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Development of strategies to accelerate soybean breeding and improvement

• Genetic natural variation exploration

• Identification of causal genes

• Tools for applied genomics



BREEDING IS NOT PRECISE ENOUGH YET!

Marker-assisted breeding

• A marker (M) can be located far from a gene that underlies a phenotype of interest

How to proceed? Identification of causal genes with causative mutations (CMs)

• Era of sequencing

• Association methods

M CM

k-M bp apart!
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GWAS FOR MORE PRECISE BREEDING

GWAS (Genome-wide association study)

• Associates a phenotype with a genomic locus > associated variant positions, tagging marker (TM)

• Assists in identifying CM and thus could accelerate soybean breeding and improvement

• Statistical method dependent on data set size and quality of input data

Inputs: genotype + phenotype

• Phenotype: quantitative or qualitative, proportional, disproportional, rare

• Genotypic data: 

- Low-density genotype = genotyping data (limited representation of natural variation)

- Whole genome sequence = resequenced data ($$$)
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GWAS WITH GENOTYPING DATA

Tagging P1 locus for loss of trichomes

• CM not present 

• Standard GWAS follow-up: guessing genes based on protein annotation or TM vicinity

• Post-GWAS methodology (transcriptome, metabolome, …)
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GWAS WITH RESEQUENCED DATA

Pitfalls of GWAS

• Complicated genetic architecture (large indels, etc.)

• Small data set size with limited phenotype information

• Multidimensional collinearity (chromosomal rearrangements, duplications, etc.)

• Complexity of traits (multiple CMs, multiple alleles, etc.)
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GWAS FOR MORE PRECISE BREEDING

Assumptions

• There are isolated data sets that can be reused to boost GWAS power

• Additional evaluation criterion (LD independent) is required to improve post-GWAS

• There are not enough user-friendly tools to support the exploration of genetic diversity

Distance? LD?
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PUBLICLY AVAILABLE DATA FOR GWAS

SoySNP50K*-
genotyped 

accessions with
known phenotype

(GRIN# > 20k 
accessions)

Data 
set 1

Data set 2

Data 
set 4Data set 

3

Resequenced data sets with limited phenotype information (or unavailable), “n” is small

Genotyped (SoySNP50K, etc.) accessions with known phenotype, “n” is large

*Song et al., 2015 #USDA germplasm collection (GRIN, Urbana, IL)
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UNDERPOWERED GWAS FAILS IN CM PREDICTION

• GWAS is critically dependent on the data set size, the genotype quality and the phenotype frequency

Genomic region

Genomic region

Genomic region

Genomic region

Genomic region

• GWAS does not work for very rare phenotypes
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HOW TO IMPROVE GWAS-DRIVEN DISCOVERIES?

By adding power to GWAS!

What is needed? Three novel concepts:

• A junction between the missing information > Synthetic phenotype

• Additional GWAS evaluation criterion > Accuracy

• Concatenated data sets > Curated panel of soybean resequenced accessions



11

SYNTHETIC PHENOTYPE

Real phenotype
(Observed)

Pubescence presence/absence

Synthetic phenotype
CM in Glyma.09g278000 A25T 

(Liu et al. 2020)
Chr09:45,057,956 genotype

WT Normal REF T

MUT Glabrous ALT A

• For GWAS, qualitative phenotypes are transformed into a numerical format; therefore, a genotype can 

be transformed the same way

• Every variant position can be used as a Synthetic phenotype (CM as well as TM)

• Since there is a single gene with a bi-allelic CM behind every Manhattan peak then every phenotype 

can be binarized (even for quantitative phenotypes)



The most highly associated variant = CM

LOGIC OF SYNTHETIC PHENOTYPE: PERFECT GWAS

Prerequisites

• Large “n”

• A high-quality genotype

• Good distribution of a binary phenotype (Pubescence presence/absence) 

• A single CM in only one gene
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The most highly associated variant = CM is a bi-allelic variant at a certain position in genome 

PERFECT GWAS
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REF Allele ALT Allele

PERFECT GWAS
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The most highly associated variant = CM is a bi-allelic variant at a certain position in genome 



REF Allele ALT Allele

PERFECT GWAS

= WT Phenotype = MUT Phenotype
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The most highly associated variant = CM is a bi-allelic variant at a certain position in genome 



REF Allele ALT Allele

PERFECT GWAS

= WT Phenotype = MUT Phenotype

Perfect match between

phenotype and genotype
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The most highly associated variant = CM is a bi-allelic variant at a certain position in genome 



REF Allele ALT Allele

PERFECT GWAS

100% Accessions

with WT phenotype

have REF Allele

= WT Phenotype = MUT Phenotype

Perfect match between

phenotype and genotype

100% Accessions

with MUT phenotype

have ALT Allele
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The most highly associated variant = CM is a bi-allelic variant at a certain position in genome 



REF Allele ALT Allele

PERFECT GWAS

100% Accessions

with WT phenotype

have REF Allele

= WT Phenotype = MUT Phenotype

Perfect match between

phenotype and genotype

100% Accessions

with MUT phenotype

have ALT Allele
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Phenotype and genotype categories are interchangeable

The most highly associated variant = CM is a bi-allelic variant at a certain position in genome 



REF Allele ALT Allele

PERFECT GWAS

100% Accessions

with WT phenotype

have REF Allele

= WT Phenotype = MUT Phenotype

Perfect match between

phenotype and genotype

100% Accessions

with MUT phenotype

have ALT Allele
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Phenotype and genotype categories are interchangeable

What if the genotype does not correlate perfectly with the phenotype?

The most highly associated variant = CM is a bi-allelic variant at a certain position in genome 
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LOGIC OF DIRECT CORRESPONDENCE AS A MEASURE OF HOW 
WELL A VARIANT POSITION CORRELATES WITH A PHENOTYPE

• Between markers, CMs and phenotypes

• 100% correspondence between P1-CM and the presence/absence of trichomes

• Correspondence between P1-CM and its TM is not perfect



ACCURACY

• Combination of sensitivity and specificity

• A measure of direct correspondence between variant positions and phenotypes 

Combined Accuracy Pessimistic = 22.2 %Average Accuracy = 50 %

WT_Accuracy = 50 %

MUT_Accuracy = 50 %

PHENOTYPE

GENOTYPE

WT MUT

NA
Normal/Glabrous

REF/ALT

REF ALT
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A CURATED PANEL OF SOYBEAN RESEQUENCED ACCESSIONS

• All publicly available resequenced data sets with accessions from over 35 countries

• Soy775: 35.7 M variant positions - 1 glabrous accession

• SnakyVC pipeline: - Soy1066 38.3 M (7, Chan et al., 2023) > Soy2939 44.3 M (18)

(Škrabišová et al., 2022) 

Landrace, 
44%

Uncategorized, 
G. soja, 

10%

Elite, 36%

111
108

381

466
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SYNTHETIC PHENOTYPE TO CAUSATIVE MUTATION STRATEGY 
(SP2CM)
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SP2CM – NAVIGATION SCHEME
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CASE STUDIES
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SP2CM DECISION TREE
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SP2CM IMPROVES GWAS-DRIVEN DISCOVERIES

• Leverages both resequenced and genotyping data

• Helps to decide whether to invest in additional resequencing or phenotyping

• Narrows down the number of candidate genes

• Assists in identifying CM
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SP2CM IMPROVES GWAS-DRIVEN DISCOVERIES

• Leverages both resequenced and genotyping data

• Helps to decide whether to invest in additional resequencing or phenotyping

• Narrows down the number of candidate genes

• Assists in identifying CM

Identified genes:

Pod shattering: NST1A

Pod color: L1

Seed coat color: O

Soybean cyst nematode resistance: SNAP11

Pubescence density: P1

Pod color: L2
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NEW GENES IDENTIFIED

• Pod color L2
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SOYBEAN APPLIED GENOMICS HUB
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SOYBEAN ALLELE CATALOG
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ACCUTOOL: DIRECT CORRESPONDENCE ANALYSIS
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SNPVIZ 2.0: EMPOWERED HAPLOTYPE VIEWER
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MADIS: MUTATIVE ALLELE DISCOVERY TOOL
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GWAS TO GENES STRATEGY

It can be used for other species too! 
• Arabidopsis

• Rice

• Cotton

We offer training!
• Assistance with analyses on our data OR on your own data

• Tools guidance

We are open to collaboration!
• Let’s clone genes together

• Let’s identify limitations of different genomes



UTILIZATION OF GWAS TO GENES STRATEGY FOR
EUROPEAN SOYBEANS & KNOWLEDGE TRANSFER TO 
OTHER LEGUMES

Selection of precise markers
• Soybean maturity genes

• Food-grade traits

• Yield-related traits

Identification of new candidate genes
• Soybean maturity genes

• Food-grade traits

• Yield-related traits

Improving pre-breeding for legumes
• Exploration of natural diversity by contrasting the worldwide genetic pool
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