits (BL, TL, PBL, and FL).
Additionally, four candidate genes were identified as potential
regulators of BW, including nebulin-related anchoring protein 1
(NRAPI), myocyte (MEF2),
glucocorticoid-regulated kinase 1 (SGKI), and Cdc42-interacting

enhancer factor 2 serum/
protein 4 (CIP4). The SNPs were located in intronic and intergenic
regions of candidate regulatory genes, suggesting they do not
directly alter protein-coding sequences but may influence gene

regulation.
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TABLE 5 The information of growth-related QTLs for the six growth-related traits in L. brachycephalus.

Peak LOD PVE% Mutation type
BH 27 2,916,912-2921,049 11.20 6.27 Histone deacetylase 1 Intron variation
BL 27 2,916,949-2921,032 13.74 7.78 Ethanolamine phosphotransferase 1 Intron variation
BW 20 2,363,237-5826,533 27.13 10.01 Nebulin-related-anchoring protein 1 Intergenic variation

Myocyte-specific enhancer factor 2
BW 26 2,474,271-2552,052 26.77 39.36 Serine/glucocorticoid-regulated kinase 1 Intergenic variation
Cdc42-interacting protein 4
TL 27 2,916,949-2921,032 13.08 7.49 Ethanolamine phosphotransferase 1 Intron variation
PBL 27 2,916,949-2921,032 12.14 7.31 Ethanolamine phosphotransferase 1 Intron variation
FL 27 2,916,949-2921,032 13.39 7.63 Ethanolamine phosphotransferase 1 Intron variation
Discussion 480-fold improvement in resolution compared to previous work.

High-density linkage mapping and quantitative trait locus
(QTL) analysis serve as powerful tools for identifying genomic
regions and candidate genes underlying economically important
traits in aquatic species. The present study aimed to construct a
high-density genetic linkage map for L. brachycephalus using WGRS
data, and perform comprehensive QTL mapping of six key growth-
related traits. These efforts will facilitate the identification of
functional genes regulating growth performance, providing novel
insights into the molecular mechanisms controlling complex traits
in this commercially valuable species.

Pearson’s correlation analysis has become a standard method for
evaluating relationships between commercially important traits in
Following established threshold (r >
0.6 indicating strong correlations), numerous studies have

aquaculture  species.
documented high inter-trait correlations in various fish species
(Mukaka, 2012). In Epinephelus fuscoguttatus, body weight and
0.939), with
30 trait comparisons exceeding the r > 0.6 threshold (Zhang

total length showed near-perfect correlation (r =

et al., 2022). E. lanceolatus exhibited strong correlations between
body weight and total length (r = 0.82), body length (r = 0.80) and
body height (r = 0.81) (Wu et al., 2023). A. japonicus demonstrated
an exceptionally high weight-length correlation (r = 0.974) (Jackson
and Rhode, 2024). The present study in L. brachycephalus revealed
even stronger associations, with all six growth-related traits showing
correlations >0.8 (P < 0.01). This remarkable synchrony in trait
variation (Walsh and Blows, 2011) strongly suggests pleiotropic
genetic regulation, where single genes may simultaneously influence
multiple growth traits (Paaby and Rockman, 2013).

Prior to this study, only one high-density linkage map had been
constructed for L. brachycephalus, utilizing the SLAF-seq approach
(Geng et al., 2022). This earlier map comprised 4,304 unique SNP
markers distributed across 50 linkage groups, spanning a total
genetic distance of 2,419.2 c¢cM with an average interval of
48.4 cM. In contrast, our study employed WGRS approach to
construct a significantly enhanced linkage map. The resulting
high-density ~ map 164,435 SNP
maintaining the 50 linkage groups while achieving a substantially
expanded total genetic length of 6,425.95 cM. Most notably, the
average marker interval was reduced to just 0.10 cM, representing a

incorporates markers,
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These dramatic improvements in both total map length and marker
density provide valuable genetic resources for precise mapping of
growth-related loci in L. brachycephalus, significantly advancing the
potential for marker-assisted selection in this commercially
important species.

QTL mapping represents a powerful methodological approach
for elucidating the genetic mechanism underlying complex traits,
particularly growth-related traits, across diverse fish species. The
identification of key genes and functional polymorphisms associated
with growth traits provides crucial insights into the molecular
mechanisms governing fish growth and development. Currently,
only a single published study has applied QTL mapping in L.
which
influencing morphometric traits including body length, total
length, and head breadth. Genome-wide QTL analysis identified
72 statistically significant loci (LOD >3.0) associated with growth
traits, distributed across 9 distinct linkage groups. The PVE by these

brachycephalus, successfully identified genetic loci

QTLs ranged from 9.2% to 13.4%. Notably, the prior investigation
did not detect any growth-associated genes within the identified
QTL regions, suggesting either limitations in genomic resources or
the involvement of novel genetic factors (Geng et al., 2022). This
limitation may be attributed to the relatively low marker density in
the current linkage map. The current study detected growth-
associated QTLs with LOD scores ranging from 11.20 to 27.13,
explaining 6.27%-39.36% of the PVE. The LOD scores obtained in
this study substantially exceeded those reported in previous QTL
mapping studies of aquatic species. This increased detection power
corresponds with the higher proportion of PVE, suggesting
improved resolution of growth-related genetic traits (Sun et al,
2017; Wang et al,, 2016). These results demonstrate significantly
improved detection power and accuracy compared to previous QTL
analyses of growth-related traits in aquatic animals. Notably, the
QTL identified on LG27 exhibited strong associations with multiple
growth-related traits, including BL, TL, PBL, and FL. This finding
aligns with results from Pearson correlation analysis, which revealed
near-perfect positive correlations (r = 1) among these traits,
suggesting a single gene may simultaneously influence multiple
aspects of growth morphology.

The EPTI gene was localized within the significantly associated
QTL interval for BL, TL, PBL, and FL. This positional and genetic
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FIGURE 3

Genome-wide LOD score distributions for QTL analysis of (A)

BW: body weight, (B) TL: total length, (C) BL: body length, (D) FL: fork
length, (E) PBL: preanal body length, (F) BH: body height traits in L.
brachycephalus. The plots depict LOD scores plotted against
genetic linkage map positions, with horizontal red lines indicating
genome-wide peak thresholds for significant QTL associated with
each growth-related phenotype.

association suggests EPTI may pleiotropically regulate these
correlated growth traits. EPTI1, which catalyzes the terminal step
of the CDP-ethanolamine pathway, regulates growth in aquatic
species by governing phosphatidylethanolamine (PE) biosynthesis
(Vance, 2015). In teleosts, PE serves as both a structural membrane
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component and a signaling molecule. The cellular abundance of PE,

critically regulates multiple fundamental growth processes,

including membrane expansion during juvenile muscle
development, hepatocyte proliferation, and rapid tissue growth
phase (Hérault et al., 2010; Kwon et al., 2012; Hartmann et al., 2014).

The HDACI gene was identified within the genetic region of
QTL interval, highly associated with BH. HDACI serves as a crucial
epigenetic modulator that orchestrates growth regulation through
transcriptional control of growth-associated genes, modulation of
cellular proliferation rates, and regulation of differentiation
pathways. Functioning as a lysine deacetylase, HDACI catalyzes
the removal of acetyl groups from histone tails, resulting in
chromatin compaction and subsequent downregulation of key
growth-related genes (Deng et al., 2021). While previous studies
have established that HDACI is essential for embryonic
development (He et al,, 2014) and cell cycle regulation (Vincent
and Patrizia, 2006) in fish, our findings reveal a previously
uncharacterized role for HDAC! in modulating skeletal growth.
This study provides the first evidence linking HDACI to osteogenic
processes in L. brachycephalus, suggesting functional diversification
of this epigenetic regulator in teleost.

The NRAPI, MEF2, SGK1, and CIP4 genes were mapped within
a significant QTL intervals linked to BW in L. brachycephalus,
suggesting their potential functional roles in BW regulation. As a
key structural regulator, nebulin critically controls thin filament
length determination (Pappas et al., 2010). The C-terminal domain
of nebulin is anchored within the Z-disk, while its N-terminal region
extends toward the pointed end of thin filaments (Bang et al., 2002;
Gokhin et al., 2012; Labeit and Kolmerer, 1995). Comparative
studies reveal that nebulin-deficient skeletal muscle fibers exhibit
significantly shorter thin filaments than wild-type counterparts,
thin-thick  filament

impaired force

resulting in  decreased overlap and

consequently generation capacity. Notably,
emerging evidence indicates nebulin’s dual regulatory role in
muscle contraction, where it modulates both cross-bridge cycling
kinetics and enhances the calcium sensitivity of force production
(Bang et al., 2009; Chandra et al., 2009; Ottenheijm et al., 2010).
Protein kinases constitute a major class of regulatory enzymes in
eukaryotic cells, modulating protein function and governing diverse
cellular processes (Cipak, 2022). SGK1, a ubiquitously expressed
serine/threonine kinase, plays a pivotal role in regulating ion
channels, membrane transporters, transcription factors, and
cellular enzymes (Waldegge et al, 1997; Webster et al, 1993),
while also modulating neuronal excitability (Amato et al., 2009).
Furthermore, SGK1 critically regulates fundamental cellular
processes including growth, proliferation, survival, migration, and
apoptosis (Lang et al., 2010; Amato et al.,, 2009; Bai et al., 2015;
Schmidt et al., 2012). MEF2 was initially observed in muscle, playing
multiple roles in muscle cells to control myogenesis and
1998). MEF2 family of

transcription factors plays a central role in regulating muscle

morphogenesis (Black and Olson,

differentiation across animal species by controlling the expression
of genes essential for myogenesis (Arredondo et al., 2001; Brunetti
et al, 2015; Marin et al., 2004; Chechenova et al., 2015). In
mammals, MEF2 proteins coordinate multiple aspects of muscle
development, including skeletal myofiber specification (Handschi
et al.,, 2003; Liu et al.,, 2005) and differentiation (Black and Olson,
1998), cardiac development and hypertrophy (Lin et al, 1997;
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Moustafa et al, 2023), as well as vascular morphogenesis and
smooth muscle proliferation (Bi et al.,, 1999; Zhao et al., 2002).
For instance, MEF2C is indispensable for cardiac and smooth
muscle differentiation during embryogenesis (Lin et al, 1997)
and is required postnatally for skeletal muscle maintenance
(Potthoff and Olson, 2007). CIP4 functions as an effector of the
small GTPase CDC42 (Aspenstrom, 2009) and localizes at cell-cell
junctions, where it modulates cortical F-actin dynamics and the
distribution of junctional proteins (Georgiou et al., 2008; Giuliani
et al., 2009; Leibfried et al., 2008). CIP4 plays an essential role in
growth factor-mediated cell scattering by modulating cell-cell
adhesion dynamics through regulation of junctional actomyosin
contractility (Rolland et al., 2014).

Conclusion

In conclusion, the present study constructed a high-density SNP-
based genetic linkage map for L. brachycephalus using WGRS data.
Analysis revealed strong correlations among six economically
important growth-related traits (r > 0.8), suggesting pleiotropic
regulation by shared genetic factors. A total of 146 million high-
quality SNPs we identified from 165 F; full-sib family progenies, of
which 164,435 were successfully mapped. The final linkage map
comprises 50 linkage groups spanning 6,425.95 cM, with an average
genetic distance of 0.10 cM between markers, which is the highest
density reported among aquatic species to date. Genome-wide QTL
analysis identified multiple significant loci associated with growth-
related traits, with peak LOD scores explaining 6.27%-39.36% of the
PVE. Notably, a major QTL on LG27 showed strong pleiotropic effects,
co-localizing with four morphometric traits, including BL, TL, PBL, and
FL. This finding suggests shared genetic regulation underlying these
correlated developmental traits. Using the Aral barbel genome, putative
regulatory genes within QTL intervals were identified, including
HDACI on LG27 for BH, EPT1 on LG27 for BL, TL, PBL, and FL,
and NRAPI and MEF2 on LG20, and SGK1 and CIP4 on LG26 for BW.
This refined map enables precise localization of growth-related
candidate genes, significantly advancing marker-assisted breeding for
L. brachycephalus. The morphological data for the six growth-related
traits exhibited slight deviations from a normal distribution, particularly
BW. To enhance mapping accuracy, we plan to increase the number of
sequenced individuals in future studies.
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SUPPLEMENTARY FIGURE S1

The distribution of six growth-related traits. BW, body weight; TL, total
length; BL, body length; FL, fork length; PBL, preanal body length; BH, body
height traits.
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Morphological measurements of six growth-related traits. BW, body weight;
TL, total length; BL, body length; FL, fork length; PBL, preanal body length;
BH, body height traits.
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