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Abstract
Key Message Developing genetically resistant soybean cultivars is key in controlling the destructive Sclerotinia Stem 
Rot (SSR) disease. Here, a GWAS study in Canadian soybeans identified potential marker-trait associations and 
candidate genes, paving the way for more efficient breeding methods for SSR.
Abstract Sclerotinia stem rot (SSR), caused by the fungal pathogen Sclerotinia sclerotiorum, is one of the most important 
diseases leading to significant soybean yield losses in Canada and worldwide. Developing soybean cultivars that are geneti-
cally resistant to the disease is the most inexpensive and reliable method to control the disease. However, breeding for resist-
ance is hampered by the highly complex nature of genetic resistance to SSR in soybean. This study sought to understand the 
genetic basis underlying SSR resistance particularly in soybean grown in Canada. Consequently, a panel of 193 genotypes 
was assembled based on maturity group and genetic diversity as representative of Canadian soybean cultivars. Plants were 
inoculated and screened for SSR resistance in controlled environments, where variation for SSR phenotypic response was 
observed. The panel was also genotyped via genotyping-by-sequencing and the resulting genotypic data were imputed using 
BEAGLE v5 leading to a catalogue of 417 K SNPs. Through genome-wide association analyses (GWAS) using FarmCPU 
method with threshold of FDR-adjusted p-values < 0.1, we identified significant SNPs on chromosomes 2 and 9 with allele 
effects of 16.1 and 14.3, respectively. Further analysis identified three potential candidate genes linked to SSR disease resist-
ance within a 100 Kb window surrounding each of the peak SNPs. Our results will be important in developing molecular 
markers that can speed up the breeding for SSR resistance in Canadian grown soybean.

Introduction

Soybean [Glycine max (L.) Merr] is one of the most impor-
tant oil and protein crops in the world and in Canada due 
to its highly versatile role in feed and food production and 
as part of cropping systems (Yoosefzadeh-Najafabadi and 
Rajcan 2022). The unique agronomic and nutritional charac-
teristics of soybean present a valuable opportunity to address 
the growing strain on food resources as a result of the ris-
ing human population and the environmental transforma-
tions taking place as a consequence of climate change (Lal 
2013; Ray et al. 2013). Climate change can be considered 

as a major global issue with far-reaching implications for 
human existence, including triggering numerous abiotic and 
biotic stresses that are leading to significant yield loss of 
strategically important crops such as soybean (Yoosefzadeh-
Najafabadi and Rajcan 2022; Yoosefzadeh-Najafabadi et al. 
2022). In particular, the effects of biotic stresses on crop pro-
duction can be particularly severe and widely felt, causing 
destabilization of food production and security in different 
world regions.

Soybean production in United States (US) and Canada 
faces major biotic stresses, primarily crop diseases (Allen 
et  al. 2017; Koenning and Wrather 2010). Among the 
most significant diseases in soybean, sclerotinia stem rot 
(SSR), also known as white mould, is known as one of 
the important diseases that significantly impact the crop’s 
grain yield and quality (Allen et al. 2017). Sclerotinia stem 
rot is caused by Sclerotinia sclerotiorum (Lib) de Bary, a 
necrotrophic fungal pathogen that has been documented to 
infect more than 408 crop species (Boland and Hall 1994). 

Communicated by Mikko J. Sillanpää.

 * Istvan Rajcan 
 irajcan@uoguelph.ca

1 Department of Plant Agriculture, University of Guelph, 
Guelph, ON N1G 2W1, Canada

http://orcid.org/0000-0003-3631-4493
http://orcid.org/0000-0001-5156-2482
http://crossmark.crossref.org/dialog/?doi=10.1007/s00122-024-04708-8&domain=pdf


 Theoretical and Applied Genetics (2024) 137:201201 Page 2 of 12

In soybean, the fungus infects the plant through the flower, 
where it spreads through the stem, leading to bleaching, 
wilting, and shredding of the tissues (Bolton et al. 2006). 
At harvest, additional symptoms can be observed through 
severe damage to the soybean grain, leading to loss of 
yield and seed quality (Bolton et al. 2006). Since, its first 
documentation in the US in 1924, SSR has expanded into 
the soybean growing regions of the Northern US and 
Canada (Peltier et al. 2012). In 1994, SSR was ranked the 
second most yield loss-causing disease for soybeans in 
Canada and ranked similarly ranked in 1994, 2004, and 
2009 in the US (Koenning and Wrather 2010).

Biological, chemical, and cultural control measures can 
be used by farmers to mitigate the impact of SSR (Peltier 
et al. 2012). However, these methods can be ineffective 
when the disease incidence is higher than 50% (Mueller 
et al. 2002; Zeng et al. 2012). Furthermore, SSR inci-
dence and severity vary from year to year due to its high 
sensitivity to temperature and humidity, which makes 
it difficult for growers to predict and effectively deploy 
control measures (Peltier et al. 2012). Genetic resistance 
offers the most economical, environmentally sustainable, 
and reliable solution to control crop diseases, including 
SSR. There are no reported soybean cultivars with com-
plete SSR resistance to date; however, partial resistance 
has been reported in different soybean lines (Boudhrioua 
et al. 2020; Jing et al. 2021). Partial resistance to SSR 
in soybeans has been reported as a polygenic trait that is 
controlled by several intrinsic and extrinsic factors, includ-
ing genotype, environment, and the interaction between 
genotype and environment (Boudhrioua et al. 2020; Jing 
et al. 2021).

Several mapping studies have previously identified quan-
titative trait loci (QTL) that control partial resistance to SSR 
in soybean through biparental linkage mapping. Over 100 of 
the reported QTL have been found on 18 out of 20 soybean 
chromosomes as recorded on SoyBase, the USDA-ARS soy-
bean genetics and genomics database (https:// www. soyba se. 
org/ accessed on 15 June, 2023). Although biparental link-
age mapping offers useful insights into the genetic architec-
ture of complex traits, it is limited to the genetic diversity in 
two parents. As a result, only a few of the QTL discovered 
by the different linkage mapping studies overlap, which 
make them challenging to use for marker-assisted breeding.

Recent improvements in high throughput sequencing 
technologies and their associated reductions in genotyping 
costs have facilitated the ability to employ genome-wide 
association studies (GWAS) to identify partial resistance 
to SSR in a diverse and unrelated soybean population. In 
comparison to the traditional biparental QTL mapping, 
GWAS provides a higher resolution of marker-trait asso-
ciation (MTA) due to increased recombination possibili-
ties and a lower level of linkage disequilibrium (LD) in an 

unrelated population (Hong et al. 2022; Korte and Farlow 
2013; Yoosefzadeh-Najafabadi et al. 2023).

Several studies have used GWAS and reported over 130 
MTAs with SSR resistance in different soybean populations 
(Boudhrioua et al. 2020; Moellers et al. 2017; Wei et al. 
2017). Boudhrioua et al. (2020) screened a population of 
127 soybean accessions using 1.5 million single nucleo-
tide polymorphism (SNP) markers through genotyping-by-
sequencing (GBS) and whole genome sequencing (WGS) to 
identify a new major effect MTA on chromosome 1 linked 
to disease development on the main stem. In the study, 
genotypes carrying the resistance allele were reported to 
develop lesions nearly half the length of those carrying the 
susceptible allele (Boudhrioua et al. 2020). In another study, 
Wei et al. (2017) utilized two different advanced mapping 
models to identify three of the same MTA (chromosome 1, 
11 and 18) associated with SSR resistance in a population 
of 420 soybean lines, providing additional confidence in the 
genetic control being located in part on chromosome 1. A 
study by Moellers et al. (2017) screened a large panel of 466 
soybean accessions and identified 58 significant main effect 
loci and 24 significant epistatic interactions linked to SSR 
resistance. Candidate genes reported in the study are known 
to be involved in various plant immunity-related processes 
such as cell wall structure, hormone signalling and sugar 
allocation, which further indicates the complexity of SSR 
resistance.

Although several previous studies have reported MTAs 
for SSR in soybean, there is lack of information on genetic 
control of SSR resistance in soybean primarily grown in 
Canada. Therefore, in this study we aimed to investigate 
the genetic basis of partial resistance to SSR and identify 
potential candidate genes that are strongly involved in con-
trolling the trait particularly in soybean genotypes that are 
suitable for Canadian environments. For this objective, a 
Canadian soybean germplasm panel (CSGP) was screened 
for SSR resistance in controlled environments and genotypi-
cally evaluated through GWAS to detect reliable SSR MTAs. 
The utilization of detected MTAs can potentially facilitate 
marker-assisted selection (MAS) for large scale screening 
of breeding populations based on their level of SSR resist-
ance, resulting in minimizing the time required for soybean 
breeding.

Materials and methods

Plant material

The Canadian soybean germplasm panel (CSGP) is com-
posed of 193 lines that are representative of the genetic 
diversity in Canadian soybean. Several criteria were applied 
to collect the CSGP, including genetic variation in response 

https://www.soybase.org/
https://www.soybase.org/
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to SSR and adaptation to the different soybean maturity 
ranging within 2400 to 2900 crop heat units (Bootsma et al. 
2007; Brown and Bootsma 2000) or maturity groups 000 
to I, according to the United States Department of Agricul-
ture classification. This represents the growing regions of 
Ontario, Quebec, and Southern Manitoba. Sources of the 
lines in the CSGP were from the University of Guelph Soy-
bean breeding program, which contributed most to the panel 
with 119 cultivars and breeding lines, 35 cultivars were 
sourced from agriculture and agri-food Canada (AAFC) at 
Ottawa Research and Development Centre, 19 cultivars from 
CÉROM (Le Centre de recherche sur les grains, Quebec), 
ten cultivars from northern US (obtained through the United 
States Department of Agriculture—Agriculture Research 
Services, Germplasm Resources Information Network: 
https:// www. ars- grin. gov/ accessed on 15 June, 2023), nine 
diverse ancestral cultivars, and one commercial cultivar from 
Syngenta. In this study, a maximum of 10 year-old seeds 
were selected to ensure acceptable germination levels. The 
panel also included three checks: partially resistant com-
mercial cultivar from AAFC, Maple Donovan; moderately 
resistant Guelph cultivar OAC Bayfield, and highly suscep-
tible AAFC natto cultivar, Nattosan.

Experimental design

To evaluate for resistance to SSR, the 193 lines were grown 
in growth room facilities of the Crop Science building at 
the University of Guelph, Guelph, Ontario, Canada. The 
experimental design was a randomized complete block 
design with five replications blocked in time. Prior to the 
experiment’s setup, planting pots were soaked in 1% Virkon 
(Aston Pharma, London, United Kingdom) at 10 g/litre, 
rinsed, and dried overnight to sanitize and avoid contamina-
tion. Four seeds per genotype were directly planted in a five-
litre premium plastic planter garden pot filled with Moisten 
Sunshine L4 potting mix (Green Island Distributors, Inc., 
Riverhead New York, United States). To synchronize panel 
flowering date, planting was conducted on different days 
based on previously recorded flowering data. Plants were 
thinned down to a single plant per pot after ten days. The 
classic N-P-K 20–20-20 fertilizer formula measured at 50 g 
per litre of water was used for fertilization and was applied 
by integrating it into the irrigation system. Swirski mite 
(Amblyseius swirskii) biological insect control (Biobest, 
Leamington, Ontario, Canada) was sprinkled on top of each 
pot before planting and on each plant 15 days post-planting. 
Growth room environments were set to 25 °C day/21 °C 
night for temperature, 16 day/8 night for light (light inten-
sity: 265 umol.  m2s1, 20 cm above bench, light bank 125 cm 
from bench), automated drip irrigation twice a day for 5 min, 
and relative humidity (RH) at 65—70% pre inoculation and 
80—85% post-inoculation.

Phenotypic evaluation for SSR

The inoculation method used to phenotype for SSR resist-
ance is the cotton pad method, as described by Bastien et al. 
(2014). The NB-5 strain of S. sclerotiorum obtained from 
Dr. Francois Belzile, Laval University, Quebec, Canada was 
used for inoculation. Cultures were maintained on potato 
dextrose agar (PDA) (Fisher Scientific International Inc., 
Hampton, New Hampshire, United States) medium and kept 
at 4 °C temperature. For inoculation assay preparation, a 
piece of sclerotiorum was transferred to a new PDA plate 
and incubated in a dark room between 22 and 25 °C tem-
perature for five days. At this point, a mass of white mycelia 
would be grown, filling the plate up to the edge. Mycelial 
plugs of 5 mm diameter were collected from the edge of 
the plate and transferred to Erlenmeyer flasks containing 
potato dextrose broth (PDB) (Fisher Scientific International 
Inc., Hampton, New Hampshire, United States). Two myce-
lial plugs were added per 800 ml. The inoculation assay 
was incubated on an orbital shaker (MAXQ 4000, Thermo 
Fisher Scientific, Waltham, Massachusetts, United States) 
at 130 RPM and 22 to 25 °C temperature for five days until 
almost reaching saturation. Inoculation was conducted at 
the start of flowering. The inoculation process began with 
homogenizing the suspension in a blender (Sunbeam-Oster 
Co., Inc., Fort Lauderdale, Florida, United States) for 30 s.

Half a piece of a 100% pure cotton round was soaked in 
the suspension and applied on the petiole of the flowers on 
the lowest node. To maintain high relative humidity in the 
growth room, a misting system was installed above the plant 
canopy and on the floors of each bench. The system was set 
up to mist for two minutes every four hours above the plants 
and continuously running on the floor during the inocula-
tion period. Disease resistance was measured as lesion size 
on the plant stem at eight days post-inoculation. Measure-
ments were taken in mm using a digital calliper (Mastercraft, 
Toronto, Ontario, Canada).

Genotyping

Leaf tissue samples were collected from three week-old 
plants into 10 ml plant-tissue collection tubes and freeze-
dried using the Labonco FreeZone® freeze-dry system 
(Savant Moduly, Kansas City, MO, USA) for 24 h. DNA 
extraction was conducted using the NucleoSpin® Plant II 
DNA extraction kit by Macherey–Nagel following the manu-
facturer’s protocol. The Nanodrop ND 1000 Spectrophotom-
eter (Nanodrop Technologies, Inc., Wilmington, DE, USA) 
was used to examine contamination and check the DNA 
quality, while the Qubit 2.0 Fluorometer (Thermo Fisher 
Scientific Inc., USA) was used to analyse DNA concentra-
tion and standardize to 10 ng/ul before sequencing.

https://www.ars-grin.gov/
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Panel genotyping was conducted via the genotyping-by-
sequencing (GBS) method described by Elshire et al. (2011). 
The GBS library was prepared with ApeKI enzymatic diges-
tion system and single end sequencing was conducted at 
the Plateforme d’analyses génomiques [Institut de Biolo-
gie Intégrative et des Systèmes (IBIS)], Université Laval 
(Quebec, QC, Canada). Up to 470 million single end reads 
covering 50 bp to 160 bp were produced using six chips on 
the Ion Proton System (ThermoFisher Scientific Inc. USA). 
Generated reads were aligned onto the soybean reference 
genome (William 82, Gmax_275_Wm82.a2. v2) (Schmutz 
et al. 2010) and SNP calling was conducted using the Fast-
GBS pipeline (Torkamaneh et al. 2017). This led to a cata-
logue of 109 K GBS-derived SNPs on which initial imputa-
tion was performed to complete the missing genotypes. A 
secondary imputation was conducted using 4 million SNPs 
generated via whole-genome-sequencing of a reference 
panel consisting of 102 Canadian elite soybean genotypes. 
Both imputation procedures were performed using BEA-
GLE v5 (Browning et al. 2018) and resulted in a 417 K SNP 
catalogue. The full 417 K SNP catalogue was used in the 
Linkage disequilibrium (LD) analysis, which was estimated 
and plotted by using the PopLDdecay version 3.42 (Zhang 
et al. 2019).

Population structure analysis

Kinship and population structure were estimated and incor-
porated in the GWAS analysis to address false positives and 
confounding due to genetic relatedness. The kinship matrix 
was calculated using the VanRaden method (VanRaden 
2007), while the population structure was estimated through 
principal component (PC) analysis using the FastSTRU CTU 
RE software (Raj et al. 2014). To increase the computational 
efficiency of FastSTRU CTU RE, only 16 K SNPs from the 
catalogue were used for the population structure analysis. 
For this step, the LD decay was calculated, followed by esti-
mation of the SNPs’ LD, then 16 K SNPs that are outside 
of the LD decay range were randomly selected for analysis. 
Three runs were then conducted with K set between 1 and 
9 to estimate the optimum number of subpopulations using 
the chooseK tool in FastSTRU CTU RE.

Statistical analysis

The genetic value of each soybean genotype was estimated 
using the best linear unbiased prediction (BLUP), one of the 
most used linear mixed models (Robinson 1991). BLUPs were 
used as the phenotypic response to account for fixed effects 
and random effects more accurately. Although plants were 
grown in controlled environments using uniform settings, 
minor variations in temperature and relative humidity were 
observed across experiments. These environmental parameters 

are very important for Sclerotinia sclerotium infection of soy-
bean. BLUPS are known for their efficiency in including infor-
mation from various sources and accounting for genotype-by-
environment interactions (Bernardo 2010). Estimated breeding 
values (EBVs) can also be used as phenotypic response; how-
ever, they are often more suitable for animal GWAS com-
pared to plant GWAS. This is due to the simplicity and more 
structured pedigrees in animal populations compared to plant 
populations (Jannink and Walsh 2002; Bernando et al., 2008; 
Hayes et al. 2009; Gorjanc et al. 2015). For complex traits with 
low heritability, using EBVs as the trait score for GWAS has 
been reported to produce very high false-positive rates (Ekine 
et al. 2014). BLUPs have been previously used for phenotypic 
response in several previous plant GWAS studies (Sun et al., 
2012; Tsai et al. 2020; Yoosefzadeh-Najafabadi et al. 2021; 
Tagliotti et al. 2021).

The BLUP values were calculated by AllInOne preprocess-
ing R package version 1.9.5 (Yoosefzadeh Najafabadi et al. 
2023). Due to growth room space limitations, three experi-
ments in total were conducted at different times. All parame-
ters including individual genotypes as well as each experiment 
were included in the BLUP model as random effects to con-
trol for heterogeneity among the environments and minimize 
experimental error. BLUP estimation was performed based on 
the following statistical model (Eq. 1):

where, Y represents disease resistance trait, measured as 
lesion length (mm) on the inoculated plant stem; G stands 
for genotype, which is considered as random effect; E rep-
resents the three experimental blocks; R stands for repli-
cates within each environmental block; T is the interaction 
between genotype and environmental block (G × E); and ε is 
the error of the unknown source of the variation.

Association analysis

The generated BLUPs values were used for GWAS analysis, 
which was performed using the Fixed and Random Model 
Circulating Probability Unification (FarmCPU) in the rMVP 
package version 1.0.8 in R software (Yin et al. 2021). Farm-
CPU was developed by Liu et al., (2016) to minimize limita-
tions and false discoveries in previous GWAS tools. The algo-
rithm achieves this by using mixed linear model (MLM) as 
the random effect model and stepwise regression as the fixed-
effect model iteratively, thus leveraging advantages offered by 
both (Liu et al. 2016). In FarmCPU, the random effect model 
(REM) is used to optimize the SNP selection based on the 
p-values as follows (Eq. 2):

(1)Y = 1 + G + E + R + T + �

(2)Yi = Ui + ei
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, where Yi represents the observation on the ith sample, ei 
is the residual, while Ui is the total genetic effect of the ith 
sample.

The fixed-effect model (FEM) in FarmCPU is used to 
simultaneously test the N number of SNPs following the 
equation (Eq. 3):

where, Yi represents the observation on the ith sample; Mi1, 
Mi2, …, Mit stands for the genotypes of the t pseudo-quan-
titative trait nucleotides (QTNs); P1, P2, P3, …, Pt is the 
respective effect of the pseudo-QTNs; Nij is the genotype of 
the jth SNPs and ith sample; Kj is the effect of the jth SNPs; 
and ei is the residual.

Furthermore, the false discovery rate (FDR) was esti-
mated using the Q-value package to set the threshold for the 
significant MTAs. The FDR provides more power than the 
Bonferroni correction method in GWAS (Yang et al. 2005; 
Zablocki et al. 2014). The Q-value package used a list of 
SNP marker p-values estimated through FarmCPU simul-
taneous tests and measured the proportion of false positives 
each time the test was called significant. It then provided the 
pi0 value, which was used to adjust the default significance 
threshold in the Rmvp package (Pavlopoulos et al. 2023). 
This method is more appropriate as the FDR is set locally 
based on the SNP p-values (Storey et al., 2002; Liu et al., 
2018).

Extracting candidate genes underlying detected 
quantitative trait loci

Following the GWAS process, the flanking region for each 
of the discovered MTA was established by calculating the 
LD decay distance, which was performed using randomly 
selected 17 K SNPs across chromosomes. Potential candi-
date genes in the region were then obtained from the G. max 
cv. William 82 reference genome gene models 2.0 in Soy-
Base (https:// www. soyba se. org accessed on 15 June, 2023). 
To select the list of relevant candidate genes, gene ontology 
(GO) annotation and the GO term enrichment report on the 
soybase.org database were used to evaluate the biological 
and molecular function of each potential candidate gene.

Following the GWAS process, the flanking region for 
each of the discovered MTA was established by calculat-
ing the LD decay distance. Potential candidate genes in the 
region were obtained from the G. max cv. William 82 ref-
erence-genome gene models 2.0 in SoyBase (https:// www. 
soyba se. org accessed on 15 June, 2023). To select the list 
of relevant candidate genes, gene ontology (GO) annota-
tion and the GO term enrichment report on the soybase.org 
database were used to evaluate the biological and molecu-
lar function of each potential candidate gene. Finally, the 

(3)Yi = Mi1P1
+Mi2P2

+Mi3P3
+…+MitPt + NijKj + ei

electronic fluorescent pictograph (eFP) browser for soybean 
(www. bar. utoro nto. ca, accessed on 16 May 2023) was used 
to further investigate additional information on each of the 
selected candidate genes including tissue and developmental 
stage-dependent expression, as reported in transcriptomic 
data from Severin et al. (2010).

Results

Phenotyping evaluations

A total of 193 genotypes in the CSGP were evaluated in 
three independent growth room experiments: GR1, GR2 
and GR3. All lines in the panel indicated known signs and 
symptoms of sclerotinia stem rot disease. Plants developed 
necrotic, water-soaked lesions starting from the inoculation 
point on the stem, which suggests the effectiveness of inocu-
lation, as shown in Fig. 1. A wide variation in SSR disease 
response was observed among the 193 genotypes screened 
in the controlled environments. Figure 2 illustrates the phe-
notypic distribution for each genotype in the CSGP. Lesion 
lengths showed a wide range from 3.7 to 115.6 mm with a 
mean of 33.4 mm ± 27.4. Disease response groups were cat-
egorized into partially resistant: > 25 mm, moderately resist-
ant: > 25–50 mm, and susceptible: > 50 mm. Although the 
CSGP displayed variation in disease response, phenotypic 
response distribution was skewed to the right, indicating the 
majority (111) of genotypes had partial resistance reaction, 
a few (31) genotypes showing moderate resistance and the 
remaining (51) genotypes showing a susceptibility response 
(Figs. 3, 4). The partial resistance check Maple Donovan, 
and moderate resistance check OAC Bayfield showed shorter 
lesion lengths than the mean: 17.9 ± 8.2 and 29.5 mm ± 3, 

Fig. 1  Cotton pad inoculation method (Bastien et al., 2012) and stem 
lesion due to SSR infection eight days post-inoculation. SSR severity 
scale illustrated for partial resistance A; moderate resistance B and 
susceptibility C 

https://www.soybase.org
https://www.soybase.org
https://www.soybase.org
http://www.bar.utoronto.ca
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respectively, while the susceptible check, Nattosan had 
longer lesions than the mean: 107.3 mm ± 75.3.

Genotyping

A total of 417 K SNPs was generated from the 193 geno-
types and mapped on the 20 chromosomes of soybean. The 
catalogue was produced after retaining SNPs with a minor 
allele frequency (MAF) ≥ 0.05 and heterozygosity ≤ 0.1, 
and filtering out redundant SNPs (LD > 0.99). The average 
number of SNPs across all 20 chromosomes was 20,865, 
with a mean density of one SNP per 0.04 cM across the 
genome. The shortest chromosome was chr 11 with 4,046 
SNPs, while the longest was chromosome 18 with 61,236 
SNPs as shown in Fig. 5B.

Kinship and population structure

Results from population structure evaluation suggested that 
the association mapping panel was made up of between 
three to six subpopulations as shown in Fig. 3A. Based on 
the results, structure analysis was conducted using K = 6 
as the suitable K for the structure profile of the CSGP. 

Maple Donovan

Na�osan

OAC Bayfield

Fig. 2  Lesion length distribution across the 193 soybean lines. The 
arrows indicate the position of checks in the distribution: partially 
resistant Maple Donovan (green arrow), moderately resistant OAC 
Bayfield (brown arrow), and highly susceptible Nattosan (red arrow)

Fig. 3  Population structure A 
and kinship B plots for the 193 
soybean lines. The number of 
genotypes used in the GWAS 
analysis are indicated on the 
x-axis, while individual sub-
group membership is indicated 
on the y-axis. SP 1—SP 6 repre-
sents the number of subpopula-
tions in the panel
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Additionally, the kinship matrix between genotypes on the 
CSGP was estimated to further reduce confounding due to 
relatedness (Fig. 3B).

GWAS analysis

Different MTAs for SSR were calculated using the Farm-
CPU algorithm considering the BLUP values as the phe-
notype and the filtered SNP dataset of 417 K markers as 
the genotype. Based on the FarmCPU algorithm, two SNPs 
were found to have a significant association with resistance 
to SSR (Fig. 4B). As shown in Table 1, the first significant 
SNP (S02_5352442) was located on chromosome 2 at posi-
tion 5,352,442 bp, with an allele effect of 16.1. The SNP, 
S02_5352442 was found in the same QTL region, approxi-
mately 25 kb downstream from a previously reported QTL 

for SSR resistance in soybean by Moellers et al. 2017. The 
second significant SNP (S09_45604994) was found on chro-
mosome 9 at position 45,604,994 bp, with an allelic effect 
of 14.1. Studies by Moellers et al. 2017 and Wei et al. 2017 
also identified two QTL for SSR resistance on chromosome 
9 in two different soybean association mapping panels. Peak 
SNPs reported in both studies were found around 13,000 Kb 
downstream from S09_45604994 reported in the current 
study.

Extraction of candidate genes in identified QTL 
region

Linkage disequilibrium (LD) estimates, calculated based 
on the correlation coefficient (r2) of alleles, were used to 
specify boundaries for potential candidate gene search 

Fig. 4  Quantile–Quantile plot A of estimated–log10(P) from 
marker—trait association of SSR resistance trait in the CSGP, and 
Manhattan plot B for GWAS analysis for SSR resistance of the 193 
soybean lines. The x-axis indicates the chromosome number and 

Y-axis indicates −  log10(P). The horizontal line represents the signifi-
cance threshold (FDR = 0.1), with peak SNPs (S02_5352442; C/T on 
chromosome 2, and S09_45604994; T/C on chromosome 9)

Fig. 5  Average linkage disequilibrium decay rate A of the GWAS analysis panel, and the distribution and marker density B of 417 K SNPs
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boundaries within each of the detected MTA region. The 
average LD (r2) in the panel was estimated to drop to 0.3 per 
100 Kb of physical distance, a slow but common LD decay 
rate for a self-pollinated crop such as soybean. The target 
region for potential candidate genes was, therefore, selected 
to be 100 Kb upstream and downstream from each SNP’s 
peak. Based on GO annotation and GO term enrichment, 
Glyma.02G059000, Glyma.02G059400, Glyma.02G059700 
on  ch romosome  2 ,  and  Glyma .09G232100 , 
Glyma.09G232600, Glyma.09G233400 on chromosome 
9 were listed and as strong candidate genes linked to SSR 
resistance (Table 1).

Discussion

SSR, caused by Sclerotinia sclerotiorum (lib.) de Bary, is 
one of the most catastrophic, yield limiting diseases of soy-
bean in Canada and worldwide (Willbur et al. 2019). Due 
to inefficiency and cost of current methods of SSR control, 
improving plant resistance to the disease through breeding is 
regarded as the most reliable and economic solution (Will-
bur et al. 2019). Although several studies have previously 
reported over a hundred QTL for SSR partial resistance in 
soybean, only a few of the studies have comprehensively sur-
veyed genotypes that are specific to Canadian environments 
(www. soyba se. org, accessed on 15 June, 2023), where the 
disease is the third most damaging to soybean production. 
This study sought to screen a Canadian soybean germplasm 
panel (CSGP) for SSR resistance, and identify QTL, and 
potential candidate genes are biologically relevant to SSR 
resistance that could be leveraged for MAS in Canada.

The results of this study showed significant differences in 
phenotypic response to S. Sclerotiorum inoculation among 
the CSGP genotypes. The variation in phenotypic response 
was consistently evident throughout the experiments. This 
was expected given that CSGP was assembled to represent 
the maturity groups of Canadian environments as well as 
genetic differences in reaction to SSR (Rajcan, unpublished 
work). All experiments were conducted in controlled envi-
ronments following optimal growth conditions for soybean. 
Screening in controlled environments was chosen, because 
SSR occurrence is known to be extremely dependent on 
specific environment conditions (20–25 °C temperature 
and > 80% relative humidity) and the flowering stage of the 
plants (Mila and Yang 2008). Therefore, controlled envi-
ronments can allow to distinguish between resistance due 
to physiological mechanisms and avoidance (e.g. early or 
late development or canopy arrangement). Furthermore, the 
cotton pad method, a non-invasive technique (Bastien et al. 
2014), was used to mimic the natural infection of S. Scle-
rotiorum through soybean flowers in the field. According 

to Bastien et al. (2014), disease response of genotypes in 
controlled environments predicted results in the field.

The phenotypic data followed a continuous distribution, 
which illustrates the quantitative nature of the disease. The 
panel was largely partially resistant (PR) (57%) but also 
consisted of moderately resistant (MR) (16%) and suscepti-
ble (S) genotypes (27%). The check genotypes: Maple Dono-
van, OAC Bayfield and Natossan, displayed PR, MR, and S 
phenotypic response respectively as expected. Four out of 10 
most PR lines were cultivars from the University of Guelph 
Soybean breeding program which may accelerate the intro-
gression into its and other breeding pipelines. Furthermore, 
there was a strong positive correlation across experimental 
blocks experiments, which suggests consistency and reli-
ability of the phenotypic results. We believe that the MTA 
results in the current study are enhanced by the robust SNP 
marker coverage in the employed genetic map. A total of 
417 K SNPs were used as were distributed throughout the 
genome, which is significantly higher than the number of 
SNPs that is needed for sufficient coverage (Bastien et al. 
2014; Hyten et al. 2007). This is also a significantly higher 
SNP number than used in previous studies that conducted 
GWAS for SSR resistance in Soybean. Only a study con-
ducted by Boudhrioua et al. (2020) used a higher marker 
coverage (1.5 M SNPs) than the current study.

By using FarmCPU, two SNPs were found to be sig-
nificantly associated with resistance to SSR. The first SNP 
(S02_5352442) was found on position 5,352,442 of chro-
mosome 2. We believe that S02_5352442 may be close 
to the one discovered by Moellers et al. (2017). The peak 
SNPs in both studies are located approximately 25 Kb apart. 
Moellers et al. (2017)’s study was conducted using a much 
larger and association panel consisting of different soybean 
genotypes from ours. This provides additional confidence 
that this QTL may play an important role in partial resist-
ance to SSR in soybean. The second SNP (S09_45604994) 
was found on position 45,604,994 of chromosome 9. Two 
separate studies (Moellers et al. 2017; Wei et al. 2017) have 
also previously found QTL for SSR resistance in soybean on 
chromosome 9. However, none of the previous QTL overlaps 
with S09_45604994 in the current study. The lack of overlap 
could be explained by several factors including variability 
in screening techniques and environments, using different 
soybean genotypes in association panels, use of different 
pathogen isolates for inoculation, and different marker cov-
erage of genotypic data. The lack of overlap could also be 
explained by the very small effect of identified MTAs in each 
study. The lack of MTA’s overlap and failure of rediscov-
ery has been reported in several previous studies, including 
some that have used identical mapping panels and inocula-
tion techniques MTAs (Boudhrioua et al. 2020; Iquira et al. 
2015; Moellers et al. 2017; Wei et al. 2017).

http://www.soybase.org
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Six genes were presented as potential candidate genes 
for SSR resistance in this study. Candidate gene identifi-
cation was based on LD region colocation with the peak 
SNP for SSR resistance and biological function obtained 
through gene ontology (GO) annotation on Soybase data-
base (www. soyba se. org, accessed on 15 June, 2023). As 
such, three of the candidate genes: Glyma.02G059000, 
Glyma.02G059400, Glyma.02G059700 were found in the 
chr2 MTA region, while the other three: Glyma.09G232100, 
Glyma.09G232600, and Glyma.09G233400 were found in 
the MTA region on chr 9. The shown candidate genes belong 
to different gene families that are important for plant defence 
against pathogens. The defence roles include involvement 
in cell wall structure (Glyma.09G232100), recognition and/
or binding to molecules of pathogen origin, signalling and/
or activation of defence responses, etc. as shown in Table 1 
(Soybase.org). Some of the selected candidate genes have 
been reported in previous work (Ali et  al. 2022; Khoei 
et al. 2021; Severin et al. 2010; Wang et al. 2020). Specifi-
cally, phylogenic analysis has indicated Glyma.02G059000 
belongs to the terpenoid biosynthesis gene family of soybean 
(Ali et al. 2022). Terpenoids are a highly diverse group com-
pounds that are produced by both plants and animals, where 
they serve different physiological functions. The terpenoids 
produced by plants have been reported to play an impor-
tant role in defence against pathogens, particularly offering 
protection from fungal diseases (Ali et al. 2022; Devarenne 
2009). Glyma.02G059400 gene annotation involvement in 
the carbohydrate biosynthetic process, jasmonic acid bio-
synthetic process and response to fungus, wounding, and 
jasmonic acid stimulus which suggests an essential role 
in plant defence mechanism. Additionally, previous work 
from Khoei et al. (2021) to understand the regulation of 
the defence mechanism against plant-parasitic nematodes 
(PPN) in soybean highlighted Glyma.02G059400 as one of 
the major differentially expressed target genes involved in 
the soybean immune response to PPN (Khoei et al. 2021). 
Glyma.02g059700 was reported among the candidate genes 
linked to SSR resistance in soybean reported by Moellers 
et al. (2017). The candidate gene was found chromosome 2 
QTL (Sclero 3-g52) and is known to be involved in threo-
nine kinase signalling, cell wall macromolecule catabolic 
process, cell surface receptor signalling and other func-
tions of plant defence (Moellers et al. 2017). Furthermore, 
Glyma.09G232100 on chr 9 has been shown to belong to 
the Pectin Methylesterase Inhibitors (PMEI) gene family in 
soybean (Wang et al. 2020). Genes in the PMEI family play 
a critical role in plant-pathogen interaction, particularly 
through the cell wall structure and properties (Lionetti et al. 
2012; Wang et al. 2020).

Despite our efforts to screen for SSR resistance using an 
inoculation method that mimics natural infection (Bastien 
et al. 2014) as well as employing a large SNP catalogue with 

extensive genome coverage, our study faced a few limita-
tions. Our results show a significant portion of variation that 
was not captured in our GWAS analysis. This could be due 
to the highly quantitative nature of SSR resistance, where 
the trait may be largely governed minor-effect QTL in the 
used association panel. Furthermore, all our phenotyping 
experiments were conducted in controlled environments, 
which can lead to results that are inconsistent with field 
environments (Hoffman et al. 2002; Kim et al. 2000; Weg-
ulo et al. 1998). Future studies should aim to discover QTL 
using similarly extensive or more marker coverage coupled 
with phenotyping larger and more diverse populations in 
controlled environment and field environment phenotyping 
could help to capture the remaining variation and discover 
additional MTAs that can be deployed for MAS in breeding 
programs to accelerate improvement of SSR resistance in 
soybean.

Conclusion

Through screening a Canadian Soybean germplasm panel 
for SSR, this study identified partially resistant soybean 
lines that will be useful sources for the development of 
soybean cultivars with improved resistance to SSR. GWAS 
studies discovered two significant MTAs linked to resist-
ance to SSR in the panel. Neither MTA has been reported 
previously, nor do we believe that they may represent novel 
sources of genetic resistance to SSR in soybean. Several 
candidate genes were found in the MTAs regions, including 
some that belong to soybean gene families that are known 
to play key roles in plant defence. Results from this study 
are expected to provide a useful basis for further investiga-
tion on gene functional analysis, identify causal analysis and 
ultimate development of molecular markers that can be used 
by breeders to develop SSR-resistant soybean cultivars for 
Canadian environments.
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