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A recurring issue in plant breeding is the narrowing of genetic diversity through continued 

selections by plant breeders to produce new cultivars. The objective of this thesis was to 

investigate the genetic and phenotypic diversity of two University of Guelph soybean breeding 

programs to characterize selections over decades of breeding. To study the genetic and 

phenotypic diversity of both University of Guelph soybean breeding programs, a panel of 296 

pedigree-related genotypes from 1907 to 2016 was studied, the University of Guelph Germplasm 

Panel (UGGP). The genotypes were characterized using genotyping-by-sequencing (GBS) 

resulting in 40,307 single nucleotide polymorphisms (SNPs) and fragment sequencing resulting 

in 180 simple sequence repeat (SSR) markers. The markers were analyzed to determine 

differences between the two breeding programs and historical genotypes. The Guelph germplasm 

had overlap with historical genotypes, while the Ridgetown germplasm did not show the same 

pattern. Linkage disequilibrium (LD) decay was found with R2=0.2 at a distance of 600 kb 

genome-wide. Sliding window nucleotide diversity analysis found multiple genomic regions 

with differing patterns of low diversity between the groups of germplasm studied, which may 



attributable to breeder selection or crop domestication. One hundred and eighty Guelph and 96 

Ridgetown genotypes were field-tested across multiple locations in 2015 and 2016 to identify 

trends in phenotypes over decades of soybean breeding. Some of the overall trends reported 

include: increasing oil concentration, increasing yield and decreasing linolenic acid 

concentration over year of release. In general, experimental germplasm had a wider range for the 

traits measured than other genotypes. Broad-sense heritability (H2) was high for many agronomic 

and seed traits in the UGGP genotypes. Analyzing the cost of SSR and SNP markers revealed 

SNPs markers being cheaper than SSRs to implement in a breeding program. Conversely, SSRs 

were used for marker-assisted selection (MAS) due to ease-of-use and short assay time. Overall, 

this thesis provides a baseline for the genetic and phenotypic diversity studies of soybean 

breeding programs, with the aim of assessing the genotypic and phenotypic changes in the 

germplasm. The findings in this thesis could be used by breeders to improve soybean breeding 

efforts. 
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Chapter 1: General introduction and literature review 
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General introduction 

Soybean (Glycine max L. Merr) is the world’s most important oilseed crop, with over 300 

million metric tons of production worldwide in 2016 (USDA World Agriculture Production, 

January 2018). Canada ranks 7th in worldwide soybean production, with 6.5 million metric tons 

produced in 2017 (USDA FAS April 2018) on approximately 2.2 million hectares. Within 

Canada, the province of Ontario is a major soybean producing region with 1.1 million hectares 

under production in 2016 and an average yield of three tonnes per hectare. Recent expansion is 

soybean growth in Canada originates from the western Canadian provinces, with early maturity 

soybean cultivars required for a successful crop. These western regions are likely to drive future 

soybean production increases in Canada. 

Soybean cultivars are produced through a breeding process whereby soybean genotypes are 

crossed together with their progeny being assessed for agronomic and seed characteristics. Often 

the genotypes used in these crosses are the best performing (highest yielding) genotypes 

available to a breeding program. Due to environmental effects on soybean genotype 

performance, cultivars often have the highest performance when grown in the same region where 

they were developed, resulting in regional differentiation in germplasm development and usage. 

Breeding programs produce cultivars for a given region, several maturity groups. 

The overall goal of this study was to characterize how genetic and phenotypic diversity is 

affected by the selection process implemented by two public soybean breeding programs. The 

two breeding programs providing germplasm for study were located at the University of Guelph, 

both at the Ridgetown Campus (Ridgetown, Ontario, CA) and Guelph Campus (Guelph, Ontario, 

CA). Using two breeding programs allows for a direct comparison of the genotypes available to 
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both programs – both cultivars and experimental genotypes. The Guelph breeding program was 

also chosen for its extensive historical records, allowing for the selection of historical soybean 

genotypes with pedigree relationships to the modern Guelph Campus cultivars and experimental 

germplasm. With these sets of genotypes, comparisons can be made between modern and 

historical soybean genotypes based on their year of release, and the overall diversity of each 

breeding program can be assessed. 
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Literature review 

Soybean origin 

The origin of modern soybean has been studied for many years, with the commonly accepted 

idea that soybean originated in Asia (Hymowitz, 1970). Evidence summarized by Hymowitz 

(1970) suggested that early soybean was in production in some form before 1100 BCE, based on 

cultural evidence, which was not supported by archaeological findings. If soybean were 

domesticated by 1100 BCE, it is likely that many hundreds or thousands of years of continued 

trials with wild soybeans had occurred (Hymowitz and Newell, 1981), corresponding to a 

domestication during the Shang Dynasty (1700 BCE – 1100 BCE). 

North American introduction and growth of the soybean crop 

The introduction of soybeans to North America in 1765 was described by Hymowitz and Harlan 

(1983), noting that soy products were produced in the state of Georgia, USA. The seeds had been 

imported from China, with the resulting products being exported to England. A patent was 

awarded in the United States for the production of a number of soy products in 1767. Previous to 

Hymowitz and Harlan (1983), soybeans had not been documented as being grown in North 

America until 1804 in Pennsylvania. 

Soybean was later introduced to Canada in the late 1800’s, with the first Canadian soybean 

variety, OAC 211, bred at the University of Guelph by Professor Charles Zavitz as a selection 

from the soybean landrace Habaro  in 1925 (Zavitz, 1927). These early soybeans were used as a 

forage crop, not a harvested oilseed crop as soybean is known today. Within Canada, these early 

soybeans were restricted to southern Ontario until the 1970’s, when breeding efforts focused on 

the development of the crop for a shorter growing season, allowing for cultivation in cooler 
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climates such as eastern Ontario and southern Quebec ((Beversdorf et al., 1995) as cited in 

(Cober and Voldeng, 2012)). Currently, soybeans are expanding to western Canada, with 

increasing acreage in both Manitoba and Saskatchewan, now that breeding efforts have produced 

early maturity cultivars appropriate for these regions. 

Pedigrees of soybean 

The descriptions of early soybean varieties have been invaluable in determining the pedigrees 

and origins of modern soybean cultivars (Hymowitz et al., 1977). Most of the pedigree 

information for historical soybeans is public, due to the initial breeding efforts for soybean 

taking place at public institutions such as the USDA, Agriculture and Agri-food Canada (AAFC) 

and the University of Guelph where public records of the breeding efforts have been kept. The 

University of Guelph pedigree records provide an invaluable resource for understanding 

historical relationships within the soybean breeding program (Istvan Rajcan, personal 

communication). 

Using pedigree records of North American soybean genotypes, it was discovered that the 

founding population of North American soybeans was very small, with 91genotypes contributing 

99% of the genetics to modern varieties, and 17 genotypes contributing almost 75% of the total 

diversity studied (Gizlice et al., 1994). Hyten et al. (2006) followed up this research and reported 

that, while domestication from wild relatives has decreased the diversity in modern soybean 

cultivars compared to landraces, breeding efforts have maintained the original diversity present 

within the North American founder genotypes. This indicates that whereas modern soybean 

breeders were not working with a wide range of diversity for their original breeding efforts, they 

have maintained the diversity that was present in the founding germplasm. Grainger and Rajcan 

(2013) studied a pedigree-related set of genotypes by tracing back relatives from Guelph cultivar 
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OAC Bayfield, finding unique linkage blocks relating to exotic founder genotypes such as 

Fiskeby-V and CNS. The authors also found that old cultivars had more unique alleles compared 

to modern cultivars, which may be attributed to selection fixing genomic regions for desired 

traits within the breeding program. 

Few modern studies have characterized breeding program-scale germplasm due to the often 

private and competitive nature of crop breeding efforts. One example of a published set of 

breeding program germplasm is of maize germplasm (Van Inghelandt et al., 2010), where a set 

of private genotypes were sequenced with SNP and SSR markers to compare marker types, 

though no phenotypes were compared in their study. 

Soybean genetics 

Traditional soybean genetic approaches used simple sequence repeat (SSR) markers for 

anchoring genomic regions on the soybean recombination map by their recombination rate in 

centimorgans. These markers are low density, typically several cM between a pair of markers, 

and not anchored to a physical position due to the lack of whole genome sequence data. An 

important shift in soybean genetic mapping using single nucleotide polymorphisms (SNP) 

markers occurred after the incorporation of 1536 SNPs to the consensus genetic linkage map 

(Hyten et al., 2010). Currently, SSR markers can be anchored to a physical position based on 

their flanking because of the availability of a reference genome for soybean (Schmutz et al., 

2010). Improvements in soybean genetic analysis have occurred rapidly since the introduction of 

a whole genome sequence for reference genotype Williams 82 in 2010 (Schmutz et al., 2010). 

Study of the completed genome sequence of Williams 82 uncovered evidence of genome 

duplications, approximately 13 and 59 million years ago, making soybean a palaeopolyploid (i.e. 

ancient polyploid), with the modern soybean genome containing over 46,000 protein coding 
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genes. Since 2010 many genetic studies used SNP markers as the marker of choice due to their 

high density and ever-decreasing cost of obtaining sequencing data to generate SNP markers 

(Deschamps et al., 2012) compared to the previous marker types. Deschamps et al. (2012) also 

suggested that genotyping-by-sequencing (GBS) may represent a profound shift in the ability of 

researchers to attain high quality genomic data for large population sizes compared to other 

methods of genetic study, enabling genome-wide association study (GWAS) and genomic 

selection for a wide-range of plant species. 

The initial genome-wide SNP studies in soybean were conducted using array-based technology, 

where, a set of SNP-specific probes matching to the target genome are assessed across a set of 

germplasm. As example of this technology widely used in soybean is the SoySNP50k Infinium II 

BeadChip (Song et al., 2013), which has been used to characterize SNP markers across the entire 

United States Department of Agriculture (USDA) Germplasm Resources Information Network 

(USDA-GRIN) soybean collection of over 18,000 plant accessions from around the world (Song 

et al., 2015). This research on the entire publically available soybean germplasm collection has 

provided insights into the history, domestication and improvement of soybeans. Regions of low 

diversity were discovered in association with agronomic traits as an avenue of future study using 

the USDA germplasm collection. Linkage disequilibrium (LD) decay analysis showed that wild 

accessions has short regions of LD decay, while elite germplasm showed long linkage blocks as 

expected of a selfing species undergoing breeder selections. This set of USDA SoySNP50k data 

is publically available, as well as access to the SoySNP50k chip used for the SNP 

characterization. This USDA data has also been used for genome-wide association study 

(GWAS) across 12,000 soybean accessions, as well as calculation of genetic variation contained 

within the germplasm collection (Bandillo et al., 2015). 
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Soybean genotyping 

A common method of obtaining genome-wide SNP data is by GBS, developed in 2011 (Elshire 

et al., 2011), where genomic regions are shotgun sequenced and aligned to a reference genome, 

allowing for SNP calling to occur across a number of unknown samples. An updated GBS 

method specifically designed for soybean genetics uses a restriction enzyme and size filtering 

approach to enrich the sequenced genomic regions for fragments with a higher probability of 

overlapping than random sequencing (Sonah et al., 2013). This approach has been demonstrated 

in Canadian soybean germplasm (Sonah et al., 2015), with the identification of loci governing 

several agronomic and seed traits. 

Limitations in SNP processing methodology and computing power that was present at the 

introduction of genome-wide SNP markers are largely solved with the introduction of software 

such as TASSEL (Bradbury et al., 2007) and PLINK 2.0 (Chang et al., 2015). These programs 

allow for easy handling, conversion and interpretation of genome-scale SNP data using a 

graphical user interface or simple command-line interface. Generating SNP data from genomic 

sequencing data requires specialized data analysis tools, which include programs for reference 

genome-based SNP calling such as TASSEL-GBS (Glaubitz et al., 2014) and Fast-GBS 

(Torkamaneh et al., 2017). When comparing seven SNP calling pipelines based on both 

reference and de-novo SNP calling, including both TASSEL-GBS V1, TASSEL-GBS V2 and 

Fast-GBS, the Fast-GBS pipeline was identified as calling highest number of polymorphisms 

across the pipelines compared with the highest accuracy (95.2%) (Torkamaneh et al., 2016). 

Imputation in soybean 

One issue that is common in GBS SNP data is a high degree of missing data, due to limitations 

on the read depth at any given genomic region. Complete coverage of each genotype in a study at 
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each genomic region requires extremely high depth sequencing, which is very expensive on a 

large number of genotypes. If very high sequence depth is desired, the coverage can be reduced 

to save on sequencing, however, this reduces the number of SNPs available in the final SNP 

table. To deal with missing data for genome-wide coverage, and read depth per site, imputation 

is often applied to SNP data in syobeans (Torkamaneh and Belzile, 2015). Simply put, 

imputation is the filling in of missing data using statistical methods to make an informed guess at 

what base pair should be present at a given genomic region (Li et al., 2009). Typically, 

imputation uses the genetic information of SNPs surrounding the missing SNP call, and the 

relative linkage of the surrounding SNPs to each other. The assumption is that SNPs closer 

together are likely to be part of the same linkage block, and the information can be gathered from 

other genotypes with similar SNPs. Though patterns of LD are variable across the genome, in 

general, two SNPs in physically close positions are likely to be highly correlated (Hyten et al., 

2007). 

Several methods have been implemented in various software packages to perform imputation on 

SNP data. These programs and packages include: fastPHASE (Scheet and Stephens, 2006), 

IMPUTE2 (Howie et al., 2009) and BEAGLE (Browning and Browning, 2007). The model 

implemented in fastPHASE operates on the basis that genomic regions in close proximity 

contain SNPs that tend to cluster together. Clustering to create haplotypes across the genome is 

continuous using a hidden Markov model, rather than in defined LD blocks (Scheet and 

Stephens, 2006). The IMPUTE2 method can use multiple reference chromosomes in a reference 

panel for imputation. It also has a separate step for imputing the SNPs typed in both panels, 

which occurs before imputing of unknown SNPs in the target genotypes. This two-step approach 

allows for more information to be used in the second stage of imputation for the unknown SNPs, 
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which may result in more accurate imputation results (Howie et al., 2009). The BEAGLE 

method also uses localized clustering for imputation, but completes the imputation in a single 

step (Browning and Browning, 2007). A major difference for BEAGLE compared to fastPHASE 

is the requirement for a burn-in period, after which the most likely haplotypes for each genomic 

cluster are selected, outputting the imputed SNPs. 

A comparison of imputation methods assessed the accuracy of imputation (compared to 

reference whole-genome sequencing) using the fastPHASE, IMPUTE2 and BEAGLE across a 

range (20% to 80%) of missing input data for soybean genotypes (Torkamaneh and Belzile, 

2015). Of the imputation methods tested, the authors found that BEAGLE and IMPUTE2 (with 

SHAPEIT2 pre-phasing (Delaneau et al., 2013)) both had high accuracy (95%) when tested 

against whole-genome resequencing data, which may be attributed to the high LD within 

soybean genomes. BEAGLE was determined to have better computational characteristics, 

performing the imputation with the least computational time which may be important for large 

scale projects with hundreds of genotypes and millions of SNPs to process. Overall the high 

accuracy of the imputed SNP data combined with the increased number of SNPs used in the 

analysis allowed for increased power in a GWAS of the seed oil content in a set of imputed 

genotypes (Torkamaneh and Belzile, 2015). 

Analysis of genetic data for population structure 

A common goal for the analysis of soybean genetic data is to determine the relationships within a 

set of genotypes, more specifically to assess their groupings to determine relative relationships. 

The classic common method of determining the structure and organization of a set of genotypes 

is the software program STRUCTURE (Pritchard et al., 2000a, 2000b). STRUCTURE output is 

typically processed using STRUCTURE HARVESTER (Earl and vonHoldt, 2012), a web-based 
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program for processing STRUCTURE results into easily interpretable figures and tables. The 

STRUCTURE HARVESTER methodology was developed by Evanno et al (2005) to estimate 

most likely true K value within a given set of genotypes. STRUCTURE is a clustering method 

used to identify subpopulations within a set of genotypes in order to assign the individuals to a 

subpopulation. 

The STRUCTURE method works by probabilistically assigning individuals to one of a K 

number of populations based on the allele frequencies at the markers used in the analysis. The K 

number is specified by the user, and typically ranges from two to 15+, while specific population 

numbers can be tested based on prior information about population structure such as the country 

of origin. Each population specified by STRUCTURE is classified by the allele frequencies of its 

members. One major limitation for STRUCTURE is the assumption that markers used in the 

analysis are unlinked, which necessitates sparse genomic coverage (Pritchard et al., 2000b). This 

means much of the data present in genome-wide SNP panels is not used in the analysis, as the 

software was originally designed when SSR markers or low-density SNPs were used for genetic 

analyses. Another STRUCTURE-like program is fastSTRUCTURE (Raj et al., 2014), where 

multiple K values for populations are tested and the likelihood of each population can be 

determined. The software fastSTRUCTURE attempts to solve the marker density limitations of 

STRUCTURE, allowing for analysis of high density SNP data, though the underlying algorithm 

is different to that used by STRUCTURE. 

STRUCTURE has been used extensively in the literature to classify groupings of lines in many 

crop species. In soybean, using a set of haplotype data from 102 genes in G. soja, landraces, 

historical genoptypes and elite cultivars, clear groupings were found to differentiate G. soja and 

landraces; however, historical North American soybean genotypes could not be distinguished 
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from modern elite cultivars in the study (Hyten et al., 2007). A different set of 79 landrace 

soybeans and 231 wild soybeans was studied with 56 SSR markers and found that K=2 was the 

likely number of subpopulations, however higher K was able to differentiate germplasm from 

different regions (Guo et al., 2010). In a set of 1537 maize inbred lines from a private breeding 

company STRUCTURE analysis using SNP and SSR markers uncovered four population groups 

(Van Inghelandt et al., 2010). These population groups corresponded well with previously 

identified heterotic groups in maize. Both SNP and SSR markers showed similar groupings, 

though SNP markers were not as accurate in distinguishing the heterotic group. In wheat, a set of 

94 bread-type genotypes was tested using 1849 polymorphic Diversity Array Technology 

(DArT) markers in STRUCTURE, where two subgroups were found which corresponded to 

region of origin (Nielsen et al., 2014). A common trend among STRUCTURE analyses is the 

grouping of germplasm based on region of origin or previously identified relationships. In maize 

the heterotic groups represent a wide-range of diversity, while in other studies many wild 

accessions are included and tend to cluster separately from modern cultivars. The STRUCTURE 

method is well established for grouping diverse germplasm, however there is little evidence in 

the literature for STRUCTURE usage in highly related populations where allele frequencies may 

be very similar across a the germplasm. 

Another common method of studying relationships between genotypes is the use of neighbour-

joining trees for visualizing and quantifying the relationships (Saitou and Nei, 1987). This 

method has been used in many studies across many different types of genetic markers. An 

example of this type of analysis is in the study of rice germplasm by Huang et al. (2012), where 

three clusters were identified in accordance with STRUCTURE and PCA type analyses. Guo et 
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al. (2010) were able to identify a single domestication even for a set of 231 wild (G. soja) and 79 

cultivated landraces (G. max) using a phylogenetic analysis. 

 Principal component analysis is another visual method for assessing population structure and 

relatedness among groups of genotypes, where marker data vectors are decomposed to simple 

vectors orthogonal to each other, ordered by decreasing variation (Reich et al., 2008). Genetic 

data is often presented visually on a scatter plot showing the axes of the PCA accounting for the 

most variation in the germplasm tested. This technique commonly overlaps with other 

structuring analyses to help understand relationships between germplasm and support findings 

from these other analyses. In rice a PCA-based structure analysis was conducted to discover 

three major subgroups within 1,083 genotypes of cultivated rice and 446 wild rice accessions 

(Huang et al., 2012). A major study on the 19,652 genotype USDA soybean germplasm 

collection identified differentiation within the collection using a PCA approach (Bandillo et al., 

2015). PCA was used to assess trends within the collection by grouping genotypes by: region of 

origin, maturity group and type (either wild or cultivated). From these analyses, soybeans from 

some regions showed differentiation from other regions, such as Japanese, Korean and Chinese 

soybeans appearing to be different from each other along PC1 (7.6%) and PC2 (5.2%) (Bandillo 

et al., 2015). For the comparison of maturity groups, the late maturity groups (VII-X) appeared 

to be different when compared to any of the earlier maturity groups along PC1 (7.6%) and PC2 

(5.2%). The earliest maturity (000-0) soybeans were also a distinct group among the rest of the 

USDA collection, though the number of very early maturity soybean genotypes was very small 

in this set of germplasm. PCA was also able to distinguish the G. max from G. soja in the USDA 

panel clearly along PC1 (7.1%) and PC3 (3.6%), with very little overlap found between 

cultivated and wild soybeans (Bandillo et al., 2015). 
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QTL mapping with SNP and SSR markers 

In crop plants, both SNP and SSR markers have been used for mapping of many traits to the 

regions of the genome from where they are governed. Mapping of traits with genetic markers in 

soybean has traditionally been in bi-parental crosses, where two parents with differing values for 

a given trait are crossed together, and then their F1 offspring are self-pollinated, and this is 

continued for several (at least 4 or 5) generations to create recombinant inbred lines (RILs). 

Through transgressive segregation the resulting population has a quantitative range for the trait 

of interest, often outside the range of the trait for either parent. This process maps quantitative 

trait loci (QTL), which are genomic regions found to be significantly associated with a positive 

or negative (relative to one of the parental lines) trait value. The simplest model for a QTL study 

is a linear model, where, across the genome each marker is tested as an ANOVA based on the 

marker class. If there is a significant difference between the trait values at a given marker, a QTL 

can be called. Much of the knowledge about the genetics of any given trait in soybean originates 

from QTL studies. 

A major limitation of QTL studies is the use of low-density markers to identify QTLs as reported 

in the literature. It is possible to conduct QTL studies with higher density genome coverage by 

using recently developed mapping methods, mapping approaches such as GWAS have been 

favoured recently in the literature. An issue with high density SNP markers for QTL study is the 

construction of a linkage map, which is computationally difficult for tightly linked markers. A 

study by Yu et al. (2011) demonstrated this in rice, where SNP markers were able to better detect 

QTL for grain weight than SSR markers, with higher genomic resolution. 

Some QTL studies in soybean have mapped multiple traits, such as: oil, protein and seed size 

(Hyten et al., 2004). This study by Hyten et al. (2004) used 131 F6-derived RILs from the parents 
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Essex and Williams and had 100 SSR markers, covering 34% of the of the recombination 

distance in the soybean genome. Overall, the authors found 17 new QTLs for protein, oil and 

seed size that had not been previously mapped, though some were in close proximity to other 

previously discovered QTL. A study of soybean cyst nematode (SCN) resistance using an 

interspecific cross of G. max and G. soja and mapped with SSR markers identified a new SCN 

resistance locus on chromosome 4 (Bastidas, 2008), providing evidence that novel resistance 

alleles are present in the wild germplasm, which may be exploited by breeders. The mapping of 

agronomic traits across mega-environments using the cross of elite Canadian and elite Chinese 

parents was conducted to uncover environment-specific QTLs and universal QTLs (which exist 

across mega-environments)  (Palomeque et al., 2009a, 2009b, 2010). A total of seven QTL were 

identified for seed yield, of which five were found to be universal (Palomeque et al., 2009a), 

while a number of other QTL for agronomic traits were discovered (Palomeque et al., 2009b). 

These studies differ from traditional QTL studies in the use of elite Chinese germplasm as a 

parental line. Through validation of the QTL in additional populations, the yield QTL were 

found to be unstable across populations (Palomeque et al., 2010), which presents a common 

issue in QTL studies, where the effect is specific to a given set of genotypes. To study the 

genetic control of fatty acid profiles in soybean, Xie et al. (2012) used 125 RILs grown in six 

environments to identify three QTL, which may be useful in MAS for low linolenic acid 

varieties. 

GWAS mapping with SNP markers 

The recently developed GWAS method is commonly applied to groups of germplasm without 

the need to generate RIL populations. This method assesses historical linkage in high density 

SNP data to assess marker significance on a genome-wide scale. This technique typically uses 
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large and highly diverse populations in order to detect significance for a given trait. With the 

availability of high-density SNP markers, recent studies have favoured this method to study traits 

across large groups of diverse germplasm. As is the case with QTL mapping using bi-parental 

RIL populations, GWAS also needs to use multi-year, multi-location field trials to generate 

phenotypic data. 

A typical approach to conduct GWAS in plant populations is the use of the software Genome 

Association and Prediction Integrated Tool (GAPIT) by Lipka et al. (2012). This software 

package incorporates many standard methods for GWAS, including mixed linear models (Yu et 

al., 2006), compressed mixed linear models (Zhang et al., 2010), and various steps to reduce 

computational demand for increasingly large SNP data sets across large numbers of genotypes 

such as P3D (Zhang et al., 2010) and EMMAx (Kang et al., 2010). TASSEL (Bradbury et al., 

2007) is also able to perform GWAS analyses, though it does not offer the flexibility and number 

of models available through GAPIT. Other methods for GWAS exist in the human and animal 

genetics literature, however, due to population structure differences these methods are not 

typically applied in plant studies. 

The USDA germplasm collection was genotyped with the SoySNP50k chip, from which GWAS 

was run on 12,000 of the accessions in the germplasm collection (Bandillo et al., 2015). This 

study uncovered significant SNPs for seed protein and seed oil and chromosomes 15 and 20, 

with the high density SNP data narrowing the number of possible candidate genes to three. 

Interestingly, Bandillo et al. (2015) found that most of the alleles within the USDA collection at 

these genomic regions conferred lower protein and higher oil. From a set of 304 Canadian 

genotypes, a set of 139 genotypes representative of the total diversity was sequenced with over 

47k GBS-derived SNPs (Sonah et al., 2015). From these SNPs, associations were found for 
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simply inherited traits such as flower colour, hilum colour and pubescence colour, while 

associations were also discovered for maturity, plant height, seed weight, oil and protein. These 

complex traits had associations that showed overlap with previously identified QTL, providing 

validation for the GWAS as well as higher resolution map positions than previously possible 

using SSR-based QTL studies. Fang et al. (2017) recently published a thorough GWAS study 

using 809 soybean genotypes including  421 landraces and 388 cultivars, of which genotypes 

from major soybean growing regions (China, Japan, United States, Canada and other regions, 

though no genotypes from South America) were sampled. Sequencing for these genotypes 

identified over 10 million SNPs and over 1 million six-basepair insertion/deletions. These 

genotypes were phenotyped for 84 traits from field trials at three locations in China in two years. 

The resulting GWAS found 245 significant loci for a number of traits, including finding that 

many associated loci for the traits studied had pleiotropic effects on other traits measured in the 

study. Soy isoflavones have also been studied using a GWAS approach in a set of 366 Chinese 

landrace soybeans (Meng et al., 2016). In this set of genotypes grown across four environments, 

199 significant alleles were discovered, accounting for 72.2% of the total phenotypic variation 

for isoflavone content. A total of 29,199 SNPs were used for the analysis, which were initially 

grouped to linkage disequilibrium blocks prior to GWAS. The approach was named restricted 

two-stage multi-locus GWAS (RTM-GWAS) (Meng et al., 2016). 

While GWAS methodology has been found to work in diverse germplasm panels for a range of 

crop species and across a number of agronomic traits, little study is available in the literature for 

the use of these GWAS methods on a specific breeding program scale to identify regions of 

significance in more closely related germplasm, such as that derived from a single region or 

single breeding program. 
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Soybean phenotyping 

Studies based solely on the phenotypes of soybean have been rare in recent years given the large 

efforts placed on genetics and sequencing of available soybean germplasm. However, with the 

decreasing cost of soybean sequencing and marker data, renewed efforts are being made to 

obtain high quality phenotype data to pair with the available genotype data. The previously 

identified GWAS studies would not have been successful in identifying significant SNPs without 

high quality phenotype data. 

A major focus of soybean phenotyping has been to study the differences in cultivated G. max and 

wild G. soja accessions, where marked phenotype differences are visible for a number of 

phenotypes such as plant architecture, leaf size, seed size, seed colour and many other seed and 

other agronomic traits. Using USDA soybean germplasm, Broich and Palmer (1980) studied the 

taxonomic distribution of G. soja and G. max based on their phenotypes, to determine if the 

disputed subspecies Glycine gracilis clustered with wild or cultivated soybeans. Using 

phenotypic characteristics relating to plant morphology, differences were noted among the 

subgroups. Dendrograms for the traits were also generated to help determine relationships among 

the phenotypes. Taxonomy of the genus Glycine has been revised several times due to the close 

relations between members of the genus (Hymowitz and Newell, 1981). 

Selection of soybean traits over time 

Both breeder selections and genetic drift are responsible for changing of trait values over time 

and are linked to improving traits in a breeding program. Yield has been a major trait for study in 

soybeans, as the rate of genetic gain has not been at the same level as other crops such as maize. 

A study using 24 maturity group III soybean cultivars from 1923-2007 found that yield increases 

per year were approximately 26.5 kg ha-1 year-1 (Koester et al., 2014). Interestingly, the yield 
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gains reported were a result of improvement in soybean canopy light interception, conversion of 

light energy to biomass and the proportion of biomass partitioned to seed, not just the increase 

for a single component. As well, modern cultivars were found to have an extended growing 

season compared to the historical genotypes. A similar yield increase of 23 kg ha-1 year-1 is 

reported for group II soybeans for a range of 60 North American cultivars from 1929 to 2010 

(Specht et al., 2014). This study also found the on-farm yield increases for soybean from 1924 to 

2012 were found to be 21.5 kg ha-1 year-1 from 1924 to 1983, and 29.4 kg ha-1 year-1 since 1983, 

with the reasoning that both agronomic and genetic improvements occurred at a rapid pace in the 

1980’s, with climate change also playing a role in this increase. Rincker et al. (2014) identified a 

number of trends in soybean maturity groups II, II and IV, with yield stability found to be 

increasing over year of release along with seed oil concentration, while seed protein 

concentration has been decreasing. Both lodging score and plant height were found to be 

decreasing, as taller cultivars tend to lodge more than shorter cultivars, though plant height had a 

high degree of variability in both modern and historical cultivars. 

Yield improvements in Canadian cultivars, which are mostly earlier than maturity group II 

(around southwestern Ontario), are not well characterized. Cober and Voldeng (2012) reported a 

600 kg ha-1 yield increase in short season soybeans over 30 years (1971-2000), representing 

approximately a 20 kg ha-1 year-1 yield increase. Commercial soybeans yields were found to be 

increasing around 750 kg ha-1 over this same period, or approximately 25 kg ha-1 year-1. Within 

this dataset, the number of cultivars available to growers increased exponentially in the 1980’s, 

though conversely, the number of years in which any given cultivar remained available to 

growers decreased in recent years. The authors identified that while the number of available 

cultivars has increased greatly since 1971, yield increases have remained linear despite 
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increasing investment in breeding efforts. Voldeng et al. (1997a) reported on the genetic 

improvement of 41 maturity group 0 to 000 cultivars from 1934 to 1992, finding that yield 

increased at 0.5% year-1 across the study, whereas since 1976 the yield increase was found to be 

0.7% year-1. Seed oil concentration was found to be increasing (4 g kg-1 year-1) while protein 

concentration was decreasing (4 g kg-1 year-1) over the period studied. The authors also noted 

that lodging was decreased in recent cultivars when compared to the historical cultivars 

(Voldeng et al., 1997a). 

Studies of other soybean trait improvements over years of breeding are lacking, indicating the 

need to identify trends from soybean selection for traits other than oil, protein and yield. Such 

studies will help to inform future selection efforts for specialty soybeans, such as identity 

preserved cultivars, where yield is not the only trait of interest to a breeder or seed company. 

Similarly, the described trends in soybean yields over years of breeding have been the result of 

many cultivars from diverse backgrounds and multiple breeding programs being tested together. 

This does not address improvement over time for a single breeding program, where a breeder 

might be interested in the progress being made within highly related germplasm, and the effects 

of selection on yield and the impact other important traits for food-grade soybeans. 

Summary of the literature 

After a review of the literature, several important trends and deficiencies in the study of soybean 

breeding and genetics have been identified. For the genetics work, a major change in the last ten 

years has been the use of SNP markers rather than SSR markers. While SSRs still provide 

valuable data to researchers for many of the studies discussed, and are commonly used for MAS 

in breeding, SSRs are unable to be genotyped at the same density as SNP markers on a genome-

wide scale. There are a number of technologies available to produce SNP data, from whole-
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genome sequencing, SNP chip arrays such as the SoySNP50k array and GBS. Each of these 

methods has its benefits and drawbacks, with whole genome-sequencing being very expensive 

for high sequence coverage, but producing the most reliable data for the assembled genome. 

Array-based methods are inexpensive per individual; however, they are only able to generate 

data from pre-determined SNPs. This leads to a situation in which, when assessing a diverse 

collection of genotypes, it is unknown whether polymorphisms were not called because the SNP 

was truly not in the genome, or the array was unable to capture its state. GBS provides the 

advantage of direct sequencing, where SNPs are not predetermined on an array, at the expense of 

being costly to exhaustively sequence a large set of genotypes. To reduce this sequencing cost, 

imputation methods can be used to produce a complete dataset with no missing SNP calls. For 

this study, a GBS approach was selected due to the ability to directly sequence genotypes, given 

the number of experimental and exotic genotypes present in the University of Guelph’s soybean 

program including the parents that appears in their pedigrees. 

For determining population structure in a group of genotypes, the most prevalent method in the 

literature is the use of the software STRUCUTRE. The advantage of this method is the long track 

record of publications in the plant literature, though the limitations on the density of genetic data 

used for input limits the use of genome-wide SNP data commonly generated in recent genetic 

studies. New methods such as fastSTRUCTURE attempt to solve the limitations of 

STRUCTURE, allowing the use of high-density SNP data. However, the underlying algorithm is 

not the same as implemented in STRUCTURE, so results may not be directly comparable. PCA 

is also commonly used to visualize structure within populations, and can be used with both SNP 

and SSR marker types, but does not determine groupings of germplasm. In order to study 
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population structure, the use of multiple methods may be beneficial to study the groupings of 

germplasm as well as the overall relatedness within a set of genotypes. 

To map traits in a diverse panel of genotypes, a GWAS approach has been shown to be effective 

in the literature. This study does not have the type of germplasm suitable to QTL mapping, so a 

GWAS approach may be suitable. One issue that may arise from GWAS within a set of related 

genotypes is the inability to detect significant SNPs due to the overall similarity of the 

germplasm. As the literature does not show GWAS results from highly related germplasm, this 

may be an area of interest that could be addressed using the material and data generated in this 

thesis. 

The known pedigrees of North American soybean will be useful to study the relationships of the 

germplasm at the University of Guelph. Previous studies have both recorded and used pedigree 

information to understand selection within breeding programs. Using the pedigree information 

will help to identify trends and relationships within the University of Guelph germplasm and 

provide foundational information to the soybean community for further study, as this pedigree 

information is rarely available for research purposes. 

The soybean literature has reported significant trends in yield improvement across multiple 

groups of germplasm. Typically the germplasm used for studying trends in soybean yield is from 

the United States, and originates from maturity groups II, III and IV, which is somewhat 

applicable to the soybean growing regions of southwestern Ontario, but not generally applicable 

to soybeans across Canada. There is an opportunity to study the trends in soybean germplasm in 

maturity groups I, 0 and 00 to identify how selection has altered traits in early maturity soybeans. 

Yield is the most commonly studied trait in soybeans, with oil concertation and protein 
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concentration also reported on. Studies for the changes in other soybean traits over years of 

selection are not available, and present an opportunity to provide the soybean community with 

reports on how selection has influenced traits other than yield, oil concentration and protein 

concentration.  
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Hypotheses and objectives 

 

Hypothesis 1 (Chapter 2 and Chapter 3) 

Breeder selections have maintained genetic and phenotypic diversity in modern cultivars due to 

selection of diverse parents and introgression of exotic germplasm. 

Objectives 

• Assemble a panel of pedigree-related soybean genotypes from two soybean breeding 

programs tracing back to founding germplasm for the Guelph campus breeding program 

• Characterize genetic diversity using GBS-derived SNP markers to compare spatial 

patterns of diversity as well as changes due to selection between historical and modern 

germplasm 

• Characterize phenotypic diversity (agronomic and seed traits) using multi-environment 

field trials 

Hypothesis 2 (Chapter 3) 

Breeder selections have altered soybean seed traits (oil and protein) and increased yield over 

decades of soybean breeding. 

Objectives 

• Characterize trends in yield and seed traits of released soybean cultivars across decades 

of soybean breeding using multi-environment field trials 

 



25 
 

Hypothesis 3 (Chapter 4) 

SSR marker systems provide lower genomic coverage and resolution than SNP markers in 

soybean breeding programs at higher cost. 

Objectives 

• Characterize a set of germplasm with both SNP and SSR markers to conduct similar 

genetic analyses with both marker sets 

• Study overall cost of marker systems and determine best marker systems for different 

types of analyses 
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Chapter 2: Genetic structure and pedigree analysis of two public soybean breeding 

programs at the University of Guelph 
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Abstract 

The historical genotypes of a breeding program can provide a wealth of information on the 

development of modern cultivars. The University of Guelph has two active soybean breeding 

programs, one at Guelph, ON, Canada and one at Ridgetown, ON, Canada. From these programs 

a total of 296 cultivars, experimental genotypes and historically significant genotypes were 

selected for study based on their pedigree relationships and called the University of Guelph 

Germplasm Panel (UGGP). The year of release for the selected genotypes ranges from 1907 to 

2016, with 176 total genotypes being registered cultivars. Pedigree relationship information was 

gathered from breeding program records, when available, to construct a complete pedigree for 

both breeding programs. Cultivar OAC Champion was found to be the most frequently 

connected in the pedigrees, with 18 direct relationships. A set of single nucleotide polymorphism 

(SNP) markers was generated across the UGGP using genotyping-by-sequencing (GBS) and 

called with FAST-GBS, resulting in 40,307 genome-wide high quality SNP markers. Linkage 

disequilibrium (LD) decay analysis found that the average LD decay where R2=0.2 across all 

genotypes was approximately 600 kb. Principal component analysis of the two breeding 

programs established a high degree of overlap between Guelph cultivars and their historical 

germplasm, while Ridgetown germplasm did not show the pattern. Guelph and Ridgetown 

germplasm were found to be the most different germplasm groups by Fst, while Ridgetown 

cultivars and experimental genotypes were the most closely related. A sliding-window genomic 

diversity analysis uncovered different patterns of low diversity among the groups of germplasm 

studied, with differences observed between the Ridgetown and Guelph programs, as well as 

regions of low diversity across all five groups of germplasm. The results of this study provide an 

understanding of the underlying genomic diversity and linkage disequilibrium in the two 
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breeding programs and allow for efficient usage of genomic data for future research, breeding 

and selection efforts.  
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Introduction 

Soybean breeding in Canada first started at the Ontario Agricultural College (established in 1874 

as a predecessor to the University of Guelph) with the release of soybean cultivar OAC 211, a 

selection from Habaro, in 1925 by Professor Charles Zavitz. Since then Ontario has become a 

major soybean growing province in Canada with an estimated 1.1 million hectares grown in 

2016 (OMAFRA Crop Stats) and a province-wide average yield of 3 tonnes per hectare. The 

current University of Guelph soybean breeding program was established in the 1970s with the 

goal of producing high quality cultivars for Ontario growers (I. Rajcan, personal 

communication). Since the establishment of soybean breeding at the University of Guelph, 

breeders have been stationed at the University of Guelph-Guelph Campus (Guelph, Ontario, 

Canada), and the University of Guelph-Ridgetown Campus (Ridgetown, Ontario, Canada). The 

Guelph campus breeding program is currently headed by Dr. Istvan Rajcan, developing maturity 

groups I, 0 and 00 varieties, while the Ridgetown campus program is led by Dr. Milad Eskandari 

and producing mostly group II varieties for southwestern Ontario. 

Both breeding programs in this study use a single-seed descent method as the method of choice 

for advancement of breeding germplasm for testing. Parental selections in the breeding program 

are made by assessing breeding populations and experimental germplasm for high yields while 

exchanging parental genotypes with other breeding programs. The parental crosses are made in 

the winter of year one allowing for F1 plants to be field grown the same year. Seeds from the F1 

plants are advanced for two generations in an off-season nursery in Costa Rica with F4 plants 

being grown in Ontario in the second year. At this stage single plants are visually selected from 

pools of F4 plants and an estimation of maturity is conducted for grouping future trials. In year 

three, F5 single progeny rows are grown and marker-assisted selection (MAS) for disease 
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resistance traits is conducted with only the resistant rows with desirable agronomic 

characteristics are selected. The F6 generation in year four is the first year of four-row 

preliminary yield-plot trials with one replication at one location compared to multiple repeated 

check varieties at Guelph, while Ridgetown plants two-location, 2-replicate trials at this stage. 

Recorded agronomic data includes: yield, emergence, flower colour, hilum colour, height and 

maturity. Seed oil and seed protein are first measured at this stage. Selections from the F6 

generation are advanced to F7 (year 5) and F8 (year 6) advanced yield trials with multiple 

locations and multiple replications per location. Genotypes with potential for cultivar release are 

subject to further testing in regional and provincial trials as well as evaluated for disease 

resistance before selection as a cultivar, and final production of breeder seed. 

The breeding of high-yielding cultivars relies on selecting parental lines with proven yield 

performance and good regional adaptation. The philosophy of using high yielding cultivars as 

crossing parents has historically been productive in the development of new soybean cultivars. 

However, there is some concern that the high-by-high crossing scheme has narrowed the genetic 

base within breeding programs (Moose and Mumm, 2008), though there is evidence that 

breeders have maintained diversity through their efforts (Hyten et al., 2006; van de Wouw et al., 

2010). Additionally it has been proposed that there is a lack of understanding of diversity on a 

breeding program scale, which may be more relevant to crop improvement efforts than most 

large scale germplasm surveys that cannot directly contribute to breeding efforts (Fu, 2015). To 

understand the historical genetic patterns and relationships within and between two breeding 

programs, a University of Guelph Germplasm Panel (UGGP) was constructed. This UGGP 

contains germplasm from two University of Guelph soybean breeding programs, the Guelph and 

the Ridgetown Campus programs, building on the work of Grainger and Rajcan (2013) to study 
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pedigree related germplasm in a breeding context. Available historical cultivars from the 

pedigrees of the Guelph campus breeding program were including in the UGGP and sequenced. 

The availability of a high quality reference genome (Schmutz et al., 2010) and the decreasing 

cost of high throughput sequencing (Deschamps et al., 2012) along with advancements in 

bioinformatics solutions for handling sequence data (Torkamaneh et al., 2017) have allowed for 

efficient study of genetic variation on any scale. However such studies are now often limited by 

phenotyping constraints such as field space, seed availability and personnel for processing 

phenotypic traits. To obtain phenotype data for the UGGP large-scale field trials were conducted 

to understand the dynamics of decades of breeding at the University of Guelph the overall 

impacts of selection on phenotypic and genotypic attributes of the germplasm. 

UGGP germplasm was genotyped using a restriction enzyme genotyping-by-sequencing (GBS) 

protocol (Sonah et al., 2013) to generate genome-wide single nucleotide polymorphism (SNP) 

marker data for genetic study of the two breeding programs. Identification of clusters and 

germplasm-cluster membership is a common strategy for studying plant populations. 

STRUCTURE software is commonly used tool to estimate population membership for groups of 

genotyped individuals and assess population structure within germplasm groupings. While 

originally designed for low-density microsatellite markers, the software is able to generate 

results using SNP data if the assumption of unlinked or weakly linked markers is met through 

LD-based filtering methods. Previous studies of highly structured soybean (Hyten et al., 2007), 

maize (Van Inghelandt et al., 2010), wheat (Nielsen et al., 2014) and rice(Huang et al., 2012)  

show clear groupings within collections of diverse germplasm. However, few studies have 

looked at the finer regional adaptation within groups of germplasm such as those found within 

breeding programs for inbred crops. Van Inghelandt et al (2010) studied a commercial maize 
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breeding program with microsatellite and SNP markers and found a consistent pattern of 

heterotic pools compared to previous maize research. Principle component analysis is a visual 

technique to observe trends in genetic data and is commonly employed in the assessment of 

population structure in coordination with STRUCTURE and neighbour-joining clustering within 

diverse populations. 

The objectives of this study were to: (A) quantify patterns genetic variation, population structure 

and linkage disequilibrium within and between breeding programs and (B) measure and assess 

diversity in both breeding programs compared to their pedigree-related historical germplasm to 

identify regions of high and low diversity within breeding program germplasm.  
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Materials and methods 

Panel composition 

Using pedigree records from both Ridgetown and Guelph breeding programs, a total of 296 lines 

were collected for the study. The panel is composed of a variety of germplasm from the two 

breeding programs. Lines from the Guelph program were chosen based on the M.Sc. thesis work 

and related publication of Chris Grainger (Grainger and Rajcan, 2013) and expanded by Robert 

Bruce and Istvan Rajcan for this study. The Ridgetown panel was chosen by Milad Eskandari to 

complement the Guelph panel. The core of the panel is modern elite cultivars from both breeding 

programs. The pedigrees for these modern elite cultivars (Table S1) were used to identify 

germplasm for study that was related to the core germplasm, with the goal of tracing it back to 

North American ancestors. Current experimental germplasm for yield, seed size and fatty acid 

profile were also included to represent the diversity within the breeding programs. Two groups 

of recombinant inbred lines (RILs) from the Guelph program were added to the panel originating 

from two previous Guelph projects to provide additional rare alleles to the panel. The soybean 

cyst nematode (SCN) RILs originate from the cross of OAC Shire x PI 464925B (G. soja) that 

was made in 1999 and were used in the thesis project of Mayumi Bastidas (2008) to validate 

SCN resistance QTL, introducing novel alleles for SCN resistance. The Chinese-Canadian RILs 

originate from the cross of Heinong 38 and OAC Millennium made in 2000 and were used in 

two thesis projects for the mapping of mega-environment QTL (Palomeque et al., 2009a, 2009b, 

2010; Rossi et al., 2013), whose inclusion in this study will bring novel Chinese soybean alleles 

not present in the North American germplasm. Several plant introduction (PI) genotypes were 

also studied, as they were used both as historical breeding program founders and sources of new 

diversity for crossing. 
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For analysis of groupings within each program, the panel was split into multiple groups: 

Ridgetown Experimental (RCATEXP), Ridgetown Varieties (RCATVAR), Guelph 

Experimental (UGEXP), Guelph Varieties (UGVAR) and Historical (HIST) as outlined in Table 

2.1. 

Germplasm sources 

Germplasm for this project was gathered from multiple sources. For current released cultivars 

from the Guelph Breeding program seed was obtained from internal program yield trials. 

Experimental lines within the breeding program were obtained from field test plot bags. 

Cultivars not in current production were sampled from the Crop Science Building cold seed 

storage where was available available. Seed from the cold storage was germination tested before 

being used in the project. Parental lines were sourced from seed storage when available. All 

other seed was ordered from the United States Department of Agriculture Germplasm Resource 

Information Network (USDA-GRIN) and Germplasm Resource Information Network Canada 

(GRIN-CA).  

Pedigree data 

Pedigree data was collected from a range of sources. Where available, cultivar registration 

papers were used to gather information. The list of published cultivar registration papers cited is 

in Table S1 with the year of public release. Pedigree data was also gathered from breeding 

program records at the University of Guelph and through personal communication with the 

originating plant breeders at Guelph and Ridgetown Campuses. Additional pedigree data were 

gathered from USDA-GRIN (www.ars-grin.gov/npgs/), GRIN-CA 

(pgrc3.agr.gc.ca/index_e.html) and Soybase (Grant et al., 2010) where available for the historical 

germplasm. Pedigree data was visualized using GraphViz 2.38 (www.graphviz.org) allowing 
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historical connections to be made in the context of their breeding program relationships and 

organized according to the year-of-release for public cultivars. 

DNA collection and extraction 

Leaf tissue was collected from field-grown plants. A single plant was sampled per accession, 

with each plant sampled representative of the whole plot to avoid off-types within the plots. Leaf 

samples were freeze-dried for storage and DNA extraction. Where viable seed was not available 

for whole plant sampling, seeds were soaked overnight in water and ground in a tissue disruptor 

before DNA extraction directly from seed.  

DNA from leaf and seed samples was extracted using a NucleoSpin Plant II kit from Machery-

Nagel (Bethlehem, PA, USA). Extracted DNA was eluted in water. Quality testing before 

sequencing was done using a NanoDrop (ThermoFisher Scientific, Waltham, MA, USA) 

Spectrophotometer (absorbance ratio at 260nm/280nm), a Qubit Fluorometer (ThermoFisher 

Scientific, Waltham, MA, USA) (to determine concentration in ng/uL of DNA) and gel-based 

visual screening for a band of high-molecular weight DNA for each extraction. After quality 

checks, each sample was diluted to proper concentration (10 ng DNA/uL) for sequencing. 

Genotyping-by-sequencing 

Three separate rounds of sequencing were undertaken to complete the GBS of the UGGP. The 

first sequencing run of 96 genotypes was completed in 2013 as follows: extracted DNA was sent 

to Laval University for library preparation with a single enzyme ApeKI system, similar to 

previous studies using GBS (Elshire et al., 2011; Sonah et al., 2013). Prepared libraries were sent 

to McGill University, Génome Québec Innovation Center in Montreal, Canada, for sequencing 

on an Illumina HiSeq 2000. One lane of Illumina HiSeq was used, producing 203 723 306 
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single-ended reads of 100-base pairs across the plate with 167 685 693 reads (83%) remaining 

after filtering. The mean number of reads per line was 1 746 726, with a minimum of 17 861 and 

a maximum of 7 585 159. The second and third rounds of sequencing were completed on Ion 

Proton machine at the Institut de Biologie Intégrative et des Systèmes (IBIS) of Université Laval, 

Quebec, Canada in 2014 and 2016, respectively, using an MspI/PstI enzyme combination 

(Mascher et al., 2013). In 2014, DNA for 192 genotypes was sequenced. In 2016, a plate 

containing 96 individuals was sent to re-sequence lines for which there was poor coverage or 

sequencing failure. Genotypes with poor sequencing coverage were re-sequenced along with 

genotypes in common from both enzyme systems to allow for SNP calling between plates. For 

these rounds of sequencing library preparation was completed at Laval using PstI/MspI with a 

total of 630 million reads ranging from 50 to 135 base pairs in length. 

SNP calling was performed at Laval University using the Glycine max reference genome V2 and 

Fast-GBS (Torkamaneh et al., 2017). Using a minimum of two reads to call a genotype, and 

filtering of SNPs for both maximum missing data allowed (MaxMD) 80% and minimum minor 

allele frequency (MinMAF) of 0.01, 36,637 and 7,489 SNPs were obtained for Illumina and Ion 

Torrent reads, respectively. There were 64 samples and ~3000 SNPs in common between the two 

datasets. BEAGLE (Browning and Browning, 2007) was used for imputation and combining of 

datasets as described by Torkamaneh and Belzile (2015). Finally 40,307 high quality SNPs were 

obtained. 

SNP minor allele frequency (MAF) filtering 

The 40,307 SNPs obtained from the SNP calling process were filtered to remove SNPs with low 

MAF, an indication of sequencing or calling errors in the SNP data before downstream use. This 

filtering was conducted in TASSEL 5 (Bradbury et al., 2007) using the site filter. Table 2.3 
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shows the SNPs remaining before and after MAF filtering with a range of MAF filters for 

consideration. The MAF cut-off of 0.01 was used for downstream processing and analysis. 

Linkage-disequilibrium (LD) filtering of SNP data 

Downstream analyses sensitive to highly linked markers require a dataset with SNPs in high LD 

removed. To conduct LD-based filtering the MAF=0.01 filtered dataset was imported to the 

software PLINK 1.9 (Shaun Purcell, Christopher Chang, www.cog-genomics.org/plink.1.9; 

(Chang et al., 2015) for processing. The LD filtering method “-indep-pairwise” was invoked for 

analysis. Parameters for this option included 10,000 variants, step size of 10 and r2 of 0.8 with 

the resulting dataset referred to as the 9k filtered SNP set. Additional filtering for STRUCTURE 

(Pritchard et al., 2000b) analysis was conducted with an r2 value of 0.2 (Larsson et al., 2013) 

resulting in 2,110 SNP markers further called the 2k SNP dataset. 

Heterozygosity of sequenced lines 

The 29k SNP panel was run through GAPIT (Lipka et al., 2012; Zhang et al., 2010) using the 

GAPIT.Genotype.View command to produce heterozygosity plots of all lines in the panel and all 

markers (Figure 2.3). 

SnpEFF data summary 

The 29k SNP panel was run through SnpEFF 4.3p (Cingolani et al., 2012) build 2017-06-06 by 

Pablo Cingolani to generate SNP summary stats against the G. max reference. 

Linkage disequilibrium of UGGP SNPs 

LD decay visualization of the UGGP 40k SNP panel was conducted in PopLDdecay 3.30 

(github.com/BGI-shenzhen/PopLDdeay). LD decay was calculated out between pairs of SNPs 

out to three Mb apart as defined by the –MaxDist option. For each UGGP subpopulation the LD 

http://www.cog-genomics.org/plink.1.9
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decay was calculated independently, defined by the –SubPop option. LD decay plots were 

calculated with the PopLDdecay perl script “Plot_MultiPop.pl” with varying –bin1 and –bin2 

ranges as well as a varying visualization window using –maxX. 

Principal component analysis 

Principal component analysis was conducted on the 2k LD-filtered SNP set in TASSEL 5 

(Bradbury et al., 2007). Five components were retained and the first two were plotted in Figure 

2.7 and Figure 2.8. Groupings were based on origin of the material as determined from breeding 

program records. Cultivars were defined as publically released varieties from each breeding 

program, whereas experimental germplasm consisted of breeding lines currently in testing along 

with experimental trait-improvement crosses. AAFC genotypes were from Ottawa, ON and 

Harrow, ON breeding programs. Historical germplasm was composed of pedigree ancestors to 

the Guelph Campus released cultivars and experimental genotypes. Unclassified genotypes such 

as plant introduction (PI) lines and private or specialty trait lines without direct pedigree relations 

to the Guelph germplasm were not plotted. 

STRUCTURE and cluster analysis of UGGP 

STRUCTURE analysis was conducted on the 2k SNP dataset (LD filter of r2=0.2) to satisfy the 

assumption of unlinked markers with a minimum burn-in of 10k runs in STRUCTURE 2.3.4 

(Pritchard et al., 2000b). The default admixture model was used, with K values ranging from 1 to 

15. Population data was not included in the model. Detection of the true number of clusters 

followed the method outlined by Evanno et al (2005) and updated for ease of access using 

STRUCTURE Harvester (Earl and vonHoldt, 2012). 
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Fst comparison of UGGP populations 

The fixation index, Fst, was calculated for the groups of lines (Table 2.7) from each breeding 

program and the historical germplasm in the UGGP. A weighted Fst was calculated according to 

Weir and Cockerham (1984) using the software VCFtools version 0.1.15 (Danecek et al., 2011). 

Nucleotide diversity across UGGP subgroups 

A sliding window nucleotide diversity analysis was performed in VCFtools 0.1.15 (Danecek et 

al., 2011) using the 30k SNP data for the five groups of UGGP genotypes sorted by program and 

designation (experimental or cultivar) and historical. The analysis was performed with a window 

size of 200 kb and a step size of 100 kb using the –window-pi and –window –pi-step commands, 

respectively. Patterns of diversity across the groups of germplasm were identified by plotting 

diversity of all groups together. 
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Results 

UGGP composition 

The UGGP is composed of germplasm with release dates ranging from 1907 to 2016 (Figure 

2.1). The majority of the lines in the UGGP are from the 1980’s and later, as this time period 

represents the establishment of the formal soybean breeding program at the University of 

Guelph. Within the UGGP, 38 lines predated 1980. The first soybean bred at the University of 

Guelph is OAC 211, released in 1928, which was released as a forage cultivar. The earliest cross 

in the panel was made in 1937, with the most recent parental cross completed in 2009. Overall 

176 lines within the UGGP were registered varieties, either public or private, with the remainder 

of the panel consisting of experimental and founder germplasm (Table S1). 

The panel contains 139 lines originating from the University of Guelph, Guelph campus, 63 of 

which are released cultivars and 76 experimental genotypes (Table 2.1). From Ridgetown 

campus 85 lines total, 47 which are released cultivars, 38 experimental genotypes. The remainder 

of the germplasm panel consists of 45 historical lines, 10 lines from various AAFC (Agriculture 

and Agrifood Canada) programs and 21 PI/private genotypes along with other academic 

institutions. This remaining germplasm originates from various global sources and crossing 

parents from private companies and other academic institutions used in the pedigrees of Guelph 

germplasm. 

Pedigree relationships in the UGGP 

For UGGP lines with available pedigree information (Table S1), a pedigree diagram was 

generated to visualize relationships within and between both breeding programs and the 

historical germplasm (Figure 2.2). From these pedigree relationships the number of connections 
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between lines was determined to find germplasm central to both the UGGP and the two breeding 

programs (Table 2.2). The Guelph campus line OAC Champion was identified as the most 

connected line in the panel, with 18 uses as a crossing parent. Katrina was the most connected 

from Ridgetown campus with 13 parental connections and Harosoy with 10 parental connections 

was the highest connected historical soybean line. 

Founder historical lines for the UGGP included: Flambeau, Lincoln, Manitoba Brown, 

Mandarin, Richland, Mukden, Manchu, AK Harrow, Tokyo, Ogden, Capital, Peking (not 

genotyped), Fiskeby V, Fiskeby III (not genotyped) and CNS. Ogden is a progeny of Tokyo x PI 

54.610 but was considered a founder due to its non-genotyped PI parent. The core germplasm of 

the UGGP is a derivative of a combination of these historical ancestors. 

GBS SNP data 

Generating GBS-SNP data from the raw sequence reads resulted in 40,307 genome-wide SNPs. 

These SNPs were investigated for both heterozygosity of individuals and heterozygosity of 

markers to check for SNP quality (Figure 2.3). Most individuals and markers had a high 

proportion of high homozygosity. Several genotypes showed some level of heterozygosity 

expected of experimental breeding genotypes, which have not undergone multiple generations of 

selfing. The most highly heterozygous individual line was Harosoy 63, which has been reported 

to be highly heterozygous in other sequencing efforts (Davoud Torkamaneh, personal 

communication). 

The SNPs were subjected to various MAF (Table 2.3) and LD filters (Table 2.4) to generate 

further SNP datasets for downstream genetic analysis. A range of MAF filtering values were 

tested with the filter of MAF=0.01 chosen for an initial cut-off, resulting in a minimum number 



42 
 

of alleles per locus of 2.96 to for a SNP to remain in the panel, being 29,848 SNPs, further 

referred to as the 30k SNP set. The MAF filtered SNP set was then subjected to a LD filtering 

step for certain downstream analyses such as PCA and STRUCTURE. LD filters were tested at 

multiple r2 values (Table 2.4), with r2=0.8 resulting in 9,225 SNPs for moderately sensitive to 

LD applications and r2=0.2 resulting in 2,110 SNPs for applications with high sensitivity to 

highly linked SNPs. 

Functional SnpEff summary for 29k SNP panel 

The SnpEff 4.3p (Cingolani et al., 2012) program found a variant rate of 1 SNP per 31,830 bases 

(31.8 kb) genome-wide when assessing the 30k SNP set (Table 2.5). The variant rate per 

chromosome ranged from 1 per 27.7 kb to 1 per 55.1 kb, with chromosome 11 having the fewest 

SNPs and chromosome 18 the most SNPs, as expected due to their respective lengths. The 

number of variants and variant rates were similar across chromosomes demonstrating an even 

and complete coverage of the soybean genome for further analysis of the UGGP (Figure 2.4). 

Intergenic SNPs were the most common class captured by the GBS approach at 34% of total 

SNPs, resulting in 66% of SNPs being nearby genic elements. Within all genic elements, 23% 

and 22% were downstream and upstream of the nearest gene, respectively.  Around 11.5% of 

SNPs were located in introns and 5.6% in exons. 

Linkage disequilibrium for 296 soybean lines in UGGP 

Linkage disequilibrium was calculated for all 296 lines in the UGGP to visualize linkage (Figure 

2.5) between markers across the whole panel. All chromosomes showed evidence of short range 

LD blocks from all genotypes. Chromosomes 4 and 19 had a high degree of LD with more than 

half of the chromosome in high LD. Chromosomes 6, 8, 10, and 14 had smaller high LD regions. 
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LD decay for 40k SNP markers was analyzed in the subgroups of the UGGP (Figure 2.6). 

Historical genotypes showed a LD decay distance between genotypes from the two breeding 

programs. Experimental genotypes had shorter LD decay than cultivars in both breeding 

programs. Guelph genotypes showed shorter LD decay than Ridgetown genotypes overall. The 

LD decay where r2=0.2 was estimated at a distance of 200 kb for UG_EXP, 350 kb for 

UG_VAR, 420 kb for Historical, 800 kb for RCAT_EXP and around 950 kb for RCAT_VAR. 

Principal component analysis of the UGGP 

Principal component analysis was conducted on the 9k SNP dataset (Figure 2.7 and Figure 2.8) 

to visualize trends in the UGGP panel and visualize population dispersion and structure. The first 

and second principle components explained 5.3% and 3.6% of the total variation within the the 

entire UGGP, respectively. Clear population structure was not observed on PC1 and PC2 with an 

overlap visible between all classes of germplasm in the panel – Ridgetown Experimental and 

Varieties, Guelph Experimental and Varieties and Historical. A similar dispersion pattern and 

principle component variance was visible using other SNP datasets (data not shown). 

When the Guelph and Ridgetown breeding programs were plotted seperately and each compared 

to the historical germplasm, the patterns of overlap differed (Figure 2.8). Both the Guelph 

experimental and Guelph varieties had similar distributions, with the Chinese-Canadian RIL 

population being clustered together at PC1 values of negative 6. The Guelph program cultivars 

and experimental germplasm showed overlap with the historical germplasm and covered a wide 

range of variation, consistent with being derived from historical germplasm (Figure 2.8A). The 

Ridgetown varieties and experimental germplasm did not share a distribution with all of the 

historical germplasm. The historical germplasm overlapped halfway with the Ridgetown 

germplasm, as PC1 discriminated the boundry of this germplasm at a value of approximately 
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negative 2 (Figure 2.8B). Some of the lines that shared little overlap with the Ridgetown 

germplasm include Richland, Blackhawk, Mukden, Manchu, Harosoy (and Harosoy 63) and 

Mandarin. 

Based on the pedigree determination that OAC Champion, OAC Lakeview and Katrina were 

central parental lines within the UGGP, their positions within the PCA (Figure 2.7) were 

assessed. OAC Champion and Katrina were positioned outside of the main group of lines, while 

OAC Lakeview was central to the PCA. 

STRUCTURE analysis of UGGP 

A LD filtered 2k SNP dataset was used to generate a STRUCTURE (Pritchard et al., 2000b) 

analysis of the UGGP (Figure 2.9A, 2.9B, 2.9C). Using the Evanno (2005) method and 

STRUCTURE Harvester (Earl and vonHoldt, 2012) the most likely number of clusters was 

determined to be two, followed by fourteen and then four (Figure 2.9D). Figure 2.9A shows k=2 

populations, with green being dominant and high levels of admixture within the red. Figures 

2.9B, k=4 shows a dominant cluster and admixture with the other three clusters whereas 2.9C, 

k=14 shows a large degree of admixture between clusters. 

Genome-wide diversity statistics for UGGP subpopulations 

Diversity statistics were calculated for the entire UGGP and the defined subpopulations from 

each breeding program (Table 2.6). The number of segregating sites was found to be highest 

among the Guelph experimental genotypes, followed by Guelph cultivars. Ridgetown cultivars 

had the fewest segregating sites, with Ridgetown experimental genotypes having nearly the same 

number of segregating sites. The average within-group genetic distance was calculated for the 

five subgroups (Table 2.6). Both Ridgetown groups had the smallest average genetic distances, 
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while historical genotypes and both Guelph groups had similar and large average genetic 

distances.  

Fst comparison of the groups of UGGP genotypes 

Fst between the five groups of lines in UGGP was calculated (Table 2.7) using the 29k SNP 

dataset in VCFtools. The mean Fst value across all pairs of comparisons was 0.0164. The groups 

with the closest allele frequencies were found to be Ridgetown Experimental and Ridgetown 

varieties, with Fst=0.0048. The most distantly related groups in the UGGP were Ridgetown 

experimental and Guelph Varieties with a Fst=0.0265, which was a similar distance to the 

Guelph Varieties and the Historical germplasm. The released varieties from both programs were 

more similar to each other than the mean Fst across all comparisons with an Fst=0.0117. 

Sliding windows nucleotide diversity in UGGP genotypes 

Groups of UGGP genotypes were subjected to a nucleotide diversity measure on a sliding 

window scale to study genome-wide patterns of nucleotide diversity and their changes within the 

groups of soybean germplasm. Several large regions of low nucleotide diversity were found 

between the groups of UGGP genotypes (Figure 2.10). An approximate 20 Mb region on 

chromosome 5 was identified as having low genetic diversity across both Ridgetown and Guelph 

programs, with the historical genotypes showing higher diversity than either program. A 30 Mb 

region on chromosome 18 was identified as having low diversity across all five groups of 

genotypes, with the Ridgetown cultivars showing extremely low diversity compared to any other 

group of germplasm in this study. An 18 Mb region on chromosome 20 was also identified as 

having low diversity across all five groups, with the Guelph cultivars showing the lowest overall 

diversity across this region. 
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Table 2.1. Grouping the 296 UGGP lines by breeding program and germplasm type 
(experimental and released varieties). 

Name of Group Group Abbreviation Number of Lines Description 
Guelph Variety UGVAR 63 Guelph released 

cultivars 

Guelph Experimental UGEXP 76 Guelph experimental 

germplasm 

Ridgetown Variety RCATVAR 47 Ridgetown released 

cultivars 

Ridgetown Experimental RCATEXP 38 Ridgetown 

Experimental 

germplasm 

Historical HIST 45 Historical germplasm 

excluding Guelph and 

RCAT breeding 

programs 

Guelph Overall UGALL 139 All Guelph released 

and experimental 

germplasm 

Ridgetown Overall RCATALL 85 All Ridgetown released 

and experimental 

germplasm 

UGGP UGGPALL 296 Entire UGGP 
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Table 2.2. Number of pedigree connections in the related UGGP germplasm by parental line. 

Top 12 connected parental lines are listed with number of times used as a parent within the 

UGGP. 

Line Name Number of pedigree connections as a parent 
OAC Champion 18 
OAC Lakeview 14 
Katrina 13 
OAC Wallace 11 
OAC Bayfield 11 
Harosoy 10 
McCall 10 
OAC Kent 10 
Bicentennial 8 
Corsoy 8 
RCAT Pinehurst 8 
Williams 8 
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Table 2.3. SNP minor allele frequency (MAF) filtering results across 296 lines for original 

unfiltered 40,307 SNP panel. 

Description MAF filter Minimum MAF allele 

number 

SNPs Post-Filter 

Unfiltered None None 40307 

0.005 MAF 0.005 1.48 33915 

0.01 MAF 0.01 2.96 29848 

0.02 MAF 0.02 5.92 26223 

0.03 MAF 0.03 8.88 23806 

0.04 MAF 0.04 11.84 22254 

0.05 MAF 0.05 14.80 21106 
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Table 2.4. Minor allele frequency (MAF = 0.01) 29k filtered SNP set at multiple r2 values for 

LD filtering in using an indep-pairwise filter. 

R2 filter value Post-filtering SNPs 

1 (all MAF=0.01 SNPs) 29848 

0.9 12436 

0.8 9225 

0.7 7542 

0.6 6282 

0.2 2110 
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Table 2.5. Chromosome specific and genome-wide variant rate for the 29k SNP panel across 296 

soybean genotypes calculated using soybean reference genome V2. 

Chromosome Length Variants Variant rate 
(SNPs/bp) 

1 55,915,595 1,095 51,064 
2 51,656,713 1,553 33,262 
3 47,781,076 1,393 34,300 
4 49,243,852 1,722 28,596 
5 41,936,504 1,220 34,374 
6 50,722,821 1,474 34,411 
7 44,683,157 1,323 33,774 
8 46,995,532 1,297 36,234 
9 46,843,750 1,387 33,773 
10 50,969,635 1,522 33,488 
11 39,172,790 710 55,172 
12 40,113,140 864 46,427 
13 44,408,971 1,755 25,304 
14 49,711,204 1,420 35,007 
15 50,939,160 2,158 23,604 
16 37,397,385 1,613 23,184 
17 41,906,774 1,455 28,801 
18 62,308,140 2,247 27,729 
19 50,589,441 1,528 33,108 
20 46,773,167 1,590 29,417 

Genome-wide 950,068,807 29,848 31,830 
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Table 2.6. Genome-wide diversity statistics for 29k SNPs for groupings of UGGP lines based on 

origin. 

 

 296 lines UofG 
Cultivars 

UofG 
Experimental 

RCAT 
Variety 

RCAT 
Experimental HIST 

Number of 
Segregating 

Sites 
29,848 27,052 28,955 23,686 23,874 26,521 

Θ per 
basepair 0.15959 0.19233 0.19792 0.19408 0.20021 0.2032 

Tajima’s D 1.71463 1.10821 0.94574 0.64677 0.64339 0.78435 

Genetic 
Distance NA 0.2520 0.2513 0.2267 0.2332 0.2461 
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Table 2.7. Weir and Cockerham weighted Fst estimates on 29k SNPs calculated using with a 

population-wide weighted Fst estimate of 0.016415. 

 
RCAT 

Experimental 
RCAT 
Variety 

UG 
Experimental 

UG 
Variety 

Historical 0.015915 0.017544 0.011162 0.025983 

RCAT 
Experimental  0.0048331 0.0071374 0.026514 

RCAT Variety   0.013645 0.011651 

UG Experimental    0.020011 
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Figure 2.1. The number of released cultivars present in the UGGP by year of registration from 

1907 to 2016 for the 179 cultivars with known or published registration dates. The increase in 

number after 1980 coincides with the start of breeding efforts at the University of Guelph. 
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Figure 2.2. Pedigree relationships for the UGGP with coloured boxes showing germplasm 
studied and white boxes showing unstudied pedigree relationships. The Guelph breeding 
program is represented with green boxes (dark green for varieties and light green for 
experimental) and the Ridgetown program is represented with blue (dark blue for varieties and 
light blue for experimental). Historical and other germplasm are shown in gray. Germplasm with 
unknown parentage are not shown. 
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Figure 2.3. Heterozygosity of individuals in the UGGP shown in (A) generated using GAPIT 

Genotype.View for the 29k SNP panel. Panel (B) shows the heterozygosity of all 29k SNP 

markers in the UGGP. 
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Figure 2.4. Distribution of 30k SNP markers annotated by position relative to different genomic 

elements. 
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Figure 2.5. Linkage disequilibrium per chromosome for 296 soybean lines and 30k SNPs in the 
UGGP. P values are shown in the bottom triangle with R squared shown in the top triangle.  
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Figure 2.6. Marker LD decay for 296 UGGP soybeans in program-defined subgroups within the 
40k SNP panel calculated using PopLDdecay. Both panels show the five previously described 
subgroups. Panel A scales the distance shown to 2,000 kb while panel B shows 500 kb. 
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Figure 2.7. Principal component analysis of the 2k LD-filtered SNP panel showing the first two 

principal components plotted on the X and Y axes. Germplasm is grouped by origin, with 

historical grouped together, and Ridgetown and Guelph programs separated by released variety 

and experimental lines. 
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Figure 2.8. Principal component analysis of 2k SNPs showing historical germplasm compared to 
lines from Guelph (A) and Ridgetown (B) plotted with historical germplasm. 
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Figure 2.9. STRUCTURE bar plots for k=2 (A), k=4 (B), k=14 (C) along with the Delta K (D) 
to infer the likely number of clusters present as 2. 
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Figure 2.10. Genome-wide nucleotide diversity calculated in a 200,000 bp sliding window with 
a 100,000 bp step size in 30k SNPs across five UGGP subgroups. Several regions of low 
nucleotide diversity are visible across the two breeding programs, three of which are highlighted 
above on chromosomes: 5 (5.7 Mb to 26.8 Mb), 18 (10 Mb to 39.2 Mb) and 20 (5.2 Mb to 23.4 
Mb).  

π 
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Discussion 

Panel composition and pedigree relationships 

The UGGP is composed of germplasm from the University of Guelph Ridgetown and Guelph 

campus breeding programs and pedigree related historical germplasm. The construction of a 

pedigree dataset spanning two breeding programs and their related ancestors is a novel dataset 

for genetic study. Many examples exist of germplasm collections to survey soybean diversity on 

a national (Cober and Voldeng, 2012; Fu et al., 2007) or international scale, or the comparison of 

domesticated G. max to G.soja (Hyten et al., 2006; Li et al., 2010a; Song et al., 2015; Zhou et al., 

2015). Very little study has been completed at the scale of a single breeding program, whether 

for pedigree, SNP or phenotypic data. An example of pedigree analysis for a breeding program 

was shown in Canadian dry bean by Navabi et al (2014), however this study is limited by the 

assumptions of unrelated founders using a coefficient of co-ancestry and not genetic data. Public 

breeding programs have the advantage of non-proprietary pedigree records, long-term record 

storage and original breeding notes for many of their cultivars and experimental varieties. 

The scope of the project allowed for a detailed study of the Guelph breeding program and its 

historical germplasm as compared to the Ridgetown breeding program. The historical germplasm 

was found to be closely aligned with the Guelph experimental and released germplasm. The 

Guelph program has a range of breeding objectives, such a food-grade soybeans as well as 

covering a range of maturity groups. There are no studies with the high level of pedigree 

interrelationships present in the UGGP for study of breeding program scale genetics, which was 

identified as a gap in the scientific literature (van de Wouw et al., 2010). Cober and Voldeng 

(2012) studied the historical trends in short-season soybean development in Ontario, finding 
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several important long-lived cultivars, including OAC Bayfield, which was also identified in this 

study through pedigree analysis as important to the Guelph breeding program. 

SNP data 

The ease of genotyping hundreds of individuals for thousands of markers has made the study of 

large groups of genotypes possible at a high SNP density. In this study over 40 thousand high 

quality SNPs were mapped and filtered for study of the UGGP. Filtering of the SNP data for 

downstream analysis was conducted based on several criteria: (a) high quality SNP data for 

downstream analysis and (b) the input requirements for analyses being conducted. The initial 

MAF filtering was tested to remove minor alleles at a low frequency within the panel, because of 

the high degree of relatedness of the UGGP germplasm it was expected that alleles present at 1% 

or lower were potential genotyping errors which occurred during sequencing, SNP calling, or 

imputation of missing data. A higher MAF cut-off may have removed additional genotyping 

errors, while decreasing the SNP density and discovery of true rare alleles within the UGGP 

germplasm. 

The heterozygosity present in the SNP panel may be higher than expected due to the sequencing 

of early generation experimental lines that have not undergone intensive inbreeding compared to 

released varieties, as well as the palaeopolyploid origins of G. max (Schmutz et al., 2010) and 

limitations of current SNP calling techniques (Torkamaneh et al., 2016). The final density and 

distribution of SNPs was similar to other studies using a GBS approach (Sonah et al., 2013, 

2015) using similar methodology and sufficient for genetic analysis of diversity. The USDA 

soybean collection was genotyped with the SoySNP50k chip and provided high resolution for 

studying the USDA core collection (Song et al., 2015). The dataset generated in this study is 
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considered adequate for downstream study such as genome-wide association analysis as well as 

further pedigree study for comparing SNP, microsatellite and pedigree data. 

Population structure of the UGGP 

STRUCTURE analysis was used to estimate population membership for groups of genotyped 

individuals and assess population structure within the UGGP. The finding that two was the most 

likely number of clusters within the SNP dataset may show that a single cluster is present, rather 

than two or more clusters. Previous studies of soybean diversity have not identified clusters on a 

breeding program scale and have only looked at national and international germplasm clustering. 

A maize study using SNP markers was able to detect significant populations structure on a 

breeding program scale (Van Inghelandt et al., 2010), however, as an outcrossing species with 

known heterotic pools it is expected that population structure should be detected within a 

breeding program. 

 The principle component analysis supports the STRUCTURE findings that two or fewer clusters 

may be representative of the UGGP, with no clear differentiation visible in either analysis. 

Future research into the phenotype distributions of the UGGP may help to understand the 

distributions and patterns of genetic structure observed in this study. The use of a diverse set of 

Guelph and Ridgetown experimental germplasm presented an opportunity to observe how the 

tested germplasm of a breeding program differs from the released cultivars. The experimental 

germplasm of both breeding programs offered a diverse set of lines, even considering that only a 

small sample of the experimental germplasm could be studied due to the scale of this study 

compared to two relatively large breeding programs. 
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LD decay within the UGGP and the program-based groups showed an expected LD pattern based 

on experimental germplasm diversity compared to historical and released cultivars. Ridgetown 

was shown to have the longest regions of LD decay, which may be attributed to the limited 

maturity range and historical breeding objectives. Guelph experimental germplasm was found to 

have the shortest regions of LD decay, which may be due to a recent influx of a wide genetic 

base of experimental germplasm used in the breeding program as parents and/or in research 

projects, including those from China. 

Diversity 

A meta-analysis of genetic diversity in modern crops spanning forty-four studies and eight field 

crops found no significant reduction in regional crop diversity compared to the 1950s (van de 

Wouw et al., 2010). This trend is visible within the UGGP as the experimental germplasm is 

expanded compared to the released cultivars. Though many breeding crosses are made with high 

yielding cultivars, the nature of germplasm exchange between breeding programs, breeder 

philosophies and the research portion of the public breeding programs has allowed for the 

introduction of unique germplasm. 

The research mandate of the University of Guelph Ridgetown and Guelph breeding programs has 

also expanded the range of specialty traits within both programs. Some of the diversity found in 

this study can be attributed to the range of specialty traits being studied including high oil, 

modified fatty acid profiles and seed size. Each of these traits was introduced to the breeding 

program using unique germplasm and crossed with the adapted breeding germplasm. 

Though a range of germplasm from two breeding programs was studied, it was not possible to 

obtain the full scope of either breeding program for several reasons. First, the availability of 
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viable plant material for sequencing and study was a significant limitation. Some older varieties 

have not been maintained by their breeding stations due to low demand, and consequently were 

not archived in germplasm bank inventories. Similarly, another related limitation was that of 

studying experimental germplasm. Older pedigree data often shows crosses with experimental 

germplasm which was not available for study, leaving a missing link in the pedigrees for many 

genotypes. This study was only a snapshot of a small number of experimental genotypes from a 

relatively short period within the two breeding programs, though the genotypes were chosen to 

be representative of overall breeding efforts. Most experimental lines were not kept as the 

logistics of maintaining the breeding germplasm represents a limitation for any breeding 

program. Secondly, while pedigree records for older varieties are kept in public programs, this 

data is often not available for private lines. This panel contained several private lines, which 

played an important role in the development of both breeding programs, but whose ancestry 

remains unknown. 

Field testing of the UGGP is the next step for integrating the genetic data with robust phenotype 

data to study the relationship of genotype and phenotype at a breeding program scale. Genome-

wide associations and comparisons of phenotypic diversity among groups of germplasm may 

prove powerful in understanding breeder selection and identified patterns of selection to help 

guide breeding programs into the future. 

Understanding signatures of selection within breeding program genotypes compared to historical 

genotypes can allow for identification of loci which may have contributed to successful breeding 

outcomes for past cultivars and implementation of strategies to improve future cultivar 

development. Of the regions identified as having low diversity in this study, previous work has 

identified key loci for important soybean traits which overlap these regions of low diversity. 
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Sonah et al (2015) identified significant SNPs for oil and protein  using on chromosome 20 using 

similar germplasm, overlapping the region identified here as having low diversity, especially 

pronounced within the Guelph and Ridgetown cultivars which have been under selection for high 

oil. A study of the USDA soybean germplasm also found significant SNPs for oil and protein in 

this region (Bandillo et al., 2015). Meng et al (2016) found this genomic region to contain SNPs 

with significance for seed isoflavone content. The region on chromosome 5 does not show any 

SNPs with significant association to previously identified traits through Soybase. Additional 

investigation may reveal trait associations in this region or its significance in soybean 

domestication. The region on chromosome 18 was identified as having associations with first 

flower (Mao et al., 2017) and fatty acid profile (oleic acid, linoleic acid and palmitic acid) 

(Priolli et al., 2015). Fatty acid profile has not been under strong selective pressure within 

cultivars at the Guelph breeding program, however, given the correlation between first flower 

time and plant maturity this region may have low diversity due to selection for early maturity in 

the Ontario growing region.  
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Conclusion 

In conclusion, this chapter contributes to the understanding of genetic diversity within the 

University of Guelph’s two soybean breeding programs as well as providing the broad study of 

germplasm diversity on a breeding program scale. Assembly of the UGGP set of genotypes for 

study represents a foundation for studying the history of the breeding program as well as an 

opportunity to take a snapshot of the current program for future breeding and research efforts. 

Differences between the Ridgetown and Guelph programs demonstrate their utility in producing 

varieties unique to their growing environments. Due to size limits only a small portion of the 

total available germplasm from each program could be studied, leaving an opening for future 

research with more specific objectives such as fine characterization of single traits or directed 

breeding efforts using genomic data. This study overall contributes to the knowledge of 

Canadian soybeans breeding and the genetic diversity developed and maintained on a breeding 

program scale.   
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Chapter 3: Trends in soybean phenotypes through decades of breeding 
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Abstract 

The study of breeding program phenotypes over many years of work is important to understand 

the impact of breeders’ selections and trait changes over time, while providing a retrospective 

look at the history and foundation of a breeding program. The objective of this study was to 

establish a reference panel of phenotype data across the pedigree-related germplasm in the 296-

genotype University of Guelph Germplasm Panel (UGGP). The germplasm studied is split into 

five groups: historical, Guelph Experimental, Guelph Cultivars, Ridgetown Cultivars and 

Ridgetown Experimental. Phenotypic traits studied included agronomic traits (yield, plant height, 

maturity) and a range of seed traits (oil, protein, fatty acid profile, sugars). Significant trends 

over 100 years of soybean cultivars demonstrate increasing oil levels in modern soybeans 

(0.023% year-1) and increasing yield (18.8 kg ha-1 year-1), while linolenic acid decreased (0.01% 

year-1). Experimental cultivars had the widest range for all fatty acid components, while cultivars 

had the narrowest range; a similar trend was observed for the sugar components. Yield per days 

to maturity (DTM) per year of release was found to be 0.11 kg ha-1 day-1 showing yield increases 

without lengthening the maturity. A negative correlation was observed between protein and oil 

(r=-0.68, p<0.0001), consistent with previous research.  A high broad-sense heritability was 

found for 100 seed weight (H2=0.93±0.008), oil (H2=0.88±0.013) and protein concentration 

(H2=0.81±0.019), while lower estimates were found for other agronomic and seed traits. Overall 

a complete database for the breeding program’s historical phenotypes has been established to 

guide breeding efforts for future cultivar development.  
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Introduction 

Soybean is a major worldwide oilseed crop accounting for over 300 million metric tons in 2016 

(USDA World Agricultural Production, January 2018). Soybean in Ontario, Canada, account for 

nearly 1.1 million hectares of production with an average yield of 3.1 t/ha (2016 data, OMAFRA 

Crop Report). Soybean is an important rotational crop, often following corn and preceded by 

winter wheat. Because of soybean’s importance to Ontario agriculture and food security, 

significant resources are allocated to breeding efforts to increase yield. However, little effort has 

been allocated to look retrospectively at some of the progress of breeding programs, so as to 

understand the historical trends at a breeding program scale. 

A strong effort has been made to understand phenotypic differences between G. max and G. soja, 

where many traits show marked differences such as leaf size, seed colour and plant architecture 

(Broich and Palmer, 1980). Genus Glycine has been taxonomically revised several times due to 

close phenotypic relationships between members (Hymowitz and Newell, 1981). Recent studies 

have focused on yield, oil concentration and protein concentration as traits of interest, while 

other important traits for food grade soybean have been seldom investigated as by-products of 

selection for increasing yield. 

Yield increases over time have been characterized in soybean with maturity similar to 

southwestern Ontario, but no studies have focused on the increases within an individual breeding 

program due to the private nature of most plant breeding programs. Voldeng et al (1997a) 

studied 41 cultivars from maturity groups 000 to 0, which were grown in Ontario and Quebec, 

Canada, and found that yield had increased by 0.5% per year across the years of release (1934-

1992). A similar study using US soybeans found an increase of 22.6 kg ha-1 (Specht et al., 1999). 

Cober and Voldeng (2012) reported a 600 kg ha-1 yield increase over 30 years into the early 
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1990s with Ontario-adapted cultivars; however, no recent studies of soybean breeding trends for 

the Ontario growing environments are present in the literature, or specifically studying trends 

within a single breeding program. 

The University of Guelph, Guelph, Ontario, Canada, has two active public soybean breeding 

programs with unique cultivars and experimental genotypes available for study. The Ridgetown 

Campus program (Ridgetown, Ontario, Canada) develops mostly maturity group II, while the 

Guelph Campus program (Guelph, Ontario, Canada) develops maturity groups I, 0 and 00 

soybean cultivars. Historical germplasm records available from the Guelph Campus program 

allowed for pedigree records to be used for identifying historical germplasm sources for this 

study. 

The objectives of this study were to characterize the phenotypic diversity within the Guelph 

campus soybean breeding program at a cultivar, experimental and historical genotype level and 

understand trends within these sets of genotypes to guide the future of the breeding program. 

From the Guelph Campus, 180 genotypes were selected to represent historical, commercial and 

experimental germplasm. In addition, yield increases over years of release were quantified as 

well as trends in trait development through breeding while comparing traits under selection and 

not under selection.  
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Materials and methods 

Germplasm studied 

The germplasm used in this study is similar to that described in Chapter 1, with only lines of 

appropriate maturity selected for field trials at both the Ridgetown (maturity groups III and II) 

and Guelph (maturity groups II, I, 0, 00) breeding program trial sites. Ridgetown and Guelph 

were separately responsible for growing material from their own breeding programs, with the 

Guelph Campus breeding program growing additional historical germplasm. Seed source 

descriptions and information were described in Chapter 2 (Table S1). 

Seed increase trials 

For historical and specialty genotypes, single row plots were grown at the Woodstock Research 

Station in 2014 to assess viability, collect maturity notes for future planting and produce seed. 

The single rows were hand harvested, bundled, and individually threshed to preserve seed purity 

for 2015 trials. 

Seed of Plant Introductions (PIs) from the germplasm bank was grown in the Crop Science 

Building greenhouse at the University of Guelph in January 2015 to multiply seed before field-

based single row seed increase. In summer 2015 single row seed increase was carried out at the 

Woodstock Research Station (Woodstock, Ontario) for genotypes with insufficient seed for full 

yield plot trials. All single row seed increases were assessed similarly in 2014 and 2015 for data 

collection and processing. 

Yield trials with UGGP lines 

One hundred and eighty genotypes appropriate for yield plot testing at both the Ridgetown and 

Guelph testing locations were selected from the UGGP. Yield plots were grown in 2015 and 
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2016 to assess agronomic traits on a plot size basis. Yield plots were planted as 500 seeds across 

four, 5 metre long rows, with row spacing of 40 cm and between plot spacing of 45 cm and 

alleys of 2m. For the 2015 growing season 150 genotypes were planted in a two-location, two-

replicate yield trial set up as a randomized complete block design (RCBD). The two locations 

were Woodstock Research Station (WSRC, 43.148596, -80.784466), Woodstock, Ontario and St. 

Pauls, Ontario (STPL, 43.312833, -81.098783). Woodstock Research Station was planted on 

June 5, 2015 whereas the St. Pauls location was planted on May 21, 2015. 

For the 2016 growing season 180 entries were planted as two-location, two-replicate yield trials 

set up as a randomized complete block design in the same locations as 2015. Additional 

genotypes were available in 2016 due to off-season seed increase trials. St. Pauls was planted on 

May 20, 2016 and Woodstock was planted on June 8, 2016. 

Environment data for field locations 

St Pauls, ON and Woodstock, ON field locations are located approximately 30 km apart in 

south-western Ontario. Due to the proximity of the Environment Canada Weather Station to the 

Woodstock Research Station, these data are used for Woodstock in 2015 and 2016. The next 

closest weather station to St. Pauls, ON, is London International Airport, approximately 30km 

south, which may be less representative of the weather than a more local forecast. For this reason 

weather data were acquired from Weather Innovations for Wellburn, ON (approximately 14 km 

to St. Pauls), which was used for the St. Pauls, ON location. Weather data for 2015 and 2016 are 

located in Table S2. 
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Seed and agronomic trait measurement 

In 2015 and 2016, the following standard agronomic traits were measured: yield (kg ha-1 at 13% 

moisture), seed moisture (%), maturity (days), lodging (visually scored on a 1-5 scale), plant 

height (cm), emergence (visually scored on a 1-10 scale), flower colour (purple or white) and 

pubescence colour (grey or tawny). 

Seed traits for yield plots were measured on a Perten DA 7250 SD near-infrared reflectance 

(NIR) spectrometer (Perten Instruments, Hägersten, Sweden) with calibrations provided by 

Perten Intruments. A medium-sized sample tray of seed from each plot was measured. All NIR 

traits were measured on a dry seed basis (0% moisture). Traits recorded via NIR were: fibre, 

linoleic acid, linolenic acid, moisture, oil, oleic acid, palmitic acid, protein, raffinose, stachyose, 

stearic acid and sucrose. A visual assessment of hilum colour was made during seed processing. 

After screening and hand cleaning, 100-seed weight was recorded for a random seed sample for 

each plot. 

Spatial correction of seed and agronomic data 

All trait data were processed in SAS 9.4 (SAS Institute, Cary, NC, USA) to produce a trait mean 

for each location and trait along with a corrected per-plot trait value. A radial smoothing 

procedure was applied to remove spatial residual variance across the large plot area. Radial 

smoothing input for plot spacing was 7 metres along the long axis and 2.45 metres between plots. 

This technique was chosen to account for physical plot dimensions compared to nearest 

neighbour corrections accounting only for plot position. The GLIMMIX procedure in SAS 9.4 

was used with block and variety as class variables. The effect used was cov_sp=spline (lat long), 

leading to the full model trait=variety cov_sp with random effects of long and lat. A visual 

comparison of residuals was conducted to assess effectiveness of the radial smoothing procedure. 
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LS means from the SAS output were used for further analysis on a location basis while corrected 

per-plot values were used for further combined analysis. 

Combining trait data across locations 

Radial smoothing-corrected trait data was processed in SAS 9.4. The GLIMMIX procedure was 

used with class variables of variety, environment and block. Environments were designated as 

each year-location combination. ID variables used were: block, variety and environment. The 

fixed effect terms in the model were variety, environment and variety*environment interaction 

with a random effect of blocks within environments. A best linear unbiased estimate (BLUE) 

was calculated for each genotype across all environments for further analysis using the solution 

parameter in the model statement. Sample ANOVA tables showing the analysis of seed oil 

concentration, seed protein concentration and yield, showing the fixed and random effects is 

available (Table S7). Traits with a coefficient of variation (CV) over 25% at individual locations 

were not included in the combined analysis for that trait. Yield was calculated using three 

environments, with Woodstock 2015 excluded due to high CV and abnormal yield values 

compared to other locations. LSMeans and BLUE values per trait across the four environments 

are plotted against each other in Figure S1 to show accuracy of the PROC GLIMMIX procedure 

for BLUE estimates of unbalanced data. Regressions of trait data by year-of-release were 

performed in SAS 9.4 using the PROC REG procedure. 

Heritability of agronomic and seed traits 

Broad-sense heritability (H2) of seed and agronomic traits for Guelph germplasm was calculated 

according to Holland et al. (2003) in SAS 9.4 using the PROC MIXED procedure. No fixed 

effects were used in the model, while the random effects were environment, block within 

environment, variety and variety*environment interaction. Four-environment field data was used 
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for all traits except yield, where 3-environment data was used. Woodstock 2015 yield data were 

not used due to high CV of the yield data and much lower average yields than all other 

environments. Heritability was calculated in SAS 9.4 using covariance parameter estimates of 

the random effects. A sample ANOVA table for covariance parameter estimates of seed oil 

concentration in Table S8. 

Genotype-by-trait biplot analyses 

Biplot data was analyzed in GGE Biplot (Yan et al., 2000) and formatted as four-way data, i.e., 

traits in parallel columns. Data entered into the program was on a spatially corrected, per-plot 

basis, as described for data output from radial smoothing. Genotype-by-trait biplots were 

generated for each environment (year-location combination) and across all year-location 

combinations. Genotype-by-trait biplots were generated using a SD-scaled method and tester-

centred. Missing values were not imputed for any traits. 

Trait correlations 

Pearson correlation coefficients (r) for pairs of traits were calculated using the PROC CORR 

procedure in SAS 9.4. Data input was either per location-year traits or combined 4-environment 

traits depending on the analysis. Type I error used throughout this study was at α = 0.05.  
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Results 

Oil and protein in the UGGP from Guelph campus genotypes 

Oil concentration for each genotype were calculated individually as well as across environments. 

For oil concentration at each location-year individually, the lowest oil values found were in St 

Pauls 2015 with the highest in St Pauls 2016 (Table 3.1). Oil concentration from BLUE values 

across the UGGP genotypes in the Guelph breeding program were calculated, showing a range 

for oil of 130 g kg-1 to 224 g kg-1 with an average oil value of 195 g kg-1 (Table 3.2). Protein and 

oil values for 109 cultivars from the Guelph campus UGGP were analyzed by year-of-release 

(Figure 3.1). Oil was shown to be significantly increasing at a rate of 0.023% per year with a 

R2=0.23. Protein did not show a significant (p>0.05) regression across the entire group of 

cultivars. 

Protein and oil within 55 Guelph campus cultivars released over 31 years have not significantly 

changed (Figure 3.2). Historical germplasm had an average oil content of 188 g kg-1, while 

cultivars had an average of 202 g kg-1 while experimental germplasm showed a 191 g kg-1 oil 

concentration (Table S3). Protein concentration for the historical genotypes averaged 442 g kg-1, 

whereas the cultivars and experimental groups had 427 g kg-1 and 437 g kg-1, respectively (Table 

S3). 

Fatty acid profile of UGGP Guelph campus genotypes 

For all released cultivars in the Guelph UGGP, BLUE values were calculated across four 

environments to study fatty acid profile changes across year-of-release. All fatty acid values are 

presented per-environment (Table 3.1) and combined across environments (Table 3.2). Linoleic 

acid, linolenic acid and oleic acid showed the largest ranges. Linoleic and oleic acid were the 
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most affected by the growing environment. Linolenic acid within all released UGGP genotypes 

decreased across year of release at 0.01% per year (of total oil content, p<0.05) with a R2=0.10 

(Figure 3.3B). No significant trends (p>0.05) were observed among the 55 Guelph campus 

cultivars for any fatty acid (Figure S3). 

For groups of historical, released cultivar and experimental genotypes, the experimental 

germplasm had the greatest range for each of the fatty acid components (Table S4). The cultivar 

group had the lowest linolenic acid and palmitic acid ranges of the three groups.  

Sugar components of the UGGP Guelph campus genotypes 

The sugar components of soybean, raffinose, stachyose and sucrose (%dry weight) are presented 

by individual environment (Table 3.1) and across environments (Table 3.2). Mean sucrose across 

four environments was found to be 7.10%, with stachyose at 3.85% and raffinose at 0.80%. Per-

genotype values were plotted by year of release across all released UGGP genotypes (Figure 

3.4), where stachyose (Figure 3.4B) was found to significantly decrease at 0.0075% per year-of-

release (R2=0.18, p<0.05). Across 55 Guelph campus cultivars no significant trends (p>0.05) 

were observed for any sugar components (Figure S4). 

For all three sugar components the range was the greatest in the in the experimental group of 

germplasm (Table S5). Minimum trait values were similar across all classes except for 

stachyose, which was the lowest in the experimental group of germplasm. Cultivars had the 

smallest range of values across all three sugar components. 

Comparison of historical, experimental and cultivars for agronomic and seed traits 

A comparison of Guelph campus cultivars, experimental and historical germplasm is shown for 

traits with significant differences among the groups, while traits with no differences are not 
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presented (Table 3.3). Cultivars were found to have a shorter days to maturity than experimental 

germplasm (113 compared to 116 DTM), but a higher 100 seed weight (19.1 g compared to 17.2 

g). Stachyose has been significantly decreased through breeding compared to historical 

germplasm (3.6% compared to 4.2%) along with linolenic acid (8.3% compared to 8.8%). 

Protein and oil show opposite trends in cultivars compared to historical germplasm, with protein 

decreasing through breeding (44.2% historical compared to 42.7% cultivars) and oil increasing 

(18.8% historical compared to 20.2% cultivars). 

Agronomic traits of UGGP Guelph genotypes 

Agronomic traits for UGGP genotypes that were analyzed included: yield (kg ha-1 @13% 

moisture), days to maturity (DTM) and 100 seed weight (g per 100 seeds). Traits averages are 

presented on a per-environment basis (Table 3.1), with Woodstock 2015 having the lowest yield  

(1336 kg ha-1), the shortest DTM (114 days), while having the smallest 100 seed weight (16.6 g) 

among all individual environments. The Woodstock 2015 CV for yield was 27.3%, and therefore 

not included in further combined analyses. St Pauls had higher individual location DTM than 

Woodstock in 2015 or 2016. BLUE minimum, mean and maximum values per trait are presented 

using combined four-environment data (Table 3.2). Protein values ranged from 382 g kg-1 to 498 

g kg-1, while oil values ranged from 130 g kg-1 to 223 g kg-1. Mean yield for the panel was 3024 

kg ha-1 with a mean DTM of 116 days and 100 seed weight of 18.4 g. A narrow range for stearic 

acid of 3-4.2% (of total oil) was found across the panel. 

The agronomic trait data are presented across all released cultivars from UGGP Guelph tests 

(Figure 3.5) and Guelph campus cultivars (Figure S2). Yield was shown to have increased at a 

rate of 6.1 kg ha-1 year-1 (p<0.05).  No trends were found in DTM or 100 seed weight across all 

109 cultivars. Days to maturity coincides with typical breeding program maturity ranges for the 
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Guelph campus program. No significant trends were found within the Guelph campus released 

cultivars (Figure S2). 

Yield trends were further investigated by splitting yield data by DTM into early and late 

genotypes. Yield by year-of-release for was data was split by DTM to approximate maturity 

group 0, 100 to 110.5 DTM (Figure 3.6A) and group I, 112.5 to 123 DTM (Figure 3.6B). For the 

maturity group I genotypes, the yield per year-of-release has increased at a rate of 18.8 kg ha-1 

year-1 (p<0.05) (Figure 3.6B), which represents an approximate 0.63% yield increase over year-

of-release. 

Historical germplasm was found to have the widest range of DTM compared to released cultivars 

and experimental genotypes (Table S6). For 100-seed weight cultivars had the smallest range, 

with experimental genotypes having the greatest range.  

Yield per DTM per year for cultivars 

An index of yield (kg ha-1) per DTM (days) across year of release was calculated both across all 

Guelph tested UGGP cultivars (Figure 3.7A) and Guelph released cultivars (Figure 3.7B) to 

determine the efficiency of selection for increasing yield without changing maturity. Across all 

cultivars (Figure 3.7A) the significant increase was found to be 0.06 kg ha-1 day-1 year-1 with a 

R2 of 0.11. Within the Guelph breeding program released cultivars this value was determined to 

be nearly double the entire set of cultivars, at 0.11 kg ha-1 day-1 year-1 with a R2 of 0.07. Both 

trends are positive, indicating increasing yield per year-of-release without increasing the maturity 

of the crop. 
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Genotype-by-trait biplot of UGGP from Guelph testing locations 

Genotype-by-trait biplots were generated for Woodstock data in 2015 (Figure S5A) and 2016 

(Figure S5B) using all seed and agronomic traits described in Table 3.1 and Table 3.2 with the 

exception of NDF and ADF. The Woodstock 2015 biplot represents 48% of the total variation, 

while the 2016 biplot represents 44.1% of the total variation. Both Woodstock years showed 

similar patterns for the traits measured. Protein and oil were negatively correlated. Linolenic acid 

showed a relationship with the recombinant inbred lines derived from soybean cyst nematode 

(SCN) resistant interspecific G. soja crosses (SCN RILs) in both years (entry names not shown). 

Oil and oleic acid were highly related in both years. Linoleic acid, linolenic acid and protein 

were related in both years as well. 

Biplots were generated for St Pauls data in 2015 (Figure S6A) and 2016 (Figure S6B) using seed 

and agronomic traits as described in Table 3.1 and Table 3.2 with the exception of NDF and 

ADF. St Pauls 2015 biplot accounted for 45.3% of the variation, while the 2016 biplot showed 

44.4% of the variation. Stachyose and 100 seed weight were strongly associated in both 2016 

locations. Oleic and sucrose were similarly related in both locations as well whereas oil and 

protein were again negatively associated. 

Some similarities were present between the 2015 and 2016 biplots. Oil and protein were 

negatively associated in all four year-location combinations, with yield being associated with oil 

in two environments and orthogonal to oil in St Pauls 2016. Linolenic acid and protein are both 

associated with the interspecific SCN RILs (entry names not shown). Yield and 100 seed weight 

shared a similar vector in both combined analyses while sucrose and oil shared a similar vector 

as well.  
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In a combined location and year biplot (Figure S7), similar trait relationships were found as 

previously described. The combined biplot explained 49% of the variation. Stachyose and 100 

seed weight were positively associated. Linoleic acid and protein are also associated. Raffinose, 

fibre and palmitic acid were also associated. 

The Guelph campus released cultivars were used to generate a biplot to study trait relations 

within the Guelph elite cultivars only, as this group was important for understanding trends in 

core germplasm (Figure 3.8). The biplot accounted for 35.1% of the variation in the data. Yield 

and DTM were highly associated, and had a close association with 100 seed weight and seed oil 

content. Oil and protein were negatively associated. Sucrose and raffinose were positively 

associated, and showed a negative association with stachyose. 

Correlations within UGGP Guelph genotype traits 

Pearson correlations (r) were tested between traits among the 180 UGGP genotypes grown at 

Guelph campus field locations. Oil and protein correlations were calculated at each environment 

showing a range of r=-0.66 to r=-0.79 (all significant p<0.0001) and across the four combined 

environments (r=-0.68, p<0.0001) (Table 3.4A).  

Fatty acid components within UGGP genotypes were correlated with each other using four-

environment combined data using a Pearson correlation (r). Oleic acid and linolenic acid were 

negatively correlated (r=-0.83, p<0.0001) across the germplasm, with oleic acid and linolenic 

acid were also negatively correlated (r=-0.59, p<0.0001) (Table 3.4B). Both palmitic and stearic 

acid were positively correlated with oleic acid (r=0.26, p<0.0004 and r=0.46, p<0.0001), 

respectively. Stearic acid and linolenic acid were not found to be significantly correlated (r=-

0.11, p=0.1317). 
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Sugar components were correlated (Pearson coefficient, r) within UGGP Guelph genotypes using 

four environment data. Sucrose had significant correlations with raffinose (r=-0.03, p<0.0001) 

and stachyose (r=0.50, significant at p<0.0001). Stachyose and raffinose were not found to have 

a significant correlation (r=-0.03, p=0.7345). 

Correlations within 55 UGGP Guelph cultivar traits 

Pearson correlations (r) were calculated for the 55 Guelph campus released cultivars in the 

UGGP that were tested at Guelph campus field locations with data combined across the four 

environments. Oil and protein were negatively correlated (Table 3.5A, r =-0.62, p<0.0001). Oleic 

acid and linoleic acid had the highest negative correlation among fatty acid components (Figure 

3.5B, r=-0.91, p<0.0001). Stearic acid was found to be significantly positively correlated with 

oleic acid (r=0.60, p<0.0001) and palmitic acid (r=0.52, p<0.0001), with a significant negative 

correlation with linoleic acid (r=-0.63, p<0.0001). Among the sugar components (Table 3.5C) 

the only significant correlation found was sucrose positively correlated with raffinose (r=0.54, 

p<0.0001). Stachyose was not significantly correlated with either raffinose (r=0.02, p=0.9073) or 

sucrose (r=0.05, p=0.7407). 

Broad-sense heritability of agronomic and seed traits in Guelph germplasm 

Broad-sense heritability was calculated for each seed and agronomic trait in the Guelph 

germplasm (Table 3.6). Seed weight had the highest heritability (H2=0.93±0.008) of all traits 

measured. All traits with the exception of palmitic acid (H2=0.30±0.041) and stearic acid 

(H2=0.40±0.041) had heritability estimates of over 0.5. Heritability for sugar components ranged 

from H2=0.70 to H2=0.78, while values for fatty acid components ranged from H2=0.30 to 

H2=0.77. Oil and protein had heritabilties of H2=0.88±0.013 and H2=0.81±0.019, respectively.  
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Table 3.1. Per-trait single-location LSMeans from 2015 and 2016 at Woodstock Research 
Station (WS) and St. Pauls (STPL), Ontario calculated with GLIMMIX in SAS 9.4 using a radial 
smoothing plot correction per location with two plots per location. Seed traits were measured on 
a Perten 9250 NIR. A trait CV marked with an asterisk was not used for further combined 
analysis. 

Trait Single Location LSMean 

WS 

2015 
CV 

STPL 

2015 
CV 

WS 

2016 
CV 

STPL 

2016 
CV 

Protein (g kg-1) 443.1 4.7 429.5 5.4 434.2 4.8 437.5 4.5 

Oil (g kg-1) 192.2 7.3 191.7 7.3 194.7 7.3 196.7 7.1 

ADF (%) 14.18 4.0 14.12 3.2 14.21 3.1 14.25 3.7 

NDF (%) 18.22 3.3 17.85 3.2 16.99 3.4 16.95 4.0 

Ash (%) 5.12 4.1 5.36 4.0 5.36 2.7 5.36 3.1 

Fibre (%) 6.32 3.7 6.41 3.7 6.18 3.9 6.17 4.7 

Linoleic Acid 

(% of Oil) 
49.55 5.3 50.98 4.9 55.75 3.9 52.06 4.7 

Linolenic Acid 

(% of Oil) 
7.68 15.6 8.19 12.2 8.54 10.6 7.24 13.8 

Palmitic Acid 

(% of Oil) 
12.53 5.1 12.27 4.4 11.66 3.5 11.58 3.6 

Stearic Acid (% of Oil) 4.19 8.2 3.94 7.3 3.64 6.1 3.81 6.2 

Oleic Acid (% of Oil) 29.29 14.2 25.91 13.0 21.37 13.6 24.34 12.0 

Sucrose (%) 6.63 14.1 7.18 17.1 7.09 14.2 6.82 13.9 

Raffinose (%) 0.77 10.3 0.79 10.7 0.80 13.5 0.74 14.3 

Stachyose (%) 3.83 15.2 3.72 17.4 3.87 12.7 3.61 13.6 

DTM (days) 114.31 6.7 124.82 5.4 115.79 7.1 122.19 6.7 

100 seed weight (g) 16.64 23.4 17.87 24.6 18.39 22.2 19.08 22.2 

Yield (kg ha-1) 1335.9 27.3* 3071.6 18.0 3009.1 19.0 2786.8 20.6 
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Table 3.2. Per-trait BLUE values from St Pauls and Woodstock Ontario in 2015 and 2016 
combined in SAS 9.4 using PROC GLIMMIX based on radial smoothing per-plot corrections 
with two replicates per location. Yield (marked with an asterisk) was generated from three-
location data due to a high CV at Woodstock in 2015 for yield. 

Trait Four-Location BLUE 

Min Mean Max 

Protein (g kg-1) 382.1 434.2 497.8 

Oil (g kg-1) 130.3 194.6 223.7 

ADF (%) 11.55 14.17 15.28 

NDF (%) 14.89 16.96 18.40 

Ash (%) 4.97 5.36 7.01 

Fibre (%) 5.56 6.18 7.44 

Linoleic Acid (% of Oil) 49.15 55.81 61.57 

Linolenic Acid (% of Oil) 6.36 8.55 12.67 

Palmitic Acid (% of Oil) 9.98 11.64 12.84 

Stearic Acid (% of Oil) 2.97 3.64 4.21 

Oleic Acid (% of Oil) 8.03 21.24 31.91 

Raffinose (%) 0.58 0.80 1.47 

Stachyose (%) 0.49 3.85 5.14 

Sucrose (%) 2.39 7.10 9.02 

100 seed weight (g) 3.60 18.39 26.45 

DTM (days) 96 115.75 133 

Yield* (kg ha-1) 1212 3024.7 4685.5 
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Table 3.3. Traits from the Guelph campus related UGGP genotypes for two years and two 
locations of data across groupings (cultivar, historical and experimental). 

Trait Cultivars Experimental Historical 

DTM 113 ± 1.0  118 ± 0.8  116 ± 1.6  

100 seed weight 
(g) 

19.1 ± 0.20  17.2 ± 0.71  19.0 ± 0.46  

Stachyose (%) 3.6 ± 0.04  3.8 ± 0.09  4.2 ± 0.07  

Stearic Acid (% 
of Oil) 

3.7 ± 0.03  3.6 ± 0.03  3.6 ± 0.03  

Palmitic Acid 
(% of Oil) 

11.8 ± 0.04  11.6 ± 0.06  11.5 ± 0.07  

Linolenic Acid 
(% of Oil) 

8.3 ± 0.09  8.6 ± 0.14  8.8 ± 0.11  

Protein (%) 42.7 ± 0.24  43.7 ± 0.27  44.2 ± 0.31  

Oil (%) 20.2 ± 0.12  19.1 ± 0.23  18.8 ± 0.16  
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Table 3.4. Protein and oil correlation (A) at each year-location combination and across all 
environments using data previously described (180 genotypes).  Pearson correlation (r) was 
calculated in SAS 9.4 using PROC CORR. Fatty acid trait correlations (B) and sugar component 
trait correlations (C) were also tested for significance at p=0.05. 

(A) 

Environment 
Oil and Protein 

r p-value 

STPL2015 -0.79 <0.0001 

STPL2016 -0.69 <0.0001 

WS2015 -0.69 <0.0001 

WS2016 -0.66 <0.0001 

4 environment -0.68 <0.0001 

 

 (B) 

Trait Linoleic Acid Linolenic Acid Palmitic Acid Stearic Acid 

Oleic Acid -0.83 (p<0.0001) -0.59 (p<0.0001) 0.26 (p<0.0004) 0.46 (p<0.0001) 

Linoleic Acid  0.44 (p<0.0001) -0.40 (p<0.0001) -0.42 (p<0.0001) 

Linolenic Acid   0.16 (p=0.0275) -0.11 (p=0.1317) 

Palmitic Acid    0.45 (p<0.0001) 

 

(C) 

Trait Raffinose Stachyose 

Stachyose -0.43 (p<0.0001)  

Sucrose -0.03 (p=0.7345) 0.50 (p<0.0001) 
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Table 3.5. Protein and oil correlation (A) at each year-location combination and across all 
environments using data previously described for 55 University of Guelph released cultivars (55 
genotypes). Pearson correlation (r) was calculated in SAS 9.4 using PROC CORR. Fatty acid 
trait correlations (B) and sugar component trait correlations (C) were also tested at p=0.05. 

(A) 

Environment 
Oil and Protein 

r p-value 

4 environment -0.62 <0.0001 

 

 (B) 

Trait Linoleic Acid Linolenic Acid Palmitic Acid Stearic Acid 

Oleic Acid -0.91 (p<0.0001) -0.57 (p<0.0001) 0.09 (p=0.5120) 0.60 (p<0.0001) 

Linoleic Acid  0.54 (p<0.0001) -0.19 (p=0.1639) -0.63 (p<0.0001) 

Linolenic Acid   0.37 (p<0.0051) -0.13 (p=0.3407) 

Palmitic Acid    0.52 (p<0.0001) 

 

(C) 

Trait Raffinose Stachyose 

Stachyose -0.02 (p=0.9073)  

Sucrose 0.54 (p<0.0001) 0.05 (p=0.7407) 
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Table 3.6. Broad-sense heritability (H2) for agronomic and seed traits in 180 Guelph genotypes 
from 2015 and 2015 field trials at St Pauls, ON and Woodstock, ON calculated according to 
Holland et al (2003) using PROC MIXED in SAS 9.4. Yield was calculated without Woodstock 
2015 data. 

Trait H2 SE 
100 seed weight 0.93 0.008 
ADF 0.64 0.037 
Ash 0.74 0.026 
Days to Maturity 0.82 0.019 
Fibre 0.60 0.035 
Linoleic Acid 0.56 0.037 
Linolenic Acid 0.77 0.023 
NDF 0.53 0.039 
Oil 0.88 0.013 
Oleic Acid 0.57 0.036 
Palmitic Acid 0.30 0.041 
Protein 0.81 0.019 
Raffinose 0.74 0.026 
Stachyose 0.70 0.030 
Stearic Acid 0.40 0.041 
Sucrose 0.78 0.023 
Yield 0.58 0.039 
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Figure 3.1. Oil (% dry) and protein (% dry) of 109 released cultivars (dating 1913 to 2016) in 
the UGGP from two-location two-replicate BLUE values calculated using GLIMMIX in SAS 
9.4. No significant regression was found for protein (p>0.05), where oil shows an incease of 
0.023% per year with an R2 of 0.23 (p<0.05).
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Figure 3.2. Oil (%dry) and protein (% dry) of 55 released cultivars from the University of 
Guelph, Guelph Campus breeding program from 1985 to 2016 in the UGGP from two-location 
two-replicate BLUE values calculated using GLIMMIX in SAS 9.4. No significant regression 
was found (p>0.05). 

17

18

19

20

21

22

23

1980 1985 1990 1995 2000 2005 2010 2015 2020

O
il 

(%
) 

Year of Release 

A 

37

38

39

40

41

42

43

44

45

46

47

1980 1985 1990 1995 2000 2005 2010 2015 2020

Pr
ot

ei
n 

(%
) 

Year of Release 

B 



94 
 

 

Figure 3.3. Fatty Acid profiles of the UGGP for all 109 released cultivars grown by the Guelph 
campus program. Linolenic Acid (% of oil) shows a 1% decrease per year overall with a R2 of 
0.10 (p<0.05). All other traits showed no significant regression (p>0.05). 
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Figure 3.4. Sugar components (raffinose, stachyose and sucrose) of 109 Guelph campus UGGP 
released cultivars (recorded as % dry weight) calculated via GLIMMIX (SAS 9.4) across four 
environment BLUE for each trait. Stachyose was found to have a significant regression with year 
of release (p<0.05), while sucrose and raffinose had no significant regression (p>0.05). 
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Figure 3.5. Yield (kg ha-1@13% moisture), days to maturity and 100 seed weight (g) of the 109 
Guelph campus UGGP released cultivars calculated via GLIMMIX (SAS 9.4) across four-
environment BLUE for each trait. Yield across all tested lines showed an increase of 6.1 kg ha-1 
year-1 with a significant R2 of 0.066 (p<0.05). 
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Figure 3.6. Yield (kg ha-1) by year of cultivar release split by days to maturity using yield 
combined across three environments. Panel A shows 28 cultivars from 100 to 110.5 DTM. Panel 
B shows 26 cultivars from 112.5 to 123 DTM, with a significant regression (p<0.05) showing an 
18.8 kg ha-1 yield increase across cultivars of similar maturity.
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Figure 3.7. Yield (kg ha-1) per DTM of all released cultivars tested by the Guelph Campus 
program (A) and all cultivars released from the Guelph campus breeding program (B) calculated 
using three environment yield data (STPL 2015, STPL 2016 and WS 2016). Across all cultivars 
tested the increase per year was found to be 0.06 kg ha-1 dtm-1 year-1 (p<0.05). For Guelph 
released cultivars this value was found to be 0.11 kg ha-1 dtm-1 year-1 (p<0.05). 
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Figure 3.8. Genotype-by-trait biplot of 55 Guelph campus released cultivars with 14 seed and 
agronomic traits combined across four environments (three for yield, WS2015 not included). 
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Discussion 

Oil and protein within the Guelph grown UGGP genotypes and cultivars 

Oil and protein concentration are the two most important seed components in soybean. Seeds are 

crushed to produce vegetable oil and the remaining high protein meal is primarily used in animal 

feed applications (Chaudhary et al., 2015). In this study a range of oil and protein values were 

found in the 180 Guelph genotypes studied, similar to other reported oil values in germplasm 

surveys such as Qin et al. (2014) with a range of 142 g kg-1 to 228 g kg-1 across 127 Chinese 

cultivars and Song et al. (2016) with a range of 142 g kg-1 to 240 g kg-1 across 763 Chinese 

cultivars. These two studies, respectively, had 318 g kg-1 to 498 g kg-1 and 312 g kg-1 to 498 g 

kg-1 protein compared to the present study which had the same maximum protein values, but 

higher minimums that reported in the literature. The Chinese studies may have a lower reported 

minimum than the UGGP germplasm for protein due to the inclusion of later maturing genotypes 

than those present among the UGGP germplasm. 

Correlations of oil and protein have been repeatedly shown as negative in released soybean 

cultivars in field-grown experiments (Openshaw and Hadley, 1984). In this study, the four-

environment correlation between oil and protein was found to be r=-0.68, similar in magnitude 

and direction as reported by Cober and Voldeng (2000) who estimated the correlation for single 

cross experimental genotypes at r=-0.84 and for experimental back cross genotypes at r=-0.86. 

Using 127 Chinese genotypes a correlation of r=-0.716 was reported between oil and protein 

(Qin et al., 2014). 

Using year-of-release to determine breeding progress in groups of germplasm, oil was found to 

be increasing in the UGGP genotypes at a rate of 0.023% of the total oil concentration for each 
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year of breeding. Though oil and protein were negatively correlated, the protein levels by year-

of-release were not found to be decreasing at a significant rate. This may be due to recent 

specialty cultivars included in the UGGP with trait-specific breeding objectives, rather than 

solely yield improvement. As the genetic basis of the oil and protein relationship is complex and 

still poorly understood, a number of questions remain to be addressed (Patil et al., 2017). The 

increased range of oil in experimental germplasm compared to cultivars and historical genotypes 

may support the hypothesis that specialty trait breeding objectives have expanded the range of oil 

and protein to meet market niches outside of standard breeding objectives for yield increases 

alone. 

Fatty acid profile of UGGP 

The fatty acid profile in soybeans is well characterized, with linoleic acid being the major 

component. One of the long term goals in soybean oil research has been to reduce the linolenic 

acid component (Rahman and Takagi, 1997) to improve the flavour, frying and stability 

characteristics (Dutton et al., 1951; Warner and Fehr, 2008). In this study the range of linolenic 

acid was found to be 6.36% to 12.67% of total oil (Table 3.2), with an approximately 0.01% 

decrease in concentration per year for all released genotypes studied (Figure 3.3B). The extreme 

ends of the range are contributed by experimental G.max x G.soja RILs not actively used in 

breeding efforts. The minimum values for linolenic acid (6.4% of total oil) reported in this study 

are higher than those achieved through mutagenesis or genetic modification. An example is 

Hoshino et al (2014) using a TILLING (targeting induced local lesions in genomes) approach 

where linolenic acid levels under 2% have been reported. As the range of low linolenic acid 

germplasm naturally occurring in soybean is small, future breeding efforts may require 

mutagenesis or other approaches to find suitable germplasm. The same trend of decreasing 
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linolenic acid was not observed within the Guelph Campus released cultivars, as these cultivars 

fall within the typical range of linolenic acid for commercial cultivars.  

Sugar components of the UGGP 

Sugar components play an important role in soybean flavour and end-use. This study found a 

mean sucrose of 7.1%, with stachyose at 3.9% and raffinose at 0.8%. A sugar QTL mapping 

study by Wang et al (2014) found slightly lower levels of each component; however, this may be 

due to the later maturity group of the parental lines and the selection of parental lines used in 

their study compared to the UGGP genotypes. Sugar component correlations within RIL 

populations used in the Wang (2014) study showed a different pattern than the UGGP explained 

by the breeding program sampling present in the UGGP. Zeng et al (2014) also used a bi-

parental mapping approach for studying sucrose content with sugar levels similar to those in the 

UGGP genotypes. 

Yield per year and yield per DTM over years of release 

Yield across years of release was found to have a significant regression with all released and 

Guelph tested cultivars (Figure 3.5A) increasing by 6.1 kg ha-1 year-1, as a result of breeding 

efforts in southwestern Ontario, Canada. Among later maturity (MG I to MG II) Guelph breeding 

program cultivars (Figure 3.6B), a yield per year increase of 18.8 kg ha-1 year-1 was found 

from1985 to 2016, which is in agreement with other studies as summarized by Specht et al 

(1999). 

Though clear evidence for a yield increase across all released cultivars was confounded by a 

relatively small numbers of cultivars from each maturity group, there has been clear 

improvement in the ability of breeders to increase the yields of soybean for each day of maturity 
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that the plants have access to during the growing season (Figure 3.7). This trend was found both 

across all genotypes grown at Guelph in the UGGP and within the Guelph breeding program 

released cultivars. As a result, the cultivars released by the University of Guelph breeding 

program have had their yield increased per day of maturity by 0.11 kg ha-1 dtm-1 year-1 of 

release. 

Selected and unselected traits in soybean 

The trend of increasing yield over time has been clearly established by breeding efforts in 

soybean. A remaining question is how this selection has influenced other traits in soybean. From 

the biplots across groups of germplasm, yield has been associated with increasing oil and 100 

seed weight (Figure 3.8). This may be related to an increase in the seed fill period of growth, 

given the yield, 100 seed weight and oil relationship. The improvement of oil concentration has 

come at the expense of seed protein, similar to reports from Rincker et al. (2014). Through 

selection for yield the plant efficiency at producing yield per day of maturity has also increased. 

Stachyose has also decreased across all released cultivars in the Guelph trials, which may have 

occurred inadvertently as no selection effort has been undertaken to reduce seed stachyose 

content. 

Heritability of agronomic and seed traits 

Heritability estimates for 15 of the 17 traits measured were above 0.5, indicating that genetics of 

the genotypes is accounting for most of the variation within a given trait. Seed size had the 

highest heritability of the traits studied, similar to other reports in soybean such as Hyten et al. 

(2004) calculating broad sense heritability at 0.95 and Jaureguy et al. (2011) with an overall 

heritability of 0.73, with individual locations calculated as high as 0.92, similar to Cicek et al. 

(2006) with a seed size heritability of 0.92 and Pantalone et al. (1996) also showing 0.92. 
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Heritability of protein and oil are similar to previous studies as well, with Hyten et al. (2004) 

showing 0.84 and 0.91 for protein and oil, respectively and Jaureguy et al. (2011) calculating a 

protein heritability of 0.86, with Pantalone et al. (1996) showing 0.84 and 0.83 for protein and 

oil, respectively. For sugar components previous studies had shown ranges of 0.79 to 0.87 for 

sucrose, 0.42 to 0,46 for raffinose, and 0.66 to 0.74 for stachyose (Cicek et al., 2006; Jaureguy et 

al., 2011). Maturity of 0.82 in this study is similar to that of Cicek et al. (2006) finding a maturity 

heritability of 0.90. Pantalone et al. (1996) found a yield heritability of 0.36, however this is in 

much later maturity germplasm than this study with a value of 0.58. 

General conclusions 

Overall the study has uncovered important trends in soybean breeding at the University of 

Guelph. Seed oil content and yield have been found to be significantly increasing through 

breeding efforts over the time period studied. Trait correlations were similar to those previously 

reported in the literature, with the typical negative oil and protein correlation also present for 

UGGP germplasm. Heritabilities for traits were found to be similar to those previously reported 

for the same traits. Overall this study provides a base of knowledge for future breeding efforts, 

and identifying decreasing protein as a potential issue for new soybean cultivars. Soybean 

breeding efforts may use this understanding of changes in traits over time to help reverse or 

exploit the identified trends in new cultivars.  
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Chapter 4: Comparison of the utility of SNP and SSR markers in a public soybean 

breeding program 
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Abstract 

 

Genetic analysis of germplasm using markers within a breeding program has evolved from 

fragment-based approaches such as simple sequence repeat (SSR) markers to single nucleotide 

polymorphism (SNP) markers with the decreasing cost and increasing availability of SNP marker 

protocols. The objective of this study is to demonstrate genomic analyses using modern SSR and 

SNP techniques and discuss their relevance and applicability in a public breeding program. To 

achieve this goal a panel of 76 genotypes from the Guelph Campus soybean breeding program at 

the University of Guelph was selected for the study. SNP markers were found at over 200x the 

genome-wide density for the 76 tested genotypes, which is a lower density than that which would 

cover linkage disequilibrium (LD) decay of 200 kb for r2=0.2. Resolution of SNP markers was 

higher in PCoA and NJ trees, with SNPs showing more accurate relationships between genotypes 

derived from each other compared to SSR markers. SNP marker PCoA accounted for a higher 

proportion of variation than the SSR PCoA. When the costs of generating the SNP and SSR data 

were compared, the cost of SNPs was approximately 1/3 that of the SSR data, not including 

labour and assay turnaround time. SSR markers were valuable for assays requiring low density 

marker coverage and fast turnaround time, whereas SNP markers provided increased coverage 

density and cost savings on a genome-wide basis.  
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Introduction 

Genetic analysis of soybean genotypes for marker assisted selection (MAS) is a common tool 

used by many breeding programs to increase selection efficiency. The study and maintenance of 

germplasm diversity represents an important investment in future breeding success. Simple 

sequence repeat (SSR) markers are commonly used for MAS, with single nucleotide 

polymorphisms (SNPs) being tested for similar purposes. However, the methods for traditional 

SSR genotyping and current genotyping-by-sequencing (GBS) with SNPs both have limitations 

for their use. Understanding the best use of each platform within a breeding program will ensure 

efficient deployment of resources and accurate results. 

Traditionally, SSR genotyping was conducted through PCR amplification and gel 

electrophoresis; however, direct sequencing of fragment length is possible through capillary 

sequencing (Schuelke, 2000). This has allowed for multiplexing, improved accuracy and 

increasing availability of SSR data for public breeding programs while keeping costs reasonable 

for large scale implementation. Limitations of the current SSR platforms are the density of 

available markers and labour cost per datapoint, especially as marker density increases. Current 

genome-wide SNP genotyping platforms include array-based (Song et al., 2013) and sequencing-

based approaches (Sonah et al., 2013) in soybean. Several methods are available for targeted 

SNP sequencing including Sanger direct sequencing, Taqman (Shen et al., 2009) and 

kompetitive allele specific PCR (KASP) (Semagn et al., 2014). Direct sequencing identifies 

SNPs within a given sequenced region but requires specific primers for each small (<1 kb) 

region. Taqman and KASP provide an indirect approach for SNP identification, but require 

advanced knowledge of the genomic region under study. 
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The assessment of basic germplasm diversity and structure has increased understanding of 

soybean domestication (Li et al., 2010b) and national germplasm diversity (Song et al., 2015; 

Tantasawat et al., 2011), but little effort has been made to study small scale germplasm pools 

such as a single breeding program in soybean. In maize, a study by Van Inghelandht et al. (2010) 

found that SNPs performed better than SSRs at population structure analyses, where Frascaroli 

(2013) discussed ascertainment bias in SNP studies in some maize populations. Studies in other 

crops such as wheat (Würschum et al., 2013), rice (Singh et al., 2013; Yu et al., 2011), pear (Wu 

et al., 2014) and grape (Emanuelli et al., 2013) have discussed comparisons of marker types in 

various genetic analyses. A gap remains in the published literature of the specifics of breeding 

program applications of SSR and SNP genotyping platforms at a small scale such as a single 

breeding program. 

The objectives of this chapter are to: 1) assess the performance of SSR and SNP markers in the 

analysis of a related set of genotypes derived from the University of Guelph Germplasm Panel 

(UGGP) and 2) discuss the cost and efficiency of SNP and SSR based analyses in a breeding 

program, both for research and applied breeding applications.  



109 
 

Materials and methods 

 

Germplasm studied 

A set of 75 genotypes from two public breeding programs in southern Ontario were selected for 

study (Table S9). The two breeding programs are based at the University of Guelph, the first at 

the Guelph campus (Guelph, Ontario, Canada) and the second at the Ridgetown Campus 

(Ridgetown, Ontario, Canada). The majority of genotypes sampled are from the Guelph Campus 

Breeding program. Additional genotypes were selected from historical genotypes, released 

cultivars and current experimental genotypes as related by pedigree. The genotypes selected had 

plant tissue available for genotyping across both SSR and SNP genotyping platforms. 

DNA extraction and quality testing 

DNA was extracted from leaf tissue of a single, field-grown plant selected for uniformity within 

a plot. Otherwise DNA was extracted using seed-based extraction. The DNA for SNP 

genotyping was extracted using a NucleoSpin Plant II kit (Macherey-Nagel, Bethlehem, PA), 

using the provided lysis buffer PL1, as described in detail in Chapter 2. Quality of DNA for 

genotyping-by-sequencing (GBS) was tested using a NanoDrop Spectrophotometer  ND-1000 

(ThermoFisher Scientific) and Qubit (ThermoFisher Scientific). 

SSR marker data 

Marker data for SSR genotypes was derived from tissue sampled from the UGGP. A total of 75 

genotypes were screened with 180 SSR markers. The SSR markers were selected to be 10 cM 

apart based on the soybean consensus genetic map available through Soybase (Grant et al., 

2010). A total of 179 of the 180 SSR markers tested were found to be polymorphic and used for 
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further analyses. To generate marker densities across the genome the chosen SSRs were mapped 

to their physical position on soybean reference genome 2 (www.soybase.org). Markers on the 

consensus map, which mapped to soybean reference genome 1, but did not map to reference 

genome 2 were considered unanchored for further analysis but retained where possible. 

Polymerase chain reaction (PCR) cycles for sequencing were as follows: 30 cycle of 94° C for 30 

seconds, 56° C for 45 seconds and 72° C for 45 seconds followed by 8 cycles of 94° C for 30s, 

53° C for 45 seconds and 72° C for 45 seconds with a final extension of 72° C for 10 minutes, 

modified from Schuelke (2000). The PCR recipe per reaction was a follows: 3 ul 20% trehalose, 

4.92 ul molecular grade water, 1.8 ul 10x MgCl2 buffer, 1 ul 3mM dNTP, 0.12ul 4uM primer F, 

0.48ul 4uM primer R, 0.48 ul 4 uM M13 primer labeled with FAM, VIC, NED or PET (Applied 

Biosystems, Foster City, CA), 0.2 ul 5.0 unit/ul Sigma Jumpstart Taq (Sigma-Aldrich, St. Louis, 

MO), 3ul of 10 ng/ul DNA. PCR was performed using Eppendorf MasterCycler thermocyclers 

(Hauppauge, NY). Final PCR products were combined from four reactions for fragment analysis, 

4ul for each FAM and VIC labeled product and 8ul for each NED and PET labeled product. 

Fragment analysis was performed on an ABI 3500 Genetic Analyzer (Applied Biosystems, 

Foster City, CA) with raw data called for fragment size using GeneMarker (Softgenetics, State 

College, PA). 

SNP marker data 

Marker data for SNP genotypes was generated from the SNP data presented in Chapter 2 from 

40307 SNP markers. Only genotypes with both SSR data and corresponding SNP data were kept, 

resulting in a total of 75 genotypes in common for both datasets. SNP data was further filtered as 

appropriate per-analysis using Tassel 5.0 (Bradbury et al., 2007) and Plink 1.9 (Chang et al., 

2015). 
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Marker density, distribution and polymorphic information content 

Marker densities calculated on a per-chromosome basis and finally genome-wide, as unanchored 

SSR markers were not included in the per-chromosome numbers. All analyses were based on 

soybean reference genome 2. Polymorphic information content (PIC) was calculated for each 

SSR marker using the following formula: 𝐼𝐼 = 1 −  ∑(𝑃𝑖)2, where 𝑃𝑖 represents the ith allele 

frequency at a given locus, whose value is squared and then summed across all alleles at that 

locus. Marker PIC was correlated with number of alleles in SAS 9.4 (SAS Institute, Cary NC, 

USA). 

Linkage disequilibrium decay estimate 

Linkage disequilibrium (LD) decay was estimated using the software package PopLDdecay 

(github.com/BGI-shenzhen/PopLDdecay) for 40307 SNP markers, estimating marker LD to a 

distance of 1000 kb plotted using a PopLDdecay Perl script. 

Phylogram of SSR and SNP data 

The software GGT (van Berloo, 2008) was used to process the SSR data, from which a distance 

matrix was generated. The distance matrix was imported to MEGA 7 (Kumar et al., 2016) for 

generation of a neighbour-joining tree to visualize relationships. A similar process was used for 

the SNP data, where a distance matrix was generated in Tassel 5 (Bradbury et al., 2007) and 

subsequently imported to MEGA 7 for generation of the neighbour-joining tree. 

PCoA of SNP and SSR markers 

Principal coordinate analysis (PCoA) for SNP data was performed using TASSEL 5 multi-

dimensional scaling (MDS) (Bradbury et al., 2007). PCoA for SSR data was performed using 

GENALEX 6.501, June 20, 2013 build (Peakall and Smouse, 2006, 2012) in Excel 2010. 
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Principal component analysis was also performed on SNP data and results were similar to those 

presented for PCoA (data not shown). 

Cost estimates for lab processes 

To estimate costs for lab processes the cost for individual data-points were averaged across 

multiple assays to reflect real-world assay costs on a reasonable number of samples (50-300) in a 

breeding program’s context. These values are not representative of large scale (500+) assays 

where price discounts and use of other techniques may provide increased cost efficiency. All 

costs are estimated in Canadian dollars (CAD). Labour estimates were derived from in-house 

experience and equipment availability in the Rajcan lab at the University of Guelph. 
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Results 

 

Comparison of marker density and distribution 

Marker densities and distributions were calculated for both SSR and SNP markers (Table 4.1). A 

total of 179 SSR markers were polymorphic and distributed approximately 10 cM apart 

according to the soybean consensus genetic map (Song et al., 2004). A total of 145 SSR markers 

were physically anchored in soybean reference genome 2, with 35 markers remaining 

unanchored but polymorphic and informative in this set of 75 genotypes. For SSR marker 

density the mean coverage per chromosome for anchored markers was 7.3 SSRs per 

chromosome, with as few as two markers representing chromosomes 7, 10 and 16 and as many 

as 11 SSRs representing chromosomes 5 and 8. Using an estimated total genetic distance in 

soybean of 2200 cM there was one SSR per 12.2 cM, while SNPs were estimated at a density of 

1 per 0.02 cM. 

The genome-wide SSR rate per kb was calculated as 1 SSR per 5.3 Mb. The 40,307 SNP 

markers (Table 4.1) were mapped from genotyping-by-sequencing reads onto soybean reference 

genome 2 and have a physical position. The mean number of SNPs per chromosome was 

calculated as 2015 SNPs per chromosome with a genome-wide density of 1 SNP per 23.6 kb. 

SNP density was approximately 220-fold greater than SSR density. 

SSR marker PIC 

For the polymorphic SSR markers a PIC value was calculated to estimate the amount of 

information individual markers represented. These PIC values were plotted to show their 

distribution in Figure 4.1, with a minimum PIC value of 0.03, a mean of 0.54, median of 0.58 
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and a maximum value of 0.84. The distribution of markers was skewed left with a large 

proportion of markers having high PIC. Marker PIC were plotted against the number of alleles 

(Figure S8) and significantly correlated at 0.75 (p<0.0001). 

LD decay for SNP markers 

Estimation of LD decay was calculated with the SNP data to determine if the SNP density was 

sufficient to capture most genomic regions. LD decay was determined to be about 200 kb to 

reach an r2 value of 0.2 (Figure 4.2), with long continued region of LD with r2=0.1 out to and 

beyond 1000 kb. 

SNP and SSR PCoA 

Genetic structure of the 75 UGGP genotypes was calculated for both SNP and SSR markers 

using a principal coordinate analysis for both data types (Figure 4.3). The SSR markers revealed 

a grouping of lines near the origin, including all of the OAC cultivars (green triangles) present in 

the 75 genotypes (Figure 4.3A). Plant introduction (PI) genotypes (red square) sampled were 

more distant to the origin, showing little overlap with cultivars. The x and y axes represented 

18.6% and 7.1% of the total variation respectively for SSR markers, with the first three axes 

cumulatively representing a total of 32.1% of the variation (Table S10). The SNP markers did 

not show the same tight grouping present for SSR markers (Figure 4.3B). For SNPs the OAC 

cultivars appeared to contain the PI genotypes. The x and y axes represented 18.8% and 11.9% 

of the total variation respectively, with the first three axes showing 39.4% of the variation (Table 

S10). 
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Phylogram of SSR and SNP markers 

Neighbour-joining tree diagrams were drawn for SNP (Figure 4.4A) and SSR (Figure 4.4B) 

marker data. The SNP-derived tree (Figure 4.4A) shows a partial similarity in clustering to that 

observed with the SSR markers. The SNP tree corresponds to the SNP PCoA with an even 

distribution of genotypes and no extremely distant lines. The SSR-derived tree (Figure 4.4B) has 

the same outgroup of PI 458536 as the SNP tree. The genotype CNS appears as a distant 

relationship in the SNP tree while appearing closely related to late-maturing genotypes with the 

SSR markers. Resolution of relationships appears higher for SNP markers as observed for the 

genotypes Harovinton, Vinton and Vinton 81, where in the SSR tree all three genotypes show 

high similarity, while the SNP markers are able to show the relative parentage, as Vinton 81 is 

directly derived from Vinton. 

Costs for breeding program assays 

Breeding program assay prices were estimated to determine the price per data point for SNP and 

SSR marker systems (Table 4.2). Extraction cost for GBS-SNP data DNA is estimated at $4 per 

sample including quality control for input to a sequencing assay for GBS. For DNA to be used 

in-house (including SSR genotyping) the extraction cost is estimated at $0.75 per sample. For 

SSR data generation the cost per fragment analysis run was estimated at $2.50, which generates 

four marker data points per run. For GBS data the cost per line was estimated at $35 per sample 

including library preparation, sequencing and VCF file output. The calculated cost for the SSR 

marker data presented in this paper (without labour) is estimated at around $8719. The SNP data 

total cost was estimated at $2925. Comparatively for our dataset, the SSR complete genotyping 

set was roughly three times the cost of the SNP genotyping. 
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Assay time and turnaround 

An unmeasured cost is the labour and time required for generation of the data from field 

sampling to usable marker data. This is highly variable based on the availability of resources and 

labour to any given breeding program. In the case of the program of study the estimated labour 

time to produce GBS data was approximately two days for DNA extractions, with all library prep 

and sequencing performed by a service provider. Turnaround time for SNP GBS depends on 

sequencer availability and time of year, but a reasonable minimum time is four weeks, with a 

maximum of several months (Table 4.2). 

The estimated time for generating SSR data is variable again depending on access to equipment. 

However, a rough estimate for DNA extraction speed is 96 genotypes extracted per half a day 

using a high throughput extraction method, resulting in about two days of work for the DNA 

extractions required for SSR genotyping. The genotyping process is slow for SSR markers, with 

each genotyping call requiring a PCR reaction before sequencing. Using our in-house protocols 

and a 12-capillary ABI 3500 Genetic Analyzer (ThermoFisher Scientific) our lab throughput is 

two 96-well plates per day, representing 768 SSR datapoints per day, with the full turnaround 

time being 18 days for a complete dataset (Table 4.2). 
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Table 4.1. Summary of marker data for 40,307 SNP and 180 SSR markers in the soybean 
genome for 75 UGGP genotypes shown by chromosome and summarized genome-wide. 

Chromosome No. of  
SNPs 

No. of 
SSRs 

Length (bp) kb per SNP kb per SSR 

1 1616 7 55915595 34.6 7988 
2 2079 7 51656713 24.8 7380 
3 1940 8 47781076 24.6 5973 
4 2489 8 49243852 19.8 6155 
5 1562 11 41936504 26.8 3812 
6 2051 8 50722821 24.7 6340 
7 1811 2 44683157 24.7 22342 
8 1782 11 46995532 26.4 4272 
9 2129 8 46843750 22.0 5855 

10 2144 2 50969635 23.8 25485 
11 994 8 39172790 39.4 4897 
12 1195 9 40113140 33.6 4457 
13 2270 10 44408971 19.6 4441 
14 1962 7 49711204 25.3 7102 
15 2726 8 50939160 18.7 6367 
16 2167 2 37397385 17.3 18699 
17 2024 7 41906774 20.7 5987 
18 3131 5 62308140 19.9 12462 
19 1996 10 50589441 25.3 5059 
20 2239 7 46773167 20.9 6682 

Unanchored* 0 35 NA NA NA 
Total Genome-wide 40307 180 950,068,807 23.6 5278 

*Unanchored SSR markers were diverse when genotyped in the UGGP but were not anchored in 
soybean reference genome assembly 2 
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Table 4.2. Costs for SNP and SSR marker systems on a per-assay basis and per-genotype basis 
using $2.50 per four SSR data points and $35 per GBS genotype estimated for the 75 genotypes 
used in this comparison. Cost per total marker run includes one DNA extraction for SNP 
genotype and five DNA extractions for SSR genotyping. Labour costs are estimated for a single 
breeding program and may not represent that for other breeding programs. 

 SSR SNP 

Overall   

Total Marker Number 180 40,307 

Number of Datapoints 13,500 3,023,025 

Marker System Costs   

Extraction Cost $0.75 $4 

Genotyping Cost (Single genotype with full 
coverage) 

$112.5 $35 

Marker System Cost (per single genotype) $116.25 $39 

Cost per Datapoint $0.65 $0.001 

Estimated Panel Cost (75 genotypes, full 
coverage) 

$8718.75 $2925 

Minimum Cost Effective Run Size 4 Markers Full Run (40,307 markers) 

Labour (Full Run)   

DNA extraction Two Days Two Days 

Turnaround Time 18 Days Service provider dependent 

Labour (Minimum Run Size)   

DNA extraction Three hours NA 

Turnaround Time One Day NA 
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Figure 4.1. Distribution of polymorphic information content of 179 polymorphic SSR markers 
for 75 UGGP genotypes with a minimum value of 0.03, a mean of 0.54, median of 0.58 and a 
maximum of 0.84.  
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Figure 4.2. LD decay of 75 UGGP genotypes using 40307 SNP markers calculated using 
PopLDdecay. LD r2 of 0.2 occurs at approximately 200 kb when assessed genome-wide. 
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Figure 4.3. PCoA for SSR markers and SNP markers. (A) PCoA for 180 genome-wide SSR 
markers with the x-axis explaining 18.6% of the variation and the y-axis explaining 7.1% of the 
variation for a cumulative 25.7% of the variation explained in the first two axes. (B) PCoA for 
40,307 SNPs with the x-axis explaining 18.8% of the variation and the y-axis explaining 11.9% 
of the variation for a cumulative 30.7% of the total variation in the first two axes. Black 
diamonds show historical and experimental germplasm, red squares show plant introductions 
including Fiskeby V, CNS, Keszthelyi and PI 458536, and green triangles showing OAC 
cultivars. 
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Figure 4.4. Neighbour-joining phylogenetic trees of 6k SNP data (Panel A) and SSR data (Panel 
B) showing genotype relationships, with PI 458536 used as an outgroup. Figures generated in 
MEGA 7 

A 

B 
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Discussion 

 

Marker density and distribution 

The SSR markers were found to be roughly at the density predicted for polymorphic SSR 

markers based on the chosen set. SSR marker distribution per chromosome was uneven in 

reference genome 2, a potential result of changes in sequence alignment between reference 

genome 1 and reference genome 2. A comparison of the marker density for SSR and SNP 

markers showed that SNPs occurred at a higher density throughout the genome, and perhaps 

more importantly SNP markers had an even distribution on a per chromosome basis. The SNP 

markers were found to saturate the genome with over eight SNPs per region of LD decay of r2 > 

0.2, whereas SSR markers were sparse and even assuming uniform distribution would not 

represent all genomic regions.  The overall polymorphic SNP density in this study is similar to 

the SoySNP50k markers (Song et al., 2013), and should be sufficient to saturate high LD 

genomic regions. 

Population structure via PCoA and NJ trees 

Differences were observed in the distribution of genotypes within the PCoA between SNP and 

SSR markers. The SSR markers tended to show PI lines as most distantly related to breeding 

program germplasm and a tight grouping of the remaining germplasm, where SNPs showed an 

even distribution of genotypes in the PCoA. A previous study found that SSRs performed better 

than SNPs when analyzing population structure through various methods, though the marker 

density used was smaller than presented here, i.e. 99 SSRs and 554 SNPs (Li et al., 2010b) 

compared to 180 SSRs and 40,307 SNPs in this study. The genotypes within our study are also 
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mostly pedigree-related to represent a variety of genotypes from a breeding program, as opposed 

to a diversity panel including national and international genotypes. 

In the NJ tree analysis the SSR markers and SNP markers showed a similar pattern, where a core 

set of genotypes were tightly related with several distant lines, including the out-group of PI 

458536. The uniqueness of the out-group alleles at the SSR level may explain the high 

divergence from the core germplasm, while SNP markers tended to show more markers in 

common between the more distantly related and core genotypes. This result may be compounded 

by the use of SSR markers with a high PIC due to stringent selection of markers to assess 

structure of the population compared to lower PIC markers. Singh et al (2013) found that SNP 

markers provided a higher estimate of PCoA variation in Indian rice varieties compared to SSRs, 

which is in line with this study. A wheat study with 192 elite European winter wheat varieties 

(Würschum et al., 2013) using 1,395 SNPs also found that higher genotypic variance was 

explained by SNP markers compared to SSR markers, even at low SNP density, which was in 

accordance to a study characterizing grape species clustering (Emanuelli et al., 2013). 

Comparison of SSR and SNP marker utility in a public breeding program 

One of the goals of this paper was to assess the utility of SNP and SSR markers in a public 

breeding program. The screening of parental lines may reveal relationships previously unknown 

to the breeder, and can be accomplished using SNP or SSR markers. As part of this study the use 

of various marker types was examined within the soybean breeding program at the University of 

Guelph. Marker assisted selection (MAS) using SSRs for soybean cyst nematode resistance 

(rhg1 locus) is currently employed as a major selection tool. With the established lab practices 

and turnaround time for SSR marker screening the process is efficient and cost-effective. This 

marker has also yet to be converted to a reliable and robust SNP-based assay such as KASP or 
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Taqman (though work is underway in the Rajcan lab for this assay conversion), where more than 

a single assay may be required to infer the underlying haplotype (resistant or susceptible). 

Completing a GBS run for intermediate stage breeding genotypes is not realistic in terms of both 

pricing and turnaround time. The majority of SNP data is not informative to specific MAS 

procedures for genes such as rhg1, where a single SSR data point is enough to make efficient 

selection of resistant genotypes. Additionally, turnaround time for large scale SNP GBS can be 

much longer than for individual SSR markers at a breeding program scale. If the SNP markers 

arrive after selections have been made, it defeats the purpose of the MAS as unwanted genotypes 

would have been selected. With Taqman and KASP assays becoming readily available there will 

be no future development for SSR markers for MAS, but there is also little reason to discontinue 

using a useful, reliable and robust marker system. 

Another consideration in a breeding program is the relationship of genotypes to be used for 

parents. Both SNP and SSR markers show relative relationships within the breeding program 

similarly, though even low density SNP data provides higher resolution than dense SSR markers 

as demonstrated in the case of Vinton, Vinton 81 and Harovinton, where SSRs do not properly 

identify the pedigree relationships of these genotypes. Both marker systems were able to show 

closely related genotypes correctly, but SSR resolution may be dependent on the chosen SSR 

markers. Either system is acceptable for determining whether genotypes are closely related as 

long as the correct SSR markers are used for the analysis. 

For the case of specific research projects and diversity type analyses, SNP genotyping seems to 

be the preferred method. The time and money to generate genome-wide SSR data (one SSR per 5 

mb) is not justified when genome-wide SNP markers are cheaply available at high density (one 

SNP per 23 kb). A previous study comparing the power of SSR and SNP based genotyping 
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approaches in rice demonstrated an increase in power and resolution for high density SNP 

markers (Yu et al., 2011). Van Inghelandt et al (2010) also found that analyses performed 

similarly between SNP and SSR markers, but in general SNP markers were preferred for 

accuracy and efficiency. 

Therefore, SNP markers provided several advantages in cost for high density SNPs, labour 

efficiency for data generation and analytic power for population structure. However, SSR 

markers provide the benefit of fast turnaround time and cost efficiency for low density 

genotyping where a KASP or Taqman assay is not available. With an ever decreased turnaround 

time and increasing cost efficiency for GBS SNPs, breeding programs will likely move towards 

this type of routine data collection for MAS or parental genotyping. 
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Chapter 5: General discussion and conclusions 
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General summary 

The research for this thesis was presented in three research chapters. Chapter 2 describes the 

composition of the UGGP, a pedigree-related breeding program germplasm panel representing 

decades of breeding at the University of Guelph, from founding North American germplasm to 

modern elite cultivars and experimental germplasm developed at the University of Guelph. This 

germplasm panel was SNP genotyped using GBS to identify 40,307 genome-wide markers. The 

markers were used to identify diversity in the Guelph and Ridgetown campus breeding 

germplasm. Overlap between Guelph and historical germplasm was found using PCA, whereas 

Ridgetown germplasm did not show the same pattern. Regions of high LD were found in 

between lines in the UGGP, with the genome-wide LD decay being approximately 600 kb when 

R2=0.2. Guelph and Ridgetown germplasm groups were found to be most different based on Fst 

analysis. Sliding-window genomic diversity analysis found regions of low genome-wide 

diversity, with differing patterns between groups of germplasm. 

The phenotypes of the UGGP were gathered from multi-environment field trials to understand 

phenotypic diversity across decades of breeding selections. Germplasm was divided into five 

groups, representing elite and experimental germplasm from the Guelph and Ridgetown breeding 

programs and the historical germplasm. Trends over decades of breeding found increasing seed 

oil concentration (0.023% year-1 of seed dry weight) and increasing yield (18.8 kg ha-1 year-1), 

while linolenic acid was found to decrease through breeding (0.01% year-1 of total oil). Oil and 

protein were negatively correlated (r=-0.68, p<0.0001) across UGGP germplasm. High broad-

sense heritabilities were found for many seed and agronomic traits including 100 seed-weight 

(H=0.93±0.008), oil (H=0.88±0.013) and protein (H=0.81±0.019). 
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A comparison of SNP and SSR markers was conducted using typical breeding-program analyses 

to understand differences in these marker systems. Seventy-six genotypes were studied in this 

research with complete SNP and SSR datasets. SNP markers had a higher density than SSR 

markers (approximately 200x coverage), as they had higher resolution for identifying 

relationships. When cost was compared between marker systems SNP markers were found to be 

much less expensive (1/3 the cost) for genome-wide coverage, at a density that SSR markers 

could not provide.  
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Limitations of the study 

Genetic diversity 

The germplasm used in this study represented only a small portion of the total available 

germplasm from either of the breeding programs studied. The selection of the germplasm for 

study occurred in 2013, based initially on the germplasm used by Grainger and Rajcan (2013), 

including core Guelph genotypes and their historical pedigree ancestors and expanded to broadly 

encompass the Guelph breeding germplasm for the 2013 field season. Due to size limitations for 

both sequencing and field trials, the entire panel was limited to 296 lines, of which 96 were from 

Ridgetown campus. These 96 Ridgetown genotypes were chosen to cover core cultivars and 

experimental genotypes, with the understanding that it would be impossible to broadly cover the 

genetics available from the Ridgetown program. For the Guelph program, the large number of 

genotypes tested every year means that only a small portion of the available 2013 germplasm 

was sampled for this study. Due to resource limitations the lines chosen represented a wide range 

of traits being improved in the program, rather than exhaustively characterizing germplasm with 

similar trait profiles. Increasing the germplasm coverage may represent an avenue for future 

study, provide more information for breeders and allow for better implementation of future 

breeding methods such as multi-trait MAS, genomic selection and gene editing. 

Another limitation of this study is the lack of comparison to the known soybean germplasm, such 

as the entire USDA collection. This type of analysis may now be possible through whole-

genome imputation of the UGGP genotype tables, which until very recently was beyond the 

capacity of the methodology and quality of the reference genomes available in soybean. Such a 
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study would allow for a comparison of the small scale breeding efforts in both Guelph and 

Ridgetown to the large group of characterized germplasm from around the world, allowing for 

increased scope of data interpretation and identification of regional trends in soybean breeding as 

compared to worldwide soybean germplasm. 

Phenotypic diversity 

A limitation for the genotypes studied in this project was the separation of maturity groups 

between the Guelph and Ridgetown programs. In other studies this limitation has been addressed 

by either splitting trials across maturity groups or by growing all genotypes in a common 

location able to bring all genotypes to maturity. The approach chosen for this study was to have 

each breeding program grow its own genotypes, as this is the original development region for 

these genotypes. The advantage to this approach was that genotypes were tested in the best 

environment for their adaptation and performance potential, whereas the disadvantage was that 

combining phenotypic data across breeding programs was problematic, especially in terms of 

maturity and yield, where GxE can be a significant factor.  

Trait measurement for seed traits is another limitation in this study. All seed traits were measured 

on a Perten NIR which is not a direct chemical assay trait measurement; rather it is an indirect 

reflectance-based measurement calibrated by Perten, with a model for each trait. Therefore, the 

trait values reported are correlated to the original calibration curve, rather than direct 

measurements themselves. For traits with good calibrations such as oil and protein, the 

measurements are very accurate (r2<0.9), but for other traits such as sugars and amino acid 

profile, the r2 is much lower (sucrose r2=0.76, stachyose r2=0.69) and accurately assessing these 

trait values becomes more difficult using a NIR-based measurement. 
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SNP and SSR marker comparison 

A limited number of genotypes with both SNP and SSR data were available for comparison 

because of the high cost and time-consuming generation of SSR markers, resulting in only a 

small portion of the final UGGP SNP dataset being compared to the SSR data. 

Methods for analyzing SNP data differ from those for the SSR data. Many SSR-based statistics 

rely on fragment length information, rather than bi-allelic information as present in SNPs. This 

limits direct comparison of the results of statistical analysis. Another limitation for the direct 

comparison of SNP and SSR markers was the density of the markers available for study. Though 

a SSR density of approximately 1 marker per 10 cM was used for this study, many more SSR 

markers are available for future studies. Hence, it may be interesting to compare SNP and SSR 

markers at a higher SSR density, as each SSR may contain more information than a single SNP. 
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Future directions and relevance to breeders 

A clear next step for this research is the ongoing genotyping of soybean breeding germplasm at 

the University of Guelph. This would include genotyping all incoming parental lines and 

continued genotyping throughout the breeding pipeline. This would allow breeders to ensure that 

parental germplasm has the desired alleles for specific traits, such as SCN resistance, before 

making crosses, therefore keeping only desirable germplasm in the breeding pipeline. This 

approach would also allow for seed purity testing at multiple stages to ensure that desired alleles 

are maintained in elite germplasm. The genotyping of germplasm before use as a crossing parent 

may help to inform a breeder as to the relationship of this genotype to current breeding 

germplasm. This will allow for targeted crosses based on the genetics of parental genotypes, 

rather than relying solely on the phenotypic data, such as yield data. 

Expanded genotyping would allow for large-scale comparisons of germplasm across more than 

just a single snapshot of breeding activity. The decreasing cost of SNP marker genotyping may 

also help to bring more routine SNP-based MAS into routine breeding activities, as it may soon 

be possible to obtain high quality genome-wide SNP data at a lower cost than described in this 

thesis. 

Additional phenotyping of new traits can help to expand the use of the genetic data presented in 

this thesis. As the genotyping of the panel is complete, future phenotypes can be overlaid onto 

this genetic data without additional genotyping costs. Some examples of traits currently studied 

in the breeding program which may be used in this method include seed isoflavones and 

soyasaponins.  
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Objectives accomplished 

Overall, this thesis has been successful at accomplishing its major goals. A foundational genomic 

panel was assembled to study genetic and physiological factors within two public soybean 

breeding programs and their historical pedigree relatives. The genetic and phenotypic 

information gathered in the course of this project will serve as a reference panel for future 

research and breeding efforts in the Guelph campus breeding program. High density SNP 

markers were characterized across the UGGP for use in genetic analyses. Diversity, both genetic 

and phenotypic was characterized over decades of breeding to understand breeder selections and 

soybean improvement in Ontario. Increased soybean yield through breeding has been shown, and 

seed oil has been increasing through selection. SNP and SSR markers were compared in various 

genetic analyses, finding that the density of SNPs provide higher resolution for determining 

relationships, at a much lower cost than SSR markers. However the price of single SSR marker 

screens means that this marker system will continue to see use in MAS until current SSR-based 

markers (such as current SCN screening) are converted to SNP assays. Some examples for the 

use of this information include cultivar identification, parental genotype assessment, use of the 

UGGP as a reference panel for future genomic selection efforts and long-term tracking of trait 

improvement in soybean breeding efforts at the University of Guelph. The approaches and 

methodology developed through this thesis may be used by other breeding programs in soybean 

and other crop plants. 
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Table S1. Released varieties in the UGGP by name, with year of release and citation for 
pedigree information. 

Variety Year of Release Reference 
90B73 2000 (Hedges, 2000) 
AAC Malden 2013 (Poysa et al., 2013) 
AC Colibri 1996 (Voldeng et al., 1997b) 
AC X790P 2000 (Poysa and Buzzell, 2001) 
Altona 1966 (Stefansson, 1966) 
Ayr 1993 (Ablett et al., 1995) 
B 216 1976 (Northrup King and Company, 1976) 
Bicentennial 1983 (Beversdorf et al., 1986a) 
Blackhawk 1951 (Weiss, 1953a) 
Blackjack 21 1995 (Ablett et al., 1998) 
Brock 1991 (Ablett and Tanner, 1993a) 
C1640  (Wilcox et al., 1984) 
Capital 1944 (Weiss and Stevenson, 1955) 
Chippewa 1954 (Johnson, 1958) 
Clark 1953 (Johnson, 1958) 
Corsoy 1967 (Weber and Fehr, 1970) 
Corsoy 79 1979 (Bernard and Cremeens, 1988a) 
Elgin 1984 (Fehr and Bahrenfus, 1984) 
Evans 1974 (Lambert and Kennedy, 1975) 
Harcor 1975 (Buzzel et al., 1976) 
Hark 1967 (Weber, 1967) 
Harosoy 1951 (Weiss and Stevenson, 1955) 
Harovinton 1991 (Buzzell et al., 1991) 
Hawkeye 1948 (Weiss, 1953a) 
Hodgson 1974 (Lambert and Kennedy, 1975) 
Ivory 1999 (Ablett et al., 2001a) 
Katrina 2005 (Fischer et al., 2008) 
KG 20 1983 (Park et al., 1988) 
KG 60 1988 (Bradner et al., 1988) 
Leo 2003 (Poysa et al., 2005) 
Lincoln 1944 (Weiss, 1953a) 
McCall 1978 (Lambert and Kennedy, 1979) 
Merit 1959 (Dimmock, 1960) 
Mersea 2010 (Poysa et al., 2010) 
Nornatto 2002 (Helms, 2003) 
OAC Aries 1986 (Beversdorf et al., 1987a) 
OAC Arthur 1993 (Tanner et al., 2001a) 
OAC Auburn 1994 (Tanner et al., 2001b) 
OAC Bayfield 1993 (Tanner et al., 1998a) 
OAC Brooke 2013 (Eskandari et al., 2017) 
OAC Dorado 1988 (Beversdorf et al., 1991a) 
OAC Eclipse 1989 (Beversdorf et al., 1994a) 
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OAC Eramosa 1993 (Tanner et al., 2001c) 
OAC Frontier 1989 (Beversdorf et al., 1994b) 
OAC Libra 1985 (Beversdorf et al., 1986b) 
OAC Musca 1987 (Beversdorf et al., 1991b) 
OAC Pisces 1985 (Beversdorf et al., 1986c) 
OAC Prosper 2015 (Eskandari et al., 2016) 
OAC Salem 1993 (Tanner et al., 1998b) 
OAC Scorpio 1986 (Beversdorf et al., 1987b) 
OAC Shire 1991 (Beversdorf et al., 1994c) 
OAC Sparta 1993 (Tanner et al., 1998c) 
OAC Talbot 1991 (Beversdorf et al., 1994d) 
OAC Thames 1993 (Tanner et al., 1998d) 
Ogden 1940 (Weiss, 1953b) 
Ozzie 1983 (Orf et al., 1985) 
RCAT Alliance 1987 (Ablett and Beversdorf, 1990) 
RCAT Angora 1991 (Ablett and Tanner, 1993b) 
RCAT Bobcat 1996 (Ablett et al., 1999a) 
RCAT Calico 1993 (Ablett et al., 1996a) 
RCAT Columbus 1993 (Ablett et al., 1996b) 
RCAT Corbett 2003 (Fischer et al., 2005) 
RCAT Dover 2001 (Stirling et al., 2006a) 
RCAT Legacy 1998 (Ablett et al., 2000a) 
RCAT MatRix 2005 (Stirling et al., 2008) 
RCAT Persian 1989 (Ablett and Beversdorf, 1991) 
RCAT Staples 1999 (Ablett et al., 2001b) 
RCAT Tabby 1993 (Ablett and Tanner, 1993c) 
RCAT Wildcat 2002 (Stirling et al., 2006b) 
SW33-08 1998 (Ablett et al., 2000b) 
Vinton 1977 (Bahrenfus and Fehr, 1980) 
Vinton 81 1984 (Fehr et al., 1984) 
Wayne 1964 (Bernard, 1966) 
Westag 97 1997 (Ablett et al., 1999b) 
Wilkin 1972 (Lambert and Kennedy, 1973) 
Williams 1971 (Bernard and Lindahl, 1972) 
Williams 82 1981 (Bernard and Cremeens, 1988b) 
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Table S2. Weather data for Woodstock, ON (A) from the Woodstock Climate Station (ID 
6149625, located at 43.136, -80.771) in 2015 and 2016 and St Pauls, ON (data from Weather 
Innovations at Wellburn, ON) (B) in 2015 and 2016. Tm – mean temperature (°C), Tx – highest 
monthly maximum temperature (°C), Tn – lowest monthly minimum temperature (°C), P – total 
precipitation (mm). 

A Tm (°C) Tx (°C) Tn (°C) P (mm) 
2015     

May 15.3 28 -0.5 6.7 
June 18 26.5 5.5 13.6 
July 19.9 32.5 7.5 17.6 
August 20.6 31.5 9 21 
September 19.7 32 6 27.8 
October 11.5 22.5 -4 23.8 

2016     
May 14.5 28 1.5 15.6 
June 18.5 32.5 4 2.6 
July 23 33 9 44.4 
August 22 32.5 11.5 57.6 
September 19 32 4.5 22.8 
October 12.9 26 -4.5 38.6 
 

B Tm (°C) Tx (°C) Tn (°C) P (mm) 
2015     

May 15.5 30.3 -2.7 77 
June 17.3 28.4 4.9 131.4 
July 19 32.5 5.7 54.6 
August 18.2 30.7 4.4 68.6 
September 17.3 32.3 2.4 79 
October 8.7 22.9 -4.2 90 

2016     
May 13.8 30.8 -2.4 50 
June 17.8 31.3 1.6 49.6 
July 20.9 31.8 5.2 57 
August 20.6 33.2 7.3 148.2 
September 17.0 31.8 3.8 42.2 
October 10.4 25.3 -6 47.2 
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Table S3. Oil (g kg-1 dry) and protein (g kg-1 dry) values for three classes of genotypes from the 
UGGP: historical genotypes, released cultivars and Guelph campus experimental germplasm. 
Trait values are based on the same BLUE-derived dataset as presented in Table 3.2. 

Genotype Group Measure Oil (g kg-1 dry) Protein (g kg-1 dry) 

Historical Trait minimum 165 404 

Trait average 188 442 

Trait maximum 212 498 

Range 47 94 

Cultivars Trait minimum 184 382 

Trait average 202 427 

Trait maximum 222 464 

Range 38 82 

Experimental 

Genotypes 

Trait minimum 130 390 

Trait average 191 437 

Trait maximum 224 484 

Range 93 93 
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Table S4. Fatty acid profile for UGGP lines classified by group: Historical, Cultivar and 
Experimental. All fatty acid components are based on a percentage of total oil on a dry basis. 

Group Measure Stearic 
Acid 

Linolenic 
Acid 

Oleic 
Acid 

Linoleic 
Acid 

Palmitic 
Acid 

Historical Trait minimum 3.2 7.1 15.9 50.9 10.1 

Trait average 3.6 8.8 20.8 56.3 11.5 

Trait maximum 4.0 10.4 27.3 61.1 12.2 

Range 0.8 3.3 11.4 10.2 2.0 

Cultivars Trait minimum 3.2 6.9 15.4 50.5 10.9 

Trait average 3.7 8.3 21.4 55.6 11.8 

Trait maximum 4.2 10.6 27.6 59.4 12.4 

Range 1.0 3.7 12.1 8.9 1.4 

Experimental Trait minimum 3.0 6.4 8.0 49.1 10.2 

Trait average 3.6 8.6 21.5 55.8 11.6 

Trait maximum 4.1 12.7 31.9 61.6 12.8 

Range 1.1 6.3 23.9 12.4 2.7 
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Table S5. Raffinose (% dry), Stachyose (% dry) and Sucrose (% dry) values for three classes of 
genotypes from the UGGP: historical genotypes, released cultivars and Guelph campus 
experimental germplasm. Trait values are based on the same BLUE-derived dataset as presented 
in Table 3.2. 

Group Measure Raffinose Stachyose Sucrose 
Historical Trait 

minimum 0.64 3.3 5.8 

Trait average 0.78 4.2 7.2 
Trait 

maximum 0.93 5.1 8.7 

Range 0.29 1.9 2.9 
Cultivars Trait 

minimum 0.66 2.9 5.7 

Trait average 0.80 3.6 7.0 
Trait 

maximum 0.92 4.6 8.6 

Range 0.27 1.7 2.9 
Experimental Trait 

minimum 0.58 0.5 2.4 

Trait average 0.80 3.8 7.0 
Trait 

maximum 1.47 5.1 9.0 

Range 0.90 4.6 6.6 
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Table S6. Agronomic trait values for three classes of genotypes from the UGGP: historical 
genotypes, released cultivars and Guelph campus experimental germplasm. Trait values are 
based on the same BLUE-derived dataset as presented in Table 3.2. 

Group Measure Yield (kg ha-1) DTM 100 seed 
weight (g) 

Historical Trait 

minimum 1212.0 96.0 13.1 

Trait average 2880.2 116.0 19.0 

Trait 

maximum 3952.5 131.0 26.5 

Range 2740.5 35.0 13.4 

Cultivars Trait 

minimum 1867.5 100.0 16.6 

Trait average 2934.9 113.0 19.1 

Trait 

maximum 4025.0 130.0 23.4 

Range 2157.5 30.0 6.8 

Experimental Trait 

minimum 1580.0 103.5 3.6 

Trait average 3124.6 118.0 17.2 

Trait 

maximum 4027.5 133.0 24.1 

Range 2447.5 29.5 20.5 
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Table S7. Examples of genotype-by-environment analysis of variance* of (A) seed oil 
concentration, (B) protein concentration, (C) yield in 180 UGGP genotypes from four 
environment field trials (Woodstock and St Pauls Ontario in 2015 and 2016) with two replicates 
per location to generate combined environment BLUE values for each trait. 

(A) Seed oil concentration 

Effect Num DF Den DF F Value P Value 

genotype 180 653 429.69 <.0001 
env 3 4.007 4.35 0.0944 
genotype*env 473 653 14.82 <.0001 
Covariance Parameter Estimate Standard Error Z value P Value 

block(env) 0.02032 0.01450 1.40 0.0805 
residual 0.03109 0.001721 18.07 <.0001 
* Experiment was arranged as a RCBD 
 

(B) Seed protein concentration 

Effect Num DF Den DF F Value P Value 

genotype 180 653 177.55 <.0001 
env 3 4.012 11.97 0.0181 
genotype*env 473 653 9.82 <.0001 
Covariance Parameter Estimate Standard Error Z value P Value 

block(env) 0.05406 0.03890 1.39 0.0823 
residual 0.1615 0.008936 18.07 <.0001 
* Experiment was arranged as a RCBD 
 
(C) Yield** 

Effect Num DF Den DF F Value P Value 

genotype 172 482 31.80 <.0001 
env 2 3.003 1.32 0.3870 
genotype*env 310 482 5.83 <.0001 
Covariance Parameter Estimate Standard Error Z value P Value 

block(env) 25608 21126 1.21 0.1127 
residual 43420 2796.94 15.52 <.0001 
*Experiment was arranged as a RCBD **three environments used in calculation 
 



156 
 

Table S8. Example of ANOVA table for seed oil concentration calculated in PROC MIXED in 
SAS 9.4 showing covariance parameters used to calculate heritability for seed and agronomic 
traits in 180 Guelph grown genotypes. All effects were considered random. Trials were grown in 
four environments (Woodstock ON and St Pauls ON in 2015 and 2016). 

Covariance 
Parameter Estimate Standard Error Z value P Value 

env 0.03354 0.03763 0.89 0.1864 
block(env) 0.02032 0.01450 1.40 0.0805 
genotype 1.8347 0.2009 9.13 <.0001 
env*genotype 0.2150 0.01502 14.31 <.0001 
residual 0.03109 0.001721 18.07 <.0001 
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Table S9. The 75 genotypes used for SNP and SSR comparison in this study with year of release 
where applicable or comment on line origin. 

Genotype Year of Release Comment or Reference 
05SI03-02  OAC experimental 
10S90C-33  OAC experimental; Tofu 
12S06C-18  OAC experimental; Tofu 
12S06C-25  OAC experimental; Tofu 
B 216 1976 (Northrup King and Company, 1976) 
CNS 1943 Resistance 
Corsoy 1967 (Weber and Fehr, 1970) 
DH 748  Guelph produced 
Elgin 1984 (Fehr and Bahrenfus, 1984) 
Fiskeby V  Swedish introduction 
Flambeau 1944 Historical variety 
Harcor 1975 (Buzzel et al., 1976) 
Harosoy 1951 (Weiss and Stevenson, 1955) 
Harosoy 63 1963 (Bernard, 1964) 
Harovinton 1991 (Buzzell et al., 1991) 
Hawkeye 1948 (Weiss, 1953a) 
Hodgson 1974 (Lambert and Kennedy, 1975) 
Keszthelyi  Hungarian Introduction; High Tocopherol  
KG 20 1983 (Park et al., 1988) 
KG 60 1988 (Bradner et al., 1988) 
Manitoba Brown Pre-1940 Manitoba Agricultural College 
McCall 1978 (Lambert and Kennedy, 1979) 
OAC 06-03C  OAC Experimental 
OAC 07-31C  OAC Experimental 
OAC 10-40C  OAC Experimental 
OAC 11-58C-Nat  OAC Experimental; Natto 
OAC 11-60C-Nat  OAC Experimental; Natto 
OAC 13-27C-HO  OAC Experimental; High Oil 
OAC 13-52C-ZL  OAC Experimental; Zero Lipoxygenase 
OAC 13-54C-LLN  OAC Experimental; Low Linolenic Acid 
OAC 13-86C-SCN  OAC Experimental; SCN Resistant 
OAC 211 1928 First OAC variety 
OAC Aries 1986 (Beversdorf et al., 1987a) 
OAC Bayfield 1993 (Tanner et al., 1998a) 
OAC Belgrave 2012 OAC Variety 
OAC Dorado 1988 (Beversdorf et al., 1991a) 
OAC Eclipse 1989 (Beversdorf et al., 1994a) 
OAC Frontier 1989 (Beversdorf et al., 1994b) 
OAC Ginty 2009 OAC Variety 
OAC Hanover 2008 OAC Variety 
OAC Lakeview 2006 OAC Variety 
OAC Libra 1985 (Beversdorf et al., 1986b) 
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OAC Musca 1987 (Beversdorf et al., 1991b) 
OAC Peak 2009 OAC Variety 
OAC Pisces 1985 (Beversdorf et al., 1986c) 
OAC Prodigy 2005 OAC Variety 
OAC Purdy 2010 OAC Variety 
OAC Raptor 2004 OAC Variety 
OAC Rockwood 2004 OAC Variety 
OAC Scorpio 1986 (Beversdorf et al., 1987b) 
OAC Shire 1991 (Beversdorf et al., 1994c) 
OAC Sunny 2012 OAC Variety 
OAC Talbot 1991 (Beversdorf et al., 1994d) 
OAC Vision 1991 OAC Variety 
OAC Heritage 2009 RCAT Variety 
OT05-18 2009 AAFC Ottawa 
PI 458536  G. soja PI 
RCAT 0704  RCAT Experimental 
RCAT 0903  RCAT Experimental 
PSX 12C82G  RCAT Experimental 
PSX 12C01G  RCAT Experimental 
RCAT MatRix 2005 (Stirling et al., 2008) 
RCAT Wildcat 2002 (Stirling et al., 2006b) 
RCAT 0706 (Kento) 2009 RCAT Variety 
Ch-Cdn RIL 28  OAC Millennium x Heinong 38 RIL 
Ch-Cdn RIL 3  OAC Millennium x Heinong 38 RIL 
Ch-Cdn RIL 90  OAC Millennium x Heinong 38 RIL 
SC 3313N  RCAT Experimental 
SeCan 13-02C  OAC Experimental 
SeCan 13-04C  OAC Experimental 
Venus 2003 Large-seeded variety 
Vinton 1977 (Bahrenfus and Fehr, 1980) 
Vinton 81 1984 (Fehr et al., 1984) 
Wayne 1964 (Bernard, 1966) 
  



159 
 

Table S10. Variation represented by the first 3 axes and total cumulative variation for a PCoA 
using 180 SSR and 40,307 SNP markers for 75 UGGP genotypes. 

PC SSR Cumulative 
(SSR) 

SNP Cumulative 
(SNP) 

1 18.58% 18.58% 18.82% 18.82% 
2 7.08% 25.66% 11.88% 30.70% 
3 6.39% 32.05% 8.70% 39.40% 
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Figure S1. BLUE plotted against LSMeans for 4-environment trait values generated using 
GLIMMIX in SAS 9.4 to compare estimated BLUE values and means visually. The black line 
indicates a 1:1 relationship between LSMeans and BLUE. 
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Figure S1. Continued 
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Figure S1. Continued 
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Figure S1. Continued 
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Figure S1. Continued 
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Figure S2. Agronomic traits for 55 Guelph campus released cultivars calculated via GLIMMIX 
(SAS 9.4) using four-environment BLUE for each trait. No significant trends were found across 
these genotypes. 
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Figure S3. Fatty Acid profiles of the UGGP for 55 genotypes released by the Guelph campus 
program derived from BLUE trait values. No significant trends observed. 
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Figure S4. Sugar components for 55 Guelph campus released cultivars (recorded as % dry 
weight) calculated via GLIMMIX (SAS 9.4) across four environment BLUE for each trait. No 
significant trends were found across these lines.
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Figure S5. Genotype-by-trait biplots for the Woodstock Research Station testing location in 
2015 (A) and 2016(B) generated from radial smoothing plot-based data for each environment in 
GGE Biplot across 180 genotypes. Yield not shown in panel A due to high CV. 
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Figure S6. Genotype-by-trait biplots for St Pauls, Ontario, location in 2015 (A) and 2016 (B) 
generated from radial smoothing plot-based data for each environment in GGE Biplot across 180 
genotypes.  
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Figure S7. Genotype-by-trait biplot for combined year and location data from Woodstock 
Research Station, Woodstock Ontario, and St Pauls Ontario, in 2015 and 2016 using seed and 
agronomic traits for 180 genotypes. Biplot generated in GGEbiplot. 
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Figure S8. Number of SSR alleles plotted against marker PIC value for 180 SSR markers. The 
Spearman correlation between PIC and number of alleles was calculated at 0.75 (p<0.0001). 
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