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ABSTRACT 
 
 

ARTIFICIAL SELECTION AND THE GENOME: 
A DEEP PEDIGREE ANALYSIS OF AN ELITE SOYBEAN 

CULTIVAR 
 

 

 

     Christopher Murray Grainger                Advisor: 
    University of Guelph, 2012                          Dr. Istvan Rajcan 
 
 

 
The objective of this thesis was to investigate the genomic changes that have 

occurred due to the effects of long-term artificial selection applied by soybean 

breeders. A total of 42 cultivars from six different breeding programs, comprising 

the multi-generational pedigree of OAC Bayfield were genotyped with molecular 

markers and chromosomal inheritance was tracked throughout the pedigree. The 

graphical genotype profile of the 20 chromosomes revealed substantial allelic 

structure that has been built up in certain chromosomes, in the form of specific 

linkage blocks, which have been conservatively inherited. A selective sweep 

analysis using microsatellite markers was performed using the members of OAC 

Bayfield’s pedigree to identify genomic regions that have retained a molecular 

selective signature through OAC Bayfield in the varieties derived from it. Overall, 

there was a high level of agreement between the identified quantitative trait loci 

(QTL) and the phenotypic traits that would have been expected to be under 

breeders’ selection. 
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General Introduction 
 

Cultivated soybean [Glycine max (L.) Merr.] was domesticated from its wild 

relative Glycine soja approximately 5000 years ago (Carter et al. 2004). It is 

believed that this was a result of artificial selection imposed by humans. The 

effects of early selection resulted in dramatic changes to the phenotype of the 

traits that were important to these early human civilizations. Today, the focus of 

artificial selection employed by soybean breeders is on crop improvement of 

specific traits to meet the demands of various producers and industries.  

An important consequence of selection during the plant breeding process 

is the genomic changes that have occurred.  Through intense artificial selection, 

favourable alleles are increased in frequency, with the net result being a 

reduction in the overall genetic diversity of a plant species. The extent of this 

genetic erosion is important in terms of plant breeding progress as sufficient 

genetic variation at genomic regions contributing to phenotypic variation is a 

critical component to crop improvement (Moose and Mumm 2008). Depending on 

the crop, the history of selection within the species can greatly impact the ability 

to breed for improvements in specific traits of interest.  

Soybean breeding programs in North America are based on a small 

number of founding ancestors that have contributed the majority of genes found 

in current cultivars (Gizlice et al. 1994). This has led to concerns over plateaus in 

improving soybean varieties for important traits such as yield (Hyten 2006 et al. 

2006).  Furthermore, plant breeders frequently use elite genotypes with similar 

agronomic characteristics as parents for the development of subsequent varieties 
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(Sjakste et al 2003). From a population genetics perspective, this type of 

breeding practice leads to genetic bottlenecks, whereby genetic diversity is 

severely eroded and mass fixation of genomic regions occurs. An important 

question that arises from this process is: what are the specific changes to the 

genome that occurs during multiple generations of plant breeding?  

The use of molecular markers and pedigrees of a breeding program offer 

a number of ways of investigating the specific changes in a plant’s genome due 

to long-term breeder selection.  First, by genotyping the members of a pedigree, 

the changes in genetic diversity over generations of breeding activity can be 

characterized (Lorenzen et al. 1995). Secondly, the transmission of 

chromosomes can be tracked and changes in allelic composition over 

generations and selection cycles can be determined (Sjakste et al. 2003).   

In addition to the overall effects of selection, specific genomic changes 

known as “signatures of selection” can be detected using molecular tools 

(Yamasaki et al. 2005). As a number of previous studies have shown, these 

selection signatures appear to be frequent in genomic regions controlling traits of 

agronomic importance (Vigouroux et al 2002, Palaisa et al. 2004, Jun et al. 

2011).   

For Ontario soybean producers, a highly successful variety was OAC 

Bayfield.  At the time of its release it out yielded the average of all varieties in its 

maturity group by 15% (ARIO 1998). In addition to its own commercial success, it 

has been used as a parent in the development of numerous varieties that have 

been commercially successful as well.  Thus, its pedigree was selected for an in-
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depth analysis into the effects of long-term breeder selection on the soybean 

genome.  

 

The hypotheses of this thesis are: 
 
1. Long-term phenotypic selection by soybean breeders has led to chromosomes 
with highly structured allele composition through the accumulation of favourable 
alleles. 
 
2. Linkage blocks have been assembled and are conservatively maintained via 
phenotypic selection by soybean breeders. 
 
3. Molecular selection signatures can be identified through the genetic bottleneck 
created in the development of OAC Bayfield and subsequent cultivars derived 
from OAC Bayfield. 
 
4. The genetic markers identified in the selective sweep analysis are located in 
genomic regions that contain QTL of agronomic importance. 
 
 
The objectives of this thesis are: 
 
1. Use molecular markers to define the ancestral allele pool and trace the allelic 
transmission through the pedigree of OAC Bayfield.  
 
2. Determine if allelic structure has been established in the chromosomes 
through long-term breeding efforts in the pedigree of OAC Bayfield. 
 
3. Track identified linkage blocks in OAC Bayfield for two generations in 
phenotypically distinct cultivars derived from OAC Bayfield. 
 
4. Perform a genome-wide selective sweep analysis using molecular markers to 
identify loci that may have been subjected to selection.  
 
5. Compare the results of the empirical selective sweep analysis to detailed 
genetic maps and previously discovered QTL to determine what traits they are 
associated with.  
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Literature Review 
 

 
North American Soybean Breeding and Genetics  
 
The origins of soybean breeding in North America trace back to 1765, when it 

was introduced into the United States by Samuel Bowen (Hymowitz and Harlan 

1983). Soybean was initially cultivated for the purposes of forage, however this 

changed with the discovery of soybean seed as an important source of vegetable 

oil. This resulted in the transition of soybean from a forage crop to a seed crop in 

1915 (Wilson 2008). Formal soybean breeding programs were established in 

both the northern and southern states by the 1930’s, and by 1950 the majority of 

the U.S. soybean crop was grown for seed (Wilson 2008). Since this time the end 

use for soybean has expanded substantially, with soybean being used in 

industrial, commercial, medicinal and food-related products (Wilson 2008).  

Seed composition is the driving factor behind the multitude of end uses for 

soybean. In addition to oil (average of 20% total oil concentration in seed 

composition), soybean seed contains the highest level of protein of any of the 

oilseed crops (e.g. canola, sunflower, cotton, palm) at 40% (Wilson 2008).  

Furthermore, the protein found in soybean is considered to be a complete protein 

as it contains all the essential amino acids for animals at appreciable levels 

(Pathan and Sleper 2008). Thus, soybean meal is an ideal source of protein for 

animal feed products. The emergence of a highly diversified soybean industry led 

to massive increases in production of soybean in North America, especially in the 

Untied States, which has become the largest producer of soybeans in the world 

and accounts for 34.8% of the world’s production (FAO, 2008). From 1993 to 
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2006 yields in the United States have increased from 2.18 t/ha to 2.87 t/ha due in 

part to genetic improvements of cultivars through plant breeding efforts (Wilson 

2008).  

 The maturity zone or group that the germplasm is adapted to is an 

important factor for North American soybean breeders to consider when breeding 

for new varieties (Pathan and Sleper 2008). Soybean maturity groups are 

geographical areas primarily based on latitude to which a particular soybean 

variety is adapted. These areas are quite narrow with an average width of 160 to 

240km from north to south (McWilliams et al. 2004). The main environmental 

factor affecting this adaptation is photoperiod (day length), which determines 

when the plant will initiate flowering and thus reach physiological maturity 

(Hymowitz and Harlan 1983). A variety that is adapted to northern climates (i.e. 

long day-length) will initiate flowering sooner if planted in a more southern 

location (i.e. shorter day-length) with the opposite occurring with south to north 

planting (McWilliams et al. 2004). There are twelve maturity groups in total 

ranging from 000 in the most northern climates to maturity X in tropical 

environments (Pathan and Sleper 2008). In North America, maturity groups 

range from 000 in the most northern climates in Canada to maturity group IX in 

the most southern areas of Florida (Pathan and Sleper 2008).  

The type of growth habit that a soybean variety possesses is another key 

trait that defines North American soybean germplasm. There are three types of 

growth habit (i.e. main stem growth) for soybean varieties: indeterminate, semi-

determinate and determinate (Tian et al. 2010). The difference between the 
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growth habits is in the transition between the vegetative and reproductive stage. 

Cultivars with indeterminate growth habit maintain vegetative growth (i.e. 

continues to produce new nodes and leaves) through a portion of the 

reproductive period. With determinate growth, the vegetative period terminates 

at, or very soon after, photoperiod-induced flower initiation (Tian et al. 2010). 

Semi-determinate cultivars continue with vegetative growth past flowering but 

cease much sooner than in determinate types (Tian et al. 2010). For North 

American soybean varieties, indeterminate varieties are bred for northern 

climates  (MG 000 to IV), while determinate varieties are bred for southern 

climates (MG V to IX) (Pathan and Sleper 2008). Thus, maturity and growth habit 

are two of the most important factors when breeding soybeans for a target 

environment in North America.  

The majority of the genetic improvement of soybean varieties over the 

past 70 years has come from traditional hybridization between parental lines with 

phenotypic selection of superior offspring in segregating populations developed 

by the single seed decent breeding method (Pathan and Sleper 2008). The 

primary objective of applied soybean breeding programs is to increase yield. 

Several studies (Boerma 1979, Luedders 1977, Specht et al. 1999, Wilcox 2001) 

have been done to estimate the genetic gain in yield over decades of breeding. 

The rate of genetic gain in yield is generally estimated to be between 0.5-1% per 

year, over a range of years (50-70 years) and maturity groups (MG 00-MGVIII) 

(Boerma 1979, Morrison et al. 2000). However, there is concern with the ability to 

maintain genetic gains and whether genetic gain for yield has reached a plateau 
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(Hyten et al. 2006). One aspect that has been attributed to this concern is the 

historically narrow genetic base that the majority of North American soybean 

breeding programs are based on. Gizlice et al. (1994) evaluated the pedigrees of 

258 public cultivars released between 1947 and 1988 and found that all cultivars 

could be traced back to 80 founding ancestors. In addition, it was found that 

those 80 ancestors did not contribute equally in terms of their genetics, with only 

35 genotypes (28 ancestors and 7 first progeny) contributing 95% of the genes 

found in modern cultivars (Gizlice et al. 1994).  This genetic base was further 

reduced when comparing cultivars from either the northern or southern 

environments. For the northern growing environments, just 10 ancestral lines 

account for 80% of the genetic base, with only five lines accounting for 

approximately 65% of the genetic base (Gizlice et al. 1994). Thus, a negative 

consequence of increased soybean breeding activity in North America has been 

the erosion of genetic diversity, which may be at extremely low levels and 

potentially threatens continued genetic variation required for variety 

improvement.    

 Breeding soybeans in Canada has followed a similar path to that of the 

United States. Beginning at the Ontario Agricultural Collage (before becoming 

the University of Guelph), Charles Zavitz developed the first soybean variety 

during the 1920’s (OAC 211), which was bred as a forage crop. Like the U.S., the 

transition to an oilseed crop occurred and the soybean seed industry emerged. 

Canada is the seventh largest producer of soybeans in the world with 1.3% of 

world production (FAO 2008). The majority of soybeans are grown in Ontario 
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(~65%) followed by Quebec (~20%) and Manitoba (~15%) (Canadian Soybean 

Council 2011). Soybeans are bred for a range of maturity groups across Canada; 

from MG 00 in northern Ontario, Manitoba and Quebec to MG III in the most 

southern regions of Ontario (www.gosoy.ca 2011).  

Improvements in Canadian soybean cultivars have been investigated from 

various perspectives. Cultivar improvement in short season soybeans in the 

areas of agronomic, physiological and genetic changes have been addressed in 

studies done by Morrison et al. (1999, 2000) and Voldeng et al. (1997). The 

studies determined the overall rate of genetic gain to be 0.5% per year since the 

1930’s, with genetic gain being slightly higher at 0.7% per year after 1976 

(Voldeng et al. 1997). Agronomic changes over time were correlated with an 

increase in yield. Seeds per plant and oil content had a positive correlation with 

yield, while protein content had a negative correlation with yield (Morrison et al. 

2000). Furthermore, there were also positive correlations between yield increase 

and harvest index, photosynthetic rate and stomatal conductance (Morrison et al. 

1999). The authors also concluded that modern cultivars were more 

phenotypically stable for plant height than older cultivars, and that there was 

considerable exploitable genetic variability in short-season soybean germplasm 

for continued cultivar development (Morrison et al. 2000).  

The only study that has investigated the change in genetic diversity over time 

in Canadian soybean cultivars was conducted by Fu et al. (2007). The authors 

looked at the genetic diversity of Canadian cultivars spanning 68 years of 

breeding (1934-2001). The panel of lines studied consisted of Canadian cultivars 



 9

from different breeding periods as well as exotic germplasm from a number of 

countries.  Results from this study were that the cultivars representing the most 

recent period of breeding (1989-2001) had more diversity than those 

representing previous breeding periods (Fu et al. 2007). Additionally, Canadian 

cultivars were genetically more similar to soybean accessions from Russia, 

Sweden and Ukraine than the Asian accessions (Fu et al. 2007). In general, 

Canadian cultivars had maintained an appreciable level of genetic diversity. From 

the studies it appears as though Canadian germplasm may not have experienced 

the same degree of genetic erosion that is thought to have occurred in the 

majority of soybean breeding programs in North America. 

 

Soybean Genomics  

The draft sequence of the soybean genome was completed in 2010 (Schmutz et 

al. 2010) and as a result, many of the genetic/molecular features have now been 

characterized in great detail. The genome size of soybean is approximately 1.1 

gigabases with 46,430 protein-coding loci having been annotated with a high 

degree of confidence (Schmutz et al. 2010). One important feature of the 

soybean genome is that it is a highly duplicated genome as a result of two 

ancient duplication events at approximately 59 and 13 million years ago 

(Schmutz et al. 2010). This has resulted in nearly 75% of the genes being 

present in multiple copies. Another important feature is the physical distribution of 

genes and recombination across the 20 chromosomes.  
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In a recent study by Ott et al. (2011), a number of interesting features in 

regards to gene location and recombination frequency were presented. Firstly, 

the distal (telomeric) 25% of the chromosomes contained on average 50.2% of 

the predicted genes, while the proximal (centromeric) 25% of the chromosomes 

contained on average only 6.7% of the genes (Ott et al. 2011). Secondly, as with 

gene location, the distal 25% of chromosomes had higher cross-over frequencies 

(8.1 cM/Mb) than the proximal 25% of the chromosome (0.4 cM/Mb). This 

translated to a 200-fold higher average rate of recombination in the distal regions 

of chromosomes compared to the proximal regions (Ott et al. 2011). Finally, 

there was a high correlation between SSR marker location and gene location 

(R2=0.83), which suggests that SSR markers are ideal for both targeting and 

tracking genes in soybean germplasm (Ott et al. 2011). The results from this 

study are important for soybean breeders to consider, as recombination is an 

important mechanism for creating novel allele combinations when breeding for 

variety improvement.   

The role that recombination plays in breeding is especially evident in a 

study by Stefaniak et al. (2006) who compared the rate of recombination in a 

population of recombinant inbred lines (RIL’s). They found that lines released as 

cultivars had more recombination events than the other RIL’s of the same 

population. The 10 highest yielding RIL’s had an average genome-wide 

recombination rate of 0.34 versus 0.29 for the remainder of the RIL’s of the 

population (Stefaniak et al. 2006). Furthermore, the authors found that there was 

a wide range of standardized cross-over rates among the 20 chromosomes. 
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They suggested that one reason for low recombination in some linkage groups 

was due to breeder selection that was maintaining favourable linkage blocks and, 

thus, resulting in repressed recombination (Stefaniak et al. 2006). Extending this 

rationale, it would suggest that recombination can be a positive or a negative 

mechanism in breeding for cultivar improvement, depending on which area of the 

chromosome it occurs in.  

 Two important areas of genomic research in soybean genetics are genetic 

diversity and linkage disequilibrium (the non-random association of alleles at 

different loci). Genetic variation is a critical component for continued genetic gain 

while linkage disequilibrium has recently received much attention for its use in 

association analysis approaches for gene identification and mapping.  

Genetic bottlenecks are one factor that greatly influences the genetic 

diversity of any species. A genetic bottleneck occurs when the number of 

individuals in a population is drastically reduced, or when a subset of individuals 

from a population becomes genetically isolated and forms a new population 

(known as a founder effect) (Hartl and Clark 1997).  Both scenarios lead to a 

reduction in genetic diversity. Soybean has undergone several genetic 

bottlenecks as a result of both the domestication process and through 

subsequent plant breeding activity. Hyten et al. (2006) investigated the impacts 

of genetic bottlenecks on soybean genome diversity. They compared DNA 

sequence changes among 102 genes in four soybean populations representing 

pre and post-genetic bottleneck populations. The greatest loss of genetic 

diversity occurred with the domestication of Glycine max from its wild relative 
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Glycine soja where 81% of the rare alleles and 79% of the low-frequency 

sequence variants were lost (Hyten et al. 2006). Interestingly, the study found 

that elite soybean cultivars have retained much of the diversity present in the 

North American ancestors. Conversely, when comparing the elite populations to 

the Glycine soja population, 40 of the 102 genes were fixed in the elite cultivars, 

while only 7 were fixed in the Glycine soja population (Hyten et al. 2006). The 

study also highlighted another important aspect about the genetic diversity in 

soybean, the naturally low level of diversity in Glycine soja. Compared with the 

wild relatives of other crop species, Glycine soja has the lowest level of 

sequence diversity and even when compared to elite maize inbred lines, the 

levels of sequence diversity are lower in Glycine soja (Table 1).      

 

Table 1. Genetic diversity estimates for various cultivated crops and their wild 
relatives. 
 

Crop Species  Diversity (Theta)* Reference 
Glycine soja 0.00235 Hyten et al. 2006 
Glycine max (elite cultivars) 0.00083 Hyten et al. 2006 
Teosinte  0.0109 Wright et al. 2005 
Maize Inbreds 0.00627 Wright et al. 2005 
Wild Sunflower 0.0144 Liu and Burke 2005 
Cultivated Sunflower 0.0072 Liu and Burke 2005 
Wild Rice  0.0064 Zhu et al. 2007 
Cultivated Rice  0.0027 Zhu et al. 2007 
 
*Theta is the number of polymorphic sites in a genotypic sample (Watterson et al. 1975). 

 

The use of linkage disequilibrium (LD) for the purposes of association 

analysis depends on the rate at which LD decays along a genomic region, with a 

high rate resulting in an increase in precision (Flint-Garcia et al. 2003). In a study 



 13 

by Lam et al. (2010) the genome sequence of 17 wild and 14 cultivated soybean 

accessions were examined with LD being one of the parameters of interest.  

They found that the level of linkage disequilibrium was the highest in any plant 

species to date, with the average distance for LD to decay to half its maximum 

value being ~150kb in cultivated soybean and ~75kb in wild soybean (Lam et al. 

2010). This is substantially larger than maize where the LD decays to <1kb in 

diverse germplasm, and selfing species such as Arabidopsis where LD decay is 

reported to be 3 to 4kb (Lam et al. 2010). In addition, the frequency of LD blocks 

>150kb in wild soybean was approximately half that of cultivated soybean (Lam 

et al. 2010). The implications from this study are two-fold; first, the number of 

markers required for appropriate genome coverage is much less than a species 

like maize. Second, there are likely to be resolution issues with association 

analysis for trait dissection in soybean, especially if it is conducted using only 

cultivated germplasm.  

 

Utility of Plant Pedigrees in Genetic Studies 

Genetic control of phenotypic traits can be studied using various types of 

experimental plant populations. Some of the most frequently used methods are 

development of F2 populations or recombinant inbred lines (RIL’s) from bi-

parental crosses. With the recent advances in association-based techniques, the 

use of germplasm panels has become popular for trait dissection purposes as 

well.  While these types of plant populations dominate the research literature, the 

use of plant pedigrees in genetic studies has not been as common. Jannink et al. 
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(2001), identified four main advantages in using pedigrees to map genes, as 

follows: 

1) Sampling of full QTL (quantitative trait loci) variation. 

2) The germplasm represents an applied context. 

3) Cost effectiveness by using historic phenotypic data. 

4) Retrospective analyses are possible. 

 

Pedigrees are ideal for genotyping for the purposes of tracking allele/whole 

chromosome transmission over several generations. This knowledge can be 

extremely useful for breeding programs as it allows for the characterization of the 

formation and inheritance of linkage blocks across germplasm development over 

time. Also, the degree of allelic fixation within a breeding program can be 

determined, providing important information in terms of future/potential genetic 

gain. In addition, the nature of parental contribution over multiple pedigrees can 

be used to identify the origins of important alleles/QTL that have contributed to 

the germplasm base as a whole. Sjakste et al. (2003) used pedigree genotyping 

in barley to characterize gene pools, examine the degree of specific ancestral 

contribution to cultivar development and track transmission of alleles and linkage 

blocks through multiple generations. The pedigree structure consisted of 37 

barley varieties that were ancestors of seven commercial Latvian cultivars.  They 

identified a core set of ancestors that had a major impact on the creation of the 

modern Northern European and Latvian varieties, and found that the alleles fell 

into two major categories; those of high frequency among cultivars, or unique 
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alleles that were found only in certain lines.  Simko et al. (2003) genotyped 

potato pedigrees to trace back the allelic inheritance of a particular phenotypic 

trait, disease resistance of the fungal pathogen Verticillium dahliae. It was 

discovered that two ancestral genotypes contributed greatly in either transmitting 

susceptibility or resistance to the pathogen to present day commercial cultivars 

and that the microsatellite allele associated with resistance could be tracked in 

over 139 potato cultivars comprising many different pedigrees.  

 Genotyping studies using soybean pedigrees were conducted by Lorenzen 

et al. (1995, 1996) to examine transmission and recombination during cultivar 

development. The first study involved characterizing the nature of molecular 

transmission over multiple generations, while the second, investigated the role of 

recombination during cultivar development.The molecular transmission study 

demonstrated the utility of using molecular markers in pedigrees to determine 

parental transmission and to identify instances where the parental genomic 

contributions were not equal (i.e. did not conform to Mendelian expectations).  In 

26 crosses evaluated (21 single cross and five backcross), significant deviation 

from expected nuclear contribution was found in only four instances (three for 

single cross and one for backcross) (Lorenzen et al. 1995).  The study also 

highlighted the use of molecular markers for validating and/or refuting pedigree 

records of cultivars.  

The second study investigating the role of recombination during cultivar 

development (Lorenzen et al. 1996), found that in single-cross breeding 

programs there was an average of 5.2 recombination events per cultivar. For 
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backcross programs there was an average of 8.0 recombination events per 

cultivar (Lorenzen et al. 1996). The other important findings were that more 

recombination events occurred in the end regions of the linkage groups than in 

the middle regions, and that certain linkage blocks were inherited without change 

(i.e. identical allele composition). These intact linkage blocks were shared among 

cultivars that were independently developed by different breeding programs 

(Lorenzen et al. 1996). As with the study by Stefaniak et al. (2006), the authors 

suggest that breeder selection is an explanation for a highly conserved linkage 

block, in which recombination appears to be repressed. If breeders have 

assembled gene combinations with favourable epistatic interactions, then it 

would be beneficial to maintain these linkages in subsequent cultivars. 

With the large amount of genomic information available for soybean, 

comparative analysis of quantitative trait loci (QTL) studies conducted by 

individual breeding programs can be performed to determine if a given QTL 

exhibits a similar effect on a phenotypic trait across different germplasms. As 

pedigrees consist of different germplasm, they provide an opportunity to evaluate 

QTL in different genetic backgrounds. A recent study by Qin et al. (2010) used an 

in silico mapping approach to discover and follow transmission of QTL in the 

pedigree of a commercially successful Chinese cultivar. The method involved 

performing a regression analysis between the identity-by-state (IBS) between 

members of the pedigree and the correlation of various phenotypic traits. The 

authors stated that this type of approach might be useful for gene discovery 

purposes, while the main disadvantage is an inability to estimate QTL effects 
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(Qin et al. 2010). The in silico QTL were compared to the reference genetic map 

of soybean to determine if QTL detected by in silico methods were consistent 

with those identified by traditional bi-parental mapping populations. Out of the 39 

SSR’s that were significant from the in silico analysis, 25 were reported to have 

been related to agronomic traits in the reference genetic map (Qin et al. 2010). 

The number of instances where the trait QTL identified by the in silico method 

matched the reference genetic map varied depending on the trait. Thus this type 

of an approach is useful for landmarking of genomic regions of interest across 

different germplasm for further characterization of potential underlying genes. 

 

Selective Sweep Mapping Strategies 

One of the primary goals of molecular genetic studies in plant breeding programs 

is to discover and map genes/QTL’s that have a significant effect on the 

phenotypic expression of a given trait. Two of the most widely used methods for 

genetic mapping are linkage and association mapping.  A common requirement 

for both methods is that there be sufficient segregating phenotypic and molecular 

variation in order to make statistical associations between a given molecular 

variant and the phenotype. However, some genes/genomic regions may not 

contain sufficient molecular variation due to the effects of selection during both 

crop domestication and/or the crop improvement process by plant breeders. As a 

result, an important class of genes may not be identifiable via linkage or 

association based analysis (Yamasaki et al. 2005). 
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 A genomic region in which the molecular diversity has been reduced, due 

to an advantageous mutation (allele/haplotype) such that it reduces variation in 

linked neutral sites is said to have undergone a selective sweep (Nielsen 2005). 

Both natural and artificial selection can purge diversity for a gene depending on a 

number of factors. In terms of natural selection, the selective sweep may be 

taxon-related such as that seen in the mitochondrial gene cytochrome c oxidase 

(Hebert et al. 2003). In this case the level of intra versus inter-specific nucleotide 

variation is such that members of the same species have a haplotype that is 

significantly different than that of a different species. This forms the basis of so-

called “universal” DNA-based species identification systems (Hebert et al. 2003). 

Other ways in which natural selection can alter the molecular diversity of a 

species is by geographic isolation or habitat expansion (Hartl and Clark 1997). In 

either scenario, if a beneficial mutation(s) arises in one population that better 

adapts it to a specific environment, then natural selection will favour those 

mutations (or haplotypes), and thus a selective sweep can occur in genomic 

regions associated with local adaptation (Kauer et al. 2003).  

 Unlike natural selection, which may take thousands or millions of years to 

produce evidence of a selective sweep, artificial selection can drastically reduce 

the level of genetic diversity in a species over a short period of time (Doebley et 

al. 2006). In addition to overall diversity loss, artificial selection can target specific 

regions of the genome that result in massive diversity loss (i.e. fixation), 

especially if these regions are associated with traits of agronomic importance 

(Vigouroux et al. 2002). In terms of plant breeding, two specific events related to 
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artificial selection-induced selective sweeps are crop domestication and crop 

improvement (Figure1).    

 

 

 
Figure 1: Effect of selection on allele frequencies of different gene types. 
Modified from Yamasaki et al. (2005). 
 

There are three cases in which allele frequencies may undergo changes. The 

first is a neutral gene where a reduction in diversity will be due to a general 

bottleneck effect. The other two types of genes, domestication and crop 

improvement related, will have a favoured allele (or haplotype) selected such that 

it results in a severe reduction of allelic diversity at that locus (Yamasaki et al 

2005).  

 A number of studies have been done in various crop species in order to 

identify genomic regions/specific genes that have undergone a selective sweep 

or exhibit a “selection signature”. The majority of these studies have focused on 

the effects of selection during the domestication process with molecular diversity 

loss being compared between wild relatives and modern cultivars. Maize is the 

model crop for studies on the effects of artificial selection on genome diversity. In 

Wild Species 

Landraces 

Modern 



 20 

a study by Wright et al (2005), it was estimated that approximately 4% of genes 

(~1200) had experienced artificial selection.  Palaisa et al. (2004) investigated 

the extent of a selective sweep in maize for a specific phenotype: white versus 

yellow endosperm. Maize with yellow endosperm has been preferentially 

selected by breeders due to its increased nutritional value compared to maize 

with white endosperm. It was found that there was a significant reduction in 

sequence diversity in the y1 (phytoene synthase) gene for maize with yellow 

endosperm compared to that found in maize with white endosperm (Palaisa et al. 

2004). Furthermore, this reduction in diversity extended 600kb downstream of y1 

while only 200kb upstream (Palaisa et al. 2004). This demonstrated the extent to 

which a selective sweep can impact not only a target gene, but genomic regions 

in close proximity to it, as well as the asymmetric nature in which a selective 

sweep an occur. Thus, how broad or narrow a selective sweep may be depends 

on both the genomic region in question and the intensity of selection applied. 

Vigouroux et al. (2002) examined allele frequency changes in two classes of 

SSR’s, those known to be polymorphic in U.S. maize inbreds and those 

monomorphic in U.S. maize inbreds. They compared these regions to teosinte 

and discovered 15 loci that showed evidence of selection, with 6 showing 

homology to known genes (Vigouroux et al. 2002). These regions were also near 

QTL associated with various agronomic traits such as maize ear structure and 

seed weight differences between modern maize inbreds and teosinte (Vigouroux 

et al. 2002).  
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 For soybean, there have been some recent studies on the effects of 

artificial selection for specific agronomic traits. Tian et al. (2010) identified four 

distinct single-nucleotide substitutions in the D1 gene that were artificially 

selected for in the transition from indeterminate to determinate growth habit in 

soybean (determinate growth is rarely seen in Glycine soja).  Jan et al. (2011) 

compared three classes of SSR’s between Glycine soja and Glycine max. Group 

A SSR’s were not located near any known QTL, group B were associated with 

seed protein content and group C were associated with resistance to Sclerotinia 

stem rot. The group A markers showed only a small reduction in genetic diversity 

while group B had a large reduction in genetic diversity. Interestingly, group C 

showed a large increase in genetic diversity in the Glycine max lines (Jan et al. 

2011). This highlights an important aspect about artificial selection for some traits 

where selection can increase diversity through local adaptation of germplasm 

across a diverse set of environments. 

 

Statistical Tests for Selection  

DNA sequence based   

Identifying genomic regions that have undergone a selective sweep is based on 

determining if the molecular diversity at a particular region (or gene) has been 

reduced beyond that expected under a model of neutral evolution (i.e. no 

selection).  To quantify DNA sequence diversity, two commonly used statistics 

are π (pi) and θ (Theta, also known as Watterson’s estimator). Pi is the expected 

heterozygosity per nucleotide site (Tajima 1983), and theta is the number of 
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polymorphic sites in a genotypic sample corrected for sample size (Watterson 

1975). These two statistics provide the basic summary of molecular diversity 

when using DNA sequence data.  

A number of methods have been developed to reject a model of neutrality 

based on molecular data. The overriding theme for these methods is the 

comparison of sequences to determine significant changes in the nucleotide 

composition for a particular individual, group or population. One of the most 

frequently used tests is the Tajima’s D test. For this test the average number of 

nucleotide differences between pairs of sequences is compared with the total 

number of segregating sites (Tajima 1989). This is known as an allele frequency 

spectrum test (Nielsen 2005).  The test is significant if the difference between the 

two values is larger than what is expected from the neutral model. It should be 

noted that a skew in allele frequency, linkage disequilibrium and a selective 

sweep are not mutually exclusive. The interplay between them is depicted in 

Figure 2.  Selection changes the allele frequency by reducing the genetic 

diversity in a region, which consequently increases the level of linkage 

disequilibrium in the same region (Nielsen 2005).  
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Figure 2. Relationship between reduced molecular variability, linkage 
disequilibrium and selective sweep tests. From Nielson (2005) 

 

Other widely used methods for identifying selective sweeps are the HKA and 

MacDonald-Kreitman tests (Neilsen 2005). For the HKA test the ratio of 

polymorphism within a species (e.g. Glycine max) to divergence from an 

outgroup (e.g. Glycine soja) is compared for two classes of genes, those which 

are thought to have been targets of selection and genes with no selection (i.e. 

neutral genes). A selective sweep reduces the ratio for those genes compared to 

the neutral genes (Hudson et al. 1987). The MacDonald-Kreitman test is similar 

to the HKA test but focuses on the number of nonsynonymous and synonymous 

mutations (i.e. nucleotides in the coding region of a gene only) within and 

between species (McDonald and Kreitman 1991). Again the ratios of 

nonsynonymous to synonymous mutations are compared within and between 
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species. If these ratios differ significantly than it provides evidence for selection 

(McDonald and Kreitman 1991). 

 

Microsatellite-based selection statistics  

The use of microsatellite markers for genetic studies in crop species has been 

frequent, as they are cost effective, informative (i.e. multiallelic, co-dominant) and 

occur in high frequency in plant genomes. For identifying selective sweeps, one 

use of microsatellite markers is in defining the genetic population structure of a 

given population or groups of populations. A selective sweep can have a 

dramatic impact on the level of population subdivision. When a locus shows 

extraordinary levels of genetic population differentiation, compared with other 

loci, it can be interpreted as evidence of selection. This is known as a population 

differentiation approach to identifying a genomic region impacted by selection 

(Nielsen 2005).  

The concept in a population differentiation approach is to use a multilocus 

screen to survey the genome and identify markers that exhibit a pattern of 

genetic variation that is significantly different between two or more 

populations/groups. An important aspect to this approach is that forces such as 

genetic drift, migration and inbreeding affect all loci to the same extent, while 

selection is targeted to only a few loci (Schlötterer, 2002a). The two principal 

statistics used with microsatellite data for determining significant markers in a 

selective sweep genome scan are Fst and the Schlötterer microsatellite variability 

statistics LnRV and LnRH.  
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The Wright F-statistics developed by Sewall Wright to quantify the inbreeding 

effect of population substructure, are a method for partitioning the genetic 

variation to within and among populations. Depending on the level of structure in 

a population, various F-statistics can be calculated to describe the reduction of 

genetic variation at a particular level. Wright developed a fixation index that 

equals the reduction in heterozygosity at one level of a population hierarchy 

relative to another (Hartl and Clark 1997). A range in values between 0 and 1 is 

possible, with 0 indicating no genetic difference between populations, and 1 

indicating fixation of alternate alleles in different populations. Thus, a component 

of genetic population differentiation is the fixation of alternate alleles, with 

selection being a cause of alternate allele fixation. This is the rationale behind 

using the Fst statistic in selective sweep studies. For values of Fst, Wright 

suggested the following guidelines for interpreting Fst values;  

 

• The range 0 to 0.05 may be considered as indicating little genetic 

differentiation. 

• The range 0.05 to 0.15 indicates moderate genetic differentiation.  

• The range 0.15 to 0.25 indicates great genetic differentiation. 

• Values of Fst above 0.25 indicate very great genetic differentiation. 

 

The Schlötterer variability statistics were developed by Christian Schlötterer 

as a microsatellite-based method for the identification of local selective sweeps. 

(Schlötterer, 2002a).  As microsatellites themselves are unlikely to be targets of 
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selection, their use in detecting a selective sweep relies on their linkage to a 

region that has undergone a selective sweep. In effect, the marker has reduced 

molecular variation due to “hitchhiking” along with the selected loci (Harr et al 

2002). The extent to which flanking markers are affected by such a selective 

sweep depends largely on the strength of selection and the recombination rate 

(Schlötterer, 2002b). For lnRV the reduction in variation between 

groups/populations at each microsatellite loci is calculated by taking the ratio of 

variance in the repeat length (i.e. tandom repeat motif) of the microsatellite 

marker. For lnRH it is the ratio of expected heterozygosity/gene diversity at each 

microsatellite marker that is used (gene diversity is the probability that two 

randomly chosen alleles from the population differ). The derivation of lnRH is as 

follows: 

 

 

 

From Schlötterer and Dieringer, 2005 

 

Where H = gene diversity in Pop1 and Pop2 respectively and µ = the 

microsatellite mutation rate. It is evident that the equation simplifies to the ratio of 

gene diversity between the two groups/populations.  
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The distribution for neutrally evolving microsatellite loci follows a Gaussian 

(normal) distribution. Following standardization of the lnRH values it is possible to 

assign a P value to each locus (using the density function of the Gaussian 

distribution) and those loci with a P value below a given significance threshold 

are determined to be significant for a selective sweep (Schlötterer 2002a). 

Schlötterer determined that lnRH has a higher power to detect selective sweeps 

than lnRV due to issues regarding locus specific differences in repeat length 

mutation rates (Schlötterer and Dieringer 2005).  Also, lnRH has been shown to 

be a very robust statistic with a normal distribution of values being maintained 

over a range of parameters such as a population bottleneck, sample size and 

mutation rate (Schlötterer and Dieringer 2005). A number of studies have utilized 

these statistics for investigating the nature of adaptation and selection in a wide 

range of species. The decision on whether to use a sequence-based analysis or 

a microsatellite-based analysis depends in part on the level of genomic 

information available for a given species and the cost associated with a muli-

locus genome-wide scan across multiple groups or populations.  
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Chapter 1: Characterization of Genetic Diversity and 
Chromosome Composition and Transmission Through the 

Pedigree of an Elite Canadian Soybean Cultivar 
 

 

 

Abstract 

 

Genotyping through the pedigrees of elite soybean [Glycine max (L.) Merr.] 

varieties developed by a breeding program represents an opportunity to explore 

and characterize various molecular and genetic changes that are a direct result 

of long-term selection by soybean breeders. For Ontario soybeans, one such 

elite variety was OAC Bayfield, which had exceptional commercial success as 

well as being a parent of a number of successful varieties developed by multiple 

independent breeding programs. A total of 42 lines, which comprise the multi-

generational pedigree of OAC Bayfield, were genotyped with molecular markers 

and chromosomal inheritance was tracked throughout the pedigree. Cluster 

analysis showed high congruence with the known pedigree and divergence of 

current cultivars from three distinct ancestral groups. The ancestral genotypes 

contained the majority of the rare alleles, with the variety CNS being the most 

genetically distinct member of the pedigree. The graphical genotype profile for 

the 20 chromosomes revealed substantial allelic structure which has been built 

up in certain chromosomes in the form of specific linkage blocks, which were 

either a result of recombination involving ancestral linkage blocks or linkage 

blocks introduced from the cultivar Fiskeby-V.  There were a number of instances 

of unequal parental genomic inheritance to progeny, with what appears to be 

preferential inheritance of entire chromosomes from a particular parent. This was 
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especially evident when comparing OAC Bayfield to its sibling varieties as well as 

tracking chromosomal inheritance from OAC Bayfield for a further two 

generations, where the transmission of specific chromosomal regions differed 

depending on the phenotypic characteristics of the progeny derived from OAC 

Bayfield. The identification of highly structured, conserved genomic regions are 

important for future breeding efforts as they are indicators of preferentially 

selected regions, or conversely, may be a contributing factor to low genetic gains 

due to mass fixation across a breeding programs germplasm.   
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Introduction 

 

Continued improvement of soybean varieties relies on sufficient genetic variation 

between parents to produce a population of individuals in which there is enough 

phenotypic variation to improve traits of interest. As phenotypic variation is 

positively associated with genetic diversity (Moose and Mumm 2008) it is 

important for a soybean breeding program to maintain a sufficient level of genetic 

diversity for continued genetic gain of a particular trait. The narrow genetic base 

of North American soybean breeding programs is well documented, with 35 

ancestral genotypes accounting for 95% of the genes found in modern cultivars 

(Gizlice et al. 1994). This number is further reduced when comparing southern 

versus northern environments. For the northern genetic base, 10 ancestors 

account for 80% of the genes, with only five cultivars; Lincoln (24%), Mandarin 

(17%), Richland (11%), AK Harrow (7%) and Mukden (5%) accounting for ~65% 

of all genes in modern northern germplasm (Gizlice et al. 1994). Combined with 

intense selection over multiple generations in applied breeding programs, this 

process has led to concerns over the ability to make continued genetic gains for 

variety improvement as well as increased vulnerability to disease and insect 

epidemics (Hyten et al. 2006).  

Widening the genetic base of a breeding program can be accomplished 

through plant introductions or other exotic material (Tanksley and McCouch 

1997). With the development of high throughput genomic technologies as well as 

reference genetic maps/genome sequences, there are now means for screening 
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large germplasm collections (to the DNA sequence level) for the purpose of 

genetic diversity introgression in expanding a genetic base or allele mining for 

the specific improvement/modification of a particular trait. However, without a 

priori knowledge of the molecular landscape of elite breeding germplasm within a 

specific environment, using this molecular information for practical breeding 

purposes will be of limited value. Furthermore, in regards to molecular breeding 

efforts, the need for expanding a genetic base must be balanced by elite 

performance (Moose and Mumm 2008) as incorporating exotic material can have 

negative consequences (undesirable alleles, breaking up favourable linkages) in 

terms of commercial cultivar development. In a study of the genetic diversity of 

Canadian soybean cultivars, Fu et al. (2007) found that Canadian cultivars have 

maintained a broad degree of genetic diversity, as cultivars released after 1990 

had slightly more diversity than those before 1970. Therefore, Canadian soybean 

germplasm may still possess substantial genetic variation compared to other 

gene pools in North America.  However, total genetic diversity among a wide 

range of cultivars may not be representative of the amount of diversity actually 

utilized within a specific breeding program, especially when comparing the allelic 

diversity among elite varieties or when a low number of molecular markers are 

used to survey a genome. 

One strategy for characterizing molecular changes in the development of 

elite varieties is to genotype the members of the pedigrees that comprise elite 

varieties. As pedigrees represent a record of breeder manipulations (Shoemaker 

et al. 1992) genotyping not only the ancestors of commercially successful 
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varieties, but also elite varieties developed from these landmark varieties can be 

of great value in identifying genomic regions of importance. As selection (both 

artificial and natural) purges unfavourable alleles while maintaining favourable 

allele combinations in the form of linkage blocks, the net result is further 

reduction in the genetic diversity within elite germplasm.  

From a molecular breeding perspective, it is of interest to characterize this 

process and identify which alleles ultimately become incorporated into elite 

varieties from an ancestral gene pool. In addition to allelic diversity, the effects of 

recombination, which is an important mechanism for creating novel allelic 

combinations, can be investigated over multiple generations of applied breeding. 

Using molecular markers to track specific chromosomal regions in pedigrees, 

Sjakste et al. (2003) demonstrated the utility of using graphical genotypes in 

investigating various aspects of the breeding process in Latvian barley varieties, 

especially in the identification and transmission of conserved linkage blocks. 

Genotyping of pedigrees was also used as a strategy to track the origin of 

susceptibility and resistance to the fungal pathogen Verticillium dahliae in North 

American potato varieties (Simko et al. 2004). While there have been studies 

done using molecular markers to track chromosome transmission in soybean 

pedigrees (Lorenzen et al. 1995; Lorenzen et al. 1996), no such study has been 

done in elite germplasm adapted to the specific growing environments of Ontario, 

Canada.  

 OAC Bayfield represents a landmark variety for soybean growers in 

Ontario.  Developed by the University of Guelph soybean breeding program from 
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a cross performed in 1985, it was commercially released in 1994. At its peak in 

1998, it was grown on over 400,000 acres which represented ~20% of the total 

soybean acreage in Ontario for that year. From1994-2004 the estimated 

economic value of OAC Bayfield to the Ontario economy is in excess of $750 

million (ARIO, 1998). This value is considerably higher given its role as a 

parent/grand parent in a number of commercially successful varieties such as 

OAC Wallace, OAC Champion OAC Kent and OAC Drayton. The use of OAC 

Bayfield as a parent is not limited to cultivars developed from the University of 

Guelph. Through germplasm exchange, it has been used in independent 

breeding programs for cultivar development purposes. Given the overall impact 

OAC Bayfield has had on commercial soybean breeding in Ontario, the objective 

of this study was to conduct a characterization of both genetic diversity and 

chromosome composition changes through multiple generations of the breeding 

process, involving OAC Bayfield’s deep pedigree.  
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Methods and Materials 

 

Plant material  

Seed for the genotypes comprising the pedigree of OAC Bayfield (Figure 1.1) 

were obtained from various organizations/breeding programs depending on the 

source of the material (Table 1.1). For ancestral genotypes (i.e. pre-OAC 

Bayfield), accessions were obtained from either the Plant Gene Resources of 

Canada (PGRC) in Saskatoon, SK, Canada or the United States Department of 

Agriculture (USDA) soybean germplasm collection in Urbana-Champaign, IL, 

USA. Seeds for the remaining genotypes were either collected directly from the 

University of Guelph soybean breeding program or received from various 

collaborating soybean breeding programs, which included; Pioneer Hi-Bred, 

Ridgetown College, La Coop Fédérée, Semences Prograin and Agriculture and 

Agrifood Canada (AAFC). Two sibling varieties of OAC Bayfield, OAC Salem and 

OAC Brussels, were also included for comparison purposes with regards to 

genotype profiling. 

 

DNA Extraction and Genotyping  

DNA was extracted from approximately 15-20 freeze-dried leaf punches or from 

seed using the Sigma Genelute™ Plant genomic DNA extraction kit. Template 

DNA concentration and purity was measured via Nanodrop spectophotometry 

and was standardized to 5ng/ul for use in PCR reactions. Simple sequence 

repeat (SSR) markers were selected based on the composite linkage map (Song 

et al. 2004) in SoyBase (www.SoyBase.org), with genome-wide genotyping being 
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performed at a density of approximately one SSR marker per 10cM for each 

chromosome.  PCR amplification was performed based on the Schuelke method 

(2000), with the final PCR cocktail consisting of the following: 3µl of 20% 

Trehalose, 4.06µl of molecular grade H2O, 1.5µl of 10X PCR buffer, 1.5µl of 

25mM MgCl2, 1.0µl of 3mM dNTP mix, 0.12µl of 4µM “M13 tailed” forward primer, 

0.48µl of reverse primer, 0.48µl of 4µM “universal” M13 primer labelled with 

either 6FAM, VIC, NED or PET fluorescent dyes (Applied Biosystems, Foster 

City, CA), 0.4µl of 2.5U/µl Sigma Jumpstart™ taq polymerase and 3µl of 

template DNA for a total reaction volume of 15µl. Amplification reactions were 

performed using Stratagene thermocyclers (Santa Clara, CA) with the following 

cycling profile; an initial denaturation at 94°C for 5 min followed by a two-step 

cycling profile, with 30 cycles of 94°C for 30 s, 56°C for 45 s and 72°C for 45 s 

followed by 8 cycles of 94°C for 30 s, 53°C for 45 s and 72°C for 45 s with a final 

extension at 72°C for 10 min. Completed PCR products were “pool-plexed” to 

combine up to four SSR markers at a time for fragment analysis conducted at the 

University of Guelph Advanced Analysis Centers Genomics Facility using the ABI 

3730  DNA Analyzer. The size standard 500-LIZ was used as the internal size 

standard and PCR fragment sizes were determined using the software program 

GeneMarker® (Softgenetics, State Collage, PA), using the local southern sizing 

algorithum.    

 

Data Analysis 

Molecular genotype profiles for all lines were visualized as graphical genotypes 

using the software program graphical genotypes (GGT) 2.0 (Berloo, 2008). 
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Designation of alleles was done in a chronological fashion with the foundation 

varieties being genotyped first and subsequent lines being genotyped 

accordingly.  The variety Mandarin 2 was arbitrarily chosen as the reference 

genotype when creating the microsatellite allelic series for each SSR marker, 

thus the genotype profiles of the other lines used in the study are relative to 

Mandarin 2. For classifying a chromosomal region as a linkage block, the criteria 

of Lorenzen et al. (1996) was used, where three consecutive informative loci 

derived from a particular ancestor being inherited as a unit for a minimum of two 

generations constitutes a linkage block. For single generation inheritance, four 

consecutive informative loci are required for a region to be classified as a linkage 

block. This software was also used to create a genetic distance matrix based on 

the simple matching coefficient between cultivars (Mohammadi and Prasanna 

2003). This matrix was used to construct a neighbour-joining phylogenetic tree to 

assess the congruence of the genotype data to the known pedigree record as 

well as quantify the genetic distance between members of the pedigree. 

Summary statistics related to genetic diversity such as allele number per marker, 

allele frequency and polymorphism information content (PIC) were calculated 

using PowerMarker v3.25 (Lui and Muse 2005).  To test for non-random 

Mendelian inheritance between a pair of parents and their progeny, a chi-square 

analysis was done using marker alleles that were polymorphic between a given 

set of parental genotypes.  
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Results 

 

Genetic Diversity   

Genotyping with the 161 markers produced a total of 644 alleles, with the number 

of alleles per marker varying from 1 to 9, resulting in an overall average of 4 

alleles/marker (Table 1.2). The average number of alleles per locus on a 

chromosome basis (min 3.1, max 4.9) was consistent with the overall average. 

Thus, there were no chromosomes with extreme diversity loss or excess on an 

average basis. However, out of the 161 markers, 14 had a major allele frequency 

>0.95 which corresponds to approximately 9% of the sampled genome in which 

there was no allelic diversity available as these regions were fixed at the base 

generation of the pedigree.  

Polymorphism information content (PIC) values ranged from a low of zero 

to 0.847 (Sat 417), with larger values being of greater use when genotyping 

additional/unknown germplasm (e.g. for identification purposes), as these 

markers are more likely to be polymorphic among various soybean cultivars.  

Cluster analysis grouped the varieties into six clades (Figure 1.2), which in 

general, showed high congruence with the known pedigree record. The 

dendrogram revealed three distinct ancestral clades that are separate from each 

other as well as the current varieties. Ancestral group I consisted of Mukden, 

Richland, Manchu, Blackhawk and CNS. Ancestral group II consisted of AK 

Harrow, Lincoln2, Clark and Wayne. The final Ancestral group (III) consisted of 

Mandarin 2, Harosoy, Harosoy 63, Capital, Corsoy and one of the lines from La 

Coop fédérée, X4936-29-B. This was the major exception to the overall 
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congruence of the dendrogram to the pedigree record and reasons for this line 

clustering to an ancestral group are either an erroneous sample or a large 

contribution of ancestral alleles in this particular line. The OAC Bayfield clade 

(group IV) consisted of its parents (KG 60 and Bicentennial), its siblings (OAC 

Salem and OAC Brussels), the progeny derived from OAC Bayfield and Fiskeby-

V. The remaining two clades (group V and VI) are composed of the progeny that 

were derived from a particular parental variety (i.e. either OAC Champion or OAC 

Kent). Pair wise genetic distance between varieties (Appendix, Table 1) ranged 

from 0.09 between Harosoy and Harosoy 63 to 0.73 between CNS and Clark.  

CNS, in fact, was the most genetically distinct variety with an average genetic 

distance value to all other members of the pedigree of 0.67. 

 Genotyping through the pedigree also reveal a number of rare/unique 

alleles that were either found in the ancestral genotypes or lines from 

collaborating breeding programs (Figure 1.3). Of the ancestral genotypes, CNS 

contained the highest number of rare/unique alleles (31) followed by Manchu (13) 

and Fiskeby-V (10). Line X0545-39B from La Coop Fédérée had considerably 

more unique alleles than any other line derived from OAC Bayfield with 14 

unique alleles.  

 

Chromosome Composition and Transmission to OAC Bayfield  

A graphical genotype profile of each of the 20 chromosomes characterizing the 

specific transmission of microsatellite alleles/allele combinations through the 

pedigree of OAC Bayfield is provided in Figure 1.4. Beginning with Mandarin 2 as 
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the reference genotype, each allele is colour-coded to form the allelic series of a 

given microsatellite locus. From the base generation of the pedigree, the change 

in the allelic structure of each chromosome from the ancestors to OAC Bayfield 

can be observed as chromosome transmission to OAC Bayfield is tracked 

through the pedigree. A striking feature of the transmission pattern through the 

pedigree is the high level of allelic structure that is built up in particular 

chromosomes which is conservatively transmitted, with a lack of such structure in 

others.  The allelic structure is primarily in the form of linkage blocks that fall into 

two general categories: ancestral linkage blocks that are combined through 

recombination with subsequent conserved transmission, and novel linkage 

groups introduced from Fiskeby-V.  

 Chromosomes 1 and 7 provide examples of large linkage blocks derived 

through recombination of ancestral linkage blocks (Figure 1.5). In the case of 

chromosome 1, there is a linkage block (40.9-61.0cM) that is shared among a 

number of the base generation ancestors (AK Harrow, Manchu, Mukden and 

Richland). This region is conservatively transmitted along the pathway of 

Mukden/Richland-Blackhawk-Harosoy 63, where a recombination event with 

Fiskeby-V results in a highly structured chromosome that is transmitted from 

Bicentennial and is shared among OAC Bayfield, OAC Salem and OAC Brussels.  

Interestingly, the chromosome composition is nearly identical to that of AK 

Harrow, a foundation ancestor. It appears that through recombination an 

ancestral chromosome composition is favoured for subsequent generations as 

KG60 (the other parent to OAC Bayfield, OAC Salem and OAC Brussels) has a 
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different chromosome composition than Bicentennial. Therefore, there appears to 

be preferential transmission from Bicentennial to all three siblings for the majority 

of the chromosome. As with chromosome 1, chromosome 7 has a key 

recombination event between the upper chromosomal region of Harosoy 63 (5.0-

50.1 cM) and the lower chromosomal region of Fiskeby-V (60.0-112.1 cM) that 

resulted in what appears to be the entire chromosome being transmitted without 

change through Bicentennial and its progeny, OAC Bayfield, OAC Salem and 

OAC Brussels. 

 Chromosomes 8 and 16 are examples where novel linkage groups that 

trace back to Fiskeby-V are conserved among OAC Bayfield, OAC Salem and 

OAC Brussels (Figure 1.6).  The uppermost region (9.1-34.0 cM) in chromosome 

8 and an 11 cM region (33.9-44.1 cM) in chromosome 16 are both inherited as 

distinct linkage blocks that are shared among OAC Bayfield and its siblings.   

 

Parental Inheritance  

Of the parent-offspring combinations that could be tested with a chi-square 

analysis, Premier, Bicentennial and OAC Brussels all showed significant 

deviations from the expected ratio of equal parental contribution (Table 1.3).  Of 

particular interest is the significant over-representation of alleles from Fiskeby-V 

in Bicentennial. This in turn is seen in OAC Brussels with the same over-

representation from Bicentennial. The other two siblings (OAC Bayfield and OAC 

Salem) have a more balanced set of alleles from their parents KG 60 and 

Bicentennial.  
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In addition to testing for unequal transmission, characterizing the nature of 

this unequal transmission can further aid in understanding the molecular 

landscape of an elite variety. Table 1.4 summarizes the major differences 

between OAC Bayfield and its siblings with regards to differentially inherited 

chromosomes, which appear to be exclusively inherited from one parent. Of note 

are the number of “whole” chromosomes (i.e. identical genotype profile to one of 

the parents) inherited from KG60 that make up OAC Bayfield when compared to 

either OAC Salem or OAC Brussels, while the number of “whole” chromosomes 

from Bicentennial transmitted to OAC Brussels largely accounts for the significant 

deviation from the expected parental ratio. One chromosome, chromosome 7, is 

inherited from Bicentennial and is shared among all three siblings.  

 

Chromosome Composition and Transmission; Post OAC Bayfield  

In tracking the chromosomal inheritance from OAC Bayfield for another two 

generations, two situations emerged: first, the chromosome allelic structure built 

up in OAC Bayfield remains highly conserved in particular varieties for particular 

chromosomes. Second, the transmission of conserved allelic structure found in 

OAC Bayfield was minimal in the development of other varieties. Among the 

eight varieties with OAC Bayfield as an immediate parent, Chromosomes 1 and 

16 exhibited the greatest amount of retained chromosome structure that had a 

high frequency of conserved transmission (Figure 1.7). For both of these 

chromosomes, six of the eight progeny (OAC Wallace, Phoenix, RCAT Wildcat, 

RCAT Matrix, OT05-18 and 90B73) share a highly conserved chromosome 
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composition, and in the case of chromosome 1, all six progeny varieties have an 

identical microsatellite allele composition for the whole chromosome to that of 

OAC Bayfield. For both OAC Champion and OAC Kent, the allelic transmission 

profiles were markedly different than the other six varieties derived from OAC 

Bayfield. With OAC Champion, Chromosomes 3, 4, 5, 16 and 19 all have the 

same allelic composition for the entire chromosome as OAC Bayfield (Figure 

1.8). With OAC Kent there were no such chromosomes and in fact there were 

alternate marker alleles at a number of the loci (72/161) when compared to OAC 

Bayfield, indicating less of an impact of OAC Bayfield with respect to allelic 

transmission than the other seven varieties.  

In addition, it was possible to track chromosome transmission for a second 

generation (i.e. generation for which OAC Bayfield is a grandparent) for both 

OAC Champion and OAC Kent.  Although a number of chromosomes shared 

identical allelic profiles between OAC Champion and OAC Bayfield, this structure 

was largely broken down in the next generation, except for Chromosomes 3, 

where 5/9 progeny share the identical allele profile to OAC Champion. In the 

case of OAC Kent, the differentiated allelic composition (with respect to OAC 

Bayfield) remains consistent among the lines derived from OAC Kent (RCAT 

0704/0705/0706 and OX-802).  

Although a number of chromosomes became differentiated (in regards to 

allelic profile) from OAC Bayfield over the two generations, there were regions 

that remained conserved among many of the lines. Chromosomes for which 

linkage blocks were conserved in a majority of cultivars derived from OAC 
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Bayfield (parent or grand parent) are the upper regions of Chromosomes 4 

(13/21), Chromosome 7 (15/21) and Chromosome 11 (12/21) (Figure 1.9).   
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Discussion 

 

Effects of long-term breeding on the molecular genetics of elite soybean 
cultivars 
 
By genotyping through the pedigree of an elite cultivar, a number of aspects 

about the genetic changes that occur through long-term applied breeding were 

investigated. As genetic diversity is a necessity for continuous genetic 

improvement, it was of particular interest to quantify the level of diversity and 

characterize the nature of the diversity (recombination vs. introgression) among 

the members of the pedigree. OAC Bayfield’s pedigree exemplifies the well-

known narrow gene pool that most North American soybean breeding programs 

are based on (Gizlice et al. 1994), with the same foundation ancestors 

(Mandarin-2, AK Harrow, Richland, Lincholn 2) occurring on both sides of the 

pedigree (Figure 1.1).  

The cluster analysis (Figure 1.2) revealed two important aspects about the 

genetic diversity among the genotype: the first being that the amount of allelic 

diversity is actually very limited as the contribution of alleles is based on only a 

few ancestors; and second, that despite this limited allelic diversity there is clear 

allelic differentiation between the modern cultivars and the ancestors. The allelic 

diversity becomes reduced with Harosoy 63, as it is in Ancestral group III of the 

dendrogram, which contains genotypes found on the other side of the pedigree. 

That is, not only are Mandarin 2 and AK Harrow on both sides of the pedigree, 

their alleles are being over-represented through Harosoy 63. This is also 
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supported by the genotypes making up Ancestral group I, which is the most 

divergent clade, indicating that this group of ancestors contributed less to the 

development of the modern cultivars than other ancestors. This is especially true 

for the ancestor CNS. It is the most diverse line on the basis that it had many 

unique alleles that were never incorporated into the pedigree of OAC Bayfield. 

This is not surprising as CNS is a group VII cultivar; it possesses many 

unfavourable alleles in regards to its agronomic characteristics for northern 

climates. This highlights an important issue with regards to widening a genetic 

base; it is not simply how genetically diverse a germplasm source is, but whether 

or not the genetic diversity will be of value for agronomic improvement in a target 

environment.  Despite the high level of shared alleles occurring on either side of 

the pedigree, there is still sufficient allelic diversity such that long-term breeder 

selection has stratified the allelic composition of current varieties/breeding lines 

into distinct clades, which are separate from the ancestral clades. The major 

contributing factor to this is that several breeding programs are represented in 

the cultivars derived from OAC Bayfield, with several different parental lines used 

in crossing with either OAC Bayfield, OAC Champion or OAC Kent, which is 

expanding the overall available allele pool in those generations. It is clear that 

while genetic diversity may be reduced, it is by no means exhausted. It would 

appear as though genetic diversity is being maintained among the active 

breeding programs developing cultivars for Ontario. 

Given the narrow genetic base of the ancestors, the primary mechanism 

for creating novel diversity are: 1) Recombination among the core set of 
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ancestral alleles or 2) Introgression through hybridization with plant introductions. 

It is evident from the graphical genotyping through the pedigree that 

recombination and introgression both serve as important mechanisms in creating 

novel genetic diversity for selection to act upon. In a study by Stefaniak et al. 

(2006) it was found that the highest yielding soybean lines selected from a 

recombinant inbred line population (RIL), had a higher number of recombination 

events when compared to all other lines of the population. Whether this is the 

case for OAC Bayfield cannot be determined from this study, however by 

genotyping other elite variety pedigrees in a breeding program, it could be 

determined whether elite lines were a result of more recombination events than 

lines that failed to become commercially successful, or they posses key 

introgressed genomic regions tracing back to particular plant introductions. 

The other important aspect of this study, in terms of applied soybean 

breeding, is the characterization of the allelic structure through generations of 

breeding activity. As chromosome genotype profiles are tracked through the 

generations, three observations become apparent: 1) The amount of 

recombination is not equal among the chromosomes, 2) The allelic structure is 

stratified with respect to the phenotypic characteristics of the various cultivars, 

and 3) Highly conserved linkage blocks contain a number of agronomic QTL 

when compared to previously reported QTL deposited in SoyBase 

(www.SoyBase.org, 2011). 

 Studies in many crop species have shown that allelic structure is built up 

through breeding via selection, which results in significant changes to the 
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genome (Sjakste et al. 2003; Wight et al. 2005; Zhu et al. 2007). One change is 

in the assemblage of linkage blocks, with the size of these linkage blocks being 

affected by the recombination rates, in that repressed recombination would result 

in large conservatively inherited linkage blocks, while conversely, enhanced 

recombination would result in fewer/smaller linkage blocks.  

Studies into the nature of recombination in soybean have shown that there 

are higher levels of recombination in the telomeric regions (due to higher gene 

densities) than centromeric/pericentromeric regions and that recombination rates 

vary greatly among chromosomes (Schmutz et al. 2010; Ott et al. 2011).  For the 

pedigree of OAC Bayfield, Chromosomes 6 and 13 had the highest level of 

recombination, which is depicted by the highly “shuffled” graphical genotype 

profiles for these chromosomes. Conversely, a number of Chromosomes (1, 3, 4, 

5, 7, 11, 16 and 19) exhibited a high level of allelic structure that was 

conservatively inherited, with extreme cases of “whole” chromosomes being 

inherited from one parent to certain progeny cultivars. This type of observed 

transmission could be a contributing factor explaining why OAC Bayfield became 

an elite cultivar while its siblings OAC Brussels and OAC Salem did not. OAC 

Bayfield contains large linkage blocks inherited exclusively from KG 60 that 

contain beneficial genes/alleles that act either additively or epistatically. By 

comparing the inheritance of genomic regions between OAC Bayfield and its 

siblings, further experiments can be developed to test this observation more 

thoroughly.  
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One important aspect of the pedigree in regards to large linkage groups 

being inherited exclusively from one parent is that many of the progeny cultivars 

derived from OAC Bayfield, OAC Champion and OAC Kent were developed 

independently by different breeding programs, with a number of different parents 

(i.e. the other parent crossed with OAC Bayfield, OAC Champion or OAC Kent) 

used in the cross that produced the cultivar. This kind of preferential transmission 

from one parent has been previously reported by Lorenzen et al. (1996). The 

authors found that various soybean cultivars from different breeding programs 

contained large linkage groups (essentially whole chromosomes) that were 

inherited intact from a particular parent. The authors suggested that this 

conserved transmission is due to selection, which is maintaining chromosome 

regions containing favourable combinations of alleles, or selecting for 

suppressed recombination in certain chromosomes to avoid a break-up of 

linkages in these favourable regions. The results from this study support the 

above conclusion as large linkage blocks on a number of chromosomes were 

shared among varieties/breeding lines developed by six different breeding 

programs, which all have OAC Bayfield as a common parent or grand parent.  

There is inherent phenotypic stratification among the varieties/breeding 

lines derived from OAC Bayfield used in this study. The most notable being 

maturity as a range of maturities (MG 00-II) are represented by the genotypes. 

The other traits in which there is clear differentiation among the genotypes are 

total oil and total protein. A “typical” profile for soybean seed composition is 20% 

total oil and 40% total protein, with these two traits being negatively correlated. 
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Six of the eight progeny with OAC Bayfield as the immediate parent (OAC 

Wallace, Phoenix, RCAT Wildcat, RCAT Matrix, OT05-18 and 90B73) all have a 

total oil composition >20% (results from field trials in 2010 as well what is 

reported in the Ontario Oil and Protein Seed Crop Committee database, 

www.gosoy.ca). Interestingly, they all share the large linkage blocks found on 

Chromosomes 1 and 16, however, this allelic structure could be associated with 

either total oil or maturity, as these varieties are similar in maturity as well.  

Conversely, OAC Champion and lines derived from it, all had a total protein 

composition >40%. This is reflected in the genotypic data, as OAC Champion 

had a number of differentially inherited chromosomes from OAC Bayfield with 

respect to the varieties with the >20% total oil composition.  

For the OAC Champion derived lines, only chromosome 3 exhibited a 

pattern of shared allelic structure with 5/9 lines having the same allelic 

composition. For OAC Kent and lines derived from it (RCAT 0704, 0705, 0706 

and OX-802), they are all MG II genotypes. Again this is reflected in the 

genotypic data, as OAC Kent had the lowest number of shared alleles with OAC 

Bayfield. In general, the overall allele profile for MG II genotypes is quite 

different, suggesting that there is a high level of allelic stratification with respect 

to maturity, which has been shown to be the case in other genetic diversity 

studies in soybean (Brown-Guedira et al. 2000). Further studies will be required 

to definitively associate the observed allelic structure with various traits of 

interest.   
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Perhaps the most intriguing observation was that the linkage blocks that had 

the highest frequency of shared inheritance among all lines derived from OAC 

Bayfield (parent or grand parent) also contained various agronomic QTL when 

comparing regions with the genetic maps in SoyBase (www.SoyBase.org, 2011). 

The distal regions of Chromosomes 4, 7 and 11 had the highest frequencies of 

shared linkage blocks. In each case the linkage blocks contained various 

agronomic QTL at positions within the linkage block according to the genetic 

maps in SoyBase (www.SoyBase.org, 2011). The most striking example is 

chromosome 7 where at approximately 18 and 35cM there is a clustering of 

agronomic QTL that span a wide range of traits (SoyBase 2011; genetic map of 

chromosome 7 is supplied as Figure 1 in Appendix). Interestingly, this 

chromosome was the one that was exclusively inherited from Bicentennial to 

OAC Bayfield, OAC Salem and OAC Brussels. This type of observation has 

implications with regards to genetic gain for trait improvement. Firstly, if the build 

up of allelic structure is associated with selection, then QTL that could potentially 

be of enhanced practical importance (with respect to applied breeding activities) 

can be identified and the regions investigated in more detail (e.g. sequencing to 

determine genes contained in those regions). Secondly, if there has been mass 

fixation for these QTL, then it will be a challenge to make further genetic gains 

when these large effect QTL regions have been fixed. Since the majority of both 

genes and recombination events occur in the telomeric ends of the 

chromosomes, by fixing these regions through intense selection, both allelic 

diversity and recombination are no longer effective mechanisms for creating 
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novel genetic diversity. Compounding this is the general breeding strategy of elite 

x elite crossing for varietal development in soybean, which primarily relies on 

recombination to produce novel genetic variation for selection. It should be noted 

that this is only a single pedigree, further genotyping into the breeding programs 

germplasm will aid in the characterization of the allelic structure and identify 

regions of fixation.  

Finally, genetic diversity studies that use small numbers of markers spaced 

far apart across the genome can be misleading when determining the level of 

genetic diversity across germplasm, as neutral loci may have high levels of 

diversity, which on a genome-level can mask the severe diversity loss in specific 

regions which may be of agronomic importance.  

 

Impact of Fiskeby-V 

Fiskeby-V was a Swedish variety developed by Sven A. Holmberg in the 1950’s, 

for the environment of Fiskeby, Sweden, which is many degrees above the most 

northerly latitudes in which soybean was known to be adapted to at the time 

(www.soyinfocenter.com). The “Fiskeby” series of soybeans that were developed 

were very early maturing (MG 000) varieties of soybeans that were adapted to 

cool climates.  From the genotyping, it is clear that Fiskeby-V has had a major 

impact on the development of OAC Bayfield (as well as its siblings) with respect 

to the introduction and transmission of novel alleles/linkage blocks found in the 

pedigree.  Both the dendrogram (Figure 1.2) and chi-square analysis (Table 1.3) 

provide evidence that Fiskeby-V was a key ancestor in the development of OAC 
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Bayfield. From the dendrogram, Fiskeby-V clusters with the OAC Bayfield clade 

indicating a greater number of alleles that are shared between Fiskeby-V and all 

other varieties in the group.  Although Fiskeby-V, Premier and Harosoy 63 are all 

grandparents of OAC Bayfield, only Fiskeby-V clusters with the OAC Bayfield 

clade. Both Premier and Harosoy 63 cluster with ancestral clades, which give 

support to higher proportion of alleles that were selected from Fiskeby-V in the 

grandparent generation that end up in OAC Bayfield and some of its immediate 

progeny.  

The chi-square analysis (Table 1.3) supports the result of the cluster 

analysis as there is a significant over-representation of Fiskeby-V alleles in 

Bicentennial, which would suggest that through selection, many beneficial alleles 

have been selectively mined from Fiskeby-V in the development of Bicentennial, 

most likely those effecting maturity and cold temperature adaptation. The fact 

that for certain chromosomes like Chromosome 16, it is not individual alleles, but 

rather linkage blocks that are maintained from Fiskeby-V further adds support 

that potential major adaptation/maturity QTL(s) are being consistently selected. 

Through linkage drag, large genomic regions are being conservatively 

transmitted to those varieties with early maturity. In a search of previously 

discovered QTL in SoyBase (www.SoyBase.org, 2011), there are both pod 

maturity (R3 1-2, R7 1-2) and flowering (Fflr 9-3) QTLs on chromosome 16 at 

approximately 43cM. All of these QTL lie within the linkage blocks identified in 

these chromosomes that can be traced back to Fiskeby-V. These findings also 

support the study by Fu et al. (2007), who concluded that Canadian cultivars 
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were more genetically related to accessions from Russia, Sweden and Ukraine 

than to Asian accessions. Thus, Northern European germplasm may be a source 

of beneficial genetic diversity for use in Canadian soybean variety development. 

Especially with regards to the potential negative effects/time required to adapt 

germplasm to the target environment before incorporating potentially beneficial 

alleles into the elite gene pool.   

 

Utility of multi-generational pedigree genotying 

Simple molecular fingerprinting of cultivars comprising a multi-generational 

pedigree revealed a wealth of descriptive information about the breeding process 

that led to the development of an elite variety, as well as cultivars developed from 

it. By extending this methodology across the pedigrees of a breeding program, 

further insight can be gained in regards to the allelic structure across a range of 

germplasm, and how it was assembled (i.e. recombination or introgression). This 

would allow for further studies to be designed which associate specific 

chromosomal structure with a given phenotypic characteristic with greater 

statistical power to be used in a marker-assisted breeding strategy to compliment 

traditional breeding efforts.  

The practical utility in a breeding program is that it provides a framework in 

which genotype profiles act as a reference database, which then identifies 

ancestral alleles/linkage blocks that have been preferentially transmitted (through 

selection or drift) to current elite germplasm. As marker genotyping was highly 

congruent with the known pedigree, it can serve as an excellent substitute for 
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determining relationships when no pedigree records are available. In the case of 

soybean breeding, there is concern that genetic diversity may be at critically low 

levels as a result of genetic bottlenecks and intense selection (Hyten et al. 2006). 

By genotyping across pedigrees of a breeding program a “genetic diversity audit” 

can be performed to address these concerns as well as provide evidence to 

justify going outside of the elite germplasm pool to introgress novel diversity at 

the expense of undesirable alleles as well as breaking up positive linkage blocks 

built up through the breeding process. A comprehensive genetic analysis of a 

breeding program’s germplasm may also reveal considerable exploitable genetic 

variability while pinpointing particular regions which may have become fixed or 

have naturally low levels of recombination. Such regions would benefit from 

novel genetic diversity being introduced for increasing the genetic gain of a 

particular phenotypic trait. 
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Table 1.1. Description of germplasm comprising the pedigree of OAC Bayfield. 
 

Cultivar  Source/Accession Number Maturity Group 

Mandarin*   

Mandarin 2 PI 297532 0 

AK Harrow PI 548298 III 
No.171*   
Manchu PI 548365 III 
Mukden PI 548391 II 
Richland PI 548406 II 
Harosoy PI 548573 II 
Capital  CN 33259 II 
Lincoln 2 PI 548362 III 
CNS PI 548445 VII 
Harosoy (8)* `  
Blackhawk PI 548516 I 
Clark PI 548533 IV 
L49-4091*   
Corsoy  CN 42220 II 
Wayne PI 548628 III 
Harosoy 63 CN 33248 II 
Fiskeby V CN 33256 000 
BK22-1-3*   
Premier CN 35596 II 
KG60 PI 556785 0 
Bicentennial CN 42824 0 
OAC Salem  University of Guelph  00 
OAC Bayfield University of Guelph  0 
OAC Brussels  University of Guelph  0 
OAC Champion   University of Guelph  0 
OAC Kent  University of Guelph  II 
OAC Wallace  University of Guelph  0 
RCAT Wildcat  Ridgetown College I 
RCAT MatRix  Ridgetown College I 
RCAT 0706  Ridgetown College II 
RCAT 0705 Ridgetown College II 
RCAT 0704  Ridgetown College II 
S03175.77 Semences Prograin  0 
S03175.117  Semences Prograin  0 
S03227.10 Semences Prograin  0 
S03099.10  Semences Prograin  0 
OT05-18  Agriculture Canada 00 
OX-802 Agriculture Canada II 
90B73 Pioneer Hi-Bred 0 
Phoenix  La Coop fédérée 00 
X5045-1-S1-S1-39-B  La Coop fédérée 00 
X5046-1-S1-S1-111-B  La Coop fédérée 00 
X5046-1-S1-S1-77-B  La Coop fédérée 00 
X4936-1-S1-S1-1-29-B  La Coop fédérée 00 
X4943-1-S1-S1-1-82-B  La Coop fédérée 00 

   

* Cultivar/Line unavailable   for study    
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Table 1.2. Summary statistics of microsatellite diversity in the pedigree of OAC 
Bayfield. 

      
      

Chromosome Marker 
Major Allele 
Frequency Allele Number PIC** 

1 Satt184 0.45 4.0 0.585 

 Sat353 0.32 5.0 0.639 

 Satt531 0.88 2.0 0.187 

 Satt221 0.89 3.0 0.181 

 Satt548 0.76 2.0 0.292 

 Satt370* 0.97 2.0 0.047 

 Satt436 0.41 4.0 0.654 

 Satt129 0.61 3.0 0.443 

Average     3.1   

2 Sat227 0.41 7.0 0.717 

 Satt157 0.28 9.0 0.780 

 Satt558 0.78 3.0 0.300 

 Satt296 0.90 2.0 0.157 

 Satt266 0.56 2.0 0.371 

 Satt428 0.48 4.0 0.591 

 Satt703 0.65 3.0 0.447 

 Satt274 0.82 4.0 0.285 

Average     4.2   

3 Sat379* 0.97 2.0 0.047 

 Satt152 0.50 7.0 0.629 

 Satt530 0.56 6.0 0.595 

 Satt125 0.58 2.0 0.366 

 Satt387 0.79 3.0 0.308 

 Satt339 0.60 4.0 0.503 

 Satt234* 1.00 1.0 0.000 

 Satt22* 1.00 1.0 0.000 

Average     3.2   

4 Satt565 0.68 4.0 0.458 

 Soygpatr 0.80 3.0 0.297 

 Satt396 0.92 2.0 0.129 

 Satt578 0.73 2.0 0.311 

 Satt136 0.45 5.0 0.541 

 Satt670 0.47 5.0 0.567 

 Satt524 0.88 2.0 0.187 

 Satt164 0.53 5.0 0.534 

Average     3.5   

5 Satt684 0.39 4.0 0.632 
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Chromosome Marker 
Major Allele 
Frequency Allele Number PIC 

5 Satt382 0.47 7.0 0.628 

 Satt050 0.73 3.0 0.359 

 Satt385 0.44 5.0 0.632 

 Satt174* 0.97 2.0 0.045 

Average     4.8   

6 Satt681 0.67 6.0 0.464 

 Satt227 0.94 2.0 0.097 

 Satt281 0.59 6.0 0.569 

 Sat336 0.41 6.0 0.678 

 Satt322 0.60 2.0 0.363 

 Satt643 0.40 7.0 0.697 

 Satt277 0.40 5.0 0.621 

 Satt319 0.47 4.0 0.564 

 Satt202 0.47 4.0 0.631 

 Satt371 0.37 5.0 0.699 

 Satt357 0.69 4.0 0.439 

Average     4.6   

7 Satt636 0.66 4.0 0.461 

 Satt201 0.90 3.0 0.166 

 Satt150 0.92 2.0 0.129 

 Satt567 0.57 3.0 0.491 

 Satt463 0.46 6.0 0.637 

 Satt323 0.61 3.0 0.437 

 Satt494* 1.00 1.0 0.000 

 Satt306 0.90 3.0 0.166 

 Satt551 0.70 3.0 0.381 

 Satt210 0.66 4.0 0.449 

Average     3.5   

8 Satt390 0.58 3.0 0.399 

 Sat406 0.51 7.0 0.615 

 Satt589 0.46 4.0 0.604 

 Satt315* 1.00 1.0 0.000 

 Satt424 0.86 4.0 0.237 

 Satt437 0.41 5.0 0.651 

 Satt470* 1.00 1.0 0.000 

 Satt409 0.48 6.0 0.536 

 Satt538* 0.95 2.0 0.086 

 Satt378* 0.97 2.0 0.054 

Average     3.5   

9 Satt539 0.51 2.0 0.374 

 Satt242 0.66 4.0 0.478 
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Chromosome Marker 
Major Allele 
Frequency Allele Number PIC 

9 Satt196 0.47 5.0 0.567 

 Satt588 0.51 4.0 0.455 

Average     4.0   

10 Satt358 0.76 4.0 0.353 

 Satt500 0.64 5.0 0.512 

 Sat318 0.85 4.0 0.247 

 Satt259 0.65 5.0 0.501 

 Satt173 0.36 7.0 0.722 

 Sat341 0.63 5.0 0.477 

 Satt592 0.73 3.0 0.335 

 Sat109 0.66 6.0 0.486 

Average     4.8   

11 Satt426 0.43 4.0 0.572 

 Satt251 0.55 3.0 0.406 

 Satt197 0.43 5.0 0.596 

 Satt519 0.75 3.0 0.360 

 Satt597 0.45 3.0 0.523 

 Satt332 0.83 4.0 0.269 

 Satt665 0.50 5.0 0.526 

 Satt359 0.44 3.0 0.521 

Average     3.7   

12 Satt353 0.87 4.0 0.217 

 Satt568 0.69 3.0 0.428 

 Satt009 0.73 2.0 0.312 

 Satt442 0.30 6.0 0.750 

 Satt469 0.87 3.0 0.213 

 Satt222 0.92 2.0 0.126 

 Satt302 0.45 3.0 0.511 

 Satt181 0.63 4.0 0.414 

Average     3.3   

13 Satt030 0.33 4.0 0.662 

 Satt269 0.55 3.0 0.528 

 Satt423 0.88 4.0 0.208 

 Satt160 0.42 5.0 0.572 

 Satt516 0.35 5.0 0.682 

 Satt663 0.48 5.0 0.609 

 Satt335 0.73 2.0 0.311 

 Sat375 0.38 8.0 0.723 

 Satt490 0.47 3.0 0.474 

 Satt554 0.57 6.0 0.589 

 AW756935 0.92 2.0 0.134 
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Chromosome Marker 
Major Allele 
Frequency Allele Number PIC 

13 Satt395* 0.97 2.0 0.049 

Average     4.4   

14 Satt577 0.63 5.0 0.538 

 Satt467 0.95 2.0 0.086 

 Satt304 0.87 2.0 0.194 

 Satt474 0.51 4.0 0.488 

 Satt534 0.52 6.0 0.604 

 Satt560 0.70 7.0 0.465 

Average     4.3   

15 Satt213* 1.00 1.0 0.000 

 Satt411 0.73 3.0 0.335 

 Satt720 0.45 5.0 0.666 

 Satt212 0.63 2.0 0.356 

 Sat107 0.25 8.0 0.810 

 Satt369 0.54 4.0 0.540 

 Satt553 0.37 9.0 0.760 

 Satt230 0.61 4.0 0.502 

Average     4.5   

     

16 Satt249 0.73 4.0 0.392 

 Satt693 0.33 4.0 0.636 

 Satt529 0.57 3.0 0.402 

 Satt215 0.46 4.0 0.569 

 Satt244 0.57 6.0 0.493 

 Satt431 0.71 3.0 0.349 

 Satt712 0.70 2.0 0.329 

Average     3.7   

17 Satt328* 1.00 1.0 0.000 

 Satt458 0.42 8.0 0.668 

 Satt154 0.30 5.0 0.668 

 Satt208 0.60 2.0 0.364 

 Satt389 0.41 6.0 0.650 

 Satt311 0.51 4.0 0.447 

 Satt464 0.87 2.0 0.198 

 Satt186 0.40 5.0 0.640 

 Satt386 0.70 3.0 0.358 

Average     4.0   

18 Satt235 0.78 3.0 0.330 

 Satt324 0.57 4.0 0.514 

 Satt394 0.74 3.0 0.333 

 Satt199 0.66 2.0 0.345 
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Chromosome Marker 
Major Allele 
Frequency Allele Number PIC 

18 AF162283 0.25 5.0 0.718 

 Satt191 0.47 6.0 0.657 

Average     4.1   

19 Satt238* 1.00 1.0 0.000 

 Satt523 0.67 4.0 0.446 

 Satt284 0.43 4.0 0.597 

 Satt481 0.64 3.0 0.460 

 Satt166 0.65 4.0 0.461 

 Satt561 0.71 2.0 0.323 

 Satt373 0.39 8.0 0.669 

Average     3.7   

20 Satt571 0.60 5.0 0.497 

 Satt367 0.56 5.0 0.572 

 Satt700 0.80 3.0 0.302 

 Sat104 0.57 2.0 0.369 

 Sat419 0.48 6.0 0.633 

 Satt440 0.55 4.0 0.446 

Average     4.1   

     

  
Grand 
Mean 0.62 3.9 0.435 

      

     

 

      

      

      

     

 

 

 

 

* Major allele Frequency > 0.95 
** Polymorphism information content  



Table 1.3. Chi square test of deviations from expected genomic contribution of parent cultivars to progeny in the pedigree 
of OAC Bayfield using polymorphic SSR markers between the parents. Expected ratio is 50:50 except for those indicated 
with double asterisks. 
 
 
                Parent 1                   Parent 2 
Cultivar  Number of Loci     (Number of loci)        (Number of loci) χ

2  P Value 
 
Harosoy**   87        Mandarin-2 (67)         AK Harrow (20)         0.19  NS 
Blackhawk   78        Mukden (45)         Richland (33)          1.85  NS 
Clark**   80        Lincoln 2 (64)         Richland (16)          1.07  NS 
Premier   57        Corsoy (14)         Wayne (43)          14.75  <0.01* 
Bicentennial   86        Harosoy 63 (29)         Fiskeby-V (57)           9.12  <0.01* 
OAC Salem    63        KG 60 (28)         Bicentennial (35)       0.78  NS 
OAC Brussels  63        KG 60 (15)         Bicentennial (48)       17.29  <0.01* 
OAC Bayfield  66        KG 60 (30)         Bicentennial (36)       0.71  NS 
 
NS: Non significant 
* Significant at α = 0.01 
** One backcross (expected ratio is 75:25) 
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Table 1.4. Inheritance of “whole” chromosomes from either KG60 or Bicentennial to OAC Bayfield, OAC Salem and OAC 
Brussels. 
     

    

    

Chromosome  OAC Bayfield  OAC Salem  OAC Brussels 

1   Bicentennial  

4 KG60   

5 KG60   

7 Bicentennial Bicentennial Bicentennial  

8   Bicentennial  

9   Bicentennial  

10   Bicentennial  

11 KG60 Bicentennial Bicentennial  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 





 
 

 

Figure 1.1. Pedigree diagram of OAC Bayfield depicting the ancestors of OAC Bayfield as well as cultivars/breeding lines 
that have been derived from it. For the OAC Bayfield derived genotypes, the coloured names correspond to the breeding 
program that developed it. The cultivars/breeding lines in brackets are the alternate parent that used in the cross for a 
given genotype used in the study. The cultivars with an asterisk indicate lines that were unavailable for study. 

University of Guelph  

Pioneer Hi-Bred 

Agriculture and Agri-Food Canada  

 Ridgetown Collage 

La coop Fédérée 

Semences Prograin 

 

* 

* 

* 

* 

* 
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Group I: Ancestral group 1 
Group II: Ancestral group 2 
Group III: Ancestral group 3 
Group IV: OAC Bayfield  
Group V: OAC Champion 
Group VI: OAC Kent 
 
 
 
 

Figure 1.2. Neighbour-joining dendrogram of genetic relatedness based on SSR 
genotyping of cultivars comprising the pedigree of OAC Bayfield.  
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Figure 1.3. Histogram of unique alleles within the members of OAC Bayfield’s pedigree. Genotypes are ordered   
chronologically from left to right. 
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Figure 1.4. Graphical genotyping of chromosomal transmission through the 
pedigree of OAC Bayfield. For each chromosome, the microsatellite allele series 
at each SSR marker position (cM) is given with each unique allele being 
assigned a particular colour. The pedigree members are placed in chronological 
order up to OAC Bayfield, with post-OAC Bayfield cultivars/lines placed 
according to the pedigree. Genotype profiles are relative to Mandarin-2, with 
individuals with the same allele designation sharing the same colour, with grey 
indicating missing values.   
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Chromosome 2 (LG D1b) 

 

 
Chromosome 3 (LG N)
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Chromosome 4 (LG C1) 

 

 
Chromosome 5 (LG A1) 
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Chromosome 6 (LG C2) 

 

 
Chromosome 7 (LG M) 
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Chromosome 8 (LG A2) 

 

 
Chromosome 9 (LG K) 
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Chromosome 10 (LG O) 
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Chromosome 12 (LG H) 

 

 
Chromosome 13 (LG F) 
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Chromosome 14 (LG B2) 

 

 
Chromosome 15 (LG E) 
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Chromosome 16 (LG J) 

 

 
Chromosome 17 (LG D2) 
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Chromosome 18 (LG G) 

 

 
Chromosome 19 (LG L) 
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Chromosome 20 (LG I) 
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                   Chromosome 1 (LG D1a) 
 

 
 

        Chromosome 7 (LG M) 
 

Figure 1.5. Transmission of chromosomes 1 and 7 highlighting recombination 
events followed by conserved transmission. Boxes surrounding specific 
chromosomal regions indicate the ancestral linkage blocks, the arrow indicates 
the recombination event and the oval indicates new conservatively transmitted 
region shared by various cultivars. 
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        Chromosome 8 (LG M)     Chromosome 16 (LG J) 
 

 

 

 

Figure 1.6. Linkage blocks which trace back to Fiskeby-V. Boxes indicate the 
specific chromosomal regions are a unique to Fiskeby-V.  
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Figure 1.7. Highly conserved allelic composition for chromosomes 1 and 16 
when tracking microsatellite allele transmission from OAC Bayfield to particular 
progeny cultivars.  
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Figure 1.8. Chromosomes for which the entire allelic composition is transmitted 
without change from OAC Bayfield to OAC Champion.  SSR maker positions 
(cM) are given according to the Soybase composite map. 
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                Chromosome 4 (LG C1)                           Chromosome 7 (LG M) 
 

 

 
 

                   Chromosome 11 (LG B1)  
 
Figure 1.9. Chromosomal regions exhibiting conserved transmission across 
various cultivars/breeding lines derived from OAC Bayfield. Boxes indicate the 
conserved region for each chromosome.  
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Chapter 2: In silico QTL mapping using a Microsatellite Genome-Wide 
Scan for Genomic Selection Signatures Retained Through an 

Elite Soybean Cultivar 
 
 

 
Abstract 

 

 

Modern soybean [Glycine max (L.) Merr.] varieties are superior to their ancestors 

due to the effects of long term artificial selection applied by breeders, in their 

efforts to improve various traits of interest. The ways in which phenotypic 

selection has altered the genome is of interest because identifying those genomic 

regions affected by selection can provide a means for identifying areas that are 

important for various agronomic traits and determine the QTL or genes that 

reside in them. Elite varieties represent selections that have become 

commercially successful; the long-term history of breeder modifications that led 

to the development of such elite cultivars can be found within the pedigrees of a 

breeding program. OAC Bayfield is considered an elite cultivar for Ontario 

soybean growers, which has also been used as a parent to a number of next 

generation varieties that have been as much, or more, commercially successful 

than it, such as OAC Wallace and OAC Kent. A selective sweep analysis using 

microsatellite markers was performed using the members of OAC Bayfield’s 

pedigree (both ancestors and progeny) to identify genomic regions that have 

retained a selective signature through OAC Bayfield in the varieties derived from 

it.  Genome-wide diversity was reduced from 0.5404 in the ancestral group (pre-

OAC Bayfield), to 0.4337 in the current group (post-OAC Bayfield). Out of the 

151 SSR markers used in the genome scan, 10 were significant for the lnRH test, 



 85 

while 14 were significant for the Fst test, with five loci being detected by both 

tests. The identified loci were compared to the detailed genetic maps on 

SoyBase (www.SoyBase.org) to determine if any QTL were reported in these 

regions and, if so, what traits they were associated with. Out of the 19 identified 

loci, 18 mapped to previously discovered QTL with the associated traits 

belonging to distinct categories such as maturity, disease resistance, protein and 

yield. Additionally, a major QTL cluster on Chromosome 6 was identified that 

contained the genes E1 and T, which are associated with maturity and 

pubescence colour. Overall there was a high level of agreement between the 

identified QTL and the phenotypic traits that would have been expected to be 

under directional selection. The utility of this method appears promising for 

identifying genomic regions of interest within a breeding program for further 

detailed molecular characterization of the germplasm for gene discovery 

purposes.  
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Introduction 

 

Understanding the genomic consequences of the applied breeding process will 

be critically important to soybean breeders in the post-genomics era. Rapid 

changes in technology now allow for unprecedented capabilities to characterize 

germplasm down to the sequence level for large numbers of individuals. The 

challenge will be to effectively utilize this vast amount of information for specific 

breeding goals in individual breeding programs. One aspect that can facilitate this 

process is an understanding of the effects that long-term phenotypic selection 

has had on the genome within the germplasm of a breeding program. An 

approach that has become increasingly popular and studied in a number of crop 

species is identifying genomic regions that have undergone a selective sweep or 

that exhibit “signatures of selection”.  The general concept behind this approach 

is that selection, both natural and artificial, reduces the level of molecular 

diversity at specific regions in the genome, with these regions being associated 

with traits of agronomic or adaptive importance (Vigouroux et al. 2002).  

One method for identifying genomic regions that may have been subjected 

to selection is to use a genetic “hitchhiking” approach to map regions of interest 

(Harr et al. 2002). As microsatellite markers are neutral, selection is not acting 

directly on these regions, however, due to linkage, these markers “hitchhike” 

along with selected regions. As a result, these markers exhibit unusual patterns 

of allelic diversity or skew in allele frequency among populations or groups. This 

forms the basis for identifying candidate genomic regions that may have been 
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subjected to selection (Casa et al. 2005). This approach has been used in a 

number of species such as Drosophila (Kauer et al. 2003; Barker et al. 2009), 

Sorghum bicolor (Casa et al. 2005), Helianthus paradoxus (Edelist et al. 2006) 

Mus musculus (Teschke et al. 2008) and Bos taurus (Li et al. 2010). 

Human modification of crop genomes has largely been explored at the 

domestication level (Doebley et al. 2006). Effects of the domestication process 

on genetic diversity has been studied extensively for a number of crops species 

including: maize (Wright et al. 2005), wheat (Haudry et al. 2007), rice (Zhu et al. 

2007) and sunflower (Liu and Burke 2006). These studies have shown the effect 

of the domestication process to be one of genome-wide genetic diversity loss 

with particular regions exhibiting extreme diversity loss due to directional 

selection by humans, which in some cases has been associated with specific 

genes such as tb1 (inflorescence structure, Wright et al. 2005) and y1 

(carotenoid content, Palaisa et al. 2004) in maize or Gsp1A (grain softness, 

Haudry et al. 2007) in wheat.  

In soybeans, Hyten et al. (2006) investigated the impact of genetic 

bottlenecks on soybean genome diversity through various germplasm transition 

points (wild, landraces, North American ancestors and elite cultivars). It was 

found that the domestication bottleneck from wild to landraces (i.e. Glycine soja 

to Glycine max) had the greatest impact on diversity loss, when the nucleotide 

diversity was reduced by 50% (Hyten et al. 2006). Interestingly, the study also 

found that modern cultivars have retained 72% of the sequence diversity present 

in the Asian landraces and that modern soybean breeding has minimally affected 
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the allelic structure of the genome compared with other historical bottlenecks 

(Hyten et al. 2006). Given a mild “breeding bottleneck” it may be possible to 

detect signatures of selection within breeder germplasm (i.e. pedigrees) which 

represent a reduction in genetic diversity above and beyond that caused by a 

general bottleneck effect.  It would address the question of selection focused at 

the crop improvement level of the breeding process and not the domestication 

level. As pedigrees are a record of breeder manipulations (Shoemaker et al. 

1992) they provide a means to compare germplasm that has been developed 

over decades of applied breeding. It would be of great value to identify genomic 

regions that have retained genomic selection signatures through the 

development of elite cultivars and subsequent commercial varieties derived from 

them. These loci may represent important regions for agronomic improvement or 

adaptation of the crop. In addition, it would also be a means of discovering more 

functionally important QTL for a breeding program as the regions identified are 

across multiple genetic backgrounds of germplasm that have become 

commercial cultivars.     

  OAC Bayfield represents a landmark variety for soybean growers in 

Ontario.  Developed by the University of Guelph soybean breeding program from 

a cross performed in 1985, it was commercially released in 1994. At its peak in 

1998, it was grown on over 400,000 acres, which represented ~20% of the total 

soybean acreage in Ontario for that year. From 1994-2004 the estimated 

economic value of OAC Bayfield to the Ontario economy is in excess of $750 

million (ARIO, 1998). This value is considerably higher given its role as a parent 
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in a number of commercially successful varieties derived from it such as OAC 

Wallace, OAC Champion, OAC Kent and OAC Drayton. The use of OAC Bayfield 

as a parent is not limited to cultivars developed by the University of Guelph. 

Through germplasm exchange, it has been used in other breeding programs for 

cultivar development purposes.  Given OAC Bayfield’s use a parent of a number 

of subsequent varieties it was chosen for a selective sweep analysis to identify 

genomic regions that have been subjected to selection.  

The objective of this study was to empirically determine the 

appropriateness of using a selective sweep-based analysis traditionally used in 

natural populations and extend it to identifying signatures of selection in an 

artificial population defined by the pedigree of an elite variety.  To evaluate the 

utility and validity of this approach, genomic regions identified via the tests for 

selection were compared to the detailed genetic maps on SoyBase 

(www.SoyBase.org). This strategy was used to determine if previously 

discovered QTL/genes were in these genomic regions, and if they were related to 

traits for which directional selection would have been expected. 
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Methods and Materials 

 

Plant material   

Seed for the genotypes comprising the pedigree of OAC Bayfield were obtained 

from various organizations/breeding programs depending on the source of the 

material (Table 2.1). For ancestral genotypes (i.e. Pre-OAC Bayfield), accessions 

were obtained from either the Plant Gene Resources of Canada (PGRC) in 

Saskatoon, SK, Canada or the United States Department of Agriculture (USDA) 

soybean germplasm collection in Urbana-Champaign, IL, USA. Seeds for the 

remaining genotypes were either collected directly from the University of Guelph 

soybean breeding program or received from various collaborating soybean 

breeding programs for which OAC Bayfield was used as a crossing parent. The 

collaborating breeding programs included; Pioneer Hi-Bred, Ridgetown College, 

La Coop Fédérée, Semences Prograin and Agriculture and Agri-food Canada 

(AAFC).  

 

DNA Extraction and Genotyping  

DNA was extracted from approximately 15-20 freeze-dried leaf punches or from 

seed using the Sigma Genelute™ Plant genomic DNA extraction kit. Template 

DNA concentration and purity was measured via Nanodrop spectophotometry 

and was standardized to 5ng/ul for use in PCR reactions. Simple sequence 

repeat (SSR) markers were selected based on the composite linkage map (Song 

et al. 2004) in SoyBase, with genome-wide genotyping being performed at a 
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density of approximately one SSR marker per 10cM for each chromosome. PCR 

amplification was performed based on the Schuelke method (2000), with the final 

PCR cocktail consisting of the following; 3µl of 20% Trehalose, 4.06µl of 

molecular grade H2O, 1.5µl of 10X PCR buffer, 1.5µl of 25mM MgCl2, 1.0µl of 

3mM dNTP mix, 0.12µl of 4µM “M13 tailed” forward primer, 0.48µl of reverse 

primer, 0.48µl of 4µM “universal” M13 primer labelled with either 6FAM, VIC, 

NED or PET fluorescent dyes (Applied Biosystems, Foster City, CA), 0.4µl of 

2.5U/µl Sigma Jumpstart™ taq polymerase and 3µl of template DNA for a total 

reaction volume of 15µl. Amplification reactions were performed using 

Stratagene thermocyclers (Santa Clara, CA) with the following cycling profile; an 

initial denaturation at 94°C for 5 min followed by a two-step cycling profile, with 

30 cycles of 94°C for 30 s, 56°C for 45 s and 72°C for 45 s followed by 8 cycles 

of 94°C for 30 s, 53°C for 45 s and 72°C for 45 s with a final extension at 72°C 

for 10 min. Completed PCR products were “pool-plexed” to combine up to four 

SSR markers at a time for fragment analysis conducted at the University of 

Guelph Advanced Analysis Centers Genomics Facility using the ABI 3730  DNA 

Analyzer. The size standard 500-LIZ was used as the internal size standard and 

PCR fragment sizes were determined using the software program GeneMarker® 

(Softgenetics, State Collage, PA), using the local southern sizing algorithum.    
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Artificial population bottlenecks 

The development of an elite variety and subsequent usage as a parent in multiple 

crossings to create new varieties can be viewed as a “breeding population 

bottleneck” as a result of long-term breeder selection. Genetic diversity is eroded 

through selection during ancestral generations in creating the elite variety. This 

elite variety in effect becomes a founder for a new population expansion when 

crossed with different germplasm in the development of new varieties by 

breeding programs. Breeder-imposed genetic bottlenecks are developed through 

applied artificial selection, and as a result, those regions that retain a selective 

signature through an elite cultivar may be attributed to the direct effects of 

breeder selection. Furthermore, in the case of plant breeding populations it is not 

a domestication bottleneck that is affecting the genome, rather it is a genetic 

bottleneck derived from selection within an ancestral gene pool in domesticated 

ancestors.  

As the majority of the tests for selection are primarily used in natural 

populations (Kauer et al 2003; Nielsen et al 2006; Ihle et al 2006) the question 

then becomes; would ancestral and current groups/populations conform to the 

parameters necessary for a selective sweep based analysis? If yes, then various 

selection statistics can by employed to identify genomic regions that show 

evidence of selection. By using pedigrees, genotypes can be identified as either 

contributors to the development of elite varieties or lines subsequently developed 

from these elite varieties.  For this study, OAC Bayfield is considered a genetic 

bottleneck event and the members of the pedigree are assigned to either an 
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“Ancestral” group/population (i.e. Pre-OAC Bayfield) or a “Current” 

group/population (i.e. Post-OAC Bayfield) (Figure 2.1). 

 

SSR diversity between groups 

 

Summary statistics were calculated using PowerMarker v3.0 (Liu and Muse 

2002) for the full pedigree (i.e. All members combined) to determine the number 

and distribution of loci that are fixed throughout the pedigree. Genotypes were 

then assigned to the Ancestral group or Current group and the program was used 

to calculate microsatellite gene diversity (marker diversity) values for each group 

(Ancestors and Current), which is a measure analogous to expected 

heterozygosity (Casa et al. 2005). A Mann-Whitney (MW) test was used to 

determine if the gene diversity estimates where significantly different between the 

two groups.  

 

Statistics for detecting selection  

There are multiple statistics based on population genetics theory that are used to 

detect selection signatures in molecular data. For microsatellites, the most 

frequently used are lnRV, lnRH and Fst statistics.  Both the lnRV and lnRH 

statistic (Schlötterer, 2002; Schlötterer and Dieringer 2005) compare the 

variability at the microsatellite locus between different groups, with lnRV being 

the variability in the repeat motif number of the microsatellite marker, while lnRH 

is variability in expected heterozygosity of the microsatellite locus and is derived 

by the following equation: 
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With HePop1 being the gene diversity (expected heterozygosity) in the current 

population (i.e. all individuals after OAC Bayfield), and HePop2 being the gene 

diversity in ancestral population (i.e. all individuals before OAC Bayfield). The 

lnRH statistic has been shown to be more robust than lnRV as it is largely 

independent of microsatellite mutation rates, mutational step-size and 

demographic events (Schlötterer 2002). Also the power of lnRH is highest 

immediately following the selective event (Casa et al. 2005), which is the case for 

this study. For these reasons only the lnRH test was performed. In order to use 

the lnRH statistic, the values must be normally distributed. To test whether the 

observed lnRH values were normally distributed a Kolmogorov-Smirnov test was 

performed.  

The other test statistic used was Fst, which is used to assess the level of 

genetic differentiation among groups/populations (Wright 1951). In selective 

sweep studies it is used as an indicator of selection as in many cases selection 

increases the degree of allelic differentiation among groups/populations (Nielsen 

2005). To derive the Fst estimates, an analysis of molecular variation (AMOVA) 

was performed using Powermarker v.3.0 to partition the genetic variation either 
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within each population (i.e. ancestral or current) or between the two populations 

as a measure of Fst at each microsatellite locus (Jun et al. 2011).   

For each test statistic, significant loci are identified as outliers in the data 

distribution. For the lnRH statistic, the values were standardized by the mean and 

standard deviation across loci (Kauer 2003). Therefore, 95% of loci were 

expected to have values that were between 1.96 and –1.96, with those loci falling 

outside this interval considered significant (P <0.05) and interpreted as loci that 

may have experienced selection (Casa et al. 2005). For the Fst values, the 

empirical approach of Casa et al. (2005) and Kayser et al. (2003) was used, 

where significant loci are those with the highest Fst values (at least two-fold 

higher the genome-wide average). For each test statistic monomorphic SSR loci 

(full pedigree) were excluded from the analysis, resulting in a final dataset of 151 

SSR markers used for the selection tests.   
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Results 

 

Group differentiation and distribution of lnRH values 

Results from the Mann Whitney test showed that there was a significant 

difference (P<0.0001) between groups for the gene diversity estimates (Table 

2.2). Therefore, it was appropriate to consider the ancestors (i.e. pre-OAC 

Bayfield) as a separate group from the Current (post-OAC Bayfield) group. The 

mean gene diversity for the Ancestral group was 0.5404 compared to 0.4337 for 

the Current group, thus as expected, there was an overall reduction of genetic 

diversity from the Ancestral group to the Current group. Of the 151 markers, 121 

showed reduced diversity in the Current group, with the remainder having greater 

variability than the ancestral group (Table 2.3). When considering the full 

pedigree (i.e. with no group assignments), there were 14 microsatellite loci with a 

major allele frequency >0.95, which corresponds to approximately 9% of the 

sampled genome that has been fixed since the foundation ancestors. 

Interestingly, 10 out of the 14 fixed loci mapped to previously identified QTL in 

SoyBase (www.SoyBase.org, 2011). While there was a range in the type of QTL, 

many of them were related to agronomic traits such as leaf width, lodging and 

disease resistance. Also of note is that these fixed loci were not evenly 

distributed as half of them were located on Chromosomes 3 and 8 (Table 2.4).   

The Kolmogorov-Smirnov test confirmed that the observed lnRH values 

were indeed normally distributed (Figure 2.2). Thus the values could be 
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standardized and the lnRH statistic was applied to scan for genomic regions that 

may have been targeted by breeder selection.  

The mean Fst value between the two groups was 0.0603 (Table 2.5). As 

these groups are expected to have only subtle genetic subdivision due to the 

short time scale (in evolutionary terms) and degree of relatedness, the loci 

considered most likely to have experienced selection were those with Fst values 

that were at least two-fold higher (>0.12) than the genome-wide average. This 

threshold was derived in part from the study done by Casa et al. (2005). In their 

study the Fst values considered significant were values that were at least four-fold 

higher than the genome-wide average (0.13 in the study). As their study 

compared wild accessions to landraces, a greater degree of genetic 

differentiation was expected due to domestication.  We would not expect to have 

that degree of allelic differentiation when comparing adapted ancestors to 

modern cultivars derived from them. Therefore a two-fold higher Fst value is 

considered appropriate for this study as to not be too restrictive on identifying 

potential regions of selection. 

 

Genomic regions exhibiting signatures of selection 

For the lnRH test, some of the SSRs only contained one allele in the ancestral 

group and therefore could not be used because of the zero denominator for the 

test statistic. Out of the original 151 markers, 140 could be tested using both 

statistics. A plot of the results from the lnRH and Fst tests is given in Figure 2.3. 

Out of the 140 microsatellites, 19 loci in total were detected as being target 
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regions of selection. Ten loci were significant for the lnRH test, while 14 loci were 

identified with the Fst test, with five loci being detected by both tests (Satt 357, 

Satt 242, Satt 249, Sat 104 and Sat 419). In terms of the distribution of the 

identified SSR loci that may have experienced selection, Chromosomes 

6,11,15,17 and 20 had two such regions each. Chromosomes 1,2,3,4,5,9,12,16 

and 19 each had one region identified.  Conversely, there were no significant loci 

for Chromosomes 7,8,10,13,14 and 18.  For each test the amount of the genome 

that was identified as being impacted by selection was approximately 7% for 

lnRH and 10% for Fst.      

 

In silico QTL detection using selection signatures 

Several studies have shown that selective sweeps appear to be frequent in 

genomic regions that contain quantitative trait loci or genes under directional 

selection (Yamasaki et al. 2005; Casa et al. 2005; Edelist et al. 2006;Jun et al. 

2011). A logical next step was to compare the results of this study with that of 

previous QTL studies in soybean. As an economically important crop, soybean 

has been extensively investigated at the molecular level in the form of QTL 

studies over the past 20 years. This has resulted in a tremendous amount of 

information that has been deposited in databases, which provides an excellent 

platform for comparing the results to detailed genetic maps. The results of this 

study were compared with the genetic maps in SoyBase (www.SoyBase.org, 

2011) to determine if the results of the study have merit in terms of known QTL. 

Of the 19 loci identified by the tests, 18 were located directly in the mapping 
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interval of previously identified QTL based on the genetic maps in SoyBase 

(www.SoyBase.org, 2011) (Table 2.6). For seven of the identified loci, there were 

multiple QTL (> 3) that had the same mapping interval that contained the 

significant marker. Although the QTL were associated with a range of traits, they 

could be summarized into the following six categories; plant architecture (e.g. 

plant height, leaf width), maturity, disease (e.g. pathogen, insect), protein, oil and 

yield. Table 2.7 summarizes the number of QTL found for each category. Of the 

44 QTL that map to the various identified regions, 40 could be assigned to one of 

the categories mentioned.  Of the markers identified in the selection tests 10 out 

of 19 were associated with the given trait QTL according to SoyBase 

(www.SoyBase.org, 2011).  

It should be noted that Table 2.6 lists only those QTL in which the marker 

was directly in the mapping interval (i.e. the majority of the markers were in the 

2cM mapping interval around a given QTL). For some loci there were clusters of 

QTL in close proximity to the marker. One particularly interesting finding was the 

major cluster of QTL on Chromosome 6 in the region identified with Satt 319. 

Within ± 2cM of Satt 319 (113.4cM) there were 73 QTL and two genes that map 

to this region (See genetic maps in appendix). The two genes in the region are 

E1 and T, which affect maturity and pubescence colour (tawny versus grey) 

respectively (Molnar et al. 2003; Cober et al. 1997).  
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Discussion 

 

Bottleneck versus selection effects 

In the case of this study, the effects of both the “breeding bottleneck” and 

selection effects are of interest in terms of changes to the genome due to the 

breeding process, as the development of OAC Bayfield represents both 

processes. The statistical tests employed were to separate the loci that exhibit a 

reduction in diversity over and above that of a general species bottleneck. The 

first aspect to address was to determine the overall severity of the genetic 

bottleneck itself. If the genetic bottleneck were severe, then the distribution of 

lnRH values should have been skewed as to have a non-normal distribution of 

negative values, as the consequence of a severe bottleneck would be a drastic 

reduction in the overall genome-wide level of genetic variability. One factor that 

contributed to the normal distribution observed is the use of microsatellite 

markers themselves. Unlike SNPs which have an inherent low mutation rate and 

are more susceptible to confounding effects of demography, microsatellites have 

a much higher mutation rate which provides sufficient variation in closely related 

populations as to increase the chances of detecting recent selective sweeps 

(Teschke et al. 2008).  

It is clear from the gene diversity estimates that the overall bottleneck 

effect was an 11% reduction of diversity from 0.5404 in the Ancestral group to 

0.4337 in the Current group (Table 2.3). Thus, there does not seem to have been 

a drastic reduction in the overall genetic diversity between the two groups 
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indicating a mild bottleneck. This result is in agreement with the study by Hyten et 

al. (2006) that found that the effect of modern soybean breeding has minimally 

affected allelic structure of the genome compared with other historical genetic 

bottlenecks, such as domestication.  

The ability to “re-coup” genetic diversity was also increased due to the 

number of alternate parental genomes that were used in crossing with OAC 

Bayfield, OAC Champion and OAC Kent (n=16). Many of the alternate parents 

were from independent breeding programs and represented additional genetic 

diversity (alleles from different gene pools) that may not have been captured by 

the University of Guelph’s germplasm.  Microsatellite diversity across multiple 

breeding programs is undoubtedly higher than in a single breeding program and 

could be a contributing factor for the post-OAC Bayfield cultivars having re-

gained levels of diversity quickly in non-selected areas. 

It must be stated that we identified only potential regions that may have 

experienced selection. Many selective sweep-based studies recommend caution 

when interpreting the results of these types of analysis due to confounding 

effects of demography or determining appropriate neutrality expectations 

(Neilsen 2001; Vigouroux et al. 2002; Casa et al. 2005; Teshima et al. 2006). The 

use of multiple tests is one way to reduce false positives, with those loci detected 

by multiple tests being of more interest for further investigation. For this study five 

loci met this criteria (Satt 357, Satt 242, Satt 249, Sat 419 and Sat 104), with the 

QTL in these regions being associated with sudden death syndrome, protein and 

oil, yield and one region with no reported QTL, respectively (www.SoyBase.org, 
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2011). Even if a less conservative approach was taken and all loci were 

considered of interest, it would still only constitute a modest number of regions 

(19/140 screened) which could be candidates for further characterization through 

fine mapping or sequencing.  

With the development of the reference genome sequence for soybean 

(Schmutz et al. 2010), comparing results from deep sequencing of multiple 

germplasm genomes for a comprehensive high resolution selection analysis is 

possible, such as the study conducted by Lam et al. (2010). This type of strategy 

offers a population genetics approach to complement classical quantitative 

genetic studies in uncovering genomic regions that may be of agronomic 

importance for breeding purposes. As the domestication and crop improvement 

process is one which results in a reduction in genetic variability, QTL and 

association methods may miss a promising class of genes due to a lack of 

genetic diversity attributable to selection whereas selective sweep studies have 

the ability to identify these genomic regions (Yamasaki et al. 2005).  

As 95% (18/19) of the loci identified from the two selection tests map to 

known QTL, the results are extremely encouraging for using a selective sweep 

analysis in a pedigree population. However, it is expected that some of these 

identified loci were false positives due to bottleneck effects or other demographic 

factors. Nevertheless, from a breeding perspective, it is important to understand 

the genomic consequences of the breeding process regardless of the ability to 

completely distinguish the effects of artificial selection from other potential 

causes. To this point, Vigouroux et al. (2002) suggested that agricultural 
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scientists “moderate the usual concern about false positives such that all 

reasonable, even if marginal, candidates are advanced to the next level testing”. 

The overall goal of this study was to gain an understanding of genomic changes 

due to long-term breeder selection within the context of an applied breeding 

program and evaluate the utility of a selective sweep analysis in an artificial 

population.  

 

Trait QTL identified by in silico mapping 

There are more complex models used in selective sweep studies which attempt 

to account for demographic, mutation and recombination effects (Schlotterer 

2002; Nielsen 2005). It was of greater interest for this study to go beyond the 

mere identification of genomic regions, and use SoyBase (www.SoyBase.org) to 

evaluate whether or not QTL were even reported in these regions and if they 

“made sense” in terms of the phenotypic characteristics of the cultivars 

represented in the pedigree.  As all varieties/breeding lines representing the 

pedigree were developed via phenotypic selection, the simultaneous modification 

to a number of traits would be expected due to indirect selection as well as 

directional selection.  

Phenotypic traits that would have been expected to be under directional 

selection given the panel of varieties/breeding lines are: plant uniformity (e.g. 

height and maturity), protein/oil (due to negative correlation) and yield.  

For maturity, there was clear stratification of the germplasm. OAC Kent 

and lines derived from it were all MG II, whereas the remainder of the germplasm 
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derived from OAC Bayfield belonged to MG 00 to 1. Similarly, selection for high 

protein was evident in OAC Champion and the lines derived from it (i.e. all lines 

had protein content >40%).  

As the pedigree is largely comprised of commercial varieties, the trait that 

has been the most intensely selected for is yield. This is in fact the defining 

characteristic of OAC Bayfield, high and stable yield.  The data reflects this, as it 

was the trait with the highest number of QTL that were detected with the selective 

sweep analysis with ten. The fact that the majority of the identified QTL did 

indeed correspond to these traits adds further support to the utility in identifying 

regions of selection as opposed to other effects such as genetic drift (i.e. random 

allele frequency change due to population size).  Furthermore, the known genes 

that were in the detected regions (E1, T and Rpg 4), were all reasonable targets 

of breeder selection. The fact that E1 and T are in tight linkage (approximately 

4cM, Molnar et al. 2003), breeders are more likely to be selecting for distinct 

maturity alleles rather than pubescence colour given the distinct maturity classes 

of the members of the pedigree, therefore the E1 gene is a more likely candidate 

of selection than the T gene. The ability to detect disease-related QTL and genes 

(Rpg 4 for this study provides resistance to bacterial blight) would be expected as 

well, because a disease free variety is obviously desirable (i.e. there would be 

intense selection against genotypes exhibiting a susceptible phenotype). 

Whether through direct or indirect selection, those loci associated with disease 

resistance would be impacted as breeders are selecting for general disease 
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resistance to multiple pathogens and insects over multiple environments and 

years.  

In general, the selective sweep regions identified in this study were related 

to crop improvement or varietal differences, which in the context of this study, is 

expected given the groups being compared i.e., cultivars comprising a deep 

pedigree.  It is intuitive that this “shallow sweep” analysis would be detecting QTL 

associated with crop improvement given the groups being compared were 

commercially successful cultivars of different generations. This is analogous to 

identifying genomic regions related to domestication when applying these tests 

between wild ancestors and adapted germplasm.  

It is important to realize that the markers themselves are not necessarily 

associated with a given QTL, but rather serve as indicators of regions that may 

contain the functional gene(s). It has been shown that selective sweeps may 

impact regions well beyond the target gene (Palaisa et al. 2004), therefore, a 

higher resolution scan across a wider sample of germplasm may be required to 

identify regions of interest with greater precision. However, it is worth noting that 

in a number of cases (10/19), the marker was actually associated with the QTL(s) 

in the region according to SoyBase (www.SoyBase.org, 2011). Of particular 

interest is the number of instances where a QTL cluster was found, either at the 

marker position or in close proximity, which may indicate genomic regions with 

pleiotropic effects. Sequencing of these regions will ultimately determine if 

functional genes are present in these areas and what biological processes may 

be involved.    
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Implications for soybean breeders  

It is of great interest for soybean breeders to have an understanding of the 

genomic changes resulting from long-term applied selection for variety 

development. An important aspect worth considering is the consequences of the 

combined effects of breeder bottlenecks and selection on the ability to sustain 

genetic gain for trait improvement. With soybean there is concern over the 

genetic health of soybean breeding programs due to the narrow genetic base that 

most programs are historically based on (Gizlice et al. 1994; Hyten et al. 2006).  

As it is common practise to use commercially successful cultivars as 

parents in the development of future cultivars, identifying potential selection 

signatures that are retained in subsequent elite cultivars derived from them can 

benefit breeders in two ways. First, the specific alleles of the identified QTL could 

serve as minimum criteria of favourable alleles at a number of loci for use in 

marker assisted breeding efforts. With the capabilities of current genomic 

technologies it would be feasible to perform a cost effective genome scan across 

the pedigrees of a breeding program to get a list of candidate regions exhibiting 

selection signatures. Soybean breeders could then identify favourable haplotypes 

across multiple genes for a given trait in a target environment. Second, if 

genomic regions detected are considered to be of agronomic importance, it is 

quite conceivable that they may suffer from severe loss of genetic diversity, or 

mass fixation which brings into question the long term ability to maintain sufficient 

genetic gain for a given trait.  
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For this study, 14 loci were fixed throughout the entire pedigree with 

others having undergone a selective sweep in the development of OAC Bayfield. 

These fixed regions then become prime candidates for introgressive breeding 

from plant introductions (Vigouroux et al. 2002).  One of the applications of the 

genomics era is the ability to characterize germplasm collections to the sequence 

level in order to harness the natural genetic diversity of a species for trait 

improvement (Tanskley and McCouch, 1997; McCouch 2004). Whether or not 

this information will be utilized relies on linking together the information from 

detailed genetic maps to specific situations of individual breeding programs. As 

there are a number of QTL for numerous traits on every chromosome in 

SoyBase, this “selection within pedigree” methodology aims to isolate those QTL 

which may be of more practical importance to a given breeding program aimed at 

developing cultivars for a given target environment. It will be critically important to 

have this type of a priori knowledge if soybean breeders wish to utilize and 

integrate information from large-scale genotyping of gene banks such as the 

current on-going efforts to SNP genotype the approximately 19,000 soybean 

accessions of the USDA soybean germplasm collection. By understanding the 

genomic changes due to artificial selection by breeders in the development of 

elite varieties, one is better positioned to capitalize on the advances in genomic 

technologies for applied crop breeding purposes.  

 

 

 

 

 

 



 108 

Table 2.1. Description of germplasm comprising the pedigree of OAC Bayfield. 
 

Cultivar  Source/Accession Number Maturity Group 

Mandarin*   

Mandarin 2 PI 297532 0 

AK Harrow PI 548298 III 
No.171*   
Manchu PI 548365 III 
Mukden PI 548391 II 
Richland PI 548406 II 
Harosoy PI 548573 II 
Capital  CN 33259 II 
Lincoln 2 PI 548362 III 
CNS PI 548445 VII 
Harosoy (8)* `  
Blackhawk PI 548516 I 
Clark PI 548533 IV 
L49-4091*   
Corsoy  CN 42220 II 
Wayne PI 548628 III 
Harosoy 63 CN 33248 II 
Fiskeby V CN 33256 000 
BK22-1-3*   
Premier CN 35596 II 
KG60 PI 556785 0 
Bicentennial CN 42824 0 
OAC Salem  University of Guelph  00 
OAC Bayfield University of Guelph  0 
OAC Brussels  University of Guelph  0 
OAC Champion   University of Guelph  0 
OAC Kent  University of Guelph  II 
OAC Wallace  University of Guelph  0 
RCAT Wildcat  Ridgetown College I 
RCAT MatRix  Ridgetown College I 
RCAT 0706  Ridgetown College II 
RCAT 0705 Ridgetown College II 
RCAT 0704  Ridgetown College II 
S03175.77 Semences Prograin  0 
S03175.117  Semences Prograin  0 
S03227.10 Semences Prograin  0 
S03099.10  Semences Prograin  0 
OT05-18  Agriculture Canada 00 
OX-802 Agriculture Canada II 
90B73 Pioneer Hi-Bred 0 
Phoenix  La Coop fédérée 00 
X5045-1-S1-S1-39-B  La Coop fédérée 00 
X5046-1-S1-S1-111-B  La Coop fédérée 00 
X5046-1-S1-S1-77-B  La Coop fédérée 00 
X4936-1-S1-S1-1-29-B  La Coop fédérée 00 
X4943-1-S1-S1-1-82-B  La Coop fédérée 00 

   

* Cultivar/Line unavailable   for study   
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Table 2.2. Results from Mann-Whitney test for equal gene diversity estimates 
between Ancestral and Current genotypes.  
 

 

Groups Marker 

Number 

Rank 

Sum 

Mean 

Sum 

Mann-

Whitney U  

Mean 

Difference 

P Value* 

Gene Diversity: 

Ancestors 

152 27179 178.81 7553 0.11 <0.0001 

Gene Diversity: 

Current  

152 19181 126.19 15551   

 
* P value is significant for Gene Diversity Ancestors ≠ Gene Diversity Current 
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Table 2.3. Gene diversity estimates for SSR loci in the ancestral and current 
groups based on pedigree assignment. 

    
Chromosome Marker Gene Diversity Ancestors Gene Diversity Current 

1 Satt184 0.6852 0.5034 

 Sat353 0.7289 0.6593 

 Satt531 0.1049 0.3084 

 Satt221 0.3806 0.0000 

 Satt548 0.4567 0.2659 

 Satt370 0.0000 0.0997 

 Satt436 0.7222 0.7050 

  Satt129 0.5494 0.4938 

2 Sat227 0.7891 0.6797 

 Satt157 0.8516 0.6400 

 Satt558 0.5123 0.1723 

 Satt296 0.2778 0.0907 

 Satt266 0.4152 0.4898 

 Satt428 0.6975 0.6100 

 Satt703 0.5952 0.3900 

  Satt274 0.5123 0.0950 

3 Sat379 0.1172 0.0000 

 Satt152 0.7405 0.5741 

 Satt530 0.7593 0.5000 

 Satt125 0.4983 0.4654 

 Satt387 0.5370 0.1049 

  Satt339 0.6574 0.4717 

4 Satt565 0.4383 0.5350 

 Soygpatr 0.2778 0.4050 

 Satt396 0.1107 0.1800 

 Satt578 0.1049 0.4444 

 Satt136 0.6982 0.4989 

 Satt670 0.7099 0.5397 

 Satt524 0.1049 0.2449 

  Satt164 0.6975 0.4550 

5 Satt684 0.5926 0.6450 

 Satt276 0.8148 0.7256 

 Satt382 0.7654 0.5306 

 Satt300 0.6914 0.5442 

 Satt050 0.2778 0.5261 

 Satt385 0.6605 0.6159 

  Satt174 0.1049 0.0000 

6 Satt681 0.5781 0.3950 

 Satt227 0.1107 0.0997 

 Satt281 0.7031 0.4750 

 Sat336 0.7474 0.5204 

 Satt322 0.4922 0.3878 

 Satt643 0.7716 0.5578 

 Satt277 0.6914 0.5805 

 Satt319 0.5617 0.5397 

 Satt202 0.7344 0.5540 
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Chromosome Marker Gene Diversity Ancestors Gene Diversity Current 

 6 Satt357 0.6667 0.1723 

7 Satt636 0.6844 0.3265 

 Satt150 0.1172 0.1723 

 Satt567 0.5938 0.4490 

 Satt463 0.7733 0.5850 

 Satt323 0.5864 0.4717 

 Satt306 0.0000 0.3220 

 Satt551 0.4753 0.4598 

  Satt210 0.5679 0.4580 

8 Satt390 0.4753 0.4800 

 Sat406 0.7682 0.4765 

 Satt589 0.6782 0.5397 

 Satt424 0.4592 0.0000 

 Satt437 0.6975 0.6975 

 Satt409 0.6484 0.5850 

 Satt538 0.1049 0.0907 

  Satt378 0.0000 0.0997 

9 Satt539 0.4753 0.4550 

 Satt242 0.6990 0.2659 

 Satt349 0.5467 0.4626 

 Satt499 0.6420 0.6304 

 Satt196 0.6296 0.5762 

  Satt588 0.5408 0.4913 

10 Satt358 0.5988 0.1723 

 Satt500 0.6728 0.4036 

 Sat318 0.3787 0.1884 

 Satt259 0.5741 0.5300 

 Satt173 0.7656 0.6920 

 Sat341 0.6436 0.4717 

 Satt592 0.5370 0.2449 

  Sat109 0.4775 0.5650 

11 Satt426 0.5606 0.4717 

 Satt251 0.5260 0.4550 

 Satt197 0.7160 0.5650 

 Satt519 0.4753 0.3546 

 Satt597 0.5000 0.5703 

 Satt332 0.0000 0.4943 

 Satt665 0.6420 0.5263 

  Satt359 0.5859 0.5873 

12 Satt353 0.3945 0.0950 

 Satt568 0.2901 0.4989 

 Satt009 0.4297 0.3878 

 Satt442 0.6367 0.7800 

 Satt469 0.4766 0.0000 

 Satt222 0.1975 0.0950 

 Satt302 0.6481 0.5397 

  Satt181 0.4429 0.4717 

13 Satt030 0.7346 0.6939 

 Satt269 0.4844 0.5533 



 112 

Chromosome Marker Gene Diversity Ancestors Gene Diversity Current 

13 Satt160 0.6358 0.6531 

 Satt516 0.6914 0.6349 

 Satt663 0.6020 0.5926 

 Satt335 0.4753 0.3084 

 Sat375 0.7778 0.7120 

 Satt490 0.5714 0.4898 

 Satt554 0.6358 0.6213 

 AW756935 0.1244 0.0950 

 Sat417 0.8272 0.8125 

  Satt395 0.1172 0.0000 

14 Satt577 0.6235 0.5190 

 Satt467 0.1975 0.0000 

 Satt304 0.2778 0.1884 

 Satt474 0.6484 0.4592 

 Satt534 0.7346 0.5986 

  Satt560 0.5606 0.3810 

15 Satt411 0.4444 0.3810 

 Satt720 0.7644 0.6844 

 Satt212 0.3457 0.4800 

 Sat107 0.8512 0.7100 

 Satt369 0.6420 0.3946 

 Satt553 0.8281 0.6543 

  Satt230 0.6367 0.2659 

16 Satt249 0.6728 0.0907 

 Satt693 0.5600 0.6605 

 Satt529 0.4609 0.4898 

 Satt215 0.6358 0.4950 

 Satt244 0.6436 0.5123 

 Satt431 0.5370 0.2778 

  Satt712 0.5000 0.2907 

17 Satt458 0.7474 0.6200 

 Satt154 0.7593 0.6531 

 Satt208 0.4844 0.3750 

 Satt389 0.7289 0.6852 

 Satt311 0.6094 0.4938 

 Satt464 0.3047 0.1800 

 Satt186 0.6235 0.5079 

  Satt386 0.5536 0.2550 

18 Satt235 0.4567 0.3045 

 Satt288 0.7822 0.5121 

 AF162283 0.6851 0.7050 

  Satt191 0.6489 0.6850 

19 Satt523 0.4444 0.4986 

 Satt284 0.6605 0.6111 

 Satt481 0.5370 0.4383 

 Satt166 0.6328 0.3546 

 Satt561 0.4983 0.1884 

  Satt373 0.6644 0.6975 

20 Satt571 0.6574 0.3950 
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Chromosome Marker Gene Diversity Ancestors Gene Diversity Current 

20 Satt700 0.5313 0.1723 

 Sat104 0.2778 0.4898 

 Sat419 0.8047 0.4297 

 Satt440 0.6133 0.4688 

  Mean 0.5404 0.4337 

    

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Table 2.4. SSR loci with the major allele frequency >0.95 throughout the entire pedigree. Marker map positions and QTL 
map positions are according to the composite linkage maps in SoyBase (www.SoyBase.org).  
      

Chromosome Marker Allele Frequency Marker Map Position (cM) QTL  QTL Map Interval (cM) 

1 Satt 370 0.975 60.99 Leaf Shape/Width 61.40-63.40 

3 Sat 379 0.975 4.33 None Reported  

3 Satt234 1.000 84.59 None Reported  

3 Satt 22 1.000 102.05 Leaf Width 101.10-103.10 

5 Satt 174 0.975 88.58 Yield/Oil 87.58-89.58 

7 Satt 494 1.000 71.7 Sclerotina 70.09-72.00 

8 Satt315 1.000 45.29 Oil 43.90-67.33 

8 Satt470 1.000 116.73 Lodging 116.40-118.40 

8 Satt538 0.952 159.63 Daidzein  158.60-160.60 

8 Satt378 0.971 165.72 None Reported  

13 Satt395 0.974 146.41 None Reported  

15 Satt213 1.000 3.72 Yield/Height/Disease 2.30-4.30 

17 Satt328 1.000 16.76 Cyst nematode 15.00-39.35 

19 Satt238 1.000 19.93 Leaf Shape/Width 18.90-20.90 
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Table 2.5. Fst estimates of genetic differentiation between the Ancestral and 
Current groups. Loci considered as having experienced selection are those with 
a value at least two-fold higher than the genome-wide average of 0.0603. 

 
 
   

Chromosome Marker Fst 

1 Satt184 0.1049 

 Sat353 0.0055 

 Satt531 0.0405 

 Satt221 0.1084 

 Satt548 0.0506 

 Satt370 0.0263 

 Satt436 0.0117 

  Satt129 0.0370 

2 Sat227 0.0208 

 Satt157 0.0870 

 Satt558 0.0993 

 Satt296 0.0383 

 Satt266 0.0769 

 Satt428 0.0262 

 Satt703 0.0870 

 Satt274 0.0891 

  Sat379 0.0365 

3 Satt152 0.0449 

 Satt530 0.0467 

 Satt125 0.0107 

 Satt387 0.1186 

  Satt339 0.0486 

4 Satt565 0.0079 

 Soygpatr 0.0123 

 Satt396 0.0057 

 Satt578 0.1176 

 Satt136 0.0663 

 Satt670 0.0463 

 Satt524 0.0206 

  Satt164 0.0476 

5 Satt684 0.0843 

 Satt276 0.0216 

 Satt382 0.0726 

 Satt300 0.0500 

 Satt050 0.0401 

 Satt385 0.0836 

  Satt174 0.0307 

6 Satt681 0.0169 

 Satt227 0.0002 

 Satt281 0.0592 

 Sat336 0.1121 

 Satt322 0.0335 

 Satt643 0.1085 

115 



 116 

Chromosome Marker Fst 

6 Satt319* 0.1518 

 Satt202 0.0955 

 Satt371 0.1162 

  Satt357* 0.2089 

7 Satt636 0.1092 

 Satt150 0.0035 

 Satt567 0.0458 

 Satt463 0.0613 

 Satt323 0.0197 

 Satt306 0.0779 

 Satt551 0.0003 

  Satt210 0.0303 

8 Satt390 0.0116 

 Sat406 0.1036 

 Satt589 0.0658 

 Satt424 0.1234 

 Satt437 0.0238 

 Satt409 0.0165 

 Satt538 0.0003 

  Satt378 0.0221 

9 Satt539 0.0682 

 Satt242* 0.1315 

 Satt349 0.0051 

 Satt499 0.0594 

 Satt196 0.0044 

  Satt588 0.0756 

10 Satt358 0.1031 

 Satt500 0.0419 

 Sat318 0.0487 

 Satt259 0.0179 

 Satt173 0.0610 

 Sat341 0.0147 

 Satt592 0.0919 

  Sat109 0.0265 

11 Satt426* 0.1776 

 Satt251 0.0703 

 Satt197 0.0304 

 Satt519 0.0278 

 Satt597 0.1171 

 Satt332* 0.1386 

 Satt665 0.0202 

  Satt359 0.0315 

12 Satt353 0.0467 

 Satt568 0.0251 

 Satt009 0.0030 

 Satt442 0.0829 

 Satt469* 0.1502 

 Satt222 0.0128 

 Satt302 0.0207 
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Chromosome Marker Fst 

13 Satt030 0.0110 

 Satt269 0.0910 

 Satt423 0.0137 

 Satt160 0.0069 

 Satt516 0.0777 

 Satt663 0.0599 

 Satt335 0.0483 

 Sat375 0.0266 

 Satt490 0.0533 

 Satt554 0.0029 

 AW756935 0.0013 

 Sat417 0.0422 

  Satt395 0.0349 

14 Satt577 0.0441 

 Satt467 0.0631 

 Satt304 0.0081 

 Satt474 0.0416 

 Satt534 0.0195 

  Satt560 0.0233 

15 Satt411 0.0189 

 Satt720 0.0151 

 Satt212 0.0365 

 Sat107 0.0579 

 Satt369* 0.1306 

 Satt553 0.0669 

  Satt230* 0.1314 

16 Satt249* 0.2008 

 Satt693 0.1049 

 Satt529 0.0247 

 Satt215 0.1106 

 Satt244 0.0144 

 Satt431 0.0737 

  Satt712 0.1186 

17 Satt458 0.0711 

 Satt154 0.0310 

 Satt208 0.1179 

 Satt389 0.0182 

 Satt311 0.0098 

 Satt464 0.0158 

 Satt186* 0.2022 

  Satt386* 0.1368 

18 Satt235 0.0135 

 Satt288 0.0603 

 AF162283 0.0840 

  Satt191 0.0351 

19 Satt523 0.0464 

 Satt284 0.0237 

 Satt481 0.0217 

 Satt166 0.0632 



 118 

Chromosome Marker Fst 

 19 Satt373 0.0514 

20 Satt571 0.0564 

 Satt367 0.0156 

 Satt700 0.0811 

 Sat104* 0.1720 

 Sat419* 0.1247 

  Satt440 0.0305 

  Mean 0.0603 

   
*Loci with Fst greater than 0.1206 (two-
fold genome-wide average). 

 
 

   

   

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 





Table 2.6. Results from in silico QTL mapping using genome-wide tests for selective sweeps. Marker map positions as well as QTL 
map positions are according to the composite linkage maps in SoyBase (www.SoyBase.org). Multi QTL refers to regions where 
three or more QTL map to the same position.  

  

    

      

Chromosome SSR Marker Detected with LnRH/Fst/Both Marker Map Position (cM) Trait QTL  QTL Map Position Interval (cM) 

1 Satt 531 LnRH 40.86 Protein  39.80-41.80 

2 Satt 274** LnRH 116.34 Multi QTL* 115.35-117.35 

3 Satt 387** LnRH 53.25 Multi QTL*, Rpg 4 gene 52.25-54.25 

4 Satt 578** LnRH 65.08 Multi QTL*  64.08-66.08 

5 Satt 050** LnRH 46.45 Leaf width 45.50-47.50 

6 Satt 319 Fst 113.4 Multi QTL, E1 gene, T gene 113 

6 Satt 357 Both 151.91 Sudden Death Syndrome 149-151 

9 Satt 242 Both 14.35 Protein/Oil  5.80-25.80, 2.40-28.72 

11 Satt 426 Fst 28.3 Protein/Oil  28.17-30.17 

11 Satt 332 Fst 80.9 Seed weight/Oil 80.3-82.31 

12 Satt 469** Fst 58.9 Corn ear worm 53.40-61.30 

15 Satt 369** Fst 56.3 Leaf shape 55.30-57.30 

15 Satt 230** Fst 71.3 Plant height 69.23-71.23 

16 Satt 249 Both 11.74 Multi QTL* 10.70-12.70 

17 Satt 186** Fst 105.4 Multi QTL* 104.15-106.15 

17 Satt 386 Fst 125 Sclerotina  123.31-125.31 

19 Satt 561** Fst 71.4 Yield  70.44-72.44 

20 Sat 104 Both 65.6 N/A  

20 Sat 419** Both  98.1 Yield  97.11-99.11 

      

* For specific QTL see genetic maps provided in appendix   

**Marker associated with Trait QTL according to SoyBase (www.soybase.org)   
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Table 2.7. Trait classification for QTL identified via selective sweep analysis in the pedigree of OAC Bayfield.  

Specific QTL designations are according to SoyBase (www.soybase.org) composite genetic maps.  

        
Trait Plant Architecture  Protein  Oil  Yield  Maturity  Disease  Other 

SoyBase QTL Reference Pl ht 17-5 Prot 3-5 Oil 19-1 Sd yld 15-12 Pod mat 16-4 Sclero 3-16 NitR5 1-4 

 Lf wdth 9-1 sd-Gly 1-3* Oil 1-2 Sd wt 10-3 Pod mat 8-5 SDS 2-5 Daidzein 2-7 

 Lf wdth 8-1 sd-Leu 1-2* Oil 4-5 Yld/Ht 4-1 Pod mat 19-6 SDS 1-1 Isoflv 1-4 

 Lflt shape 9-6 sd-Thr 1-3* Oil 24-14 Sd yld 23-6 Pod mat 19-2 CEW 1-2 Drought index 1-5 

 Lflt shape 8-10 sd-Phe 1-2*  Sd yld 15-7 Pod mat 8-3 Sclero 6-4  

 Pl ht 13-5 sd-Arg 1-1*  Yld/Ht 2-5  Sclero 3-7  

 Pl ht 8-3 sd-Glu 1-3*  Sd yld 8-1  Sclero 2-10  

  Prot 7-2  Sd yld 22-5    

  Prot 24-3  Flr num 1-11***    

  Prot 3-2  Pod num 1-10***    

  sd-Phe 1-3**      

  sd-Glu 1-4**      

    Prot 17-2           

QTL Total 7 7 4 10 5 7 4 

        

* Individual amino acid QTL all map to same location and are grouped together for single protein QTL for classification purposes  

**Individual amino acid QTL all map to same location and are grouped together for single protein QTL for classification purposes  

***Considered as component traits for yield        
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Figure 2.1. Pedigree diagram of OAC Bayfield. For the purposes of this study the members of the pedigree were 
assigned to either an “Ancestral Group” or “Current Group” (shown by hatched boxes) for identifying selection signatures 
retained through OAC Bayfield in the derived cultivars. For the OAC Bayfield derived genotypes, the coloured names 
correspond to the breeding program that developed it. Genotypes with an asterisk indicate lines that were unavailable for 
study. 

University of Guelph  

Pioneer Hi-Bred 

Agriculture and  

Agri-Food Canada  
 
Ridgetown Collage 

La coop Fédérée 

Semences Prograin 

 

* 

* 

* 

* 

* 

Current Group 

Ancestral Group 

121 



 
Figure 2.2. Result from the Kolmogorov-Smirnov test for normal distribution of 
observed lnRH values. 
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n 140            

                

Mean -0.6728876885  Median -0.6379757817      
95% CI -0.8266509576  96.6% CI -0.8054968744     

SE             

      Range 5.884547729      

Variance 0.8467240722  IQR 1.0320492657      

SD 0.9201761093          

95% CI 0.8235513049 Percentile         

      0th -3.6846654695  (minimum)     

CV -136.8%  25th -1.1586716801  (1st quartile)     

      50th -0.6379757817  (median)     

Skewness -0.09  75th -0.1266224143  (3rd quartile)     

Kurtosis 0.87  100th 2.1998822591  (maximum)     

                

Kolmogorov-Smirnov D 0.06            
P Value > 0.10             
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General Discussion and Conclusions 
 
 
The overarching theme of this thesis was the investigation into the genomic 

changes that have occurred over 80 years of soybean breeding activity in 

Ontario. By characterizing the allele pool throughout the pedigree as graphical 

genotypes, it was possible to observe the shift in allele frequencies at individual 

marker loci. The build-up of allelic structure was evident in Chromosomes 1, 7, 

11 and 16, especially when comparing cultivars of MG 0 to I with those of MG II. 

The major component of this observed allelic stratification was due to the genetic 

contributions of Fiskeby-V. Thus, hypothesis one is accepted as a high degree of 

allelic structure was identified for certain chromosomes. The results suggest that 

a number of linkage blocks originating in Fiskeby-V had been “mined” via 

phenotypic selection that had become incorporated into a number of cultivars 

derived from OAC Bayfield. 

One of the most important aspects of the thesis was the inclusion of 

genotypes from multiple independent breeding programs. The genotypes 

developed represent selections from multiple populations derived from a number 

of bi-parental crosses. Therefore, each cultivar represents the selection from 

thousands of progeny and a multitude of possible allele combinations. If breeder 

selection was maintaining favourable allele combinations, then it should have 

been reflected in the genotype data. Indeed this was the case as in a number of 

chromosomes linkage blocks (in some cases entire chromosomes) were 

conservatively transmitted, both through generations and across cultivars of 
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different breeding programs. This result supports hypothesis two, which is 

consistent with previous studies in soybean pedigrees (Lorenzen et al. 1996) as 

well as barley pedigrees (Sjakste et al. 2003).  

With regards to favourable linkage blocks a paradox exists. If these 

linkage blocks represent important genomic regions for cultivar development, 

then a high degree of fixation raises concerns over plateaus in modern soybean 

improvement (Hyten et al. 2006). However, by breaking apart these linkage 

blocks through recombination or introgression, a breeder runs the risk of taking 

steps “backwards” as performance of the cultivars may be lower than elite x elite 

crosses.  Therefore, there is a “cost-benefit” aspect to expanding a genetic base 

for commercial breeding purposes. Generating a priori knowledge about the 

allelic structure of the germplasm of a breeding program can be very useful for 

developing strategies if a breeder wishes to expand the genetic base of their 

breeding program.  

Gene banks contain a tremendous amount of genetic diversity in the form 

of exotic germplasm, yet the vast majority of accessions in gene banks make no 

contribution to modern varieties (Tanksley and McCouch 1997). Given the rapid 

changes in molecular and genomic technologies, the speed and cost of obtaining 

detailed molecular information in most major crop species is no longer an issue. 

The focus shifts to the utilization and incorporation of massive amounts of 

genomic information in an applied fashion. One such application is to use these 

technologies to generate a detailed knowledge of the genetic architecture of a 

breeding program. Strategies can then be developed to better incorporate these 



 127 

types of resources. Using molecular data to mine germplasm collections has 

been suggested as a means to bridge the gap between elite adapted germplasm 

of breeding programs and harnessing the potential beneficial genetic variation in 

germplasm collections (Casa et al. 2005). By defining the molecular landscape of 

the germplasm of a breeding program, one can create a frame of reference on 

which to compare molecular fingerprints from any source. For soybean the most 

logical comparison is the haplotype of different cultivars. Thus, it would be 

feasible to carry out molecular-based breeding strategies such as the one 

proposed by Tanksley and McCouch (1997), whereby mining of interesting 

haplotypes from gene banks could be done.  

 The pedigree structure of OAC Bayfield allowed for the unique opportunity 

to investigate the effects of selection through a breeding-derived genetic 

bottleneck event. As OAC Bayfield represents an extremely well adapted cultivar 

to a specific growing environment, the identification of specific loci that had been 

impacted by selection was of great interest from a breeding perspective. If highly 

productive soybean varieties are those that are better adapted to a local 

environment, then a component of the molecular selection tests employed were 

the identification of loci that contributed to this improved adaptation. The use of  

the Schlötterer statistics for the identification of local selective sweeps due to 

local adaptation (Schlötterer 2002a, 2002b) was appropriate for the experimental 

design used in this study. It was apparent from the graphical genotyping that for 

particular markers alternate alleles dominated either the ancestral or the current 

groups. The use of the Fst statistic allows for the quantification of the degree of 
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alternate allele fixation between groups (Wright 1951).  For the selection 

signature tests, the specific favoured alleles that were identified with the selective 

sweeps may be of interest for breeding purposes. One practical application would 

be to use markers to pyramid these favoured alleles across various QTL for a 

given trait (e.g. yield) and determine the net phenotypic effect.   

 There has been significant funding and investment in crop genomics by 

both the public and private sector. A common outcome from this funding is the 

creation of databases that contain genetic maps or reference genome 

sequences. They contain immense amounts of information, yet integrating this 

type of resource into practical uses within a specific breeding program is 

challenging. The second chapter in this thesis relied heavily on use of SoyBase 

(www.SoyBase.org). The database was instrumental in providing support to the 

validity of genomic loci identified as having undergone a selective sweep. The 

majority of the loci did map to genomic regions that contained QTL of agronomic 

importance, thus hypotheses 4 and 5 appear to be true. For breeding purposes 

the QTL identified via the selection tests may be more functionally important for 

Ontario soybean breeding programs as the selection tests are performed across 

various genetic backgrounds.  

In conclusion, by genotyping pedigrees of breeding programs a foundation 

can be created for the incorporation of various marker-assisted breeding 

strategies for the development of novel or improved soybean varieties.  
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Limitations of study 
 

A few areas of this thesis had limitations that could be addressed in future 

studies. First, was the ability to prove preferential transmission of linkage blocks 

from OAC Bayfield. By including the alternate parents that were crossed with 

OAC Bayfield, chi-square tests could be performed between the parents and 

progeny. This would provide more conclusive evidence for preferred allele 

transmission coming from OAC Bayfield. 

With current genomic technologies, marker density could be increased to 

improve the accuracy of linkage block characterization. Also statistical methods 

for detecting selection using DNA sequence data are more abundant in the 

literature. Sequencing of particular genes or entire genomes (e.g. genotype by 

sequencing) would allow for the use of these statistics to add power in detecting 

selective sweeps in specific genomic regions.  

  To prove a genomic region has reduced variability due to selection versus 

genetic drift or genetic bottleneck effects is a challenge. More complex models 

are presented in the literature (Vigouroux et al. 2002 for example) that account 

for a number of variables associated with a selective sweep analysis (e.g. 

recombination rate, mutation rate, genetic bottleneck duration). The use of a 

variety of models would help reduce false positives as well as identify additional 

regions that may be missed by a particular statistical test. In general, if the same 

loci were identified among a multitude of statistical tests, it would improve the 

confidence of claiming that the reduction of genetic diversity was a result of 
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artificial selection by soybean breeders. In addition, simulations could be 

performed to determine whether or not the same number and type of QTL 

identified in this study could be detected by chance alone.  

For this thesis the population/group sizes were small (ancestral = 17 and 

current group = 21).  While there is no consensus in the literature as to a 

minimum population size for use of the Schlötterer or Fst statistic, small 

population sizes can inflate the test statistics. Therefore, larger population sizes 

would be ideal for future studies. Schlötterer makes mention of performing 

multiple pair-wise comparisons among several groups/populations, to aid in 

detecting true selected loci (Schlötterer 2002b). This could be done in a breeding 

program that produces many populations in which differential selection is applied.  

 

Future Directions 

The next phase of research is currently underway. By extending the methodology 

of this thesis, genotyping of multiple pedigrees across the breeding program has 

begun in order to characterize the molecular landscape at a much larger scale. 

The panel of lines has been increased to include the majority of ancestors as well 

as plant introductions from China and the RIL’s developed from them. 

Additionally, lines that have been subjected to very specific selection for traits 

such as low linolenic acid and natto-type seed size are also included.    

In addition to the genotyping, results from field studies that were 

conducted in parallel with the OAC Bayfield pedigree genotyping will be included 

to determine the effects of identified linkage blocks and selective sweep identified 
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loci. One area that would be particularly interesting to explore is the use of 

markers to move linkage blocks into different genetic backgrounds and determine 

the phenotypic effects. Finally, by using new genomic technologies such as next 

generation sequencing specific genomic changes can be detected at a much 

finer scale and the effects of long-term breeder selection can be studied across 

numerous genes simultaneously.  
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Appendix 
 

Genetic Distance Values and SoyBase Genetic Map Figures



 

Table 1. Genetic distance between members of OAC Bayfield's pedigree. Distance values are the simple matching coefficient  

Between Genotypes.         
          

  Mandarin-2 AK Harrow Manchu Mukden Richland Harosoy Capital Lincoln2 CNS 

Mandarin-2          

AK Harrow 0.64         

Manchu 0.64 0.53        

Mukden 0.62 0.48 0.56       

Richland 0.53 0.62 0.57 0.56      

Harosoy 0.18 0.52 0.62 0.57 0.57     

Capital 0.49 0.37 0.53 0.56 0.61 0.48    

Lincoln2 0.68 0.34 0.51 0.49 0.65 0.59 0.47   

CNS 0.69 0.72 0.68 0.63 0.68 0.72 0.67 0.71  

Blackhawk 0.64 0.59 0.59 0.29 0.35 0.62 0.64 0.62 0.65 

Clark 0.66 0.41 0.55 0.51 0.55 0.62 0.49 0.22 0.73 

Corsoy 0.40 0.45 0.57 0.52 0.58 0.29 0.31 0.53 0.65 

Wayne 0.64 0.41 0.54 0.47 0.57 0.60 0.49 0.24 0.60 

Harosoy-63 0.23 0.54 0.61 0.57 0.56 0.09 0.48 0.58 0.67 

Fiskeby-V 0.65 0.66 0.61 0.61 0.69 0.66 0.69 0.64 0.68 

Premier 0.52 0.45 0.55 0.53 0.52 0.45 0.50 0.44 0.62 

KG60 0.53 0.60 0.61 0.55 0.58 0.55 0.59 0.56 0.63 

Bicentennial 0.49 0.63 0.64 0.54 0.64 0.43 0.59 0.64 0.68 

OAC Salem 0.52 0.63 0.62 0.56 0.59 0.51 0.57 0.58 0.64 

OAC Bayfield 0.52 0.61 0.62 0.57 0.61 0.47 0.60 0.59 0.64 

OAC Brussels 0.51 0.64 0.65 0.55 0.62 0.49 0.60 0.59 0.64 

OAC Champion 0.49 0.54 0.57 0.54 0.57 0.45 0.53 0.54 0.62 

OAC Kent 0.54 0.54 0.52 0.47 0.60 0.49 0.51 0.43 0.66 

OAC Wallace 0.55 0.58 0.59 0.57 0.61 0.50 0.59 0.54 0.69 

Phoenix 0.49 0.56 0.59 0.53 0.57 0.48 0.57 0.57 0.63 

OT05-18 0.56 0.58 0.62 0.58 0.60 0.48 0.62 0.58 0.67 

RCAT-Wildcat 0.60 0.52 0.54 0.54 0.61 0.52 0.55 0.44 0.67 

139 



 140 

  Mandarin-2 AK Harrow Manchu Mukden Richland Harosoy Capital Lincoln2 CNS 

 
RCAT-Matrix 0.57 0.57 0.65 0.57 0.59 0.49 0.59 0.51 0.65 

RCAT-0706 0.56 0.45 0.56 0.48 0.60 0.48 0.49 0.43 0.64 

RCAT-0705 0.54 0.45 0.57 0.50 0.61 0.47 0.45 0.41 0.67 

RCAT-0704 0.51 0.49 0.52 0.48 0.59 0.48 0.51 0.47 0.67 

S03175.77 0.41 0.54 0.61 0.55 0.48 0.37 0.46 0.51 0.66 

S03175.117 0.42 0.55 0.61 0.55 0.52 0.41 0.51 0.52 0.67 

S03227.10 0.47 0.54 0.63 0.53 0.55 0.38 0.55 0.50 0.68 

S03099.10 0.50 0.53 0.56 0.52 0.55 0.47 0.53 0.55 0.70 

OX-802 0.52 0.48 0.58 0.53 0.61 0.44 0.46 0.44 0.66 

90B73 0.54 0.56 0.59 0.53 0.57 0.47 0.55 0.48 0.67 

X5045-39-B 0.47 0.57 0.58 0.61 0.56 0.47 0.52 0.59 0.72 

X5046-111-B 0.50 0.58 0.62 0.56 0.61 0.46 0.55 0.60 0.61 

X5046-77-B 0.48 0.55 0.61 0.54 0.60 0.45 0.53 0.59 0.69 

X4936-29-B 0.51 0.56 0.64 0.52 0.63 0.47 0.51 0.65 0.67 

X4943-82-B 0.52 0.55 0.62 0.53 0.63 0.44 0.56 0.51 0.66 
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  Blackhawk Clark Corsoy Wayne Harosoy-63 Fiskeby-V Premier KG60 Bicentennial 

Mandarin-2          

AK Harrow          

Manchu          

Mukden          

Richland          

Harosoy          

Capital          

Lincoln2          

CNS          

Blackhawk          

Clark 0.57         

Corsoy 0.58 0.55        

Wayne 0.51 0.23 0.55       

Harosoy-63 0.59 0.59 0.26 0.57      

Fiskeby-V 0.64 0.67 0.62 0.63 0.62     

Premier 0.50 0.39 0.49 0.26 0.42 0.62    

KG60 0.53 0.53 0.59 0.47 0.54 0.49 0.37   

Bicentennial 0.61 0.66 0.52 0.64 0.43 0.27 0.56 0.48  

OAC Salem 0.56 0.60 0.54 0.55 0.54 0.36 0.53 0.29 0.25 

OAC Bayfield 0.59 0.62 0.53 0.55 0.47 0.39 0.50 0.29 0.24 

OAC Brussels 0.61 0.61 0.55 0.57 0.50 0.37 0.51 0.38 0.19 

OAC Champion 0.58 0.52 0.45 0.51 0.44 0.48 0.47 0.32 0.41 

OAC Kent 0.52 0.47 0.49 0.43 0.47 0.59 0.42 0.53 0.53 

OAC Wallace 0.59 0.58 0.57 0.50 0.51 0.40 0.49 0.39 0.38 

Phoenix 0.56 0.55 0.48 0.49 0.46 0.50 0.43 0.21 0.39 

OT05-18 0.60 0.63 0.54 0.56 0.49 0.45 0.53 0.43 0.34 

RCAT-Wildcat 0.59 0.45 0.54 0.43 0.49 0.50 0.48 0.42 0.43 

RCAT-Matrix 0.58 0.55 0.54 0.49 0.51 0.45 0.51 0.39 0.34 

RCAT-0706 0.53 0.44 0.48 0.40 0.47 0.60 0.36 0.44 0.51 

RCAT-0705 0.53 0.47 0.41 0.44 0.45 0.60 0.41 0.53 0.53 
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  Blackhawk Clark Corsoy Wayne Harosoy-63 Fiskeby-V Premier KG60 Bicentennial 

 
RCAT-0704 0.51 0.46 0.47 0.43 0.46 0.52 0.46 0.49 0.50 

S03175.77 0.54 0.45 0.39 0.46 0.36 0.58 0.41 0.41 0.52 

S03175.117 0.59 0.45 0.44 0.49 0.38 0.54 0.41 0.42 0.46 

S03227.10 0.59 0.53 0.43 0.52 0.37 0.50 0.50 0.42 0.45 

S03099.10 0.55 0.50 0.47 0.54 0.46 0.48 0.49 0.45 0.42 

OX-802 0.56 0.46 0.41 0.43 0.43 0.65 0.39 0.52 0.60 

90B73 0.57 0.50 0.50 0.50 0.46 0.40 0.44 0.34 0.28 

X5045-39-B 0.60 0.52 0.49 0.59 0.47 0.59 0.51 0.46 0.53 

X5046-111-B 0.62 0.56 0.48 0.54 0.45 0.57 0.49 0.46 0.51 

X5046-77-B 0.60 0.54 0.47 0.56 0.45 0.51 0.50 0.43 0.45 

X4936-29-B 0.60 0.61 0.48 0.60 0.47 0.53 0.51 0.50 0.42 

X4943-82-B 0.61 0.56 0.47 0.52 0.42 0.49 0.53 0.44 0.43 
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  OAC Salem OAC Bayfield 
OAC 

Brussels OAC Champion OAC Kent OAC Wallace Phoenix OT05-18 RCAT-Wildcat 

Mandarin-2          

AK Harrow          

Manchu          

Mukden          

Richland          

Harosoy          

Capital          

Lincoln2          

CNS          

Blackhawk          

Clark          

Corsoy          

Wayne          

Harosoy-63          

Fiskeby-V          

Premier          

KG60          

Bicentennial          

OAC Salem          

OAC Bayfield 0.23         

OAC Brussels 0.23 0.20        

OAC Champion 0.36 0.24 0.34       

OAC Kent 0.51 0.47 0.53 0.45      

OAC Wallace 0.35 0.28 0.36 0.35 0.51     

Phoenix 0.28 0.21 0.32 0.26 0.49 0.40    

OT05-18 0.39 0.25 0.39 0.36 0.48 0.35 0.39   

RCAT-Wildcat 0.42 0.33 0.40 0.35 0.47 0.43 0.36 0.39  
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  OAC Salem OAC Bayfield 
OAC 

Brussels OAC Champion OAC Kent OAC Wallace Phoenix OT05-18 RCAT-Wildcat 

RCAT-Matrix 0.36 0.18 0.30 0.30 0.50 0.32 0.31 0.33 0.36 

RCAT-0706 0.46 0.46 0.52 0.46 0.26 0.53 0.42 0.50 0.46 

RCAT-0705 0.53 0.52 0.56 0.47 0.26 0.53 0.49 0.51 0.51 

RCAT-0704 0.45 0.49 0.49 0.46 0.27 0.49 0.53 0.47 0.48 

S03175.77 0.47 0.47 0.51 0.33 0.43 0.47 0.39 0.45 0.44 

S03175.117 0.42 0.40 0.42 0.28 0.47 0.47 0.39 0.45 0.44 

S03227.10 0.45 0.36 0.39 0.23 0.46 0.46 0.38 0.43 0.37 

S03099.10 0.44 0.40 0.45 0.29 0.41 0.45 0.43 0.43 0.42 

OX-802 0.58 0.51 0.57 0.46 0.26 0.53 0.49 0.51 0.47 

90B73 0.31 0.15 0.26 0.29 0.44 0.34 0.25 0.34 0.33 

X5045-39-B 0.48 0.49 0.52 0.37 0.52 0.54 0.50 0.49 0.53 

X5046-111-B 0.50 0.43 0.46 0.32 0.45 0.51 0.44 0.46 0.49 

X5046-77-B 0.44 0.43 0.45 0.29 0.46 0.51 0.42 0.49 0.47 

X4936-29-B 0.52 0.47 0.41 0.55 0.52 0.54 0.51 0.48 0.57 

X4943-82-B 0.43 0.34 0.38 0.22 0.46 0.39 0.38 0.39 0.39 
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  RCAT-Matrix RCAT-0706 RCAT-0705 RCAT-0704 S03175.77 S03175.117 S03227.10 S03099.10 OX-802 

Mandarin-2          

AK Harrow          

Manchu          

Mukden          

Richland          

Harosoy          

Capital          

Lincoln2          

CNS          

Blackhawk          

Clark          

Corsoy          

Wayne          

Harosoy-63          

Fiskeby-V          

Premier          

KG60          

Bicentennial          

OAC Salem          

OAC Bayfield          

OAC Brussels          

OAC Champion          

OAC Kent          

OAC Wallace          

Phoenix          

OT05-18          
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  RCAT-Matrix RCAT-0706 RCAT-0705 RCAT-0704 S03175.77 S03175.117 S03227.10 S03099.10 OX-802 

RCAT-Wildcat          

RCAT-Matrix          

RCAT-0706 0.54         

RCAT-0705 0.54 0.26        

RCAT-0704 0.53 0.33 0.34       

S03175.77 0.47 0.45 0.42 0.42      

S03175.117 0.42 0.48 0.47 0.47 0.19     

S03227.10 0.38 0.48 0.49 0.47 0.37 0.31    

S03099.10 0.46 0.46 0.44 0.40 0.34 0.35 0.33   

OX-802 0.53 0.32 0.28 0.37 0.39 0.45 0.43 0.44  

90B73 0.21 0.46 0.46 0.47 0.42 0.38 0.38 0.38 0.44 

X5045-39-B 0.53 0.53 0.50 0.51 0.42 0.35 0.42 0.36 0.57 

X5046-111-B 0.47 0.49 0.53 0.51 0.45 0.42 0.38 0.36 0.49 

X5046-77-B 0.46 0.48 0.46 0.50 0.37 0.31 0.39 0.29 0.51 

X4936-29-B 0.55 0.51 0.49 0.45 0.52 0.56 0.50 0.47 0.53 

X4943-82-B 0.34 0.53 0.52 0.50 0.37 0.37 0.31 0.36 0.50 
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  90B73 X5045-39-B X5046-111-B X5046-77-B X4936-29-B X4943-82-B   

Mandarin-2        

AK Harrow        

Manchu        

Mukden        

Richland        

Harosoy        

Capital        

Lincoln2        

CNS        

Blackhawk        

Clark        

Corsoy        

Wayne        

Harosoy-63        

Fiskeby-V        

Premier        

KG60        

Bicentennial        

OAC Salem        

OAC Bayfield        

OAC Brussels        

OAC Champion        

OAC Kent        

OAC Wallace        

Phoenix        

OT05-18        
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  90B73 X5045-39-B X5046-111-B X5046-77-B X4936-29-B X4943-82-B   

RCAT-Wildcat        

RCAT-Matrix        

RCAT-0706        

RCAT-0705        

RCAT-0704        

S03175.77        

S03175.117        

S03227.10        

S03099.10        

OX-802        

90B73        

X5045-39-B 0.50       

X5046-111-B 0.43 0.49      

X5046-77-B 0.44 0.44 0.22     

X4936-29-B 0.49 0.60 0.47 0.49    

X4943-82-B 0.38 0.43 0.39 0.39 0.45     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 149 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 1. Genetic map of chromosome 7 from SoyBase (www.SoyBase.org, 2011). Note the clustering 
of    various QTL at positions approximately 18 and 35cM.  
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Appendix Figure 2: Genetic map of Chromosome 2. Boxes indicate SSR mar ker and the var ious QTL which map to its 
location.
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Appendix  Figure  3 : Gen etic map of Chro mo some 3. Boxes indicate SSR  marke r and  the  variou s QTL  wh ich 
ma p to  i ts l ocatio n.
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Appendix  F igure  4 : G en etic map of Chro mo some 4. Boxes i ndi cate SSR marke r and  the  vari ou s Q TL  
which  map  to  i ts lo catio n.
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Appe ndix Figure  5 : Ge netic map of Chro mo some 6. No te  the h igh  nu mb er of QTL th at ma p to  the  re gion of SSR 
ma rker Satt 31 9. Add itio nal ly, g ene s E1 a nd T a re loca te d in th is region .
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Appendix  Figure  6 : Genetic map of Chro mo some 16 . Boxe s ind icate SSR marker and th e va rious QTL 
which  map  to  i ts location.
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Appendix  Figure  7 : Genetic map of Chromosome 17 . Boxes ind icate SSR marker and the va rious QTL which  map 
to  i ts location .

 


