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A B S T R A C T

Soybean (Glycine max L.) is a globally vital crop for oil production and food security. High-quality genomic 

resources are instrumental for both functional genomics and breeding. Here, we report a near-complete, 

high-quality genome assembly of the elite cultivar Tianlong 1 (TL1), featuring fully resolved telomeres and 

centromeres, as well as a gap-free assembly of 14 of its 20 chromosomes. On the basis of the genome 

assembly, we generate an ethyl methanesulfonate (EMS)-mutagenized population comprising 2555 M 7 
plants. Whole-genome resequencing of 288 EMS mutants uncovers 1,163,869 high-confidence single-

nucleotide polymorphisms (SNPs) and 542,709 insertions/deletions (InDels), achieving 91.89% coverage of 

predicted protein-coding genes. Phenotypic screening demonstrates robust genotype—phenotype asso-

ciations, with two nonsynonymous mutants displaying pronounced defects in seed and leaf development. 

Collectively, the chromosome-scale TL1 genome assembly and the extensively characterized mutant 

population establish valuable resources for functional genomics and precision breeding in soybean and 

related legume species.

Copyright © 2025, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and 

Genetics Society of China. Published by Elsevier Limited and Science Press. All rights are reserved, 

including those for text and data mining, AI training, and similar technologies.

Introduction

Soybean has become an indispensable global crop, serving as a 

critical source of plant-based protein, edible oil, and industrial raw 

materials to meet the demands of a growing population (Tian et al., 

2025). To address the pressing need for increased soybean pro-

duction, genetic improvement of yield-related traits through targeted 

breeding strategies is essential. While recent advances in genomics

have enabled the identification of key genes regulating important 

agronomic traits, such as seed composition, stress tolerance, and 

yield potential (Goettel et al., 2022; Liang et al., 2024; Yuan et al., 

2024; Zhong et al., 2024; Zhang et al., 2025), the functional charac-

terization of soybean genes remains largely incomplete. A systematic 

approach to uncovering gene-trait relationships is therefore crucial 

for accelerating soybean breeding.

Forward genetics has proven highly effective in linking genotypes 

to phenotypes, particularly when combined with chemical muta-

genesis and high-throughput sequencing. EMS-induced mutagen-

esis, in particular, offers a powerful means to generate high-density 

mutations for functional gene discovery. This approach has been 

successfully implemented in major crops, including rice (Takagi et al., 

2015), maize (Zhou et al., 2023), watermelon (Deng et al., 2022), and 

Chinese cabbage (Sun et al., 2022), where EMS libraries have 

enabled rapid gene identification through whole-genome
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sequencing. In soybean, EMS-mutagenized populations have been 

developed in various genetic backgrounds, such as Williams 82 

(Wm82, Zhang et al., 2022), Zhonghuang 13 (ZH13, Ge et al., 2018), 

and Zhongpin 661 (Li et al., 2017), facilitating the discovery of genes 

controlling diverse traits. However, the lack of a high-quality refer-

ence genome for many elite cultivars limits the precision of mutation 

mapping and functional studies.

To enable accurate mutation detection, we generated a near-

complete, high-quality genome assembly of Tianlong 1 (TL1), a high-

yielding soybean cultivar extensively cultivated in Huang-Huai-Hai re-

gion of China. We then performed whole-genome resequencing on 288 

M 7 mutants, identifying a comprehensive set of SNPs and InDels with 

high genome-wide coverage. Phenotypic screening revealed strong 

genotype-phenotype correlations, highlighting the utility of this 

resource for functional genomics. Our study provides a robust platform 

for gene discovery and molecular breeding in soybean, offering op-

portunities to elucidate the genetic basis of agronomic traits.

Results

Chromosome-scale assembly of the TL1 high-quality genome

Through PacBio long-read sequencing combined with high-

fidelity (HiFi) sequence polishing (Figs. 1A, 1B, S1), we generated a 

high-quality genome assembly for the elite soybean cultivar TL1 

(TL1-HQ). The final 1017 Mb assembly represents a 0.4% reduction 

from the previous TL1 genome (TL1-PRE, 1021 Mb; NCBI: 

GCA_015227745.1) (Jia et al., 2020), primarily due to improved gap 

closure and error correction (Fig. 1C and 1D). The assembly exhibits 

exceptional contiguity, with only 26 contigs (N50 = 50.3 Mb) and 6 

residual gaps localized to chromosomes 2, 11, 14, 15, 18, and 20 

(Fig. S2; Table S1).

A hallmark of this assembly is its near-complete chromosomal 

reconstruction, with all 40 telomeres and 20 centromeres suc-

cessfully resolved (Fig. 1D; Table S1). Rigorous quality assess-

ments including a Genome Continuity Inspector (GCI) score of 

40.93, an R-AQI of 96.89, and a S-AQI of 97.67 (Table S1), collec-

tively confirmed the high contiguity and precision of the assembly. 

Transposable element (TE) analysis identified a genomic content of 

35.56%, primarily composed of retroelements (31.32%) and DNA 

transposons (4.21%). This TE content was significantly lower than 

that reported in other soybean cultivars, including Zhonghuang 13 

(53.06%) (Zhang et al., 2023) and Williams 82 (Wm82-NJAU, 

55.73%) (Wang et al., 2023b), but comparable to the Jack cultivar 

(35.67%) (Huang et al., 2024), suggesting cultivar-specific TE dy-

namics in soybean genomes (Table S2).

Gene annotation and comparative genomics reveal structural 

improvements

Comparative genomic analysis revealed substantial conservation 

with existing soybean references, with 78.4% (60,403 genes) and 

83.3% (64,150 genes) showing one-to-one orthology to the Wm82 

a4.v1 (Valliyodan et al., 2019) and a6.v1 (Espina et al., 2024) as-

semblies, respectively (Table S3). The completeness of the assembly 

was further validated by BUSCO analysis, which identified 99.89% of 

the conserved Fabales orthologs, demonstrating nearly complete 

representation of the gene space. Comparative genomics revealed 

substantial improvements over TL1-PRE, including 130 previously 

unknown genomic regions (>1 Kb) and corrections to 45 trans-

locations and 213 inversions (Figs. 1D and S3; Table S4). 

Whole-genome alignments further highlighted extensive struc-

tural divergence between TL1-HQ and existing soybean references, 

including 517 translocations and 134 inversions relative to Wm82-

NJAU (Figs. 1D, S3, S4), and 319 translocations and 71 inversions

compared to ZH13 (Fig. S5). These findings underscore both the 

technical superiority of TL1-HQ and the natural genomic diversity 

among soybean cultivars. With its complete chromosomal architec-

ture and accurate annotation, the TL1-HQ genome provides a gold-

standard reference for both intra-species comparisons among soy-

bean cultivars and inter-species legume genomics studies.

Construction and phenotypic characterization of the TL1 EMS 

mutant population

For EMS mutant library construction, the TL1 genetic background 

was strategically selected for mutagenesis due to its dual value for 

soybean improvement: (1) direct applicability for developing 

breeding-ready improved variants, and (2) long-term utility for for-

ward genetic studies of agronomic trait loci. We established an EMS-

mutagenized population by treating TL1 seeds with 0.6% EMS, 

achieving an optimal M 0 germination rate of ~50% that balances 

mutation density with population viability. Through 7 generations of 

field cultivation across multiple locations, we developed a stable 

mutant resource including 7300 M 2 plants in Wuhan (2018), 6000 M 3 
and 5000 M 4 plants in Sanya and Wuhan (2019), 3500 M 5 and 3452 

M 6 plants in Sanya and Kaifeng (2020), culminating in 2555 geneti-

cally stable M 7 lines from Kaifeng (2021) (Fig. 2A).

Phenotypic characterization of the M 4 population revealed 

extensive morphological variation throughout development. Vege-

tative stage mutants displayed altered leaf architecture (including 

trifoliate-to-quadra/quinquefoliate transitions), modified plant stat-

ure, and diverse branching patterns (Fig. 2B and 2C). Mature plants 

exhibited significant diversity in seed characteristics, including size, 

color, and seed coat morphology (Fig. 2D). This mutant collection 

represents a comprehensive genetic resource that captures sub-

stantial diversity within the TL1 background, which serves as a 

functional genomics platform for gene discovery, providing important 

alleles for direct breeding applications. The population’s combination 

of genetic stability (M 7 generation) and phenotypic breadth makes it 

particularly valuable for dissecting the genetic architecture of com-

plex agronomic traits.

Genome-wide characterization of 288 M 7 mutants through 

whole-genome resequencing

Whole-genome resequencing of mutant populations serves as a 

powerful tool for functional genomics, enabling precise genotype-

phenotype correlations. To comprehensively characterize the muta-

tional landscape of our population, we deep-sequenced 288 M 7 in-

dividuals (representing both visible mutants and phenotypically 

normal lines) selected from the 2555 mutant lines (Table S5). This 

generated 5513 Gb of high-quality sequencing data, achieving an 

average coverage depth of 14.80× (19.14 Gb per line).

Variant calling identified 1,163,869 high-confidence non-redun-

dant SNPs and 542,709 InDels (Table S8), corresponding to a mu-

tation density of 1.68 variants per kilobase (mutations/Kb). This 

mutation frequency is significantly lower than those reported in EMS-

mutagenized soybean populations of Wm82 (6.7 mutations/Kb; 

Zhang et al., 2022) and Zhongpin 661 (11.8 mutations/Kb; Li et al., 

2017), a difference likely attributable to generational selection ef-

fects. Whereas prior studies examined earlier generations (M 2 and 

M 4 /M 5 , respectively), our advanced M 7 population underwent 

rigorous homology-based selection, which not only reduced muta-

tional burden but also enhanced genetic stability.

Genetic analysis revealed that 82.81% of SNPs and 85.16% of 

InDels were fixed in the homozygous state (Fig. 3A), with individual 

mutants harboring an average of 12,821 SNPs and 4820 InDels 

(Fig. 3B). Mutations were uniformly distributed across all 20 chro-

mosomes (Fig. 3C), confirming genome-wide coverage of our mutant
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resource. Notably, the mutation spectrum exhibited a strong bias 

toward C:G>T:A transitions, accounting for 78.75% of all mutations 

(Fig. 3C), consistent with the canonical EMS mutational signature 

(Greene et al., 2003).

To validate variant calling accuracy, we performed Sanger 

sequencing on 22 exonic SNPs, including 19 G:C>A:T transitions and

3 non-canonical variants. This confirmed 95.5% overall accuracy, 

with only one false positive among non-G:C>A:T 

mutations (Tables S6 and S7). The high validation rate underscores 

the reliability of our dataset for downstream functional genomics 

applications.

Functional variants in coding and regulatory regions across 

mutant lines

Genome-wide analysis revealed extensive functional variation 

across the mutant population. Alignment to the TL1-HQ reference 

genome identified 414,544 SNPs (33.65%) and 338,018 InDels 

(56.33%) within gene regions (Table S8), affecting 91.89% of anno-

tated transcripts (70,776/77,021). Functional annotation indicated 

that 44,697 SNPs (3.63%) resulted in missense mutations (amino 

acid substitutions), while 2209 (0.18%) introduced premature stop 

codons. Among InDels, 6083 (1.01%) led to amino acid changes, and 

9132 (1.52%) caused frameshift mutations, which are expected to

Fig. 1. Comparative genomic analysis of TL1 assemblies and the Wm82-NJAU reference genome. A: Phenotypic and seed morphology comparison between Wm82 and TL1 ac-

cessions. Top panel: representative images of 14-day-old seedlings (Wm82 vs. TL1) showing distinct growth phenotypes. Bottom panel: morphological differences in mature seeds 

(Wm82 vs. TL1), highlighting variations in seed size, shape, and coat color. B: Pipeline for the high-quality TL1-HQ genome assembly (modified from Huang et al., 2024). Top tier: initial 

assembly-1 and assembly-2 generated through GPM assisted scaffolding. Bottom tier: refined assembly-1 and assembly-2 produced by iterative GPM editing of all CCS reads within 

the assembly framework. C: Whole-genome synteny analysis between the previously published TL1-PRE (Jia et al., 2020) and the assembled TL1-HQ genomes. The dot plot displays 

homologous gene pairs across all 20 chromosomes (Chr1—Chr20), with purple points indicating homologous and continuous collinear regions and blue points highlighting major 

structural variations. Conserved syntenic blocks appear as diagonal patterns, where gene pairs maintain consistent genomic positions. D: Integrated visualization of genomic archi-

tecture across TL1-PRE, TL1-HQ, and Wm82-NJAU assemblies. Condensed central regions denote centromeric repeats. Black triangles indicate telomeric regions. Gray lines connect 

syntenic regions across genomes. Orange lines highlight inversion events. Blue density plots show SNP distribution (threshold line = 2000 SNPs per 100 Kb window). Scale bars, 2 cm 

(A, top panel); 1 cm (A, bottom panel). Wm82, Williams 82; TL1, Tianlong 1; GPM, Genome Puzzle Master; CCS, circular consensus sequencing; TL1-PRE, previously published Tianlong

1 genome; TL1-HQ, high-quality Tianlong 1 genome; Wm82-NJAU, telomere-to-telomere (T2T) assembly of soybean cultivar Wm82 from Wang et al. (2023b).
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directly disrupt protein function (Tables S9—S11). Collectively, these 

mutations represent substantial functionally impactful variation within 

the population. Beyond coding regions, we detected 120,139 

(9.75%) SNPs and 118,483 (19.75%) InDels in promoter regions (1 Kb 

upstream of transcription start sites; Figs. 3D and S5; Table S8), 

suggesting widespread potential for modulating transcriptional 

regulation and gene expression.

Further genomic analysis revealed an average of 521 genes car-

rying functionally impactful SNPs per line (range: 285—963; Fig. 3E), 

including nonsynonymous and premature stop codon mutations. 

Among these, genes with nonsynonymous variants predominated, 

averaging 510 per line. At the gene level, we detected an average of 

1.81 functional SNPs per transcript (Fig. 3F). The high mutational 

density, spanning both coding and regulatory regions, ensures broad 

genomic coverage, making this population a valuable resource for 

functional genomics and gene discovery. Moreover, the abundance 

of protein-altering mutations, combined with extensive inter-line 

heterogeneity, enables precise genotype-phenotype association 

mapping and systematic investigation of gene function in soybean. 

Protein-level analysis identified several high-frequency amino 

acid substitutions that significantly exceeded the background vari-

ation rate (average 0.32%), including alanine to threonine (A>T; 

5.73%), alanine to valine (A>V; 5.58 %) and glutamic acid to lysine 

(E>K; 4.28%) (Fig. 3G; Table S9). Notably, the E>K substitution, 

resulting from G>A transitions, was among the most prevalent 

changes (Fig. 3G; Table S9). Given its charge-reversing effect 

(negative to positive), this substitution may exert substantial func-

tional consequences on affected proteins, potentially altering enzy-

matic activity, protein-protein interactions, or subcellular localization.

Functional characterization of selected mutants

Seed coat color and leaf coloration represent important agro-

nomic traits in soybean, serving as visible indicators of underlying 

physiological and metabolic processes. Seed coat coloration reflects 

the activity of the flavonoid biosynthesis pathway (Mach, 2017), while 

leaf coloration is closely associated with light signaling and senes-

cence regulation (Fang et al., 2014). To explore the genetic basis of 

these traits, we selected two phenotypically distinct variants from our 

EMS-induced TL1 population for detailed genetic characterization: a 

seed coat color mutant TM-29897 and a leaf color mutant TM-30017. 

The TM-29897 mutant displayed a distinctive color alteration 

specifically in the seed saddle region (Fig. 4A). Whole-genome 

sequencing revealed 426 transcripts carrying homozygous func-

tional mutations in this line, including 228 transcripts with non-

synonymous substitutions (Table S12). Among these, we identified 

GmAGO5 (ARGONAUTE 5) as a prime candidate, given its estab-

lished role in regulating siRNA-mediated targeting of Chalcone 

Synthase (CHS) genes, which encode key enzymes in flavonoid 

biosynthesis and seed coat pigmentation (Mach, 2017). Targeted 

Sanger sequencing confirmed a causal SNP (Chr11:16471327, C>T) 

in GmAGO5, resulting in an aspartate-to-asparagine (D297N) sub-

stitution within the functionally critical PIWI domain (Fig. 4B and 4C). 

The perfect genotype-phenotype correlation establishes GmAGO5 

as an important regulator of soybean seed pigmentation and 

demonstrate the utility of EMS mutagenesis for dissecting complex 

agronomic traits.

Similarly, whole-genome sequencing of the TM-30017 stay-green 

mutant identified 481 transcripts with homozygous mutations,

Fig. 2. Development and phenotypic characterization of the EMS-mutagenized TL1 population. A: Workflow for EMS mutagenesis and of the TL1 mutant library. For mutagenesis, ~5 kg 

of healthy M 0 seeds were treated with 0.6% EMS solution, and mutagenized populations were propagated to M 7 via SSD. For genomic analysis, 288 M 7 lines with WT control were 

whole-genome resequenced and the reads were aligned to the TL1-HQ reference genome for variant calling. Red bases highlight induced mutations. B—D: Phenotypic screening of M 4 
generation mutants under field conditions. Leaf morphology variants: representative mutants showing altered leaf symmetry, color or size compared with WT (B). Plant architecture 

mutants: lines exhibiting aberrant growth patterns including height alterations (gigas phenotype or dwarfism) or branching defects (C). Seed phenotypic variations: mutants displaying 

significant alterations in seed size, color or coat texture relative to WT (D). Scale bars, 2 cm (B and C); 1 cm (D). TL1, Tianlong 1; SSD, single-seed descent; WT, wild-type; TL1-HQ, high-

quality Tianlong 1 genome.
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including 343 nonsynonymous substitutions (Table S13). This mutant 

exhibited significantly delayed leaf senescence, retaining chlorophyll 

longer than wild-type plants under both normal and dark-induced 

conditions (Fig. 4D). We identified a key missense mutation 

(Chr11:1966372, G>A) in GmSGR1 (STAY-GREEN 1), resulting in an 

alanine-to-threonine (A125T) substitution (Fig. 4E). As GmSGR1 en-

codes a senescence-inducible chloroplast protein that regulates 

chlorophyll degradation (Fang et al., 2014), this mutation likely im-

pairs normal protein function, leading to prolonged chlorophyll 

retention. Together with the TM-29897 seed coat mutant, these re-

sults demonstrate the power of our EMS mutant library combined 

with whole-genome sequencing for identifying agronomically 

important alleles and validating gene-phenotype relationships, which 

are vital for dissecting complex agronomic traits in soybean.

Discussion

The extensive genomic rearrangements accumulated throughout 

soybean breeding history, including numerous mutations, insertions, 

and deletions, have posed significant challenges for functional ge-

nomics research and the genetic improvement of modern cultivars. 

To address these challenges, we focused on TL1, an elite soybean

cultivar derived from a cross between Zhongdou 32 and Zhongdou 

29. Widely cultivated in China’s Yangtze River Basin due to its su-

perior disease resistance and high yield potential, TL1 serves as an 

ideal model for studying complex agronomic traits (Guo et al., 2015; 

Jia et al., 2020). To overcome the lack of a high-quality reference 

genome for TL1, we performed de novo assembly of PacBio long-

read sequencing data, generating an improved TL1-HQ reference 

genome. This assembly achieves 99.89% BUSCO completeness and 

resolves numerous structural variants compared to the previously 

published TL1 genome (Jia et al., 2020; Fig. 1), significantly enhancing 

mutation detection accuracy. Leveraging this genomic resource, we 

developed an EMS-induced mutant population (M 4 generation) 

exhibiting broad phenotypic variation, including alterations in seed 

size, leaf shape, and plant height (Fig. 2). Whole-genome re-

sequencing of 288 mutants identified 1,163,869 high-confidence 

SNPs, including 44,697 nonsynonymous variants affecting protein-

coding regions (Fig. 3; Table S8). This dataset provides a rich foun-

dation for genotype-phenotype association studies. Together, these 

resources establish a powerful platform for advancing soybean 

functional genomics, enabling rapid identification of significant alleles 

linked to key agronomic traits, as demonstrated in our case studies 

(Fig. 4). Notably, beyond EMS-induced DNA sequence variation,

Fig. 3. Genome-wide characterization of EMS-induced mutations in the TL1 population. A: Violin plot displaying the percentage of homozygous SNPs and InDels across M 7 mutant 

lines, demonstrating the effectiveness of single-seed descent in fixation of mutations. B: Paired violin plots showing the density of total SNPs (left, median = 12,821 variants/line) and 

InDels (right, median = 4820 variants/line) across 288 mutant lines, revealing the spectrum of mutagenesis intensity. C: Genomic mutation landscape. Six integrated annotation tracks 

are: (I) Chromosomal positions (scale in Mb), (II) GC content variation (sliding window analysis), (III) Gene density profile (genes/Mb), (IV) GC>AT transition frequency (characteristic EMS 

signature), (V) SNP density (variants/Mb), and (VI) InDel distribution (indels/Mb). D: Histogram chart quantifying 44,697 non-synonymous SNPs and 120,139 regulatory SNPs in promoter 

regions, with additional categories including splice-site and UTR variants. E: Histogram of genes containing functional SNPs per line (mean = 521 genes, range: 285—963), demon-

strating variable genetic impact across mutants. F: Histogram showing SNP frequency per gene. G: Molecular consequence analysis. Heatmap on the left: nucleotide substitution 

patterns (transition/transversion bias) with EMS-characteristic GC>AT changes highlighted in red and with green color intensity reflecting substitution frequency. Heatmap on the right: 

resultant amino acid substitutions, with color intensity reflecting substitution frequency. TL1, Tianlong 1.
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chemical mutagenesis may concurrently trigger epigenetic modifi-

cations, such as changes in DNA methylation (Wang et al., 2023a). 

These epigenetic effects could be explored using whole-genome 

bisulfite sequencing (WGBS-seq) or assay for transposase-

accessible chromatin sequencing (ATAC-seq), providing additional 

layers of regulatory insight.

From an applied perspective, the EMS-induced missense muta-

tions in our collection offer exceptional opportunities for systematic 

screening of climate resilience traits, including drought and heat 

tolerance, as well as performance under nutrient-limited conditions 

(e.g., low nitrogen or phosphorus) (Zahra et al., 2022). These muta-

tions serve as ideal targets for CRISPR-Cas9-mediated precision 

editing, while comparative analysis between natural and induced 

variants may further optimize gene-editing strategies. Additionally, 

this mutant library provides a unique resource for evaluating sgRNA 

off-target effects in genome editing experiments. Looking forward, 

this comprehensive mutant collection represents an ideal dataset for 

developing machine learning frameworks to predict 

genotype—phenotype—environment interactions. Establishing a 

global sharing platform for these resources could significantly 

accelerate international soybean breeding efforts through collabo-

rative networks.

In conclusion, our integrated genomic and mutagenesis platform 

provides a powerful foundation for dissecting complex traits and 

accelerating functional gene discovery in soybean. This resource 

holds tremendous potential for advancing both conventional 

breeding and modern biotechnological approaches to soybean 

improvement, with possible applications extending to other legume 

crops.

Materials and methods

De novo assembly of the TL1-HQ genome

Genomic DNA was extracted from fresh young leaves of TL1 

plants using the cetyltrimethylammonium bromide (CTAB) method 

(Allen et al., 2006). After quality control (1% agarose gel electro-

phoresis for degradation/contamination assessment and Qubit 

fluorometer quantification), high-molecular-weight DNA (50 μg) was

used to prepare SMRTbell libraries with the SMRTbell Express 

Template Prep Kit 2.0 (Pacific Biosciences) following established 

protocols (Pendleton et al., 2015). Libraries were sequenced on the 

PacBio Sequel II platform to generate 50× coverage of HiFi reads. 

For genome assembly, 58.34 Gb of HiFi data were processed 

using 6 complementary assembly algorithms, including Canu v2.0 

(Koren et al., 2017), FALCON toolkit v1.3.0, MECAT2 (Xiao et al., 

2017), Flye 2.8.2-b1689 (Kolmogorov et al., 2020), hifiasm 0.10-

r299 (Cheng et al., 2021), and Wtdbg2 v2.5 (Ruan and Li, 2020). 

The resulting assemblies were integrated and optimized using the 

Genome Puzzle Master (GPM) pipeline (Zhang et al., 2016). Subse-

quent polishing and error correction followed established protocols 

(Huang et al., 2024, Fig. 1B).

Telomeric regions were identified by screening the genome as-

sembly for perfect matches to the conserved 7-bp plant telomeric 

repeat motifs (CCCTAAA) and their complementary sequences 

(TTTAGGG), following established protocols for soybean genome 

annotation (Schmutz et al., 2010). Similarly, centromeric regions were 

annotated based on known soybean centromeric repeats (Gill et al., 

2009; Tek et al., 2010). Assembly quality was rigorously evaluated 

using (1) BUSCO v5 (Waterhouse et al., 2018) (Fabales ortholog set 

with 5366 genes) for completeness assessment, (2) GCI (Chen et al., 

2024) for large-scale continuity evaluation, and (3) Clipping infor-

mation for Revealing Assembly Quality (CRAQ) (Li et al., 2023) 

analysis for base-level accuracy verification.

Gene annotation

We annotated the TL1-HQ genome using an iterative pipeline 

combining ab initio prediction and homology-based evidence. Re-

petitive sequences were masked using RepeatMasker v4.0.7 with 

the Dfam_Consensus-20170127 and RepBase-20170127 data-

bases. Gene prediction was then performed through three progres-

sively refined cycles: initial untrained models from SNAP and 

Augustus v3.4.0 (Stanke et al., 2008) were integrated with Wm82 

protein evidence via MAKER-P v3.01.03 (Campbell et al., 2014), then 

the resulting predictions were used to train improved species-

specific models for a second-round annotation and a final optimi-

zation step was implemented to refine the model architecture,

Fig. 4. Phenotypic characterization and causal mutation identification in selected TL1 mutants. A: Seed phenotype comparison between the TM-29897 mutant and WT, showing distinct 

color variation in the saddle region. B: Molecular characterization of GmAGO5 mutation. Top, schematic view of Chr11:16471327 (C/T) SNP in GmAGO5. Bottom, Sanger sequencing 

chromatograms (mutant vs. WT) with mutation site boxed in red. C: Predicted structural impact of the GmAGO5 mutation, with an Aspartate (D)-to-Asparagine (N) substitution at the 

critical residue (red arrow). D: Dark-induced senescence assay comparing TM-30017 mutant and WT leaves at 5-day intervals (0 days = treatment initiation). The mutant exhibits 

delayed chlorophyll degradation. E: Characterization of the GmSGR1 mutation. Top: schematic view of the SNP (Chr11:1966372, G/A). Middle: Sanger sequencing validation (red boxes 

highlight the mutation site). Bottom: resulting Alanine (A)-to-Threonine (T) substitution in the GmSGR1 protein (red arrow indicates the altered residue). Scale bar, 1 cm (A and D). TL1, 

Tianlong 1; WT, wild-type.
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followed by systematic integration of comprehensive genomic evi-

dence to generate a high-confidence consensus gene set.

Comparative genomic analysis

To genome collinearity and structural variations were investigated 

through comparative analyses among the TL1-PRE, TL1-HQ, Wm82-

NJAU and ZH13 genomes using multiple bioinformatics tools. Pair-

wise collinearity analysis was conducted using Mummer v4.0 

(Març ais et al., 2018) with the ‘show-diff’ function to identify regions 

of insertion and/or deletion. The alignment results were visualized as 

a dot plot using the mummerplot utility. For large-scale synteny and 

structural variation comparisons, GenomeSyn (Zhou et al., 2022) and 

NGenomeSyn (He et al., 2023) were employed to enable high-

resolution visualization of genome alignments and rearrangement 

events. Additionally, previously unknown genomic regions (>1 Kb) 

between the TL1-PRE and TL1-HQ genomes were identified using 

Syri (Goel et al., 2019), facilitating the detection of unaligned genomic 

segments and potential assembly improvements.

Ortholog identification and analysis

To establish high-confidence orthologous relationships among 

gene models in the TL1-HQ, Wm82.a4.v1 and Wm82.a6.v1 ge-

nomes, we performed a bidirectional BLAST search (BLASTN/ 

BLASTP) using both transcript and protein sequences, with orthologs 

identified as reciprocal best hits meeting stringent criteria including 

syntenic alignment, consistent strand orientation and conservation of 

gene architecture. For cases with multiple homologous hits, only the 

top-scoring gene pair was retained to ensure unambiguous one-to-

one orthology. The alignment parameters were optimized for speci-

ficity and sensitivity (-per_identity 60, -evalue 1e-6, -best_hit_scor-

e_edge 0.05, -best_hit_overhang 0.4, -max_target_seqs 2).

EMS mutagenesis and phenotypic characterization

The mutagenesis population was developed using the soybean 

cultivar TL1. In 2017, approximately 5 kg of healthy TL1 M 0 seeds 

were selected and subjected to chemical mutagenesis at Huazhong 

Agricultural University (Wuhan, Hubei Province, China). The seeds 

were immersed in 0.6% EMS solution and incubated in darkness at 

room temperature for 5 h. Following mutagenesis, seeds were thor-

oughly rinsed under running water for 30 min to remove residual EMS 

and then air-dried on filter paper. As shown in Fig. 2A, the muta-

genized seeds were then planted in an isolated field with no history of 

soybean cultivation to prevent cross-contamination with wild-type 

plants. The experimental field was arranged in single-row plots 

(1 m length per row) with 8—10 seeds per row and 0.5 m inter-row 

spacing. The population was advanced using the single seed 

descent (SSD) method to establish subsequent generations. 

Comprehensive phenotypic evaluation was conducted across mul-

tiple generations, with particular focus on M 4 plants. Systematic 

observations were made during critical developmental stages 

(seedling establishment, branching, and seed maturation) and 

compared with wild-type controls.

DNA sequencing and analysis of mutant lines

A total of 288 mutant lines, along with the wild-type control, were 

subjected to whole-genome resequencing on the Illumina HiSeq 

2000 platform. Basically, fresh young leaves were collected from 

seedlings of each genotype, flash-frozen in liquid nitrogen, and 

stored at − 80 ◦ C until DNA extraction. Genomic DNA was isolated 

using the CTAB method. DNA integrity was assessed by electro-

phoresis on a 1% agarose gel, and only high-quality samples (without

degradation or contamination) were processed further. DNA was 

randomly fragmented using a Covaris ultrasonicator, followed by li-

brary construction through end-repair, 3 ′ adenylation, adapter liga-

tion, PCR amplification and size selection. Final libraries were 

quantified and quality-checked before sequencing.

For sequencing and data processing, paired-end sequencing 

(2 × 150 bp) was performed on the Illumina HiSeq 2000 platform, and 

raw sequencing data were processed using Trimmomatic (Bolger 

et al., 2014) to remove adapter sequences, duplicated reads, and 

low-quality reads (defined as those containing >10% N bases 

or >50% bases with Phred quality scores < 20). Clean reads were 

aligned to the TL1-HQ reference genome using BWA-MEM (Li and 

Durbin, 2009) with default parameters. SAM files were converted to 

sorted BAM files using SAMtools (Li et al., 2009), and sequencing 

depth was calculated using SAMtools ‘depth’.

Mutation detection and variant analysis

To identify mutation sites in the mutant lines, sorted BAM files were 

processed using the Genome Analysis Toolkit (GATK v4.2.2) (McKenna 

et al., 2010) following best practices for variant detection. The TL1-HQ 

reference genome was indexed using BWA (Li and Durbin, 2009) prior 

to alignment. During preprocessing, PCR duplicates were removed 

from the BAM files using Sambamba (Tarasov et al., 2015) to reduce 

false-positive variant calls. Initial variant detection was performed using 

GATK’s HaplotypeCaller to identify SNPs and InDels for each mutant 

relative to the wild-type (TL1-HQ) reference, with outputs stored in 

gVCF format. These individual gVCF files were then merged using 

CombineGVCFs and jointly genotyped with GenotypeGVCFs to 

generate a unified variant call set. For variant filtering, SNPs were 

subjected to hard-filtering criteria (QD < 2.0, MQ < 40.0, 

MQRankSum < —12.5, ReadPosRankSum < —8.0, FS > 60.0), while 

InDels were filtered using QD < 2.0, ReadPosRankSum < —20.0, and 

FS > 200.0. Finally, to isolate mutant-specific variants, wild-type 

background polymorphisms were excluded using BCFtools v1.15.1 

(Danecek et al., 2021) isec module, retaining only mutations absent in 

the wild-type control.

Comprehensive variant annotation and classification

Comprehensive functional annotation and classification of all 

identified SNPs and InDels were performed using ANNOVAR (Wang 

et al., 2010) with the TL1-HQ genome as the reference. Variants were 

systematically categorized into exonic regions (including splice-site 

variants within ± 2 bp of exon-intron junctions), regulatory regions 

(5 ′ UTR, 3 ′ UTR, and upstream/downstream sequences within 1 Kb 

of transcription start/termination sites), and non-coding regions 

(intronic and intergenic sequences), following a hierarchical prioriti-

zation system: exonic (including splicing) > 5 ′ /3 ′ 

UTR > intronic > upstream/downstream > intergenic. Exonic variants 

were further classified as synonymous (no amino acid change), 

nonsynonymous (missense), stop-gain (nonsense), frameshift (indels 

disrupting the reading frame) or non-frameshift (in-frame variants).

Genotypic verification and phenotypic characterization of 

soybean mutants

For genotypic verification of mutant lines, genomic DNA was 

extracted from wild-type (TL1) and mutant soybean lines using 

standard protocols. To confirm mutant genotypes, we amplified 

fragments of 24 target genes via PCR using gene-specific primers 

(Table S7), including GmAGO5 and GmSGR1, which contain exon-

located SNP variants. The resulting amplicons were Sanger-

sequenced to identify genetic variations between wild-type and 

mutant lines.
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For phenotypic assessment, wild-type and mutant plants were 

grown in a controlled greenhouse environment with the following 

conditions: 12-h light/dark photoperiod, constant temperature of 

27 ◦ C and 50% relative humidity. The growth substrate was main-

tained at water saturation throughout the experiment. Seed color 

phenotypes were compared between TM-29897 mutant and wild-

type. Leaf color phenotypes were compared between TM-30017 

mutant and wild-type, with leaves at identical nodal positions 

assessed at 2 weeks post-sowing (day 0 of dark treatment) and 

subsequently evaluated at 5-day intervals until day 10 of dark 

treatment.

Data availability

Mutant seeds reported in this paper are available for non-profit 

research upon reasonable request. The TL1-HQ genome data and 

EMS mutations whole-genome variation data reported in this paper 

have been deposited in the Genome Sequence Archive in National 

Genomics Data Center, Chinese Academy of Sciences 

(PRJCA040540) that are publicly accessible at https://ngdc.cncb.ac. 

cn/bioproject/browse/PRJCA040540.
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