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Dear Editor,

The rapid development of second- and third-generation

sequencing technologies, combined with extensive plant

germplasm collections, has enabled genome-wide association

studies (GWAS) to identify numerous causal variations and trait-

associated genes. These advances provide foundational support

for modern crop improvement and genomic design breeding.

However, the contribution of natural variations in promoter and

gene coding sequence to phenotypic change remains poorly

characterized. Therefore, the urgent need is how to rapidly

mine the favorable haplotypes generated by these variations in

natural populations and exploit their potential for future crop

improvement. Here, we introduce hastat (https://github.com/

swu1019lab/hastat), a comprehensive gene-favorable haplotype

mining tool based on the Python language, while an online

analysis platform is also provided at https://brassicaibd.cn/

analysis/haplotype. Its modular design (view, stat, network, and

plot modules) allows users to benefit from a streamlined process

(Fig. 1A) and has been successfully implemented in multiple

studies [1, 2], which is of great value for modern crop genome

design breeding research.

Rapeseed (Brassica napus) is a crucial oilseed crop that has

successfully adapted to a wide range of climate zones and

latitudes, evolving into three main ecotype groups: winter,

semi-winter and spring types. In previous study, selective-

sweep analysis and GWAS for flowering time confirmed that the

FLOWERING LOCUS T (FT) orthologue on A02 (BnaA02g12130D
or BnaA02G0156900ZS, hereafter as BnFT.A02) and the FLOW-
ERING LOCUS C (FLC) orthologue on A10 (BnaA10g22080D or

BnaA10G0244800ZS, hereafter as BnFLC.A10) were significantly

associated with flowering-time variation [3]. Here, using this

tool, we conducted an in-depth analysis of BnFT.A02 and

BnFLC.A10 in rapeseed. We first collected a total of 1662

public rapeseed resequencing accessions (Table S1) from

PRJNA476657 [3] (1007 samples, 7.95 Tb) and PRJNA358784 [4]

(655 samples, 4.03 Tb) from NCBI, and based on ZS11 as the

reference genome, variants detection was re-conducted using

DeepVariant v1.5.0, and the final obtained variant sets were

renamed BnaWGS-1007 and BnaWGS-655 respectively. To ensure

robustness, we filtered variants with minor allele frequency

(MAF) < 0.05 and missing rate > 0.2, as gene representation

(Fig. S1) and sensitivity analyses (Fig. S2) demonstrated these

thresholds optimally balance genotype quality and genomic

representation.

To gain consistent insight into the genomic selection of genes

during evolution [3], we compared fixation index and nucleotide

diversity (FST and π ) (Tables S2 and S3) across the 1-megabase

(Mb) genomic regions spanning BnFT.A02 (Fig. 1B and C) and

BnFLC.A10 (Fig. 1F and G) genes in the BnaWGS-1007 and BnaWGS-

655 panel. We identified strong evidence of ecotype divergence

around the BnFT.A02 gene between the spring and winter-type

rapeseed. We identified strong evidence of ecotype divergence

around BnFLC.A10 between the semi-winter and winter-type

rapeseed based on population fixation statistics (FST). Besides,

while a selective sweep was detected at the BnFLC.A10 locus, the

BnFT.A02 region exhibited a distinct selection signal characterized

by high nucleotide diversity, suggesting it underwent balancing

selection for adaptive flexibility (Fig. S3) [5].

To explore the natural variation of genes under adaptation,

we defined ten major haplotypes in the gene coding and

promoter sequence (2000 bp from ATG) across the diversity panels

(Tables S4–S7). For BnFT.A02, haplotype Hap1 appeared the

most frequently in both the Bna-WGS-1007 (391 accessions) and

Bna-WGS-655 (58 accessions) panels and possessed sequences

consistent with the reference genome. Haplotype Hap1 is a

late-flowering haplotype with an average flowering time of 181

and 180 days in the two panels, respectively (Fig. 1D and E).

In Bna-WGS-655, Hap1 is significantly later than the other

haplotypes carried with natural variations, which generally have

an average flowering time of about 165 days (Table S8). Hap1

is mainly found in winter-type accessions, followed by semi-

winter-type, and is rarely observed in spring-type, resulting in

winter and spring-type accessions differentiating significantly

in this region but not being different from semi-winter type.
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Figure 1 The development and application of Hastat. (A) The development schema of the gene haplotype mining tool. (B - C) The selection and

haplotype analysis of BnFT.A02 in BnaWGS-1007 and BnaWGS-655 panels. From top to bottom: FST and π values in spring, semi-winter, and winter-type

accessions across the 1 Mb genomic regions surrounding the gene; gene structure, blue rectangular boxes indicate exons and arrows indicate the

direction of the strand; gene haplotype heatmap, blue indicates 1/1 genotypes, light blue indicates 0/1 genotypes, white indicates 0/0 genotypes.

(D - E) The one-way ANOVA statistics and distribution of BnFT.A02 haplotypes in BnaWGS-1007 and BnaWGS-655 panels. (F - G) The selection and

haplotype analysis of BnFLC.A10 in BnaWGS-1007 and BnaWGS-655 panels. (H - I) The one-way ANOVA statistic and distribution of BnFLC.A10 haplotypes

in BnaWGS-1007 and BnaWGS-655 panels. (J - L) The haplotype network analysis of BnFT.A02 in BnaWGS-1007, BnaWGS-655, and the merged

population. (M - O) The haplotype network analysis of BnFLC.A10 in BnaWGS-1007, BnaWGS-655, and the merged population.
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In contrast to BnFT.A02, we observed that BnFLC.A10, the

haplotypes Hap1 (Bna-WGS-655) and Hap4 (Bna-WGS-1007) are

identical to the reference sequence and the haplotype Hap6

(Bna-WGS-1007) is almost identical. These haplotypes are more

inclined to flower early, with average flowering times of 164,

167, and 165 days, respectively, and significantly earlier than

other haplotypes with natural variations and are mainly found

in semi-winter-type accessions (Fig. 1H and I, Table S8). This

contributed to the divergence of semi-winter-type accessions from

winter-type and spring-type accessions in the region. Besides,

natural variations were also present in the promoter region of

BnFLC.A10 and may influence flowering time by affecting gene

expression [3].

Bna-WGS-1007 and Bna-WGS-655 are winter-type preferred

population (66.40%) mainly from Europe and semi-winter-type

preferred population (78.50%) mainly from China, respectively.

They can therefore be used as representative populations

of rapeseed origin and after-selection for haplotype network

analysis (Tables S9–S12), respectively. Winter-type rapeseeds

were first cultivated in Europe and have been suggested to be

the original form of B. napus [4]; therefore, a major haplotype

with the largest winter-type accessions will be formed, and

most of the minor haplotypes were also winter-type biased

in Bna-WGS-1007 (Fig. 1J and M). After being introduced into

China, winter-type rapeseeds have undergone adaptive changes

under a combination of natural and artificial selection to suit

different geographical environments and climates. Two addi-

tional ecotypes, namely, semi-winter rapeseeds and spring-

type rapeseeds, adapted to different vernalization times and

temperatures, were gradually formed, which has led to most of

the haplotypes being semi-winter biased in Bna-WGS-655 (Fig. 1K

and N). This phenomenon is more pronounced in the haplotype

network (Fig. 1L and O, Fig. S4) after merging two populations,

especially for BnFLC.A10, where the semi-winter-biased haplotype

is almost completely separated from the winter-type-biased

haplotype, which is also consistent with our selection analysis

results.

Collectively, a comprehensive gene haplotype mining tool

was developed and used to perform in-depth analyses on two

flowering genes, BnFT.A02 and BnFLC.A10. The results of these

analyses revealed a gradual decrease in the number of late-

flowering haplotypes BnFT.A02Hap1 and an increase in the number

of early-flowering haplotypes BnFLC.A10Hap1, BnFLC.A10Hap4,

and BnFLC.A10Hap6 during evolution and adaptation. Significant

artificial selection signals and certain promoter natural variations

were identified in BnFLC.A10. The selection of these haplotypes

may have contributed to the development of the modern semi-

winter rapeseed cultivar, ZS11. This finding provides a novel

breeding insight to further reduce the flowering time of rapeseed,

and this tool will be valuable for future genomic design breeding

and crop improvement.

Acknowledgements
We appreciate the valuable and constructive suggestions provided

by hastat users and our colleagues. This work was supported

by the National Key R&D Program of China (2022YFD1200400),

the National Natural Science Foundation of China (32272111),

Special fund for youth team of the Southwest Universities

(SWU-XJPY202306), Chongqing Natural Science Foundation

(CSTB2024NSCQ-LZX0012), Biological Breeding-National Science

and Technology Major Project (2022ZD04008), Beibei Science

and Technology Bureau (cykjhz2024-27), Modern Agro-industry

Technology Research System (CARS-12), Chongqing Modern

Agricultural Industry Technology System (CQMAITS202504), and

National College Students’ Innovation and Entrepreneurship

Training Program Project (202410635082).

Author contributions
K.L. supervised the project. X.L. completed all software develop-

ment and analysis. Y.W., B.M., Z.Q., and M.Z. participated in soft-

ware testing and provided suggestions for revisions. X.L. wrote the

manuscript. K.L. and J.S. revised the manuscript. All authors read

and approved the final manuscript.

Data availability
Supplementary data for this article can be found online at https://

doi.org/10.6084/m9.figshare.30963401.

Conflicts of interest statement
The authors declare no competing interests.

References
1. Wang H, Li X, Meng B. et al. Deciphering the Arf (ADP-

ribosylation factor) gene family in Brassica napus L.: genome-

wide insights into duplication, expression, and rapeseed yield

enhancement. Int J Biol Macromol. 2024;282:137257

2. Zhang L, Yang B, Li X. et al. Integrating GWAS, RNA-Seq, and

functional analysis revealed that BnaA02.SE mediates silique

elongation by affecting cell proliferation and expansion in Bras-
sica napus. Plant Biotechnol J. 2024;22:2907–20

3. Wu D, Liang Z, Yan T. et al. Whole-genome resequencing of

a worldwide collection of rapeseed accessions reveals the

genetic basis of ecotype divergence. Mol Plant. 2019;12:30–43

4. Lu K, Wei L, Li X. et al. Whole-genome resequencing reveals

Brassica napus origin and genetic loci involved in its improve-

ment. Nat Commun. 2019;10:1154

5. Zhu Z, Wang Y, Liu S. et al. Genomic atlas of 8,105 accessions

reveals stepwise domestication, global dissemination, and

improvement trajectories in soybean. Cell. 2025;188:6519–35

© The Author(s) 2026. Published by Oxford University Press on behalf of the Nanjing Agricultural University. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.
Horticulture Research, 2026, 13, 1–3
https://doi.org/10.1093/hr/uhag018
Letter to the Editor

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/13/4/uhag018/8430775 by guest on 14 M

ay 2026

https://doi.org/10.6084/m9.figshare.30963401
https://doi.org/10.6084/m9.figshare.30963401
https://doi.org/10.6084/m9.figshare.30963401
https://doi.org/10.6084/m9.figshare.30963401
https://doi.org/10.6084/m9.figshare.30963401
https://doi.org/10.6084/m9.figshare.30963401
https://doi.org/10.6084/m9.figshare.30963401
https://doi.org/10.6084/m9.figshare.30963401
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/hr/uhag018

	 Hastat: mining favorable haplotypes of trait-associated genes for breeding improvement in natural populations
	 Acknowledgements
	 Author contributions
	 Data availability
	 Conflicts of interest statement


