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Root rot diseases are a major constraint to bean (Phaseolus vulgaris L.) 

production around the world. Both snap beans and dry beans are affected. Root rot 

diseases can be caused by a variety of pathogens; however, Fusarium solani is a common 

causal agent. Fusarium root rot is a primary yield limitation of snap bean production in 

Oregon. Cultural control methods are ineffective and the pathogen will be present at the 

end of one season of production on previously clean land, indicating the need for genetic 

resistance. In order to address this need, a diversity panel of 148 snap bean varieties (the 

BeanCAP Snap Bean Diversity Panel) was evaluated for resistance to Fusarium root rot 

in Oregon. Morphological traits potentially involved in root rot resistance were also 

evaluated. Genome-wide association studies were conducted to locate SNPs associated 

with Fusarium root rot resistance, aboveground biomass, adventitious roots, taproot 

diameter, basal root diameter, deepest root angle, shallowest root angle, root angle 

average, root angle difference, and root angle geometric mean. Significant associations 

were located for all traits evaluated, including associations with root rot resistance on 

Pv02, Pv08, Pv09, and Pv10. Genomic estimated breeding values based on BLUPs and 

BLUEs were generated for each variety and trait. In order to investigate the genetic 



 

architecture of the diversity panel principal component analysis, a kinship heat map, and 

a neighbor-joining phylogenetic tree were generated. The first principal component axis 

separated varieties by center of domestication, while the second principal component axis 

separated European extra-fine beans from other Mesoamerican varieties. Kinship analysis 

demonstrated an average similarity coefficient between varieties of 0.67. The 

phylogenetic tree indicated two separate derivations of snap beans with extensive 

subsequent recombination. In this study we also converted previously published SNP 

markers associated with resistance to root rot diseases in snap bean into user-friendly 

INDEL and KASP markers to aid in the implementation of marker-assisted selection for 

resistance to root rot in snap bean.  
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

Introduction 

Root rot is a serious disease that affects common beans (Phaseolus vulgaris L.) 

wherever they are grown. It has been and continues to be a primary yield limitation in 

both snap and dry bean production. Root rot is a broad term that can refer to infection by 

a variety of pathogens or complexes thereof (Abawi et al., 1985). The most serious and 

widespread causal pathogen, Fusarium solani f. sp. phaseoli, has been reported to cause 

yield losses of up to 84% in the US (Schneider et al., 2001).  

Fusarium root rot (FRR) causes the hypocotyl and root system of bean plants to 

lose function and eventually die. As a result, the aboveground portion of the plant 

becomes stunted and may defoliate. In addition to direct damage from the pathogen to the 

root system of the beans, infection with FRR increases plant vulnerability to abiotic 

stresses. Without a robust root system, the bean plants are far less resilient to the negative 

effects of temperature and soil moisture level extremes (Schwartz et al., 2005). Root rot 

also reduces a bean plant’s ability to nodulate and fix atmospheric nitrogen into an 

available form through symbiosis with Rhizobium.  

Oregon is the third largest producer of snap beans in the United States, with 

11,900 acres harvested in 2015. The economic value of snap beans grown for processing 

in Oregon was $13,940,000 in 2014 (NASS, 2015). The average yield in 2015 was 6.4 

tons/acre. This is above the national average of 4.4 tons/acre, but far below the yield 

potential of this region, which is drastically higher than in Midwest growing regions due 

to the use of irrigation. In Oregon, yields of 12 tons/acre of bush snap beans are possible 

on ground that has not been planted with beans in the previous ten years. However, yields 

decline drastically on ground that has frequent snap bean production (Hagerty, 2013). 
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The economic consequences of reducing that yield loss would be significant. If improved 

management of FRR improved yields statewide by 30%, the estimated annual economic 

impact would be over $4,000,000. 

The severity of damage from Fusarium solani f. sp. phaseoli to the plant depends 

on the presence of other stress factors such as low soil fertility, soil moisture status, or 

compacted soils (Abawi and Corrales, 1990). As a result, root rot is even more of a 

problem in developing countries, where field conditions may be less than ideal. Growers 

in Uganda have seen yield losses of up to 100% due to root rot (Mukankusi and Obala, 

2012) The impact of these losses is felt deeply in areas where beans are a main source of 

dietary protein (Mukankusi and Obala, 2012).  

There is currently no satisfactory management technique to control FRR in snap 

beans. Cultural and chemical methods have been explored with limited success. Genetic 

resistance to this disease has been a long-term goal of researchers around the world. 

However, the quantitative nature of this trait and its complex inheritance have made this a 

difficult goal to achieve. 

The purpose of this research is to improve the understanding of the genetics 

underlying resistance to Fusarium solani sp. phaseoli. To achieve this goal, three 

research focus areas were identified: 1) analysis of root and plant morphological traits in 

a diversity panel of snap beans as related to root rot resistance or susceptibility. 2) 

Genome wide association study (GWAS) on root rot resistance in the diversity panel of 

snap beans. 3) Development of user-friendly INDEL and KASP markers linked to twelve 

previously reported root rot resistance QTL.  
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Literature Review 

Disease Life Cycle and Symptoms 

The disease can first be observed one to two weeks after planting as longitudinal, 

narrow bright red streaks appear on the taproot and hypocotyl. With time, the infected 

areas enlarge and may coalesce, even to the point of covering the entire underground 

portion of the plant. The infection may extend into the pith of the stem. As the tissue dies, 

the red color fades to reddish-brown and the infected areas may exhibit longitudinal 

fissures. Eventually, the entire root system may die. Infected plants show yellowing, 

stunting, and premature defoliation. The number of pods and seed size may be reduced. 

As the primary roots die, lateral adventitious roots are sometimes produced above the 

infected portion of the root system to compensate (Abawi and Corrales, 1990).  

Fusarium root rot is caused by the pathogen Fusarium solani f. sp. phaseoli 

(Burke and Miller, 1983). It produces septate hyaline mycelium, multi-celled 

macroconidia, single-celled microconidia, and globose chlamydospores (Abawi et al., 

1985). The thick-walled chlamydospores allow for long-term survival in soil. The 

chlamydospores germinate when stimulated by nutrients exuded by germinating seeds 

and root tips and the resulting hyphae penetrate the bean plant through natural openings 

and wounds. The hyphae penetrate the intercellular spaces of the cortex but stop 

progressing at the endodermis. As the infected tissues die, the conidia and hyphae convert 

to chlamydospores to complete the lifecycle (Schwartz et al., 2005). The pathogen also 

has an ascomycetous sexual state, Nectria haematococca (Abawi and Corrales, 1990). 

The pathogen is spread by the movement of infected bean straw, soil, or dust via a 

variety of methods. These infected substances can be transferred by water, wind, animals, 

or by humans on implements or shoes. The planting of contaminated seed is another 
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mode of dissemination (Abawi and Corrales, 1990). Fusarium solani can persist almost 

indefinitely in soils once it is established. In addition to its long-term resting structures, it 

has the ability to germinate and reproduce near the roots of non-host species without 

causing disease. It has been identified in fields planted to non-host species for over 30 

years (Schwartz et al., 2005). 

Cultural Control Methods 

A variety of cultural and chemical methods of disease control for root rot have 

been used without consistent success. These include seed or soil treatments with selective 

fungicides, crop rotation, seedbed preparations, and cover crops. However, they are all 

either ineffective or economically unviable. Fungicide treatments applied either to the 

seed directly or to the zone of soil surrounding the seed do not offer protection as the 

disease affects the entire root system (Burke and Miller, 1983). General soil fumigation 

by chemicals such as methyl bromide will usually control the pathogen but are currently 

banned (DeFrancesco, 2015). Cover crops are unreliable as a control measure. The added 

organic matter from a crop such as alfalfa can have a positive effect by reducing soil 

compaction, increasing the water-holding capacity of the soil, and increasing the 

population of Fusarium-suppressing microbes in the field. However, in cold wet soils 

non-decomposed organic matter can become toxic to bean plants and increase root rot 

(Burke and Miller, 1983).  

Soil solarization is a possibility for organic growers to control Fusarium. In 

solarization, clear plastic and sunlight are used to raise the soil temperature to levels at 

which Fusarium cannot survive (55-65 °C). Solarization is commonly used as a substitute 

for methyl bromide fumigation (Chellemi et al., 2015). However, solarization is not 
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always economically viable as it involves an investment in the plastic film and requires 

that a field be fallow for 6-8 weeks in the summer, which is the peak growing season. It is 

also only possible in areas that receive adequate solar radiation. In addition, solarization 

only kills pathogens in the uppermost two inches of the soil. Fusarium solani located in 

lower zones of the soil will be unaffected (Chellemi et al., 2015).  

Crop rotation with non-leguminous crops is currently the best defense that 

growers have at their disposal. However, consolidation of the processing industry and 

resulting limitations on crop options have made the recommended 4-5 year rotation 

difficult to achieve (Navarro et al., 2009; Pike et al., 2003). If the 4-5 year rotation is 

successfully achieved, the pathogen population in the soil will be reduced but not 

eliminated.  

Reducing soil compaction is another relatively effective management strategy. 

Deep ripping of soil (to 45-50 cm.) prior to planting allows the plants to develop deeper 

root systems. As root rot pathogens are concentrated in the top six inches of the soil 

profile, a deeper-rooted plant may be able to avoid as much contact with the organisms 

(Abawi et al., 1985). Deep roots also allow for less frequent irrigation which can reduce 

the buildup of the pathogen population (Burke and Miller, 1983).  

A common cultural control method used in dry bean production in Idaho is to 

cultivate the bean fields, hilling soil up the stems of the plants to encourage the formation 

of adventitious roots in an effort to mitigate the effects of the rotting taproot and basal 

roots (James Myers, pers. comm., 2016). While this strategy may prevent complete crop 

loss, plants depending on adventitious roots for survival are generally stunted and 

chlorotic, and require frequent irrigation. (Schwartz et al., 2005).  
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The severe impact of root rot in beans combined with the lack of viable 

management options make the discovery of a way to control this disease a priority. 

Genetic resistance would be ideal, since it would reduce the need for growers to apply 

costly management strategies to this low-margin crop and allow a reduced rotation period 

between plantings. Genetic resistance, while not providing absolute control of the 

disease, would give growers an effective tool in the struggle against FRR. When used in 

combination with appropriate cultural management strategies such as good drainage and 

crop rotation it could be a highly effective solution.  

Screening Methods 

There are three main forms of studies used to evaluate resistance to root rot in 

green beans: greenhouse inoculation, field testing in previously contaminated land, and 

field testing in previously clean land that has been inoculated with the pathogen. Each 

method has positive and negative attributes.  

Greenhouse inoculation trials allow researchers more control over potentially 

confounding sources of variation, such as environmental variation, differences in days to 

flower, and the presence of other soil borne pathogens (Schneider et al., 2001). Field tests 

in previously contaminated land more accurately reflect real growing conditions, which 

frequently include a complex of pathogens. This can complicate analysis but provides 

valuable information about the real-world performance of varieties (Román-Avilés et al., 

2004). Inoculated field tests in previously clean land aim to capture data on a single 

pathogen in field conditions. 

Field and greenhouse testing results are not reliably consistent between the two 

environments. While some researchers have found similar results between the two types 

of trials (Bilgi et al., 2008; Nicoli et al., 2012) others have found that the same panel of 
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varieties can be tested in field and greenhouse environments and produce very different 

results (Schneider et al., 2001).  
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CHAPTER 2: GENOME WIDE ASSOCIATION STUDY OF RESISITANCE TO 

FUSARIUM ROOT ROT IN SNAP BEANS 

Introduction 

Genetics of Resistance to FRR 

Early research on FRR resistance was focused on identifying resistant germplasm. 

As our understanding of genetics has progressed, the research focus has evolved into an 

effort to understand and identify the genetics of resistance, with the goal of using that 

information to breed more highly resistant varieties. Marker-assisted selection guided by 

a thorough understanding of the genetics of resistance to FRR will allow breeders to 

efficiently add a high level of disease resistance to otherwise well-adapted germplasm.  

The quantitative nature of root rot resistance was first proposed in 1965 based on 

the observation of a gradient in levels of susceptibility and the absence of any completely 

resistant varieties (Baggett et al., 1965). The strong influence of environmental factors on 

disease severity also point to this conclusion (Miller and Burke, 1985; Schneider et al., 

2001).  

Quantitative traits, by nature of their multiple underlying genes and/or strong 

influence by the environment, exhibit complex patterns of inheritance. The inheritance 

pattern of FRR resistance has proven to be very difficult to conclusively identify, as 

results of experiments vary based on parents used, the age of the plant when evaluated, 

and the testing procedures involved (Boomstra and Bliss, 1977). Our understanding of the 

genetic control of FRR resistance continues to evolve.  

Currently, it is proposed that FRR resistance is controlled by a combination of 

genes with additive effects and genes with non-additive effects. Resistance is passed to 

offspring more effectively when the resistant parent is used as the mother, suggesting the 
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presence of a complex form of cytoplasmic-genetic interaction or epigenetic effects 

(Mukankusi et al., 2011). Dominant forms of epistasis favoring resistance also appear to 

be involved, complicating the picture even further. There is evidence of up to nine 

genetic factors involved in FRR resistance (Mukankusi et al., 2011). Resistance appears 

to be a combination of physiological mechanisms and root architecture factors that allow 

for avoidance of the pathogen or compensation for its effects (Cichy et al., 2007; 

Mukankusi et al., 2011; Román-Avilés et al., 2004; Snapp et al., 2003). 

A strategy that was explored and discarded was introgressing resistance into 

common bean from a related species, Phaseolus coccineus L. A root rot resistant snap 

bean breeding line, Cornell 2114-12, was developed from a backcross breeding program 

using P. coccineus as one of the original parents (Bravo et al., 1969). However, 

introgressions from P. coccineus are difficult to fix as homozygous lines. Linkage to 

undesirable genes can also be a problem in interspecific hybrids. On top of these 

difficulties, backcrossing to introgress a quantitatively inherited trait is generally not an 

appropriate breeding strategy as standard backcrossing will most likely lead to the 

transfer of only a few of the many contributing genes in the donor plant (Sullivan, 1988). 

If this strategy was further pursued, the backcross-inbred method (advanced quantitative 

trait loci (QTL) method, in which QTL mapping takes place in the BC2 or BC3 

generations) could facilitate the transfer of quantitative traits from a genetically distant 

source (Bliss, 1981; Tanksley and Nelson, 1996).  

Quantitative Trait Loci and Marker-Assisted Selection 

Marker-assisted selection becomes possible when the specific areas of the genome 

containing a gene or genes responsible for resistance are identified. These regions are 

known as quantitative trait loci, or QTL. Marker-assisted selection allows researchers to 
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select for resistance in the absence of a pathogen, to avoid costly and time-consuming 

field trials, and to effectively “pyramid” a collection of beneficial genetic factors into 

germplasm materials. It also eliminates difficulties due to confounding factors present in 

field trials, such as environmental gradients and escapes. Researchers have identified 

various QTL controlling resistance to root rot pathogens (Table 1).
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Table 1. Published Quantitative Trait Loci (QTL) for root rot in common bean, including population, type of QTL, Phaseolus vulgaris 

chromosome, QTL ID, percent total genetic variation explained (R
2
), LOD score and pathogen species. “.” = Data not 

available.  
 

  

Authors Population QTL reported as Chrom. QTL R2 LOD 
Root Rot 
Pathogen 

Freyre et al. 1998  
Montcalm x FR266 & 
Isles x FR266  

Association with 
RAPD  Pv 01 D3_600  . . F. solani 

Schneider et al. 
2001  

Montcalm x FR266 & 
Isles x FR266  

Association with 
RAPD  Pv 01 P7_1550 . . F. solani 

   
Pv 02 P7_700 . . F. solani 

   
Pv 02 P10_1600 . . F. solani 

   
Pv 02 G6_1100 . . F. solani 

   
Pv 03 I18_1800 . . F. solani 

   
Pv 03 I18_1700 . . F. solani 

   
Pv 04 AG2_800 . . F. solani 

   
Pv 04 G17_900  29 . F. solani 

   
Pv 05 G3_800 5 . F. solani 

   
Pv 05 G3_2000 29 . F. solani 

   
Pv 05 P9_1550 13 . F. solani 

   
Pv 06 Y11_600 . . F. solani 

   
Pv 06 O12_800 . . F. solani 

   
Pv 07 S8_500 . . F. solani 

      Pv 07 V12_1100 . . F. solani 

Chowdhury et al. 
2002  

AC Compass x 
NY2114-12  

Marker Interval . UBC218_1200- 
UBC503_640 

30 8 F. solani 

      . UBC503_640 
UBC211_1000  

20 5 F. solani 
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Table 1 (Continued).  

Authors Population 
QTL reported 
as Chrom. QTL R2 LOD 

Root Rot 
Pathogen 

Roman-Aviles & 
Kelly 2005 

Red Hawk x Negro San 
Luis & C97407 x Negro 
San Luis  

Marker 
Interval 

Pv 07 (B5) G6.2000–G17.900  19 4.02 F. solani 

   Pv 07 (B5) G17.900–AL20.350  30 8.31 F. solani 
   Pv 07 (B5) G6.2000–AL20.350  29 8.4 F. solani 
   Pv 07 (B5) AL20.700–G6.2000  33 7.81 F. solani 
   Pv 07 (B5) AL20.850–AJ4.3000  27 6.7 F. solani 
   Pv 01 (B5) AL20.850–G8.1400  53.3 15.72 F. solani 
   Pv 01 (B5) O12.800–AL20.850  7.3 6.98 F. solani 
   Pv 09 (B2) Aj4.350-X3.3054 15 10.5 F. solani 
   Pv 05 S19.1000–S19.1100  10.7 2.35 F. solani 
      Pv 08 AN19.1300–H4.1200  39 9.95 F. solani 

Navarro et al. 
2008 

Eagle x Puebla 152  Association 
with RAPD  

Pv06 AD9.950 25 2.94 P. ultimum 
and A. 
euteiches 

Hagerty et al. 
2015 

OSU5446 x RR6950 Association 
with SNP 

Pv 02 ARR2.1 0.15 9.3 A. euteiches 

   Pv 04 ARR4.1 0.1 6.7 A. euteiches 
   Pv 06 ARR6.1 0.05 7.7 A. euteiches 
   Pv 03 FRR3.1 0.09 6.2 F. solani 
   Pv 07 FRR7.1 0.22 11.5 F. solani 
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Mapping Studies 

Genetic mapping studies can be based on one of two population types, biparental 

and association mapping populations. Biparental mapping populations are a collection of 

recombinant inbred lines created by crossing two dissimilar parent lines and inbreeding 

the resulting individuals to near homozygosity. Association mapping populations aim to 

be a representative sample of a larger population and capture as much genetic diversity as 

possible. It is assumed that lines within an association mapping population are related, 

but their exact relationship may not be known.  

Each population type has benefits and drawbacks. Biparental populations can be 

advantageous for QTL mapping because they avoid issues with potentially confounding 

population structures, they require fewer SNPs to identify QTL, they are robust in regards 

to genetic heterogeneity among crosses, and they are not limited by low or high levels of 

population linkage disequilibrium. However, the same narrow focus and controlled 

genetic inputs that convey those advantages also result in several limitations. Compared 

to association mapping populations, biparental mapping populations capture relatively 

few recombination events and thus have lower mapping resolution. They also evaluate 

fewer genotypes and hence have a narrower genetic base. Only the specific sources of 

resistance present in the parent lines have a chance of being identified in the offspring 

(Mitchell-Olds, 2010).  

Association mapping populations require more SNPs to identify QTL and require 

methods to control for confounding population structure or kinship relationships. One of 

their strengths is that they capture many more recombination events than biparental 

mapping populations, thus allowing for precise mapping resolution. The broad range of 

genotypes in an association mapping population means that the results are applicable to a 
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broad genetic base. Another consideration is that association mapping has the ability to 

identify genes with relatively minor effects, as long as both alleles are represented in 

sufficient numbers in the population. The trade-off for this strength is the potential for 

association mapping to disregard important minor alleles that may only be present in a 

few members of the population (Mitchell-Olds, 2010). 

As shown in Table 1, previous studies mapping QTL associated with resistance to 

FRR have been conducted using family-based biparental mapping populations. Each 

study has the potential to identify only those genetic factors that were present in the 

parent lines. The results can also only be expected to be applicable to varieties containing 

the same genetic components. However, FRR resistance is a highly complex quantitative 

trait and it appears there are many potential sources of resistance. No clear re-emerging 

pattern has been identified in biparental mapping studies. This indicates that caution 

should be used in applying the findings of biparental mapping studies to a wider 

population.  

Association mapping, with its broad genetic scope, has potential to validate the 

findings of previous biparental mapping studies. It also might identify subtle or rare 

forms of resistance that were not present in the biparental mapping populations.  

BeanCAP Snap Bean Diversity Panel 

The Common Bean Coordinated Agricultural Project (BeanCAP) was a 

collaborative project that made market-class-specific molecular markers available to 

public researchers in order to advance genomic research on beans. The BeanCAP 

common bean panel consists of 507 varieties, including a subset of 148 varieties of snap 

beans known as the BeanCAP Snap Bean Diversity Panel (SBDP) (BeanCAP, 

http://www.beancap.org/_pdf/2010_Snap_BeanCAP_List.pdf).  
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The SBDP consists of 140 varieties of bush snap beans and eight varieties of pole 

snap beans. The varieties were chosen to represent the range of genetic diversity found 

within snap beans. It contains beans from both Mesoamerican and Andean centers of 

origin. Types of snap beans represented include Blue Lake, Tendercrop, European extra 

fine, Romano, and Refugee. Both advanced materials and historical varieties are 

included. 

Genomic Estimated Breeding Values from BLUPs and BLUEs 

Genomic Estimated Breeding Values (GEBVs) resulting from the combination of 

Best Linear Unbiased Predictions (BLUPs) and Best Linear Unbiased Estimates (BLUEs) 

are a more precise method of predicting breeding value than the traditional method of 

ordinary least squares (OLS). OLS means have a wider range and variance than GEBVs 

because they include more experimental and environmental error. In the OLS method, a 

less robust experimental design will result in the inclusion of more variation in the 

analysis and a greater number of individuals appearing superior. In the case of 

unbalanced data, this will result in biased rankings. BLUP analysis, in contrast, assigns 

weights to data based on both its quality and quantity as judged by the variances and 

covariances estimated by restricted maximum likelihood (REML). This means that in 

BLUP there is a tendency to select the more extensively tested varieties as winners 

(White, 2007).  

In GEBVS from BLUP analysis shrinkage toward the mean is observed as the 

analysis separates out what a variety can and cannot reasonably be expected to pass on to 

its progeny. In other words, the data is weighted based on the narrow sense heritability of 

a trait. A lower heritability will result in more shrinkage of the data toward the mean, as a 

lower proportion of the phenotypic value can be attributed to genetic causes. BLUP also 
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takes into consideration the covariance between relatives. The value for an individual 

reflects the performance of its relatives. Thus predictions can be made for varieties not 

included in the evaluation, based on genotypic information (White, 2007). 

 

Materials and Methods 

Study Site and Experimental Design 

In this study the 148 varieties of the BeanCAP Snap Bean Diversity Panel 

(SBDP) (BeanCAP, 2010) were evaluated for resistance to Fusarium solani root rot in 

Oregon. The SBDP was also evaluated for several morphological traits including taproot 

diameter, largest basal root diameter, deepest and shallowest basal root angles, and 

aboveground biomass to investigate correlations between plant structure and disease 

resistance.  

In late spring of 2014 and 2015, the SBDP was planted at the Oregon State 

University Vegetable Research Farm. The Vegetable Research farm is located in 

Corvallis, Oregon on Chehalis silty clay loam soil at latitude N44.571209, longitude 

W123.243261 at 77 masl. The studies took place on land that had been planted 

continually with snap beans for over 25 years in an effort to build a heavy pathogen 

population and increase disease pressure for more effective screening. To further 

encourage heavy and uniform disease pressure, the trials were irrigated heavily in the 

beginning of the each season, as high soil moisture levels aid in infection. An overhead 

irrigation system provided 2.5 cm of water weekly. After pod set, irrigation was reduced 

in order to increase abiotic stress levels. The late season irrigation schedules were 

determined based on weather conditions.  
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The trials were planted with a modified randomized complete block design. The 

field was divided into four reps on a North-South axis. This method of blocking was 

chosen as the size of this experiment exceeded previous years’ plantings and extended 

into soil that may have had a lower level of disease pressure. Due to their unique 

characteristics and need for a trellis system, the pole beans were planted in a separate four 

block randomization at the west end of the field. The trials were planted with a hand 

pushed belt-planter at a depth of approximately 5 cm. The plots were 3.0 m (10 ft.) long, 

planted in a single row at a density of 50 seeds per plot, or one seed per 6.1cm (2.4 in). A 

border row of OSU5446, a root rot susceptible check, was planted on the North and 

South edges of the field, as well as 1.5 m (five ft.) end plots on the East and West ends of 

each row to minimize edge effects. Planting dates were 10 June in 2014 and 21 May in 

2015.  

The seed was treated with Captan pre-emergent fungicide prior to planting in 

order to improve germination uniformity and reduce differences in stand between 

varieties with different seed coat colors. The pigments in dark colored seed coats can 

provide protection from damping-off pathogens, while varieties with white and green 

seed coats show increased susceptibility as they lack the flavonoids and phenolics that are 

present in colored seeded types. As these differences are not related to the disease of 

interest, a fungicide seed treatment was employed to ensure even stand establishment. 

Field Evaluation  

Data collection began when the earliest varieties were at 50% buckskin stage. 

Fifty percent buckskin stage is when half the pods per bush have lost their chlorophyll 

and have taken on a flexible, leathery texture. Each plot was evaluated at this uniform 

phenological stage. In 2014 evaluations began on 26 August, 77 days after planting. In 
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2015 evaluations began on 10 August, 81 days after planting. The 2015 trial was planted 

20 days earlier than the 2014 trial, and evaluations began 16 days earlier. The difference 

in season length can most likely be attributed to the cooler temperatures the beans 

encountered with the earlier planting date in 2015.  

A Shovelomics protocol (Lynch and Brown, 2013) was used to perform 

evaluations. Five consecutive plants from the center of the plot were dug with a 30 cm. 

radius of soil around the roots, and carefully shaken and washed to remove the soil 

without damaging the roots. The five plants were evaluated on a 1-5 scale as a single unit 

for aboveground biomass (Figure 1).  

Figure 1. Aboveground biomass of five-plant samples of common bean in root rot 

trials in 2015 in Oregon. Scale 1-5, right-left. 

 

A subsample of two randomly selected plants from the original five were 

evaluated independently for taproot diameter, largest basal root diameter, deepest basal 

root angle, shallowest basal root angle, adventitious roots (1-3 scale) and disease severity 

(1-5 scale). Disease severity was evaluated based on total root health (Table 2). Taproot 

and largest basal root diameter were recorded with digital calipers. The measurements 

were taken 1 cm. below where the root emerged from the hypocotyl. The deepest (closest 
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to the taproot) and shallowest (closest to the soil line) basal root angles were measured by 

laying the specimen on a cutting board marked with protractor angle increments (Figure 

2). 

  

Figure 2. Protractor device used to measure root angles. A = taproot, B = basal roots, C = 

adventitious roots.  

Root angle difference, root angle average, and root angle geometric mean were 

calculated from deepest and shallowest root measurements. Root angle difference was the 

shallowest root angle subtracted from the deepest root angle. This conveys the span of the 

soil profile accessed by the plant. Root angle average is the average of the deepest and 

shallowest root angles and expresses the general orientation of the roots, from zero to 90 

degrees. Root angle geometric mean was the geometric mean of the root angle average 

A 

B 

C 
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and the root angle difference. This number captured information about both the 

shallowest and deepest root angles into a single value.  

Table 2. Root rot rating scale, ranging from 1=no disease to 5=maximum disease.  

 

Root Rot Rating Scale 

Score Description 

1 Clean white root 

1.5 Few external red or brown lesions 

2 Some external lesions, but root still firm and white inside 

2.5 Some external lesions, red discoloration of pith, but root is firm 

3 Significant external infection, red to brown pith 

3.5 Spongy brown lesions are present 

4 Root is soft and rotten 

4.5 Root is very rotten, falling off 

5 Root is absent, plant ends in rotten stump 

 

Analysis of Variance 

To characterize the variation observed in the 2014 and 2015 trials, analysis of 

variance (ANOVA) tests were conducted and coefficients of determination (R
2
) and 

coefficients of variation (CV) were calculated using PROC GLM (SAS 9.3, 2011). 

Residuals from 2014 and 2015 demonstrated homogeneity of variance, and both years of 

data were combined into a single analysis. As the two individual plants measured from 

each plot were intended to capture information on a plot-wise basis rather than an 

individual plant basis, mean scores for each plot were used. The results of the ANOVA 
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tests were corroborated by the more statistically sophisticated mixed model analysis 

(PROC GLIMMIX, SAS, 9.3 2009). In our mixed model analysis, variety was treated as 

a fixed effect while all other factors were regarded as random effects (data not shown).  

Multiple Correlation Analysis among Traits 

In order to evaluate whether root morphological traits and disease resistance were 

positively or negatively associated, a Pearson’s correlation coefficient analysis was 

performed in SAS 9.3 on the least square means of the phenotypic data for disease, 

aboveground biomass, adventitious roots, basal root diameter, taproot diameter, 

shallowest root angle, deepest root angle, root angle difference, root angle average, and 

root angle geometric mean. Least square means were generated from combined data from 

the 2014 and 2015 trials. Correlations were generated for all pairwise combinations of 

traits.  

Genome Wide Association Studies 

The genotypic dataset consisted of 10,607 SNPs identified by the BeanCAP 

project. The SBDP was part of the 507 common bean lines that were genotyped using 

two Illumina iSelect 6K Gene Chip sets (BARCBEAN6K_1 and BARCBEAN6K_2) 

(Song et al., 2015). The Gene Chips were developed by aligning 19.6 billion bases of 

sequence data from 17 genotypes. SNPs with 50% or greater missing data were discarded 

(Song et al., 2015). Remaining missing genotypes were imputed using fastPHASE, which 

uses the Hidden Markov Model to indicate the cluster membership of haplotypes (Scheet 

and Stephens, 2006). The phenotypic data used for GWAS was a single value for each 

trait, averaged across reps and years. 

The GWAS analysis was performed with a mixed linear model (Zhang et al., 

2010) implemented in the GAPIT R package (Lipka et al., 2012). Four to six models 
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were tested for each trait. Initial analysis was conducted using a naïve model, consisting 

of only genotypic and phenotypic data sets without corrections for population structure or 

kinship. Subsequently, principal components (PC) were added as a fixed effect and a 

kinship matrix was added as a random effect. These additions were tested both 

individually and together (Table 3). The principal components analysis was conducted in 

R. The kinship matrix was calculated in GAPIT with the Efficient Mixed-Model 

Association (EMMA) algorithm (Kang et al., 2008), using only markers with a minor 

allele frequency of greater than 0.05. 

Table 3. Models used in GWAS data analysis.  

 

Model Description Model Formz 

Naïve Intercept only y=μ+e 

PC 

Regression model with fixed principal component 

covariates y=μ+Pv+e 

EMMA Mixed model with random kinship y=μ+Zu+e 

PCEMMA 

Mixed model with fixed principal components covariates 

and random kinship y=μ+Pv+Zu+e 

z Where y=phenotypic observations, μ=intercepts, v=fixed population effects, u=random 

effects, e=random experimental errors. P=a matrix defining subgroup membership 

generated from PCA, and Z=a matrix of kinship coefficients.  

 

GWAS Model Selection 

In GWAS studies, the best results generally are obtained when the number of 

principal components included account for approximately 25% of the variation (Personal 

communication, Samira Mafi-Moghaddam, 2016; Mamidi et al., 2011). In the SBDP, the 

first PC axis accounts for 22.6% of the variation while the first two cumulatively account 
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for 33.6% (Table 4), indicating that the inclusion of one PC would result in the optimal 

model. An alternative approach to determine the optimal number of principal components 

is Bayesian information criterion (BIC) testing. BIC testing was performed using GAPIT 

for each trait. Two PCs were indicated for disease. No PCs were indicated for basal root 

diameter, taproot diameter, deepest root angle, shallowest root angle, aboveground 

biomass, adventitious roots, root angle difference, root angle average, and root angle 

geometric mean. In light of these differences, analyses were conducted using both one PC 

and the number suggested by the BIC analysis for each trait.  

 

Table 4. Percent variation controlled by principal components in the BeanCAP Snap 

Bean Diversity Panel. 

No. Of Principal 

Components 

Cumulative 

Percent Variance 

Explained by PC 

axes 

1 22.61 

2 33.62 

3 41.83 

4 48.89 

5 53.21 

 

 

All candidate models for each trait were compared using the mean squared 

deviation (MSD) test. The MSD test is based on the principle that the distribution of 

cumulative vs. observed p-values should approximate a uniform distribution. For 

example, 1% of the marker-trait p-values should be less than 0.01, and 10% should have 
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p-values less than 0.10. The closer a particular model is to that distribution, the smaller 

the value of the MSD. This type of model testing should be used on each trait and year 

analyzed, as the results may vary (Mamidi et al., 2011a).  

For each model, all marker p-values were ranked from smallest to largest, and the 

model’s mean square deviation (MSD) was calculated as: 

 

where i is the rank number, pi is the probability of the ith ranked p-value, and n is 

the number of markers. The model with the smallest MSD is the best fit for the data 

(Table 5). 
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Table 5. Mean squared deviation values for GWAS model comparison for Fusarium root rot susceptibility and related phenotypic 

traits in the BeanCAP Snap Bean Diversity Panel.  

Model Disease 

Aboveground 

Biomass Adventitious Roots Taproot Diameter Basal Root Diameter 

Mean Squared Deviation 

1PCEMMA 0.002344* 0.002710*  0.000943 0.002435 0.000323*  

EMMA 0.002351 0.002882 0.000709*  0.000480* 0.000364 

1PC 0.007740 0.115650 0.018696 0.006619 0.008273 

Naïve 0.005107 0.087130 0.018991 0.048351 0.032039 

2PC 0.002786 

    2PCEMMA 0.002787         

      

Model 

Shallowest Root 

Angle 

Deepest Root 

Angle 

Root Angle Geometric 

Mean 

Root Angle 

Difference Root Angle Average 

Mean Squared Deviation 

1PCEMMA 0.000356* 0.000871* 0.000907* 0.000499* 0.002846* 

EMMA 0.000820 0.001199 0.001846 0.003088 0.002889 

1PC 0.039772 0.001256 0.007315 0.033730 0.004461 

Naïve 0.032916 0.002728 0.008357 0.040649 0.007346 

* = Smallest MSD, selected model. 
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Bootstrap Significance Threshold for GWAS 

Thresholds for statistical significance of markers were defined as significant at 

two levels: within 0.01 percentile and 0.1 percentile tails of the empirical p-value 

distribution of 10,000 bootstraps. These thresholds were determined based on the 

approach used by Mamidi and colleagues for GWAS in soybean (Mamidi et al. 2014). It 

is worth emphasizing that these thresholds are expressed as percentiles, and hence are 

more stringent than a p-value denoted by the same number. The use of an empirical 

distribution of data as a replacement for a population with an unknown distribution is a 

simple method that provides an efficient and precise estimation (Mamidi et al., 2014). 

This method is more appropriate than an arbitrary cutoff because p-value is context-

dependent. It can vary based on the distribution of the phenotype, the variation explained 

by the marker, the structure and relatedness of the population and the heritability of the 

trait.  

Phylogenetic Tree 

A neighbor-joining phylogenetic tree was created in Past 3.12 for the BeanCAP 

SBDP (Hammer et al., 2001). The tree was constructed with the same set of 10,607 SNP 

markers used in the GWAS analysis. A Euclidian similarity index was used and the final 

branch rooted the tree. The robustness of the tree was assessed using bootstrapping 

(n=500). The percentage of the bootstrap resamples in which each node was recovered is 

reported at the base of the node. 

Heritability 

The phenotypic performance of a variety can be expressed as the sum of a 

combination of genetic and environmental factors. This can be summarized as phenotype 

= genotype + environment (P=G+E). This relationship also holds regarding the variance 
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of each category: phenotypic variance is equal to the sum of genotypic variance and 

environmental variance. Heritability calculations manipulate this equation to extract 

information about the relative influence of genotypic effects. This provides information 

about how much the phenotypic performance of offspring is dependent on the 

performance of their parents, allowing breeders to predict response to selection.  

There are two types of heritability calculations: broad and narrow sense. Broad 

sense heritability is defined as H
2=

Var(G)/Var(P), and includes all genetic effects. 

Narrow sense heritability is a way to isolate the effects of the genetic component that a 

parent could pass to its offspring, or additive genetic variance. Dominance effects are not 

included in this value. Narrow sense heritability is defined as h
2
=Var(A)/Var(P) 

(Bernardo, 2002).  

In a highly inbred population such as the SBDP, the two types of heritability are 

essentially equivalent because beans are a self-pollinated crop and advanced lines and 

cultivars are naturally highly homozygous. With complete homozygosity, it can be 

assumed that there are no dominance effects present. In the absence of dominance effects, 

variance among inbred lines, or Var(G), provides an estimate of additive genetic variance 

or Var(A), rendering the two equations equivalent (Hallauer et al., 2010). Epistasis is also 

assumed to be minimal in a diploid crop such as beans. 

When calculating heritability of quantitative traits it is important to separate 

genetic variation from environmental variation and genotype by environment interactions 

by including those sources of variation in the denominator of the equation, which 

represents all phenotypic variance. In this study, the formula  
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 ̂   
 ̂ 
 

 ̂ 

   
 ̂   

   ̂  
 

was used to achieve this, where  ̂ 
  is the estimated genotypic variance 

component,  ̂  
  is the estimated genotype by environment interaction variance 

component,  ̂  is the estimated experimental error variance, e is the number of 

environments, and r is the number of replications per environment. Heritability for each 

trait was calculated using SAS code developed by Dr. Jim Holland et al. (2003). Mixed 

model analysis (PROC MIXED, SAS 9.3) was used to obtain variance components. 

Variance components were estimated using the restricted maximum likelihood (REML) 

method. All model components were treated as random effects. Heritability was 

calculated on a variety mean basis.  

Genomic Estimated Breeding Values from BLUPs and BLUEs 

Best Linear Unbiased Predictions (BLUPs), Best Linear Unbiased Estimates 

(BLUEs), and Genomic Estimated Breeding Values (GEBVs) for the BeanCap SBDP 

were calculated using mixed model analysis in the GAPIT R package (Lipka et al., 2012) 

for the traits disease severity, adventitious roots, aboveground biomass, taproot diameter, 

basal root diameter, deepest root angle, and shallowest root angle. The same model 

selection method as described for GWAS was used for this analysis. For adventitious 

roots and taproot diameter an EMMA kinship matrix was included as a random effect. 

For disease, aboveground biomass, basal root diameter, shallowest root angle, deepest 

root angle, root angle average, root angle difference, and root angle geometric mean, one 

principal component was included as a fixed effect and an EMMA kinship matrix was 
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included as a random effect. Pearson’s correlation coefficients between observed and 

predicted values for each trait were calculated in R.  

Results 

Distribution of Traits 

Qualitative traits are expressed in distinct categories, while quantitative traits are 

expressed along a continuum of values. One or few genes control qualitative traits, 

whereas quantitative traits have a more complex system of control. Multiple genes, with 

the potential for epistatic interactions, may be controlling quantitative traits. Another 

possibility is that they are controlled by one or few genes that are strongly influenced by 

environment, with the result of a range of phenotypic values. In some cases, disease 

resistance can be a qualitative trait with varieties falling into one of two categories: 

resistant or susceptible. In the case of FRR, resistance is quantitative. Varieties show a 

wide range of responses to the disease, from highly susceptible to highly resistant on a 

continuously varying scale, with the majority of varieties falling in the middle of the 

spectrum (Fig. 3A). Other traits measured in this research also showed quantitative 

distributions: basal root and taproot diameters, deepest and shallowest root angles, root 

angle average, root angle difference, root angle geometric mean, aboveground biomass 

and adventitious roots (Figs. 3 B-I). Adventitious roots were measured on a scale with 

only three levels, so the distribution was reduced from a continuously varying scale to a 

more qualitative form of evaluation. Histograms of LSMeans of all traits measured 

showed unimodal, approximately normal distributions (Figure 3).  
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 Figure 3. Histograms of LSMeans from the Bean CAP Snap Bean Diversity Panel 

(n=148) for phenotypic traits evaluated in 2014 and 2015 at the OSU Vegetable 

Research Farm. A. Fusarium disease rating, B. Adventitious roots, C. Taproot 

diameter, D. Basal root diameter, E. Deepest root angle, F. Shallowest root angle, 

G. Root angle average, H. Root angle difference, I. Root angle geometric mean, 

J. Aboveground biomass.  

A. B. 

C. D.

E. F.
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Figure 3, continued.  

 

ANOVA 

Mean squares for the model were highly significant for all traits evaluated. Mean 

squares for variety were either significant or highly significant for all traits evaluated, 

with lower significance levels corresponding to the root angle measurements and the 

traits derived thereof. The varieties making up the BeanCAP SBDP exhibited large 

differences for all of the traits evaluated. Mean squares for replicate were either 

significant or highly significant, with the exception of the derived trait root angle 

difference. The pattern exhibited by the replicates for disease score differed in 2014 and 

2015, most likely due to differences in order of evaluation. The mean square for year was 

G. H.

I. J.
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significant for taproot diameter, basal root diameter, shallowest root angle, deepest root 

angle, root angle average, and root angle geometric mean. It was not significant for any 

other traits. In no cases were years highly significant. Year by variety interaction was 

significant for disease, basal root diameter, deepest root angle, and root angle geometric 

mean. It was highly significant for aboveground biomass and adventitious roots (Table 

6).  

Aboveground biomass had the highest R
2 

of the traits evaluated, with the model 

accounting for 58% of the variation. Disease had an R
2
 of 0.547. The remaining traits had 

R
2
 values ranging from 0.324 to 0.542. The root angle traits were on the lower end of this 

range, indicating that the model failed to account for a large amount of variation that was 

present (Table 6). The majority of coefficients of variation (CVs) fell between 15.3 

(disease) and 33.0 (root angle difference) with the notable outlier of shallowest root 

angle, which had a CV of 68.1 (Table 6).  

Mixed model analysis returned the same information as ANOVA testing. P-values 

for variety, which was treated as a fixed effect in both analyses, remained constant. P-

values for Chi squared tests of covariance parameter estimates for the random effects 

were slightly larger than their corresponding p-values in ANOVA, but all significance 

levels remained unchanged. 
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Table 6. Mean squares and degrees of freedom for model, year, variety, replicate within year, and year by variety interaction from an 

ANOVA for various traits evaluated in trials in Corvallis, Oregon of the BeanCAP Snap Bean Diversity Panel in 2014 and 

2015. 

  
Disease 

Aboveground 
Biomass 

Adventitious 
Roots 

Taproot 
Diameter 

Basal Root 
Diameter 

  df MS MS MS MS MS 

Model 301 0.804*** 2.395*** 1.002*** 0.768*** 0.578*** 

Year 1 2.028ns 10.785ns 13.039ns 21.509* 22.462* 

Variety 147 1.251*** 3.706*** 1.331*** 0.886*** 0.619*** 

Rep(Year) 6 1.471*** 4.967*** 3.658*** 2.583*** 1.987*** 

Year*Variety 147 0.322* 0.921*** 0.483*** 0.434ns 0.330* 

R2 
 

0.547 0.58 0.542 0.417 0.438 

CV   15.374 23.421 27.132 26.617 24.199 

ns = not significant; * = significant at P < 0.05; *** = significant at P < 0.001     

              

 

 

Shallowest Root 
Angle 

Deepest Root 
Angle 

Root Angle 
Difference 

Root Angle 
Average 

Root Angle 
Geometric 
Mean 

  df MS MS MS MS MS 

Model 301 186.398*** 209.980*** 239.916*** 138.033*** 103.813*** 

Year 1 5455.424* 5100.765* 6.174ns 5276.605* 1242.175* 

Variety 147 200.573* 233.183* 285.216* 145.365*** 118.599* 

Rep(Year) 6 493.971*** 418.530* 241.350ns 395.762*** 155.716* 

Year*Variety 147 123.826ns 144.994* 196.149ns 85.225ns 79.165* 

R2 
 

0.345 0.381 0.324 0.383 0.3605 

CV 
 

68.121 19.378 33.018 24.263 21.9562 

ns = not significant; * = significant at P < 0.05; *** = significant at P < 0.001     
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Multiple Correlation Analysis among Traits 

Overall, Pearson’s correlation coefficients were in the low to medium range 

except for the derived root angle traits (root angle average, root angle difference, and root 

angle geometric mean). The derived traits showed higher correlations due to the fact that 

they are calculated from the same data. Disease severity was negatively correlated with 

aboveground biomass, basal root diameter, and taproot diameter (Table 7), indicating that 

resistant cultivars had greater aboveground biomass and larger root diameter than 

susceptible cultivars. Disease severity was positively correlated with adventitious roots, 

shallowest root angle, deepest root angle, and the derived traits root angle average and 

root angle geometric mean. Cultivars with fewer adventitious roots and shallower root 

angles were associated with less disease. The root angle difference, or the span of the soil 

profile that the plant had accessed, was not significantly correlated with disease.  

Aboveground Biomass, basal root diameter and taproot diameter were highly 

positively correlated, indicating that the magnitude of the three size measurements 

maintained a fairly constant relationship across varieties (Table 7). Aboveground biomass 

and taproot diameter were negatively correlated with shallowest and deepest root angle, 

meaning that larger plants had shallower root systems. Basal root diameter showed the 

same negative relationship with shallowest root angle but did not have a significant 

correlation with deepest root angle. Shallowest and deepest root angles were positively 

correlated with each other, indicating that regardless of the orientation of the root system, 

the span of the soil profile that it accessed remained constant. 
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Table 7. Pearson multiple correlation coefficients for Least Square Means of the BeanCAP Snap Bean Diversity Panel evaluations in Oregon 

in 2014 and 2015.  

 

 
 

 Biomass Adventitious 
Roots 

Basal Root 
Diameter 

Taproot 
Diameter 

Shallowest 
Root Angle 

Deepest 
Root Angle 

Root Angle 
Difference 

Root Angle 
Average 

Root Angle 
Geometric 

Mean 

Disease -0.35*** 0.26** -0.27** -0.40*** 0.37*** 0.32*** -0.02ns 0.42*** 0.19* 

Biomass  0.13ns 0.21* 0.19* -0.37*** -0.18* 0.14ns -0.33*** -0.04ns 

Adventitious 
Roots 

 -0.09ns -0.24** 0.03ns 0.13ns 0.09ns 0.10ns 0.13ns 

Basal Root  
Diameter 

  0.37*** -0.17* -0.05ns 0.10ns -0.13ns 0.03ns 

Taproot  
Diameter 

   -0.23** -0.46*** -0.23** -0.43*** -0.39*** 

Shallowest  
Root Angle 

    0.34*** -0.53*** 0.80*** 0.00ns 

Deepest  
Root Angle 

     0.62*** 0.83*** 0.93*** 

Root Angle  
Difference 

      0.08ns 0.84*** 

Root Angle  
Average 

       0.59*** 

 * = significant at P<0.05; ** = significant at P<0.01; and *** = significant at P<0.0001. ns = not significant.  

  Probability > |r| under Ho: Rho=0.       
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Genome-Wide Association Study (GWAS) 

For the ten traits evaluated (disease severity, aboveground biomass, adventitious 

roots, taproot diameter, basal root diameter, deepest root angle, shallowest root angle, 

root angle average, root angle difference, and root angle geometric mean), there were 

significant SNP markers detected above the bootstrap cutoffs of 0.1, 0.05, and 0.001 

percentile tails of an empirical distribution generated from 10,000 bootstraps. The largest 

R
2
 value was under 10%, indicating that none of the SNPs singlehandedly controlled a 

large amount of the phenotypic variation. 

There were significant SNPs for disease on chromosomes Pv02, Pv08, Pv09, and 

Pv10 (Figure 4, Table 8). The most highly significant SNP for disease severity was 

located on chromosome Pv08, at position 33,376,580. There were three other SNPs on 

the same end of chromosome 8 which were also significant, but they were not clustered 

tightly into the same region. There was a significant association at the beginning of 

chromosome Pv02, with the most highly associated SNP located at position 2,270,432. 

Chromosome 9 contains one significant marker, located at position 19,264,397. This SNP 

had a very low minor allele frequency of 0.053. As only one cultivar, Black Valentine, 

contains the alternate allele associated with resistance, this SNP was dropped from 

further consideration. The beginning of chromosome 10 has an area of association topped 

with two significant SNPs. There was one other isolated significant SNP on chromosome 

10. Each of these SNPs have R
2
 values of 5.1% -7.3%, individually explaining only a 

small part of total phenotypic variation.  

GWAS for aboveground biomass located significant SNPs on chromosomes 

Pv01, Pv03, Pv07, Pv08, and Pv11 (Figure 5, Table 9). The most highly significant 

association was on chromosome Pv07, located at position 2,623,093, with an R
2
 value of 
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6.5%. There was a cluster of four significant SNPs on chromosome Pv08. The end of 

chromosome Pv01 has an area of association, with the most highly significant SNP 

located at position 49,396,124. Chromosomes Pv03 and Pv11 each had one isolated 

significant SNP.  

Adventitious roots had significant associations on chromosomes Pv02, Pv05, 

Pv06, and Pv09 (Figure 6, Table 10). Chromosome Pv02 contains the most significant 

region of interest. Six significant SNPs are located in the region, with the peak at position 

284,272. These SNPs have R
2
 values ranging from 7.3% to 5.9%. Slightly less significant 

areas of association are found on Pv05, Pv06, and Pv09, each controlling for between 

5.6% and 6.1% of the total phenotypic variation.  

There were significant SNPs for taproot diameter on chromosomes Pv02, Pv03, 

Pv04, and Pv10 (Figure 7, Table 11). The most highly significant SNP was on 

chromosome Pv10, although it is isolated from other significant associations. 

Chromosomes Pv02, Pv03, and Pv04 each have clear areas of association, including four, 

one, and three significant SNPs, respectively. R
2 

values for these markers were in the 

same range as other traits, from 5.7% to 7.4%.  

For basal root diameter, significant SNPs were located on chromosomes Pv04, 

Pv08, and Pv11 (Figure 8, Table 12). The most highly significant area of association was 

on chromosome Pv04, with four SNPs of interested located near position 44,687,942. The 

significant SNPs on Pv11 were more dispersed, although there were also four identified. 

The significant association on Pv08 does not cross the higher thresholds but is well 

supported by nearby markers. R
2
 values ranged from 5.8% to 7.8%.  
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Deepest root angle was significantly associated with SNPs on Pv03 and Pv07 

(Figure 9, Table 13). On Pv03 there is a region with eight significant SNPs. The most 

highly significant association is located at position 30,552,533. The one significant SNP 

on Pv07 appears rather isolated and is located at position 2,623,093. The same SNP had 

significant associations with two of the traits derived from the root angle measurements. 

The significant SNPs for deepest root angle had slightly lower R
2
 values than some other 

traits, ranging from 4.4% to 6.0%.  

Significant associations were located on chromosomes Pv06 and Pv10 for 

shallowest root angle (Figure 10, Table 14). The most highly significant SNP controlled 

for 8.3% of the phenotypic variation and is located at position 30,199,470 on Pv06. There 

are eight closely grouped SNPs on the beginning of Pv10 which each control for over 7% 

of the phenotypic variation. 

As a trait intended to capture information about both deepest and shallowest root 

angles in one number, root angle geometric mean pulled up many significantly associated 

SNPs, located on Pv02, Pv03, Pv05, Pv07, and Pv09 (Figure 11, Table 15). The most 

highly significant SNP was on Pv07 at position 2,623,093. This SNP was also significant 

for root angle difference. For root angle geometric mean it controlled 8.3% of the 

phenotypic variation. Chromosome Pv09 had a group of six highly significant SNPs 

located near position 16,508,327, each with an R
2
 of 6.5%. There was an area of 

association on chromosome Pv03 consisting of eight tightly grouped significant SNPs. 

Pv02 had significant regions on both ends of the chromosome. Only one SNP on Pv05 

crossed the significance threshold. The smallest R
2
 value was 4.8%. 
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Root angle difference is a trait derived by subtracting the shallowest root angle 

from the deepest root angle of a sample. Significant associations with this trait were 

located on chromosomes Pv05, Pv06, Pv07, and Pv09 (Figure 12, Table 16). The 

significant SNP on Pv07 for this trait was also significant for deepest root angle. In this 

case it was the most highly significant SNP, controlling for 9.7% of the variation. There 

was a group of six significant SNPs located around position 16,100,377 on Pv09. There 

were also areas of association on Pv05 and Pv06. R
2 

values for these markers ranged 

from 6.7% to 7.8%. 

The trait root angle average demonstrated overlap with results for shallowest root 

angle. Significant SNPs were located on Pv04, Pv06, Pv08 and Pv10 (Figure 13, Table 

17). The most highly significant SNP was located on chromosome Pv10, as well as three 

other nearby significant markers. The markers in this area of association identified for 

this trait were not the same as the markers identified for shallowest root angle, although 

they are spread across the same chromosomal region. The area of association for 

shallowest root angle is contained within the larger region for root angle average. There 

are two significant SNPs on chromosome Pv08. On chromosome Pv06 there are two 

proximate significant associations, once of which also appeared for shallowest roots. 

There is also a SNP on Pv04 that crosses the significance threshold. The R
2
 values for 

these associations are low, in the range of 4.8% to 5.8%.  
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Figure 4. Manhattan plot of GWAS results for disease severity in the BeanCAP Snap Bean Diversity Panel in 2014 and 2015. The 

horizontal cutoff lines indicate 0.001 and 0.1 percentile tails of the emperical distribution obtained using 10,000 bootstraps. 

  

Disease Severity 
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Table 8. SS and SC identification numbers, chromosome, position, p-value, minor allele frequency (maf), and proportion of total 

phenotypic variation explained by the SNP (R
2
) for significant associations found in GWAS of disease severity in the 

BeanCAP Snap Bean Diversity Panel grown in Oregon in 2014 and 2015. The horizontal lines indicate 0.001 percentile, 0.05 

percentile, and 0.1 percentile tails of the empirical distribution obtained using 10,000 bootstraps. Model used was 

1PCEMMA. 

 

  

      

SS ID No. SC ID No. Chromosome Position P. Value maf R2 

ss715639797 sc00366ln282548_219246_G_A_197282143 8 33,376,580 3.55E-04 0.231 0.073 

ss715647225 sc00159ln488287_337399_G_A_122492043 2 2,270,432 5.51E-04 0.272 0.068 

ss715643677 sc03371ln20506_3543_C_T_432610355 8 25,619,124 7.57E-04 0.218 0.064 

ss715646318 sc00051ln745799_135759_T_G_57732427 10 39,577,206 8.77E-04 0.395 0.063 

ss715640116 sc00582ln199364_113091_T_C_247865118 10 7,867,821 1.57E-03 0.190 0.056 

ss715639647 sc00256ln354212_259000_G_A_162344295 8 49,025,222 2.01E-03 0.265 0.054 

ss715648464 sc00448ln244506_56827_C_T_218542822 9 19,264,397 2.11E-03 0.054 0.053 

ss715649485 sc00861ln137449_55673_A_G_293250546 10 8,078,694 2.48E-03 0.143 0.051 

ss715650795 sc01883ln54065_5600_C_T_381512652 8 42,326,272 2.54E-03 0.456 0.051 
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Figure 5. Manhattan plot of GWAS results for aboveground biomass in the BeanCAP Snap Bean Diversity Panel in 2014 and 2015. 

The horizontal cutoff lines indicate 0.001 and 0.1 percentile tails of the emperical distribution obtained using 10,000 

bootstraps. 

  

Aboveground Biomass 
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Table 9. SS and SC identification numbers, chromosome, position, p-value, minor allele frequency (maf), and proportion of total 

phenotypic variation explained by the SNP (R
2
) for significant associations found in GWAS of aboveground biomass in the 

BeanCAP Snap Bean Diversity Panel grown in Oregon in 2014 and 2015. The horizontal lines indicate 0.001 percentile, 0.05 

percentile, and 0.1 percentile tails of the empirical distribution obtained using 10,000 bootstraps. Model used was 

1PCEMMA. 

 

  

      SS ID No. SC ID No. Chromosome Position P. Value maf R2 

ss715646498 sc00067ln694271_486308_T_C_69651566 7 2,623,093 8.96E-05 0.102 0.065 

ss715649092 sc00666ln172652_2054_C_T_263289468 8 47,456,831 1.08E-04 0.252 0.064 

ss715647869 sc00297ln325613_278331_T_C_176339457 8 47,239,284 1.21E-04 0.245 0.063 

ss715649594 sc00933ln126156_69146_G_A_302756486 8 45,553,915 1.21E-04 0.245 0.063 

ss715646546 sc00073ln679937_158510_G_A_73442896 3 5,893,785 3.21E-04 0.095 0.054 

ss715645877 sc00022ln1003704_368659_C_T_32870531 1 49,396,124 5.39E-04 0.095 0.050 

ss715645486 sc00005ln1829281_673455_T_G_9075639 11 766,064 6.85E-04 0.211 0.048 

ss715646871 sc00107ln581505_315295_T_C_95145256 1 43,322,997 7.77E-04 0.068 0.047 

ss715639797 sc00366ln282548_219246_G_A_197282143 8 33,376,580 8.84E-04 0.231 0.046 
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Figure 6. Manhattan plot of GWAS results for adventitious roots in the BeanCAP Snap Bean Diversity Panel in 2014 and 2015. The 

horizontal cutoff lines indicate 0.001 and 0.1 percentile tails of the emperical distribution obtained using 10,000 bootstraps.   

Adventitious Roots 
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 Table 10. SS and SC identification numbers, chromosome, position, p-value, minor allele frequency (maf), and proportion of total 

phenotypic variation explained by the SNP (R
2
) for significant associations found in GWAS of adventitious roots in the 

BeanCAP Snap Bean Diversity Panel grown in Oregon in 2014 and 2015. The horizontal lines indicate 0.001 percentile, 0.05 

percentile, and 0.1 percentile tails of the empirical distribution obtained using 10,000 bootstraps. Model used was EMMA.  

      SS ID No. SC ID No. Chromosome Position P. Value maf R2 

ss715640457 sc00831ln140879_2432_T_C_289020324 2 284,272 1.03E-03 0.422 0.074 

ss715641032 sc01246ln92400_11533_A_G_336544552 2 273,280 1.03E-03 0.422 0.074 

ss715650362 sc01411ln79738_79449_G_A_350786865 2 3,934 1.34E-03 0.422 0.071 

ss715649479 sc00855ln137930_1229_C_T_292369660 2 6,683 1.92E-03 0.435 0.066 

ss715641033 sc01246ln92400_43679_T_G_336576698 2 241,880 2.27E-03 0.422 0.064 

ss715647329 sc00169ln473620_386649_T_C_127356477 5 7,375,561 2.83E-03 0.388 0.061 

ss715646674 sc00088ln640967_171004_A_G_83395528 2 623,133 3.17E-03 0.361 0.059 

ss715645722 sc00015ln1350335_974542_G_A_25310818 9 36,465,253 3.26E-03 0.259 0.059 

ss715650923 sc02127ln45457_27190_G_A_393637589 6 2,740,130 4.14E-03 0.265 0.056 
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Figure 7. Manhattan plot of GWAS results for taproot diameter in the BeanCAP Snap Bean Diversity Panel in 2014 and 2015. The 

horizontal cutoff lines indicate 0.001 and 0.1 percentile tails of the emperical distribution obtained using 10,000 bootstraps.  

Taproot Diameter 
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Table 11. SS and SC identification numbers, chromosome, position, p-value, minor allele frequency (maf), and proportion of total 

phenotypic variation explained by the SNP (R
2
) for significant associations found in GWAS of taproot diameter in the 

BeanCAP Snap Bean Diversity Panel grown in Oregon in 2014 and 2015. The horizontal lines indicate 0.001 percentile, 0.05 

percentile, and 0.1 percentile tails of the empirical distribution obtained using 10,000 bootstraps. Model used was EMMA.  

      SS ID No. SC ID No. Chromosome Position P-value maf R2 

ss715642673 sc02404ln37861_26424_C_T_405104559 10 20,792,465 6.67E-04 0.252 0.074 

ss715642129 sc02006ln49635_23504_C_T_387901935 4 31,537,998 7.13E-04 0.150 0.073 

ss715647354 sc00175ln461633_356025_A_G_130142105 4 45,046,020 1.17E-03 0.449 0.067 

ss715646137 sc00038ln842375_11154_C_T_47263494 2 45,739,371 1.49E-03 0.422 0.064 

ss715646145 sc00038ln842375_5033_G_A_47257373 2 45,733,250 1.49E-03 0.422 0.064 

ss715647353 sc00175ln461633_333799_C_T_130119879 4 45,068,256 1.77E-03 0.442 0.062 

ss715640753 sc01038ln113421_71640_T_C_315353224 3 12,894,109 2.16E-03 0.197 0.060 

ss715639390 sc00096ln611995_12624_G_A_88251874 2 42,805,428 2.53E-03 0.415 0.058 

ss715639391 sc00096ln611995_12950_C_A_88252200 2 42,805,102 2.53E-03 0.415 0.058 
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Figure 8. Manhattan plot of GWAS results for basal root diameter in the BeanCAP Snap Bean Diversity Panel in 2014 and 2015. The 

horizontal cutoff lines indicate 0.001 and 0.1 percentile tails of the emperical distribution obtained using 10,000 bootstraps. 

  

Basal Root Diameter 
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Table 12. SS and SC identification numbers, chromosome, position, p-value, minor allele frequency (maf), and proportion of total 

phenotypic variation explained by the SNP (R
2
) for significant associations found in GWAS of basal root diameter in the 

BeanCAP Snap Bean Diversity Panel grown in Oregon in 2014 and 2015. The horizontal lines indicate 0.001 percentile, 0.05 

percentile, and 0.1 percentile tails of the empirical distribution obtained using 10,000 bootstraps. Model used was 

1PCEMMA. 

 

SS ID No. SC ID No. Chromosome Position  P-value maf R2 

ss715645813 sc00018ln1167623_83336_G_A_28203830 4 44,687,942 9.52E-04 0.279 0.078 

ss715649811 sc01035ln113702_42942_G_A_314983663 4 44,892,790 9.55E-04 0.293 0.078 

ss715648426 sc00440ln246377_245650_G_A_216770461 11 14,613,639 1.48E-03 0.075 0.072 

ss715650431 sc01478ln74612_39178_C_T_355917161 11 12,292,320 1.48E-03 0.075 0.072 

ss715645805 sc00018ln1167623_30331_G_T_28150825 4 44,739,881 2.17E-03 0.306 0.067 

ss715647120 sc00146ln499601_286423_A_G_116008319 8 1,752,395 2.21E-03 0.456 0.067 

ss715641754 sc01714ln61008_11666_A_G_371789605 11 25,029,473 3.29E-03 0.088 0.061 

ss715640315 sc00725ln159840_17168_T_C_273091173 11 49,639,659 3.46E-03 0.197 0.061 

ss715642129 sc02006ln49635_23504_C_T_387901935 4 31,537,998 4.06E-03 0.150 0.058 
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Figure 9. Manhattan plot of GWAS results for deepest root angle in the BeanCAP Snap Bean Diversity Panel grown in Oregon in 

2014 and 2015. The horizontal cutoff lines indicate 0.001 and 0.1 percentile tails of the emperical distribution obtained using 

10,000 bootstraps. 

  

Deepest Root Angle 
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Table 13. SS and SC identification numbers, chromosome, position, p-value, minor allele frequency (maf), and proportion of total 

phenotypic variation explained by the SNP (R
2
) for significant associations found in GWAS of deepest root angle in the 

BeanCAP Snap Bean Diversity Panel grown in Oregon in 2014 and 2015. The horizontal lines indicate 0.001 percentile, 0.05 

percentile, and 0.1 percentile tails of the empirical distribution obtained using 10,000 bootstraps. Model used was 

1PCEMMA. 

 

SS ID No. SC ID No. Chromosome Position  P-value maf R2 

ss715649631 sc00949ln123905_24190_A_G_304715077 3 30,552,533 7.22E-04 0.306 0.060 

ss715649630 sc00949ln123905_113327_G_A_304804214 3 30,463,999 8.38E-04 0.286 0.058 

ss715646498 sc00067ln694271_486308_T_C_69651566 7 2,623,093 1.25E-03 0.102 0.054 

ss715642631 sc02372ln38635_6860_A_G_403858240 3 32,016,918 2.39E-03 0.361 0.048 

ss715642813 sc02537ln35317_5394_G_A_409951112 3 31,787,315 3.32E-03 0.367 0.045 

ss715643804 sc03511ln18854_15882_C_T_435375974 3 31,756,076 3.32E-03 0.367 0.045 

ss715644779 sc05539ln5467_1535_C_A_457002429 3 31,776,939 3.32E-03 0.367 0.045 

ss715644780 sc05539ln5467_411_G_A_457001305 3 31,775,813 3.32E-03 0.367 0.045 

ss715643803 sc03511ln18854_11790_T_C_435371882 3 31,752,330 3.32E-03 0.367 0.045 
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Figure 10. Manhattan plot of GWAS results for shallowest root angle in the BeanCAP Snap Bean Diversity Panel grown in Oregon in 

2014 and 2015. The horizontal cutoff lines indicate 0.001 and 0.1 percentile tails of the emperical distribution obtained using 

10,000 bootstraps. 
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Table 14. SS and SC identification numbers, chromosome, position, p-value, minor allele frequency (maf), and proportion of total 

phenotypic variation explained by the SNP (R
2
) for significant associations found in GWAS of shallowest root angle in the 

BeanCAP Snap Bean Diversity Panel grown in Oregon in 2014 and 2015. The horizontal lines indicate 0.001 percentile, 0.05 

percentile, and 0.1 percentile tails of the empirical distribution obtained using 10,000 bootstraps. Model used was 

1PCEMMA. 

 

SS ID No. SC ID No. Chromosome Position  P-value maf R2 

ss715639203 sc00001ln2172051_1156285_C_T_1156285 6 30,199,470 5.01E-04 0.238 0.083 

ss715649389 sc00807ln146095_108233_C_T_285678506 10 5,713,824 7.06E-04 0.367 0.079 

ss715649390 sc00807ln146095_38851_C_T_285609124 10 5,643,786 7.06E-04 0.367 0.079 

ss715649393 sc00807ln146095_89319_C_A_285659592 10 5,695,085 7.06E-04 0.367 0.079 

ss715649391 sc00807ln146095_83720_A_G_285653993 10 5,689,686 7.06E-04 0.367 0.079 

ss715649392 sc00807ln146095_8740_A_G_285579013 10 5,611,928 7.06E-04 0.367 0.079 

ss715644486 sc04617ln9320_7677_T_C_450621006 10 5,594,471 7.06E-04 0.367 0.079 

ss715644494 sc04635ln9139_635_A_G_450780104 10 5,572,355 8.46E-04 0.361 0.076 

ss715641211 sc01367ln82738_77541_C_T_347208649 10 6,135,712 8.61E-04 0.306 0.076 
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Figure 11. Manhattan plot of GWAS results for root angle geometric mean in the BeanCAP Snap Bean Diversity Panel grown in 

Oregon in 2014 and 2015. The horizontal cutoff lines indicate 0.001 and 0.1 percentile tails of the emperical distribution 

obtained using 10,000 bootstraps. 
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Table 15. SS and SC identification numbers, chromosome, position, p-value, minor allele frequency (maf), and proportion of total 

phenotypic variation explained by the SNP (R
2
) for significant associations found in GWAS of root angle geometric mean in 

the BeanCAP Snap Bean Diversity Panel grown in Oregon in 2014 and 2015. The horizontal lines indicate 0.001 percentile, 

0.05 percentile, and 0.1 percentile tails of the empirical distribution obtained using 10,000 bootstraps. Model used was 

1PCEMMA. 

SS ID No. SC ID No. Chromosome Position  P-value maf R2 

ss715646498 sc00067ln694271_486308_T_C_69651566 7 2,623,093 9.53E-05 0.102 0.084 
ss715646853 sc00105ln590179_378162_T_G_94032280 9 16,508,327 5.23E-04 0.136 0.065 
ss715639438 sc00123ln535111_11314_A_C_103814399 9 15,777,771 5.23E-04 0.136 0.065 
ss715639482 sc00147ln499187_154139_T_C_116375636 9 16,130,390 5.23E-04 0.136 0.065 
ss715639483 sc00147ln499187_155781_A_C_116377278 9 16,128,871 5.23E-04 0.136 0.065 
ss715639484 sc00147ln499187_184776_G_A_116406273 9 16,100,377 5.23E-04 0.136 0.065 
ss715639485 sc00147ln499187_198199_C_T_116419696 9 16,085,244 5.23E-04 0.136 0.065 

ss715649631 sc00949ln123905_24190_A_G_304715077 3 30,552,533 1.15E-03 0.306 0.057 
ss715639615 sc00235ln366505_87018_G_T_154598593 5 783,497 1.21E-03 0.088 0.057 
ss715643803 sc03511ln18854_11790_T_C_435371882 3 31,752,330 1.21E-03 0.367 0.057 
ss715642813 sc02537ln35317_5394_G_A_409951112 3 31,787,315 1.21E-03 0.367 0.057 
ss715643804 sc03511ln18854_15882_C_T_435375974 3 31,756,076 1.21E-03 0.367 0.057 

ss715644779 sc05539ln5467_1535_C_A_457002429 3 31,776,939 1.21E-03 0.367 0.057 
ss715644780 sc05539ln5467_411_G_A_457001305 3 31,775,813 1.21E-03 0.367 0.057 
ss715649630 sc00949ln123905_113327_G_A_304804214 3 30,463,999 1.93E-03 0.286 0.052 
ss715642631 sc02372ln38635_6860_A_G_403858240 3 32,016,918 2.45E-03 0.361 0.049 
ss715647659 sc00240ln364462_149197_T_C_156490257 2 3,598,662 2.83E-03 0.204 0.048 
ss715647662 sc00240ln364462_172587_A_G_156513647 2 3,575,668 2.83E-03 0.204 0.048 

ss715648447 sc00445ln245016_151650_G_A_217903595 2 48,531,459 3.11E-03 0.082 0.047 
ss715648448 sc00445ln245016_158737_T_C_217910682 2 48,538,264 3.11E-03 0.082 0.047 
ss715639907 sc00445ln245016_168230_A_G_217920175 2 48,547,757 3.11E-03 0.082 0.047 
ss715648450 sc00445ln245016_215631_T_C_217967576 2 48,594,316 3.11E-03 0.082 0.047 
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Figure 12. Manhattan plot of GWAS results for root angle difference in the BeanCAP Snap Bean Diversity Panel grown in Oregon in 

2014 and 2015. The horizontal cutoff lines indicate 0.001 and 0.1 percentile tails of the emperical distribution obtained using 

10,000 bootstraps. 

  

Root Angle Difference 
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Table 16. SS and SC identification numbers, chromosome, position, p-value, minor allele frequency (maf), and proportion of total 

phenotypic variation explained by the SNP (R
2
) for significant associations found in GWAS of root angle difference in the 

BeanCAP Snap Bean Diversity Panel grown in Oregon in 2014 and 2015. The horizontal lines indicate 0.001 percentile, 0.05 

percentile, and 0.1 percentile tails of the empirical distribution obtained using 10,000 bootstraps. Model used was 

1PCEMMA. 

 

SS ID No. SC ID No. Chromosome Position  P-value maf R2 

ss715646498 sc00067ln694271_486308_T_C_69651566 7 2,623,093 5.89E-05 0.102 0.098 

ss715639484 sc00147ln499187_184776_G_A_116406273 9 16,100,377 3.06E-04 0.136 0.078 

ss715639485 sc00147ln499187_198199_C_T_116419696 9 16,085,244 3.06E-04 0.136 0.078 

ss715646853 sc00105ln590179_378162_T_G_94032280 9 16,508,327 3.06E-04 0.136 0.078 

ss715639438 sc00123ln535111_11314_A_C_103814399 9 15,777,771 3.06E-04 0.136 0.078 

ss715639482 sc00147ln499187_154139_T_C_116375636 9 16,130,390 3.06E-04 0.136 0.078 

ss715639483 sc00147ln499187_155781_A_C_116377278 9 16,128,871 3.06E-04 0.136 0.078 

ss715639615 sc00235ln366505_87018_G_T_154598593 5 783,497 5.77E-04 0.088 0.071 

ss715647966 sc00323ln308174_142636_G_T_184477121 6 29,060,390 8.16E-04 0.163 0.067 
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Figure 13. Manhattan plot of GWAS results for root angle average in the BeanCAP Snap Bean Diversity Panel grown in Oregon in 

2014 and 2015. The horizontal cutoff lines indicate 0.001 and 0.1 percentile tails of the emperical distribution obtained using 

10,000 bootstraps. 

  

Root Angle Average 
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Table 17. SS and SC identification numbers, chromosome, position, p-value, minor allele frequency (maf), and proportion of total 

phenotypic variation explained by the SNP (R
2
) for significant associations found in GWAS of root angle average in the 

BeanCAP Snap Bean Diversity Panel grown in Oregon in 2014 and 2015. The horizontal lines indicate 0.001 percentile, 0.05 

percentile, and 0.1 percentile tails of the empirical distribution obtained using 10,000 bootstraps. Model used was 

1PCEMMA. 

 

SS ID No. SC ID No. Chromosome Position  P-value maf R2 

ss715650881 sc01989ln50449_9972_G_A_387036425 10 5,953,389 1.88E-03 0.442 0.058 

ss715650296 sc01352ln83914_52688_A_C_345932295 8 8,016,756 2.08E-03 0.327 0.057 

ss715639203 sc00001ln2172051_1156285_C_T_1156285 6 30,199,470 2.34E-03 0.238 0.055 

ss715650295 sc01352ln83914_41695_T_G_345921302 8 8,005,763 2.86E-03 0.340 0.053 

ss715639202 sc00001ln2172051_1155496_G_A_1155496 6 30,200,259 3.19E-03 0.197 0.052 

ss715646908 sc00112ln569344_502760_T_G_98221760 4 1,485,744 3.55E-03 0.197 0.051 

ss715649489 sc00864ln137200_33908_A_G_293640939 10 7,150,990 3.79E-03 0.333 0.050 

ss715649084 sc00660ln174469_122799_A_C_262367760 10 5,880,681 3.94E-03 0.381 0.050 

ss715644494 sc04635ln9139_635_A_G_450780104 10 5,572,355 4.52E-03 0.361 0.048 
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SNPs near Disease Resistance Genes 

SNPs determined to be significant for disease resistance at the bootstrapped 0.1 

percentile threshold were compared to a list of leucine-rich repeat genes, which are 

frequently associated with disease resistance. None of the associated SNPs were located 

within a disease resistance gene, although three were located proximally to 

Toll/interleukin-1 receptor nucleotide-binding site leucine-rich repeat (TIR-NBS-LRR) 

class disease resistance proteins.  

On chromosome Pv08, the SNP ss715639647 is 1,137kb from gene 

Phvul.008G194700, which codes for a putative TIR-NBS-LRR class disease resistance 

protein. On chromosome Pv10, two significant SNPs were near disease resistance genes. 

The SNP ss715649485 is 490kb from gene Phvul.010G054200, which codes for a 

putative TIR-NBS-LRR class disease resistance protein. The SNP ss715646318 is 566kb 

from gene Phvul.010G131200, which codes for a disease resistance protein family, also 

of the TIR-NBS-LRR class (Table 18). 

Considering the distance between the SNPs of interest and the disease resistance 

genes, it is unlikely that a true association exists between them. It has been reported that 

linkage decay in common bean occurs at 500bp (R
2
 < 0.1) in the Mesoamerican gene 

pool, and reaches the same level even more rapidly in the Andean gene pool, at a distance 

of only 100bp (Mamidi et al., 2011b). On the other hand, a factor to consider is that 

pericentromeric regions will have lower rates of recombination that the distal ends of the 

chromosomes, so associations spanning larger genomic distances may be present near the 

centromere of a chromosome (Schmutz et al., 2014). 

The significant SNP near a TIR-NBS-LRR gene on Pv08 is located in the 

pericentromeric region of the chromosome in an area of low recombination (Schmutz et 
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al., 2014). On Pv10, SNP ss715649485 is also located in the pericentrometic region, 

indicating increased likelihood of linkage disequilibrium between the marker and the 

gene of interest, although in both cases the genomic distance is rather large to indicate an 

intact linkage block. SNP ss715646318 is located in the arm of the chromosome Pv10 

and hence the genomic distance between the marker and the gene of interest should be 

taken into greater account.  

Table 18. Co-localization of SNP markers significantly associated with disease resistance 

and NBS-LRR disease resistance genes.  

Chromosome SNP Position SNP Gene 

Kb between SNP 

and Gene 

Pv08 49025222 ss715639647 Phvul.008G194700 1137 

Pv10 8078694 ss715649485 Phvul.010G054200 490 

Pv10 39577206 ss715646318 Phvul.010G131200 566 

 

Principal Components Analysis  

In the BeanCAP SBDP, the first principal component explains 22.6% of the 

variation and the first two together control for 33.6%. The first PC generally separates the 

beans by center of domestication, with Andean types having negative loading and 

Mesoamerican types having positive loading (Figure 14). While they are separated 

according to a known population structure, the beans do not fall into two distinct groups 

but rather they fall along a continuum. The second principal component shows a much 

greater range in the Mesoamerican varieties than in the Andean types (Figure 14). In 

particular, many European extra fine types that group closely with Blue Lake types on the 

first axis have positive loadings on the second axis, and are widely separated from Blue 

Lake and heirloom pole types, which have negative loadings. 
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Figure 14. The BeanCAP Snap Bean Diversity Panel plotted on the axes of the two primary principal components. 
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Kinship Analysis 

The EMMA kinship matrix indicated the presence of relatedness among 

individuals in the BeanCAP SBDP. The distribution of the similarity coefficients was 

approximately normal (Fig. 15). Fifty-nine percent of similarity coefficients were in the 

range of 0.6 to 0.8, and seventy-three percent were in the range of 0.6 to 0.9 (Figure 15). 

 

Figure 15. Heatmap of Efficient Mixed-Model Association (EMMA) kinship 

relationships between members of the BeanCAP Snap Bean Diversity Panel.  
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Phylogenetic Tree  

In the neighbor-joining phylogenetic tree created from the SBDP, the first split 

after the root was given a bootstrap value of 100, indicating a clear separation of the 

SBDP into two distinct groups. The division between these two groups predominantly 

separates the varieties based on center of domestication, into Mesoamerican and Andean 

types. However, one clade of Andean types is included on the Mesoamerican side of the 

branch. The major clades within the two groups are rather weakly supported. The 

bootstrap values rise to near 100 again in the finer branches of the tree. These clusters are 

generally in agreement with what is known about pedigrees and historical breeding 

efforts of the varieties in the SBDP.  
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Figure 16. Phylogenetic 

(neighbor-joining) tree based on 

SNP data showing relationships 

between 147 members of the 

BeanCAP Snap Bean Diversity 

Panel. 
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Heritability 

Heritabilities were calculated using mixed model analysis (Table 19). In this 

study, a range of heritabilities was observed in the different traits measured. 

Aboveground biomass and disease had the highest heritability with h
2 

= 0.75 and h
2
 = 

0.74 respectively. The root angle traits had the lowest heritability, ranging from h
2 

= 0.32 

for root angle difference to h
2 

= 0.41 for root angle average. The heritability values 

generally reflect the same picture of variation in the trial as the mean squares, R
2
, and 

CV.  

Table 19. Narrow sense heritability and standard error of heritability calculations for 

phenotypic traits evaluated on the BeanCAP Snap Bean Diversity Panel in 

Oregon in 2014 and 2015.  
 

Trait h2 SE of h2 

Disease 0.742 0.042 

Aboveground Biomass 0.752 0.041 

Adventitious Roots 0.637 0.060 

Taproot Diameter 0.510 0.081 

Basal Root Diameter 0.466 0.088 

Shallowest Root Angle 0.383 0.102 

Deepest Root Angle 0.378 0.103 

Root Angle Average 0.414 0.097 

Root Angle Difference 0.316 0.113 

Root Angle Geometric 

Mean 

0.333 0.110 
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Genomic Estimated Breeding Values 

BLUE values were unique for each variety in the models that included a principal 

component, as they are based on fixed effects. In models without principal components, 

the BLUE value was equal to the population mean for all varieties. The GEBVs are the 

sum of BLUP and BLUE values for each variety (Tables 21-24). 

GEBVs represent the general trends seen in the phenotypic data. However, as 

compared to the phenotypic values, the GEBVs are shrunken toward the mean in varying 

amounts, based on covariance between relatives. This resulted in crossovers in rankings 

due to the performance of related varieties. Traits with lower heritability exhibited greater 

shrinkage toward the mean. For example, the GEBVs for the trait root angle geometric 

mean (h
2
=0.333) covered 42% of the range seen in the phenotypic values. In contrast, 

GEBVs for the trait aboveground biomass (h
2
=0.752) covered 89% of the range seen in 

the phenotypic values.  

Cases where one variety scored high or low in the GEBVs for multiple traits 

generally reflect the correlations seen in the phenotypic data. For example, the variety 

Widusa had both the lowest GEBV for disease and the lowest GEBV for adventitious 

roots. Disease and adventitious roots were positively correlated in the phenotypic data.  

Pearson’s correlation coefficients between observed values and GEBVs for each 

trait were calculated to evaluate how similar the two ranking systems were (Table 20). A 

high correlation coefficient indicates that the data was relatively free of noise, and the 

GEBVs did not remove a large amount of variation.   
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Table 20. Pearson’s correlation coefficients for observed values and genomic estimated 

breeding values for root and disease traits evaluated in the Bean CAP Snap Bean 

Diversity Panel. 

 

Trait 

Pearson's Correlation 

Coefficient 

Aboveground Biomass 0.940 

Deepest Root Angle 0.791 

Root Angle Geometric Mean 0.745 

Disease 0.737 

Basal Root Diameter 0.722 

Taproot Diameter 0.720 

Adventitious Roots 0.719 

Shallowest Root Angle 0.657 
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Table 21. Genomic estimated breeding values calculated from BLUPs and BLUEs for the 

10 highest and 10 lowest ranked varieties in the BeanCAP SBDP for Fusarium 

root rot disease and adventitious roots.  

 

Disease  Adventitious Roots  

Variety 

GEBV (1-5 scale, 

1=clean) Variety 

GEBV 

(1-3 scale) 

Widusa 2.626  Corbette Refugee 2.616 

Dutch Double White 2.650  Idaho Refugee 2.563 

Selecta 2.695  US 5 Refugee 2.433 

Impact 2.708  FR266 2.345 

Booster 2.720  Oregon Giant Pole 2.335 

Stringless French Fillet 2.764  Coloma 2.288 

Oregon 2065 2.775  Benton 2.257 

Pole Blue Lake 2.791  Slenderella 2.217 

Pole Blue Lake S7 2.809  Medinah 2.216 

Rocdor 2.816  Landmark 2.214 

… …  … … 

Trail of Tears 3.000  Doral 1.769 

Espada 3.390  Renegade 1.764 

McCasalan Pole 42 2.975  Koala 1.760 

Matador 3.471  Polder 1.759 

Warrior 3.473  Kylian 1.751 

Titan 3.551  Impact 1.737 

Hercules 3.553  Dutch Double White 1.736 

Festina 3.538  Pole Blue Lake S7 1.719 

Benton 3.523  Serin 1.709 

Seabiscuit 3.588  Widusa 1.703 
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Table 22. Genomic estimated breeding values calculated from BLUPs and BLUEs for the 10 

highest and 10 lowest ranked varieties in the BeanCAP SBDP for basal root diameter and 

taproot diameter. 

Basal Root Diameter Taproot Diameter  

Variety GEBV (mm) Variety GEBV (mm) 

McCasalan Pole 42 1.840  Corbette Refugee 1.941 
Trail of Tears 1.842  Idaho Refugee 1.980 

Kentucky Wonder 1.852  Landmark 2.015 

Corbette Refugee 1.876  Castano 2.024 

Booster 1.905  Dusky 2.029 

Idaho Refugee 1.906  Mercury 2.037 

EZ Pick 1.907  Strike 2.038 

Blue Peter Pole 1.908  Opus 2.041 

Banga 1.921  Charon 2.045 

Brio 1.931  Thoroughbred 2.058 

… …  … … 

Ebro 2.217  Hayden 2.499 

Summit 2.225  Paloma 2.509 

Carson 2.232  Impact 2.531 

Eagle 2.236  EZ Pick 2.536 

Oregon 5630 2.272  Pole Blue Lake 2.537 

Stringless French Fillet 2.276  Booster 2.560 

Gold Mine 2.290  Pole Blue Lake S7 2.606 

Profit 2.307  Trail of Tears 2.616 

Goldrush 2.309  Fortex 2.644 

Oregon 91G 2.332  Widusa 2.691 
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Table 23. Genomic estimated breeding values calculated from BLUPs and BLUEs for the 

10 highest and 10 lowest ranked varieties in the BeanCAP SBDP for shallowest 

root angle and deepest root angle. 

 

Shallowest Root Angle  Deepest Root Angle 

Variety GEBV (degrees below 

horizontal) 

Variety GEBV (degrees below 

horizontal) Roma II 11.476  Booster 48.763 

Oregon Giant Pole 11.511  Banga 48.937 

Fortex 11.670  Oregon 2065 48.947 

Ebro 11.882  Pole Blue Lake 49.261 

Magnum 11.900  Serin 49.435 

Tapia 11.953  Redon 49.541 

Astun 12.325  Celtic 49.590 

Idaho Refugee 12.725  Kylian 49.660 

Cyclone 12.875  Selecta 49.681 

Corbette Refugee 12.879  EZ Pick 49.802 

… …  … … 

Zeus 18.667  Brio 59.823 

Speedy 18.679  Summit 59.831 

Warrior 18.717  Benton 59.880 

Festina 18.718  Flo 59.987 

Matador 18.780  Carlo 60.121 

Palati 18.822  Shade 60.202 

Benchmark 19.041  Provider 60.352 

Dusky 19.141  Grenoble 60.720 

Castano 19.365  Stallion 60.876 

Roller 19.606  Valentino 61.112 
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Table 24. Genomic estimated breeding values calculated from BLUPs and BLUEs for the 

10 highest and 10 lowest ranked varieties in the BeanCAP SBDP for 

aboveground biomass and root angle geometric mean. 

 

Aboveground Biomass   Root Angle Geometric Mean 

Variety GEBV (1-5 scale) Variety GEBV (degrees below 

horizontal) Embassy 2.208  Booster 30.791 

Speedy 2.329  Selecta 30.975 

Dusky 2.417  Banga 31.040 

Festina 2.598  Redon 31.297 

Matador 2.606  Serin 31.443 

Paulista 2.610  Stayton 31.731 

Flavor Sweet 2.610  Oregon 2065 31.739 

Palati 2.626  Kylian 31.885 

Brio 2.648  Polder 32.038 

Charon 2.662  Angers 32.138 

… …  … … 

Idaho Refugee 4.279  Mercury 38.662 

Oregon 2065 4.565  Bronco 38.691 

Fortex 4.693  Secretariat 38.834 

Blue Peter Pole 4.797  Storm 39.013 

Trail of Tears 4.801  Shade 39.015 

Pole Blue Lake S7 4.895  Top Crop 39.044 

Kentucky Wonder 4.901  Valentino 39.255 

Oregon Giant Pole 4.907  Grenoble 39.297 

McCasalan Pole 42 4.961  Provider 39.430 

Pole Blue Lake 5.003  Stallion 39.560 
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Discussion 

Distribution of Traits 

The results of these trials support the quantitative nature of resistance to FRR and 

of the other root traits measured. Each of the traits measured showed an approximately 

normal distribution rather than falling into discrete categories. The quantitative nature of 

root rot resistance is well established (Baggett et al., 1965; Miller and Burke, 1985; 

Schneider et al., 2001). The quantitative nature of root architecture traits has also been 

previously proposed (Hagerty, 2013; Lynch and Brown, 2001). In addition to complex 

genetic control, root architecture traits are further influenced by a multitude of 

environmental factors (Lynch and Brown, 2001), which will also contribute to their 

quantitative distribution. The complex control of the traits examined in this research is 

also seen in the multiple QTL with small effects that were associated with each trait.  

ANOVA 

There were significant differences observed between replications. While the 

original goal of the blocking system was to control for a potential gradient in disease 

pressure, it appears to have captured a combination of edge effects and differences based 

on time of evaluation. For disease severity, the average scores of the replicates showed 

two different patterns in 2014 and 2015, which can be explained by slightly different 

protocols used in the two years. In 2014, when evaluation was conducted simultaneously 

in all four replications, the outermost replications had higher disease scores than the inner 

two. This suggests the presence of edge effects in the field. In 2015 evaluation was 

conducted on a rep-by-rep basis, beginning with replication one and progressing to 

replication four. The disease severity increased in each subsequent replication evaluated, 

indicating a connection between disease severity and evaluation date. Although the 
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replication in this trial was effective at partitioning out the sources of variation, future 

trials should select one consistent evaluation protocol to avoid ambiguity in this regard.  

Genotype by year interactions were highly significant for aboveground biomass 

and adventitious roots, and significant for disease, basal root diameter, deepest root angle, 

and geometric mean. The implication of these interactions is that as a variety may 

perform differently in different environmental conditions, screening should take place 

over multiple years and environments to ensure an accurate assessment of its potential for 

breeding projects involving these traits.  

A factor not included in this study that could provide valuable information is time 

of evaluation. An early season disease evaluation would provide insight into the 

mechanism of resistance: whether resistant varieties are able to avoid or delay infection 

or simply have a slower progression of the disease. Visual differences were observed in 

the rate of post-evaluation senescence. For example, the reportedly resistant variety 

FR266 remained green as the majority of the field progressed from chlorotic to necrotic, 

although it was unremarkable at the time of our evaluations. A late season evaluation 

could provide information on resilience in the presence of disease. This information 

would be especially valuable in dry beans, which remain in the field longer than snap 

beans. 

Multiple Correlation Analysis 

Correlations describe relationships between the factors measured, but do not 

provide information about causation. Either of the factors involved in a correlation could 

be influencing its partner or they both could be showing the effects of a third factor. 

Correlations may also be spurious. 
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In this analysis, negative correlations were observed between disease and 

aboveground biomass and between disease and root diameters. The intuitive conclusion 

from the relationship between disease and biomass is that plants severely infected with 

FRR become stunted and do not achieve their potential size had the disease not affected 

them. However, the size difference may be caused by other factors, such as breeding 

work done for a target environment. The slower growth rate of the smaller plants may put 

them at additional risk for infection with FRR, resulting in greater disease levels. These 

two hypotheses could be tested by growing the same materials in a pathogen-free field. If 

FRR were responsible for reducing plant size, the differences would not be present in the 

absence of the pathogen. Another possibility to keep in mind when interpreting 

correlations is a potential confounding factor. In this case, a confounding factor could be 

growth habit. Indeterminate beans do have greater biomass than bush types and there 

could be another trait related to indeterminacy that confers resistance.  

The relationship between larger root diameter and lower disease levels raises 

similar questions about which is the causal factor. Snapp (2003) and Hagerty (2013) also 

found correlations between large root diameter and resistance to FRR. They did not 

address causation but Snapp (2003) suggested that thicker roots may be connected to a 

greater total number of roots and observed that this correlation became more prominent 

as the disease progressed. Grafting trials can shed light on the nuances of the correlation 

between root diameter and resistance to FRR. In a trial grown on soil with no compacted 

layer, Cichy and colleagues (2007) found that the shoot genotype of a plant is responsible 

for the diameter of the roots, while the root genotype determines root rot susceptibility, 

indicating that root diameter is not a factor in root rot resistance. However, this was not 
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the case when they conducted the trial in soil containing a compacted layer. In the 

presence of real-world environmental stressors, they were unable to make any clear 

causal distinctions.  

The positive correlation between disease and adventitious roots supports the idea 

that beans respond to the failure of their original root system by producing adventitious 

roots. The non-significant correlation between adventitious roots and aboveground 

biomass suggests that this coping strategy has limited effectiveness in terms of 

production, as the development of adventitious roots to replace diseased ones did not 

have any connection to a larger plant size.  

Another interesting correlation observed was the relationship between disease and 

the root angle measurements, which suggests that susceptible varieties had root systems 

oriented at a deeper angle than resistant varieties. In their research on nutrient foraging 

Lynch and Brown (2001) emphasize that a plant with exclusively deep root angles is 

exploring a smaller amount of soil than a plant with either a shallow or a range of root 

angles. The beans with shallower root systems may have been able to access a greater soil 

volume, an effect that would be increased in the presence of a compacted layer of soil. 

Another possible explanation for the effect observed in this study is that the upper layer 

of soil had superior drainage, which reduced infection by FRR. However, the correlation 

observed in our research is the opposite of what was observed in the same site by Hagerty 

et al. (2015) in a biparental population. Burke and Miller (1983) recommend cultural 

practices to reduce soil compaction and encourage deeper rooting as a method to reduce 

root rot infection.  
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Genome-Wide Association Study (GWAS) 

All of the associations identified by this study had relatively low significance 

levels, so the possibility of a false positive is real. Associations observed here would not 

have been considered significant using a standard Bonferroni cutoff, due to the large 

number of markers involved in the analysis. The results could be validated at a higher 

confidence level by repeating the analysis with a smaller subset of SNPs, although this 

reduces the effectiveness of the measures taken to control for population structure and 

relatedness (Tucker et al., 2014) which can result in false positives for a different reason. 

A larger population size would also increase significance. A strategy to validate results 

within a study is to perform GWAS for each site or year independently as well as with 

average phenotypic values and to report only SNPs significant in all three analyses. 

Where there are multiple associations for a trait, the associations that are supported by a 

column of nearby SNPs of increasing P-values are more likely to be genuine than isolated 

SNPs of high significance. 

This study identified associations with root rot resistance on Pv02, Pv08, Pv09, 

and Pv10. QTL on Pv02 were also reported by Schneider et al (2001) for resistance to F. 

solani root rot and by Hagerty et al. (2015) for resistance to A. euteiches root rot. Based 

on physical position, the QTL reported by Hagerty et al. (2015) is not the same as the 

association located by this study. In addition to being connected with a different 

pathogen, it is also located over 33 million base pairs away. The failure of the two studies 

to locate the same associations indicates that the resistance alleles present in the 

biparental mapping population used by Hagerty et al. (2015) are not widely found 

throughout snap bean germplasm. The exact chromosomal location of the QTL identified 

by Schneider et al. (2001) is unknown, as the study was conducted using RAPD markers. 
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This leaves open the possibility that it is identifying the same genetic factor as the 

association found by this study. Roman-Aviles and Kelly (2005) identified a QTL on 

Pv08 with an R
2 

value of 0.39. Again, the exact location of this QTL is unknown so it 

cannot be determined if it corresponds with the association from this study.  

QTL for shovelomics traits in snap bean have been reported by Hagerty (2013). 

While several QTL are located on the same chromosomes as associations identified by 

this study, none are in the same chromosomal region.  

Several loci identified by this GWAS study are associated with more than one of 

the traits measured. Marker ss715642129 on chromosome Pv04 was significant for both 

basal root and taproot diameter, indicating its general involvement with root diameter and 

increased utility for MAS. On Pv07 marker ss715646498 is associated with aboveground 

biomass, deepest root angle, root angle geometric mean, and root angle difference. 

Marker ss715639797 on Pv08 is associated with both disease and aboveground biomass. 

These dual effects should be taken into account when using these markers. 

Marker-assisted selection promises to play a large role in the future of breeding 

snap beans for resistance to FRR. The increasing body of knowledge around the genetic 

factors influencing FRR resistance gives breeders the ability to pyramid many genes of 

minor effects to create highly resistant genotypes. As beans are a highly homozygous 

diploid crop these genes are expected to be predominantly additive, although Mukankusi 

et al. (2011) did report the presence of both additive and non-additive genes involved in 

FRR resistance. As they apply these molecular tools to their work, breeders should 

remain mindful of possible secondary effects of the traits which provide resistance to root 

rot. For example, changes in root architecture to avoid infection with disease may also 
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affect nutrient scavenging ability or resilience to drought. In this study, it was shown that 

a shallower root system was correlated with lower disease levels. However, the same trait 

may result in greater susceptibility to drought conditions. Greater aboveground biomass 

may result in later pod maturity, as the plants delay flowering in order to continue 

investing resources in vegetative growth. In any breeding project, individual objectives 

should not eclipse the overall goal of a robust, high-yielding plant. The traits that make 

up such a plant will vary based on the target environment. 

Principal Components Analysis 

Principal component analysis of the BeanCAP SBDP revealed underlying 

population structures. The first principal component axis divided varieties based on 

Andean versus Mesoamerican center of domestication. The beans do not fall into two 

distinct groups along this axis; rather they fall along a continuum. Heirloom and landrace 

varieties of each type fall toward the outer edges of the range, such as ‘Tendercrop’ on 

the Andean side and ‘Trail of Tears’ on the Mesoamerican side. On the second axis, the 

Mesoamerican varieties had a much greater range than the Andean types. Within the 

Mesoamerican group, the blue lake types were split from the European extra-fine types. 

Heirloom varieties are located on the outer edges of the range in both directions. The 

majority of the varieties with the most favorable rankings for predicted values for disease 

resistance are located on the positive (Mesoamerican) end of the first principal 

component axis, indicating that this gene pool is a source of resistance. 

Phylogenetic Tree and Kinship Heat Map  

The neighbor-joining phylogenetic tree created from the SBDP showed a very 

high confidence level on an initial division of the population into two distinct groups. 

However, the subsequent divisions of those two groups into sub-groups had fairly low 
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confidence levels, which is somewhat paradoxical. In some instances it is a single variety 

that appears to be hard to place, in other cases an entire clade is unclear as to its 

relationship to the rest of the tree. While these results point to two separate derivations of 

snap beans in the two centers of domestication, they also show that extensive 

recombination has obscured ancestral lineages. Human breeding efforts have blurred the 

evolutionary distinctions that may have once existed.  

The neighbor-joining phylogenetic tree created by Past 3 and the kinship tree for 

the EMMA kinship heatmap show slightly different results. Other phylogenetic trees for 

the same set of materials also show differences (James Myers, personal communication 

2016). The finer groupings generally remain the same, but the placements of the larger 

groups show differences. For example, the Refugee types and the European extra-fines 

switch from the Mesoamerican section of the neighbor-joining tree to the Andean section 

of the EMMA tree. These two changes are not unexpected based on what is known about 

these groups. Refugee types are distinct among snap beans with their half-runner (Type 

III) growth habit. They strongly resemble other beans from the Durango race (Singh et 

al., 1991), indicating a unique genetic background and possibly a separate derivation 

from ancestral materials. The varieties in the extra-fine group are a mix of S 

(Mesoamerican) and T (Andean) type phaseolin, so ambiguity as to their center of origin 

is understandable (Myers and Davis, 2002). It has been suggested that S phaseolin was 

introgressed into Andean germplasm in an effort to create Andean type beans with 

smaller seed size, as is seen in the extra-fine group (Blair et al., 2010). 

Heritability 

Disease, aboveground biomass and adventitious roots had higher heritability than 

the other shovelomics traits, such as root angle measurements. The higher heritability of 
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aboveground biomass and adventitious roots corresponds to results from a similar trial on 

a biparental population of recombinant inbred lines conducted in the same site in 

previous years (Hagerty, 2013). All three of these traits were measured using a scale 

rather than empirical values, perhaps reducing the amount of variation in the data by 

condensing a continuum of values into discrete categories. The high heritability values 

imply that simple selection strategies on these traits would be effective.  

Previously reported heritability values for disease resistance vary greatly based on 

genetic materials used and trial design. Mukankusi and colleagues (2011) reported 

heritability of 0.38 to 0.45 for root rot resistance. In contrast, Kamfwa et al (2013) found 

heritability levels of 0.86 to 0.99. Heritability levels for the same materials will appear 

higher in greenhouse trials than in field evaluations (Hassan et al., 1971). Based on these 

numbers, the heritability value for disease resistance of 0.74 from this study is 

reasonable.  

The heritability for aboveground biomass found in this study (0.75) also 

corresponds to previously reported values. Shenkut and Brick (2003) found a range from 

0.60 to 0.70. Navarro et al. (2008) reported values of 0.77 to 0.91 for heritability of 

biomass, based on measurements of dry weight, which implies that our categorical rating 

system did not greatly inflate heritability values. A factor that we did not take into 

account in the analysis was the difference in growth habit between the bush and the pole 

types of beans. Growth habit is controlled by a single gene, Fin (BeanCAP, 2014). This 

single genetic factor has a large effect on aboveground biomass development, as all pole 

beans in the trials received biomass scores of 5. It could be expected that the heritability 
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value for aboveground biomass would decrease if pole beans were excluded from the 

analysis.  

The lower heritability values of the root angle traits imply that these traits are 

susceptible to environmental influences. The relative importance of genetics in 

determining phenotype is lower, and other factors such as environment and genotype by 

environment interaction play a larger role. This highlights the importance of robust trials 

with many replications and environments for breeders to obtain useful information about 

these traits. The derived root angle traits (root angle average, root angle difference, and 

root angle geometric mean) show similar amounts of noise as the directly measured root 

traits. They are valuable because they capture information on the root system as a whole, 

which can give insight into attributes of an effective root system. Root angle difference in 

particular conveys important information about the span of the soil profile accessed by a 

plant. Another set of root traits that could yield important information is measuring the 

biomass of roots proximal to the hypocotyl and of roots distal to the hypocotyl. This 

would be challenging to implement in a field situation, but would inform researchers 

about the total area of soil explored by the root system by measuring the quantity of short 

and long roots produced by a variety. This research could be done using sand-filled 

growth tubes in a greenhouse environment. 

Genomic Estimated Breeding Values 

The varieties with the highest and lowest predicted values reveal interesting 

trends. Some of the same trends identified by multiple correlation analysis also appear in 

the GEBVs. For example, four of the ten most favorably rated varieties for disease 

resistance are in the five lowest rated varieties for adventitious roots. Another interesting 

trend in the adventitious root predicted values is that the top three varieties are all 
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Refugee types. Roller, which had the highest phenotypic value, is not included in the top 

ten GEBVs.  

Indeterminate types show up in both the lowest GEBVs for basal root diameter 

and the highest GEBVs for taproot diameter, indicating that they allocate more resources 

into a thick taproot than into developing wide basal roots. This could be due to their 

dependence on external support rather than their own root systems to prevent lodging. All 

of the top rated varieties for aboveground biomass are pole or indeterminate types, except 

for OR2065, which comes directly from a pole bean background.  

European extra-fine types have the lowest GEBVs for deepest root angle. The 

European extra-fine group shows up again in the lowest GEBVs for root angle geometric 

mean. The largest GEBV varieties from root angle geometric mean are predominately 

large seeded Andean types. Roma types tend to have the lowest GEBVs for shallowest 

root angle.  

The GEBVs condense the total genotypic and phenotypic data used in this study 

into a numerical ranking system. Environmental noise is reduced and performance of 

related individuals is taken into account resulting in a robust estimation of breeding 

value. As the BeanCAP SBDP is a broad representation of snap bean germplasm, 

favorably ranked varieties would be excellent materials to use as a source of these traits. 

Many of the most favorably ranked varieties for disease resistance were released in the 

1950s and 60s, however, so they may lack adaptation to modern production systems.  

GEBVs give a general sense of the expected performance of a variety’s offspring 

but do not address the effects of specific combinations of parents. Software is available 

that can calculate both predicted genomic breeding value and combining abilities within a 
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population. An example of such a program is ‘sommer’ (Covarrubias-Pazaran, 2016). 

Without further analysis, in order to maximize the potential performance of offspring 

based on information available from this research, the combined criteria of favorable 

predicted values and phylogenetic dissimilarity could be used to select parents with 

distinct favorable alleles. Similar results could be achieved by comparing genotypes of 

favorably ranked varieties at the SNPs associated with disease resistance based on 

GWAS analysis and selecting parental combinations that capture a broad range of 

resistance alleles. Crosses between these sets of parents have the potential to pyramid 

resistance genes, resulting in transgressive segregants. A factor to consider in this 

breeding strategy, however, is that the difficulty of inter-gene pool crosses may affect the 

success of highly dissimilar parental combinations.  

An efficient way to move forward with progeny from these crosses would be to 

select in early generations for acceptable agronomic qualities. As lines near 

homozygosity, MAS could be implemented to identify lines with the greatest number of 

resistance alleles, as well as any other traits of interest. Labor-intensive field-testing 

could then be conducted exclusively on varieties with the desired genetic package. 

  



 

 

85 

CHAPTER 3: DEVELOPMENT OF MOLECULAR MARKERS FOR FUSARIUM 

ROOT ROT RESISITANCE QTL 

Introduction 

Conversion of Molecular Markers 

This research aims to build on previously published research regarding the genetic 

resistance of snap bean to FRR. Hagerty (2013) conducted a biparental mapping study 

using a population created from a cross between the highly resistant line RR6950 and 

root rot susceptible line OSU5446. The researchers originally identified twelve QTL 

contributing to root rot resistance. These QTL were mapped using data from six studies: 

three (2010-2012) studies conducted in Oregon and three studies conducted in Wisconsin 

in July 2011, August 2011, and June 2012.  

The two study locations, Oregon and Wisconsin, have different primary causal 

root rot pathogens present in the soil, Fusarium solani and Aphanomyces euteiches 

respectively. The QTL from the different evaluation sites indicate resistance only to the 

pathogen present at that site. When marked on a linkage map, in most cases QTL from 

the same location in different years mapped to corresponding locations, indicating that 

the same genetic factor had been identified multiple times. The QTL identified can be 

condensed to six distinctly different genetic areas (Table 25).  
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Table 25. Nearest SNPs to the six distinct QTL identified by Hagerty et al. (2013, 2015) for root rot resistance in the OSU5446 x 

RR6950 mapping population, including chromosome, position, pathogen, and multiple identification systems for each SNP.  
 

Chromosome Position Pathogen SS ID Number  SNP ID Number SC ID Number 

2 35,511,626 A. euteiches ss715647851 SNP0508_2 sc00292ln329955_200442_A_G_174620018 

3 34,717,709 F .solani ss715641537 SNP0240_3 sc01569ln68655_2400_T_C_362379133 

4 1,953,313 A. euteiches ss715647818 SNP1120_4 sc00283ln338214_293493_T_C_171701647 

4 44,563,547 A. euteiches ss715645801 SNP1100_4 sc00018ln1167623_213036_C_T_28333530 

6 16,771,416 A. euteiches ss715649329 SNP1062_6 sc00771ln151042_37933_G_A_280270225 

7 8,849,733 F .solani ss715639538 SNP0928_7 sc00182ln441273_204110_A_G_133163786 
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These six areas of interest were identified as useful loci for marker-assisted 

selection. The publication by Hagerty et al (2015) identified SNP markers associated with 

each reported QTL. SNP markers convey the genetic location of a polymorphism very 

precisely but for use in molecular breeding projects they are generally translated into 

another form of marker to allow for easier discrimination between genotypes in the lab. 

This research attempted to convert the SNPs identified by Hagerty et al (2015) into 

Insertion-Deletion (INDEL) and/or Kompetitive Allele-Specific PCR (KASP) markers for 

more practical applicability.  

INDEL Molecular Markers 

INDEL markers are a molecular marker system based on genomic regions where 

conserved sequences flank an area that differs in length between the groups meant to be 

discerned. The region is amplified and the resulting DNA fragments are separated in a gel 

according to size.  

Gel-based marker systems such as INDELs are simple to use, requiring only a 

Polymerase Chain Reaction (PCR) thermocycler, a gel-based electrophoresis system, and 

a way to visualize the DNA bands in the gel. However, running PCR and electrophoresis 

gels can be time consuming and scoring these systems can be challenging due to 

obstacles including faint banding, insufficient separation, and incomplete digestion.  

KASP Molecular Markers 

KASP markers are a non-gel-based system and are much higher throughput than a 

gel-based marker system. The time-consuming steps of making, loading, running, and 

imaging gels are eliminated. Scoring takes place rapidly and clearly inside a Fluorescence 

Resonance Energy Transfer (FRET) capable plate reader, eliminating the confusion and 

bias that can be present when visually reading a gel. KASP marker design can be done 
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using free software or contracted out to the company LGC Genomics (Teddington, UK), 

which offers marker design and validation services. KASP markers are affordable to run, 

requiring no specialized equipment beyond a PCR thermocycler and a FRET-capable 

plate reader, although they do require the purchase of KASP Master Mix from LGC 

Genomics. Some machines combine both steps in one run. KASP markers are co-

dominant, or able to distinguish heterozygotes from homozygotes which increases the 

amount of information they can reveal.  

The KASP system uses the fluorophores FAM and HEX to distinguish genotypes. 

They are plotted on the X- and Y-axes of output graphs, respectively. A passive reference 

dye called ROX is also included to account for differences caused by variation in well 

volume (Figure 17).  

 

Figure 17. Results for the KASP assay ss715650010 for a root rot resistance QTL in snap 

bean on members of the OSU5446 x RR6950 mapping population. Blue dots 

indicate samples homozygous for the FAM allele (T), red dots indicate samples 

homozygous for the HEX allele (C), black dots are water controls, and pink dots 

represent samples in which the DNA did not amplify.  
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Materials and Methods 

Marker Conversion: SNP to INDEL 

Conversion from SNP to INDEL markers began with the identification of 

candidate INDELs in a set of PCR-based INDELs from Dr. Phillip McClean’s laboratory 

at North Dakota State University (BeanCAP 2013). For each candidate INDEL, 26-

nucleotide forward and reverse primers were ordered from Eurofins Genomics 

(Louisville, KY). Amplification of INDELs took place in the GeneAmp PCR System 

9700 Version 3.10 thermo-cycler from Applied Biosystems (1996, Myers lab, Oregon 

State University) with the standard reagents in the following volumes: 18.4μl water, 2.5μl 

10x reaction buffer + MgCl, 1.5μl 2.5mM dNTP, 0.2μl each of 10μM forward and 

reverse primer, 0.2μlAmpliTaq Gold DNA Polymerase with Buffer 1, and 2μl template 

DNA at 10 ng/μl for a total reaction volume of 25μl. The PCR program began with 10 

minutes at 95°C, followed by 45 cycles of 20 seconds at 95°C, 30 seconds at 50°C, and 

one minute at 72°C, and concluded with a final ten minute extension at 72°C before 

holding the samples at 4°C until the sample was removed.  

INDELs were separated on 2% agarose gels in a FisherBiotech Electrophoresis 

system FB-SBR-1316 (Myers lab, Oregon State University) at 70 volts for 90 minutes. 

An ethidium bromide staining system was utilized for visualization. Gels were digitally 

photographed in a UVP Mini Darkroom UV Transilluminator lightbox and each gel 

image was scored by hand.  

Initial testing involved screening for polymorphism between the two parental 

lines of the biparental mapping population, RR6950 and OSU5446. Upon confirmation of 

a polymorphism between the parents, a panel of known susceptible and resistant progeny 
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lines was tested using the marker. A functional marker correctly identified progeny lines 

as resistant or susceptible (Figure 18).  

 

Figure 18. INDEL marker screening of parent and progeny lines for Fusarium root rot 

resistance QTL in snap bean RIL population OSU5446 x RR6950 on 2% agarose 

gel. A = OSU6950, B = OSU5446, C and F = progeny with genotypes 

corresponding to OSU6950, D and E = progeny with genotypes corresponding to 

OSU5446. Image taken from UVP Bioimaging Systems “minidarkroom” 

transilluminator, Myers lab, 2015. 

 

Marker Conversion: SNP to KASP 

Conversion from SNP to KASP markers was conducted by the private company 

LCG Genomics. KASP on Demand (KOD) services were used to produce validated 

markers designed using 60bp flanking sequences around the SNPs of interest. A panel of 

32 lines from the OSU5446 x RR6950 mapping population with known genotypes at 

each of the SNPs of interest plus both parental lines were used by LGC Genomics to 

validate the KASP markers.  

Upon receipt of the assays, they were re-validated using a separate panel of lines 

from the same population. Optimal results were obtained when each reaction consisted of 

2μl water, 5μl 2x KASP Master Mix, 0.14μl assay primer, and 3μl DNA at a 

concentration of 10μg/mL. A StepOnePlus Real-Time PCR system from ThermoFisher 
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Scientific was used. The run method for all assays began with 30 seconds at 23°C, 

followed by 15 minutes at 94°C. The next portions of the program differ between two 

groups of assays (Table 28). Assays recommended for use with a 61-55°C Touchdown 

cycling program went through 10 touchdown cycles beginning with 20 seconds at 94°C 

and one minute at 61°C. The lower temperature was reduced by 0.6°C per cycle. Upon 

the lower temperature reaching 55°C, 36 more cycles of 20 seconds at 94°C and one 

minute at 55°C took place. Finally, the plate was brought to 23°C and results were read 

optically by the PCR system. For assays recommended for use with a 68-62°C 

touchdown protocol, the only difference in the protocol is that the lower temperatures in 

the cycles began at 68°C and were reduced over ten cycles to 62°C. Although LGC 

Genomics recommends 26 amplification cycles at the lowest temperature, improved 

separation between genotypes was obtained by increasing the number to 36 amplification 

cycles.  

Results 

INDEL Markers 

INDEL markers were successfully identified for the QTLs reported by Hagerty et 

al (2015) from the Oregon 2011 F. solani trial, on chromosomes 3 and 7 (Table 26). 

Attempts to validate INDEL markers corresponding to the QTL for resistance to A. 

euteiches on chromosomes 2, 4, and 6 were unsuccessful. Polymorphisms present 

between the parental lines were not reflected according to root rot susceptibility or 

resistance in the offspring for these markers. 
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Table 26. Polymorphic INDELs that co-segregate with SNPs associated with Fusarium resistance QTL in the RR6950 x OSU5446 

recombinant inbred mapping population.  
 

INDEL Linkage Group 

Physical Location of 

INDEL Co-segregating SNP 

Physical Location of 

SNP 

Annealing 

Temp. 

NDSU_IND_3_35.8829 Pv03 35,882,920 ss715641537 34,717,709 50°C 

NDSU_IND_7_9.1228 Pv07 9,122,767 ss715639538 8,849,733 50°C 

 

 

 

 

INDEL Forward Primer Reverse Primer 

NDSU_IND_3_35.8829 ACCAGTCATATCAGCTTTAGAGAAAGACCAGT CATGCGTGATACACATGGATTAGGAAGCA 

NDSU_IND_7_9.1228 GTTGAGCGCAATATCCAATGTTTGGT TGCTGCATCATCAAGTATTCCACTGC 
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KASP Markers 

Out of the twelve SNPs selected to produce KASP markers, eleven resulted in 

successful KASP assays (Table 27) with the ability to separate genotypic classes into 

distinct groups. All assays with the exception of ss715647725 provided acceptable results 

with 26 amplification cycles. However, distinctions between genotypes were stronger 

after 36 amplification cycles. The assays are available from LCG group. They can be 

requested by the assay ID number.  

Table 27. KASP marker assays created from SNPs associated with root rot resistance 

QTL reported by Hagerty et al. (2015). 

Chrom. Position Assay ID 

FAM 

Allele 

HEX 

Allele 

Recommended Thermal Cycling 

Conditions 

2 33,889,685 ss715646264 T Cz 61-55˚C Touchdown protocol 

2 35,511,626 ss715647851 A Gz 61-55˚C Touchdown protocol 

3 33,910,281 ss715639606 G Tz 68-62˚C Touchdown protocol 

3 34,717,709 ss715641537 T Cz 68-62˚C Touchdown protocol 

4 1,953,313 ss715647818 Tz C 61-55˚C Touchdown protocol 

4 2,026,101 ss715650010 T Cz 61-55˚C Touchdown protocol 

4 43,773,503 ss715645798 Tz G 68-62˚C Touchdown protocol 

4 44,563,547 ss715645801 C Tz 68-62˚C Touchdown protocol 

6 16,771,416 ss715649329 G Az 61-55˚C Touchdown protocol 

6 18,501,260 ss715650222 Az G 61-55˚C Touchdown protocol 

7 9,453,581 ss715647725 G Az 68-62˚C Touchdown protocol 

z
Allele from RR6950, resistant parent.     
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Discussion 

Functional INDEL markers were only identified for the QTL associated with 

resistance to F. solani root rot. This could indicate better experimental methods in the 

Oregon field trials, a less complex set of factors influencing the disease severity of F. 

solani root rot than A. euteiches root rot, or a combination thereof. The failure to identify 

functional INDEL markers for the A. euteiches QTL could be due to an inconsistent 

scoring system or the influence of non-genetic factors on disease severity in the 

Wisconsin trials. Both of the KASP markers that presented difficulties were flanking the 

F. Solani resistance QTL on Pv07. One required more amplification cycles than any other 

assay to give clear results; LGC Genomics failed to produce a functional assay for the 

other.  

The QTL which these markers are associated with were identified in a biparental 

mapping population. These particular alleles may not be present in other genetic material. 

None of these associations were indentified in GWAS of the BeanCAP SBDP. The utility 

of these markers may be limited to breeding projects which use RR6950 or a related 

variety as a source of resisitance. RR6950 is of the Mesoamerican gene pool, so these 

alleles are more likely to be found in other Mesoamerican materials. It is most closely 

related to the Central American small blacks and reds (J. Myers, personal 

communication, 2016).  

Both marker types are fairly simple to use and produce satisfactory results. If the 

necessary equipment is available for either marker type, KASP markers have the 

advantages of being higher through-put, easier to score, and available for a greater 

number of this set of QTL.  
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CHAPTER 4: CONCLUSION 

This is the first study to use genome wide association studies (GWAS) to 

investigate resistance to root rot in snap beans, as well as one of the first to apply GWAS 

to snap beans for any trait. As such, it has generated new information for breeders to use 

as they work toward improved genetic resistance to Fusarium root rot (FRR), as well as a 

model for researchers to use in order to implement GWAS for other traits of interest.  

This GWAS study is an excellent complement to previous biparental mapping 

studies for resistance to FRR. It has identified many associations of small effects, 

whereas previous biparental mapping studies tend to identify fewer quantitative trait loci 

(QTL) with larger effects. As resistance to FRR is a highly complex trait that appears to 

be controlled largely by multiple genes of small effects, this new perspective is quite 

valuable. Since the genetic factors identified by this GWAS study do have small effects, 

they may be associated with “housekeeping” genes that contribute to resistance, rather 

than true resistance genes in the classical sense of the term. While that may make it more 

challenging to identify candidate genes behind the associations, it does not detract from 

the importance of these associations as factors involved in resistance to FRR.  

GWAS is emerging as a useful approach to study the genetic control of 

quantitative traits in crop plants. The majority of important agronomic traits are under 

quantitative control. GWAS is especially suited for use in inbred crops such as beans 

because once the lines have genotyped they can be phenotyped for a variety of traits and 

in a range of environments. The procedure outlined in this research could easily be used 

to perform GWAS with phenotypic data for any trait measured in the same panel of 

varieties.  
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The correlation analysis in this study between disease resistance and potentially 

related morphological traits provides information regarding the mechanisms of resistance. 

The Shovelomics morphological data taken in conjunction with root rot ratings captures 

an in-depth picture of the root systems of the plants in the trials. A clear understanding of 

morphological traits correlated with resistance to FRR will help to unravel the 

mechanisms of resistance and may aid in the identification of candidate genes involved in 

resistance. As these traits are highly influenced by environmental factors, each study that 

records data for these traits will contribute an understanding of the mechanisms of 

resistance to FRR in beans.  

Marker-assisted selection (MAS) projects for FRR resistance will benefit from 

this research. Kompetitive Allele Specific PCR (KASP) and Insertion/Deletion (INDEL) 

markers for the QTL identified by Hagerty et al. (2015) have been validated and are 

ready to use. The new associations identified with GWAS can be utilized in the same way 

and have the potential to be applied to a much wider range of germplasm, as they were 

identified from a diversity panel of snap beans. If a breeder does not have MAS abilities 

at their disposal, the genomic estimated breeding values identify valuable parent 

materials to contribute genetic resistance. 

The analysis of the genetic architecture of the BeanCAP Snap Bean Diversity 

Panel provides exciting new insight into the origins of snap beans and genetic 

relationships between varieties. Although much work has been done investigating the 

genetic background of beans in general, very little has been published regarding the 

origins of snap beans. Breeders know from experience that crosses between Andean and 

Mesoamerican type snap beans produce predominantly non-snap offspring, indicating 
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two separate genetic packages behind the snap bean traits. The principal component 

analysis and phylogenetic tree in this research translate that anecdotal knowledge into 

quantifiable findings about the relationships between snap beans. 

In conclusion, this research adds to the body of knowledge surrounding genetic 

resistance to Fusarium root rot in beans, as well as proving a genetic analysis of the 

BeanCAP snap bean diversity panel. Its contributions include correlations between FRR 

disease and morphological traits, new associations identified with GWAS, user-friendly 

markers for previously reported resistance QTL, genomic estimated breeding values for a 

variety of traits in the BeanCAP snap bean diversity panel, and information about the 

genetic architecture of snap beans.  
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APPENDIXES 

Appendix 1: Q-Q Plots from GWAS  
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Appendix 2: Genomic Estimated Breeding Values  

Genomic Estimated Breeding Values for Disease Severity 

Ranking Variety GEBV Ranking Variety GEBV Ranking Variety GEBV 

1 Widusa 2.626 51 McCaslan No. 42 2.975 101 Embassy 3.219 

2 Dutch Double White 2.650 52 EZ Pick 2.983 102 Seville 3.221 

3 Selecta 2.695 53 Speedy 2.986 103 Teseo 3.221 

4 Impact 2.708 54 Bogota 2.988 104 Landmark 3.222 

5 Booster 2.720 55 Sonesta 2.989 105 Hayden 3.236 

6 Stringless French Fillet 2.764 56 Cyclone 2.995 106 Benchmark 3.240 

7 OR_2065 2.775 57 Trail_of_Tears 3.000 107 Minuette 3.240 

8 Pole_Blue_Lake 2.791 58 Angers 3.004 108 Igloo 3.242 

9 Pole_Blue_Lake_S7 2.809 59 Goldrush 3.018 109 Flo 3.249 

10 Rocdor 2.816 60 Normandie 3.020 110 Nicelo 3.251 

11 Serin 2.820 61 Gold_Mine 3.020 111 Idaho Refugee 3.253 

12 Sirio 2.831 62 Cadillac 3.027 112 BBL_156 3.263 

13 OR_1604M 2.846 63 Contender 3.030 113 Labrador 3.264 

14 Pix 2.846 64 Galveston 3.032 114 Grenoble 3.271 

15 Paloma 2.860 65 Astun 3.041 115 Doral 3.289 

16 Cherokee 2.861 66 Top_Crop 3.046 116 Renegade 3.290 

17 Kylian 2.865 67 Medinah 3.048 117 Storm 3.301 

18 Banga 2.866 68 Fortex 3.049 118 Scorpio 3.309 

19 Gina 2.867 69 Carlo 3.055 119 True_Blue 3.326 

20 Celtic 2.870 70 Serengeti 3.066 120 Thorough-bred 3.345 

21 OR_5630 2.875 71 Coloma 3.070 121 Mercury 3.346 

22 Ebro 2.875 72 Jade 3.081 122 Ulysses 3.349 

23 Carson 2.878 73 Balsas 3.084 123 Fury 3.359 

24 Tapia 2.888 74 Hialeah 3.086 124 Dusky 3.364 

25 Masai 2.890 75 Romano_118 3.087 125 Opus 3.370 

26 OR_5402 2.891 76 FR_266 3.088 126 Stallion 3.371 

27 Tendergreen 2.891 77 Roller 3.091 127 Secretariat 3.380 

28 LandrethsSG 2.893 78 Nomad 3.097 128 Hystyle 3.386 

29 Dandy 2.895 79 Catania 3.126 129 Espada 3.390 

30 Kentucky_Wonder 2.898 80 Pretoria 3.133 130 Brio 3.396 

31 Navarro 2.899 81 Rockport 3.140 131 Envy 3.404 

32 OR_Giant_Pole 2.902 82 Calgreen 3.140 132 Valentino 3.409 

33 OR_91G 2.903 83 Prosperity 3.144 133 Palati 3.413 

34 Brittle_Wax 2.903 84 Flavio 3.145 134 Charon 3.413 

35 Polder 2.903 85 Tendercrop 3.146 135 Castano 3.414 

36 Stayton 2.907 86 Gallatin_50 3.152 136 Bronco 3.422 

37 Magnum 2.909 87 Slenderella 3.157 137 Strike 3.430 

38 Romano_Gold 2.911 88 Saporro 3.159 138 Zeus 3.445 

39 Roma_II 2.912 89 Slenderpack 3.160 139 Spartacus 3.454 

40 Unidor 2.929 90 Flavor_Sweet 3.166 140 Shade 3.462 

41 Koala 2.929 91 Summit 3.177 141 Matador 3.471 

42 Paulista 2.951 92 Eagle 3.180 142 Warrior 3.473 

43 Ferrari 2.954 93 Venture 3.182 143 Benton 3.523 

44 Redon 2.958 94 US_Refugee#5 3.184 144 Festina 3.538 

45 Esquire 2.960 95 Acclaim 3.197 145 Titan 3.551 

46 Blue_Peter_Pole 2.961 96 Profit 3.198 146 Hercules 3.553 

47 Black_Valentine 2.967 97 Zodiac 3.203 147 Seabiscuit 3.588 

48 Royal_Burgundy 2.969 98 Derby 3.203   

  49 NY_6020-5 2.969 99 Green_Arrow 3.211   

  50 Provider 2.970 100 Corbette Refugee 3.211       
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Genomic Estimated Breeding Values for Adventitious Roots 

Ranking Variety GEBV Ranking Variety GEBV Ranking Variety  GEBV 

1 Corbette_Refugee 2.616 51 Blue_Peter Pole 2.039 101 Unidor 1.913 

2 Idaho_Refugee 2.563 52 Stayton 2.037 102 Warrior 1.910 

3 US_Refugee#5 2.433 53 Zeus 2.033 103 Rockport 1.906 

4 FR_266 2.345 54 Brio 2.031 104 Trail_of_Tears 1.906 

5 OR_Giant_Pole 2.335 55 Igloo 2.030 105 Profit 1.903 

6 Coloma 2.288 56 Benchmark 2.027 106 Palati 1.903 

7 Benton 2.257 57 Calgreen 2.015 107 Nomad 1.900 

8 Slenderella 2.217 58 Astun 2.015 108 Prosperity 1.899 

9 Medinah 2.216 59 Dandy 2.013 109 Booster 1.889 

10 Landmark 2.214 60 Navarro 2.012 110 Castano 1.889 

11 Flo 2.206 61 Celtic 2.011 111 Green_Arrow 1.884 

12 NY_6020-5 2.204 62 Scorpio 2.007 112 Provider 1.882 

13 Titan 2.190 63 Valentino 2.003 113 Catania 1.881 

14 Hercules 2.183 64 Dusky 2.000 114 Cherokee 1.878 

15 Hayden 2.171 65 Stallion 1.997 115 Selecta 1.872 

16 Ebro 2.171 66 Tendergreen 1.989 116 Angers 1.866 

17 Tapia 2.169 67 Speedy 1.988 117 Paloma 1.864 

18 Esquire 2.167 68 Storm 1.987 118 Redon 1.862 

19 Espada 2.158 69 Venture 1.987 119 Banga 1.855 

20 Envy 2.155 70 Sirio 1.985 120 Hialeah 1.855 

21 Teseo 2.151 71 LandrethsSG 1.982 121 Carson 1.850 

22 OR_91G 2.148 72 McCaslan No. 42 1.980 122 Normandie 1.834 

23 Festina 2.148 73 Top_Crop 1.979 123 Pretoria 1.833 

24 Minuette 2.130 74 Opus 1.978 124 Rocdor 1.820 

25 Kentucky Wonder 2.127 75 Gina 1.971 125 Stringless_French Fillet 1.814 

26 Roma_II 2.125 76 Labrador 1.971 126 Galveston 1.803 

27 True_Blue 2.123 77 Pole_Blue Lake 1.971 127 Acclaim 1.803 

28 Mercury 2.108 78 Bogota 1.960 128 Paulista 1.799 

29 Fortex 2.096 79 OR_1604M 1.959 129 Serengeti 1.798 

30 Seabiscuit 2.087 80 Ferrari 1.958 130 Black_Valentine 1.795 

31 EZ Pick 2.086 81 Grenoble 1.956 131 Masai 1.794 

32 Royal Burgundy 2.085 82 Slenderpack 1.953 132 Goldrush 1.794 

33 Magnum 2.084 83 Strike 1.936 133 Nicelo 1.792 

34 Seville 2.077 84 Secretariat 1.935 134 Gold_Mine 1.786 

35 Spartacus 2.077 85 Derby 1.934 135 Eagle 1.781 

36 OR_2065 2.072 86 Cadillac 1.933 136 Sonesta 1.777 

37 OR_5630 2.071 87 Hystyle 1.933 137 Pix 1.773 

38 Flavor_Sweet 2.068 88 Fury 1.931 138 Doral 1.769 

39 Zodiac 2.065 89 Thoroughbred 1.927 139 Renegade 1.764 

40 Flavio 2.061 90 Matador 1.923 140 Koala 1.760 

41 Contender 2.060 91 Tendercrop 1.923 141 Polder 1.759 

42 Roller 2.056 92 Shade 1.922 142 Kylian 1.751 

43 Cyclone 2.052 93 Bronco 1.922 143 Impact 1.737 

44 Romano_118 2.051 94 Gallatin_50 1.922 144 Dutch_Double White 1.736 

45 Jade 2.051 95 Balsas 1.920 145 Pole_Blue_Lake_S7 1.719 

46 BBL_156 2.051 96 Summit 1.918 146 Serin 1.709 

47 Romano_Gold 2.046 97 Charon 1.918 147 Widusa 1.703 

48 Ulysses 2.042 98 Saporro 1.917   

  49 OR_5402 2.040 99 Embassy 1.915   

  50 Carlo 2.040 100 Brittle_Wax 1.913       
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Genomic Estimated Breeding Values for Basal Root Diameter 

Ranking Variety GEBV Ranking Variety GEBV Ranking Variety GEBV 

1 McCaslan No. 42 1.840 51 Shade 2.036 101 Prosperity 2.125 

2 Trail_of_Tears 1.842 52 Flavor_Sweet 2.037 102 Carlo 2.131 

3 Kentucky Wonder 1.852 53 Rockport 2.038 103 Zeus 2.131 

4 Corbette Refugee 1.876 54 Stayton 2.040 104 Navarro 2.134 

5 Booster 1.905 55 Minuette 2.043 105 Nomad 2.135 

6 Idaho Refugee 1.906 56 Venture 2.043 106 Spartacus 2.136 

7 EZ Pick 1.907 57 Serengeti 2.047 107 Royal_Burgundy 2.137 

8 Blue_Peter Pole 1.908 58 Normandie 2.049 108 Labrador 2.137 

9 Banga 1.921 59 Selecta 2.049 109 Cyclone 2.138 

10 Brio 1.931 60 Castano 2.053 110 Seville 2.149 

11 Grenoble 1.942 61 Celtic 2.055 111 Hialeah 2.150 

12 Redon 1.946 62 Scorpio 2.061 112 LandrethsSG 2.151 

13 Astun 1.946 63 Zodiac 2.063 113 Impact 2.153 

14 Slenderella 1.951 64 Igloo 2.063 114 Pretoria 2.154 

15 Pole_Blue Lake 1.952 65 Top_Crop 2.065 115 Roma_II 2.155 

16 Contender 1.956 66 Paloma 2.066 116 Derby 2.158 

17 Festina 1.958 67 Speedy 2.067 117 Jade 2.159 

18 Charon 1.959 68 Titan 2.070 118 Coloma 2.160 

19 Dusky 1.966 69 Hercules 2.071 119 Romano_Gold 2.162 

20 Widusa 1.969 70 Balsas 2.074 120 Fortex 2.170 

21 Landmark 1.973 71 US_Refugee_#5 2.074 121 Tendergreen 2.180 

22 Palati 1.974 72 Koala 2.077 122 Saporro 2.183 

23 Valentino 1.974 73 Benton 2.078 123 OR_5402 2.186 

24 Stallion 1.978 74 Magnum 2.078 124 Acclaim 2.188 

25 Bronco 1.984 75 Romano_118 2.082 125 Tendercrop 2.189 

26 Storm 1.986 76 Dutch_Double_White 2.083 126 Hystyle 2.190 

27 Flavio 1.987 77 Kylian 2.086 127 Gallatin_50 2.193 

28 Espada 1.988 78 Esquire 2.087 128 True_Blue 2.196 

29 Medinah 1.990 79 Masai 2.089 129 Rocdor 2.200 

30 Mercury 1.990 80 Teseo 2.095 130 Nicelo 2.201 

31 OR_2065 1.994 81 Polder 2.099 131 Envy 2.202 

32 Paulista 1.995 82 Benchmark 2.101 132 Calgreen 2.203 

33 OR_Giant Pole 1.996 83 Bogota 2.101 133 Fury 2.203 

34 Angers 1.996 84 OR_1604M 2.105 134 Ulysses 2.210 

35 Doral 1.998 85 Slenderpack 2.106 135 Hayden 2.213 

36 Serin 2.003 86 Cherokee 2.106 136 Gina 2.214 

37 Renegade 2.004 87 Green_Arrow 2.106 137 Tapia 2.216 

38 Opus 2.006 88 NY_6020-5 2.107 138 Ebro 2.217 

39 Strike 2.008 89 Ferrari 2.108 139 Summit 2.225 

40 Roller 2.011 90 Provider 2.108 140 Carson 2.232 

41 Thoroughbred 2.012 91 Sonesta 2.109 141 Eagle 2.236 

42 Embassy 2.018 92 Dandy 2.109 142 OR_5630 2.272 

43 Pole_Blue Lake S7 2.019 93 Sirio 2.110 143 Stringless_French_Fillet 2.276 

44 Secretariat 2.020 94 Pix 2.113 144 Gold_Mine 2.290 

45 Matador 2.028 95 Unidor 2.116 145 Profit 2.307 

46 Black Valentine 2.028 96 Galveston 2.116 146 Goldrush 2.309 

47 BBL_156 2.029 97 Brittle_Wax 2.117 147 OR_91G 2.332 

48 Cadillac 2.031 98 FR_266 2.118   

  49 Seabiscuit 2.031 99 Catania 2.122   

  50 Warrior 2.034 100 Flo 2.123       
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Genomic Estimated Breeding Values for Taproot Diameter 

Ranking Variety GEBV Ranking Variety GEBV Ranking Variety GEBV 

1 Corbette Refugee 1.941 51 Derby 2.196 101 Speedy 2.354 

2 Idaho Refugee 1.980 52 Roma_II 2.198 102 Redon 2.355 

3 Landmark 2.015 53 Warrior 2.201 103 Dandy 2.358 

4 Castano 2.024 54 Calgreen 2.202 104 Astun 2.359 

5 Dusky 2.029 55 Flavio 2.203 105 Rocdor 2.361 

6 Mercury 2.037 56 Roller 2.207 106 Gold_Mine 2.378 

7 Strike 2.038 57 Prosperity 2.208 107 FR_266 2.380 

8 Opus 2.041 58 Renegade 2.210 108 Celtic 2.380 

9 Charon 2.045 59 Brittle_Wax 2.224 109 Nomad 2.384 

10 Thoroughbred 2.058 60 Black Valentine 2.225 110 Kylian 2.384 

11 Shade 2.059 61 Profit 2.238 111 Goldrush 2.388 

12 US_Refugee#5 2.064 62 Espada 2.239 112 Catania 2.391 

13 Storm 2.065 63 BBL_156 2.240 113 Saporro 2.403 

14 Benton 2.066 64 Doral 2.247 114 OR_2065 2.415 

15 Carlo 2.073 65 Venture 2.248 115 Serin 2.418 

16 Hercules 2.075 66 Pretoria 2.251 116 Blue_Peter_Pole 2.420 

17 Titan 2.075 67 Romano_118 2.254 117 Stringless_French Fillet 2.422 

18 Valentino 2.077 68 Top_Crop 2.258 118 OR_1604M 2.431 

19 Contender 2.081 69 Envy 2.263 119 Flavor_Sweet 2.432 

20 Palati 2.082 70 Ulysses 2.265 120 Ferrari 2.435 

21 Bronco 2.083 71 Nicelo 2.266 121 Minuette 2.445 

22 Grenoble 2.086 72 Balsas 2.269 122 Masai 2.446 

23 Scorpio 2.103 73 Tendercrop 2.269 123 Esquire 2.447 

24 Secretariat 2.106 74 Fury 2.270 124 Banga 2.450 

25 Festina 2.106 75 Royal Burgundy 2.270 125 Koala 2.451 

26 Stallion 2.115 76 Coloma 2.272 126 Carson 2.456 

27 Brio 2.121 77 Unidor 2.272 127 Kentucky_Wonder 2.456 

28 Seabiscuit 2.124 78 Gallatin_50 2.273 128 OR_5630 2.457 

29 Embassy 2.125 79 Gina 2.273 129 McCaslan No. 42 2.458 

30 Romano_Gold 2.129 80 Flo 2.273 130 Selecta 2.466 

31 Navarro 2.137 81 Medinah 2.277 131 Pix 2.467 

32 Magnum 2.145 82 Normandie 2.280 132 NY_6020-5 2.469 

33 Spartacus 2.147 83 Acclaim 2.285 133 OR_5402 2.470 

34 Benchmark 2.150 84 Tendergreen 2.289 134 OR_91G 2.472 

35 Zeus 2.153 85 Serengeti 2.299 135 Polder 2.478 

36 Igloo 2.154 86 Cadillac 2.302 136 Slenderpack 2.480 

37 Cyclone 2.154 87 Summit 2.304 137 Dutch_Double White 2.495 

38 Hystyle 2.160 88 True_Blue 2.306 138 Hayden 2.499 

39 OR_Giant Pole 2.164 89 Zodiac 2.308 139 Paloma 2.509 

40 Jade 2.164 90 Hialeah 2.309 140 Impact 2.531 

41 Rockport 2.177 91 LandrethsSG 2.313 141 EZ Pick 2.536 

42 Ebro 2.184 92 Teseo 2.314 142 Pole_Blue_Lake 2.537 

43 Slenderella 2.185 93 Green Arrow 2.314 143 Booster 2.560 

44 Sirio 2.186 94 Labrador 2.314 144 Pole_Blue_Lake_S7 2.606 

45 Tapia 2.189 95 Eagle 2.318 145 Trail_of_Tears 2.616 

46 Bogota 2.190 96 Paulista 2.328 146 Fortex 2.644 

47 Matador 2.190 97 Sonesta 2.329 147 Widusa 2.691 

48 Cherokee 2.192 98 Stayton 2.330   

  49 Provider 2.192 99 Galveston 2.332   

  50 Seville 2.193 100 Angers 2.345       
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Genomic Estimated Breeding Values for Shallowest Root Angle 

Ranking Variety GEBV Ranking Variety GEBV Ranking Variety GEBV 

1 Roma_II 11.476 51 Hialeah 15.775 101 Stallion 17.237 

2 OR_Giant_Pole 11.511 52 Prosperity 15.840 102 Venture 17.243 

3 Fortex 11.670 53 Stayton 15.851 103 Serin 17.306 

4 Ebro 11.882 54 Royal_Burgundy 15.929 104 Normandie 17.318 

5 Magnum 11.900 55 Thoroughbred 15.962 105 Flo 17.338 

6 Tapia 11.953 56 Storm 15.985 106 Summit 17.346 

7 Astun 12.325 57 Derby 16.031 107 Cadillac 17.376 

8 Idaho_Refugee 12.725 58 Jade 16.032 108 Green Arrow 17.480 

9 Cyclone 12.875 59 Catania 16.035 109 BBL_156 17.493 

10 Corbette_Refugee 12.879 60 Paloma 16.069 110 Grenoble 17.538 

11 Romano_118 12.967 61 Landmark 16.110 111 Fury 17.560 

12 Contender 12.993 62 Seville 16.208 112 Teseo 17.574 

13 Navarro 13.078 63 Doral 16.209 113 Selecta 17.586 

14 Romano_Gold 13.501 64 Galveston 16.223 114 Envy 17.594 

15 LandrethsSG 13.604 65 Dutch_Double White 16.252 115 Embassy 17.623 

16 Brittle_Wax 13.659 66 OR_1604M 16.253 116 Ferrari 17.633 

17 Tendergreen 13.676 67 Pix 16.303 117 True_Blue 17.651 

18 OR_5630 13.681 68 Serengeti 16.372 118 Sonesta 17.721 

19 NY_6020-5 13.822 69 Opus 16.423 119 Nomad 17.741 

20 Pole_Blue_Lake 13.860 70 Scorpio 16.430 120 Profit 17.750 

21 Slenderella 13.919 71 Dandy 16.453 121 Rockport 17.769 

22 EZ Pick 14.058 72 Eagle 16.465 122 Ulysses 17.789 

23 Impact 14.089 73 Mercury 16.517 123 Hercules 17.796 

24 McCaslan No. 42 14.095 74 Minuette 16.524 124 Titan 17.836 

25 Cherokee 14.131 75 Calgreen 16.535 125 Labrador 17.969 

26 US_Refugee_#5 14.230 76 Igloo 16.601 126 Flavio 17.975 

27 Top_Crop 14.299 77 Kylian 16.629 127 Brio 18.059 

28 OR_91G 14.351 78 Carlo 16.666 128 Redon 18.079 

29 Rocdor 14.455 79 Secretariat 16.701 129 Hystyle 18.118 

30 OR_2065 14.482 80 Saporro 16.737 130 Seabiscuit 18.133 

31 Black_Valentine 14.485 81 Renegade 16.741 131 Valentino 18.151 

32 Zodiac 14.569 82 Strike 16.756 132 Charon 18.221 

33 Blue_Peter_Pole 14.579 83 Flavor_Sweet 16.768 133 Sirio 18.267 

34 Stringless_French Fillet 14.704 84 Tendercrop 16.782 134 Espada 18.343 

35 Gina 14.717 85 Booster 16.809 135 Spartacus 18.377 

36 Esquire 14.737 86 Gallatin_50 16.845 136 Angers 18.433 

37 Medinah 14.747 87 Koala 16.846 137 Benton 18.529 

38 FR_266 14.811 88 Masai 16.858 138 Zeus 18.667 

39 Carson 14.837 89 Acclaim 16.867 139 Speedy 18.679 

40 Celtic 14.889 90 Unidor 16.882 140 Warrior 18.717 

41 Bogota 14.963 91 Bronco 16.889 141 Festina 18.718 

42 Provider 15.022 92 Paulista 16.896 142 Matador 18.780 

43 OR_5402 15.041 93 Slenderpack 16.953 143 Palati 18.822 

44 Kentucky_Wonder 15.178 94 Balsas 17.008 144 Bench-mark 19.041 

45 Hayden 15.392 95 Nicelo 17.070 145 Dusky 19.141 

46 Pole_Blue_Lake_S7 15.414 96 Shade 17.132 146 Castano 19.365 

47 Trail_of_Tears 15.417 97 Pretoria 17.186 147 Roller 19.606 

48 Goldrush 15.438 98 Polder 17.189   

  49 Widusa 15.466 99 Coloma 17.198   

  50 Gold_Mine 15.506 100 Banga 17.216       
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Genomic Estimated Breeding Values for Deepest Root Angle 

Ranking Variety GEBV Ranking Variety GEBV Ranking Variety GEBV 

1 Booster 48.763 51 Hayden 54.835 101 True_Blue 58.107 

2 Banga 48.937 52 Ebro 54.861 102 Nicelo 58.138 

3 OR_2065 48.947 53 Bogota 54.867 103 Benchmark 58.196 

4 Pole_Blue_Lake 49.261 54 Cadillac 54.957 104 Romano Gold 58.205 

5 Serin 49.435 55 Tapia 55.018 105 Hystyle 58.257 

6 Redon 49.541 56 Minuette 55.043 106 Seville 58.287 

7 Celtic 49.590 57 Roma_II 55.083 107 Jade 58.362 

8 Kylian 49.660 58 OR_Giant_Pole 55.168 108 Palati 58.380 

9 Selecta 49.681 59 Nomad 55.205 109 Igloo 58.399 

10 EZ Pick 49.802 60 Magnum 55.324 110 Charon 58.402 

11 Astun 49.871 61 Flavor_Sweet 55.366 111 Thoroughbred 58.415 

12 Stayton 49.923 62 Roller 55.418 112 Fury 58.459 

13 Pole_Blue_Lake_S7 49.989 63 Rocdor 55.474 113 Zeus 58.469 

14 Pix 50.035 64 Green_Arrow 55.532 114 Calgreen 58.654 

15 Polder 50.073 65 Flavio 55.714 115 Acclaim 58.661 

16 Widusa 50.127 66 BBL_156 55.735 116 Pretoria 58.678 

17 OR_5630 50.245 67 Sirio 55.787 117 Scorpio 58.745 

18 Koala 50.362 68 LandrethsSG 55.869 118 Landmark 58.882 

19 Masai 50.379 69 Hialeah 55.943 119 Spartacus 58.903 

20 Normandie 50.449 70 Tendergreen 55.946 120 Tendercrop 58.944 

21 McCaslan No. 42 50.660 71 Cyclone 56.112 121 Hercules 58.976 

22 Angers 50.998 72 Unidor 56.136 122 Titan 59.039 

23 OR_91G 51.086 73 Serengeti 56.139 123 Warrior 59.090 

24 Trail_of_Tears 51.359 74 Profit 56.372 124 Top_Crop 59.122 

25 OR_5402 51.583 75 Gina 56.375 125 Gallatin_50 59.142 

26 Impact 51.586 76 Venture 56.501 126 Opus 59.143 

27 Medinah 51.747 77 Derby 56.516 127 Strike 59.317 

28 Esquire 52.167 78 Idaho_Refugee 56.560 128 Matador 59.406 

29 Blue_Peter_Pole 52.301 79 Speedy 56.586 129 Storm 59.434 

30 OR_1604M 52.389 80 Royal Burgundy 56.589 130 Mercury 59.491 

31 Kentucky_Wonder 52.568 81 Contender 56.685 131 Bronco 59.511 

32 Fortex 52.875 82 Brittle_Wax 56.888 132 Embassy 59.540 

33 Dutch_Double White 53.209 83 Corbette Refugee 56.892 133 Festina 59.563 

34 Slenderella 53.248 84 Paulista 56.898 134 Secretariat 59.646 

35 Doral 53.255 85 Sonesta 57.085 135 Seabiscuit 59.657 

36 Paloma 53.276 86 Black Valentine 57.273 136 Dusky 59.763 

37 Zodiac 53.281 87 Goldrush 57.337 137 Castano 59.790 

38 Saporro 53.433 88 FR_266 57.410 138 Brio 59.823 

39 Dandy 53.778 89 US_Refugee#5 57.437 139 Summit 59.831 

40 Romano_118 53.906 90 Prosperity 57.502 140 Benton 59.880 

41 Galveston 53.912 91 Rockport 57.607 141 Flo 59.987 

42 Stringless_French Fillet 53.999 92 Gold_Mine 57.643 142 Carlo 60.121 

43 Carson 54.071 93 Cherokee 57.844 143 Shade 60.202 

44 Catania 54.089 94 Eagle 57.889 144 Provider 60.352 

45 Ferrari 54.142 95 Ulysses 57.907 145 Grenoble 60.720 

46 Renegade 54.207 96 Teseo 57.919 146 Stallion 60.876 

47 NY_6020-5 54.287 97 Envy 57.962 147 Valentino 61.112 

48 Coloma 54.533 98 Espada 57.977   

  49 Balsas 54.819 99 Labrador 58.013   

  50 Slenderpack 54.823 100 Navarro 58.048       
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Genomic Estimated Breeding Values for Aboveground Biomass 

Ranking Variety GEBV Ranking Variety GEBV Ranking Variety GEBV 

1 Embassy 2.208 51 Tender-crop 3.023 101 Igloo 3.387 

2 Speedy 2.329 52 Storm 3.026 102 Goldrush 3.395 

3 Dusky 2.417 53 Nicelo 3.030 103 FR_266 3.397 

4 Festina 2.598 54 Dandy 3.033 104 Pix 3.399 

5 Matador 2.606 55 Rockport 3.042 105 Profit 3.415 

6 Paulista 2.610 56 Booster 3.057 106 Kylian 3.444 

7 FlavorSweet 2.610 57 Galveston 3.064 107 Serin 3.453 

8 Palati 2.626 58 Carlo 3.075 108 Brittle_Wax 3.464 

9 Brio 2.648 59 Astun 3.077 109 Widusa 3.467 

10 Charon 2.662 60 Gallatin50 3.079 110 Eagle 3.468 

11 Renegade 2.692 61 OR_1604M 3.079 111 Jade 3.486 

12 Warrior 2.703 62 Koala 3.085 112 Sirio 3.493 

13 Bronco 2.709 63 Cadillac 3.090 113 EZ Pick 3.496 

14 Minuette 2.713 64 Opus 3.090 114 Navarro 3.525 

15 Serengeti 2.720 65 Scorpio 3.098 115 Derby 3.549 

16 Slenderpack 2.742 66 Angers 3.109 116 Romano_118 3.567 

17 Valentino 2.757 67 Landmark 3.110 117 Royal_Burgundy 3.618 

18 Balsas 2.769 68 True_Blue 3.114 118 Prosperity 3.643 

19 Espada 2.771 69 Teseo 3.144 119 US_Refugee_#5 3.660 

20 Grenoble 2.780 70 BBL_156 3.144 120 Romano_Gold 3.662 

21 Castano 2.787 71 Shade 3.150 121 Stringless_French Fillet 3.699 

22 Zeus 2.794 72 Banga 3.168 122 Black_Valentine 3.710 

23 Labrador 2.797 73 Norman-die 3.172 123 Tendergreen 3.720 

24 Venture 2.802 74 Esquire 3.177 124 Seville 3.740 

25 Spartacus 2.804 75 Masai 3.187 125 LandrethsSG 3.748 

26 Doral 2.814 76 Acclaim 3.189 126 Roma_II 3.771 

27 Strike 2.827 77 OR_5630 3.190 127 Rocdor 3.789 

28 Hystyle 2.836 78 Hayden 3.196 128 Cherokee 3.804 

29 Ulysses 2.860 79 OR_5402 3.197 129 Dutch_Double White 3.817 

30 Contender 2.864 80 Impact 3.210 130 Calgreen 3.868 

31 Seabiscuit 2.874 81 Flo 3.213 131 Unidor 3.899 

32 Zodiac 2.875 82 Slenderella 3.234 132 Tapia 3.926 

33 Ferrari 2.879 83 Polder 3.244 133 NY_6020-5 3.979 

34 Saporro 2.885 84 Sonesta 3.248 134 Coloma 3.986 

35 Stallion 2.905 85 Pretoria 3.252 135 Gina 3.994 

36 Titan 2.916 86 Carson 3.257 136 Ebro 4.003 

37 Hercules 2.918 87 Hialeah 3.261 137 Corbette_Refugee 4.132 

38 Bogota 2.919 88 Celtic 3.273 138 Idaho_Refugee 4.279 

39 Stayton 2.934 89 Provider 3.297 139 OR_2065 4.565 

40 Benton 2.953 90 Top_Crop 3.297 140 Fortex 4.693 

41 Secretariat 2.960 91 Flavio 3.300 141 Blue_Peter_Pole 4.797 

42 Green Arrow 2.974 92 Nomad 3.309 142 Trail_of_Tears 4.801 

43 Roller 2.977 93 Redon 3.312 143 Pole_Blue_Lake_S7 4.895 

44 Paloma 2.981 94 GoldMine 3.315 144 Kentucky_Wonder 4.901 

45 Thorough-bred 2.993 95 Summit 3.317 145 OR_Giant_Pole 4.907 

46 Selecta 3.001 96 Cyclone 3.318 146 McCaslan No. 42 4.961 

47 Mercury 3.004 97 OR_91G 3.326 147 Pole_Blue_Lake 5.003 

48 Fury 3.007 98 Envy 3.360   

  49 Medinah 3.018 99 Magnum 3.366   

  50 Benchmark 3.023 100 Catania 3.372       
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Genomic Estimated Breeding Values for Root Angle Geometric Mean 

Ranking Variety GEBV Ranking Variety GEBV Ranking Variety GEBV 

1 Booster 30.791 51 Slenderpack 35.486 101 Nicelo 37.665 

2 Selecta 30.975 52 Hayden 35.531 102 US_Refugee#5 37.665 

3 Banga 31.040 53 BBL_156 35.561 103 Corbette Refugee 37.674 

4 Redon 31.297 54 Nomad 35.573 104 Brittle_Wax 37.731 

5 Serin 31.443 55 Fortex 35.579 105 Eagle 37.785 

6 Stayton 31.731 56 Speedy 35.673 106 Gold_Mine 37.824 

7 OR_2065 31.739 57 Bogota 35.726 107 Black Valentine 37.842 

8 Kylian 31.885 58 Romano_118 35.800 108 Castano 37.855 

9 Polder 32.038 59 Minuette 35.829 109 Warrior 37.897 

10 Angers 32.138 60 Green Arrow 35.877 110 Dusky 37.900 

11 Celtic 32.168 61 NY_6020-5 35.902 111 Hercules 37.946 

12 Pix 32.246 62 Flavor Sweet 36.023 112 Titan 37.972 

13 Normandie 32.270 63 Serengeti 36.198 113 Seville 37.994 

14 Pole_Blue_Lake 32.310 64 Unidor 36.213 114 Pretoria 38.019 

15 Masai 32.314 65 Profit 36.248 115 Matador 38.040 

16 Widusa 32.341 66 Paulista 36.475 116 Jade 38.052 

17 Koala 32.417 67 Venture 36.511 117 Festina 38.077 

18 Pole_Blue_Lake_S7 32.600 68 Ebro 36.550 118 Cherokee 38.123 

19 EZ Pick 32.898 69 Hialeah 36.559 119 Embassy 38.138 

20 OR_5630 33.087 70 Rocdor 36.586 120 Acclaim 38.151 

21 McCaslan No. 42 33.120 71 Tapia 36.631 121 Benton 38.180 

22 Trail_of_Tears 33.215 72 Rockport 36.724 122 Romano_Gold 38.207 

23 Astun 33.368 73 Roma_II 36.819 123 Igloo 38.253 

24 OR_5402 33.447 74 Sonesta 36.852 124 Seabiscuit 38.258 

25 OR_1604M 33.480 75 Derby 36.853 125 Calgreen 38.279 

26 OR_91G 33.531 76 ORGiant Pole 36.861 126 Thoroughbred 38.292 

27 Esquire 33.799 77 Gina 36.920 127 Scorpio 38.318 

28 Medinah 33.827 78 Royal Burgundy 36.982 128 Navarro 38.328 

29 Dutch_Double White 33.953 79 Benchmark 36.997 129 Landmark 38.373 

30 Kentucky_Wonder 34.080 80 Magnum 37.022 130 Tendercrop 38.375 

31 Blue_Peter_Pole 34.141 81 LandrethsSG 37.037 131 Gallatin_50 38.467 

32 Impact 34.142 82 Tendergreen 37.037 132 Strike 38.528 

33 Ferrari 34.371 83 Ulysses 37.079 133 Summit 38.559 

34 Paloma 34.455 84 Cyclone 37.101 134 Opus 38.580 

35 Saporro 34.478 85 Palati 37.154 135 Carlo 38.593 

36 Roller 34.492 86 True_Blue 37.197 136 Brio 38.596 

37 Dandy 34.509 87 Zeus 37.219 137 Flo 38.632 

38 Doral 34.667 88 Hystyle 37.233 138 Mercury 38.662 

39 Galveston 34.805 89 Envy 37.275 139 Bronco 38.691 

40 Zodiac 34.808 90 Spartacus 37.372 140 Secretariat 38.834 

41 Cadillac 34.938 91 Espada 37.396 141 Storm 39.013 

42 Coloma 34.951 92 Teseo 37.442 142 Shade 39.015 

43 Renegade 34.959 93 Labrador 37.460 143 Top_Crop 39.044 

44 Balsas 35.011 94 Charon 37.465 144 Valentino 39.255 

45 Slenderella 35.139 95 Prosperity 37.470 145 Grenoble 39.297 

46 Stringless_French Fillet 35.251 96 FR_266 37.490 146 Provider 39.430 

47 Catania 35.252 97 Fury 37.604 147 Stallion 39.560 

48 Sirio 35.283 98 Idaho Refugee 37.636   

  49 Flavio 35.405 99 Goldrush 37.637   

  50 Carson 35.483 100 Contender 37.638       
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Appendix 3: Protocol for KASP PCR 

If using a StepOnePlus machine: 

 Open the StepOne Software 

 Go to New Experiment > Advance Setup; start in the Setup section.  

o In the Experiment Properties, enter the experiment name 

o In the Setup Options, choose the StepOnePlus instrument. The type of 

experiment is “Genotyping”. The reagents are “Other”. Be sure that 

amplification and post PCR-read are selected. 

 In the Plate Setup, highlight the wells you are using in your plate and assign the 

appropriate SNP assay to them. Then highlight the individual control wells and 

select the correct task for them (negative control for H20, positive control for 

known alleles). All the other wells will have the task “unknown”. Set the passive 

reference dye as “ROX”. 

 In the Run Method, set your reaction volume to 10ul.  

 Go to “Open Run Method” and choose the presaved KASP run method, if applicable. 

For assays recommended for use with a 61-55°C touchdown protocol the run 

method should be as follows: 

 

Protocol Stage Temperature Durations Number of cycles in this stage 

Stage 1 94°C 15 min. x 1 cycle 

Stage 2 94°C 20 seconds x 10 cycles 

61°C *** 60 seconds 

Stage 3 94°C 20 seconds X 36 cycles 

55°C 60 seconds 

Stage 4 30°C 60 seconds x 1 cycle + read 

***61°C decreasing 0.6 degrees per cycle to achieve a final annealing/extension 

temperature of 55°C. 

 

For assays recommended for use with a 68-62°C touchdown protocol the run 

method should be as follows: 

Protocol Stage Temperature Durations Number of cycles in this stage 

Stage 1 94°C 15 min. x 1 cycle 
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Stage 2 94°C 20 seconds x 10 cycles 

68°C *** 60 seconds 

Stage 3 94°C 20 seconds X 36 cycles 

62°C 60 seconds 

Stage 4 30°C 60 seconds x 1 cycle + read 

***68°C decreasing 0.6 degrees per cycle to achieve a final annealing/extension 

temperature of 62°C.  
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Reaction Setup 

 

 Prepare master mix for the appropriate number of reactions for your assay.  

 

Item: x1 (per well) x100 (entire plate) 

H20 2ul 200ul 

KASP Master Mix 5ul 500ul 

Assay Primer 0.14 14ul 

Total 7.14ul 714ul 

 

 Pipette 7ul of prepared master mix into the bottom of each well (in an Applied 

Biosystems PCR plate, if using an Applied Biosystems machine). Be sure to keep 

plate in a plate holder as your work, as dust or debris on the wells will interfere with 

the reading.  

 Add 3ul of DNA at normal concentration for PCR (for beans, at least 10ug/mL) to 

each well. Be sure to include positive controls if needed. Add 3ul H20 to negative 

controls to bring to the same volume as the rest of the reactions (10ul).  

 

Load the plate into the machine, press “Start Run” button, and verify that the machine is 

beginning the run.  

 


