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Dry beans (Phaseolus vulgaris L.) contain high levels of folates. These 

compounds are essential vitamins and folate deficiencies may lead to a number 

of health problems. The objectives of this study were to examine the mode of 

inheritance of folate content and identify quantitative trait loci (QTL) associated 

with folate content in dry beans. Inheritance of folate content was studied in the 

F1 hybrids of one-way diallel crosses among Othello, AC Elk, Redhawk and 

Taylor, and an F2 population of the cross between Redhawk and Othello. Total 

folate content and 5 methyltetrahydrofolate (5MTHF) were measured twice within 

a one hour interval. Significant variation in folate content was observed among 

the parental genotypes, their F1 hybrids, and the F2 individuals of a cross 

between Redhawk and Othello, ranging from 147 to 345 µg/100g. Reductions in 

the 5MTHF content and total folate content values in the second measurement 

from samples were highly variable for all four parental lines ranging from 5 to 

30% and 7 to 33%, respectively. A single marker QTL analysis identified at least 

three QTL for folate content in the F2 population. For the majority of identified 

QTL, dominance effects appeared to be the major genetic effect. 
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Chapter 1 General Introduction and Literature Review 

1.1 Introduction  

Common bean (Phaseolus vulgaris L.) is an herbaceous annual plant species of 

the genus Phaseolus of the family Fabaceae, used almost exclusively for human 

consumption (Broughton et al., 2003) either as green snap beans or food made 

of dry beans. Common beans can be grown on all continents except Antarctica 

(Gepts 1998). While the term common bean identifies all beans of the species P. 

vulgaris L., the term “dry bean” refers to the cultivated varieties of common bean 

that are generally field-grown for production of dry seeds. Different varieties of 

common beans are popular in the world for production of several market classes 

of dry beans.  

Dry beans are excellent sources of protein and dietary fibre. They contain 

high levels of carbohydrates, low levels of fat and contain no cholesterol (Duranti, 

2006). Dry beans are also good sources of minerals such as iron, calcium and 

zinc as well as folates (Hefni et al., 2010; Ruggeri et al., 1999).  

Folate is the general term used to refer to different chemical forms of vitamin 

B, commonly known as vitamin B9 (Arcot and Shrestha, 2005). Folates are 

required in human diets because humans lack enzymes to synthesize folate de 

novo (Roje, 2007). Folates are among the most vital nutrients for growth and 

development of the human body (Bekaert et al., 2008). Folate-rich diets are 

typically suggested for women planning a pregnancy or are pregnant, because 

without folates cell division is not possible (Geisel, 2003). The current 
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recommended daily dietary allowance of folate is 400 µg for adults and 600 µg 

for pregnant women and lactating mothers (Rebeille et al., 2006). 

Folate deficiency in humans leads to a number of serious diseases. The 

occurrence of neural tube defects in infants and different forms of dementia and 

cardio-vascular diseases in adults are due to the deficiency of folate (Geisel, 

2003; Seshadri et al., 2002). A whole range of cancers including colorectal, 

breast, pancreatic, bronchial, cervical cancer, and leukemia are also known to be 

associated with folate deficiency (Lucock et al., 2003b). 

The research presented in this thesis deals with folate content in selected 

varieties of dry beans from different market classes and the inheritance of folate 

content in an F2 population derived from a cross of high and low folate content 

dry beans. The purpose of this chapter is to review the literature related to 

common beans, folates in general, and folates in dry beans. 

1.2 Domestication of common beans 

Common beans evolved and were domesticated in two distinct geographical 

areas in the world, which resulted in two gene-pools, believed to have been 

derived from a common ancestor. The beans in the first gene pool, known as the 

Mesoamerican gene pool, evolved and were domesticated in the Middle 

America, leading to small and medium-seeded beans. The beans in the second 

gene pool, known as the Andean gene pool were mainly domesticated in South 

America, and gave rise to large-seeded beans (Gepts, 1998). Based on 

morphological and agro-ecological characteristics the Mesoamerican gene pool 

was further subdivided into three evolutionary races, named: Mesoamerican, 
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Durango, and Jalisco. The main cultivation areas of the beans of the 

Mesoamerican gene pool origin are Mexico, Columbia, Brazil and North Central 

America (Singh et al., 1991). The Andean gene pool has been subdivided into 

three evolutionary races, named: Chile, Nueva Granada and Peru (Beebe et al., 

2001). The main cultivation area of the beans of the races of the Andean gene 

pool includes southern Peru, Bolivia, Argentina and some Caribbean countries 

(Gepts, 1998). Among the North American market classes of dry beans, the 

small seeded navy and black beans belong to race Mesoamerica, while the 

medium seeded pinto, great northern, pink, and small red beans belong to the 

Durango race of the Mesoamerican gene pool. Moreover, the large seeded 

kidney and cranberry beans belong to the race Nueva Granada and the vine 

cranberry beans belong to the race Chile of the Andean gene pool.   

Among 40 species of the Phaseolus genus, only five species, including: P. 

vulgaris (common bean), P. polyanthus (year-long bean), P. coccineus (scarlet 

runner bean), P. acutifolius (tepary bean), and P. lunatus (lima bean), have been 

domesticated. Out of these five species, common bean occupies around 90% of 

the cultivated areas devoted to different species of the genus Phaseolus, 

worldwide (Singh, 1989). Different races and market classes of common bean 

are grown in tropical, subtropical, as well as temperate regions of the world at 

elevations ranging from sea level to 3000 meter above sea level (Broughton et 

al., 2003; Singh et al., 1991). 
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1.3 Production of dry beans 

Worldwide, Brazil, India, Myanmar, China and USA are the top producers of dry 

beans. Canada is ranked 16th for production of dry beans in the world 

(FAOSTAT, 2011).  Canada produced 223,800 metric tonnes of dry beans in 

2009-10 (Statistics Canada, 2011a). In Canada, Ontario and Manitoba are the 

major common beans producing regions (FAOSTAT, 2011). The major market 

classes grown in Canada are navy, pinto, dark red kidney, light red kidney, 

cranberry, black, small red, brown, pink and great northern (Statistics Canada, 

2011a). The main cultivation areas in Canada grow both small- to medium-

seeded Mesoamerican and the large-seeded Andean. 

1.4 Folate content of dry beans and other food items 

Common beans are excellent sources of protein (18-25%), and are high in 

dietary fiber (3-7%), low in fat (1-4%). Moreover, dry beans contain high levels of 

carbohydrates (61-76%) and contain no cholesterol (Duranti, 2006). Dry beans 

are also a good source of minerals such as iron, calcium and zinc. In addition,  

dry beans are good sources of folates (Hefni et al., 2010; Ruggeri et al., 1999). 

Folic acid was first isolated from spinach leaves (Mitchell et al., 1941). Most of 

the staple food items including rice, bread, and potato contain very low amount of 

folates in comparison to beans (Table 1.1). 
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Table 1.1 Folate content in different food crops 

Crop Folate content( µg/cup) 
Rice (brown, long grain, cooked)                       8 
Pasta with meatballs in tomato sauce                    93 
Whole wheat flour  53 
Lettuce (Green, leaf, raw) 21 
Potato (Hashed) 14 
Melon (Cantaloupe) 34 
Peas (Mature seed) 127 
Raw Broccoli  55 
Beans ( Red Kidney cooked) 230 
Beans (Pinto, cooked) 294 
Beans (Navy, cooked) 255 
Beans (Black, cooked) 256 

Source: USDA 2011 (www.ars.usda.gov/SP2UserFiles/Place/12354500/Data/SR24/nutrlist/sr24a255) 
 

Even though common beans contain high levels of folate in general, folate 

contents may vary significantly among bean genotypes of different market 

classes (Table 1.1) (USDA, 2011). Only a few studies have been done to 

examine the folate content of common beans. Hefni et al. (2010) evaluated the 

folate contents of commonly consumed foods in Egypt. They assayed  24 food 

items including kidney beans, which contained 106 µg/100g of total folate, higher 

than other food items e.g., lettuce, potato and strawberry. Devi et al. (2008) used 

the tri-enzyme extraction process to measure folate content in some selected 

Fijian foods. A total of 18 commonly consumed foods in Fijian diet were assayed, 

which included long beans (Vigna sesquipedalis L.). In their study long beans 

contained 130 µg/100g of total folate. Ruggeri et al. (1999) also measured the 

folate content of some Italian food items and reported that cooked beans 

contained 18.5 µg/100g of total folate, while cooked chickpeas contained 34.2 

µg/100g of total folate.  

http://www.ars.usda.gov/SP2UserFiles/Place/12354500/Data/SR24/nutrlist/sr24a255
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1.5 Chemical structure and biosynthesis of folates in plants 

Folate is a generic term for tetrahydrofolate (THF) and its derivatives. 

Chemically, folates are tripartite molecules that consist of a pteridine ring 

attached to a para-aminobenzoate (p-ABA), which is attached to the amino acid 

glutamate (Figure 1.1). Folate synthesis in plants takes place in three sub-cellular 

compartments: cytosol, plastids and mitochondria (Figure 1.2). The pteridine 

moiety is formed from guanosine triphosphate (GTP) in the cytosol and the p-

ABA moiety is formed in plastids. Pteridine and p-ABA are then transported to 

the mitochondria, where they are coupled together, glutamylated and reduced to 

produce THF (Eudes et al., 2008). A short chain of γ -linked glutamates is then 

added in mitochondria, plastids or cytosol, to yield folate polyglutamates (Bekaert 

et al., 2008). Folate molecules exist in vivo, mainly as polyglutamates and these 

are preferred by folate-dependent enzymes involved in C1-metabolism (Shane, 

1989). Folate transporters typically prefer monoglutamates, thus glutamylation 

tends to favor folate retention within cells or cell compartments (Samuel et al., 

2003). Folates are found in plant vacuoles, as well as in the cytosol, mitochondria 

and plastids (Samuel et al., 2003). 
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Figure 1.1 Chemical structures of folates. The folate molecule consists of pterin, 
p-ABA and glutamate moieties marked with square brackets. The folate shown is 
the monoglutamyl form of tetrahydrofolate (THF). Plant folates have Y-linked 
polyglutamyl tails of up to approximately six residues attached to the first 
glutamate. C1 units at various levels of oxidation can be attached to N-5 and/or 
N-10, as indicated by R1 and R2. The list of naturally occuring C1 units is shown 
below the structural formula. The pteridine ring of folate can exist in tetrahydro, 
dihydro, or fully oxidized forms (Bekaert et al. , 2008). 
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Figure 2.2  Folate structure and compartmentation of the plant folate systhesis 
pathway. A, Structure of a tetrahydrofolate molecule, with the pABA moiety, 
colored red. Other natural folates have one-carbon units attached to the N5 
and/or N10 positions, B, The currently accepted scheme of folate biosynthesis in 
plants, showing sub cellular locations of biosynthetic steps ADC, 
aminodeoxychorismate; DHF, dihudrofolate; DHM, dihydromonapterin; DHN, 
dihydroneopterin; DHP, dihydropteroate; HMDHP; hydroxymethyldihydropterin; -
P, phosphate; -P2, pyrophosphate, -P3, triphosphate; THF, tetrahydrofolate; 
UDP-Glc, UDP-glucose (Eudes et al. 2008). 

1.6 Different forms of folates 

Folate is the general term used to refer to different chemical forms of vitamin B, 

commonly known as vitamin B9. Naturally occurring forms include 

terahydrofolate, 5-methyl tetrahydrofolate (5MTHF), 5-formyltetrahydrofolate and 

10-formyltetrahydro-folate (Arcot and Shrestha, 2005). Among the naturally 

occurring forms of folate, 5MTHF is the most dominant and readily available form 

found in plant and animal metabolic cycles (Brody et al., 1982). Previous 
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research has indicated that 5MTHF comprises more than 85% of total folate in 

some major vegetables and close to 100% in some fruits (Liisa et al., 1997). 

Hence, in most studies, 5MTHF has been chosen as an indicator for the 

measurement of total folates present in common beans (Finglas et al., 1999). 

Moreover, the form 5MTHF is stable in an acidic environments compared with 

other forms of folate, which makes it possible to extract and analyze it with high 

accuracy and precision using High Pressure Liquid Chromatography (HPLC) 

(Finglas et al., 1999; Steinda et al., 2006). 

1.7 Importance of folate  

Folates are required in the human diet because humans lack enzymes to 

synthesize folate de novo (Roje, 2007). Folates are among the most vital 

nutrients for growth and development of human body. Folates are necessary in 

almost all organisms as cofactors for one-carbon transfer reaction known as C1-

metabolism (Bekaert et al., 2008).  Folate-rich diets are typically suggested for 

women planning a pregnancy or are pregnant, because folates play essential 

roles in the production of nucleotides and many other metabolic processes and 

without folates, cell division would not be possible (Geisel, 2003). 

Folate deficiency in human leads to a number of serious diseases. The 

occurrence of neural tube defects is greatly increased by the shortage of folates, 

while adequate folate intake can largely prevent the development of neural tube 

defects (Geisel, 2003). In addition, higher risk of cardio-vascular diseases seems 

to correlate with high homocysteine levels in blood, caused by folate deficiencies 

(Quinlivan et al., 2002). Increased plasma-homocysteine content may also be a 
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risk factor for different forms of dementia including Alzheimer’s disease (Seshadri 

et al., 2002). A whole range of cancers including colorectal, breast, pancreatic, 

bronchial, cervical cancer, and leukemia are also known to be related to folate 

deficiency (Lucock et al., 2003b). The current recommended daily dietary 

allowance of folates is 400 mg for adults and 600 mg for pregnant women and 

breastfeeding mothers (Rebeille et al., 2006). 

1.8 Stability of folates 

The major sources of folate in the human diet are green leafy vegetables, liver, 

beans and other legumes, egg yolk, wheat germ, yeast, and folate fortified 

breakfast cereal products (Arcot and Shrestha, 2005). However, the 

bioavailability of folate depends on the food processing methods and conditions. 

Previous studies have indicated that up to 40 % of the folates may be lost during 

boiling and pressure cooking processes in chickpea and peas (Dang et al., 

2000).  Up to 80% loss of 5MTHF in navy beans was observed after soaking and 

cooking, using different processes. Experimental results showed that soaking 

time and the seed-to-water ratio were the two most critical factors that affected 

the stability of 5MTHF during the soaking process. The longer soaking time and 

the larger amounts of soaking water caused higher degradation of 5MTHF. 

Cooking time and cooking media also played a key role in the degradation of 

5MTHF in beans. Pressurized cooking was reported to cause the highest 

reduction in 5MTHF content among all the treated bean samples (Xue et al., 

2011). Johansson et al. (2008) evaluated the folate content retention in 10 
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different precooked vegetarian-ready meals before and after reheating and 

observed a significant reduction in folate content after reheating the foods. 

Folates are sensitive molecules which undergo spontaneous oxidative or 

photo-oxidative cleavage of the C9–N10 bond (Figure 1.1). However, folates are 

naturally protected from oxidative breakdown through binding to specific proteins 

(Jones and Nixon, 2002). Protein-binding also protects polyglutamyl folates from 

deglutamylation (Wang et al., 1993). These reports are based on research 

studies in animals. No report of such protein-binding that may reduce 

degradation of folates have been reported in plants, although the co-occurrence 

of polyglutamyl folates and high g-glutamyl hydrolase activities in plant vacuoles 

suggests that such mechanisms may also exist in plants (Orsomando et al., 

2005). 

1.9 Folate measurement techniques 

Different folate content measurement techniques have been reported in 

literature. Among them, microbiological, bio-specific procedures (radioassay), 

chromatographic, and chemical methods are most commonly used to analyze 

folic acid and its derivatives (Arcot and Shrestha, 2005). Among these 

techniques, the biological method using chick and rat assays were used in the 

past, but they are no longer used to measure folate except to study nutritional 

aspects of some vitamins (Keagy et al., 1988).  

In microbiological assays, the amount of folate determines the growth of 

microorganisms. The amount of folate in the sample is estimated from the 

change in solution turbidity. Even though the cost to set up microbiological 
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assays is low, they may lead to erroneous results because the test organism may 

be stimulated or inhibited by non-folate substances, which may confound the 

results (Arcot and Shrestha, 2005). In contrast, Finglas et al., (1999) concluded 

that microbiological assay is more appropriate than the HPLC method to 

measure total folates in foods, which contain very low levels of folates. The 

introduction of mass spectrometry in combination with HPLC has been reported 

to possibly enhance the specificity of folate detection (Freisleben et al., 2003). 

Trienzyme extraction, followed by HPLC analysis, makes it possible to obtain 

data on various forms of folates and possibly allows for better predictions of 

folate stability (Hyun and Tamura, 2005). The trienzyme extraction method was 

first developed by Martin et al. (1990). The enzymes used in trienzyme extraction 

method are α- amylase, protease and folate conjugase. A study indicated that 20 

of 26 laboratories used microbiological assay, four used an HPLC-spectrometry, 

one used liquid chromatography/mass spectroscopy (LC-MS), and one used a 

radio binding assay for folate analyses in food products (Freisleben et al., 2003). 

1.10 Bio-fortification in crop plants 

Bio-fortification is the process of developing crop varieties with enhanced 

nutritional value. This can be done, either through conventional breeding 

strategies based on selection in diverse natural populations or populations 

derived from intercrossing, or through genetic engineering (Bouis, 1996). Bio-

fortification differs from ordinary fortification of foods, because it focuses on 

making plant foods more nutritious or healthier as the plants are growing, rather 

than having nutrients added to the foods when they are being processed 
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(Bekaert et al., 2008). This is an improvement relative to folic acid fortification 

especially when it comes to providing nutrients for poor people around the world, 

who rarely have access to commercially fortified foods (Blair et al., 2009). Bio-

fortification has often been viewed as a potential strategy for dealing with 

deficiencies of micronutrients for the under-nourished people around the world.  

Golden rice is an example of a bio-fortified crop, developed for its nutritional 

value. Golden Rice is a variety of rice engineered to produce β-carotene (pro-

vitamin A) to help combat vitamin A deficiency (Paine et al., 2005), which can 

help alleviate symptoms of vitamin A deficiency. 

In common beans, bio-fortification seems to be possible, because significant 

genetic diversity in micro-nutrient content among different varieties of beans have 

been reported (USDA, 2011). Andean and Mesoamerican genotypes generally 

differ in seed mineral concentration with Mesoamerican beans having lower 

concentrations of iron than Andean beans (Islam et al., 2002). In nutritional 

terms, beans are often called the “poor man’s meat” because they are a low cost 

source of protein and are rich in minerals and vitamins (Blair et al., 2010). 

Moreover, common beans are the staple food in many parts of the world, which 

makes it a suitable crop for biofortification that can target improving health and 

nutritional value of the food consumed in the poor communities.  

Although the fortification of staple foods with folate may be the most effective 

and economical means to increase the intake of folates, it would be ideal to 

increase the intake of folates by promoting the consumption of food items that 

not only provide a sufficient amount of folate, but also are good sources of other 
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essential nutrients (Tamura 1998). Once the bio-fortified crop system is 

sustainable, nutritionally improved varieties will continue to be grown and 

consumed year-after-year (Bekaert et al., 2008). Bio-fortification is a feasible 

means of reaching malnourished populations in relatively remote rural areas, 

delivering naturally fortified foods to people in need (Bouis, 1996).  

1.11 QTL mapping in dry beans  

Although conventional breeding techniques have resulted in significant genetic 

improvements for common bean, molecular markers have been developed as a 

promising selection tool for marker-assisted selection (Kelly and Miklas, 1999). 

Several molecular maps have been constructed for common bean (Freyre et al., 

1998) and molecular markers have been used to detect QTL associated with 

traits of importance, including: flower and seed coat color (Erdmann et al., 2002; 

McClean et al., 2002), disease resistance (Kelly and Miklas, 1998), and 

agronomic and quality traits (Jacinto-Hernandez et al., 2003; Tar'an et al., 2001). 

More recently, single nucleotide polymorphism (SNP) markers have become 

the preferred type of markers in many labs, because of their abundance, stability, 

and simplicity (Shi et al., 2011). The total number of SNPs in common bean is 

estimated to be in the range of 3-4 million (Souza et al, 2009).  Among the 

different  technologies available for SNP genotyping, the Sequenom iPLEX Gold 

genotyping technology is an ideal technique for medium sized projects, that 

consist of scores of between 5 and 400 SNP markers on hundreds to a few 

thousands DNA samples (Ehrich et al., 2005).  
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Different cultivars of common beans show variability for seed mineral 

accumulation for iron and zinc (Beebe et al, 2000). Among 26 QTL identified by 

Blair et al. (2010), 11 of the QTL were for both iron and zinc, 5 for iron and 6 only 

for zinc. They were clustered on the upper half of linkage group B11, explaining 

up to 47.9% of phenotypic variance, suggesting an important locus useful for 

marker assisted selection. Other QTL were identified on linkage groups B3, B6, 

B7, and B9 for zinc and B4, B6, B7, and B8 for iron. The inheritance of nutrition-

related traits appears to be mostly quantitative and only somewhat influenced by 

the environment, but varies depending on the genotype. However, no studies 

have been conducted yet to identify QTL for folate content in dry beans. 

Objectives  
The objectives of the research presented in this dissertation were to 1) compare 

selected varieties of common bean from different gene pools and their F1 and F2 

progeny for their folate content in dry seeds and 2) to study the mode of 

inheritance of folate content in dry beans and 3) identify quantitative trait loci 

(QTL) associated with folate content in a population derived from an inter-gene-

pool cross of common beans. 

Hypotheses 
• Different varieties of dry beans contain different levels of folates in the dry 

seeds.  

• Inheritance of folate content in dry beans is governed by additive gene 

action. 
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• Molecular markers can be identified that are in the vicinity of quantitative 

trait loci (QTL) involved in variation for folate content in the dry seeds of 

the individual plants of an F2 population obtained from  a cross between 

high and low folate content genotypes. 
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Chapter 2  Folate Content of Selected Dry Bean Lines of 

Different Gene Pool Origins and their F1 Diallel Progeny 

2.1 Introduction  

Common bean (Phaseolus vulgaris L.) is important food crop that is cultivated in 

diverse environments, ranging from tropical to temperate regions, which is used 

almost exclusively for human consumption. Common beans are a good source of 

proteins (~22%), vitamins and mineral nutrients for many people around the 

world (Duranti, 2006). They can provide all 15 of the essential minerals required 

by human, although their concentrations depend on the genetic and 

environmental factors (Grusak, 2002). Common beans contain high levels of 

vitamins, including folates. The level of folate may vary significantly among bean 

genotypes (USDA database 2010). Folates play important roles in cell division, 

because of their role in the synthesis of DNA, RNA and proteins. Health benefits 

of folates include prevention of neural tube disorders in newborns, heart disease, 

and a whole range of cancers in adults (Lucock et al., 2003a). 

The inheritance of nutritional traits in common beans is mostly quantitative in 

nature and nutrient levels vary, depending on the source genotype (Blair et al., 

2009; Guzman-Maldonado et al., 2003). Common beans of Andean and 

Mesoamerican origins generally differ in seed mineral concentration (Islam et al., 

2002). However, there has been no study of the genetics of folate content in 

common beans. An understanding of inheritance of folate content may help in 

designing breeding methods to improve the level of folate in common beans. The 
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objective of this study was to measure the level of folates in the dry seeds of 

bean genotypes, selected from different commercial market classes and their F1 

progeny, in order to identify a population with a good range of folate content for a 

subsequent genetic study.  

2.2 Materials and methods 

2.2.1 Plant materials 

Four varieties of common bean were selected as parental lines. Three large-

seeded varieties, SVM Taylor Horticulture; henceforth referred to as Taylor, AC-

Elk, and Redhawk, were selected from the Andean gene-pool and a medium-

seeded pinto variety, Othello, was selected from the Mesoamerican gene-pool. 

The parental lines were inter-crossed in a one-way diallel mating design in a 

growth room at the University of Guelph. Six F1 hybrids were developed from the 

parental lines. In the winter of 2009, all six F1 hybrids were grown in the growth 

room to produce six F2 populations.  

2.2.2 Field trial 

The four parents, six F1 hybrids and six F2 populations were grown in the field at 

the University of Guelph Elora Research Station, near Elora, Ontario in the 

summer of 2009 in a randomized complete block design with three replications. 

Each experimental plot for the four parental lines and F1 hybrids consisted of a 

single row, 1.5 m long with 0.76 m row-spacing. A maximum of 80 seeds of each 

F2 population were distributed uniformly in six rows, 1.5 meter long with 0.76 m 

row-spacing. The distance between each plant in the rows was 0.15 m. Plots 
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were maintained during the growing season, following the routine agronomic 

practices and hand-weeded several times. At maturity, three plants from four 

parental lines, single plants from F1 hybrids and every single plant from the F2 

populations were hand harvested in paper bags and were kept in a dryer at 30°C 

for 48 hours. Plants were then stored at room temperature until threshed. A 

single plant thresher was used to thresh one plant at a time. Seeds from the four 

parental lines, the F1 hybrids and F2 single plants were collected in separate 

paper envelope. Seeds were cleaned and seed moisture was measured using an 

Automatic Moisture Meter (Motomco 919E, Paterson, New Jersey, USA). Dry 

seeds were stored at -30ºC until folate was extracted. 

2.2.3 Phenotypic evaluation 

Folate content was measured using High Pressure Liquid Chromatography 

(HPLC) with fluorescence detection method at Agriculture and Agri-Food 

Canada, Guelph Food Research Center (GFRC), Guelph, Ontario. Total folate 

content and the major form of folate, 5-Methyltetrahydrofolate (5MTHF) (Brody et 

al., 1982), were measured. Two measurements were taken, with one hour 

interval in between, for each sample. For each sample, three main steps 

(Extraction, Enzymatic treatment, and Purification) were followed, before injecting 

the samples in a HPLC machine (Agilent 1100, Ontario, Canada) for folate 

content measurement. 

2.2.4 Preparation of standards 

The folate standards of (6R, S)-5-CH3-5, 6, 7, 8-tetrahydrofolate (5MTHF, 

calcium salt) were used (Jona, Switzerland). The standard stock solutions were 
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dissolved as described by van den Berg et al. (1994). A UV detector (290 nm) 

was used to measure absorbance of the folate standard stock solution. The 

accurate concentration of the folate standard stock solution was calculated 

according to the Lambert-Beer law using the molar extinction coefficient 31.7 x 

103 at 290 nm, as explained by (Blakley, 1969). 

The standard stock solution of 5MTHF was immediately stabilized with 

ascorbic acid (0.01 mg/100 ml) and 2-mercaptoethanol (1 ml/100 ml) and 

distributed into different tubes (1.5 ml each), flushed with nitrogen and stored at -

80º C until use. The folate standard calibration solutions (5MTHF) were prepared 

by diluting the folate standard stock solution into different known concentrations 

with elution buffer (0.11 mg/L acetic acid and 0.28 mg/ml sodium acetate at a 

ratio of 83:17 and pH of 4.0). 

2.2.5 Folate extraction 

Whole dry bean seeds were ground using a SmartGrind Deluxe (Black & Decker, 

Mirama, FL, USA) grinder and sieved through a 2 mm particle size sieve to 

obtain a fine powder. While grinding the beans, the grinder was stopped after 

every 5 seconds to reduce loss of folate due to heat. The powder was collected 

and stored in plastic bottles at -30ºC until extraction. One gram of bean powder 

was dissolved in 15 ml of extraction buffer, which consisted of 50mM CHES, 50 

mM HEPES, 1% ascorbate and 10mM 2-mercaptoethanol at pH 7.85. The 

sample mixture, in a centrifuge tube, was then homogenized for 30 seconds at 

20,000 rpm by using a homogeniser (Kinematica, USA). The tube was flushed 

with nitrogen gas for 3 minutes and capped tightly. Tubes were placed into 
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boiling water for 10 minutes and shaken twice while boiling. Tubes were 

immediately put in ice-cold water until cooled down to room temperature. Tubes 

were then centrifuged for 20 minutes at 4000 rpm at 4ºC (Eppendrof Centrifuge 

5810 R USA). The supernatant liquid was decanted in a new tube. 

2.2.6 Enzymatic treatment 

Tri-enzymatic treatment was done using three enzymes, namely hog kidney 

enzyme, α-amylase, and protease. The pH of the collected supernatant was 

adjusted to 4.9 using 4N Hydrochloric acid (HCL). Hog kidney enzyme solution 

(1.5 ml, at 20 mg/ml) and 1ml of a-amylase solution (20 mg/ml) were added to 

the extraction tubes, and the samples were incubated in hot water bath at 37ºC 

for 3 hours. After incubation, the pH was adjusted back to 7.0 by adding 4N 

potassium hydroxide. Protease solution (2 ml at 2 mg/ml) was added and tubes 

were again returned to incubator for one hour. The tubes were placed in boiling 

water for 10 minutes to inactivate the enzymes, shaken twice during boiling and 

cooled with ice-cold water. The tubes were centrifuged for 20 min at 4000 rpm in 

4ºC and the supernatant solutions were collected in new tubes. An additional 

10ml of extraction buffer solution was added to the residue, mixed well and re-

centrifuged for 20 minutes at 4000 rpm and 4ºC to get as much folate as present 

in the solution. The first and the second supernatants were pooled together. 

2.2.7 Purification 

The pooled supernatants were purified by Solid Phase Extraction (SPE) with C18 

cartridges (Waters 360 mg Sep-pak C18 Plus cartridges, Milford CT, USA) 

attached to a syringe.  The cartridge was pre-conditioned with 5 ml of methanol 
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and washed with 10 ml of water. The pooled supernatant solution was poured 

onto the C18 cartridge and 10 ml water was used to wash the column. Finally, 10 

ml of elution buffer (0.11%v/v acetic acid and 0.28% w/v sodium acetate at a 

ratio 83:17, pH 4.0) was used to elute the different forms of folates from the 

column. Three ml of eluted solution was flushed with nitrogen gas for 3 minutes 

and 2 ml of elution buffer was added to make the final volume to 5 ml. The HPLC 

vials were then filled up to the top of the vials to exclude any oxygen from the 

vial, which can further degrade folate. The vials were inserted in the tray of HPLC 

machine. 

2.2.8 Folate content measurement 

The flow rate for the HPLC machine was set at 1 ml/minute, with an injection 

volume of 50 µl. The column temperature and the temperature of auto sampler 

were set at 23ºC and 20ºC, respectively. The mobile phase was potassium 

phosphate buffer (0.05M, pH 3.0) containing 15% methanol. The total running 

time for a total folate assay was 20 minutes and total running time for 5MTHF 

was 8 minutes. The peaks were identified by their retention time and co-elution 

with spike of authentic standards. The column used for HPLC was a Waters 

Nova-Pak C18 (3.9 X 150 mm). The peaks were detected with a fluorescence 

detector set at 290 nm excitation and 356 nm emissions. The concentrations 

were determined using peak area versus concentration standard curves for total 

folate content and its major form, 5MTHF, using the following regression formula: 

mlgxY /1052.00014.0 µ+=  
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where, Y is Folate content of the sample and x  is the area covered by the peak 

at high pressure liquid chromatography (HPLC). The final unit for folate content is 

µg /100g. 

2.2.9 Statistical analysis 

Raw data for total folate and 5MTHF in the first and second injections, with 

one hour interval were compiled for parental lines and F1 hybrids and subjected 

to analyses of variance using the PROC GLM procedure of SAS v9.2 (SAS 

Institute, 2008), with folate content as the dependent variable and replication and 

genotype as independent variables. Sums of squares of genotype were 

partitioned into sums of squares of parents, crosses and parent vs. crosses. 

Least square mean values and their standard errors were computed using least 

square means statement in PROC GLM. Sums of squares for crosses were 

further partitioned to estimate sums of squares and mean squares of general 

combining ability (GCA) and specific combining ability (SCA). Combining ability 

analyses were conducted using the Griffing (1956) model I, method 4 adapted for 

one-way diallel as explained by Zhang and Kang (1997).The analyses to 

estimate GCA and SCA were performed using Diallel Analysis and Simulation 

Software (Burow and Coors, 1994). The following model was used for the diallel 

analysis 

ijkkijjiij sggX εγµ +++++= , 

where ijX  is the folate content value of the progeny derived from the cross of 

the ith parent with the jth parent, µ  is the grand mean, ig  is the GCA effects of 
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the ith parent, jg  is the GCA effects of the jth parent, sij is the SCA effect of ith 

parent with the jth parent, γ  is the replication effect of k replication and ijkε  is the 

residual effect. The GCA degree of freedom is (p-1), which implies that (p-1) 

GCA effects are estimable and the reminder of GCA effects are functions of the 

estimable GCA effects. For p=4, the g1, g2, and g3 are estimable, and the non-

estimable effect, g4= -g1-g2-g3-g4. Similarly, for the SCA, degrees of freedom = 

p(p-3)/2, which implies that, for p=4, if s12 and s13 are assumed to be estimable 

effects, the reminder of SCA effects are non-estimable and are functions of the 

estimable SCA effects. Thus, s14= -s12 -s13, s23= -s12 -s24 (where s24 = s13 which 

becomes s14), s24= s13 (This is sum of all positive estimable SCA effects, not 

involving parents 2 and 4) and s34= s12 (This is sum of all positive estimable SCA 

effects, not involving parents 3 and 4).  Therefore, due to the low number of 

parents used in the one way diallel crosses, out of six SCA effects only three 

different SCA effects can be estimated.  The ratio 
)2(

2
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 as proposed by 

Baker (1978) was computed to estimate the relative importance of GCA and 

SCA. The type one error rate (α) was 0.05 for all analyses unless otherwise 

specified.  
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2.3 Results  

2.3.1 Folate content in parental lines and F1 crosses  

The parents and F1 crosses were significantly different (P < 0.05) for 5MTHF 

content and total folate content in the solution injected after one hour (Table 2.1). 

All four parental lines were significantly different (P < 0.05) for all four parameters 

except 5MTHF in the first injected solution.  

Among genotypes, the total folate content in the first and second injected 

solutions ranged from 217 to 345 µg/100g and167 to 321 µg/100g, respectively 

(Table 2.2). The 5MTHF content in the first and second injected solution ranged 

from 199 to 244 and 147 to 232 µg/100g, respectively. The 5MTHF content 

comprised 70 to 91% of total folate in the first injected solution and 72 to 88% of 

the total folate in the second injected solution. The mean folate contents for 

Taylor (cranberry bean) and Othello (pinto bean) were significantly lower than AC 

Elk (light red kidney bean) and Redhawk (dark red kidney bean) (Table 2.2). The 

reduction of 5MTHF content and total folate content, used as a measure of folate 

instability in one hour time interval, was highly variable for all four parental lines 

ranging from 5 to 30% and 7 to 33%, respectively (Figure 2.1 and 2.2). Among 

the parental lines, Othello and Taylor had higher rates of instability of total folate 

content, up to 30 and 33%, respectively, while the instability rate for Redhawk 

and AC Elk was only 7 and 12%, respectively.  

 In the analysis of variance, the effect of parent vs. crosses was not 

significant (Table 2.1). Similarly, the least square mean values for the F1 hybrids 

were not significantly different from the mid-parent values (Table 2.2). However, 
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for the cross between Taylor and Redhawk, the least square means of the F1 for 

all four parameters deviated from mid-parent value towards the high folate 

content parent (Redhawk) pointing to the involvement of over-dominance gene 

effects in that cross, which is an intra-gene pool (Andean by Andean) cross. 

Similarly, for the cross between Taylor and Othello (cranberry by pinto), the least 

square mean values of the F1 hybrid for 5MTHF content and total folate content 

in the first injected solution deviated towards the high folate content parent 

(Taylor). On the other hand, the 5MTHF content and total folate content for 

second injected solution of the F1 hybrid between Redhawk and AC Elk (Andean 

by Andean cross) deviated towards the low folate content parent AC Elk.  

2.3.2 General combining ability and specific combining ability 

The mean squares for general combining ability (GCA) and specific combing 

ability (SCA) were not significant for all measurements (Table 2.1). The 

GCA:SCA ratio (Baker, 1978) ranged between 0.41 to 0.60 for the four 

parameters, which implied that non-additive gene effects were more important 

than additive gene effects in the inheritance of folate content in dry beans (Table 

2.1). Among the F1 hybrids, the crosses Redhawk × Othello (kidney by pinto) and 

AC-Elk × Taylor (kidney by cranberry) had the highest SCA effect for 5MTHF 

content and total folate content, both in the first and second injected solutions 

(Table 2.3) while AC Elk had the highest GCA effect for 5MTHF content and total 

folate content for the first injected solution. Taylor had the highest GCA effect for 

5MTHF content and total folate content in the second injected solution (Table 

2.3). 
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2.4 Discussion 

Among the four parental lines, there were significant differences of up to 59% 

for the 5MTHF content and total folate content for the first injected solution and 

up to 92% for the 5MTHF content and total folate content for the first injected 

solution. The bean genotypes from the Andean gene pool (Redhawk, AC Elk, 

Taylor) generally had higher folate content than the genotype from the 

Mesoamerican gene pool (Othello). Islam et al. (2002) also reported higher 

concentrations of minerals in the large-seeded bean genotypes of Andean gene-

pool origin compared with the small- to medium-seeded bean genotypes of the 

Mesoamerican gene pool. 

The GCA and SCA were not significant for the all folate content 

measurements in the analysis of variance. However, the estimate of the 

GCA:SCA ratio, as described by Baker (1978), ranged from 0.41 to 0.60 for 

different folate measurements, indicating that non additive gene effects were 

more important than additive gene effects in the inheritance of folate content. The 

deviations of the F1 values from the population mean and the mid-parent values, 

also indicated the possible involvement of non-additive gene effects, ranging 

from partial dominance to over-dominance. Non-additive gene effects were more 

pronounced in the cross between Redhawk and Taylor, where over-dominance 

was observed. In the crosses between Taylor × Othello and Redhawk × AC Elk, 

different levels of partial dominance were observed. A previous study reported 

the importance of additive gene effects over non-additive gene effects for iron 

and zinc in dry beans (Guzman-Maldonado et al., 2003). Similarly, Blair et al. 
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(2009), reported that the inheritance of iron and zinc accumulation in common 

bean seeds was predominantly quantitative in a recombinant inbred line 

population of common beans derived from a cross of low × high mineral 

genotypes (DOR364 × G19833). In other studies, however, monogenic 

inheritance for seed zinc accumulation was reported (Cichy et al., 2005; Forster 

et al., 2002).  

Results presented in this chapter indicate that the dry-bean parental lines 

selected for this research were different for the stability of 5MTHF content and 

total folate between the two injections with one hour time interval. While total 

folate and its major form, 5MTHF degraded at the rate of up to 26% in the one 

hour time interval between the two injections, the parental lines and the F1 

progeny significantly differed for the instability of folate content. Among the 

parental lines Redhawk and AC Elk from the Andean gene-pool had the highest 

rate of stability in the one hour time interval. Folate is naturally protected through 

binding to specific proteins (Jones and Nixon, 2002). Protein-binding also 

protects polyglutamyl folates from deglutamylation (Orsomando et al., 2005; 

Wang et al., 1993). 

Considering the variation that was observed here for folate content, it is 

important to further analyze this trait using molecular markers to understand the 

genetic basis of folate content in dry beans. Based on the results of this chapter, 

the F2 population of the cross between Redhawk, a dark red kidney bean from 

the Andean gene-pool and Othello, a pinto bean from the Mesoamerican gene-

pool, was chosen for QTL analysis of folate content, reported in Chapter 3.  
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Figure 2.3 Loss of 5MTHF in parental lines in one hour time interval. 
 

 

Figure 2.4 Loss of total folate in parental lines in one hour time interval. 
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Table 2.1 Mean squares of 5 methyltetrahydrofolate (5MTHF) and total folate 
content of four parents and their F1 crosses, derived from a one-way diallel cross, 
and measured twice at one hour interval. 

Source 
DF First injected solution   Second Injected solution 

  5MTHF 
(M1) 

Total Folate 
(T1)   5MTHF 

(M2) 
Total Folate 

(T2) 
Replication 2 330.04  500.05  2644.61 5731.78* 
Treatments 9 1634.16 5418.16  2315.35* 7586.14** 
Parent (P) 3 1105.42 11886.03*  4017.09** 18101.76** 
Crosses (C) 5 1922.08 2045.6  1566.94 3721.81 
GCA 3 3008.54 3304.5  1660.39 4888.12 
SCA 2 292.45 157.5  1426.76 1972.35 
P vs. C 1 48.62 1517.85  2.63 1113.16 
Crosses × replication 10 2593.98 3575.55  1077.84 1175.37 
Error 18 1921.82 2970.34   884.91 1374.85 

GCA:SCA   0.54 0.41   0.48 0.6 
* and ** Significant at 0.05 and 0.01, respectively 

GCA: General Combining Ability, SCA: Specific Combining Ability 

GCA:SCA ratio was calculated as 
)2(
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, as proposed by Baker (1978) 
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Table 2.2 Least squared means (µg/100g) and standard errors (within 
parentheses) for four measurements of folate content of four dry bean parental 
varieties (on diagonal) and their F1 hybrids (below diagonal) derived from a one-
way diallel crossing design. 

Parent Folate 
measurement 

Folate content (µg/100g) 

Taylor Othello Redhawk AC Elk 

Taylor  

M1 220.8 (29.00)a       
T1 255.1 (31.89)    
M2 168.9 (23.90)    
T2 191.1 (26.28)    

Othello 

M1 237.3 (29.00) 199.1 (29.00)   
T1 306.2 (31.89) 217.2 (31.89)   
M2 193.0 (23.90) 147.4 (23.90)   
T2 275.8 (26.28) 167.2 (26.28)   

Redhawk 

M1 282.5 (29.00) 219.1 (29.00) 244.4 (29.00)  
T1 355.5 (31.89) 299.3 (31.89) 345.4 (31.89)  
M2 233.7 (23.90) 192.3 (23.90) 232.6 (23.90)  
T2 314.8 (26.28) 265.8 (26.28) 321.0 (26.28)  

AC Elk 

M1 213.0 (29.00) 233.0 (29.00) 253.3 (29.00) 231.6 (29.00) 
T1 275.7 (31.89) 306.4 (31.89) 311.4 (31.89) 338.0 (31.89) 
M2 185.5 (23.90) 212.3 (23.90) 167.7 (23.90) 194.3 (23.90) 
T2 245.1 (26.28) 279.0 (26.28) 266.1 (26.28) 303.0 (26.28) 

 
a, values in parentheses are standard error for least square means  

M1, Folate content as 5MTHF in the first injected solution 

M2, Folate content as 5MTHF in the second injected solution 

T1, Total folate content in the first injected solution 

T2, Total folate content in the second injected solution 
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Table 2.3 Specific combining ability (below diagonal) and general combining 
ability (on diagonal) of four dry bean genotypes and their F1 crosses in a one-way 
diallel design. 
 

Parent Folate 
Measurement 

Combining ability (µg/100g) 

Taylor Othello Redhawk AC Elk 

Taylor 

M1 7.72(17.33)   
T1 16.99(20.94)   
M2 23.00(14.12)   
T2 18.16(17.65)   

Othello 

M1 -3.50(16.34)a -24.85(17.33)  
T1 -3.71(19.75) -23.03(20.94)  
M2 -17.40(13.31) -10.71(14.12)  
T2 -8.47(16.63) -18.32(17.65)  

Redhawk 

M1 -4.54(16.34) 8.03(16.34) -9.88(17.33) 
T1 -2.80(19.75) 6.52(19.75) -16.91(20.94) 
M2 5.21(13.31) 12.19(13.31) -13.36(14.12) 
T2 2.96(16.64) 5.51(16.64) -16.53(17.65) 

AC Elk 
  

M1 8.03(16.34) -4.53(16.34) -3.50(16.34) 27.00(17.33) 
T1 6.52(19.57) -2.80(19.75) -3.72(19.75) 22.94(20.94) 
M2 12.19(13.31) 5.21(13.31) -17.41(13.31) 1.07(14.12) 
T2 5.51(16.64) 2.96(16.64) -8.48(16.64) 16.70(17.65) 

 

a, values in parentheses are standard error 

M1- Folate content as 5MTHF form at first injected solution 

 M2- Folate content as 5MTHF form at second injected solution 

 T1- Total folate content in first injected solution 

T2-Total folate content in second injected solution 
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Chapter 3  Quantitative trait loci (QTL) Analysis of Folate 

Content in an F2 population of a Cross between High and Low 

Folate Content Dry Beans 

3.1 Introduction  

Common bean (Phaseolus vulgaris L.) is a nutritionally and economically 

important food crop, grown around the world. It is a staple food in Latin American 

countries and other places worldwide (Broughton et al., 2003). Common beans 

generally contain high levels of folate, but the levels of folate may vary 

significantly among bean genotypes (USDA database, 2011). Folates are among 

the essential vitamins needed during rapid cell division, since they play important 

roles in DNA, RNA and protein synthesis (Geisel, 2003). Folate deficiency is 

known to be linked with a number of health problems, including neural tube 

defects in newborns, heart diseases and many types of cancers in adults (Lucock 

et al., 2003a).  

Only a few studies have been conducted on the folate content of common 

beans. Hefni et al. (2010) evaluated the folate content of the foods commonly 

consumed in Egypt.  Twenty four food items were assayed, including kidney 

beans, which contained 106 µg/100g of total folate, which was higher than any 

other food items used in the study (e.g., lettuce, potato, and strawberry). Devi et 

al. (2008) used the tri-enzyme extraction process to measure folate content in 

some selected Fijian food items. Eighteen common foods in the Fijian diet were 

assayed, including long beans (Vigna unguiculata L.) which contained 130 
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µg/100g of total folate. Ruggeri et al. (1999) also measured the folate content of 

some Italian food items and reported that cooked beans contained 18.5 µg of 

total folate /100g, while cooked chickpeas contained 34.2 µg of total folate /100g. 

Although, common beans are high in folate to our knowledge the inheritance of 

folate content in common beans has not been studied.  

Single nucleotide polymorphic (SNP) markers are increasingly being used as 

valuable markers for genotyping because of their abundance, stability and 

simplicity. The total number of SNPs in common beans is estimated to be in the 

range of 3 to 4 million based on the rate of 237 SNPs observed in 38.2 kbp of 

sequence in 6 diverse genotypes (Souza et al., 2009). A total of 827 SNPs were 

validated using the GoldenGate technology of Illumina by Galeano et al. (2009). 

Using a multi-tier reduced representation library, Hyten et al. (2010) discovered a 

total of 3,487 SNPs, of which 2,795 contained sufficient flanking genomic 

sequences for SNP assay development. Shi et al. (2011) developed 132 SNP 

markers based on sequence alignment of CAPs or dCAPs markers. 

The objectives of this research were to examine the mode of inheritance of 

folate content and to identify quantitative trait loci (QTL) associated with folate 

content in an F2 population derived from an inter-gene-pool cross of common 

beans. Such information can ultimately help to improve the folate content of 

common beans. 
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3.2 Materials and methods 

3.2.1 Population development and experimental design 

Based on the results presented in Chapter 2, the F2 population of the inter-

gene-pool cross between a dark red kidney bean variety Redhawk (high-folate 

content bean from race Nueva Granada of the Andean gene-pool) and a pinto 

bean variety, Othello (low folate content bean from race Durango of the 

Mesoamerican gene-pool) was selected for the QTL analysis. The population 

consisted of a total of 120 F2 individuals. The F2 individuals were planted in three 

plots (6 rows, 1.5 m long and 0.76 m wide with 15 cm space within rows) in three 

blocks (replications) in a randomized complete block design at the University of 

Guelph Elora Research Station near Elora, ON. In each replication the parental 

lines and F1 hybrids of the diallel design (Chapter 2) were also planted. This 

formed a modified augmented randomized complete block design for the F2 

individuals, in which each single plant is considered as one experimental unit and 

each parental line or F1 plant is a check, replicated in three blocks throughout the 

experiment. Plots were maintained during the growing season following routine 

agronomic practices and hand-weeded several times. 

3.2.2 Phenotypic evaluation 

At maturity, every single plant from the population was hand harvested in 

paper bags and was kept in a drying room at 30°C for 48 hours. Plants were then 

stored at room temperature until threshed. A single plant thresher was used to 
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thresh one plant at a time. Seeds were collected in separate paper envelops and 

were stored in -30ºC until folate was extracted.  

The folate content of the dry seeds was measured using High Pressure Liquid 

Chromatography (HPLC) with fluorescence detection at the Agriculture and Agri-

Food Canada, Guelph Food Research Center (GFRC), Guelph, Ontario as 

described in Chapter 2. Total folate and its major form, 5-Methyltetrahydrofolate 

(5MTHF) were measured. For each sample, two measurements were taken, with 

a one hour interval to give  four measurements, namely: M1, T1, M2, and T2; 

where M1 represents the measurement of folate as the 5-Methyltetrahyrofolate 

form in the first injected solution,T1 represents total folate in the first injected 

solution , M2 represents the measurement of folate as the 5-

Methyltetrahyrofolate form in the solution injected after one hour (second injected 

solution) ,T2 represents total folate content in the solution injected after one hour 

(second injected solution) . Three main procedures (Extraction, Enzymatic 

treatment, and Purification) were performed on the samples, as described in 

Chapter 2, before they were injected into a HPLC machine (Agilent 1100, 

Ontario, Canada) for folate content measurements.   

3.2.3 Statistical analysis of phenotypic data 

Statistical analyses of folate content parameters for the F2 population were 

conducted using the PROC MIXED procedure in SAS 9.2 (SAS Institute, 2008) 

using the codes provided by Scott and Milliken (1993) for the Augmented design. 

To construct the model, two new variables were defined in the data. The variable 

C takes the value of a check’s name for checks and the value 0 for experimental 
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units. The variable F2 takes the value of an experimental unit’s name for 

experimental units and the value 0 for the checks (Appendix B). The following 

model was used: 

ijiiijij cxcrY εµ ++++= )(  

where µ is the population mean, rj denotes the replication effect, and ci and 

xi(ci) denotes the entry effect i.e., checks and the F2 individuals. Replications 

were considered random and checks were considered fixed effects. The nested 

effect of entry (check) was considered random in the first run of the analysis to 

generate the Best Linear Unbiased Predictors (BLUPs) for each one of the F2 

individuals using SOLUTIONS statement in PROC MIXED (Littell et al., 2006) 

and then considered fixed in a second run of the analysis to generate least 

square means values for the F2 individuals. The least square means and BLUP 

values were linearly correlated with a coefficient of correlation greater than 0.99 

and, therefore, only least square means values were used for the QTL analyses 

as explained below.  

3.2.4 Genotypic evaluation 

3.2.4.1 DNA extraction 

Leaf tissue samples were taken from young trifoliates from the plants growing 

at the University of Guelph Elora Research Station near Elora, Ontario during the 

summer of 2009 when the first trifoliates were fully expanded. Leaf tissues were 

collected from the parental lines, the F1 hybrids and all the single plants of the F2 

population. Samples were stored on ice in a cooler until transferred to a -80°C 

freezer. DNA was extracted using a modified FastPrep® (Sigma) extraction 
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method following manufacturer’s protocol. Approximately one cm2 of frozen leaf 

tissue, excluding the mid rib, was placed into a screw-cap tube between a small 

and a large grinding bead with 600 μL of extraction buffer (200 mM Tris pH 7, 

250 mM NaCl, 250 mM EDTA pH 8.0, 0.5% SDS, H20). The samples were 

homogenized in a FastPrep® (Sigma) grinding machine (Thermo Electron 

Corporation, Milford, MA, USA) for 20 seconds at 4°C and placed on ice for 5 

min. The homogenate was pipetted into a new 1.5 mL tube and centrifuged for 5 

min at 13.2x103 rpm. An aliquot (400 μL) of the supernatant was transferred to a 

new 1.5 mL tube and 400 μL of cold isopropanol was added. The tubes were left 

at room temperature for 5 min and centrifuged for 5 min at 13200 rpm. All the 

supernatant was discarded and the DNA pellets were drained by inversion for 15 

minutes and vacuum dried for 10 min. ddH2O (500 μL) was added to the samples 

and they were placed at 4°C overnight. The following day, the samples were 

centrifuged for 1 min at 13200 rpm. A 480 μL aliquot of the supernatant was 

collected in a new tube and stored at -20°C until used. 

3.2.4.2 Molecular marker genotyping  

The F2 population was genotyped with SNP markers developed by Shi et al. 

(2011). In the development of these markers, the original sequence files from 

BAT93 and Jalo EEP558 (http://www.ncbi.nlm.nih.gov/) were aligned with the 

AlignX module of Vector NTI Advance 11 (Invitrogen, USA) to identify potential 

sequences for developing CAPs or dCAPs markers. Only one SNP per alignment 

was chosen and the preference was given to the SNP found in the central region 

of the alignment (Shi et al., 2011). 

http://www.ncbi.nlm.nih.gov/
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Genotyping was performed through a contract with Genome Quebec 

Innovation Center (Montreal, Quebec) using the Sequenom iPLEX Gold Assay 

(Sequenom, Cambridge, MA). Locus-specific PCR primers and allele-specific 

detection primers were designed using Mass ARRAY Assay Design 3.1 software. 

DNA was amplified in a multiplex PCR and labelled using a locus-specific single 

base extension reaction. The products were desalted and transferred to a 96-

element SpectroCHIP array. Allele detection was performed using Matrix-

Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (compact 

MALDI-TOF MS). Mass spectrograms and clusters were analyzed by the TYPER 

3.4 software package that was described in details by Ehrich et al. (2005). All 

DNA samples were deposited on one 96-well plate for the assay. Two parental 

lines, Redhawk and Othello, were repeated 6 times in the 96-well plates as 

controls.  

Seventy one SNP markers, which were polymorphic between the two parental 

lines and two checks, were included in the assays to provide positive controls in 

this study. PCR was performed in 25 μl containing 1 μl genomic DNA (25 ng/μl), 

0.5 μl dNTP mixtures (10 mM), 5 μl 5 × Green GoTaq PCR buffer (Promega, 

USA), 2 μl primers (1.5 mM), 0.2 μl GoTaq polymerase (5units/μl) (Promega, 

USA), and 16.5 μl double-distilled water. The amplification conditions were 2 min 

at 94°C, followed by 35 cycles of 30 s at 94°C, 45 s at 47°C, 1 min at 72°C, then 

5 min at 72°C. The PCR products were analyzed on 1.5% agarose gel and 

visualized by SYBR® Safe staining (Invitrogen, USA). 
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The two parental lines, their F1 progeny and 85 individuals of the F2 

population were genotyped with 116 SNP markers. Sixty-seven markers were 

polymorphic. Detailed information of all those 67 polymorphic markers is listed in 

a table in appendix. (Appendix A). 

3.2.4.3 Linkage mapping  

Linkage maps with 67 polymorphic SNP loci were constructed using the 

software package Joinmap 4.0 (Van Ooijen, 2006) for the F2 population of a 

cross between Redhawk and Othello. Each marker locus was tested for 

conformity to the expected allelic ratio of 1:2:1 in a F2 population using the 

2χ test in Joinmap 4.0 (Van Ooijen, 2006). Linkage groups were formed using 

the logarithm of odds (LOD) ratio, the ratio of the probability that two loci are 

linked with a given recombination value over a probability that the two loci are not 

linked. The markers were first ordered into linkage groups using the “group” 

command (parameter value LOD > 5). The remaining markers were added to the 

respective linkage groups, based on previous mapping information (McConnell et 

al., 2010) for these markers (g1731, g2410, g2135, g2357), using the “assign” 

command. An alignment comparison of the linkage map was done using the 

linkage map of McConnell et al. (2010) as a reference map. 

3.2.4.4 QTL analysis 

A single factor QTL analysis, using one-way ANOVA was used to find the 

association between polymorphic markers and folate content parameters using 

PROC GLM in SAS v9.2 (SAS Institute, 2008) with the significant threshold of 

α=0.05. The best fit linear model was calculated for folate content parameters to 
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identify the amount of variation explained in this population. The mathematical 

model for the single marker QTL analysis was: 

iii xy εµ ++=  

where, yi is the phenotypic value, µ is the overall mean; xi is the genotype score 

of the i
th marker and iε  is the residual error (Lui, 1998) . Forward stepwise 

regression was conducted for significant markers for each trait from single factor 

QTL analysis to estimate the total phenotypic variance explained with all QTL in 

the model. The additive effect is half of the difference of the two homozygote 

groups and was estimated in SAS v9.2 using PROC GLM with estimate 'additive 

effect' option (SAS Institute, 2008). All three significant markers from single factor 

ANOVA were included to estimate there additive and dominance effect with each 

other. A dominance effect is characterized by a deviation of heterozygous group 

from mid parent value and was estimated in SAS v9.2 using PROC GLM with the 

estimate 'dominance effect' option (SAS Institute, 2008).  

The significance of the additive effect at each SNP locus was tested using a 

single degree of freedom test using the ESTIMATE statement in PROC GLM 

procedure, in which the phenotypic value of the two homozygous genotypic 

groups were compared. Similarly, the significance of the dominance effect at 

each SNP locus was tested with single degree of freedom contrasts, in which the 

phenotypic value of the heterozygous genotypic group was compared with the 

average phenotypic value of the two homozygous genotypic groups. The additive 

effect at each significant locus was then estimated as half of the difference of the 

two homozygous genotypic groups and the dominance effect was estimated as 
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the difference of the phenotypic value of the heterozygous group and the mid 

value of the two homozygous groups. 

The significance of an epistatic effect for each pair of significant markers was 

calculated using PROC GLM procedure in SAS v9.2 (SAS Institute, 2008), in 

which the model included the main effects of the two markers and the interaction 

effect of the two markers. Single degree of freedom contrasts were performed to 

test the significance of additive by additive, additive by dominance, dominance by 

additive and dominance by dominance effects for each pair of significant 

markers. 
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3.3 Results 

3.3.1 Frequency distribution in the F2 population and parental lines 

The least square mean values for folate measurements of the parental lines 

were significantly different for 5MTHF content in the first injected solution (M1) 

and the second injected solution (M2) and total folate content in the first injected 

solution (T1) and the second injected solution (T2). The values for the parent 

Redhawk were 244.47± 29.01, 345.41± 31.89, 232.61± 23.91 and 321.05± 26.28 

µg/100g, respectively, and for the parent Othello they were 199.15±29.01, 

217.26± 31.89, 147.49± 23.91 and 167.26± 26.28 µg/100g for M1, T1, M2 and 

T2 measurements, respectively. These differences can be translated to 23, 59, 

58 and 92% differences between the two parental lines of the F2 population for 

M1, T1, M2 and T2 measurements, respectively. The Least square mean values 

for the check cultivar Taylor were 220.81± 29.01, 255.06± 31.89, 168.91± 23.91 

and 191.10± 26.28 µg/100g for measurements of M1, T1, M2 and T2, 

respectively. For the other check cultivar, AC Elk, these values were 231.68± 

29.01, 338.04± 31.89, 194.35± 23.91 and 303.06± 26.28 µg/100g, respectively 

(Table 2.2, Chapter 2).  

The average folate contents for the F2 population were 218.02 ± 6.37, 236.84 

± 6.35, 181.11 ± 4.44 and 195.17 ± 4.88 µg/100g for the parameters M1, T1, M2 

and T2, respectively. The frequency distributions of folate content parameters 

measured for the F2 population was continuous for all four parameters. The 

population means for the measurements M1, T1, M2 and T2 were 218.11, 
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236.88, 181.11, and 195.17 while the F1 values were 219.13, 299.37, 192.34 and 

265.84 µg/100g, respectively.  The F1 values were higher than the population 

means for T1 and T2 and were shifted towards the Redhawk parent. The F2 

population showed transgressive segregation for all four folate content 

parameters (Figure 3.1).  

 The reduction in total folate content from the first injected solution to the 

second injected solution were 7 and 30% for the parental lines and 10 to 25% for 

the checks. The highest reduction in total folate content was 30%, which was 

observed for the low-folate content parent (Othello), and the lowest reduction 

was 7%, observed for the high folate content parent (Redhawk). In the F2 

population the folate content ranged between 205.54 to 230.51 µg/100g and 

172.40 to 189.81 µg/100g for 5MTHF in the first injected solution and 224.39 to 

249.29 µg/100g and 185.61 to 204.74 µg/100g for total folate for the solution 

injected after one hour with the average reduction of 17% for 5MTHFcontent and 

18% for total folate content (Table 3.1).  

The variance estimates of F2 within checks were not significant for either 

measurement except for 5 MTHF in first injected solution (Table 3.1; Table 3.2). 

The checks were analysed as a fixed effect and found significantly different for 

total folate content in both first injected solution and second injected solution 

(Table 3.1; Table 3.2). 

3.3.2 Correlation between folates measurement parameters 

The dominant form of folate in the bean genotypes tested in this study was 5-

Methyltetrahydrofolate (5MTHF), which comprised 70% to 90% of total folate 
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contents among the parental lines and F2 individuals. There was highly 

significantly positive correlation between 5MTHF and total folate in first injection 

(r =0.87 P< 0.001) and between 5MTHF and total folate in the second injection (r 

=0.70; P<0.001). The correlation between the folate contents in the first and 

second injected solutions on the other hand were low, but significant between 

measurements (r = 0.46; P <0.001) and M1 and M2 (r = 0.30; P <0.001) (Table 

3.4; Figure 3.2).  

3.3.3 Linkage map  

A total of 54% of the SNP markers tested were polymorphic between parents 

Othello and Redhawk. The total number of SNP markers included in the linkage 

map was 63, which defined total map covering 1056.14 cM, in 11 linkage groups 

(Figure 3.3), which is equivalent to the haploid chromosome number in common 

beans (Blair et al., 2003). The average distance between two adjacent markers 

was 51.21 cM. When the current linkage map was compared with a common 

bean linkage map, previously published by McConell et al. (2010), it was 

observed that, with the exception of a mismatch in LG9 between markers g1286 

and g544 all of the markers were aligned. However, differences were observed in 

marker distance.  

The Chi-square test of conformity of the observed genotypic frequencies for 

the SNP markers with the expected 1:2:1 ratio indicated that 15 SNP markers out 

of a total of 63 markers had significant (P < 0.05) segregation distortion. Markers 

on LG4 (g755), LG5 (g1664 and g1883), LG7 (g1065 and g2357), LG10 

(g2521_B) were skewed towards Othello and markers on LG11 (g1438 and g 
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2135) were skewed towards Redhawk. While segregation distortion of a section 

of LG2 (g457 and g680_B) was observed towards Othello, marker g680 was 

skewed towards Redhawk. Similarly, segregation distortion of a section of LG8 

(g1084) was observed towards Othello and markers g 2311and g1731 were 

skewed towards Redhawk (Table 3.5). 

3.3.4 QTL analysis  

One way analysis of variance was performed to detect marker-QTL 

associations for folate content in the F2 population. A total of eight markers were 

found to be significantly (P < 0.05) associated with at least one of the folate 

content measurements (Table 3.6; Table 3.7). These markers are located on 

LG2 (g457_B), LG9 (g1286, g2498), and LG11 (g2135). Up to 19% of the total 

phenotypic variation was accounted for by the identified QTLs. Two markers, 

g1268 and g2498, on LG9 explained 7.7% and 7.8% of the phenotypic variance, 

respectively, with significant (P < 0.01) dominance effects for the measurement 

M1. These markers (g1268 and g2498) were also significant (P < 0.05) for the 

measurement T1 and explained 7.9% and 7.7% of the phenotypic variance, 

respectively, with significant dominance effects. For the measurements M2 and 

T2, however, neither of these markers was significant. Marker g2208_B had a 

significant (P < 0.05) dominance effect for measurement T1, with the R2
p of 

7.0%.   

The marker on LG2, g457_B, was not significant but its dominance effect was 

significant (P < 0.05) for measurements M2 and T2, with the R2
p of 4.8 and 8.1%, 

respectively. Marker g2135 on LG11 was significant (P < 0.01) for measurements 
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M1 and T1 with significant dominance effects, accounting for 9.3 % and 10.5% of 

the variation, respectively. The total phenotypic variance explained by the 

significant markers was 18% for M1, 19% for T1 and 8% for T2 measurements 

(Table 3.6 and 3.7). 

3.4 Discussion 

The parental genotypes of the F2 population used to study QTL for folate 

contents in beans were selected from different gene pools of common beans. 

They were significantly different for folate content (Chapter 2). Redhawk is a 

large-seeded dark red kidney bean of Andean origin, while Othello is a medium-

seeded pinto bean from race Durango of Mesoamerican gene pool (Gepts, 1998; 

Singh, 1989). The total folate content of the parental genotypes ranged from 167 

to 345 µg/100g. The results from Chapter 2 indicated that the bean genotypes 

from the Andean gene pool (Redhawk) had higher folate content than the 

genotype from the Mesoamerican gene pool (Othello). In a different study (Islam 

et al., 2002), the authors have also reported that bean genotypes of the 

Mesoamerican gene pool have higher percentage of calcium, phosphorus, sulfur 

and zinc content than those from the Andean gene pool. This may indicate that 

different genes may have been involved in the genotypes of different gene pools 

for micronutrient and vitamins, pointing to the importance of inter-gene pool 

crosses to improve the levels of these elements and compounds in bean 

breeding programs.  

Continuous variation for folate content, coupled with transgressive 

segregation, which was observed at both ends of the frequency distribution of 
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folate content parameters, indicated that quantitative genetic factors are involved 

in inheritance of folate content in this population. Transgressive segregation is 

quite common in hybrid plant populations (Rieseberg et al., 1999). The 

occurrence of F2 individuals with more or less folate than the parental lines 

suggests that while they share genes for folate content, the two parental lines 

may have unique loci that interact to determine folate content in the F2 

individuals. The result points to the possibility of improving folate content through 

breeding.   

Among the markers, 24% were segregating outside of the expected 

Mendelian ratio (1:2:1) with the majority of marker loci favouring alleles 

originating from the parent Othello. Segregation distortion is a complex genetic 

phenomenon and may cause by physiological and genetic effects (Wendel et al., 

1987). Segregation distortion has been reported in several studies in various 

plants. Paterson et al. (1991) reported that 51% of the markers showed 

segregation distortion in a F2 population of tomato. Wendel et al. (1987) 

observed up to 53% of segregation distortion in a F2 population of maize (Zea 

mays L.). Segregation distortion can be due to the influence of the mapping 

population, genetic transmission, gametic selection, gene transfer and 

environmental effects. High segregation distortion is expected to have effect on 

linkage map construction and the results of QTL analyses (Hackett and 

Broadfoot 2003). Zhang et al. (2010) reported that the segregation distortion 

affects the QTL detection power when QTL and distorted markers or loci are 

closely linked. Furthermore the authors reported that segregation distortion would 
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not have a significant impact on the estimation of QTL position and effect when 

the population size is large and segregation distortion is not extreme. The 

segregation distortion reported in this study is lower or close to other similar 

studies. 

Significant marker-QTL associations were identified using the single factor 

ANOVA. Four markers were associated with at least one of the four 

measurements of folate content with three markers significantly associated with 

folate content in the first injected solution. The four markers were distributed 

among three linkage groups. Although most of these QTL did not have large 

effects individually, together these QTL could control a significant proportion of 

variation and may have larger effects in other genetic backgrounds due to 

epistatic effects (Mansur et al., 1996). For the majority of identified QTL, 

dominance effects appeared to be the major genetic effect.  

The major sources of folate in human diets are legumes, green leafy 

vegetables, wheat germ, egg-yolk, livers and fortified foods (Arcot and Shrestha, 

2005). However, the bioavailability of folate depends on the processing methods 

and conditions of these sources. Since beans must be cooked before 

consumption, a previous study has indicated that large portions of the folate in 

edible beans are lost during canning processes (Dang et al., 2000). A major loss 

of 5-methyltetrahydrofolate in navy beans was observed after soaking and 

cooking processes (Xue et al., 2011). Johansson et al. (2008) evaluated the 

folate content in 10 different pre-cooked vegetarian ready to eat meals before 

and after reheating and observed that a significant reduction in folate content 
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after reheating the food. In this study, the second folate content measurements 

after one hour gave 17 % lower folate content for M2 than M1 and 18% lower 

total folate content for T2 than T1. This may be the reason why the QTL identified 

for the first injected solution were not indentified for second injected solution.  

In conclusion, we found that common bean genotypes differed for levels of 

folate content. The F2 individuals derived from high and low folate content 

parental lines showed transgressive segregation for the folate measurement 

traits. We also found that different QTL were found associated with folate content 

in dry beans. However, the small effects of the identified QTL for folate content 

and the presence of dominance gene effect and the significant reduction of folate 

content in the second injected solution, all point to difficulties associated with 

breeding for high folate content in dry beans. Moreover, the sensitivity of folate to 

high temperature and the reports of folate degradation during cooking and 

canning processes (Dang et al., 2000; Xue et al., 2011) indicate that future 

research is needed on biochemical mechanisms that may protect folate during 

bean processing. Such research can build on the studies on proteins that bind to 

folate and protect folate during processing (Jones and Nixon, 2002; Orsomando 

et al., 2005; Wang et al., 1993). 
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Figure 3.1 Relative frequency distribution of two different measurements of 5-
Methyltetrahyrofolate (A) and total folate (B) in F2 population of a cross between 
Redhawk and Othello in first injected solution. Vertical lines indicate population 
mean and 95% confidence limits.  
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Figure 3.2 Relative frequency distribution of two different measurements of 5-
Methyltetrahyrofolate (A) and total folate (B) in F2 population of a cross between 
Redhawk and Othello in second injected solution. Vertical lines indicate 
population mean and 95% confidence limits 
 
 
 

A 
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Figure 3.3 Correlation between the first injected solution and the second injected 
solution for 5 methyltetrahydrofolate (5MTHF) content (A) and total folate content 
(B) in F2 population of a cross between Redhawk and Othello. Vertical and 
horizontal lines represent the mean (solid lines) and 95% confidence interval of 
the means (dashed lines). 

B 
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Figure 3.4 Correlation between 5 methyltetrahydrofolate (5MTHF) content and 
total folate content at first injected solution (A) and second injected solution (B) in 
F2 population of a cross between Redhawk and Othello.  
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Figure 3.5 Alignment comparison of Othello × Redhawk SNP map (Linkage 
group on the right) with reference map (McConnell et al., 2010; linkage group on 
the left). The diagonal double-lines on the linkage groups represent the intervals 
with higher than 50 cM distance between pairs of adjacent markers. 
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Table 3.1 Least square mean values for parental lines, check cultivars and mean, minima, 
 maximaand standard error for the F2 population of cross between Othello × Redhawk. 

  First injected solution Second injected solution 
 5- Methyltetrahydrofolate  Total  folate 5- Methyltetrahydrofolate  Total  folate 

  F2 Population 

Average 218.02 236.84 181.11 195.17 
Minimum 205.54 224.39 172.40 185.61 
Maximum 230.51 249.29 189.81 204.74 
Standard 
error 6.37 6.35 4.44 4.88 

  Checks and parental lines 
Taylor 220.81 255.06 168.91 191.10 
Othello 199.15 217.26 147.49 167.26 
AC Elk 231.68 338.04 194.35 303.06 
Redhawk 244.47 345.41 232.61 321.05 
Standard 
error 29.01 31.89 23.91 26.28 
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Table 3.2 Analysis of variance (ANOVA) of the augmented randomized complete block design 
 for 5- Methyltetrahydrofolate and total folates in the first injected solution.  

  First injected solution 

  5- Methyltetrahydrofolate Total  Folate 

Covariance Parameter Estimates 

 Estimate SE Z Value Pr > Z Estimate SE Z Value Pr > Z 
F2(Check) 927.52 692.09 1.34 0.0901 398.89 983.95 0.41 0.3426 
Residual 1762.64 557.4 3.16 0.0008 2723.04 861.1 3.16 0.0008 

Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F Num DF Den DF F Value Pr > F 

Check 10 86 0.45 0.9153 10 86 3.72 0.0004 
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Table 3.3 Analysis of variance (ANOVA) of the augmented randomized complete block design 
 for 5- Methyltetrahydrofolate and total folates in the second injected solution.  

  Second injected solution 

  5- Methyltetrahydrofolate Total  Folate 

Covariance Parameter Estimates 

 Estimate SE Z Value Pr > Z Estimate SE Z Value Pr > Z 
F2(Check) 806.14 440.01 1.83 0.0335 322.85 658.52 0.49 0.312 
Residual 1060.88 335.48 3.16 0.0008 1810.54 572.54 3.16 0.0008 

Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F Num DF Den DF F Value Pr > F 

Check 10 86 0.7 0.7232 10 86 6.38 <.0001 
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Table 3.4 Correlations between folate measurement traits in common beans 
obtained in a F2 mapping population derived from a cross between a high folate 
Redhawk and low folate Othello  
 

  
5-Methyltetrahyrofolate 

(First injection) 
5-Methyltetrahyrofolate 

(Second injection) 
Total Folate 

(First injection) 
5-Methyltetrahyro-
folate 
(Second injection) 0.30***   

Total Folate  
(First injection) 0.87*** 0.03  

Total Folate 
(Second injection) 0.40*** 0.70*** 0.46*** 
  
*** Coefficient of correlation significantly different from zero (P< 0.001) 
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Table 3.5 Number of markers integrated into linkage groups (LG) of the genetic map for the Othello × Redhawk 
population (P < 0.01) 
 

LG Markers distance (cM) average distance (cM) segregation distortion (p < 0.05) 
1 7 79.34 52.97 NA 
2 8 181.89 81.18 g457 and gg680_A toward Othello and g680 toward Redhawk 
3 4 37.08 19.38 NA 
4 4 70.86 23.60 toward Othello 
5 5 62.3 37.13 toward Othello 
6 5 73.54 31.29 NA 
7 4 112.45 52.37 toward Othello 
8 8 226.8 153.96 g1084 toward Othello and g2311 and g1731 toward Redhawk 
9 8 74.48 37.12 NA 

10 7 81.8 53.85 toward Othello 
11 3 55.6 20.45 toward Redhawk 

Total 63 1056.14 51.21 NA 
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Table 3.6 SNP markers significantly associated with the folate content of dry bean F2 individuals 
 for first injected solution and the additive and dominance effect estimated at each locus and the 
 proportion of phenotypic variance accounted for by each locus. 
 

  First injected solution 

 Position 5- Methyltetrahydrofolate Total  Folate 

Marker LG cM P value Add. Dom. R2
p P value Add. Dom. R2

p 

g457_B 2 112.6 ns 10.26 -2.37 1.2 ns 10.39 -1.43 1.1 
g1286 9 62.5 0.03 2.32 28.42** 7.7 0.03 2.71 31.08*** 7.9 
g2498 9 58.6 0.04 1.34 28.91** 7.8 0.04 1.15 30.98** 7.7 
g2135 11 9.01 0.02 -11.24 24.37* 9.3 0.01 -13.14 27.45* 10.5 

Total variance explained by  significant markers 18    19 

 
Add., Additive effect estimated as half the difference of the two homozygous genotypic groups at each locus 

Dom., Dominance effect estimated as the deviation of heterozygous genotypic group from mid parental genotypes at each locus 

ns, not significant at p=0.05 
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Table 3.7 SNPs markers significantly associated with the folate content of dry bean F2 individuals 
 for a second injected solution and the additive and dominance effect estimated at each locus and 
 the proportion of phenotypic variance accounted for by each locus. 
 

    Second injected solution 
  Position 5- Methyltetrahydrofolate Total  Folate 

Marker LG cM P value Add. Dom. R2
p P value Add. Dom. R2

p 

g457_B 2 112.6 ns 0.61 22.9** 4.8 0.04 0.89 25.39** 8.1 
g1286 9 62.5 ns 3.65 -1.21 0.4 ns 4.22 -2.66 0.5 
g2498 9 58.6 ns 0.97 -6.2 0.7 ns 0.07 -8.48 1.1 
g2135 11 9.01 ns -2.15 6.63 0.3 ns -2.07 8.48 0.4 
Total variance explained by  significant markers    ns       8 

 

Add., Additive effect estimated as half the difference of the two homozygous genotypic groups at each locus 

Dom., Dominance effect estimated as the deviation of heterozygous genotypic group from mid parental genotypes at each locus 

ns, not significant at p=0.05 
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Chapter 4. Summary and Future Research 

4.1 Summary of the study  

Common beans (Phaseolus vulgaris L.) contain high levels of folates. Folates 

are among the essential vitamins and the deficiency of folate may cause a 

number of health problems. Folate occurs naturally in different forms including 

terahydrofolate, 5-methyl terahydrofolate (5MTHF), 5-formylterahydrofolate and 

10-formyltetrahydrofolate. Among them, 5MTHF comprised more than 80% of 

total folate content in dry beans. The objectives of this study were to examine the 

mode of inheritance of folate content and identify quantitative trait loci (QTLs) 

associated with folate content in dry beans. 

 Inheritance of folate content was studied in the F1 hybrids of one-way diallel 

crosses among four dry bean genotypes selected from the two bean gene-pools. 

Taylor (cranberry bean), AC Elk (light red kidney bean) and Redhawk (dark red 

kidney bean) are from Andean gene pool and Othello (pinto bean) from 

Mesoamerican gene pool. The four parental lines, their F1 hybrids, and F2 

populations were grown in the field at the University of Guelph Elora Research 

Station in the summer of 2009. Folate content in dry seeds of each single plant 

was measured using high pressure liquid chromatography (HPLC) at Guelph 

Food Research Centre, Guelph, Ontario. In this experiment, 5MTHF and total 

folate content were measured twice with one hour time interval. 

Significant variation in folate content was observed among the parental 

genotypes, their F1 hybrids, and F2 individuals, ranging from147 to 345 µg/100g. 
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The mean folate contents of Taylor and Othello were significantly (P< 0.05) lower 

than those for AC Elk and Redhawk. The reduction of 5MTHF and total folate 

content, instability in one hour time interval were highly variable for all four 

parental lines ranging from 5 to 26% and 7 to 25%, respectively. Among the 

parental lines, Othello and Taylor had higher rates of instability of total folate 

content, up to 23 and 25%, respectively. In contrast, the instability rates for 

Redhawk and AC-Elk was only 7 and 10%, respectively. The least square means 

for folate content of the F1 derived from Taylor and Redhawk deviated from the 

mid-parent value towards the high folate content parent (Redhawk), pointing to 

involvement of dominance gene effects. The estimate of GCA:SCA ratio ranged 

from 0.41 to 0.60 for different folate measurements, indicating that non-additive 

gene effects were more important than additive gene effects in the inheritance of 

folate content. The deviation of F1 from population mean and the mid-parent 

values, ranging from co-dominance to dominance, also indicated the possible 

involvement of non-additive gene effects. 

The total number of markers associated with at least one of the four 

measurements of folate content was four, distributed in three linkage groups. 

These QTL were on LG2, LG9 and LG11. Although most of these QTL do not 

have large effects individually, together these QTL could control a significant 

proportion of variation and may have larger effects in other genetic backgrounds. 

Four markers were significantly associated with folate content in the first injected 

solution. The result showed that dominance effects appeared to be the major 
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genetic effect. This was in agreement with findings of the combining ability 

analysis of the diallel cross.  

4.2 Future research directions 

As in most studies, this research study is not without limitations. For example, 

QTL studies require large sample sizes and only polymorphic markers between 

the parents can be mapped for QTL study. A total of 87 F2 individual plants were 

used for linkage mapping and QTL study. In addition, 63 polymorphic SNP 

markers were included in the linkage map and for QTL analyses. The low 

number of SNP markers may have reduced the chances of identifying the QTL 

for folate content in first and second injected solutions. Future research may 

involve use of more advanced generations and with higher density of markers in 

the genome. 

The results of this study confirmed that despite of dry beans being high in 

folate content; genetic variation still exists among different genotypes. This 

variation seems to be more pronounced among genotypes from different gene-

pools. Future studies of the inheritance of folate content can, therefore, be 

designed to explore this inter-gene-pool variation among a broader range of 

germplasm. The results of this study are based on only one cross between the 

Redhawk and Othello. Hence, further experiments with different crosses are 

required to confirm these results. The population studied here has been 

advanced to develop recombinant inbred lines that can be used in future QTL 

analyses to confirm the results.  
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Degradation of folates, and not the original level of folate content in dry 

beans, appears to be the limiting factor, resulting in reduced availability of folates 

in the processed beans. Results presented here point to presence of variation in 

the rate of instability after one hour. Other studies have reported the presence of 

proteins that bind to folate and protect folate during processing (Jones and 

Nixon, 2002; Orsomando et al., 2005; Wang et al., 1993). Future research on 

folate content in dry beans should, therefore, be directed towards mechanisms 

that protect the already high levels of folate in the dry beans. 
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Appendices 

Appendix 1 List of polymorphic SNP markers, position, linkage group, forward and reverse sequence, probe sequenom 
and χ2 value 
 

Marker LG cM Allele F-Sequence R- Sequence Probe Sequenom χ2 value 
g1029_AT 10 43.6 T/A ACGTTGGATGAAAGCATGGGGTTACAACTG ACGTTGGATGGCGCCTCTGCAAATTGTATG CCCTAGCGTGGGAAAGGTAGTTTTTAAC 4.6 
g1065 7 105.6 A/C ACGTTGGATGGCTGAGTCAACAAGTGCAAC ACGTTGGATGTTCTGGCAAACAACTACCCG CCCTGTCGTGTGACTTTATAACTCCCAATG 20.45 
g1084 8 0 C/T ACGTTGGATGGATCTGTTTAGGCGGCAAAG ACGTTGGATGGGGTTTTAACGATTGCCTTAC GGTTGATTCCTAATATTAAGAATTCT 144.14 
g1084_B 8 36.8 C/T ACGTTGGATGGCGGCAAAGTTTCAGAACAC ACGTTGGATGGATACATTCACTTCACTACC CGGGTTTTAGGGTTTTAACGATTG 0.7 
g1188_B 5 0 T/A ACGTTGGATGCTCCATGTTGGTCTATCTCC ACGTTGGATGGATTGTGTGAGAGCAGAACC ACCGAACCTGCGATCTACA 0.14 
g1206 9 32.7 C/T ACGTTGGATGGCAGTTCGGTTACTTCAAGC ACGTTGGATGTCTTCTTCTCGGCGATCTTG TGGCCTTGACGACGAGGGG 0.77 
g1215 11 55.6 C/G ACGTTGGATGTTCACGACGGGATTCTCCCT ACGTTGGATGACCTTTTCTGCGCTGAGCAC GTCTGCGCTGAGCACCGGTACAC 2.63 
g1286 9 62.5 T/A ACGTTGGATGAACTGAGTGGCACTGGATAC ACGTTGGATGTGATAATACCCGGTTGGAGG GACTGTTGGAGGTCCCATTCCATTCAC 0.21 
g134 7 0 G/C ACGTTGGATGTTGCCAACTGGAAGATCTCG ACGTTGGATGATTCTCAGCTGCAGAGCTTC GGGAGCCCAGAACTTGAGCCT 4.86 
g1375 4 70.9 G/C ACGTTGGATGTGAACCACTCCGATGCAATC ACGTTGGATGCTACAAGAAGCCTTGGAGAG GTGCTTGTGGCTCATCGTTTGTC 1.21 
g1379 9 20.4 C/T ACGTTGGATGTTGCTGGTGACCTTGGCAAC ACGTTGGATGAAATGAGCAACGCACAGACG CCAGCGCCGCCCTCACTGA 0.58 
g1404 1 35.8 G/C ACGTTGGATGTGGTGTGATGAGGAGGTATG ACGTTGGATGGTGACACTAGCATAAAACTC TGAAAATCAAATCAGATCAAGACA 1.96 
g1436 6 73.5 G/A ACGTTGGATGGGGTTGCAAGGTTTCACTTA ACGTTGGATGAATCAGAGCCATCACAACCC CCATCACAACCCTGTATAC 1.53 
g1438 11 5.8 C/T ACGTTGGATGATGTCCCCATTCCCATATCC ACGTTGGATGCTTCCACAAACCCAGGTTTC TCCTTGGAACCCAAAG 11.69 
g1645 1 78.2 C/T ACGTTGGATGGATCCAATTCCAGAGACACC ACGTTGGATGGAAGAAAGCTCGTAAAGCCC GTTGGAGGTTGGGATTTCACATC 0.67 
g1664 5 62.3 C/G ACGTTGGATGACACGTCTCAGGTTCCTAAG ACGTTGGATGTGGGATAACGAACACTCAGC AACCTTACATCATCTATCACAGGTCCACA 61.81 
g1713 8 217.5 C/T ACGTTGGATGACAGGGCAAAACTGGATGAC ACGTTGGATGTAAGTGCCAAGTCCTTGGTC CTTGGTCATCTTCCCAGC 0.4 
g1731 11 0 A/G NA   7.12 
g1757 6 0 A/G ACGTTGGATGTCCACAATGGCTCAATCTCC ACGTTGGATGAGATGGAGCCGGAGACAATG GGAAGGAGACAATGACCTCCTCGG 0.26 
g1795 1 79.3 C/G ACGTTGGATGAGAAGGAGTATGTGGTGGAC ACGTTGGATGATAATCTGCGTGAGCTCACC CCAACTTCTTCCTGAACTTCTC 0.14 
g1883 5 62.3 T/A ACGTTGGATGGTGGCAGGTAGTCAACTTTG ACGTTGGATGGGTTTCCAGCGAAGGAATTG GGTCACTGAGCTACCAGG 61.81 
g1925 3 0 A/G ACGTTGGATGCTCATCTGTTTGCTCCTCAC ACGTTGGATGTAGAGAGGACGCCTGTATTC CCGAGTACGCCTGTATTCATCAAAGTACTG 0.86 
g195 9 0 C/T ACGTTGGATGTGAGAAGGTGTCAACTTTCG ACGTTGGATGCTCTTGGACAGTACCACTAC GGCGTTAGTTTCTGCAGTTCCATC 3.12 
g195_B 9 0 C/T ACGTTGGATGAAATCGAGCTCGAAGCCAAG ACGTTGGATGTTCTTAACTGAGATGCCCTG AAAGGCAGCATCTGAAG 3.12 
g1959 1 57.2 G/C ACGTTGGATGCAGTGCTAGCAATGATGCAG ACGTTGGATGACGCAGGAAAGTTGGGTTTG GCAGAAGCTGGATAAGA 0.21 
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g1968 5 15.9 G/T ACGTTGGATGGGGCTGCGAAGTGAAAAAAG ACGTTGGATGGGTTTTGGGTTTTCAATCCG ATCTATTTCTTCAATGAATCCATCTTTA 0.33 
g1968_B 5 15.9 C/A ACGTTGGATGTAGTGCTAACTCTTGCTAGG ACGTTGGATGGGGCTGCGAAGTGAAAAAAG TGAAGAAATAGAGTATTCGGAT 0.54 
g1998 6 16 C/T ACGTTGGATGTGCCCACTGAAAAGATCGCC ACGTTGGATGTACCCAACACAGAGACTAAC AAAGCGAGATCAATTTCCAC 0.77 
g2020 2 181.9 C/T ACGTTGGATGTTGATTGGAGTAAGGCACCC ACGTTGGATGATTAGAGGCACAGTTGGCAG CCAAGTTGGCAGGTCCTGG 1.33 
g2108 3 31.4 C/T ACGTTGGATGAAATGTTCACGCCGAAGAGC ACGTTGGATGTGGAAGGCGCGGAATAATAG GAACGGTGGTTGAACCGAT 1.62 
g2208_B 6 15.5 T/C ACGTTGGATGGCAAAAATCATGCAGCAGCC ACGTTGGATGAGGTGCAACTGCATCACAAC CTCTAATGGCTCCGCAGA 0.88 
g2260 10 70.8 T/A ACGTTGGATGATGGCATCAAAAGGAGAAGG ACGTTGGATGGTGGCATCTTTGCTTATGCG GGAGGAATGATTCCCTCTCGTTGAGGTAT 0.6 
g2274 3 37.1 C/T ACGTTGGATGCCCCACATGTTTGTGAATGC ACGTTGGATGCCTTCAGATACTCCTTGACC GCGCAACAGAAAGAAGATT 0.45 
g2311 8 93.9 T/G ACGTTGGATGCTGTGACATGACAACTTCGG ACGTTGGATGGTCTTACAACTTCAGCCTGC CCTTCAGAAACTGTAACAACATTGCTTCA 131.8 
g2393 8 137.8 G/C ACGTTGGATGAGGGTGATGTGGACACAATG ACGTTGGATGGCATGTAAGGTGTTCATGGG AGTCATGGGGCCCTGCTTGGTCTCTAGTAA 2.81 
g2498 9 58.6 T/C ACGTTGGATGAAACTCTGATCCCGTAGCAC ACGTTGGATGTGCCACAAGCAGAATTACCC TCCCTTATGCTGTTTTTTACTG 0.15 
g2521 10 41.8 T/A ACGTTGGATGCTAAGACCAAGATTGTGGTG ACGTTGGATGAGCTAGAGTTCATGCTTGTG CATCATATTCGATTGAATTCTTATATCTAG 5.56 
g2521_B 10 0 T/A ACGTTGGATGGGTGTTGGTAATCATGTGCC ACGTTGGATGAGCTAGAGTTCATGCTTGTG CCTCGTGTTTTTTTGCTTAGACATC 178.64 
g2560 10 70.8 C/A ACGTTGGATGTGGGAGAAGTTCATTGCCAG ACGTTGGATGAGTATATGGCTGGATCCCTG ATCCCGGCAACCAAAAACCACTT 3.19 
g2581 2 121.4 T/C ACGTTGGATGAGTCACCTAAGCAACCTCTC ACGTTGGATGAGAGACCTGTCCCATTGTTG TCAGCATGCTTCAACATCTG 1.7 
g2595 4 15.4 C/G ACGTTGGATGTGGAGCATGCTAGCCTTTTG ACGTTGGATGGGCATTACACACTCAAACAC TATAACAAATCACCACCTTAACT 5.26 
g2600_B 10 63.7 C/T ACGTTGGATGGGAAGGAACAACAATTCAAG ACGTTGGATGCTCTGAAAGTGAGACCTTCC CCCCCAGGGCATCTTAACTGG 5.26 
g321 2 118.9 C/T ACGTTGGATGTGGTGACTCAGCTGAGGGA ACGTTGGATGAATCCACCACCATCTTCACC AGCTCCTGCTCCAGCTTCTTCTCCT 0.95 
g457 2 75.6 G/A ACGTTGGATGCCTGGAAATGACATGTTCAC ACGTTGGATGTTGAAGCAATCTCTCCCTCC TCTACCTCCCGGTTAGTTACATACAATC 143.52 
g457_B 2 112.6 C/T ACGTTGGATGCCTCCCGGTTAGTTACATAC ACGTTGGATGGTCTTGAACACTCAAACCTG AAACGAACACTCAAACCTGGAAATGACAT 0.05 
g471 6 70.5 G/A ACGTTGGATGTGAGGAAACTAGAGGTGTGC ACGTTGGATGTGCAGTTACAGTCTTCCTCC CCGTAATTCACTGCATCTCGAATCAC 2.07 
g503 7 0 G/C ACGTTGGATGTTGCCAACTGGAAGATCTCG ACGTTGGATGATGCTCAGCTGCAGAGCTTC CCCAGAACTTGAGCCT 4.86 
g510_B 1 0 A/C ACGTTGGATGCCCTCAAACACCTTAGCATC ACGTTGGATGCCATTCCATTTCATGCCCTC GTCAATTTCATGCCCTCCCTTATGTATAT 1.49 
g544 9 74.5 C/G ACGTTGGATGGATAACAGATCCACCACTGC ACGTTGGATGGGGACCTTTTTGCAAGTGG GTTGTATGGAGTGATCAAGGGTCT 0.86 
g580 8 199.2 T/C ACGTTGGATGCAACACAGTCTCGTAAACCC ACGTTGGATGCGTATGCAGGAAAAGTACGG AGCTCGTTCTCGCTAAATCC 0.14 
g586_B 3 9.1 T/C ACGTTGGATGGGAAAAATCATGCACCTATC ACGTTGGATGACCAGGTATATAACCGCATC TCTATAACCGCATCCACCTA 0.71 
g680 2 2.4 C/T ACGTTGGATGGCCACAGATCCTCAGAAATC ACGTTGGATGGAAGAGAAACAAAAGTAGCAC CCTTTATTTGCAGAACAATTAGTTACCT 6.84 
g680_B 2 36.7 T/G ACGTTGGATGGCCACAGATCCTCAGAAATC ACGTTGGATGGAAGAGAAACAAAAGTAGCAC CCTTTATTTGCAGAACAATTAGTTACCT 84.33 
g696 8 162.1 C/T ACGTTGGATGTCTTTTTGCTTCCGCGGATG ACGTTGGATGCTAAGATCCCCTTCGAGGAG AGGTCGCGAACCTTCA 0.95 
g724 1 56.6 G/A ACGTTGGATGACAGAGTGATCTGTGACCTG ACGTTGGATGACCCCTTTTAGTCAATTCGC GCTTCTTTGTTTACTTTCTATTAGTA 0.14 
g755 4 8.1 G/A ACGTTGGATGGGAAAGCGGGTTAGGTATAG ACGTTGGATGATATGCTCACAGTAGCATGG CCCCATATGATTATTAAACACACAATAAGA 7.16 
g774 2 0 C/T ACGTTGGATGAAGAAGATCGATCCGTGAGC ACGTTGGATGATGACCAGAGGGATGAAACC ACCGTAATGAGTGATGACCTT 5.72 
g792 9 48.2 G/T ACGTTGGATGTGACATTGGTTGATCCCCTG ACGTTGGATGTTTCTCTGAGTCTGTCTGCC CCCCCTCACCGAACTTGCAA 3 
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g796 8 227.5 A/G ACGTTGGATGCAGAACGGTCTTAACTACGC ACGTTGGATGCCTCCAAAGTGTTGGGATTG CGTCTGGTTGAATGGC 1.33 
g934 1 63.6 G/C ACGTTGGATGACCGTCCAACTAGAAACTCC ACGTTGGATGAAGACCCTAAGCTGTTCGAG GGATGGGCGTGTACACGGC 1.7 
g968 4 0 A/C ACGTTGGATGGAATTCGTGCATGCTAAACC ACGTTGGATGTCTGCAACTTCCACTCTCTC GCTGGTACATTCTGCGACACTAAAA 2.26 

Source: Shi et al. (2010) 
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Appendix 2 Original data set of dry bean parental lines, F1 and F2 population 
used for augmented randomized complete block analysis in SAS 
 
Obs REP Check F2 Name Treat ID 5M1 Total1 5M2 Total 

1 1 3 0 P RR RR 281.59 391.21 243.16 330.59 

2 1 2 0 P OO OO 216 235.656 140.68 153.49 

3 1 4 0 P TT TT 256.67 304.27 173.23 191.22 

4 1 1 0 P EE EE 218.66 320.111 195.35 309.24 

5 1 5 0 C F14(OR) F14(OR) 198.36 287.05 174.56 240.22 

6 1 9 0 C F15(OE) F15(OE) 189.26 243.59 198.01 247.76 

7 1 7 0 C F12(TR) F12(TR) 225.45 283.34 188.07 231.68 

8 1 8 0 C F13(TE) F13(TE) 277.04 336.33 216.84 262.9 

9 1 6 0 C F11(OT) F11(OT) 185.83 225.17 132.59 222.44 

10 1 10 0 C F16(RE) F16(RE) 261.85 327.53 115.58 200.6 

11 1 0 1 F F2(OR) 11 276.69 302.73 302.24 320.377 

12 1 0 34 F F2(OR) 12 209.84 222.013 168.33 183.478 

13 1 0 100 F F2(OR) 14 241.06 256.88 267.94 294.33 

14 1 0 106 F F2(OR) 15 278.65 297.9 252.26 271.86 

15 1 0 115 F F2(OR) 18 236.58 258.91 163.5 173.503 

16 1 0 118 F F2(OR) 19 179.95 195.21 211.24 228.81 

17 1 0 4 F F2(OR) 110 213.97 230.7 233.71 248.949 

18 1 0 7 F F2(OR) 111 295.31 314.35 163.29 176.821 

19 1 0 10 F F2(OR) 112 151.81 167.014 124.86 138.489 

20 1 0 13 F F2(OR) 113 256.04 286.672 193.04 215.538 

21 1 0 16 F F2(OR) 114 189.54 212.885 190.17 208.594 

22 1 0 19 F F2(OR) 115 288.31 307.945 196.47 216.28 

23 1 0 22 F F2(OR) 116 134.38 143.396 195.84 215.531 

24 1 0 25 F F2(OR) 117 146.84 159.58 159.58 174.392 

25 1 0 28 F F2(OR) 118 245.96 263.18 165.74 174.518 

26 1 0 31 F F2(OR) 119 172.6 180.16 130.74 136.522 

27 1 0 43 F F2(OR) 122 124.86 128.227 136.97 142.696 

28 1 0 46 F F2(OR) 123 245.26 264.447 122.41 131.874 

29 1 0 49 F F2(OR) 124 288.59 316.59 173.44 186.124 

30 1 0 55 F F2(OR) 126 293.7 320.93 164.27 171.865 

31 1 0 61 F F2(OR) 128 357.68 384.91 164.48 173.237 

32 1 0 64 F F2(OR) 129 380.92 408.241 126.75 135.85 

33 1 0 73 F F2(OR) 131 235.88 252.568 285.72 308.036 

34 1 0 76 F F2(OR) 132 215.65 233.43 128.78 140.68 

35 1 0 85 F F2(OR) 135 247.43 262.634 208.16 220.27 

36 1 0 88 F F2(OR) 136 261.01 287.96 186.53 200.999 

37 1 0 91 F F2(OR) 137 152.65 159.979 176.31 190.317 

38 1 0 94 F F2(OR) 138 202.84 225.065 164.55 183.625 

39 1 0 97 F F2(OR) 139 216.91 245.659 167.49 187.342 
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40 1 0 103 F F2(OR) 140 233.22 252.736 184.99 202.364 

41 2 3 0 P RR RR 211.38 286.91 209.98 278.37 

42 2 2 0 P OO OO 189.61 207.04 168.54 209.07 

43 2 4 0 P TT TT 221.18 250.16 183.66 206.73 

44 2 1 0 P EE EE 256.11 371.96 196.26 303.43 

45 2 5 0 C F14(OR) F14(OR) 203.68 287.82 202.49 283.41 

46 2 9 0 C F15(OE) F15(OE) 240.29 314.84 228.53 304.76 

47 2 7 0 C F12(TR) F12(TR) 366.57 441.89 294.61 359.18 

48 2 8 0 C F13(TE) F13(TE) 188.77 264.93 188.98 279 

49 2 6 0 C F11(OT) F11(OT) 290.9 388.2 219.95 328.28 

50 2 10 0 C F16(RE) F16(RE) 231.68 276.13 207.91 316.73 

51 2 0 2 F F2(OR) 21 156.99 169.793 156.29 172.32 

52 2 0 68 F F2(OR) 23 205.64 221.684 176.8 189.099 

53 2 0 101 F F2(OR) 24 164.13 177.647 216.35 235.551 

54 2 0 107 F F2(OR) 25 205.71 222.496 122.62 130.096 

55 2 0 110 F F2(OR) 26 136.13 148.919 113.73 126.995 

56 2 0 116 F F2(OR) 28 132.49 146.861 133.54 151.362 

57 2 0 119 F F2(OR) 29 171.55 196.862 169.1 189.757 

58 2 0 5 F F2(OR) 210 204.8 223.518 166.79 179.271 

59 2 0 14 F F2(OR) 213 148.87 161.064 158.18 171.62 

60 2 0 20 F F2(OR) 215 189.68 206.739 119.33 127.401 

61 2 0 23 F F2(OR) 216 214.04 239.702 207.67 231.827 

62 2 0 26 F F2(OR) 217 229.65 248.312 183.38 195.308 

63 2 0 29 F F2(OR) 218 168.75 177.472 146.84 154.036 

64 2 0 32 F F2(OR) 219 178.06 187.559 113.8 117.629 

65 2 0 47 F F2(OR) 223 315.05 335.98 224.12 236.811 

66 2 0 50 F F2(OR) 224 291.95 315.05 228.46 244.035 

67 2 0 53 F F2(OR) 225 305.25 331.15 257.09 276.41 

68 2 0 59 F F2(OR) 227 207.39 222.643 195.14 206.291 

69 2 0 62 F F2(OR) 228 245.68 290.62 195.07 205.395 

70 2 0 65 F F2(OR) 229 232.52 255.095 194.58 216 

71 2 0 71 F F2(OR) 230 190.24 207.46 172.53 187.286 

72 2 0 74 F F2(OR) 231 287.75 315.939 242.74 265.427 

73 2 0 80 F F2(OR) 233 200.04 220.592 200.32 220.501 

74 2 0 83 F F2(OR) 234 267.38 302.45 177.5 195.21 

75 2 0 86 F F2(OR) 235 225.03 237.133 234.55 250.622 

76 2 0 92 F F2(OR) 237 209.84 221.145 191.29 203.561 

77 2 0 95 F F2(OR) 238 301.96 326.061 228.6 233.094 

78 2 0 98 F F2(OR) 239 216.91 245.659 167.49 187.342 

79 2 0 104 F F2(OR) 240 218.87 230.434 185.83 197.562 

80 3 3 0 P RR RR 240.43 358.1 244.7 354.18 

81 3 2 0 P OO OO 191.85 209.07 133.26 139.21 

82 3 4 0 P TT TT 184.57 210.74 149.85 175.34 
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83 3 1 0 P EE EE 220.27 322.05 191.43 296.5 

84 3 5 0 C F14(OR) F14(OR) 255.34 323.24 199.97 273.89 

85 3 9 0 C F15(OE) F15(OE) 269.62 360.76 210.40 284.67 

86 3 7 0 C F12(TR) F12(TR) 255.55 341.51 218.48 353.69 

87 3 8 0 C F13(TE) F13(TE) 173.37 225.87 150.9 193.523 

88 3 6 0 C F11(OT) F11(OT) 235.39 305.32 226.535 276.725 

89 3 10 0 C F16(RE) F16(RE) 266.61 330.66 179.77 281.18 

90 3 0 3 F F2(OR) 31 191.99 203.302 141.1 149.745 

91 3 0 36 F F2(OR) 32 212.29 230.245 95.74 100.766 

92 3 0 69 F F2(OR) 33 141.17 153.182 167.77 182.89 

93 3 0 102 F F2(OR) 34 220.34 242.74 166.51 181.14 

94 3 0 111 F F2(OR) 36 252.05 270.327 236.93 251.119 

95 3 0 117 F F2(OR) 38 244.49 264.629 249.74 269.466 

96 3 0 9 F F2(OR) 311 171.55 181.896 187.44 198.234 

97 3 0 12 F F2(OR) 312 212.85 228.845 184.22 194.216 

98 3 0 15 F F2(OR) 313 282.5 304.109 234.27 251.35 

99 3 0 21 F F2(OR) 315 190.17 203.855 188.42 202.273 

100 3 0 24 F F2(OR) 316 179.88 194.762 149.01 157.991 

101 3 0 27 F F2(OR) 317 204.38 234.48 192.97 206.746 

102 3 0 30 F F2(OR) 318 202.7 224.386 207.81 228.789 

103 3 0 33 F F2(OR) 319 244.84 251.189 253.94 261.948 

104 3 0 39 F F2(OR) 320 227.97 254.206 219.08 241.571 

105 3 0 45 F F2(OR) 322 253.1 270.551 183.17 189.239 

106 3 0 48 F F2(OR) 323 251.98 265.63 248.69 270.292 

107 3 0 51 F F2(OR) 324 242.67 257.86 184.5 193.565 

108 3 0 54 F F2(OR) 325 262.9 281.52 222.23 236.608 

109 3 0 63 F F2(OR) 328 215.09 227.326 179.25 187.804 

110 3 0 66 F F2(OR) 329 137.39 160.602 109.53 120.8 

111 3 0 72 F F2(OR) 330 157.83 179.124 147.26 166.447 

112 3 0 75 F F2(OR) 331 174.49 188.854 142.71 153.21 

113 3 0 81 F F2(OR) 333 178.48 198.78 124.72 133.645 

114 3 0 84 F F2(OR) 334 174.42 186.46 142.92 151.796 

115 3 0 90 F F2(OR) 336 164.76 184.514 127.8 140.645 

116 3 0 96 F F2(OR) 338 179.39 194.944 160.42 173.769 

117 3 0 99 F F2(OR) 340 207.1 240.91 118.5 133.02 
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