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ABSTRACT 

 

GERMPLASM EVALUATION OF COMMON BEANS FOR END-USE QUALITY: SEED 

COAT COLOR AND COOKING TIME OF YELLOW BEANS AND PASTE QUALITIES OF 

MICHIGAN BEAN VARIETIES 

 

By 

Rie Sadohara 

Consumption of dry beans is low in the U.S. and the genetic improvement of end-use quality traits 

of dry beans and the development of new uses for beans offer potential opportunities to increase 

consumption. This research aimed to 1) characterize a yellow bean diversity panel for seed coat 

color and cooking time, 2) investigate the G×E and inheritance of seed coat color and cooking time 

of the diversity panel via genome-wide association (GWA), 3) evaluate the suitability of MI-bred 

bean varieties for sweet paste qualities, and 4) inform bean breeders of the food industry’s needs 

for bean flour. A Yellow Bean Collection with 295 lines grown in MI and NE were evaluated for 

seed coat color, post-harvest darkening, and cooking time. Machine-learning was used to develop 

a procedure to automatically exclude hilum and corona areas in bean images and extract L*a*b* 

color values from seed coat. Color values, post-harvest darkening, hilum, and corona colors 

mapped to the ground factor P gene. Cooking time evaluation identified 20 lines that cooked within 

20 min in MI and five lines that cooked within 31 min in higher-altitude NE. GWA identified  a 

polygalacturonase gene as a candidate gene for cooking time. G×E was significant for seed coat 

color and cooking time, and MI-grown seeds were generally darker and faster-cooking than NE-

grown. Six white bean varieties and one cranberry genotype were evaluated for sweet bean paste 

qualities: paste yield, color, stickiness, and flavor. Large-seeded white varieties performed similar 

or higher for many of the quality traits than Hime, an industry standard, showing their potential as 

a novel food application in the U.S. An electronic survey was conducted targeting U.S. food 



 

 

industry professionals who use pulse and/or wheat flour. Seventy-five valid responses were 

collected, and flavor and functionality rather than lectins or gluten contamination were the most 

important challenges in utilizing bean flour. These studies will be useful in selecting germplasm 

for favorable qualities to consumers such as bright yellow color, non-darkening after storage, fast 

cooking time, and high bean paste and bean flour qualities.  
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The Phaseolus vulgaris Yellow Bean Collection: Genetic diversity and characterization for 

cooking time 

 

Rie Sadohara1, Paulo Izquierdo1, Filipe Couto Alves2, Timothy Porch3, James Beaver4, Carlos A. 

Urrea5, Karen Cichy1,6 

1. Department of Plant, Soil, and Microbial Sciences, Michigan State University, MI, USA 

2. Department of Epidemiology and Biostatistics, Michigan State University, East Lansing, 

MI, USA 

3. Tropical Agriculture Research Station, USDA-ARS, Mayaguez, PR, USA 

4. Department of Agroenvironmental Sciences, University of Puerto Rico, Mayaguez, PR, 

USA 

5. Panhandle Research & Extension Center, Scottsbluff, NE, USA 

6. Sugarbeet and Bean Research Unit, USDA-ARS, East Lansing, MI, USA 

 

Abstract 

Common bean (Phaseolus vulgaris L.) is a nutrient-rich food, but its long cooking times hinder its 

wider utilization. The Yellow Bean Collection (YBC) was assembled with 295 genotypes from 

sources globally to assess the genetic and phenotypic diversity for end-use quality traits in yellow-

colored beans. The panel was genotyped via Genotyping-By-Sequencing (GBS) identifying over 

2,000 SNPs. Through population structure analyses with the GBS markers, the YBC was 

determined to be 69% Andean, 26% Middle American, and 5% admixture. The YBC was grown 

in two major bean production regions in the US, Michigan and Nebraska over two years. The 

genotypes exhibited wide diversity in days to flower, seed weight, water uptake, and cooking time. 

Notably, the cooking times of the YBC ranged from 15-210 min among environments and years. 

The cooking time varied more widely in NE with many more genotypes exhibiting hardshell than 
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in MI. Fast-cooking genotypes were identified with various yellow colors; 20 genotypes cooked 

within 20 min in MI, and five genotypes cooked within 31 min at a higher altitude in NE. Water 

uptake and cooking time were significantly affected by the environment, resulting in a genotype-

by-environment interaction. Significant SNPs for cooking time were identified with genome-wide 

association analyses and a polygalacturonase gene on chromosome Pv04 was considered to be a 

candidate gene for hardshell and cooking time. The genotypic and phenotypic variability, fast-

cooking genotypes, and the associated SNPs of the YBC will lay the foundation for utilizing 

yellow beans for breeding and genetic analyses. 

 

Introduction 

Common bean (Phaseolus vulgaris L.) is rich in diversity for seed sizes, shapes, colors, and 

patterns. One interesting color class within P. vulgaris, is yellow. Yellow beans occur in many 

shades and sizes (Figure 1.1), and they make up important market classes in Latin America, the 

Caribbean, and Africa (Kilimo Trust, 2012; Voysest, 2012; Wortmann et al., 1998). The premier 

source of yellow colored beans is the Peruvian coast, where they have been grown since ancient 

times (Voysest, 2012). Including some unique classes only found in Peru, there are at least a dozen 

market classes of yellow beans produced in Latin America. Yellow beans are also important in 

African countries including Angola, Tanzania, and Kenya (Buruchara et al., 2011). In fact, yellow 

beans fetch higher prices than other seed types in Zambia (Sichilima et al., 2016), and they are the 

most preferred type in Uganda (Kilimo Trust, 2012). A few of the most important yellow market 

classes include Manteca, Canario, and Mayocoba in Latin America, and Njano in Tanzania (Sones, 

2015). 
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Manteca is a market class with pale lemon-yellow seed coat and medium-sized seeds. 

Mantecas have been preferred by consumers in Chile because they were easier to digest and were 

more expensive due to this added benefit (M. J. Bassett, 1999; Leakey, 1992). The consumers’ 

perception of low flatulence may be explained by the observations that Manteca beans are free of 

tannins, which can decrease starch and protein digestibility (Beninger et al., 1998), and low in 

indigestible proteins, starch, and insoluble dietary fiber (Engleright et al., 1999; Hooper et al., 

2016; Hosfield et al., 1998). Beans of lemon yellow color have other advantages such as good taste 

and texture (Beninger et al., 1998; Hosfield et al., 1998). Moreover, some Manteca beans have 

been found to be fast-cooking and high in bioavailable iron (Cichy, Wiesinger, et al., 2015; J. 

Wiesinger et al., 2018) due to their unique polyphenolic profiles with high levels of iron absorption 

promoters and low levels of inhibitors (Hart et al., 2020). Therefore, Manteca beans have offered 

multiple end-use and nutritional attributes that benefit consumers. 

Peruvian Canario has a bright yellow seed coat color similar to a canary bird with no hilum 

ring color and has a long history of cultivation in Peru (Voysest, 2012). It was introduced to 

Mexico in the 1970s and was given the name Peruano in Mexico to distinguish it from the Canario 

type that existed in Mexico, which has a duller yellow seed coat and a dark hilum ring. Peruano 

was crossed with Mexican Canario to produce varieties that have the same seed coat color as the 

bright yellow Peruano. One of the resultant varieties, ‘Azufrado Pimono 78’, is also called 

Mayocoba, and Mayocoba became the name for the Peruano seed type in the U.S. (M. J. Bassett, 

2002; Voysest, 2012). Mayocoba beans have been involved in a highly controversial U.S. patent 

granted to a Peruano type yellow bean called Enola in 1999, which claimed exclusive monopoly 

rights for the bright yellow seed color (Proctor, 1999). DNA fingerprinting concluded that Enola 

was most likely a selection of yellow beans brought back from Mexico, involving no ‘development’ 
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of the color, and genetically identical to Azufrado Peruano 87 (Pallottini et al., 2004). The patent 

was cancelled after a protracted legal battle, but this incident discouraged U.S. bean breeders to 

invest as much effort in the improvement of the Mayocoba bean class as compared to other market 

classes. However, Mayocoba beans have been included in varietal trials for many years, and some 

Mayocoba-type varieties were recently released including Yellowstone and Patron (US 

Department of Agriculture, Agricultural Marketing Service 2019; Kelly et al., 2021). 

Yellow beans are important market classes in Eastern and Southern Africa, where beans 

are produced and consumed as a dietary staple (Broughton et al., 2003; Wortmann et al., 1998). 

Yellow beans in Africa vary in shape, size, and color with regional preferences by consumers 

(Sichilima et al., 2016; Tumeo et al., 2017; Wortmann et al., 1998). Green-yellow shaded beans 

are referred to as Njano Kijani and Kijivu in Tanzania (Dr. Susan Nchimbi-Msolla, Sokoine 

University of Agriculture, Tanzania, personal communication), and Njano is a preferred type for 

home consumption in Tanzania (Sones, 2015). The yellow bean class in Angola, Manteiga, is a 

popular seed class composed of several seed coat colors, ranging from cream to yellow, often 

grown or marketed in mixtures. Yellow, tan, and brown seed types are particularly popular in 

Angola and account for 11% of seed produced in the region including Eastern and Southern Africa 

(Wortmann et al., 1998). However, information is limited about preferred seed types and the 

history of yellow beans in other African countries. A thorough and updated review is needed for 

the diversity of yellow beans in Africa similar to Voysest (2012) which reviewed all the yellow 

beans present in Latin America.  

One of the quality characteristics associated with some market classes of yellow beans is 

fast cooking times (Mishili et al., 2011). Cooking time is the length of time beans take to be cooked 

and palatable. Beans typically take 30 min - 2 hours to be cooked, but beans with shorter cooking 
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times are demanded by consumers and could lead to increased consumption in countries where 

beans are eaten less frequently (Aseete et al., 2018; Brouwer et al., 1996; Smith et al., 2013; J. 

Wiesinger et al., 2018). In order to improve any trait including cooking time through plant breeding, 

wide genetic diversity and a high heritability for the trait are desirable. 

A wide genetic variability in cooking time has been observed in common beans, and yellow 

beans were one of the fastest cooking types identified in an Andean bean diversity panel (ADP) 

(Cichy, Wiesinger, et al., 2015). In addition, yellow beans are found in both of the two genepools 

of common bean, Andean and Middle American (MA) (Voysest, 2012), making inter- or intra- 

genepool crosses an option for plant breeders. The heritability of cooking time is estimated to be 

moderate to high (Cichy et al., 2019; Elia et al., 1997; Garcia et al., 2012; Jacinto-Hernandez et 

al., 2003; Katuuramu et al., 2020). The high genetic variability and heritability highlights the 

possibility of improving (shortening) cooking times of beans, and yellow beans will be a useful 

material to study and exploit for the fast-cooking trait. In addition to genetic architecture, cooking 

time of beans can also be impacted by the production environment (A. Bassett, Kamfwa, et al., 

2021; Berry et al., 2020; Cichy et al., 2019). Therefore, it is necessary to assess the environmental 

effect and genotype x environment interaction on the cooking time performance of bean 

germplasm.  

The objectives of this research were to 1) describe the genetic diversity of a Yellow Bean 

Collection (YBC) of 295 yellow beans (P. vulgaris) assembled with germplasm from the Americas, 

Europe, and Africa; 2) evaluate bean water uptake and cooking time when the YBC was grown in 

two major bean producing regions in the U.S.; and 3) investigate the genetic control of water 

uptake and cooking time and G x E effects. 
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Materials and methods 

Plant material 

A collection of 295 Phaseolus vulgaris L. accessions with various yellow seed colors were 

assembled from global sources (Table 1.1). This diversity panel is called the Yellow Bean 

Collection (YBC). A set of 14 non-yellow genotypes and commercial varieties (white kidney, navy, 

cranberry, red mottled, light red kidney, and dark red kidney) were evaluated as controls for this 

panel: some with good agronomic adaptation to Michigan growing conditions (navy, dark red 

kidney, and light red kidney), and some previously characterized for cooking time G x E (Cichy 

et al., 2019). The characteristics of the control genotypes are shown in Table S1.6.  

 

Field design 

The YBC lines and 14 control varieties were grown at Michigan State University Montcalm 

Research Station (43°21.2'N, 85°10.6'W, 284 m elevation) in 2018 and 2019, and at the Scottsbluff 

(41°53.6’N, 103°40.7’W, 1200 m elevation) and Mitchell, Nebraska, Ag Labs (41°56.6’N, 

103°41.9’W, 1240 m elevation), in 2018 and 2019, respectively. The local standard agricultural 

practices were followed in terms of fertilizer, herbicide, and pesticide applications as described by 

Kelly et al. (2018) and Kelly et al. (2019) in all the environments. Sets of 210-265 genotypes were 

planted and phenotyped for days to flower, 100-seed weight, water uptake, and cooking time 

(Table S1.7). Fewer genotypes were planted in Nebraska due to the initial shortage of seed of the 

27 lines from Haiti. Each genotype was planted in a randomized complete block design with two 

field replications. At the Montcalm Research Station in Michigan, each plot consisted of four 6.1-

m rows with 0.51-m row width. The central and the outer rows of each plot were sown with seeds 

of the YBC genotypes and a dark red kidney bean, respectively, with sowing density of around 13 
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seeds per linear meter. Forty-five lines were sown at a reduced rate (25 seeds/row) in 2018 due to 

a shortage of seed. Rainfall was supplemented with an overhead irrigation applied 10 times 

throughout the growing season with 13.7 mm (5.4 inches) in total in 2018 and 12 times with 18.4 

mm (7.25 inches) in total in 2019. At maturity, all bean plants in the center 4.6-m section of the 

center two rows were hand-pulled, and the seeds were harvested using a Hege plot thresher. 

Harvested seeds were dried at room temperature, cleaned to remove chaff, stones, and plant debris 

by using a seed cleaner (Clipper Office Tester, AT Ferrell Company Inc., Bluffton IN, USA), hand-

cleaned to remove gravel and damaged or foreign seeds, and stored at a low-temperature and low-

humidity storage chamber until water uptake and cooking time were measured. At the Scottsbluff 

and Mitchell Ag Labs, each plot consisted of two 3.7-m rows with 1.11-m row width, with a 

sowing density of around 16 seeds per linear meter. Rainfall was supplemented with an overhead 

and furrow irrigation applied 10 times throughout the growing season with 412.0 mm (16.24 

inches) in total in 2018 and 10 times with 409.5 mm (16.12 inches) in total in 2019. At maturity, 

all bean plants in the center 3.0-m section of the two rows were hand-pulled, and the seeds were 

harvested by using an Almaco plot thresher. Harvested seeds were dried at room temperature, 

cleaned to remove chaff, stones, and plant debris by using a seed cleaner (Clipper Office Tester, 

AT Ferrell Company Inc., Bluffton IN, USA), hand-cleaned to remove gravel and damaged or 

foreign seeds, and stored at a room-temperature until water uptake and cooking time were 

measured. 

 

Water uptake and cooking time measurement 

Seed moisture was equilibrated in a cold storage room at 4°C and 75% relative humidity and 

confirmed to be in the range of 10-14% before the bean samples were subjected to water uptake 
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and cooking time measurement. An automated Mattson cooker system was used to measure 

cooking times according to the method described by Cichy et al. (2015b). Briefly, 30 seeds were 

soaked in distilled water for 12 hours for genotypes grown in MI and 16 hours for genotypes grown 

in NE, and the soaked weight was measured after blotting soaked seeds with a paper towel. The 

water uptake was calculated as water absorbed by the seeds (g) {dry seed weight before soaking 

(g)}-1 x 100. Twenty-five soaked seeds were placed on an automated Mattson cooker apparatus 

(Wang & Daun, 2005), cooked in boiling distilled water, and the 80% (20th) pin drop time was 

recorded as the cooking time. The cooking time of each field replication was measured. In 

Michigan, 9 lines in 2018 and 2 lines in 2019 had only one field replication planted or harvested. 

For these lines, two samples from the harvested plot were taken and treated as technical 

replications. The mean of the two field or technical replications were used as the cooking time for 

each environment and year. 

 

Statistical analyses 

The water uptake and cooking time data for MI and NE for 2018 and 2019 were transformed 

according to Box-Cox transformation (Box & Cox, 1964) by using the MASS package (Venables 

& Ripley, 2002) in R (R Core Team, 2017). The statistical analyses of the phenotypes collected 

on all trials were performed with the following mixed liner model: 𝑌𝑖𝑗𝑘𝑙 = 𝜇 +  𝐺𝑖 +  𝐸𝑗 + 𝑌𝑘 +

𝐸𝑌𝑗𝑘 + 𝐺𝐸𝑖𝑗 + 𝐺𝑌𝑖𝑘 + 𝐺𝐸𝑌𝑖𝑗𝑘 + 𝐵(𝐸𝑌)𝑗𝑘𝑙 +  𝜀𝑖𝑗𝑘𝑙, where: Yijkl is the phenotypic value of the ith 

YBC genotype grown in the lth block of the jth environment in the kth year, µ is the grand mean, 

and Gi is a random effect of the ith genotype. Ej and Yk are fixed effects of the jth environment 

and the kth year, respectively, EYjk, GEij, and GYik are two-way interaction terms, GEYijk is a 

three-way interaction term, B(EY)jkl is a random effect of the lth block nested in the jth 
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environment and in the kth year, and εijkl is an error term. The variance components of the model 

were used to calculate the broad-sense heritability of the traits (Fehr, 1987). The variance 

components were also used to partition the interaction terms into two parts, V and L. V represents 

variation due to heterogeneity of genotypes among various environments, and L represents the 

lack of correlation between genotypes among various environments (Cooper & DeLacy, 1994; 

Dickerson, 1962). If V accounts for a large portion of genotype x environment, selection would be 

more straightforward, and genotypes with the highest mean could be selected. If L is the more 

important portion of genotype x environment effect, the interaction would complicate selection 

due to changes in rank of genotypes in various environments. Only significant interactions of 

interest (i.e., genotype x environment and genotype x year) were examined for each trait.  

The broad-sense heritability was also estimated within each environment by using the 

following mixed linear model: 𝑌𝑖𝑗𝑘 = 𝜇 + 𝐺𝑖 +  𝑌𝑗 + 𝐺𝑌𝑖𝑗 + 𝐵(𝑌)𝑗𝑘 + 𝜀𝑖𝑗𝑘 , where Yijk is the 

phenotypic value of the ith genotype grown in jth year in the kth block, µ is the grand mean, Gi is 

the random effect of the ith genotype, Yj is the fixed effect of the jth year, GYij is the interaction 

term of the ith genotype and the jth year, B(Y)jk is the random effect of the kth block nested in the 

jth year, and εijk is the error term. The Best Linear Unbiased Estimators (BLUE: least squares 

means) were calculated for the 260 and 217 phenotyped individuals for cooking time grown in MI 

and NE, respectively by setting the genotype as a fixed effect and all other terms as random effects 

using the emmeans package (Lenth, 2021) in R for genome-wide association (GWA). All models 

were fitted using the lme4 (Bates et al., 2015) and the lmerTest (Kuznetsova et al., 2017) packages 

in R. 
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Genotyping of the YBC accessions and genetic identity controls 

Five seeds of each YBC line were planted in the Michigan State University research greenhouse. 

Five trifoliate leaves per line were collected, frozen at −80°C, lyophilized, and milled by using a 

benchtop mill (Geno Grinder 2000, Spex Certiprep, Metuchen, NJ, USA). DNA was extracted 

from the milled leaves by using NucleoSpin Plant II Kit (Macherey-Nagel, Duren, Germany) 

following the ‘Genomic DNA from plant’ protocol. DNA was eluted in 50 μL of PE buffer. The 

purity of DNA was checked by running random samples of DNA on 1% agarose gels visualized 

using ethidium bromide stain. DNA concentration was measured by using Quant-iT™ 

PicoGreen™ dsDNA Assay Kit (Invitrogen), and 10 ng/μL of DNA was used for Genotyping-By-

Sequencing (GBS) library preparation according to Elshire et al. (2011) with a single restriction 

enzyme, ApeKI. Barcoded DNA from 96 lines were pooled into one sequencing sample. Of the 96 

adapter sequences, 11 were modified to increase specificity according to Thomas P. van Gurp 

(http://www.deenabio.com/services/gbs-adapters, accessed on April 20, 2018). The libraries were 

cleaned by using NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Duren, Germany) and 

sequenced with an Illumina standard HiSeq 4000, generating 150 bp single-end reads at RTSF 

Genomics Core at Michigan State University. Cutadapt ver. 1.16 was used to remove the adaptor 

sequence ‘GAGATCGGAAGAG’ with a minimum base quality score of 20, a minimum read 

length of 36, a maximum adapter sequence repeat of 3 times, and with the “remove flanking N 

bases from each read” option. FastQC ver.0.11.7 was used to confirm that there was no 

overrepresented sequences or adapter sequences in the libraries. An additional set of four control 

varieties, 1) Puebla 152 (black, MA race Mesoamerica), 2) Stampede (pinto, MA race Durango), 

3) Montcalm, and 4) Talon (dark red kidneys, Andean race Nueva Granada) with known genepool 



12 

 

origins were sequenced by using the same method described above except that 50 bp single-end 

reads were generated. 

 

SNP calling 

SNP calling with the 18 control varieties and 295 YBC lines was carried out by using NGSEP 

software (Duitama et al., 2014). The libraries were de-multiplexed, and the reads of each line were 

aligned to the P. vulgaris genome ver.2.0 (Phytozome, https://phytozome.jgi.doe.gov/). 

Approximately 2 million SNPs and in-dels were called among the 295 YBC lines and 18 control 

varieties. SNPs were removed if they contained heterozygous calls, were non-biallelic,  had a 

quality score < 40,  were on scaffolds, or were on the predicted repetitive regions of the common 

bean genome (BeanWGS_RefV2_CIAT_UCDAVIS_repeatsNGSEPMergedMasked.txt, 

downloaded on December 18, 2018 from 

https://datadryad.org/stash/dataset/doi:10.5061/dryad.46pk7 (Lobaton et al., 2018)), after which 

417,142 SNPs were retained. Heterozygous loci were removed because they are potentially 

genotyping errors as common bean is a self-pollinating species and is expected to have almost all 

homozygous genotypes. These 417,142-SNPs were the base SNP set, and it was filtered in 

different ways for the following uses. 

 

Population diversity analyses 

The base SNP set was further filtered for a minimum minor allele frequency (MAF) of 5% and < 

20% missing genotyping data, which resulted in 2,234 SNPs. This SNP set was used for a principal 

component analysis using PLINK ver. 1.9 (Purcell et al., 2007). The first 10 principal components 

https://phytozome.jgi.doe.gov/
https://datadryad.org/stash/dataset/doi:10.5061/dryad.46pk7
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were calculated, and the ggplot2 package (Wickham, 2016) in R (R Core Team, 2017) was used 

to visualize the diversity of the panel and the control varieties. 

The base SNP set was filtered to remove SNPs in linkage disequilibrium (LD) to comply 

with the assumption by the STRUCTURE program that markers are at LD within subpopulations 

(Pritchard et al., 2000). Pairwise LD was calculated with a window size of 50 kb, a shift size of 5, 

and SNPs with R2 > 0.8 were removed using PLINK ver. 1.9 (Purcell et al., 2007). The resulting 

862 SNPs were used to conduct population structure analyses by STRUCTURE ver. 2.3.4 using 

the admixture model with independent allele frequencies and no prior population information for 

10,000 burn-in periods followed by 50,000  Markov chain Monte Carlo (MCMC) replications 

(Pritchard et al., 2000). The first significant population split was determined by using delta K, 

which is a value related to the second order rate of change in the likelihood of the number of 

clusters (Evanno et al., 2005). Structure Harvester (Earl & VonHoldt, 2012) was used to determine 

delta K from the STRUCTURE output, which returned K=2 as the strongest population division. 

Common bean diversity studies have shown that there are two distinct genepools present in 

common bean: Andean and Middle American (Gepts et al., 1986; Gepts & Bliss, 1985; Koenig & 

Gepts, 1989). The control lines of known genepool origin were specified in the second run of 

STRUCTURE analyses with subpopulation numbers (K) from 2 to 4 for 10,000 burn-ins and 

50,000 MCMC replications using prior genepool information of the 15 control varieties to assign 

individuals to clusters (Pritchard et al., 2009). 

The base SNP set was filtered by using SNPhylo ver. 20140701  (Lee et al., 2014) with the 

default filtering conditions to remove SNPs with > 20% missing data, < 5% MAF, and/or pairwise 

LD of R2 > 0.8 with a sliding window size of 500 kb. As a result, 965 SNPs were retained and used 

to construct a phylogenetic tree. The phylogenetic tree generated by SNPhylo was visualized by 
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using FigTree ver. 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/, downloaded on December 16, 

2020). 

 

Genome-wide association study 

The base 417,142-SNP set was further filtered to include the 260 and 217 YBC lines grown and 

phenotyped for water uptake and cooking time in MI and NE, respectively, and to exclude SNPs 

with > 20% missing data or < 5% MAF. As a result, 2,285 and 2,317 SNPs for MI and NE, 

respectively, were selected for GWAS. GWAS for cooking time in MI and NE were conducted by 

using the GAPIT package in R (Lipka et al., 2012) using the least squares means, which were 

adjusted for the year effects. Bayesian-information and linkage-disequilibrium iteratively nested 

keyway (BLINK) model was then used to detect associations between the SNPs and the traits 

(Huang et al., 2019). BLINK runs two fixed effect models: the first one tests associations between 

markers and trait values with pseudo quantitative trait nucleotides (previously associated SNPs 

with the trait; QTNs) as covariates and the second one optimizes the selection of QTNs to be 

included as covariates in the first model using Bayesian Information Criteria. BLINK has higher 

statistical power than its preceding model, Farm-CPU. A false discovery rate at α=0.05 was used 

to call associations significant. The CMplot package (Yin, 2020) in R was used to generate QQ 

plots and Manhattan plots.  

 

Results 

Genetic diversity  

The YBC is comprised of 295 P. vulgaris accessions with yellow-colored seeds primarily 

represented by major bean production regions of the world such as Africa (89 accessions), 

http://tree.bio.ed.ac.uk/software/figtree/
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followed by North America (83), South America (51), Europe (35), Central America and the 

Caribbean (32), and Middle East and East Asia (5) (Table 1.1). The color types of the YBC 

accessions included Amarillo light and dark, beige, brown, Canario (Mexican), Manteca, 

Mayocoba, and green-yellow (Njano) (Figure 1.1). 

The genetic diversity of the YBC was evaluated through principal component analysis 

(PCA), analysis with STRUCTURE, and the generation of a phylogenetic tree. With PCA, most 

of the variance was explained by the first three principal components, with PC1 explaining 63.8%, 

PC2 explaining 16.1 % and PC3 explaining 4.5 % of the variation (Figure S1.8). PC1 separated 

the Andean and Middle American YBC lines, and PC2 separated the Middle Americans into two 

groups: defined by Mesoamerica and Jalisco-Durango races (Figure 1.2A). The accessions 

scattered in the middle of the plot were considered as admixtures between genepools. Many of the 

accessions in the Jalisco-Durango cluster are from North America, specifically Mexico, while the 

accessions in the Mesoamerica group are from Central America and Caribbean, mainly Haiti. PC3 

separated Andeans into subgroups; The Andean lines from Africa and South America had higher 

values of PC3 while the Andean lines from Europe had lower values of PC3 (Figure 1.2B). 

The STRUCTURE analysis at K=2 classified the YBC lines and the non-yellow 18 control 

genotypes into two clusters: Andean and Middle American similar to PC1 (Figure 1.3A). The 

YBC lines were classified as Andeans if the proportion of K1 was 70% or higher, and as Middle 

Americans if the proportion of K2 was 70% or higher. The lines that had less than 70% of both K1 

and K2 were classified as admixtures. With the 70% cutoff, 203 YBC lines were classified as 

Andeans, 16 as admixtures, and 76 as Middle Americans. The membership proportions of the YBC 

in order of their geographical origin are shown in Figure 1.3B. K=2 shows that the accessions 

from Mexico contain both Andean and Middle American genotypes. At K=3, the Andeans were 
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separated into two subgroups; many of the U.S., Canadian, and CIAT lines from South America 

had high membership of K3. At K=4, both Andeans and Middle Americans were divided into two 

subgroups as expected from the results of K=2 and K=3. 

The phylogenetic tree generated by SNPhylo is shown in Figure S1.9. As observed with 

PCA and STRUCTURE analyses, the YBCs were separated into two major groups: Andean and 

Middle American, and the lines that were considered as admixtures according to the population 

structure analysis at K=2 were placed between the two genepool clusters or with a longer distance 

from the Andean or Middle American clusters. Andeans formed a denser cluster than Middle 

Americans, which separated into Mesoamerica (leftmost) and Jalisco-Durango groups. In 

summary, the PCA, STRUCTURE, and SNPhylo analyses all agreed that the YBC contains 

Andean, Middle American, and admixed accessions.  

 

Phenotypic diversity 

The YBC was evaluated for plant growth habit (MI 2018), days to flower, seed size, water uptake, 

and cooking time (MI and NE in 2018 and 2019). The plant growth habit of the YBC by genepool 

is shown in Table S1.8. The Andean genotypes were 63% determinate and 37% indeterminate, 

whereas most of the admixtures and Middle American lines were indeterminate.  

 

Days to flower 

The YBC lines in each genepool exhibited variability for days to flower. Andeans had a higher 

proportion of genotypes that flowered early (about 37 days) than Middle Americans and admixture 

genotypes in all the environments and years (Figure S1.10). Out of 58 Middle American genotypes, 

40 took 50 days or more to flower in MI 2018, but when almost the same set of genotypes were 
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grown in MI 2019, the most frequently observed days to flower of the Middle Americans was 

between 45-50. Many of the Jalisco-Durango lines from Mexico were unadapted in Michigan and 

Nebraska (i.e., did not flower or flowered/matured too late) due to photoperiod sensitivity. Days 

to flower measured in 2018 and 2019 were highly correlated within each environment (Figure 

S1.11). 

 

100-seed weight 

On average, the Andean YBC lines had the largest seed weights, the admixtures were intermeditate, 

and the Middle American genotypes were the lowest. This trend was observed in both 

environments and across years (Figure S1.10).  Andeans and admixed genotypes produced smaller 

seeds in NE than in MI in both years, while Middle American genotypes produced seeds of similar 

size in all the environments. Since the plots were irrigated in NE, there should not have been 

drought stress; however, the Andeans and admixed genotypes might have been heat-stressed, 

flowered early, and produced smaller seeds under the NE environment. In 2018 and 2019, the 

number of days with temperatures above 30°C were  35 and 32, respectively. Temperatures above 

30°C cause excessive flower drop and abortion of fertilized ovules (Rainey & Griffiths, 2005). 

The seed weights measured in 2018 and 2019 were highly correlated within each environment 

(Figure S1.12). 

 

Water uptake and cooking time 

The YBC seeds exhibited a large variability in water uptake and cooking time (Table 1.2). The 

water uptake and the cooking times of the YBC ranged from 7% to 132% and from 15 to 210 min, 

respectively, and the mean and the median cooking times were larger for NE than MI in both years. 
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Beans typically double in weight after being fully hydrated, which is equal to 100% water uptake. 

The YBC lines grown in MI showed normal distributions around 90-100% for water uptake in 

both years with a small number of lowly hydrating lines (Figure 1.4A). In contrast, the YBC grown 

in NE showed much flatter distributions with the medians lower than those grown in MI. The 

distributions of cooking time were similar to those of water uptake except that the cooking time 

distribution for NE 2018 was similar to a normal distribution but skewed towards longer cooking 

times (Figure 1.4B). In NE, the lines that had low water uptake had longer cooking times, whereas 

in MI, there was not a strong relationship between water uptake and cooking time (Figure S1.13). 

The cooking times measured in each environment were moderately consistent across the 

two years, although genotypes grown in NE showed higher year-to-year variability (Figure S1.14). 

The cooking times of the genotypes grown in MI and NE were not highly correlated for either 

2018 or 2019 (Figure S1.15). The cooking time distribution by genepool is shown in Figure 1.5. 

In MI, there was no obvious difference by genepool in the cooking time distributions, but the 

Middle Americans had a peak at a slightly shorter time in 2019. In NE, Andeans tended to be the 

faster cooking than admixtures and Middle Americans. There was no large difference in cooking 

time between seed size categories in MI for both years, whereas small-seeded beans took longer 

to cook in NE, especially in 2019 (Figure S1.16), and this is considered as a result of the lower 

water uptake by small-seeded beans, mainly for the Middle Americans (Figure S1.17). The 

genotype effects were only significant for cooking time while the year, environment, genotype x 

environment, environment x year, and genotype x environment x year were all significant for water 

uptake and cooking time (Table 1.3). The lack of significance for the genotype effect for water 

uptake may be related with the flat distribution of the phenotypes observed in NE in both years 

(Figure 1.4A). For water uptake, the genotype x environment was partitioned into 47% V and 53% 
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L. For cooking time, genotype x environment was partitioned into 1% V and 99% L (Table 1.3). 

The higher L for cooking time corresponded with the low correlation of cooking time among 

genotypes between the two environments (Figure S1.15). The broad sense heritability estimate of 

cooking time was low (0.34) when both environments were combined but was higher when 

estimated for each environment (0.80 for MI and 0.63 for NE, Table 1.3).  

Table 1.4 shows the five fastest cooking beans grown in MI and NE. Four of the five fastest 

cooking beans in MI were classified as Middle Americans, and none were part of the Andean 

Diversity Panel. They were small-seeded, and their seed colors varied from beige to dark orange. 

In NE, all the five fastest cooking beans were Andean and had similar seed coat colors of lemon- 

yellow or yellow but differed in seed size ranging from 19.8 to 45.3 g per 100 seeds. YBC231 was 

the fastest cooking in both environments, and the other four fastest cooking beans in NE were also 

fast cooking (28 min or less) in MI. 

 

GWAS for water uptake and cooking time 

The QQ plots and Manhattan plots generated from the GWAS analyses for water uptake and 

cooking time are shown in Figures 1.6 and 1.7. For water uptake, significant SNPs were identified 

on Pv01, Pv02, Pv04, Pv08, and Pv09 (Table 1.5). For cooking time, significant SNPs were 

identified on Pv01, Pv03, Pv04, Pv06, Pv08, and Pv10 (Table 1.5). The phenotypic effect was 

generally larger for SNPs detected in NE than in MI, which corresponds to the wider distribution 

of both water uptake and cooking time in NE (Figures 1.4A, 1.4B). There was no overlap of 

significant SNPs between MI and NE for either water uptake or cooking time, thus associations 

were environment dependent. However, there were some overlaps for SNPs for both traits within 

each environment. The two significant SNPs detected on Pv08 for water uptake and cooking time 
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in MI were 677 kb apart. The SNP Chr04pos4548944 identified in NE was significant for both 

traits: water uptake and cooking time.  

The major allele groups had shorter cooking times than the minor allele groups for all the 

significant SNPs in NE.  For MI, the results were mixed. Two out of four significant SNPs had the 

major allele group having shorter cooking times (Table 1.5). These findings lend some degree of 

support to our original idea that yellow beans are a source of fast cooking time, with the growing 

environment playing an important part. The cooking time ranges of the five fast-cooking control 

varieties were 18-29 min in MI and 26-83 min in NE, and those of the three slow-cooking control 

varieties were 22-41 min in MI and 34-117 min in NE. The cooking time ranges of the YBC 

genotypes were larger than those of the control varieties, and some YBC genotypes cooked faster 

than the fast-cooking control varieties in each combination of environment and year, indicating a 

rich genetic diversity in cooking time of the YBC. 

 

Discussion 

Prior studies on yellow beans for consumer-focused traits such as fast cooking times and high iron 

bioavailability have produced interesting findings (Cichy, Wiesinger, et al., 2015; J. Wiesinger et 

al., 2018; J. A. Wiesinger et al., 2016). Given the diversity in shape, size, and colors within yellow 

beans and their importance in markets across the world, the YBC was assembled to facilitate the 

improvement and use of yellow beans. Genotypic and phenotypic characterization of the YBC for 

important traits will help assess the potential of the panel as a resource for breeding and genetic 

studies. 

The YBC lines were genotyped by using the GBS technology and the genetic diversity was 

assessed using PCA, STRUCTURE, and phylogenetic analyses. All the analyses indicated that the 
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YBC lines can be grouped as Andean, Middle American, or admixture lines. The first major split 

of the panel separated Andean from Middle American accessions and was consistent with previous 

studies (Cichy, Porch, et al., 2015; Díaz & Blair, 2006; Oladzad et al., 2019). The existence of 

yellow beans in both genepools is advantageous in providing beneficial traits to other market 

classes because of the difficulty in inter-genepool hybridization in common bean (Gepts and Bliss, 

1985). 

Sixty-two genotypes in the YBC were classified as Mayocoba type, 32 of which were from 

South America. Among the 32 genotypes from South America, 27 were from CIAT, Colombia. 

Most of the accessions originating from South America were in the Andean cluster, which is 

expected considering that the Andean genepool includes accessions from this region. The 

Mayocoba type also included 19 U.S. breeding lines and one variety (YBC116, Myasi). Our 

STRUCTURE analysis showed that one of the Andean subgroups at K=3 consisted of genotypes 

from U.S. breeding lines and CIAT lines (Figure 1.2B). K3 in this case could be separating race 

Peru from other Andeans races because many of these lines were collected in Peru, Ecuador, Chile, 

or Colombia, where race Peru beans are known to exist, especially as yellow beans.  

The Mesoamerica group contained many lines from Central America and the Caribbean 

(Figure 1.2A), and 27 of them were from Haiti. Haitian growers seemed to prefer Middle 

American landraces because of their high agronomic yield (Mainviel, 2019). Black beans are the 

most important seed type for Haitian consumers, but yellow beans are also consumed (Beaver et 

al., 2012). To our knowledge, this is the first study to report the genotypic and phenotypic diversity 

of these yellow beans from Haiti. Half the Mexican accessions were Middle American, and the 

other half were Andean when classified using STRUCTURE (Figure 1.3B). This highlights the 

diversity of yellow beans present in Mexico: Mexico is the center of origin for Middle American 
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germplasm, but local consumers have accepted and grow Andean yellow beans that must have 

been introduced originally from South America (Voysest, 2012). 

The YBC accessions from Africa were found in all the three clusters in the PCA, indicating 

wide genetic diversity of African germplasm (Figure 1.2A). Similarly, whole-genome sequencing 

of selected beans and related species found that African accessions distributed into various races 

and genepool groups. The diversity of African germplasm likely resulted from the importation of 

germplasm developed in other parts of the world and the relatively lenient market class 

specification requirements (Lobaton et al., 2018).  

The YBC showed 4.7- to 9.5-fold differences in cooking time, and the differences were 

more pronounced in NE (Table 1.2). The fast-cooking beans in MI were not necessarily fast-

cooking in NE in this study (Figure S1.15), indicating strong environmental effects. Some studies 

reported limited environmental effects on cooking time (Cichy et al., 2019; Katuuramu et al., 2020), 

while a two-year study using a biparental RIL population grown in contrasting environments 

showed a large environmental effect on cooking time (Berry et al., 2020). Likewise, the strong 

environmental effect found in this study is probably due to the two contrasting environments: MI 

with high humidity and NE with low humidity. Indeed, the heritability estimates for those traits 

were higher when estimated for each environment (Table 1.3) and were consistent with previous 

studies which reported moderate to high heritability  (A. Bassett, Kamfwa, et al., 2021; Cichy et 

al., 2019; Elia et al., 1997; Katuuramu et al., 2020). In addition, the beans were cooked in the 

production environment rather than being shipped to MI unlike some of the previous studies (Berry 

et al., 2020; Cichy et al., 2019), so environmental differences in handling and storage conditions 

may have been a part of the environmental effect. The NE production environment has the 

tendency to induce hardshell more so than the MI environment. Hardshell occurs in environments 
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where the weather is dry during seed filling (Castellanos et al., 1995). Seeds with hardshell do not 

absorb water during soaking and take longer times to cook, which is a hydrothermal process. 

Hardshell can increase variability within genotypes because it does not necessarily impact all seeds 

of a genotype but just a few. Overall, these two environments, MI and NE, are valuable for testing 

the effect of humid and arid growing conditions on cooking time. 

For water uptake, over half of the genotype x environment was accounted for by L, the lack 

of correlation between genotypes in different environments. For cooking time, the L was 

essentially the sole source of genotype x environment interaction (Table 1.3), which is in 

accordance with the results observed in Figure S1.15. Since high L impedes gain from selection 

due to changes in rank of genotypes among environments, these results suggest that selection in 

specific environments or testing in a large number of environments may be necessary to select 

high-performing lines for these traits. However, this estimate is based on only two environments; 

a larger number of environments should be used in order to estimate more generalizable V and L.  

Previous studies with large numbers of environments (9-15) have concluded that the genotype x 

environment interaction effect on water uptake and cooking time is small and therefore a small 

number of environments are needed for evaluation of those traits (Cichy et al., 2019; Katuuramu 

et al., 2020). It would be more practical for breeding programs to estimate V and L with this type 

of multi-environment study. 

This study identified fast cooking yellow beans including Manteca and other types that 

cooked in 15-31 min in MI and NE (Table 1.4). In addition, 15 more YBC lines grown in MI 

cooked within 20 min. The cooking times of promising lines should be evaluated in the target 

production environments because YBC281 (SSIN 533 from CIAT-Uganda) and YBC192 (Roba-

1, CIAT-Uganda) were two of the five fastest cooking in MI but took 80 and 97 min, respectively, 
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in NE. The YBC lines that showed constantly short cooking times in both environments will be 

valuable genetic resources for developing fast-cooking bean varieties with stable performance in 

different environments. Some Manteca beans were reported to be fast-cooking (Cichy et al., 2019; 

J. Wiesinger et al., 2018; J. A. Wiesinger et al., 2016). Tannin content and cooking times were 

positively correlated (Elia et al., 1997), and the lack of polyphenols such as proanthocyanidins 

(condensed tannins) in Manteca beans (Beninger et al., 1998) may be one of the reasons for fast 

cooking times of Manteca beans. It is interesting that  the YBC contained some fast-cooking beans 

that were not Manteca type. The YBC lines were held in ambient conditions and cooked relatively 

soon after harvest. Thus, tannins present in the seeds may not have impacted cooking times as 

much as they may have if beans were stored longer under unfavorable conditions, which can induce 

tannin polymerization leading to long cooking times (Martín-Cabrejas et al., 1997; Stanley, 1992). 

In addition, there seems to be more mechanisms for the short cooking times as varying polyphenol 

profiles have been reported in some yellow beans (Hart et al., 2020). Beans in MI were stored in 

cold storage until cooking time measurement, and this may be another reason for the differences 

in the top 5 fastest cooking beans in MI and NE. The cooking times in MI were likely the shortest 

possible cooking time of the genotypes because the seeds were stored in cold storage, cooking 

time was measured within 4-6 months after harvest, and the moisture was equilibrated to 10-14% 

before soaking. Consumers are expected to experience longer cooking times than the potential of 

genotypes because beans are typically stored under room temperature in the supply chain and could 

be 1-2 years old before they are purchased and cooked. More attention should be paid to age and 

storage conditions of beans in order to deliver the benefit of short-cooking beans to consumers.  

All the significant SNPs for water uptake were novel when compared with previous studies 

using markers with known physical positions (A. Bassett, Kamfwa, et al., 2021; A. Bassett, 
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Katuuramu, et al., 2021; Berry et al., 2020; Cichy, Wiesinger, et al., 2015; Diaz et al., 2021; Soltani 

et al., 2021). Soltani et al. (2021) found QTL for water uptake between 43.1–53.4 Mbp on Pv03 

by a bulked segregant analysis (BSA) with a population derived from a cross between two red 

kidney beans with contrasting water imbibition rates.  Then they narrowed it down to 51,426,054 

- 51,544,057 bp region by whole genome sequencing, where they found a candidate gene. However, 

no SNPs on Pv03 were associated with water uptake in this study. This region was not a genotyping 

gap because there was a SNP in this region, Chr03pos51541190, but it was not associated with 

either cooking time or water uptake. However, one of the significant SNPs for cooking time in NE, 

Chr03pos50288381, was 1.1 Mbp away from the narrowed-down region. This SNP associated 

with cooking time might be related to water uptake because cooking time and water uptake were 

highly correlated in NE (R= −0.72 for 2018 and R= −0.80 for 2019; p<0.0001 for both years ). 

Several SNPs on Pv02 and Pv04 were significant in this study, and QTLs were detected on 

the same chromosomes in some previous studies with no physical position available (Pérez-Vega 

et al., 2010; Sandhu et al., 2018). One of the significant SNPs for water uptake on Pv08 in MI, 

Chr08pos1429025, had a mean water uptake that was 14 percentage points higher than the minor 

allele group (Table 1.5). Since the minor allele frequency is 0.06 for this SNP, the major allele 

with higher mean water uptake of this SNP is expected to be found more commonly. Therefore, 

this SNP could be useful in filtering out genotypes with lower water uptake potential. For all the 

SNPs associated with water uptake in NE, the allele groups that had higher water uptake contained 

only Andean or admixtures, except for Chr02pos49223533, of which the minor allele (higher water 

uptake) group had one Middle American and 27 Andean or admixtures. Andeans having the higher 

water uptake alleles corresponded with the observation that larger seeded beans had higher water 

uptake in NE (Figure S1.17). 



26 

 

Some of the SNPs associated with cooking time were supported by previous studies. The 

SNP on Pv06, Chr06pos27715283, in MI was within a QTL found by Berry et al. (2020): CT.6.1, 

24,511,850 - 27,381,730 bp on Pv06, was previously detected at two locations in Tanzania. The 

authors used a RIL population derived from a cross of two brown beans with contrasting cooking 

times. The significant SNP on Pv08, Chr08pos62054742 in MI and S08_62659170, the SNP 

associated with cooking time in the Andean Diversity Panel reported by Bassett et al. (2021a), 

were close (604 kb apart) and were within the range of QTL, CT.8.2, for cooking time detected in 

a yellow bean RIL population (A. Bassett, Katuuramu, et al., 2021). The QTL study used a yellow 

bean RIL population generated by a cross between a fast-cooking Manteca type bean (Ervilha, 

YBC129) and a slow cooking Njano type bean (PI527538, YBC130). In this study, the major allele 

group of Chr08pos62054742 had 3 minutes shorter mean cooking time than the minor allele group 

(Table 1.5), and YBC129 was in the minor allele (long-cooking) group. This was consistent with 

the QTL on Pv08, where the fast-cooking YBC129 conferred the longer-cooking allele (A. Bassett, 

Katuuramu, et al., 2021). Overall, one QTL and three significantly associated SNPs for cooking 

time were found at 53.03 - 62.66 Mbp on Pv08 in three studies with Andean and/or yellow beans, 

suggesting that this region is worth further investigation for fast cooking time. The QTL and the 

SNPs could be informative markers for selection, especially yellow beans for cooking time. 

The significant SNP on Pv10, Chr10pos43615359,  in MI had the lowest p-values among 

all the SNPs associated with cooking time (Table 1.5). This SNP was in the range of a QTL, 

CT10.1 (37.83 - 43.84 Mb), detected with the highest LOD score among the QTLs for cooking 

time in the aforementioned yellow bean RIL population (A. Bassett, Katuuramu, et al., 2021). 

Considering the strong and consistent association between the two studies, this region on Pv10 

will be another region to focus on to investigate the mechanism of cooking time of yellow beans. 
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Interestingly, YBC129 conferred the short cooking allele at CT10.1, while both YBC129 and 

YBC130 were in the major allele group in this study, which had a longer cooking time than the 

minor allele group at the SNP (Table 1.5). The J gene that controls non-darkening of seed coat 

resides in the same CT10.1 genomic region (Erfatpour et al., 2018; Erfatpour & Pauls, 2020). Post-

harvest darkening is an important consumer-acceptance trait as darkened seeds are considered as 

old and long-cooking by consumers, leading to reduced economic values (Erfatpour et al., 2018; 

Felicetti et al., 2012). It is an important quality trait of yellow beans as some genotypes are 

susceptible to post-harvest darkening while others are not (unpublished data). 

The significant SNP on Pv01, Chr01pos1528388, in NE was at a distal region of Pv01. 

Three QTLs for cooking time were previously detected on Pv01 (Garcia et al., 2012); however, 

their physical locations were unknown. On Pv04, the marker Chr04pos4548944 was significantly 

associated with water uptake and cooking time in NE. Chr04pos4548944 is located in the coding 

region of Phvul.004G038700, which encodes a polygalacturonase (EC 3.2.1.15). Cotyledon cell 

separation is a pivotal process that allows bean softening, and cell separation is preceded by pectin 

solubilization in the middle lamella (Chigwedere et al., 2019; Rockland & Jones, 1974). Pectins 

are complex polysaccharides made up of polygalacturonans as a backbone (Ridley et al., 2001). 

Polygalacturonase activities were increased during soaking and were associated with increased 

polygalacturonan extractability during cooking and decreased cooking time as compared to  

unsoaked beans (Martínez-Manrique et al., 2011). Therefore, a polymorphism in 

Phvul.004G038700 encoding a polygalacturonase may result in changes in the degree of 

polygalacturonan degradation in pectin, resulting in longer cooking times. The minor allele group 

for this SNP had 21.7 minutes longer cooking time and 21.7 percentage points lower water uptake 

than the major allele group (Table 1.5). This SNP was only significant in NE potentially because 
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water uptake may have been a limiting factor for pectin solubilization in partially hydrated seeds 

in NE, resulting in longer cooking times. Phvul.004G038700 had a 94.3% similarity score with 

Glyma.13G054600.1 and Glyma.19G032600.1, both of which encode polygalacturonase in 

soybean genome G.max Wm82.a2.v1 (Phytozome, ver.13 https://phytozome-next.jgi.doe.gov). 

Glyma.19G032600.1 was within the 0.7-7.3 Mbp region of Gm19 syntenic to Pv04, and 

Chr04pos4548944 was within the 0-77 Mbp region of Pv04 syntenic to Gm19 (McClean et al., 

2010). Previous studies with soybean identified some QTL for water uptake traits on Gm05, Gm12 

(Hirata et al., 2014), Gm07, Gm08, Gm15, Gm16, and Gm17 (Molnar et al., 2012; Ott et al., 2011), 

but these chromosomes did not have blocks syntenic to Pv04 (McClean et al., 2010), where 

Chr04pos454894 is located. A significantly associated SNP for cooking time with the ADP was 

also reported by Bassett et al. (2021a) 592 kbp upstream of this SNP. 

    

Conclusions 

This study evaluated the genotypic and phenotypic diversity of a yellow bean diversity panel in 

two environments in the U.S. for two years. The genotypic data for the YBC indicated that the 

YBC contains Andean, Middle American, and admixed individuals. A wide diversity was observed 

for growth habit, days to flower, seed weight, cooking time, and water uptake. Cooking times 

ranged from 15 to 210 min across all the environments and years, and the fastest cooking beans 

were of various yellow colors and sizes. The environmental effect on water uptake and cooking 

time was significant, and no SNPs associated with those traits overlapped between the two 

environments, indicating the importance of testing multiple production environments. SNPs on 

Pv04, Pv06, Pv08, and Pv10 significantly associated with cooking time were supported by 

previous studies, which calls for further investigation. A significant SNP on Pv04 was in the coding 

https://phytozome-next.jgi.doe.gov/
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region of polygalacturonase gene, and it was considered as a candidate gene for the fast-cooking 

trait. Considering the diversity and the significantly associated SNPs for cooking time, the YBC 

will serve as a valuable resource for bean breeding for consumer-focused qualities and for genetic 

studies to elucidate the mechanism of the fast-cooking trait. 
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APPENDIX A:  

CHAPTER 1 TABLES AND FIGURES 

 

Table 1.1 Origin of the Yellow Bean Collection entries. 

Region 
Number of 

entries     Region 
Number of 

entries 

Africa   89     North America   83 

  Uganda 36         Mexico 41   
  Tanzania 28         United States 35   
  Angola collection 11         Canada 7   
  Kenya 5               

  Burundi 3       Europe   35 

  Other 3         Netherlands 11   
  Unknown 3         Bulgaria 5   
              Hungary 6   

South America   51       Ukraine 3   

  Colombia 38         Macedonia 2   
  Ecuador 5         Georgia 1   
  Brazil 3         Other 5   
  Peru 3         Unknown 2   
  Bolivia 1               

  Chile 1       Middle East   3 

              Iran 2   

Central America & the Caribbean 32       Turkey 1   

  Haiti 27               

  
University of Puerto 
Rico 3       East Asia   2 

  Caribbean collection 1         India 2   
  Nicaragua 1               

            Total   295 
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Table 1.2 The range, mean, and median of water uptake and cooking times of the YBC grown in 

MI and NE in 2018 and 2019. 

 

  --------- Water uptake (%) --------- --------- Cooking time (min) --------- 

Environment 
- Year 

MI 
2018 

MI 
2019 

NE 
2018 

NE 
2019 

MI 
2018 

MI 
2019 

NE 
2018 

NE 
2019 

Range 45-114 51-108 16-125 7-132 15-68 16-80 22-130 22-210 

Fold-
difference 

2.5 2.1 7.7 18.1 4.7 5.0 5.9 9.5 

Median 99 94 85 54 26 27 38 71 

Mean 98 93 82 59 26 28 44 75 

SD 7 8 24 27 6 7 20 33 
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Table 1.3 The p-values of the factor effects and broad-sense heritability for water uptake and 

cooking time. 

 

Factor 
p-value 

Water uptake Cooking time 

Genotype (G) 0.12 0.0043 
Year (Y) <0.0001 <0.0001 
Environment 
(E) 

<0.0001 <0.0001 

G x E <0.0001 <0.0001 
     Va (%) 47 1 
     Lb (%) 53 99 
G x Y 1.0 1.0 
E x Y <0.0001 <0.0001 
G x E x Y <0.0001 <0.0001 

H2 c- overall 0.18 0.34 

  H2 - MI 0.76 0.80 

  H2 - NE 0.77 0.63 
aV: GxE component due to heterogeneity of genotypes among environments 
bL: GxE component due to lack of correlation among genotypes among environments 
cH2: Broad-sense heritability 
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Table 1.4 The five fastest cooking YBC lines phenotyped in MI and NE. The cooking times and 

100 seed weights are the means of the two years in each environment. 

MI           

ID YBC231 YBC281 YBC297 YBC192 YBC301 

Genotype 
name 

CAN   44 SSIN 533 F7500 Roba-1 M0181 

Cooking time 
(min) 

15.3 16.2 16.6 17.3 18.6 

Part of ADPa No No No No No 

Country of 
Origin 

Colombia Uganda Haiti Uganda Haiti 

Source CIAT CIAT-Uganda Farmer CIAT-Uganda Market 

Genepoolb Andean MA MA MA MA 

100 seed 
weight (g) 

27.1 29.4 22.0 21.8 23.7 

       
NE           

ID YBC231 YBC071 YBC239 YBC129 YBC214 
Genotype 
name 

CAN 44 PI433611 CAN 79 Ervilha NE-17-7 

Cooking time 
(min) 

23.0 23.5 27.0 30.3 30.5 

Part of ADPa No No No 
Yes 

(ADP0512) 
No 

Country of 
Origin 

Colombia 
United 
States 

Colombia Angola 
United 
States 

Source CIAT US GRIN CIAT 
Angola 

collection 
University of 

Nebraska 

Genepoolb Andean Andean Andean Andean Andean 

100 seed 
weight (g) 

19.8 29.1 37.7 45.3 35.4 

  

     

aADP: Andean Diversity Panel; bGenepool is based on the STRUCTURE classification at K=2; 
cMA: Middle American. 
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Table 1.5 QTL identified by the genome-wide association analysis for water uptake and cooking time in environments MI and NE. 

        ----- Major allele ----- ----- Minor allele -----     

SNP Chr. Position 
FDR-
adjusted 
p-values 

Allele n 
Mean 
phenotypic 
value 

Allele n 
Mean 
phenotypic 
value 

MAF 
SNP 

effecta 

Water uptake (%) 

MI                       

Chr02pos24852892 2 24,852,892  1.4E-04 AA 225 95.2 CC 19 97.7 0.08 −2.5 
Chr04pos25006646 4 25,006,646  2.5E-07 TT 156 97.5 AA 62 91.3 0.28 6.1 
Chr08pos1429025 8 1,429,025  3.8E-12 AA 236 96.4 GG 14 82.1 0.06 14.3 
Chr08pos62731875 8 62,731,875  3.4E-07 AA 160 97.1 GG 75 91.4 0.32 5.7 

NE                       

Chr01pos45386764 1 45,386,764  4.5E-03 AA 166 75.5 GG 22 50.6 0.12 24.9 
Chr02pos49223533 2 49,223,533  3.1E-02 GG 157 67.7 TT 28 84.8 0.15 −17.1 
Chr04pos4548944 4 4,548,944  4.5E-03 CC 141 77.2 AA 37 55.5 0.21 21.7 
Chr09pos35530354 9 35,530,354  2.4E-03 GG 194 68.5 AA 19 96.2 0.09 −27.7 

Cooking time (minutes)  

MI                       

Chr03pos3019420 3 3,019,420  1.2E-03 GG 190 26.0 AA 34 30.5 0.15 −4.5 
Chr06pos27715283 6 27,715,283  1.1E-03 GG 222 27.0 AA 14 22.6 0.06 4.4 
Chr08pos62054742 8 62,054,742  3.1E-02 GG 152 25.7 CC 68 28.7 0.31 −3.0 
Chr10pos43615359 10 43,615,359  2.1E-10 CC 224 27.2 GG 25 21.8 0.10 5.5 

NE                       

Chr01pos1528388 1 1,528,388  2.8E-02 CC 178 51.8 AA 25 66.7 0.12 −14.9 
Chr03pos50288381 3 50,288,381  4.9E-02 AA 181 49.7 CC 12 87.3 0.06 −37.6 
Chr04pos4548944 4 4,548,944  3.5E-05 CC 141 47.8 AA 37 69.5 0.21 −21.7 
Chr08pos511826 8 511,826  1.3E-04 AA 180 49.6 TT 19 83.4 0.10 −33.8 
Chr10pos9440210 10 9,440,210  1.4E-05 AA 151 48.8 TT 24 78.3 0.14 −29.5 

aSNP effect is the difference between the mean cooking times of the YBC lines with the major and minor alleles.  
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Figure 1.1 Examples of various shapes and colors of yellow beans. 
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A 

 
B 

 
Figure 1.2 Biplots of principal component analysis of the YBC. A: PC1 and PC2 by the region of 

origin. The numbers in the legend indicate the number of accessions originated from each region. 

Arrows indicate varieties with known genepool or race origin.; B: PC1 and PC3 by the region of 

origin. 
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A 

 

B 

 

Figure 1.3 Population membership of the YBC lines and the controls determined by STRUCURE. 

A: Classification by the K1 membership (K=2); B: Classification by the geographical and 

institutional origin (K=2-4). 
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A                                                                              B 

 

Figure 1.4 Phenotypic distribution of A: mean water uptake and B: mean cooking time of the YBC 

grown in MI and NE in 2018 and 2019. The black bars represent the median in each environment 

and year. 
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Figure 1.5 Density plots of cooking time by genepool of the YBC measured in MI and NE in 

2018-2019. MA: Middle American. 
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Figure 1.6 Genome-wide association analysis of water uptake. The QQ plots on the left show the 

model fit, and Manhattan plots show the p-values of SNPs for associations with cooking time in 

MI and in NE. The gray dotted lines indicate the false discovery rate-adjusted threshold for p-

values (α=0.05). 
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Figure 1.7 Genome-wide association analysis of cooking time. The QQ plots on the left show the 

model fit, and Manhattan plots show the p-values of SNPs for associations with cooking time in 

MI and in NE. The gray dotted lines indicate the false discovery rate-adjusted threshold for p-

values (α=0.05). CT.6.1 and CT.8.2 are QTL reported by Bassett et al. (2021b). CT.10.1 is a QTL 

reported by Berry et al. (2020). S08_62659170 is a SNP significantly associated with cooking time 

(604 kb apart from the significant SNP in this study) (A. Bassett, Kamfwa, et al., 2021). The 

significant SNP on Pv04 detected in NE is in the coding region of a polygalacturonase gene 

(Phvul.004G038700). 
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APPENDIX B:  

CHAPTER 1 SUPPLEMENTAL TABLES AND FIGURES 

 

Table S1.6 The control varieties of the YBC. 

YBC 
control 
ID 

ID 
Genotype 
name 

Cooking 
time 
classification 

Country of Origin Source Seed type  Genepool 

Ctl001 Snowdon Snowdon - United States MSUa White kidney Andean 

Ctl002 ADP0452b INIAP425 Fastc Ecuador Ecuador breeding White Andeand 

Ctl003 ADP0469 PI527521 Fastc Burundi USGRIN White Andeand 

Ctl004 Merlin Merlin - United States MSU Navy MAe 
Ctl005 Red Hawk Red Hawk - United States MSU Dark Red Kidney Andean 

Ctl006 ADP0367  G23086  Fastf Malawi ADP Cranberry Andeand 

Ctl007 ADP0434  PR0737-1 Slowf Puerto Rico ADP Red mottled Admixd 

Ctl008 ADP0436   JB178 Fastf 
Dominican 
Republic 

ADP Red mottled Andeand 

Ctl009 ADP0515 
Katarina, 
Kibala 

Slowf Angola ADP Cranberry Andeand 

Ctl010 ADP0618  ACElk Fastf Canada ADP Light Red Kidney Andeand 

Ctl011 ADP0687 Pink Panther Slowf United States ADP Light Red Kidney Andeand 

Ctl012 ADP0680 Clouseau Moderatef United States ADP Light Red Kidney Andeand 

Ctl013 RWR2245 RWR2245 - Rwanda 
Katuuramu, 
Uganda 

Red mottled Unknown 

Ctl014 RWR2154 RWR2154 - Rwanda 
Katuuramu, 
Uganda 

Cranberry Unknown 

aMSU: Michigan State University; bADP: Andean Diversity Panel; c: Cooking time classification by Cichy et al. (2015b); dGenepool 

information by Cichy et al. (2015a);  eMA: Middle American; f: Cooking time classification by Cichy et al. (2019) 
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Table S1.7 The number of YBC lines phenotyped at each environment. 

Trait 
Environment 
and year 

Andean Admix 
Middle 

American 
Total 

Days to flower 

MI 2018 194 13 58 265 

MI 2019 192 12 56 260 

NE 2018 182 12 32 226 

NE 2019 175 9 30 214 

Seed weight 

MI 2018 191 12 57 260 

MI 2019 192 12 56 260 

NE 2018 180 10 31 221 

NE 2019 175 9 31 215 

Water uptake, 
 cooking time 

MI 2018 191 12 57 260 

MI 2019 191 12 55 258 

NE 2018 177 10 30 217 

NE 2019 171 9 30 210 
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Table S1.8 The growth habit (MI, 2018) of the Andean, Admix, and Middle American groups in 

the YBC (determined at K=2 by STRUCTURE). 

    Determinate Indeterminate 

  (n) (Count) (%) (Count) (%) 

Andean   120 63 70 37 

Admix   3 23 10 77 

Middle American   4 7 55 93 

Total   127 - 135 - 
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Figure S1.8 The variance of the YBC explained by the first 10 principal components. 
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Figure S1.9 A phylogenetic tree of the YBC. Genotypes in red and blue are Andean and Middle 

American control varieties, respectively, and genotypes in green are those considered to be 

admixtures by the STRUCTURE analysis at K=2. 
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Figure S1.10 Density plots of days to flower and 100-seed weight by genepool of the YBC 

measured in MI and NE in 2018-2019. MA: Middle American. 
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Figure S1.11 Phenotypic distribution of days to flower measured in MI and NE in 2018-2019 and 

the correlation of the 2 years within each environment. (***: p<0.001). 
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Figure S1.12 Phenotypic distribution of 100-seed weight measured in MI and NE in 2018-2019 

and the correlation of the 2 years within each environment. (***: p<0.001). 
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Figure S1.13 The distribution of water uptake and cooking time in MI and NE in 2018-2019. (***: 

p<0.001). 
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Figure S1.14 The correlation of cooking time between the years 2018 and 2019 within each 

environment. (***: p<0.001). 
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Figure S1.15 The correlation of cooking time between the two environments in 2018 and 2019. 
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Figure S1.16 Seed size (x axis, g/100 seeds) and cooking time in MI and NE in 2018-2019. 
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Figure S1.17 Seed size (x axis, g/100 seeds) and water uptake in MI and NE in 2018-2019. 
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Abstract 

Common bean (Phaseolus vulgaris L.) is consumed worldwide, and consumers show solid 

regional preferences for specific seed appearance. Colors of the seed coat, hilum ring, and corona 

are all important, along with susceptibility to postharvest darkening, which decreases seed value. 

This study aimed to characterize a collection of 295 yellow bean genotypes for seed appearance 

and postharvest darkening behavior, evaluate genotype × environment effects and map those traits 

via genome-wide association analysis. The yellow beans were grown for two years in Michigan 

and Nebraska, USA, and were evaluated for L*a*b*, postharvest darkening, and hilum ring and 

corona colors. A model to exclude the hilum ring and corona of the seeds, black background, and 

light reflection was developed by using machine learning, allowing for targeted and efficient 

L*a*b* value extraction from the seed coat. The genotype × environment effects were significant 

for the color values, and MI-grown seeds had darker seeds than NE-grown seeds. SNPs were 
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associated with L* and hilum ring color on Pv10 near the J gene involved in mature seed coat 

color and hilum ring color. A SNP on Pv07 associated with L*, a*, postharvest darkening, and 

hilum ring and corona colors was near the P, the ground factor gene for seed coat color expression. 

The machine learning-aided model used to extract color values from the seed coat, the wide 

variability in seed morphology traits, and the associated SNPs will provide tools for future 

breeding and research efforts to meet consumers’ expectations for bean seed appearance. 

 

Introduction 

Common bean (Phaseolus vulgaris L.) is a nutrient-dense food consumed worldwide, with an 

annual world production of 29 million tons (average of 2016-2019; FAOSTAT, 2021). Beans are 

an excellent source of protein, dietary fiber, and micronutrients and offer numerous health benefits, 

including prevention and/or control of cardiometabolic diseases and certain types of cancer (Hayat 

et al., 2014; Messina, 2014). The seed appearance of beans is diverse with various shapes, sizes, 

colors, and patterns, the combinations of which form specific bean market classes (seed types) 

(González et al., 2006; Uebersax & Siddiq, 2012; Wortmann et al., 1998). Therefore, bean breeders 

develop varieties with morphological characteristics that meet the market demands in their target 

regions (Beebe, 2020; Castellanos et al., 1996; O. Voysest et al., 1994). In addition to the primary 

seed color and pattern, the hilum ring and corona color are also essential parts of seed appearance.  

Since early in the 20th century, extensive research has been conducted to identify genes 

responsible for producing bean seed coat color. Prakken (1972, 1974) consolidated initial findings 

and developed a model for color expression in the bean seed coat, which is primarily accepted to 

this date. The model groups color-related genes into three categories: a ground factor gene, color 

genes, and color-modifying genes. A ground factor gene, P, is necessary for any seed color 
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expression, and genotypes with homozygous recessive p produce a white seed coat. P gene was 

later found to encode a transcription factor required for initiating flavonoid biosynthesis (McClean 

et al., 2018). Seed colors include C, D, and J genes. C gene gives a pale greenish-yellow seed coat 

and mottling patterns. C is tightly linked with other genes forming ‘complex [C R Prp] locus’, 

which are involved in different color and pattern expressions. (M. J. Bassett, 2007). D gene gave 

a brown hilum ring and was later found to be an allele of Z which is also involved in the partly 

colored seed coat (M. J. Bassett et al., 1999). J gene is involved in multiple traits such as seed coat 

color formation during maturation, brown hilum ring, seed coat shininess, and postharvest 

darkening (M. J. Bassett, 1996; Prakken, 1970). Postharvest darkening refers to a phenomenon 

where seed color of some market classes darkens over time during storage. Postharvest darkening 

is an important trait for bean producers because consumers consider darkened seeds as old and 

long-cooking, so darkened seeds may be discounted (Junk-Knievel et al., 2008). Previous studies 

have shown that two unlinked interacting genes control postharvest darkening: J and sd, with the 

J_ genotype presenting postharvest darkening and jj genotype non-darkening, and recessive sdsd 

paired with J_ showing slow darkening behavior (Elsadr et al., 2011; Junk-Knievel et al., 2008). 

sd has been confirmed to be an allele of the ground factor P and is denoted as psd (N. S. Islam et 

al., 2020). Color-modifying genes do not confer a color by themselves but intensify color 

expression of the color genes. Color-modifying genes include G for yellow-brown, B for greenish 

yellow-brown, V for purple to black, Rk for recessive red, and Gy for greenish-yellow (M. J. 

Bassett, 2002; M. J. Bassett et al., 2010; Beninger & Hosfield, 1999). The mechanism of color 

expression is complicated; some of the genes are multi-allelic, and they interact with each other to 

collectively determine the colors and patterns of seed coat, hilum ring, corona, pods, and flowers 

(M. J. Bassett, 2007). 
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Although seed coat colors could be treated as a qualitative trait controlled by major genes, 

more recent research has quantitatively measured colors using CIE L*a*b* values (CIE 

International Commission on Illumination, 2004). CIE L*a*b* expresses colors with three values, 

L*, a*, and b*, which measure lightness, greenness-redness, and blueness-yellowness, respectively 

defined as axes in a three-dimensional color space. L*a*b* values are perceptually uniform, 

meaning that the degree of difference between two colors corresponds to the Euclidean distance 

of them in the L*a*b* space (León et al., 2006). Expressing colors using numerical values enabled 

an objective measurement of color rather than a subjective description. Traditionally, colorimeters 

were used to measure color values, but image-based computer-vision technology has been used 

(Wu & Sun, 2013). Image-based color measurement provides a better representation of samples 

because it can obtain L*, a*, and b* values from each pixel of an image, and a larger food surface 

area can be sampled compared to conventional colorimeters (León et al., 2006). Depending on the 

type of samples, images can contain pixels that do not represent the specimen. In the case of bean 

seed color, bean images would contain white hilum and a hilum ring and corona, which surround 

the hilum, the background, and potentially light reflection because of the spherical nature of the 

seeds. Measuring color values without excluding those could result in differences in color values 

due to darker hilum ring and/or corona despite the same seed coat color of two bean samples. 

Machine-learning has been used to classify target features of plant images (Amatya et al., 2016; 

Ferentinos, 2018; Grinblat et al., 2016), presenting potentials of applying this technology to 

segmenting seed coat from non-targets in bean seed images. 

Numerous polyphenolic compounds exist in the seed coat of common beans, such as 

flavonoids and proanthocyanidins (condensed tannins) (Yang et al., 2018). Among them, 

flavonoids are considered to impart bean seed color (Beninger et al., 1998; Feenstra, 1960). 
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Flavonoids present in the bean seed coat can be sub-classified into flavonols, flavanols, and 

anthocyanidins (Reddy et al., 1985). Anthocyanidins are glycosides of anthocyanins, including 

cyanidin, pelargonidin, and delphinidin, and are found in pink, red, and black beans (Rodríguez 

Madrera et al., 2020; Takeoka et al., 1997). Proanthocyanidins are dimers or polymers of flavanols, 

including catechin and epicatechin (Dixon et al., 2005). Proanthocyanidins produce brown 

deposits upon oxidation in pinto beans and are associated with postharvest darkening (Beninger & 

Hosfield, 2003; Marles et al., 2008). Proanthocyanidins are also involved in plant defense against 

pests and pathogens (F. M. A. Islam et al., 2003; Winkel-Shirley, 2001). In addition to seed coat 

color and plant defense responses, the concentrations of polyphenolic compounds influence quality 

attributes of beans such as cooking time, digestibility, and iron bioavailability (Bressani & Elías, 

1979; Elia et al., 1997; Petry et al., 2010; Tako et al., 2014). 

Yellow beans are an important market class in East and South Africa and Latin America 

(Voysest, 2012; Wortmann et al., 1998). Yellow beans are diverse in seed morphology (Figure 

2.1), and at least a dozen yellow-seeded market classes exist in Latin America alone (Voysest, 

2012). One of the valuable attributes of some yellow beans is that they do not exhibit postharvest 

darkening. The susceptibility to postharvest darkening of yellow beans is mainly unknown except 

that genetic variability and a QTL for postharvest darkening near the J gene were reported among 

Manteca and Green-yellow types and their progeny population (A. Bassett et al., 2021). 

Postharvest darkening is known to occur in carioca beans, which have light brown stripes on a 

cream background similar to pinto beans (Junk-Knievel et al., 2008); therefore, some yellow beans 

may be susceptible to postharvest darkening. Although high heritability estimates (73-99%) were 

reported for color values with populations derived from yellow-seeded beans (Arns et al., 2018; 

A. Bassett et al., 2021; Possobom et al., 2015; Ribeiro et al., 2019), growing conditions could 
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influence their seed coat colors (Kelly et al., 2021; Possobom et al., 2015). Thus, postharvest 

darkening behavior and the G×E effects on the seed color of the YBC should be evaluated to 

develop bean varieties that meet the consumers’ expectations in various bean production regions. 

Evidence is accumulating that a lemon-yellow seeded type, Manteca, is a promising 

breeding material because of its high digestibility, short cooking time, and high iron bioavailability 

(Cichy et al., 2015; Engleright et al., 1999; Hart et al., 2020; Hooper et al., 2016; J. Wiesinger et 

al., 2018; J. A. Wiesinger et al., 2019). Other yellow beans' convenience and nutritional qualities 

have yet to be assessed despite their wide morphological diversity. Therefore, the Yellow Bean 

Collection (YBC) has been assembled with yellow-seeded P. vulgaris germplasm collected 

globally (Sadohara et al., 2021); Figure S2.6). Quantitative characterization of the seed coat colors 

of the YBC would enable an objective evaluation of their appearance, an important characteristic 

to consumers.  

The objectives of this study were to (1) assess the genetic diversity of the Yellow Bean 

Collection of 295 yellow bean genotypes for seed coat color values via a machine-learning aided 

procedure; (2) to assess the postharvest darkening behavior of the YBC; and (3) investigate the 

genetic control and the G×E on these traits to aid breeding of beans with desired morphological, 

nutritional, and culinary characteristics.  

 

Materials and Methods 

Plant materials 

A yellow bean diversity panel, the Yellow Bean Collection (YBC), comprising 295 genotypes was 

used in this study. The YBC was grown in two environments, MI and NE, USA in 2018 and 2019. 

Detailed experimental design is described by Sadohara et al. (2021). The numbers of genotypes 
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phenotyped for color, postharvest darkening, and hilum ring and corona colors are shown in Table 

S2.6. 

 

CIE L*a*b* of bean seed coat 

The YBC contained solid-colored and patterned seed types, but the solid-colored types were used 

for seed coat color measurements. Namely, the genotypes used for color measurements were: 37 

Amarillo dark, 44 Amarillo light, 6 beige, 7 brown, 83 Canary, 6 green-yellow including Njano, 

11 Manteca, 56 Mayocoba, and 3 white genotypes. Solid-colored one layer of intact whole seeds 

were placed in a 70 mm × 70 mm box with matte black walls. Images of bean seeds from each of 

the two field replications were taken by using an image acquisition system described by Mendoza 

et al. (2017) with the shutter speed set to 1/100 s. To extract bean color from captured images, a 

binary pixel classification was defined in which pixels representative of bean color are one 

category, and the remaining pixels, i.e., background, hilum ring, corona, and specular reflection 

areas, are the second category.  The pyramid convolutional neural network developed in Long et 

al. (2019) to detect bean seed coat splits, was retrained for this color pixel segmentation task. To 

train the network, semantic labels for 24 images of various bean types and colors within the YBC 

were created manually and augmented by rotation and flipping. The network achieved 0.95 

average precision in bean pixel classification on a test set and so was able to effectively eliminate 

non-desired pixels from images, as illustrated in Figure 2.2. 

Bean images were downsampled to 432 × 432 pixels using a custom MATLAB script 

(MATLAB, 2020), and the segmentation model was applied. CIE L*, a*, and b* values were 

extracted from valid pixels in the images by scikit-image in Python (van der Walt et al., 2014). 

The L*a*b* values were calibrated using an image of Macbeth Color Checker Chart (X-Rite, 
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Grand Rapids, MI, USA) taken under the same conditions as the YBC at the start of image 

acquisition each year. The 24 color patches in the Macbeth Color Checker Chart image were cut 

out into 100 × 100-pixel squares using ImageJ 1.52v (Schneider et al., 2012), and the L*a*b* 

values were extracted from each patch by the scikit-image in Python. The extracted L*a*b* values 

and the standard values of the patches were used to build a partial least squares (PLS) model by 

the PLS package (Mevik et al., 2020) in R (R Core Team, 2017). Specifically, SIMPLS, a faster 

and improved PLS model (de Jong, 1993) with three components, was used to calibrate L*a*b* 

values of the YBC bean images, and calibration was carried out each year to accommodate 

potential changes in lighting intensity over the one year. 

To evaluate the difference in seed coat colors between the environments, ΔL*, Δa*, and 

Δb* were calculated as the mean L*a*b* values in MI subtracted by those in NE for each genotype. 

ΔE was computed as Δ𝐸 = √ΔL ∗2+ Δa ∗2+ Δ𝑏 ∗22
. 

 

Postharvest darkening 

Postharvest darkening of MI 2019 seeds was evaluated via a UV test according to the method 

developed by Junk-Knievel et al. (2007) as follows: approximately 10 seeds per sample per field 

replication were placed in a clear plastic seed tray. The tray held 60 samples in total.  Trays 

containing seeds were placed approximately 10 cm under a UV light for 96 h. After that time 

period, the seeds were scored for darkening as 0 for non or slow darkening and 1 for darkening. 

Some of the dark-seeded genotypes such as brown and Amarillo (dark) types were excluded from 

this evaluation. 
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Hilum ring and corona colors 

The hilum ring and corona colors were evaluated of the MI 2019 seeds. The hilum ring colors were 

classified into two categories: 0 for yellow and 1 for dark. The corona colors were classified into 

two categories: 0 for light/yellow, and 1 for dark.   

 

Statistical analyses 

The L*a*b* values were transformed using the Box-Cox method (Box & Cox, 1964) by using the 

MASS package (Venables & Ripley, 2002) in R. The genotype, environment, and year effects on 

the color values were estimated by the following mixed linear model: 𝑌𝑖𝑗𝑘𝑙 =  µ + 𝐺𝑖 + 𝐸𝑗 + 𝑌𝑘 +

𝐸𝑌𝑗𝑘 + 𝐺𝐸𝑖𝑗 + 𝐺𝑌𝑖𝑘 + 𝐺𝐸𝑌𝑖𝑗𝑘 + 𝐵(𝐸𝑌)𝑗𝑘𝑙 + ε𝑖𝑗𝑘𝑙   , where: Yijkl is the phenotypic value of the ith 

YBC genotype grown in the lth block of the jth environment in the kth year, µ is the grand mean, 

Gi is a random effect of the ith genotype, and Ej and Yk are fixed effects of the jth location and the 

kth year, respectively. EYjk, GEij, and GYik are two-way interaction terms, GEYijk is a three-way 

interaction term, B(EY)jkl is a random effect of the lth block nested in the jth environment and the 

kth year, and εijkl is the error term. The variance components of the model were used to estimate 

the broad-sense heritability of the phenotypic values (Fehr, 1987). To minimize the environment 

and year effect, best linear unbiased estimate (BLUE) was calculated for the L*, a*, and b* values 

by setting the genotype as a fixed effect and all other terms as random effects using the emmeans 

package (Lenth, 2021) in R. All the models were fitted using the lme4 (Bates et al., 2015) and the 

lmerTest (Kuznetsova et al., 2017) packages in R. The BLUE values were used for principal 

component analysis (PCA) and genome-wide association analysis. PCA was performed using 

prcomp function and was visualized using the factoextra package (Kassambara & Mundt, 2020) 

in R.  
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Genome-wide association analysis 

Genome-wide association analyses were carried out using the BLUE of the CIE L*a*b*, coded 

darkening phenotype (0: non-darkening,1: darkening), hilum ring color (0: yellow, 1: dark), and 

corona color (0: light/yellow, 1: dark). In total, 253 genotypes for L*a*b*, 206 genotypes for 

postharvest darkening, and 258 genotypes for hilum ring and corona colors were used. The 295 

genotypes of the YBC were sequenced via Genotyping-By-Sequencing technology (Elshire et al., 

2011), generating a base SNP set of 417,142 SNPs by NGSEP (Duitama et al., 2014). Details of 

the genotyping pipeline are described by Sadohara et al. (2021). The base SNP set was filtered to 

include the 253, 206, and 258 phenotyped individuals. The SNPs were selected if they were 

biallelic, had no heterozygous calls, had a genotyping quality score > 40, were not on scaffolds, 

were outside the repetitive regions of the common bean genome (ver. 2; Lobaton et al., 2018), had 

< 20% missing data, and had > 5% minor allele frequency (MAF). As a result, 2,277 SNPs for 

L*a*b*, 2,278 SNPs for postharvest darkening, and 2,315 SNPs for hilum ring and corona colors 

were retained and used for genome-wide association analyses with the GAPIT package (Lipka et 

al., 2012) in R. Bayesian-information and linkage-disequilibrium iteratively nested keyway 

(BLINK) method was used to detect associations between the phenotypes and the genotypes 

(Huang et al., 2019). A false discovery rate (FDR) at α=0.05 was used to call associations 

significant. QQ plots and Manhattan plots were generated by using the CMplot package (Yin, 

2020) in R.  
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Results and discussion 

Phenotypic diversity of seed coat, hilum ring, and corona colors and postharvest darkening 

behavior 

Employing the machine-learning technology, seed coat was successfully separated from hilum and 

corona of seeds, black background, and light reflection after feeding 24 hand-labeled images for 

training. The model correctly distinguished pixels of seed coat of more than 1,800 images of the 

YBC genotypes without manual operation. The automation allows for more accurate measurement 

of seed coat color and saves a tremendous amount of time and labor that would have been spent 

on manual processing of images. Automated separation of seed coat and hilum ring and corona 

areas are substantial because they are all under different genetic controls (M. J. Bassett, 2007). 

Bean seed colors have been measured traditionally with colorimeters (Arns et al., 2018; Erfatpour 

et al., 2018; Possobom et al., 2015) and more recently with ImageJ (A. Bassett et al., 2021; 

Bornowski et al., 2020; Varga et al., 2019), but the seed coat, hilum ring, and corona colors were 

not separated. Thus, this study has provided a novel, automated method to obtain color values from 

seed coat pixels. 

The YBC consists of 295 yellow-colored beans with solid-colored or patterned seed coats. 

The L*a*b* color values were evaluated for 252 genotypes in MI in 2018, 250 in MI 2019, 209 in 

NE 2018, and 195 in NE, depending on the seed availability and adaptation (Table S2.6). A wide 

diversity in the seed coat color values were observed among the YBC genotypes: L* values ranged 

from 27.6 to 86.0, a* values from −5.9 to 35.0, and b* values from 11.9 to 63.6 (Table 2.1). The 

two-year average L*a*b* values were highly correlated between the environments, but the 

correlation coefficient was slightly lower for the b* values (R = 0.88, p < 0.001), which measures 

yellowness, than L* and a* (R = 0.98, p < 0.001 for both; Figure S2.7). L* and a* values were 
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negatively correlated (R = −0.69 in MI and R = −0.73 in NE), and L* and b* values were 

moderately positively correlated (R = 0.5 in MI, R = 0.3 in NE). 

A total of 206 genotypes excluding dark-colored seeds were evaluated for susceptibility to 

postharvest darkening by the UV test. As a result, 71 were non or slow darkening, and 135 

genotypes were darkening (Table 2.2). The majority of Amarillo light and canary genotypes were 

darkening. All the Manteca were non or slow darkening. ‘Prim’ Manteca bean was reported to 

contain no tannins (Beninger et al., 1998) and was jj genotype at the J locus, which would result 

in non-darkening (M. J. Bassett, 1999); therefore, Mantecas are expected to be non-darkening. For 

Mayocoba, 39 out of the 54 genotypes were slow or non-darkening, and 14 were U.S. breeding 

lines. Because consumers highly value non and slow darkening seeds as it is associated with 

freshness and shorter cooking time, another important trait (Wiesinger et al., 2021; Erfatpour et 

al., 2018; Silva et al., 2018), information on the postharvest darkening behavior of the YBC would 

be useful in developing and selecting yellow beans that meet consumers’ expectations.  

A total of 258 YBC genotypes grown in MI 2019 were classified based on their hilum ring 

and corona colors. Tables 2.3 and 2.4 show the number of genotypes in each category of hilum 

ring and corona colors by seed type. All the Manteca, Mayocoba, and white beans had a yellow 

hilum ring, and Amarillos, beige, brown, Canary, and Green-yellow types had a dark hilum ring. 

For corona colors, Canary and Manteca had dark corona, and Mayocoba had light/yellow corona 

(Table 2.4), consistent with their characteristic seed appearance. Some Amarillos had light/yellow 

corona, and others had dark corona. Fifty-three out of the 71 non or slow-darkening genotypes had 

a yellow hilum ring, and the other 18 had a dark hilum ring (Table S2.7). J gene is involved in 

both postharvest darkening and dark hilum ring color, and individuals with jj genotype are non-

darkening (Elsadr et al., 2011; Junk-Knievel et al., 2008). The Z gene is also involved in hilum 
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ring color expression, and Z produces a dark hilum ring regardless of the J genotype (M. J. Bassett 

et al., 1999). Therefore, the slow or non-darkening 21 genotypes that had a dark hilum ring must 

have J and/or Z unless other unreported genes are involved in hilum ring color expression. As 

expected, the 15 darkening genotypes that had yellow hilum rings were Mayocobas. Mayocobas 

carry gy gene, which expresses yellow hilum ring regardless of J genotype (M. J. Bassett, 2002). 

Among the 48 genotypes that are non or slow darkening and had light/yellow corona (Table S2.8). 

All the 11 Mantecas were among the non or slow darkening genotypes with dark corona, and all 

the six beige genotypes were among the darkening genotypes with light/yellow corona. Genotypes 

in other market classes had different corona color and postharvest darkening behavior (Table 2.4). 

Mayocobas with yellow corona must be carrying gy, which expresses greenish-yellow corona color 

(M. J. Bassett, 2002). The 11 genotypes that had yellow hilum ring and the dark corona (Table 

S2.9) were all Mantecas, showing the uniqueness of this market class. 'Prim' Manteca had vlae, 

which gives dark corona (M. J. Bassett, 1999); thus, the dark corona of the 11 Manteca genotypes 

is likely due to vlae.  

 

Genotype × Environment effects 

The effects of genotype, environment, year, and interaction effects for the L*a*b* values are 

shown in Table 2.5. The genotype effect was significant for all the color values and postharvest 

darkening. The environment, genotype × environment, and genotype × environment × year effects 

for L*, a*, and b* values were significant, indicating that there is a genotype × environment 

interaction for the color values. The genotype × year was significant for a*, suggesting that a* of 

the seed colors in the YBC varied between years. However, the variation of a* due to year seems 

minimal because the ranges of a* were almost the same across the years and environments (Table 
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2.2) and the a* of the genotypes grown in each year were highly correlated (R ≥ 0.97). The 

heritability estimates of the color values were high (R ≥ 0.93, Table 2.5). This finding is consistent 

with other studies that reported high heritability of L*a*b* values with populations that had yellow 

or carioca beans as parental lines (H2 > 0.73; Arns et al., 2018; A. Bassett et al., 2021; Possobom 

et al., 2015; Ribeiro et al., 2019). High heritability estimates of the color values indicate that 

genetic variance predominates in total phenotypic variance; thus, gain from selection is expected 

to be high.  

 

Principal component analysis 

Best linear unbiased estimation of color values adjusted for environment and year effects were 

used for principal component analysis (Figure 2.3). PC1 separated brown and Amarillo dark beans 

from the rest of the market classes explaining more than 60% of the total variance. PC2 separated 

genotypes based on b* values, explaining 33% of the total variance. PC1 and PC2 collectively 

explained 94% of the total variance, indicating that the color values of the YBC could be 

compressed to 2 dimensions instead of 3 without losing much information. This seemed to be 

because of the high negative correlation between L* and a* values (Figure S2.7). L* and a* are 

correlated mainly because of the Amarillo dark genotypes having higher a* and lower L* values 

than the other market classes of the YBC. Amarillo light, Canary, and Green-yellow genotypes 

overlapped with one another in the biplot (Figure 2.3), showing the similarity of seed colors of 

these color types, which corresponds to our observation. Manteca and Mayocoba beans formed 

relatively distinct clusters characterized by higher L* values than other seed types. Overall, the 

large and continuous variability of color values, even within market classes, indicated that the 

YBC is a source of various yellow colors that can meet specific consumer preferences. 
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Color differences between environments  

Although the heritability for the L*a*b* values were high, genotype × environment effect was 

significant (Table 2.5); therefore, the seed colors of MI- and NE-grown seed were compared via 

ΔL*, Δa*, and Δb*, such that positive values indicate higher color values of the MI-grown seeds. 

The total differences were calculated as ΔE, a positive value that measures the degree of total color 

difference. The difference between two colors with ΔE of three or larger will be noticeable to the 

human eye (Haeghen et al., 2000). Many of the genotypes had ΔE larger than three (Figure 2.4A), 

indicating that their MI- and NE-grown seeds had noticeably different colors. ΔL* was negative 

for almost all the genotypes regardless of the seed types, indicating that MI-grown seeds were 

darker than NE-grown (Figure 2.4B). The absolute values of ΔL* were larger for some of the 

dark-colored seeds such as brown and Amarillo dark types, so they were even darker in MI as 

compared to NE than the lighter-colored yellow classes such as beige and Amarillo light. It agreed 

with previous literature and our observation that beans grown under humid conditions tend to 

produce darker seeds than those grown under dry weather (Osorno et al., 2018; Possobom et al., 

2015). Higher seed coat lightness (L*) was also reported when a black × carioca population was 

grown in a dry season than in a rainy season (Possobom et al., 2015). Almost all the Amarillo light, 

Beige, Canary, Manteca, and Mayocoba beans had positive Δa* values, indicating that the seeds 

produced in MI were redder (Figure 2.4C). Amarillo dark and brown beans had lower Δb* values, 

meaning that they were less yellow in MI than NE (Figure 2.4D). Mayocoba and Canary had 

varying Δb*. Light colored beans such as beige and Manteca types had higher b* values, thus 

yellower in MI. Some Mayocoba type beans tend to produce paler colors under cool and wet fall 

in the Midwest US (Kelly et al., 2021). Indeed, 17 Mayocobas had negative Δb*, meaning that 

MI-grown beans were less yellow than NE. The other 33 Mayocobas, however, had positive Δb*, 
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which means yellower seeds were produced in MI, highlighting the importance of evaluating the 

color expression of Mayocoba beans in their target environments. Various factors could cause the 

difference in seed colors, such as humidity, rain, shorter exposure to sunlight, and increased 

pressure of certain diseases that favor moist conditions. Postharvest darkening was associated with 

the decrease in polymerization of proanthocyanidins in a regular darkening (RD) pinto bean 

(Beninger et al., 2005) and is characterized by the presence of proanthocyanidins and their 

precursors in RD cranberry beans (Chen et al., 2015), but further studies are needed to 

comprehensively understand the relationships between growing conditions, seed color, and 

polyphenolic profiles. 

It was hypothesized that the genotypes that had darker seeds in MI (lower ΔL*, Δa*, or 

Δb* values) might be darkening types if darkening was already initiated before the images were 

taken. However, no clear differentiation in the color difference between darkening and non or slow 

darkening YBC lines was observed except for the b* values of Canary (Figure S2.8). Canary beans 

with higher yellowness in MI were darkening, whereas non or slow darkening Canary beans had 

lower yellowness in MI. Flavonoids, kaempferols in specific, are present in the seed coat of Canary 

beans (Hart et al., 2020), and it is possible that kaempferols present in darkening Canary beans 

grown in MI had started forming kaempferol-catechin adduct, which increased in RD pinto after 

darkening (Beninger et al., 2005).  

 

Genome-wide association analysis 

The Manhattan and QQ plots for the L*a*b* values, postharvest darkening, and hilum ring and 

corona colors are shown in Figure 2.5. Ten SNPs were significantly associated with a* value, nine 

with b*, 18 with L*, 5 for postharvest darkening, 9 for hilum ring color, and 7 for corona color 
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(Table S2.10). Three SNPs were significant for multiple traits: Chr02pos23133217 for a* and L*; 

Chr07pos29169848 for a*, L*, postharvest darkening, hilum ring color, and corona colors, and 

Chr10pos43341167 for a* and L*. Several SNPs were in proximity. Chr01pos41574533 for 

postharvest darkening and Chr01pos42211164 for b* was 637 kb apart. Chr02pos44319551 for 

L* and Chr02pos44931551 for L* were 612 kb apart. Chr02pos45646751 for hilum ring color, 

Chr02pos45663695 for a*, and Chr02pos46287738.1 for L* were all within the range of a 641-kb 

region. Chr05pos2078923 for hilum ring color and Chr05pos2408324 for corona color were 329 

kb apart. Chr09pos18409319 for b* and Chr09pos18733021 for a* were 324 kb apart. 

Chr10pos42388055 for L* and Chr10pos42797440 for hilum ring color were 409 kb apart, and 

the latter was 544 kb apart from Chr10pos43341167 for a* and L*. Chr11pos4985949 for 

postharvest darkening and Chr11pos5038396 for hilum ring color were 52 kb apart. The 

phenotypic effect was larger for the SNPs for L* than a* and b*, reflecting the wider distribution 

of L* (Table 2.1).  

Chr01pos50086405 on Pv01 was in a region where disease resistance genes are clustered, 

specifically for Colletotrichum lindemuthianum (Kelly & Bornowski, 2018). Polyphenolics play 

an important part in plant defense mechanisms against pests and pathogens (F. M. A. Islam et al., 

2004; Bennett & Wallsgrove, 1994). If a gene is involved in the expression of seed colors important 

for consumers and disease resistance important for growers, the breeders’ job would be to select 

genotypes that carry favorable alleles for both traits. It could be challenging and merit further 

research because an instance is reported that purple seed coat color and bean common mosaic virus 

resistance on Pv02 are tightly linked (or caused by a pleiotropic effect) and that it was not possible 

to introduce the resistance to other color types (Temple & Morales, 1986). Despite being beneficial 
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in insect control, polyphenols may adversely affect iron bioavailability (Hart et al., 2017); 

therefore, breeders need to balance the benefits and tradeoffs. 

Some of the SNPs were supported by previous studies on seed coat color of pale lemon-

yellow × green-yellow bean RIL population (A. Bassett et al., 2021): Chr03pos34038425 for L* 

on Pv03 was within the range of Sa*.3.1 (3.16-48.92 Mbp), Sb*.3.1 (29.62-41.84 Mbp), and 

SL*.3.1 (3.91-48.14 Mbp); Chr04pos1909564 for b* was within the range of Sb*.4.1 (0.13-2.06 

Mbp); Chr10pos36447913, Chr10pos40877199, and Chr10pos42388055 for L* and 

Chr10pos43341167 for a* and L* were all within the range of Sa*10.1 (3.45-43.85 Mbp), Sb*.10.1 

(37.83-43.47 Mbp), SL*.10.1 (3.45 - 43.85 Mbp), and ND.10.1 (3.98-43.85 Mbp); and 

Chr10pos42797440 for hilum ring color was within the range of the QTL for non-darkening, 

ND.10.1 (3.98 - 43.85 Mbp). Additionally, several SNPs coincided with QTL for quantitatively 

measured L*a*b* values of canned seeds detected in a black bean population (Bornowski et al., 

2020): Chr10pos42388055 for L* was within the range of a*10.1BB (I) (42.23-43.30 Mbp), and 

Chr11pos53315933 for postharvest darkening was close to L*11.1 BB (I) (52.49–52.85 Mbp). 

Detection of multiple SNPs for multiple color values increases confidence in the association. Thus, 

these SNPs will be a useful reference in future studies on yellow color expression in common bean. 

Chr07pos29169848 was significant for L*, a*, postharvest darkening, hilum ring color, 

and corona color with low p-values and large phenotypic effects (-10.0 for L*, +9.2 for a*, +0.59 

for postharvest darkening, +0.90 for hilum ring color, and +0.64 for corona color; Table S2.10). 

The minor allele group genotypes at this SNP had a larger L*, a lower a*, a higher percentage of 

genotypes resistant to darkening, and light-colored hilum ring and corona (Table S2.10). 

Intriguingly, all the minor allele group genotypes (47 genotypes for L*, a*, b*, hilum ring color, 

and corona color, 45 for postharvest darkening) were Mayocoba at this SNP. Among them, 22 
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were from U.S. or Canada, and another 22 were from CIAT Colombia, whereas Mayocoba 

genotypes from other parts of the world such as Africa, Europe, and Mexico were found in the 

major allele group. Since the breeding materials from CIAT and those from the U.S. are closely 

related, this SNP may indicate the importance of color for the selection of Mayocoba type. This 

SNP is located near the ground factor P gene; the dominant P allele is necessary for seed coat color 

expression by other color genes (M. J. Bassett & Miklas, 2007; McClean, 2002; McClean et al., 

2018). A QTL study with a Mayocoba × white bean population may reveal the potential role of 

the P gene (or another gene tightly linked to P) in giving the greenish yellow color in some of the 

Mayocoba beans. This SNP was also significant for postharvest darkening, and 36 out of the 45 

Mayocoba genotypes in the minor allele group at this SNP were non or slow darkening. psd, an 

allele of P, is involved in slow darkening in the presence of J; genotypes with homozygous 

recessive psd shows a slower rate of darkening as compared to regular darkening genotypes (Elsadr 

et al., 2011; N. S. Islam et al., 2020; Junk-Knievel et al., 2008). The postharvest darkening behavior 

of the YBC genotypes, their SNP genotype at Chr07pos29169848, and their origin are summarized 

in Table S2.6. Surprisingly, 10 Canaries were non or slow darkening although Canaries were 

reported to have proanthocyanidins (Hart et al. 2020). They had the major allele at this SNP same 

as Mantecas, which do not have proanthocyanidins and are considered to be carrying j (Hart et al. 

2020; Beninger et al. 1998). The difference between the non or slow darkening Canaries and 

Mantecas may be related to the other significant SNPs associated with postharvest darkening on 

Pv01, Pv04, and Pv11 (Table S2.10).  

The Chr08pos3300438 associated with corona color on Pv08 was 69 kb apart from the Gy 

gene. Gy gene is considered to be responsible for the greenish-yellow seed coat, hilum ring, and 

corona colors of Mayocoba type (M. J. Bassett, 2002). However, the minor allele group of this 



85 

 

SNP included 11 Amarillos, 2 beige, and 1 white types which had light/yellow corona, and 

Mayocobas were all in the major allele group. The role of the gy gene in non-Mayocoba types is 

yet to be researched. None of the significant SNPs were close to known color genes such as Z, G, 

B, and V that interactively impart yellow to brown seed coat, hilum ring and/or corona colors (M. 

J. Bassett, 2007). There is no preceding study that quantitatively measured yellow seed color 

besides A. Bassett et al., (2021), thus further investigation will be necessary on genes and their 

interactions that produce the wide diversity of yellow colors. 

The region of the J gene for brown hilum ring color and postharvest darkening has been 

narrowed down to 41,141,057 - 41,591,985 bp on Pv10 (Erfatpour et al., 2018), but 

Chr10pos42797440 associated with hilum ring color was approximately 1.2 Mbp away from that 

region. A higher marker density and more SNPs closer to the J gene would help investigate the 

hilum ring color and postharvest darkening of yellow beans. J was detected in this study for 

postharvest darkening but just below the significance threshold: Chr10pos42038959 on Pv10 near 

J (447 bp apart) had an FDR-adjusted p-value of 0.083. Nevertheless, a SNP (Chr10pos42797440) 

associated with hilum ring color within a range of a previously found QTL for postharvest 

darkening, ND.10.1 (3.98-43.85 Mbp; A. Bassett et al., 2021), lends support to the role of this 

region containing J. Another consideration for hilum ring color is that J and other genes are 

interacting – J is involved in the expression of dark hilum ring by vlae with the absence of Zchr (M. 

J. Bassett et al., 1999; M. J. Bassett, 2003), thus, hilum ring color may not be only determined by 

the genotype at J. Interestingly, Chr10pos40877199 on Pv10 associated with L* was close to the 

J gene (264 kb apart). J gene is involved in matured seed coat color development and postharvest 

darkening by regulating the biosynthesis pathways of polyphenolic compounds (M. J. Bassett, 

2007; Elsadr et al., 2011; Erfatpour et al., 2018).   
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Conclusions 

In this study, the seed coat color of yellow beans was measured by masking noise in bean images 

such as hilum ring, corona, background, and light reflection using machine-learning. As the trained 

model automatically segments seed coat from noise, it provides an efficient means to extract 

L*a*b* values from the seed coat. A large phenotypic diversity was observed for the L*a*b* 

values of the seed coat of YBC genotypes grown in MI and NE, USA. Despite the high heritability 

estimate for the color values, the genotype × environment effects were significant. Most of the 

YBC lines grown in MI and NE had a noticeable color difference, and those grown in MI with 

high humidity were darker. Genome-wide association analysis discovered SNPs associated with 

the color values, postharvest darkening, and hilum ring and corona colors of the YBC genotypes. 

The L*, a*, postharvest darkening, hilum ring color, and corona color mapped to the P (sd) gene. 

The phenotypic diversity and machine learning-aided image analysis of the seed coat color and 

other traits provide a resource to objectively evaluate and understand the seed morphology of 

beans, which will lead to the development of new varieties that better meet consumer’s needs. 
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APPENDIX A: 

CHAPTER 2 TABLES AND FIGURES 

 

Table 2.1 Descriptive statistics of L*a*b* values of the YBC. 

Trait 
Environment- 

Year 
Min Max Median Mean SD 

L* 

MI 2018 27.6 84.6 68.8 66.7 10.2 

MI 2019 31.0 84.5 70.7 67.8 9.7 

NE 2018 33.5 85.3 71.6 69.9 10.0 

NE 2019 31.9 86.0 73.1 71.7 9.8 

a* 

MI 2018 −4.7 30.6 8.0 9.4 8.0 

MI 2019 −3.5 32.1 8.4 9.9 8.0 

NE 2018 −5.9 33.2 7.2 8.2 9.5 

NE 2019 −5.6 35.0 5.8 7.4 9.7 

b* 

MI 2018 11.9 62.1 47.2 45.5 9.1 

MI 2019 12.6 62.2 47.8 46.9 9.0 

NE 2018 11.9 60.3 43.5 44.5 9.6 

NE 2019 12.3 63.6 45.5 45.7 10.1 
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Table 2.2 Darkening behavior of the YBC genotypes by seed type. 

Seed type 
Non or slow 
darkening 

Darkening Total 

Amarillo (dark) 0 2 2 

Amarillo (light) 4 38 42 

Beige 0 6 6 

Brown 0 3 3 

Canary 10 64 74 

Green-yellow 3 3 6 

Manteca 11 0 11 

Mayocoba 39 15 54 

White 3 0 3 

Amarillo dark and light mottled 0 1 1 

Beige with brown stripes 0 3 3 

White and red mottled 1 0 1 

Total 71 135 206 
   



90 

 

Table 2.3 Hilum ring (HR) color of the YBC genotypes by seed type.  

Seed type Yellow HR Dark HR Total 

Amarillo (dark) 0 36 36 
Amarillo (light) 0 42 42 
Beige 0 6 6 
Brown 0 7 7 
Canary 0 83 83 
Green-yellow 0 6 6 
Manteca 11 0 11 
Mayocoba 56 0 56 
White 3 0 3 
Amarillo dark and light 
mottled 

0 1 1 

Amarillo (dark) with brown 
mottles 

0 1 1 

Amarillo (dark) with brown 
stripes 

0 2 2 

Beige with brown stripes 0 3 3 
White and red mottled 0 1 1 

Total 70 188 258 
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Table 2.4 Corona color of the YBC genotypes by seed type. 

Seed type 
Light/Yellow 

corona 
Dark corona Total 

Amarillo (dark) 17 19 36 

Amarillo (light) 28 14 42 

Beige 6 0 6 
Brown 1 6 7 
Canary 0 83 83 
Green-yellow 3 3 6 
Manteca 0 11 11 
Mayocoba 56 0 56 
White 3 0 3 
Amarillo dark and light 
mottled 

1 0 1 

Amarillo (dark) with brown 
mottles 

1 0 1 

Amarillo (dark) with brown 
stripes 

2 0 2 

Beige with brown stripes 3 0 3 
White and red mottled 1 0 1 

Total 122 136 258 
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Table 2.5 The p-values for the factor effects on L*a*b* values and postharvest darkening traits. 

Term L* a* b* Darkeninga 

Genotype (G) <0.0001 <0.0001 <0.0001 <0.0001 
Environment (E) <0.0001 <0.0001 0.046 . 
Year (Y) <0.0001 0.086 <0.0001 . 

G × E <0.0001 <0.0001 <0.0001 . 
G × Y 0.42 0.015 1 . 
E × Y 0.026 <0.0001 0.84 . 

G × E × Y <0.0001 <0.0001 <0.0001 . 
bH2 0.99 0.98 0.93 . 

aPostharvest darkening  was measured in MI 2019. 
bBroad-sense heritability. 
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Figure 2.1 Eight major seed types in the YBC. 
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Figure 2.2 Original (A), segmented by convolutional neural networks (B), and masked (C) images. 

The probability of each pixel of being seed coat is color-coded from dark blue (high) to yellow 

(low) in B. 
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Figure 2.3 Biplot of principal component analysis of the L*a*b* values of the seed coat of YBC 

genotypes. 
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Figure 2.4 Color differences between MI and NE by seed type computed as differences between 

two-year average of L*a*b* values in MI and NE. A: ΔE*, B: ΔL*, C: Δa*, and D: Δb*. 
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Figure 2.5 QQ and Manhattan plots for L*, a*, b*, postharvest darkening, hilum ring color, and 

corona color. The gray dotted lines are false discovery rate-adjusted threshold at α=0.05. P: the 

ground factor gene for seed coat color, of which psd allele confers slow darkening trait (N. S. Islam 

et al., 2020; McClean et al., 2018). Sb*.4.1, Sa*.3.1, Sb*.3.1, SL*.3.1: QTL reported by (A. Bassett 

et al., 2021). J and other QTL on Pv10: All the significant SNPs for L* are within the ranges of 

Sa*.10.1, Sb*.10.1, SL*.10.1, and ND.10.1 (A. Bassett et al., 2021). Chr10pos42388055 was 

within the range of L*10.1BB (I) (Bornowski et al., 2020) and J is the gene responsible for 

postharvest darkening (Elsadr et al., 2011). Chr10pos42388055 was within the range of a*10.1BB 

(I) (Bornowski et al., 2020). 
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Figure 2.5 (cont’d) 

 

 

 

  



99 

 

APPENDIX B: 

CHAPTER 2 SUPPLEMENTAL TABLES AND FIGURES 

 

Table S2.6 The number of genotypes phenotyped for color values and postharvest darkening. 

  Environment × Year Total 

L*, a*, b* 

MI 2018 252 
MI 2019 250 
NE 2018 209 
NE 2019 195 

Postharvest  
darkening 

MI 2019 206 

Hilum ring 
and corona 

colors 
MI 2019 258 
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Table S2.7 Number of genotypes in the postharvest darkening and hilum ring color categories.  

    Hilum ring   

    Yellow Dark Total 

Postharvest 
darkening 

Non or slow -
darkening 

53 18 71 

Darkening 15 120 135 

  Total 68 138 206 
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Table S2.8 Number of genotypes in the postharvest darkening and corona color categories. 

    Corona   

    Light/yellow Dark Total 

Postharvest 
darkening 

Non or slow -
darkening 

48 23 71 

Darkening 53 82 135 

  Total 101 105 206 
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Table S2.9 Number of genotypes in the hilum ring and corona color categories 

    Corona   

    Light/yellow Dark Total 

Hilum ring 
Yellow 59 11 70 

Dark 63 125 188 

  Total 122 136 258 
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Table S2.10 SNPs significantly associated with L*, a*, b*, postharvest darkening, hilum ring color, and corona color. 

        ------ Major allele ------ ------ Minor allele ------     

SNP Chr. Position  
FDR-

adjusted 
p-values 

Allele n 
Mean 

phenotypic 
value 

Allele n 
Mean 

phenotypic 
value 

MAF 
SNP 

effecta 

L*                       
Chr01pos50086405 1 50,086,405  1.6E-03 AA 230 70.0 TT 14 60.5 0.057 9.5 
Chr02pos23133217 2 23,133,217  2.5E-06 AA 173 68.7 GG 59 71.1 0.254 -2.3 
Chr02pos44319551 2 44,319,551  1.8E-03 CC 164 69.8 TT 58 68.7 0.261 1.0 
Chr02pos44931551 2 44,931,551  1.9E-02 GG 164 68.6 TT 62 70.4 0.274 -1.8 
Chr02pos46287738 2 46,287,738  3.9E-10 GG 240 70.1 TT 13 55.2 0.051 14.9 
Chr03pos34038425 3 34,038,425  6.9E-04 TT 207 69.0 CC 11 70.9 0.050 -1.9 
Chr04pos7036250 4 7,036,250  2.3E-02 AA 173 68.8 TT 67 71.4 0.279 -2.6 
Chr06pos21948635 6 21,948,635  2.8E-02 TT 187 68.9 CC 31 73.3 0.142 -4.4 
Chr06pos24955965 6 24,955,965  1.8E-03 CC 126 67.6 TT 81 72.7 0.391 -5.1 
Chr07pos29169848 7 29,169,848  4.8E-17 TT 200 67.3 GG 47 77.3 0.190 -10.0 
Chr09pos10759327 9 10,759,327  2.9E-03 GG 231 68.9 AA 13 75.2 0.053 -6.3 
Chr09pos22109781 9 22,109,781  3.1E-02 GG 184 68.8 AA 42 72.4 0.186 -3.7 
Chr09pos26420953 9 26,420,953  2.3E-02 TT 144 69.5 GG 59 70.4 0.291 -0.9 
Chr10pos36447913 10 36,447,913  4.3E-05 AA 179 69.8 GG 37 69.6 0.171 0.2 
Chr10pos40877199 10 40,877,199  2.5E-02 AA 144 68.4 GG 70 71.0 0.327 -2.6 
Chr10pos42388055 10 42,388,055  1.3E-03 CC 195 70.4 AA 19 66.1 0.089 4.3 
Chr10pos43341167 10 43,341,167  2.9E-06 CC 167 70.6 TT 54 67.7 0.244 2.9 
Chr11pos9547435 11 9,547,435  1.1E-04 CC 220 70.4 TT 15 57.5 0.064 13.0 

a*                       
Chr02pos23133217 2 23,133,217  2.2E-04 AA 173 8.5 GG 59 9.3 0.254 -0.8 
Chr02pos45663695 2 45,663,695  6.8E-04 AA 133 8.8 TT 78 7.6 0.370 1.1 
Chr04pos33747479 4 33,747,479  3.3E-23 GG 153 5.2 AA 90 14.2 0.370 -9.1 
Chr04pos41620411 4 41,620,411  2.9E-04 CC 155 8.2 TT 57 8.9 0.269 -0.7 
Chr06pos30013548 6 30,013,548  2.2E-02 GG 194 8.5 AA 53 8.9 0.215 -0.4 
Chr07pos6344071 7 6,344,071  1.6E-03 AA 157 8.5 GG 50 8.4 0.242 0.1 
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Table S2.10 (cont’d) 
Chr07pos29169848 7 29,169,848  3.4E-13 TT 200 10.5 GG 47 1.3 0.190 9.2 
Chr09pos16476454 9 16,476,454  6.0E-05 TT 166 7.5 CC 51 10.3 0.235 -2.8 
Chr09pos18733021 9 18,733,021  2.5E-07 TT 158 9.6 AA 54 7.8 0.255 1.8 
Chr10pos43341167 10 43,341,167  2.5E-07 CC 167 6.8 TT 54 13.4 0.244 -6.6 

b*                       
Chr01pos42211164 1 42,211,164  5.8E-04 GG 167 45.0 AA 44 47.7 0.209 -2.7 
Chr01pos45147107 1 45,147,107  2.9E-02 CC 190 46.9 TT 17 40.0 0.082 6.9 
Chr04pos1909564 4 1,909,564  8.8E-03 TT 201 47.3 AA 28 40.5 0.122 6.8 
Chr05pos817906 5 817,906  1.8E-03 GG 123 48.4 AA 97 43.4 0.441 5.0 
Chr06pos23037583 6 23,037,583  2.8E-04 GG 203 44.9 AA 32 51.5 0.136 -6.6 
Chr07pos962487 7 962,487  1.8E-03 CC 200 45.5 AA 21 49.1 0.095 -3.6 
Chr07pos4181998 7 4,181,998  1.2E-02 TT 187 46.2 CC 33 43.7 0.150 2.6 
Chr09pos18409319 9 18,409,319  7.5E-03 CC 214 45.9 TT 13 45.7 0.057 0.2 
Chr11pos2684350 11 2,684,350  2.4E-02 GG 116 47.5 AA 114 44.8 0.496 2.7 

Postharvest 
darkening 

                      

Chr01pos41574533 1 41,574,533  6.7E-06 TT 192 0.68 AA 14 0.29 0.068 0.40 
Chr04pos44665073 4 44,665,073  2.8E-04 CC 165 0.68 GG 21 0.48 0.113 0.21 
Chr07pos29169848 7 29,169,848  1.3E-18 TT 155 0.79 GG 45 0.20 0.225 0.59 
Chr11pos4985949 11 4,985,949  2.0E-02 GG 181 0.67 TT 16 0.44 0.081 0.24 
Chr11pos53315933 11 53,315,933  9.9E-06 TT 133 0.56 CC 37 0.89 0.218 -0.34 

Hilum ring color                       
Chr02pos28089361 2 28,089,361  1.0E-05 TT 199 0.73 CC 28 0.71 0.123 0.01 
Chr02pos40280426 2 40,280,426  2.8E-07 TT 172 0.70 CC 62 0.77 0.265 -0.08 
Chr02pos45646751 2 45,646,751  2.6E-04 TT 169 0.67 AA 73 0.86 0.302 -0.19 
Chr05pos2078923 5 2,078,923  1.4E-03 AA 164 0.67 GG 48 0.90 0.226 -0.23 
Chr07pos29169848 7 29,169,848  9.1E-79 TT 205 0.90 GG 47 0.00 0.187 0.90 
Chr07pos34201349 7 34,201,349  3.9E-04 CC 204 0.69 TT 11 1.00 0.051 -0.31 
Chr10pos42797440 10 42,797,440  5.5E-07 AA 146 0.70 GG 75 0.79 0.339 -0.09 
Chr11pos4112749 11 4,112,749  2.4E-05 TT 204 0.75 GG 16 0.38 0.073 0.38 
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Table S2.10 (cont’d) 
Chr11pos5038396 11 5,038,396  7.6E-05 AA 226 0.73 GG 21 0.62 0.085 0.12 

Corona color                       
Chr04pos43635399 4 43,635,399  4.5E-05 GG 210 0.50 CC 14 0.79 0.063 -0.29 
Chr05pos2408324 5 2,408,324  8.8E-04 AA 168 0.68 TT 40 0.23 0.192 0.45 
Chr06pos17242131 6 17,242,131  6.9E-11 TT 200 0.60 AA 20 0.30 0.091 0.30 
Chr07pos29169848 7 29,169,848  2.9E-39 TT 205 0.64 GG 47 0.00 0.187 0.64 
Chr08pos1159204 8 1,159,204  8.6E-04 AA 196 0.54 GG 15 0.33 0.071 0.21 
Chr08pos3300438 8 3,300,438  6.4E-03 GG 222 0.61 AA 14 0.00 0.059 0.61 
Chr09pos12073563 9 12,073,563  8.6E-04 TT 190 0.64 CC 25 0.16 0.116 0.48 

aSNP effect is the difference between the mean cooking times of the YBC lines with the major and minor alleles.  
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Table S2.11 BLUE Lab.xlsx. The best linear unbiased estimates (BLUE) of seed coat L*a*b* of 

the Yellow Bean Collection adjusted for environment and year effects. 

Taxa BLUE L* BLUE a* BLUE b* 

YBC001 63.5 24.1 52.4 
YBC002 68.1 10.3 44.6 
YBC003 68.1 10.0 44.1 
YBC004 84.8 -4.1 13.5 
YBC005 53.3 32.0 45.7 
YBC006 66.1 10.9 45.5 
YBC007 68.3 9.7 40.8 
YBC010 75.7 2.5 45.4 
YBC011 51.4 23.7 38.5 

YBC012 66.7 10.8 43.5 
YBC013 70.4 8.1 36.4 
YBC014 72.4 7.9 42.5 
YBC015 74.3 7.7 38.3 
YBC017 72.0 7.6 58.5 
YBC018 48.6 32.1 40.8 
YBC021 67.2 10.8 50.5 
YBC022 67.8 10.3 50.3 
YBC024 74.8 3.7 46.1 
YBC025 68.5 9.8 44.4 
YBC026 67.6 10.6 44.6 

YBC028 73.6 6.1 39.0 
YBC029 71.6 8.4 39.0 
YBC030 76.0 5.1 49.6 
YBC034 74.7 6.6 45.5 
YBC035 76.9 4.1 49.3 
YBC036 66.8 11.4 44.7 
YBC041 73.8 5.8 56.1 
YBC045 66.5 11.4 44.9 
YBC046 67.8 10.3 45.1 
YBC047 73.7 5.0 42.4 
YBC049 80.6 -2.5 47.5 

YBC050 52.8 31.3 45.0 
YBC051 52.9 28.3 44.0 
YBC052 67.4 10.6 44.0 
YBC053 70.3 8.2 43.0 
YBC054 72.1 6.3 57.9 
YBC055 73.2 6.6 46.0 
YBC056 67.7 7.6 42.3 
YBC057 73.2 7.5 44.7 
YBC059 60.7 25.9 51.4 
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Table S2.11 (cont’d) 
YBC061 49.9 30.1 41.8 
YBC063 80.7 -4.6 43.8 
YBC064 70.7 7.5 46.1 
YBC065 70.0 10.5 52.5 
YBC066 73.4 5.6 42.8 
YBC067 70.0 7.8 44.1 
YBC068 71.5 8.0 48.5 
YBC069 69.8 7.2 43.7 
YBC070 69.8 8.6 45.2 
YBC071 76.9 -1.0 41.0 
YBC072 67.1 10.8 44.4 

YBC073 67.7 10.1 44.5 
YBC075 46.6 29.0 38.4 
YBC076 78.4 -3.1 40.1 
YBC077 50.6 27.0 40.0 
YBC078 65.9 23.6 54.3 
YBC079 69.4 7.9 43.8 
YBC080 68.1 9.9 44.3 
YBC081 67.2 10.6 44.5 
YBC082 69.5 9.6 46.0 
YBC083 67.6 10.7 44.5 
YBC084 67.8 10.3 44.4 

YBC085 67.9 10.1 44.2 
YBC086 67.7 10.3 44.1 
YBC087 74.9 5.0 54.6 
YBC088 67.6 9.9 44.7 
YBC089 70.2 8.1 46.3 
YBC090 71.0 6.6 45.5 
YBC091 64.6 6.8 49.0 
YBC092 67.3 10.7 44.4 

YBC093 67.5 10.4 43.9 
YBC094 64.3 25.5 53.2 
YBC095 68.6 9.5 45.2 

YBC096 84.9 -4.0 13.3 
YBC097 52.2 25.1 40.2 
YBC098 70.5 8.1 55.8 
YBC099 56.9 28.5 46.9 
YBC100 71.8 9.8 50.6 
YBC101 77.4 -2.3 40.1 
YBC103 80.0 -3.6 35.8 
YBC105 78.4 -3.0 37.6 
YBC106 71.6 9.8 49.4 
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Table S2.11 (cont’d) 
YBC107 68.7 8.0 40.8 
YBC108 67.7 10.7 44.6 
YBC109 72.5 6.6 59.0 
YBC111 79.7 -2.8 44.5 
YBC112 67.6 9.7 44.0 
YBC113 51.6 29.9 43.4 
YBC114 71.7 7.9 55.7 
YBC115 67.5 18.7 53.4 
YBC116 76.5 0.5 42.4 
YBC117 66.8 6.2 50.2 
YBC118 67.2 6.9 52.7 

YBC119 70.9 7.8 54.8 
YBC120 66.7 6.4 53.0 
YBC121 74.7 4.7 49.0 
YBC122 77.7 1.8 55.7 
YBC123 76.7 1.2 49.4 
YBC124 79.3 -2.1 35.1 
YBC125 70.9 7.6 58.0 
YBC126 78.4 0.7 55.5 
YBC127 75.3 1.3 45.7 
YBC128 64.5 3.7 40.3 
YBC129 78.7 -2.8 38.7 

YBC130 62.0 9.1 31.4 
YBC131 75.6 5.2 42.2 
YBC132 63.0 25.4 53.7 
YBC133 35.2 11.7 19.1 
YBC134 38.0 11.9 21.1 
YBC135 69.6 13.7 57.1 
YBC136 70.5 9.1 58.0 
YBC137 78.2 -0.6 36.7 

YBC138 57.0 30.1 48.1 
YBC140 53.7 27.4 44.3 
YBC142 66.5 5.8 50.9 

YBC143 67.7 7.0 52.8 
YBC144 53.3 27.1 44.4 
YBC145 32.9 9.8 16.6 
YBC146 69.6 7.0 52.9 
YBC147 71.4 5.6 52.9 
YBC148 69.1 7.5 50.8 
YBC149 67.1 5.7 34.4 
YBC150 31.7 9.3 15.0 
YBC151 32.9 9.9 16.6 
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Table S2.11 (cont’d) 
YBC153 68.2 5.6 49.1 
YBC154 71.7 5.5 54.5 
YBC155 70.2 6.1 50.2 
YBC157 71.9 6.0 56.9 
YBC159 73.2 7.8 29.9 
YBC160 69.9 9.1 32.3 
YBC161 73.7 9.7 32.0 
YBC162 72.3 7.8 51.6 
YBC163 68.0 10.6 43.6 
YBC165 73.2 6.5 29.6 
YBC166 72.4 6.9 57.4 

YBC167 38.2 -0.3 17.4 
YBC168 57.0 26.8 45.8 
YBC169 65.6 11.0 45.8 
YBC170 66.0 3.4 42.2 
YBC171 71.1 6.6 55.3 
YBC172 70.4 14.1 39.8 
YBC173 63.0 8.9 32.0 
YBC175 71.3 7.8 41.8 
YBC176 75.9 2.7 50.9 
YBC177 77.2 1.8 51.2 
YBC178 77.0 1.9 47.9 

YBC179 65.8 6.0 50.8 
YBC180 33.1 9.4 16.4 
YBC181 51.4 8.8 28.4 
YBC182 78.6 -2.6 35.7 
YBC184 49.2 29.5 40.9 
YBC186 79.6 -4.2 41.8 
YBC190 70.4 8.0 54.0 
YBC191 71.8 7.2 34.3 

YBC192 70.0 8.7 40.7 
YBC193 77.2 1.8 53.5 
YBC194 78.1 2.3 57.3 

YBC195 78.8 0.6 54.0 
YBC196 79.2 0.8 58.2 
YBC197 75.0 3.6 55.2 
YBC198 77.5 1.0 49.9 
YBC199 75.5 3.0 54.6 
YBC200 83.6 -3.8 14.4 
YBC203 56.8 28.3 48.4 
YBC204 70.8 7.7 56.4 
YBC206 76.6 1.7 51.0 
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Table S2.11 (cont’d) 
YBC207 77.3 0.0 48.0 
YBC208 79.4 0.7 58.8 
YBC209 80.0 0.8 60.3 
YBC210 79.4 1.6 61.1 
YBC211 79.9 0.7 59.5 
YBC212 79.0 1.8 60.1 
YBC213 79.6 0.9 52.6 
YBC214 76.2 3.3 56.8 
YBC215 77.3 0.5 43.7 
YBC216 76.7 0.8 43.7 
YBC217 71.7 6.4 45.5 

YBC221 74.4 4.1 47.9 
YBC222 78.2 1.9 57.0 
YBC223 73.3 6.3 42.1 
YBC224 77.2 0.1 37.6 
YBC225 74.8 3.7 57.4 
YBC226 72.0 4.2 51.3 
YBC227 77.7 -0.2 43.1 
YBC228 77.8 -0.6 42.6 
YBC229 71.7 6.9 54.8 
YBC230 76.8 0.0 40.9 
YBC231 76.9 0.2 43.6 

YBC232 72.6 4.1 51.1 
YBC233 77.6 0.6 45.0 
YBC234 78.5 -1.4 41.4 
YBC235 78.3 -1.0 40.9 
YBC236 74.6 4.4 51.1 
YBC237 76.2 3.3 55.1 
YBC238 75.4 3.6 47.7 
YBC239 76.7 0.4 51.1 

YBC240 78.8 -0.5 46.8 
YBC241 77.0 0.8 42.9 
YBC242 77.6 0.0 40.7 

YBC243 74.7 2.7 56.7 
YBC244 77.0 2.2 53.6 
YBC245 77.7 1.4 54.6 
YBC246 78.0 0.4 52.6 
YBC247 76.8 0.6 43.9 
YBC248 76.9 1.1 48.7 
YBC249 76.0 2.6 52.5 
YBC250 56.2 25.3 46.0 
YBC253 54.2 24.5 41.8 
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Table S2.11 (cont’d) 
YBC254 71.3 7.2 54.3 
YBC256 59.3 25.4 49.4 
YBC257 65.4 11.6 44.3 
YBC258 69.2 7.4 50.3 
YBC259 65.8 6.8 47.0 
YBC260 61.7 6.2 41.9 
YBC262 66.4 5.7 49.7 
YBC263 54.9 28.2 46.2 
YBC265 70.4 6.4 56.2 
YBC266 71.1 7.6 51.4 
YBC268 55.4 29.4 46.8 

YBC273 52.0 31.6 44.0 
YBC274 59.3 28.7 49.6 
YBC275 60.3 27.3 48.5 
YBC278 50.8 24.6 39.2 
YBC279 66.1 19.6 49.7 
YBC280 55.9 25.1 45.1 
YBC281 59.3 24.8 47.3 
YBC282 72.3 8.6 44.0 
YBC283 73.1 7.6 50.6 
YBC284 74.4 7.2 51.8 
YBC285 74.1 6.9 49.7 

YBC286 74.3 6.7 53.1 
YBC287 73.2 7.3 52.3 
YBC288 72.7 7.9 49.3 
YBC289 73.1 7.4 50.5 
YBC290 72.7 7.3 53.3 
YBC291 74.5 7.7 51.7 
YBC292 74.1 7.5 52.0 
YBC293 75.4 6.6 45.0 

YBC294 70.8 10.4 51.1 
YBC295 59.9 23.8 45.8 
YBC296 73.8 8.9 42.8 

YBC297 72.8 9.3 50.3 
YBC298-1 73.5 7.6 51.2 
YBC299 72.4 8.7 50.3 
YBC300 71.6 8.6 48.3 
YBC301 73.5 7.3 47.3 
YBC302 72.7 8.9 40.8 
YBC303 72.0 8.9 47.7 
YBC304 72.9 6.1 50.0 
YBC305 75.5 7.2 49.8 
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Table S2.11 (cont’d) 
YBC306 71.8 10.5 46.5 
YBC307 72.8 8.9 44.5 
YBC308 72.6 10.2 44.4 
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Table S2.12 Postharvest darkening.xlsx. The postharvest darkening behavior of the Yellow Bean 

Collection. 

Taxa 

Postharvest 
darkening 
(0=non or slow 
darkening, 
1=darkening) 

YBC002 1 
YBC003 1 
YBC004 0 
YBC006 1 
YBC007 1 
YBC010 1 
YBC012 1 
YBC014 1 
YBC015 1 
YBC017 0 
YBC021 1 
YBC022 1 
YBC024 1 
YBC025 1 
YBC026 1 
YBC028 1 

YBC029 1 
YBC030 0 
YBC034 1 
YBC035 0 
YBC036 1 
YBC041 1 
YBC045 1 
YBC046 1 
YBC047 1 
YBC049 0 
YBC052 1 

YBC053 1 
YBC054 0 
YBC055 1 
YBC056 1 
YBC057 1 
YBC063 0 
YBC064 1 
YBC065 1 
YBC066 1 
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Table S2.12 (cont’d) 
YBC067 1 
YBC068 1 
YBC069 1 
YBC070 1 
YBC071 0 
YBC072 1 
YBC073 1 
YBC076 0 
YBC078 1 
YBC079 1 
YBC080 1 

YBC081 1 
YBC082 1 
YBC083 1 
YBC084 1 
YBC085 1 
YBC086 1 
YBC087 1 
YBC088 1 
YBC089 1 
YBC090 1 
YBC091 1 

YBC092 1 
YBC093 1 
YBC095 1 
YBC096 0 
YBC098 1 
YBC100 1 
YBC101 0 
YBC102 0 
YBC103 0 
YBC105 0 
YBC106 1 
YBC107 1 
YBC108 1 
YBC109 0 
YBC111 0 
YBC112 1 
YBC115 1 
YBC116 0 
YBC117 1 
YBC118 0 



115 

 

Table S2.12 (cont’d) 
YBC119 1 
YBC121 0 
YBC122 0 
YBC123 0 
YBC124 0 
YBC125 0 
YBC126 0 
YBC127 0 
YBC128 0 
YBC129 0 
YBC130 1 

YBC131 1 
YBC133 1 
YBC134 1 
YBC136 1 
YBC137 0 
YBC141 1 
YBC143 0 
YBC146 1 
YBC147 1 
YBC148 1 
YBC149 1 

YBC152 1 
YBC153 1 
YBC154 1 
YBC155 1 
YBC156 1 
YBC157 1 
YBC159 1 
YBC160 1 
YBC161 1 
YBC162 1 
YBC163 1 
YBC165 1 
YBC166 0 
YBC167 0 
YBC169 1 
YBC170 0 
YBC171 0 
YBC172 1 
YBC173 1 
YBC174 1 
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Table S2.12 (cont’d) 
YBC175 1 
YBC176 0 
YBC177 0 
YBC178 0 
YBC181 1 
YBC182 0 
YBC186 0 
YBC191 1 
YBC192 0 
YBC193 0 
YBC194 1 

YBC195 0 
YBC196 0 
YBC197 0 
YBC198 1 
YBC199 0 
YBC200 0 
YBC204 0 
YBC206 0 
YBC207 0 
YBC208 0 
YBC209 0 

YBC210 0 
YBC211 0 
YBC212 0 
YBC214 0 
YBC215 1 
YBC217 1 
YBC221 0 
YBC222 1 
YBC223 0 
YBC224 0 
YBC225 1 
YBC226 1 
YBC227 0 
YBC228 0 
YBC230 0 
YBC231 0 
YBC232 1 
YBC233 0 
YBC234 0 
YBC235 0 
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Table S2.12 (cont’d) 
YBC236 1 
YBC237 0 
YBC238 1 
YBC239 0 
YBC240 1 
YBC241 1 
YBC242 1 
YBC243 0 
YBC244 1 
YBC245 0 
YBC246 0 

YBC247 0 
YBC248 1 
YBC249 0 
YBC254 1 
YBC257 1 
YBC258 1 
YBC265 1 
YBC266 1 
YBC282 1 
YBC283 1 
YBC284 1 

YBC285 1 
YBC286 1 
YBC287 1 
YBC288 1 
YBC289 1 
YBC291 1 
YBC292 1 
YBC293 1 
YBC294 1 
YBC296 1 
YBC297 1 
YBC298-1 1 
YBC299 1 
YBC300 1 
YBC301 1 
YBC302 1 
YBC303 1 
YBC304 1 
YBC305 1 
YBC306 1 
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Table S2.12 (cont’d) 
YBC307 1 
YBC308 1 
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Table S2.13 HR and corona colors.xlsx. The hilum ring and corona colors of the Yellow Bean 

Collection. 

Taxa 

Hilum ring 
color 
(0=Yellow, 
1=Dark) 

Corona color 
(0=Light/yellow, 
2=Dark) 

YBC001 1 0 
YBC002 1 1 
YBC003 1 1 
YBC004 0 0 
YBC005 1 1 
YBC006 1 1 
YBC007 1 1 
YBC010 1 0 
YBC011 1 0 
YBC012 1 1 
YBC014 1 0 
YBC015 1 0 
YBC017 1 1 
YBC018 1 1 
YBC021 1 1 
YBC022 1 1 
YBC024 1 0 

YBC025 1 1 
YBC026 1 1 
YBC028 1 0 
YBC029 1 0 
YBC030 1 0 
YBC034 1 0 

YBC035 1 0 
YBC036 1 1 
YBC041 0 0 
YBC045 1 1 
YBC046 1 1 
YBC047 1 0 
YBC049 0 0 
YBC050 1 1 
YBC051 1 1 
YBC052 1 1 
YBC053 1 1 
YBC054 1 1 
YBC055 1 1 
YBC056 1 1 
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Table S2.13 (cont’d) 
YBC057 1 0 
YBC059 1 0 
YBC061 1 1 
YBC063 0 1 
YBC064 1 0 
YBC065 1 1 
YBC066 0 0 
YBC067 1 1 
YBC068 1 1 
YBC069 1 1 
YBC070 1 1 
YBC071 0 1 
YBC072 1 1 
YBC073 1 1 
YBC075 1 1 
YBC076 0 1 
YBC077 1 0 
YBC078 1 0 
YBC079 1 0 
YBC080 1 1 
YBC081 1 1 
YBC082 1 1 
YBC083 1 1 
YBC084 1 1 
YBC085 1 1 
YBC086 1 1 
YBC087 0 0 
YBC088 1 1 
YBC089 1 1 
YBC090 1 1 
YBC091 1 1 
YBC092 1 1 
YBC093 1 1 
YBC094 1 0 
YBC095 1 1 
YBC096 0 0 
YBC097 1 1 
YBC098 1 1 
YBC099 1 0 
YBC100 1 1 
YBC101 0 1 
YBC102 1 0 
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Table S2.13 (cont’d) 
YBC103 0 1 
YBC105 0 1 
YBC106 1 0 
YBC107 1 1 
YBC108 1 1 
YBC109 1 1 
YBC111 0 0 
YBC112 1 1 
YBC113 1 1 
YBC114 1 1 
YBC115 1 1 
YBC116 0 0 
YBC117 1 1 
YBC118 1 1 
YBC119 1 1 
YBC120 1 1 
YBC121 1 1 
YBC122 0 0 
YBC123 0 0 
YBC124 0 1 
YBC125 1 1 
YBC126 0 0 
YBC127 0 0 
YBC128 1 0 
YBC129 0 1 
YBC130 1 1 
YBC131 1 0 
YBC132 1 0 
YBC133 1 1 
YBC134 1 1 
YBC135 1 1 
YBC136 1 1 
YBC137 0 1 
YBC138 1 0 
YBC139 1 0 
YBC140 1 1 
YBC141 1 0 
YBC142 1 1 
YBC143 1 1 
YBC144 1 1 
YBC145 1 1 
YBC146 1 1 
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Table S2.13 (cont’d) 
YBC147 1 1 
YBC148 1 1 
YBC149 1 0 
YBC150 1 1 
YBC151 1 1 
YBC152 1 0 
YBC153 1 1 
YBC154 1 1 
YBC155 1 1 
YBC156 1 0 
YBC157 1 1 
YBC159 1 0 
YBC160 1 0 
YBC161 1 0 
YBC162 1 1 
YBC163 1 1 
YBC165 1 0 
YBC166 1 1 
YBC167 1 1 
YBC168 1 1 
YBC169 1 1 
YBC170 1 0 
YBC171 1 1 
YBC172 1 0 
YBC173 1 1 
YBC174 1 0 
YBC175 1 1 
YBC176 0 0 
YBC177 0 0 
YBC178 0 0 
YBC179 1 1 
YBC180 1 1 
YBC181 1 0 
YBC182 0 1 
YBC183 1 0 
YBC184 1 0 
YBC186 0 1 
YBC187 1 0 
YBC190 1 1 
YBC191 1 0 
YBC192 1 0 
YBC193 0 0 
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Table S2.13 (cont’d) 
YBC194 0 0 
YBC195 0 0 
YBC196 0 0 
YBC197 0 0 
YBC198 0 0 
YBC199 0 0 
YBC200 0 0 
YBC203 1 1 
YBC204 1 1 
YBC206 0 0 
YBC207 0 0 
YBC208 0 0 
YBC209 0 0 
YBC210 0 0 
YBC211 0 0 
YBC212 0 0 
YBC213 0 0 
YBC214 0 0 
YBC215 0 0 
YBC216 0 0 
YBC217 0 0 
YBC221 0 0 
YBC222 0 0 
YBC223 0 0 
YBC224 0 0 
YBC225 1 1 
YBC226 1 1 
YBC227 0 0 
YBC228 0 0 
YBC229 1 1 
YBC230 0 0 
YBC231 0 0 
YBC232 1 1 
YBC233 0 0 
YBC234 0 0 
YBC235 0 0 
YBC236 0 0 
YBC237 0 0 
YBC238 0 0 
YBC239 0 0 
YBC240 0 0 
YBC241 0 0 
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Table S2.13 (cont’d) 
YBC242 0 0 
YBC243 1 1 
YBC244 1 1 
YBC245 0 0 
YBC246 0 0 
YBC247 0 0 
YBC248 0 0 
YBC249 0 0 
YBC250 1 1 
YBC253 1 1 
YBC254 1 1 
YBC256 1 1 
YBC257 1 1 
YBC258 1 1 
YBC259 1 1 
YBC260 1 1 
YBC262 1 1 
YBC263 1 1 
YBC265 1 1 
YBC266 0 0 
YBC268 1 1 
YBC274 1 0 
YBC275 1 0 
YBC278 1 0 
YBC279 1 0 
YBC280 1 0 
YBC281 1 0 
YBC282 1 0 
YBC283 1 1 
YBC284 1 0 
YBC285 1 0 
YBC286 1 1 
YBC287 1 1 
YBC288 1 1 
YBC289 1 1 
YBC291 1 1 
YBC292 1 1 
YBC293 1 0 
YBC294 1 1 
YBC295 1 0 
YBC296 1 0 
YBC297 1 1 
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Table S2.13 (cont’d) 
YBC298-1 1 1 
YBC299 1 0 
YBC300 1 0 
YBC301 1 1 
YBC302 1 0 
YBC303 1 1 
YBC304 1 1 
YBC305 1 0 
YBC306 1 0 
YBC307 1 0 
YBC308 1 0 
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Figure S2.6 Examples of diversity in seed morphology of the YBC. 

  



127 

 

 
Figure S2.7 Pearson correlation between two-year average of L*a*b* in each environment (MI 

and NE). 
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Figure S2.8 Color differences A: ΔE*, B: ΔL*, C: Δa*, and D: Δb* between MI and NE by seed 

type and postharvest darkening behavior. 
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Abstract 

Common beans are recognized as a nutrient dense food source that delivers numerous health 

benefits, but one of the barriers to increasing bean consumption is the limited number of common 

bean food products. Bean paste, made from bean seed and sugar, has the potential to diversify and 

expand the way beans are consumed. In this study, commercial white seeded otebo, navy, great 

northern, and white kidney bean cultivars, and one colored cranberry bean were grown in two 

environments in Michigan and evaluated for bean paste qualities. Characteristics such as paste 

yield, color, flavor, and stickiness were evaluated on the bean paste. The genotype × environment 

effect was significant for many of the paste making qualities and the color values of the 

unsweetened paste. Snowdon, the white kidney bean, had superior paste yield of unsweetened 

paste and whiteness of sweetened paste in both environments. All the white bean cultivars were 

comparable to Hime, the control otebo cultivar, in terms of low flavor intensity. Powderhorn, the 

great northern bean, had high stickiness of sweetened paste, which is preferable. The cranberry 

bean resulted in dark-colored paste with high flavor intensity. Seed coat percentage and the ratio 

of L* and C* obtained via image analysis could be used as indicators for paste yield and whiteness 

score of the unsweetened paste, respectively. Overall, these results suggested that specific 
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domestically grown white bean cultivars have potential for development as bean paste products, 

which would add a novelty to the processed dry bean applications in the U.S. 

 

Introduction 

Common beans (Phaseolus vulgaris L.) are a good source of protein, dietary fiber, vitamins, and 

minerals and offer numerous health benefits to consumers (Hayat et al., 2014; Messina, 2014). 

However, the annual per capita consumption of beans was only 5.8 pounds (2.6 kg) during 2011-

2015 (US Department of Agriculture Economic Research Service, 2017). One of the reasons for 

the low bean consumption is the limited number of product applications for which beans can be 

used (Desrochers & Brauer, 2001; Smith et al., 2016). Originating in Asia, bean paste is a 

confectionery ingredient made of beans and sugar. Otebo beans are a market class that is developed 

specifically for paste-making purposes, but other white common bean classes such as great 

northern can also be used (Kamiya et al., 2004). Bean paste can be a novel use of dry beans in the 

U.S., which may promote bean consumption especially because of today’s increasing demand for 

pulse-based products (Tyler et al., 2017). Bean paste can be prepared with or without the seed coat; 

the latter results in paste made solely from cooked cotyledon with a smooth texture (Sadohara, 

2019). Otebo (a.k.a. Tebou) beans are mid-sized white bean cultivars used for white paste 

production in Japan (Kato, 2000), and bean paste qualities are extensively studied for breeding this 

market class (Kato, 2000; Komiyama, 2013; Komiyama & Kato, 2004). 

Important bean paste qualities include paste yield, whiteness, stickiness, smoothness, and 

flavor described in detail by Sadohara (2019). Paste yield is considered when paste is made without 

the seed coat and is an indicator of the efficiency of paste production. High whiteness, stickiness, 

and smoothness are preferred for smooth white paste. For paste flavor, lack of strong beaniness 
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(bean-like flavor) or grassiness (green, grass-like flavor) is considered desirable. Paste yield is 

reported to be correlated with some seed and cooking quality traits (Kato, 2000), whereas other 

paste quality traits can only be measured by paste preparation and evaluation by a sensory panel. 

Because of the labor-intensive nature of the evaluation process, predictive and high-throughput 

methods have been explored to accelerate the breeding process (Komiyama, 2013; Komiyama & 

Kato, 2004). 

Several otebo market class cultivars were developed in Michigan to be exported for bean 

paste production (Kelly et al., 2009, 2016). For example, otebo bean cultivar Samurai was 

developed with taller upright architecture to suit direct machine harvest (Kelly et al., 2016). 

However, the potential of otebo beans and other white market classes for bean paste has not been 

evaluated due to the lack of screening tools to select for paste traits. Genotype × environment 

effects have been reported for bean paste quality traits (Komiyama and Kato, 2004), so these 

effects are also important considerations for bean growers across the state and the nation. The 

current study aimed to evaluate existing white bean cultivars for paste qualities, to investigate the 

effects of growing environments on the quality parameters, and to examine phenotypes useful for 

predicting paste qualities without the need for paste preparation. 

 

Materials and methods 

Plant materials 

Genotypes tested comprised five commercial white bean cultivars: Hime (otebo) (Miura et al., 

1977), Samurai (otebo) (Kelly et al., 2016), Alpena (navy) (Kelly et al., 2015), Powderhorn (great 

northern) (Kelly et al., 2014), and Snowdon (white kidney) (Kelly et al., 2012), and CR1502-4 (a 

cranberry bean) (Table 3.1). Hime was used as a control cultivar because it is an otebo bean 
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cultivar used for commercial bean paste production (Kelly et al., 2009). The cranberry line was 

included because of its tendency to disintegrate during canning (unpublished data). The ability to 

break easily upon cooking is expected to be a suitable characteristic for paste making, which 

involves cooking beans until they start to disintegrate. The beans were grown as described by Kelly 

& Cichy (2012) at two experimental stations, Montcalm (MC, 43°21'09.5"N, 85°10'36.2"W) and 

Saginaw Valley (SV, 43°24'12.6"N, 83°41'58.8"W) in Michigan in 2017. The experiment was 

planted in a randomized complete block design with two field replications. At MC, each plot 

(replication) had two 6.1 m-rows with 0.51 m row width, and genotypes were sown at the rate of 

80 seeds/row. The 4.6 m-section of the two rows were harvested at maturity. At SV, each plot had 

four 6.1 m-rows with 0.51 m row width. Genotypes were sown at the rate of 80 seeds/row in the 

center 2 rows, and a dark red kidney bean was sown in the outer two rows serving as borders. The 

4.6 m-section of the center two rows were harvested at maturity. Fertilizers were applied according 

to the local practices; 15-5-13 + S, Zn, Mn, Cu prior planting at SV and 19-10-19 prior to planting 

and 46-0-0 on day 27 at MC. Due to a low seed yield at SV, Hime was planted in two plots in each 

block, and the seeds from the two plots were combined. Throughout the growth period, a total of 

137 mm of overhead irrigation was applied to supplement rainfall at MC, but not at SV. Beans 

were harvested at their full maturity with a Hege plot thresher. After harvest, beans were dried at 

room temperature, cleaned to remove chaff and large stones by using a seed cleaner (Clipper Office 

Tester, AT Ferrell Company Inc., Bluffton IN, USA), hand-cleaned to remove small stones and 

moldy or foreign seeds, and stored at a low temperature and low humidity chamber until the 

experiment was carried out. Before cooking, seed moisture was equilibrated in a cold storage room 

at 4°C and 75% relative humidity and confirmed to be in the range of 10-14% before the samples 

were subjected to paste preparation. 
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Seed quality 

The hundred-seed weight of each cultivar was determined as an average of three measurements 

for each field replication. Seed moisture was determined by drying 10 seeds in a convection oven 

at 105°C for 72 h with two replications. Seed coat percentage was determined by soaking 15 seeds 

in distilled water for 16 h, separating the coat from the cotyledon, and drying them at 105C° for 

24 h. The coat percentage was determined as (coat weight, dry weight basis [dwb]) / (coat plus 

cotyledon weight, dwb). Seed moisture and coat percentage of each plot was determined as an 

average of two measurements. Soaked seed hardness was determined by using a TA.XTplus100 

with Exponent software ver. 6,1,11,0 (Stable Micro Systems Ltd, Godalming, UK). A sample of 

20 seeds per field replication were soaked in distilled water for 16 h, and each seed was punctured 

by a cylindrical ϕ2 mm-probe, TA-52, with a compression rate of 70% with the pre-test, test, and 

post-test speeds of 1, 2, and 2 mm/s, respectively. Peak positive force and peak positive area were 

recorded for each sample. 

 

Bean paste preparation and cooking quality evaluation 

For each field replication, paste was prepared with two technical replications except CR1502-4 

grown at SV, from which one paste sample was lost. Bean paste was prepared according to the 

method of Kato (2000) with modifications. Namely, 70 g of raw beans were soaked in distilled 

water for 16 h and drained to determine water uptake, calculated as (absorbed water weight) / (raw 

bean weight) ×100. Soaked beans were cooked in 2.5 L of distilled boiling water for 45 min. The 

cooked beans were drained and weighed to determine the Weight Increase Rate by Boiling (WIRB), 

which was calculated as (boiled bean weight) / (raw bean weight, dwb). The drained cooked beans 

were then mashed with a wooden spatula for 8 min and passed through a 0.5 mm-sieve to remove 
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the seed coat. The cotyledon was washed with 800 mL distilled water, rested for 30 min, and the 

supernatant was discarded. Washing with 500 mL distilled water followed by 10 min rest was 

repeated twice. The sediment was squeezed dry in a 50 cm × 50 cm cheesecloth to remove excess 

moisture. The resultant unsweetened paste was weighed, and the moisture content was determined 

by drying 1 g of paste in a convection oven at 105C° for 24 h in two replications. Paste yield was 

calculated as (unsweetened paste weight, dwb) / (raw bean weight, dwb). Unsweetened paste was 

sealed in plastic wrap and rested at 4C° for 14 h before it was sweetened. Sweetened paste was 

prepared under a consistent heating condition on an electric burner (CB-30P1,Cuisinart, Stamford, 

CT) with a  45 g of unsweetened paste with 45 mL of distilled water and 27.5 g of granulated sugar 

until the paste was ×1.3 of the unsweetened paste weight (58.5±0.1 g). Sweetened paste was 

immediately sealed in plastic wrap and cooled to room temperature. The moisture content of 

sweetened paste was determined using the same methodology as unsweetened paste by using 2 g 

of sweetened paste samples. The color, stickiness, and whiteness were evaluated on the sweetened 

paste within 10 h of preparation. 

 

Color 

The color of unsweetened and sweetened paste was measured by taking a digital image of 42 g 

paste filled in a ϕ60 mm-glass petri dish and flattened by a spatula under the imaging conditions 

described by Mendoza et al. (2017) except that the shutter speed was set to 1/100 s. Image J 

software (Abramoff et al., 2004) was used to extract L*, a*, and b* values (CIE International 

Commission on Illumination, 1978), from a ϕ56.4 mm-circle specified as a region of interest of 

each image. L* is a luminance component value, ranging from complete black of 0 to complete 

white of 100. Negative and positive values of a* and b* represent green-red and blue-yellow, 
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respectively (Yam & Papadakis, 2004). Chroma (C*) was determined as 𝐶 ∗ = √𝑎 ∗2+ 𝑏 ∗2. The 

ratio L*/C* was calculated to assess the lightness of a paste sample in relation to its redness and 

yellowness. 

 

Sensory evaluations 

Sweetened and unsweetened samples were shaped into a 20 mm x 30 mm rectangular shape with 

4 mm-thickness and were subjected to sensory evaluations. Four trained assessors evaluated eight 

samples per session. The assessors evaluated the whiteness, beaniness, vegetativeness, sweetness, 

and the total flavor intensity of unsweetened paste and the whiteness of sweetened paste on a 1-5 

scale with 5 being the strongest. The samples’ identity was not disclosed during the evaluation. 

The protocol was approved by the Michigan State University Biomedical, Health Sciences 

Intuitional Review Board (IRB): IRB# x16-763e Category: Exempt 6. 

 

Stickiness 

Stickiness was measured according to the method of Komiyama & Kato (2004) with slight 

modifications. Sweetened paste (42 g) in a ϕ60 mm-petri dish described above was compressed by 

a texture analyzer, TA.XTplus100 with Exponent software ver. 6,1,11,0 (Stable Micro Systems 

Ltd, Godalming, UK), equipped with a platform (TA-90) and a ϕ25.4 mm-cylindrical probe (TA-

11) at a compression rate of 70% and with the pre-test, test, and post-test speeds of 2, 2, and 1 

mm/s, respectively. Stickiness was recorded as the negative area (g·sec) where the probe is pulled 

upwards after compression. 
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Data analyses  

The basic statistics of each trait were calculated by using the FSA package (Ogle et al., 2019) in 

the R platform (R Core Team, 2017). The scattered plot and the correlation coefficient of related 

traits were generated using the PerformanceAnalytics package (Peterson & Carl, 2019) in the R 

platform. 

The PROC MIXED procedure of SAS software (ver. 9.4, SAS institute, USA) was used to 

estimate the genotype, environment, and genotype × environment interaction effects and to 

compare the means of each sample within the environments. To analyze all the quality traits except 

the sensory attributes across the environments, a model of Yijk = µ + Gi + Ej + GEij + B(E)jk + εijk 

was used, where: Yijk is the trait value of the ith genotype grown in the kth block of the jth 

environment, µ is the grand mean, Gi is the fixed effect of the ith genotype, Ej is the fixed effect 

of the jth environment, GEij is the interaction term of the ith genotype and the jth environment, 

B(E)jk is the fixed effect of the kth block nested in the jth environment, and εijk is the error term. 

To analyze the sensory attributes across the environments, a random effect of lth subsamples (Sl), 

which was nested in block, was added to the model: Yijkl = µ + Gi + Ej + GEij + B(E)jk + Sl(jk) + 

εijkl. To estimate and compare the means of genotypes within each environment, a model of Yik = 

µ + Gi + Bk + εik was used for all the traits except the sensory attributes, for which Yikl = µ + Gi + 

Bk + Sl(k) + εikl was used. Normality of the residuals was evaluated by visual inspection of the 

quantile-quantile plots and histograms. The PROC GLIMMIX procedure was used to group the 

genotypic means within an environment. The PROC CORR procedure was used to estimate the 

correlation coefficient between related traits measured across the environments. All tests were 

carried out at α=0.05 and mean comparison was done with Tukey adjustment. 
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Results 

Seed quality 

A graphic of the unprocessed dry seeds of each cultivar harvested from the two environments, MC 

and SV, is shown in Table 3.1. The seeds of Hime, Snowdon, and CR1502-4 from SV were less 

plump and the seed surface was uneven compared to the seeds from MC. These differences suggest 

that the growing conditions were less favorable at SV than at MC for certain genotypes in 2017. 

Table 3.2 shows the genotype (G), environment (E), and genotype × environment (G×E) 

effects of the seed and paste qualities of each genotype grown in the two environments, MC and 

SV. G, E, and G×E effects were significant for all the seed qualities. Table 3.3 shows the means 

of the seed and paste qualities of each genotype grown in the two environments. All the genotypes 

had the same 100 seed-weights in both environments except Snowdon and CR1502-4, which had 

lower seed weights at SV. Genotypes grown at MC had lower seed coat percentages than those 

grown at SV in general. There was a G×E effect on the seed coat percentage (Table 3.2); Alpena, 

Snowdon, and CR1502-4 had lower seed coat percentages than Hime at MC, whereas Samurai and 

Alpena were lower than Hime at SV (Table 3.3). For both the peak positive force and the positive 

area, MC samples had higher means than SV samples (Table 3.3). In addition, MC samples had a 

lower coefficient of variation than SV samples for the hardness measurements of soaked seeds 

(Table 3.2). Snowdon and CR1502-4 at MC had low peak positive force of soaked seeds among 

the genotypes, but Snowdon and Hime had low peak positive force at SV (Table 3.3). The positive 

area measured the total force required to compress the soaked beans. Hime had the highest positive 

area at MC, but it was one of the lowest at SV. Alpena and Snowdon had lower values than other 

genotypes in both environments. 
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Cooking and paste-making qualities 

G, E, and G×E effects were all significant for the paste-making qualities (Table 3.2). Powderhorn 

and Snowdon had a similar water uptake to Hime in both environments. CR1502-4 had a 

comparable water uptake to Hime at SV (Table 3.3). The two otebo cultivars, Hime and Samurai, 

had the highest WIRB at MC and SV, respectively. Differences in water uptake and WIRB among 

the samples were more pronounced at SV than MC (Table 3.2). Snowdon had the highest paste 

yield, but other genotypes including Samurai had a comparable paste yield to Hime at MC. The 

five white-seeded cultivars had paste yields equivalent to that of Hime, whereas CR1502-4 was 

different from the other five cultivars at SV in terms of paste yield (Table 3.3). Figure 3.1 shows 

the correlation between the paste yield and the seed and cooking qualities. Paste yield was 

negatively correlated with the seed coat percentage and positively correlated with soaked hardness 

(peak positive force and positive area) (Figure 3.1). WIRB was not strongly correlated with paste 

yield (Figure 3.1, r=0.35). 

 

Whiteness and the color values of unsweetened paste 

All the color values of unsweetened paste samples had G, E, and G×E effects except the E effect 

for the a* value and the interaction effect for the L* and a* values (Table 3.2). The unsweetened 

paste made from all the genotypes had a similar L* value except CR1502-4 in both environments 

(Table 3.3). Snowdon and Powderhorn had lower a* values while CR1502-4 had a high a* value 

in both environments. Alpena, Samurai, and CR1502-4 had low b* and C* values that were 

comparable to Hime, while Powderhorn had high b* and C* values at MC. There was no difference 

among genotypes grown at SV for b* and C* values. Samurai and Alpena were the two highest 

for L*/C* in both environments. 
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A sensory panel evaluated paste whiteness on a 1-5 scale with 5 being the whitest. There 

were G, E, and G×E effects for the whiteness of unsweetened paste (Table 3.2). Samurai, Alpena, 

and Snowdon had similar whiteness to Hime, and Powderhorn had a lower score at MC, whereas; 

at SV, Powderhorn was the whitest, and Hime and Samurai had relatively low whiteness scores 

(Table 3.3). In both environments, unsweetened paste made from CR1502-4 was by far the darkest. 

Figure 3.2A shows the correlation coefficients and the scatter plots between the whiteness 

score and the color values obtained by the image analysis of unsweetened paste. When all the 47 

paste samples were used, the whiteness of unsweetened paste was strongly correlated with L* and 

a* values, but it was due to CR1502-4 which had a darker paste with low L* and high a* values, 

as compared to the other genotypes. Therefore, the correlation between the whiteness score and 

the color values were examined after the seven CR1502-4 paste samples were removed (Figure 

3.2B, n=40). The whiteness score had a positive correlation with L* and L*/C* and a negative 

correlation with a*, b*, and C* as expected. The L*/C* had a higher correlation coefficient than 

L* with the whiteness score. 

 

Whiteness and the color values of sweetened paste 

The genotype effects were significant for all the color values of sweetened paste, but the 

environmental effects were significant only for a*, b*, and C* values (Table 3.2). G×E effects 

were significant only for the a* value. Similar to the unsweetened paste, all white-seeded 

genotypes produced sweetened paste with similar L* values, while CR1502-4 had a low L* value. 

Hime, Samurai, and Alpena had similar a*, b*, C*, and L*/C* values (Table 3.3). Snowdon had 

low mean values of a*, and Powderhorn had high b* values in both environments. Snowdon had 

the highest L*/C* value at MC, while L*/C* was not different among the genotypes at SV. 
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The whiteness scores evaluated by assessors had G and G×E effects (Table 3.2). All the 

sweetened paste made from the white-seeded genotypes had a similar score as Hime, but Snowdon 

was the whitest, producing its highest L*/C* value at MC (Table 3.3). Powderhorn and Snowdon 

had higher whiteness scores than Hime, Samurai, and Alpena at SV. CR1502-4 was the darkest 

for the whiteness evaluation in both environments as was also observed with the unsweetened 

paste evaluation. 

Figure 3.3A shows the correlation coefficients and the scatter plots between the whiteness 

score and the color values obtained by the image analysis of sweetened paste made from all the 

six genotypes (n=47). Similar to unsweetened paste, the L*, a*, b*, and C* values were correlated 

with the whiteness score, but it was due to the paste made from CR1502-4 that had lower L* and 

b* values than other genotypes; therefore, the data points of CR1502-4 from both environments 

were removed (Figure 3.3A, 3B, n=40). When CR1502-4 was removed, the whiteness score was 

not strongly correlated with any color values or the composite values (Figure 3.3B). 

 

Flavor of unsweetened paste 

The beaniness, vegetativeness, sweetness, and the total flavor intensity of the unsweetened paste 

were evaluated on a 1-5 scale. The coefficient of variation was high for these flavor attributes in 

both environments compared to other traits (Table 3.2). There was G effect on the beaniness and 

the total flavor intensity, and G×E effects on the total flavor intensity. There were no G, E, or G×E 

effects on vegetativeness and sweetness. The genotypes were different in beaniness and in the total 

flavor intensity only at MC (Table 3.3). Samurai, Alpena, and Powderhorn had similar beaniness 

and total flavor intensity scores as Hime, whereas Snowdon and CR1502-4 had greater scores than 
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other cultivars at MC. All the genotypes had similar and low scores for sweetness in both 

environments.  

 

Stickiness of sweetened paste 

There was a genotypic effect on the stickiness of sweetened paste, but the environment and the 

interaction effects were not significant (Table 3.2). All samples at MC had similar values to Hime; 

and Alpena, Snowdon, and Powderhorn had a comparable stickiness to Hime at SV. Powderhorn 

had the highest stickiness in both environments. The genotypes could be divided into two groups 

based on their stickiness values: Hime, Powderhorn, and Snowdon with high stickiness and 

Samurai, Alpena, and CR1502-4 with low stickiness. 

 

Discussion 

Cooking- and paste-making qualities in relation to seed quality 

Bean paste has the potential to be a novel end-use of dry beans, which would lead to increased 

bean consumption. Therefore, this experiment tested the bean paste qualities of existing cultivars 

and a breeding line developed in Michigan in comparison to Hime, the industry standard developed 

in Japan. The cultivars were grown in two contrasting environments in Michigan, one irrigated 

(MC), the other rainfed (SV).  

 Paste yield, the efficiency of producing unsweetened paste from raw seeds, is an important 

characteristic for bean paste producers. Snowdon had high paste yield at MC and a comparable 

yield to Hime at SV.  Based on these two-environment data, the suitability of Snowdon for paste 

production is promising. The paste yield of CR1502-4 was environment dependent; it had high 

paste yield at MC and low paste yield at SV. Other genotypes had a comparable paste yield to 
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Hime in both environments. It is noteworthy that the coefficient of variation for paste yield was 

higher at SV than MC, suggesting that some genotypes produce less uniform paste when grown at 

SV. In addition, all the genotypes had less paste yield at SV than MC. The irrigation at MC may 

have produced seeds that are easier to cook and to separate the seed coat during paste preparation. 

Despite the low paste yield, some genotypes from SV had a higher water uptake presumably 

because some of the genotypes from this environment had cracked and/or peeled seeds during 

soaking, which made further imbibition easier. However, the high water uptake of SV seeds did 

not lead to high paste yield; on the contrary, as the low WIRB indicated, the seeds were less cooked 

resulting in less separation of cotyledon cells and low paste yield. Samurai was an exception as it 

had a WIRB as high as Hime at SV (Table 3.3). Samurai was bred as an otebo bean, and its seed 

characteristics derived from the otebo pedigree may have resulted in high water uptake during 

cooking, a characteristic preferable for bean paste production. A related study of a black and pinto 

bean indicated that the starch granules of the two cultivars grown under rainfed conditions had a 

high ability to absorb water and swell but also were more susceptible to shear and granule rupture 

than those grown under irrigation (Ovando-Martínez et al., 2011). Although the current study did 

not include black or pinto beans, the environment and water regime likely influenced the cooking 

quality of the beans tested. 

 A previous study reported a positive correlation between WIRB and paste yield (Kato, 

2000).  The low correlation between WIRB and paste yield in this study (Figure 3.1) was deemed 

to be due to one of the CR1502-4 paste samples grown at SV that had an extremely low paste yield 

(28.1). This was a moderate outlier (>1.5 times of the interquartile range for this environment), 

and the correlation was higher (r=0.52, p=0.010) when this data point was removed. Thus, WIRB 

could be a useful indicator of paste yield when genotypes that had extremely low paste yield are 
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excluded from the analysis. The seed coat percentage was negatively correlated with paste yield, 

as expected, and could be another indicator of paste yield (Figure 3.1). From a practical point of 

view, the seed coat percentage would be a better indicator of paste yield than WIRB as it is easier 

to measure and does not involve the labor-intensive cooking process. However, very small beans 

such as navy may be outside the range of prediction because Alpena did not have a high paste yield 

at MC despite its low seed coat percentage (Table 3.3). Navy beans in the U.S. have long been 

bred for high tolerance to seed coat splitting during canning operation, and the seed coat of the 

tolerant navy lines tightly adhere to the cotyledon (Dorrell & Adams, 1969). This may explain why 

the seed coat removal after cooking of Alpena was not as efficient during the paste preparation.  

 

Whiteness and color values of unsweetened and sweetened paste 

The L* (lightness), a* (redness), and b* (yellowness) values indicated that the unsweetened paste 

made from Hime, Samurai, and Alpena tend to be redder while the unsweetened paste made from 

Powderhorn and Snowdon tend to be more yellow than red (Table 3.3). This trend was mostly the 

same with the sweetened paste except with Powderhorn grown at MC, which had the highest a* 

value.  CR1502-4 resulted in very dark-colored paste unlike the other white genotypes. Cranberry 

beans have red pigments similar to Adzuki beans used for red paste; however, the color values of 

unsweetened paste of CR1502-4 were different from those typically found with Adzuki 

unsweetened paste (L*: 40, a*: 6, b*: 6) (Tazawa et al., 2015). There is no precedence of making 

paste from cranberry beans, so this result has provided new information on the end-use 

characteristic of this market class. 

The whiteness scores of sweetened paste made from the white-seeded bean cultivars 

indicated that all those cultivars are likely to produce similar sweetened paste to Hime (Table 3.3). 
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The high whiteness score of sweetened paste made from Snowdon in both environments indicated 

that this cultivar may withstand darkening during the sweetening process. High whiteness of 

sweetened paste is highly valued because it directly impacts the confectionery product quality for 

which bean paste is used. Hime and Powderhorn produced paste with different whiteness scores 

depending on the environment, indicating that the growing environment plays an important role 

on paste color for some genotypes. 

 

Prediction of whiteness using color values 

Considering that all the unsweetened paste had similar L* values except CR1502-4, the L* value 

alone is not sufficient to capture the overall impression on the unsweetened paste color evaluated 

by the sensory panel (Table 3.3). Therefore, composite values such as C* and L*/C* were 

examined. C* and L*/C* were influenced largely by b* because the paste samples had larger b* 

values than a* (Table 3.2). The L*/C* values could be used to predict whiteness scores given by 

a sensory panel on unsweetened paste made from white beans. Color values such as L*, a*, and 

b*, measured using colorimeters, have been used for evaluating bean paste color (Okuyama et al., 

2008; Shinada et al., 1994), but no study has examined machine vision and image analysis 

technology for this purpose. Computer vision is widely used for evaluating the color of food 

products at a high resolution (Wu & Sun, 2013). This method could be used for an objective and 

efficient screening of breeding lines for white paste color without the need for training assessors. 

The L*/C* values of sweetened paste differentiated genotypes grown at MC but not at SV 

despite the difference between them detected by the assessors (Table 3.3). Still, Snowdon had a 

high L*/C* and high whiteness score at MC; thus, L*/C* may be useful in identifying 

outstandingly white sweetened paste. L*/C* or other color values were not strongly correlated with 
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the whiteness score of the five white genotypes (Figure 3.3B). One possible reason for this is that 

L*, b*, C*, and L*/C* of sweetened paste had higher coefficients of variation than those of 

unsweetened paste (Table 3.2), indicating that within-sample variability increased when paste was 

sweetened. This is probably because the sweetening process involves manual stirring (Shiota & 

Miyata, 1976) and is difficult to perform consistently. In order to rank genotypes according to the 

whiteness score of sweetened paste, a trained panel of assessors may still be necessary, but it is a 

costly way to evaluate a large number of samples. The whiteness score of unsweetened paste was 

positively correlated with that of sweetened paste made from the white genotypes (r=0.45, 

p=0.0033); thus, an economical approach might be to evaluate unsweetened paste by comparing 

the L*/C* values first obtained by image analysis thereby indirectly selecting for high whiteness 

of sweetened paste. Later in the selection, a sensory panel could evaluate sweetened paste samples 

made from a smaller number of elite lines. 

 

Flavor of unsweetened paste 

None of the flavor attributes had significant E (environment) effects, indicating that the flavor 

attributes are not influenced by environment. Nonsignificant environmental effects on the flavor 

were consistent with a previous study that compared the aroma and flavor of six solid red, red- or 

dark-striped beans (Mkanda et al., 2007). The high CV of the flavor attributes was due to the high 

variability among the assessors. Unlike technical replications of other trait measurements, higher 

variability in sensory evaluation is expected because the assessors are individuals with varying 

sensitivity to different flavor attributes. However, the way assessors differentiated the samples 

aligned with the expected results such as the low flavor intensity of Hime, the control cultivar, and 

the high flavor intensity of non-white, cranberry genotype at MC (Table 3.3). The similar and low 



157 

 

flavor intensity among the white beans suggested that any white-seeded genotypes are comparable 

to Hime in terms of flavor despite Snowdon being higher in beaniness at MC. 

The unsweetened paste made from CR1502-4 had the highest beany flavor compared to 

other white beans at MC. This finding was in line with a previous study where two maroon-mottled 

and two solid beige beans from Europe tended to have stronger flavor than solid white beans when 

tasted as whole boiled beans (Rivera et al., 2013). The authors also reported that the flavor intensity 

was negatively correlated with the percentage of white color on the seeds in their collection, which 

consisted of 20 accessions of various colors. It may explain the stronger flavor detected in the 

cranberry genotype in this study on the assumption that the flavor characteristics of whole beans 

reflect those of unsweetened paste. All genotypes had similar and low vegetativeness and 

sweetness in both environments, indicating that those attributes of bean paste are too subtle and 

indistinguishable between the genotypes. The similar scores of sensory attributes among the paste 

samples at SV may indicate that beans would produce paste with more similar flavor grown in this 

environment. However, considering the high coefficient of variation of the soaked hardness and 

paste making-qualities of the genotypes at SV, it is also possible that the paste samples had high 

within-genotype variability that led to reduced statistical power to detect differences between the 

genotypes. Further research will be necessary to test this hypothesis. 

 

Stickiness of sweetened paste 

The significant G effect and the insignificant E and G×E effects indicated that genotype is an 

important factor for this trait. The high stickiness of Powderhorn in both environments is a 

favorable characteristic for bean paste made without the seed coat. Stickiness is evaluated by 

preparing paste, and no phenotype was suggested as a predictor of stickiness. However, the protein 
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content of sweetened paste was correlated with stickiness for some otebo cultivars and breeding 

lines (Komiyama & Kato, 2004). As a future study, the protein content of sweetened and 

unsweetened paste can be measured to facilitate the understanding of the genotypic differences in 

paste stickiness. The moisture contents of the sweetened paste samples were not correlated with 

stickiness (p=0.75); thus, it did not explain the genotypic differences. 

 

Conclusions 

Bean paste could be a novel use of dry beans, and this study revealed the potential of Michigan-

grown, white-seeded beans for paste production. All the white cultivars tested performed similar 

to or better than Hime for many of the paste quality traits such as paste yield, L* and L*/C* values 

of the unsweetened paste, and L* values of the sweetened paste. The large-seeded white beans 

such as Powderhorn and Snowdon showed the best potential for some of the paste traits. These 

commercial cultivars are currently used for other purposes such as canning, but they could also 

perform well as paste; therefore, if there is increased demand for bean paste in the U.S. or other 

parts of the world, it can be met with existing cultivars. Growing environments and/or the use of 

irrigation influenced the seed and paste qualities, so this should be an important consideration. 

With the promising genotypes and evaluation methods identified in this study, future experiments 

can be designed to evaluate and validate the performance of future bean cultivars and their 

suitability for paste production. 
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APPENDIX A: 

CHAPTER 3 TABLES AND FIGURES 

 

Table 3.1 Six common bean genotypes tested for agronomic and paste quality traits in two 

environments in Michigan. 

Genotype Hime Samurai Alpena Powderhorn Snowdon CR1502-4 

Market class Otebo Otebo Navy 
Great 

northern 
White 
kidney 

Cranberry 

Seed color White White White White White 
Cream with 

red 
mottling 

Type Cultivar Cultivar Cultivar Cultivar Cultivar 
Breeding 

line 

Unprocessed 
seeds 
(Montcalm) 

      

Unprocessed 
seeds  
(Saginaw 
Valley) 
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Table 3.2 The genotype (G), environment (E), and genotype × environment (G×E) effects on the traits measured and the basic statistics 

of each trait in two environments. 

  (unit) G E G x E 
Environm

ent 
n Min. Median Max. Mean S.D.z 

C.V.y 
(%) 

Seed quality                

100 seed weight (g) <0.0001 <0.0001 <0.0001 MCx 24 16.8 30.1 66.2 38.0 19.3 50.6 
     SVw 24 17.0 27.6 52.9 33.0 12.7 38.5 

Seed coat (%) <0.0001 <0.0001 <0.0001 MC 24 6.3 7.3 8.0 7.2 0.4 5.6 
     SV 24 6.8 7.8 9.5 8.0 0.7 8.9 

Peak Positive Forcev (g) <0.0001 <0.0001 <0.0001 MC 240 1196 1704 2149 1710 159 9.3 
     SV 240 517 1407 2276 1400 326 23.3 

Positive areav (g·sec) <0.0001 <0.0001 <0.0001 MC 240 1076 2013 2854 2041 281 13.8 
     SV 240 590 1528 2406 1506 355 23.6 

Paste-making quality             

Water uptake (%) <0.0001 0.001 <0.0001 MC 24 98.0 105.6 113.6 105.8 5.0 4.7 
     SV 23 94.9 108.6 122.6 109.0 8.9 8.2 

WIRBu (ratio) <0.0001 0.001 0.001 MC 24 2.94 3.05 3.20 3.06 0.08 2.6 
     SV 23 2.65 2.94 3.36 2.98 0.19 6.2 

Paste yield (ratio) <0.0001 <0.0001 <0.0001 MC 24 45.6 53.7 59.7 54.2 3.4 6.2 
     SV 23 28.1 46.7 51.1 44.8 5.8 13.0 

Unsweetened paste quality            

L*  <0.0001 0.002 0.073 MC 24 66.9 73.9 75.9 73.2 2.2 3.1 
     SV 23 63.7 73.4 75.9 72.5 2.9 4.0 

a*  <0.0001 0.072 0.059 MC 24 2.4 3.5 4.7 3.5 0.6 16.4 
     SV 23 2.3 3.5 5.2 3.6 0.8 21.5 

b*  0.001 <0.0001 0.017 MC 24 9.9 14.3 17.3 14.2 1.7 12.2 
     SV 23 13.5 16.2 18.0 16.1 1.4 8.5 

C*  0.003 <0.0001 0.011 MC 24 10.9 14.7 17.7 14.6 1.6 10.8 
     SV 23 14.2 16.5 18.4 16.5 1.3 8.2 

L*/C*  0.011 <0.0001 0.011 MC 24 4.2 5.1 6.1 5.1 0.5 9.8 
     SV 23 3.6 4.4 5.2 4.4 0.5 10.5 

Whiteness (score)t <0.0001 0.015 <0.0001 MC 96 1.0 4.0 5.0 4.1 1.2 29.7 
     SV 92 1.0 4.0 5.0 3.8 1.1 29.0 

Beaniness (score) 0.003 0.139 0.186 MC 96 1.0 2.0 5.0 2.3 1.3 55.8 
     SV 92 1.0 2.0 5.0 1.9 1.0 53.0 

Vegetativeness (score) 0.904 0.645 0.303 MC 96 1.0 2.0 5.0 1.9 1.0 51.8 
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Table 3.2 (cont’d) 
     SV 92 1.0 2.0 5.0 2.0 1.0 51.3 

Sweetness (score) 0.134 0.725 0.625 MC 96 1.0 1.0 3.0 1.2 0.4 35.6 
     SV 92 1.0 1.0 5.0 1.3 0.7 57.4 

Total flavor intensity (score) 0.006 0.878 0.048 MC 96 1.0 2.0 5.0 2.3 1.1 48.3 
     SV 92 1.0 2.0 5.0 2.3 1.0 45.3 

Sweetened paste quality            

L*  <0.0001 0.128 0.748 MC 24 28.8 54.1 69.3 53.1 11.2 21.1 
     SV 23 30.2 60.3 69.3 56.9 10.3 18.2 

a*  <0.0001 0.045 0.014 MC 24 3.6 5.7 7.1 5.6 1.0 17.2 
     SV 23 3.7 5.9 7.6 6.0 1.0 16.1 

b*  <0.0001 <0.0001 0.526 MC 24 9.3 23.0 28.5 21.9 4.9 22.4 
     SV 23 11.6 25.5 29.3 24.6 4.5 18.1 

C*  <0.0001 <0.0001 0.358 MC 24 11.1 23.7 29.3 22.6 4.6 20.5 
     SV 23 13.2 26.1 30.2 25.4 4.2 16.5 

L*/C*  0.010 0.152 0.720 MC 24 1.8 2.3 3.5 2.4 0.4 16.6 
     SV 23 1.8 2.3 2.7 2.2 0.3 11.6 

Whiteness (score) <0.0001 0.988 0.011 MC 96 1.0 4.0 5.0 3.5 1.4 41.3 
     SV 92 1.0 4.0 5.0 3.6 1.2 32.4 

Stickiness (g·sec) <0.0001 0.065 0.079 MC 24 2979 4204 6910 4378 1123 25.7 
          SV 23 2253 4000 5438 4015 843 21.0 

zS.D.: standard deviation; yC.V.: coefficient of variation; xMC: Montcalm, wSV: Saginaw Valley; vPeak Positive Force and Positive 

Area: Soaked hardness measurements; uWIRB: Weight Increase Rate by Boiling. tScore: 1-5 scale with 5 being the strongest. 
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Table 3.3 Mean values for agronomic and paste quality traits of six bean genotypes grown in the two environments in Michigan. 

      Otebo Otebo Navy 
Great 

northern 
White 
kidney 

Cranberry 

  (unit) Environment Hime Samurai Alpena Powderhorn Snowdon CR1502-4 

Seed quality         
100 seed weight (g) MCz 27.0 c 23.5 d 16.9 e 33.3 b 63.9 a 63.6 a 

 
 SVy 25.5 d 24.1 d 17.2 e 32.9 c 52.2 a 46.0 b 

Seed coat (%) MC 7.6 a 7.5 a 6.9 b 7.9 a 6.9 b 6.9 b 

 
 SV 8.6 a 7.6 cb 7.0 c 7.9 ab 8.0 ab 8.6 a 

Peak Positive Forcex (g) MC 1875 a 1724 b 1747 b 1703 b 1599 c 1611 c 
  SV 1272 dc 1454 b 1382 bc 1752 a 1105 d 1437 bc 

Positive areax (g·sec) MC 2320 a 1979 bc 1779 d 2214 a 1892 dc 2059 b 
  SV 1421 dc 1505 bc 1299 d 1945 a 1255 d 1612 b 

Paste quality         
Water uptake (%) MC 107.9 abc 101.7 dc 103.6 dbc 111.4 a 109.2 ab 100.8 d 

  SV 116.2 ab 97.2 c 100.3 c 110.5 b 119.5 a 111.4 ab 
WIRBw (ratio) MC 3.17 a 3.07 ab 2.98 b 3.05 ab 3.05 ab 3.08 ab 

  SV 3.06 ab 3.26 a 2.89 cb 2.79 c 2.92 cb 2.91 cb 

Paste yield (ratio) MC 52.3 cb 53.9 cb 49.9 c 54.8 b 59.1 a 55.1 ab 

  SV 45.3 a 49.0 a 44.3 a 45.9 a 48.0 a 33.2 b 

Unsweetened paste quality        
L*  MC 73.9 a 73.0 a 74.2 a 74.4 a 74.8 a 68.9 b 

 
 SV 73.4 a 72.3 a 72.7 a 74.6 a 74.3 a 65.7 b 

a*  MC 3.3 cb 3.8 ab 3.7 ab 3.2 cb 2.8 c 4.2 a 
 

 SV 3.5 bc 4.1 b 3.8 bc 2.7 d 3.0 dc 5.0 a 
b*  MC 14.1 b 13.0 b 13.5 b 16.8 a 15.0 ab 12.7 b 

 
 SV 16.4 NSv 14.9 15.3 16.4 16.8 17.1 

C*  MC 14.5 b 13.6 b 14.0 b 17.1 a 15.3 ab 13.4 b 
 

 SV 16.8 NS 15.4 15.7 16.6 17.1 17.8 
L*/C*  MC 5.1 ab 5.4 a 5.3 a 4.4 b 4.9 ab 5.2 ab 

 
 SV 4.4 ab 4.7 a 4.6 ab 4.5 ab 4.4 ab 3.7 b 

Whiteness (score) u MC 4.9 a 4.5 ab 4.5 ab 4.2 b 4.7 ab 1.7 c 
  SV 3.8 b 3.8 b 4.1 ab 4.6 a 4.2 ab 1.6 c 

Beaniness (score) MC 1.5 c 1.9 abc 1.9 bc 2.3 abc 2.8 ab 3.1 a 
  SV 2.0 NS 1.6 1.8 1.9 2.3 2.2 
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Table 3.3 (cont’d) 
Vegetativeness (score) MC 1.7 NS 2.1 1.6 2.1 2.1 2.1 

  SV 2.0 NS 1.7 2.4 1.9 2.1 2.0 
Sweetness (score) MC 1.2 NS 1.3 1.2 1.2 1.2 1.1 

  SV 1.2 NS 1.6 1.2 1.4 1.1 1.0 
Total flavor intensity (score) MC 1.7 b 2.1 b 1.9 b 2.3 b 2.4 ab 3.4 a 

  SV 2.2 NS 2.0 2.3 2.4 2.5 2.3 

Sweetened paste quality        
L*  MC 52.7 a 52.0 a 60.2 a 54.9 a 64.9 a 33.7 b 

 
 SV 60.0 a 56.0 a 59.9 a 60.2 a 63.9 a 35.6 b 

a*  MC 5.3 ab 5.7 a 5.8 a 6.5 a 4.0 b 6.1 a 
 

 SV 6.8 a 6.3 ab 6.0 ab 5.3 ab 4.9 b 6.6 ab 
b*  MC 22.9 b 21.1 b 22.5 b 27.8 a 24.1 ab 12.9 c 

 
 SV 27.1 ab 23.3 b 24.3 b 28.6 a 26.7 ab 15.0 c 

C*  MC 23.5 b 21.9 b 23.2 b 28.5 a 24.4 b 14.3 c 
 

 SV 28.0 ab 24.2 b 25.1 ab 29.1 a 27.1 ab 16.4 c 
L*/C*  MC 2.2 ab 2.4 ab 2.6 ab 1.9 b 2.7 a 2.4 ab 

 
 SV 2.2 NS 2.3 2.4 2.1 2.4 2.2 

Whiteness (score) MC 4.3 ab 3.5 b 3.7 ab 3.8 ab 4.5 a 1.2 c 
  SV 3.3 b 3.4 b 3.9 ab 4.4 a 4.4 a 1.7 c 

Stickiness (g·sec) MC 4116 ab 3836 b 3738 b 6094 a 4459 ab 4023 b 
    SV 4790 a 3030 c 3947 abc 4792 a 4245 ab 3065 bc 

Means with the same letter in the same row are not different (α=0.05). zMC: Montcalm; ySV: Saginaw Valley; xPeak Positive Force 

and Positive Area: hardness measurements of soaked seeds; wWIRB: Weight Increase Rate by Boiling; vNS: Not significant. uScore: 1-

5 scale with 5 being the strongest. 
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Figure 3.1 The correlation coefficients and scatter plots of paste-making and cooking quality traits 

with datapoints from the two environments combined. PY: paste yield; sdwt: 100 seed-weight; 

sdct: seed coat percentage; PPF: peak positive force of soaked seeds; PA: positive area of soaked 

seeds; WU: water uptake; WIRB: weight increase rate by boiling. ***: p-value<0.001; **: p-

value<0.01; *: p-value<0.05. 
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A 

 
B 

 
Figure 3.2 The correlation coefficients and scatter plots of whiteness scores evaluated by assessors 

and color values of unsweetened paste. Score: whiteness score rated by assessors. L*, a*, b*: color 

values obtained by image analysis; C*: chroma; L*/C*: the ratio of L* and C*. A: all data points 

(n=47) used; B: data points except CR1502-4 (n=40). ***: p-value<0.001; **: p-value<0.01; *: p-

value<0.05. 
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Figure 3.3 The correlation coefficients and scatter plots of whiteness scores evaluated by assessors 

and color values of sweetened paste. Score: whiteness score rated by assessors. L*, a*, b*: color 

values obtained by image analysis; C*: chroma; L*/C*: the ratio of L* and C*. A: all data points 

(n=47) used; B: data points except CR1502-4 (n=40). ***: p-value<0.001; **: p-value<0.01; *: p-

value<0.05. 
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CHAPTER 4: 

 

FOOD INDUSTRY VIEWS ON PULSE FLOURS – PERCEIVED INTRINSIC AND 

EXTRINSIC CHALLENGES FOR PULSE FLOUR UTILIZATION 
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Abstract 

Pulses such as beans, chickpeas, peas, and lentils offer numerous health and nutritional benefits, 

and milled pulse flours will increase their versatility and may increase pulse consumption. Beans 

are the most produced pulse crop in the U.S. and have a potential to serve as a milled ingredient 

for large-scale food manufacturing; however, their use as flour is limited. Pulse seed traits that the 

food industry wants to be improved for flour purposes are largely unknown. This study aimed to 

understand the food industry’s needs and barriers for pulse flour utilization via an electronic survey 

targeting employees at food companies that manufacture products typically made from wheat. 

Survey questions asked about intrinsic factors of pulse flours such as end product quality 

characteristics they find satisfactory or challenging, as well as extrinsic factors including market 

demand, pulse flour supply, and cost. Twenty-one current, previous, or considered users of pulse 

flours and 54 non-users completed the survey. Ten of the users indicated that there were challenges 

utilizing pulse flour while five indicated there were not. The three most selected challenges of end 

product qualities were flavor, texture, and dough handling properties. The optimum attributes 
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would need to be identified for specific combinations of pulse flour and product type with a larger 

sample size. Over half of respondents were not familiar with bean flour, especially non-users, 

which warrants increased awareness of bean flour. Market demand for improved nutritional 

products may be the most important extrinsic factor rather than supply or cost.  

 

Introduction 

Pulses are starchy seeds of leguminous crops and can serve as a source of protein, dietary fiber, 

vitamins, and minerals, and provide protective effects against cardiometabolic diseases and certain 

types of cancer (Hall et al., 2017; Mudryj et al., 2014). The major pulse types produced in the U.S. 

include dry beans, dry peas, chickpeas, and lentils (FAOSTAT, 2021). Due to their high nutritive 

value, pulse consumption is encouraged by the Dietary Guidelines for Americans (US Department 

of Agriculture & US Department of Health and Human Services, 2015). However, pulse 

consumption is low among consumers; only 7.9% of U.S. adults consumed pulses including dry 

beans on a given day (Mitchell et al., 2009). Barriers for pulse utilization include limited time for 

meal preparation and lack of knowledge on pulse cooking (Palmer et al., 2018; Winham et al., 

2019). Milled pulses (pulse flours) offer a broader range of applications such as baked goods, 

snacks, and pasta, which are ready to eat or quick to prepare. The high levels of protein and dietary 

fiber (15-30% each) in pulses make pulse flours an ideal ingredient to nutritionally improve wheat-

flour based products (Abu-Ghannam & Gowen, 2011; Hall et al., 2017). Alternatives to wheat 

flour are gaining attention, especially rice and chickpea flours, due to consumers’ increasing 

interest in the nutritional and health benefits of pulse flours (American Pulse Association, 2020; 

Teodoro, 2017). In fact, 3,449 new pulse-based products were launched in the U.S. from 2006 to 
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2016, and more than half of the products were made from peas or pea protein isolate (Zarrouki, 

2017). 

Numerous studies have been conducted to investigate the suitability of pulse flours for 

various food applications (Malcolmson & Han, 2019; Maskus, 2010; Sozer et al., 2017). Pulse 

flour utilization brings some challenges such as off- and beany flavors, texture, and functional 

properties different from wheat flour due to the lack of gluten (Marti & Pagani, 2013; Simons & 

Hall, 2018; Sozer et al., 2017). Thakur et al. (2019) compared pulse and wheat flours with 

established quality parameters for milling. They argued that specification of pulse flours and seed 

quality parameters for pulse milling need to be defined for consistency; and that the effect of 

genotype, environment, storage, processing, and milling on those quality parameters, as well as 

flour components and their interactions need to be studied (Thakur et al., 2019). Performance can 

differ depending on pulse flour and application types, and flours can be characterized by many 

attributes such as dehulling efficiency, physicochemical properties, thermal behavior, and nutrient 

composition (Farooq & Boye, 2011; Martínez, 2015; Maskus, 2010; Wood & Malcolmson, 2011). 

End-product qualities such as appearance, aroma, and flavor are also important to consider for 

consumer acceptability.  

The perspectives of end-users on pulse flours are scarce in the literature. One case study 

was conducted (Lascialfari et al., 2019) with European and multinational food manufacturers of 

pulse-based products, which identified important factors for innovation in pulse-based product 

development. These were  grouped into three categories: technical aspects, market trends, and 

ingredient availability. Technical aspects include the functionality and behavior of pulse flours 

when processed, and difference between regular wheat and pulse flours are noted as expected. 

Market trends are strong drivers for their product development, and depend on time and country; 
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consumers’ conservative attitude in Europe was deemed to be a challenge, while pulse-based pasta 

was more accepted in the U.S. Finally, ingredient availability was a concern, especially to firms 

with large production capacity. Since this study was conducted almost exclusively with firms in 

Europe, a similar study with U.S. food manufacturers would facilitate understanding of the 

challenges with pulse flours more specific to the U.S. Important traits depend on application types, 

so optimum pulse flour traits need to be specified for each type of application. 

Common bean (Phaseolus vulgaris) is the most produced pulse crop globally and in the 

U.S. Approximately one million tons of dry beans are produced annually and consumed primarily 

in the form of canned beans in the U.S. (Parr & Lucier, 2020) However, beans can also be milled 

into flour and can be used for food products that are typically made from wheat flour. Bean flour 

has been tested for various food applications on a laboratory scale such as quick bread (Alani et 

al., 1989; Dryer et al., 1982), tortillas (Mora-Avilés et al., 2007), pasta (Gallegos-Infante et al., 

2010; Hooper et al., 2019), cookies (Simons & Hall, 2018), biscuits (Sparvoli et al., 2016), cakes, 

crackers, and meat analogues (Szczygiel et al., 2017), with promising results. Bean flour has been 

commercially produced and used, but its market presence remains rather small. Aroma, appearance, 

texture, and beany flavor, likely caused by lipid oxidation, may be a challenge (Szczygiel et al., 

2017), not only for bean flour but also for other types of pulse flours (Roland et al., 2017; Thakur 

et al., 2019). Among the aforementioned 3,449 pulse-based products launched, bean flour was not 

in the top ten ingredients (Zarrouki, 2017). This suggests that there is a need to improve beans for 

use as flour, but which traits do not meet users’ expectation are not clear.  

Due to the large number of products that utilize pulse flours, interests and needs for pulse 

flours by the food industry is an important missing piece of information for developing pulse 
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varieties for flour purposes. This survey study aimed to identify needs for and the barriers limiting 

adoption of pulse flours by the U.S. food industry.  

 

Materials and Methods  

Ethics approval 

This survey study was deemed exempt under 45 CFR 46. 104(d) 2ii by the Institutional Review 

Board at Michigan State University (Study ID: STUDY00002778). Respondents gave consent to 

participate in the study by clicking ”Yes, I agree to participate in this survey”. No compensation 

for participation was offered or provided. 

 

Survey development 

Survey questions were developed through interviews with academic researchers and bean industry 

personnel involved in bean or pulse flour research and promotional activities of dry beans. The 

interview questions included sections about corporate research and development pipeline and their 

experience with and impression of pulse flours. Sixteen convenience samples of flour or milling 

industry professionals were invited to participate in an interview via teleconference. Two answered 

the interview questions by email, and three provided their general opinions about pulse flours 

instead of answering the interview questions. Survey questions were developed based on these 

responses and were improved by information presented at the Pulse Science and Technology 

Forum (Toronto, November 5-7, 2019), the Pulse Flour Summit (Minneapolis, MN, March 10-12, 

2020), and iterative discussions and edits by all of the authors. Further, the survey was reviewed 

by 12 academic researchers and industry personnel who did not participate in the interview and 

was refined based on their feedback.  



178 

 

Survey questions for all participants 

User status, pulse flour type, and product types 

The survey asked participants their pulse flour use status (currently using, previously used, have 

considered or currently testing, or never used). Current, previous, and considered (CPC) users were 

asked for their pulse flour type and product type that they are/were/have considered using. Non-

users were asked the flour and product types that they would be interested in using. If they selected 

multiple pulse flour types, they were asked to select the one most important to them. “Do not know 

which pulse flour type is best for my production purpose” was also provided as an option to non-

users. The pulse flour types included bean, chickpea, pea, lentil, faba, and other; product type 

included yeast breads, cakes, quick breads, pastries, cookies, spaghetti, Asian noodles, snack foods, 

thickening agents, coatings and breadings, functional protein products, and plant-based meat 

alternatives. The pulse flour type and product type questions required answers to proceed.  

 

Job titles and business types 

Questions about the participants and their companies were asked: their primary job titles and 

business type (single location, headquarters, or branch). 

 

Information, collaboration, and impression on bean flour 

Respondents were asked if they have ever looked for technical information on the pulse flour they 

selected, and if they have, follow-up questions were asked about the adequacy of information they 

found and the sources of information they used. They were asked whether they would be interested 

providing their opinions to university researchers and plant breeders about how pulse flours can 
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be improved. A multiple-choice question was asked their impression about bean flour, a pulse type 

that is most produced in the U.S. but less utilized as flour. Multiple answers were allowed. 

 

Questions for CPC users 

Satisfactory and challenging characteristics of pulse-flour based products 

CPC users were asked about product characteristics made from pulse flours that they found 

satisfactory or challenging. Multiple answers were allowed. The reason for currently using or 

quitting using the pulse flour they selected was asked with multiple choices.  

 

Variability, specifications, and supply  

Participants’ opinions were asked with choices “Yes”, “Sometimes”, “No”, and “Do not know” 

regarding variability in pulse flour quality by batch or supplier, their importance in their product 

quality, universal specification of pulse flours, gluten contamination, and lectins. Questions were 

asked with choices “Yes”, “No”, “Do not know” about cost and supply of the pulse flour they 

selected. The change in availability of the pulse flour due to the COVID-19 pandemic since March 

2020 were also asked. All questions were posed with an optional comment box for text entry.  

 

Target population and survey distribution 

Qualtrics (Qualtrics, Provo, UT, USA) was used to develop and distribute a survey regarding pulse 

flour use. A group of Standard Industrial Classification (SIC) codes were identified for food 

products typically made from wheat flour: 2045, 2051, 2052, 2053, 2096, and 2098 (Table 4.1), 

and 10,292 email addresses were obtained from InfoUSA Marketing, Inc. (St. Louis, MO, USA) 

of food manufacturing firm employees with one or more of the selected SIC codes. A unique 
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survey link was generated for each individual to enable response tracking, and they were invited 

to participate via email. An additional 16 individuals who were suggested by the initial invitees or 

other sources were invited via email with a unique survey link. A second reminder invitation was 

sent to 6,741 individuals who had not started the survey or who had started but not finished and 

had a job title considered to be relevant to this study (Table S4.12). A reminder email was sent 2-

7 days after the first and second distributions.  

An anonymous URL (weblink) for the survey was generated to allow anyone with the link 

access to the survey. The weblink was linked to the survey with the same questions regarding pulse 

flours, but had additional voluntary questions asking participants’ first names, business name and 

zip code, and the type of business (single location, headquarters, branch, or other). The weblink 

was distributed via U.S. Dry Bean Council, Michigan Bean Commission, USA Dry Pea and Lentil 

Council, faculty members at the Department of Food Science and Human Nutrition of Iowa State 

University including the Departmental External Advisory Committee, Northharvest, Institute of 

Food Technologists (IFT) Iowa, American Pulse Association, faculty members at the Department 

of Food Science and Human Nutrition of Michigan State University, and IFT Great Lakes Section. 

The survey was also distributed with the weblink on authors’ accounts on Twitter and LinkedIn.  

 

Results and discussion 

Eighty-four responses were collected in total. Nine responses from outside the U.S. or irrelevant 

businesses were removed, resulting in 75 valid responses, of which six were collected via the 

weblink. Respondents were categorized into four pulse flour user types: eight current, four 

previous, nine considered, and 54 non-users. The most common role of the respondents was 

management or owner (29), followed by research and development (R&D, 18) (Table2). There 
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were 30 respondents in R&D or production/chef, who are most likely to be knowledgeable about 

the behavior of pulse flours when utilized in food products. A half of current and 67% of 

considered users were in R&D, whereas 25% and 13% of previous and non-users were in R&D, 

respectively.  

 

Pulse flour and product types  

Participants were asked the pulse flour type they are currently, previously, considered, or would 

be interested in using, and the product type they would like to make with the pulse flour they 

selected (Table 4.3). Chickpea and pea flours were by far the most selected by all types of users 

rather than bean, faba, and lentil flours, whereas 70% of non-users did not know which pulse type 

was best for their needs. Thirteen percent of non-users explicitly stated that they were not interested 

in using any pulse flours. Over half of considered users selected chickpea, whereas 63% of current 

and 50% of previous users selected pea flour. Among all the respondents, yeast breads were the 

most selected products they are currently producing, previously produced, have considered, or 

would be interested in using pulse flour for, followed by cookies and quick breads (Table 4.4). 

Twenty percent of non-users explicitly stated that they were not interested in using pulse flours for 

any kinds of products. Though chickpea and pea were the most selected pulse type (Table 4.3), 

the type of products using the pulse flours selected varied widely (Table 4.5). However, yeast 

breads and cookies (9 times each) were relatively popular among those who did not know which 

type of pulse flour is best for their needs. 
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Information 

Thirty-one percent (23 out of 75) of all respondents indicated that they have looked for pulse flour 

technical information (Table 4.6). More CPC users had looked for information on pulse flours 

than non-users, and 89% of non-users never looked for technical information on pulse flours. 

Among those who had looked for information, 61% (14 out of 23) said they were able to find 

sufficient information. 

Participants who had looked for information on pulse flours were asked to select all sources 

of information they used. For-profit researchers and industry associations such as the Institute of 

Food Technologists were the most selected source of information (Figure 4.1). Non-profit 

organizations such as the American Pulse Association and academic textbooks and researchers 

were the second most selected. Open-access journals were more popular than subscribed and pay-

per-view journals. Those who selected “Other” commented that information was obtained from 

their suppliers (3) and from the Internet (1). From these results, academic and for-profit 

organizations and communication between researchers seemed to be effective channels that are 

likely to reach pulse flour end-users. 

 

Collaboration with pulse breeders 

Participants were asked if they would be interested in providing opinions to university researchers 

and plant breeders about how pulse flours can be improved. Nine selected “Yes”, six “Other”, and 

59 “No”. Those who selected “Other” left comments that they do not know enough about pulse 

flours to provide useful feedback or that someone in the company might be willing to. Business 

type information was available for 72 of the 74 who answered this question. Seven out of the 54 

participants at a single location were willing to collaborate, while two out of the 18 at large firms 
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that have headquarters, subsidiary and/or branches were willing to (Figure 4.2). Though a small 

number, nine individuals were willing to collaborate with pulse breeders, which will be useful in 

developing varieties that meet the end-users’ needs and will increase pulse flour adoption. For 

example, an industry partner was involved in the lab-scale evaluation of pulse flours for crackers, 

and a selected pulse type (chickpea) was further tested on a commercial scale at the company (Han 

et al., 2010). 

 

Impression on bean flour 

To gain insights on how beans could be improved for flour purposes, participants were asked for 

their impressions on bean flour. Multiple answers were allowed. “Do not know about bean flour” 

was the most selected impression on bean flour, especially by non-users (57%). However, 25-33% 

of CPC users also did not know about bean flour (Table 4.7). These results justify increasing 

promotional activities for bean flour. Over 60% of current and considered users selected “Flavor 

is a challenge”. All user types selected “Market demand for bean flour is low”. Flavor and 

functionality were selected as a challenge 22 and 21 times respectively, whereas gluten 

contamination and lectin concerns were only selected 6 times in total, indicating that participants 

are more concerned about culinary and processing qualities than safety of bean flour. A comment 

mentioned the expected low production volume of bean flour: “Volume limitations limit its 

commercial usage”. To our knowledge, the proportion of beans used as flour is unknown.  

 

Pulse flour and product types of CPC users 

There were six users who are currently producing, were previously producing, or have considered 

producing yeast breads, five snack foods, four meat alternatives, three quick breads, followed by 
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cakes, cookies, and thickening agents prepared by one each (Table 4.8). For the eight current users, 

the most selected reason for using pulse flours was driven by marketing and trends, followed by 

protein content and functional characteristics of the pulse flour (Table 4.9). The reason for 

discontinuing pulse flour by the four previous users were all “Low market demand for the product 

made with the pulse flour”, and  no other choices regarding flour performance, supply, or allergen 

contamination were selected as the reason for discontinuation. These results indicate that market 

demand is an important determinant on whether or not to use pulse flour. Likewise, low market 

demand ranked fourth for bean flour impression (Table 4.7). 

 

Satisfactory and challenging characteristics of product quality 

The CPC users were asked to select satisfactory traits of pulse flour. Multiple answers were 

allowed. Texture, appearance, and uniformity were the top three satisfactory characteristics 

(Figure 4.3A). Five current users were satisfied with product color with pulse flours, while only 

two previous or considered users were. This may indicate the importance of product color for 

commercial use of pulse flours. Flavor was selected as satisfactory by all user types, which was 

surprising considering the deemed challenges regarding the ‘beany’ flavor of pulse flours 

(Bresciani & Marti, 2019; Roland et al., 2017). This suggests that some food manufacturers know 

ways to adjust and optimize flavor. Beany flavor could or could not be problematic depending on 

seasoning used and on the incorporation rate of pulse flours if composite flour is used (Dabija et 

al., 2017; Szczygiel et al., 2017). Unpleasant flavor is also tackled by a plant breeding approach; 

a commercially available pea protein ingredient is “produced from U.S. yellow pea varieties, 

specifically selected to minimize the off-flavors normally associated to pulses” (quote from Cargill, 

2019). 
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Eighteen out of the 21 users answered the question “Were there challenges when using the 

pulse flour?”. Ten users indicated that they have encountered challenge(s) when using their pulse 

flour, whereas five indicated they did not (Table 4.10). The combination of pulse flour and product 

type is shown in Table 4.11. Among the 10 respondents who reported that they had challenges 

producing yeast breads (5), snack foods (2), meat alternatives (2), and cookies (1) with chickpea, 

pea, faba, and bean flours. In contrast, five respondents said there were no challenges for snack 

foods (2), quick breads (2), and thickening agents (1) with chickpea, pea, and bean flours. It was 

noteworthy that four respondents used bean and chickpea flours for snack foods, and two reported 

that there were challenges, whereas the other two reported there were not. Though the number of 

respondents was small, it was intriguing that some of the users in all the user statuses indicated 

that there were no challenges and that their product was satisfactory, indicating that it is possible 

to produce satisfactory quality products for some combinations of pulse flour and product type. 

Yeast breads were the main product type that pulse flours were used for and came with 

challenges most often. This high count may be partly because yeast breads were the most selected 

products participants have used or considered using pulse flours for (Table 4.4). However, the 

challenges that yeast bread producers reported are useful information because gluten formation 

plays a vital role in yeast bread quality, and pulse flours, which are gluten-free, often presents 

challenges in terms of loaf volume and texture when made into breads (Melini et al., 2017). This 

survey was designed to characterize the combination of pulse flour and end product as well as the 

production conditions so that conclusions could be drawn for specific pulse flour type and 

application; nevertheless, this was not possible due to a small sample size. Thus, an alternative 

approach for pulse breeders might be to collaborate with an industry partner to provide feedback 

on pulse varieties for flours under a confidentiality agreement.  
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The 10 respondents who reported there were challenges also selected product 

characteristics that they found challenging. Multiple answers were allowed. Flavor, texture, and 

dough handling properties were the top three challenges. Though flavor was the fifth most selected 

satisfactory characteristic (Figure 4.3A), eight out of the 10 respondents selected flavor as a 

challenge (Figure 4.3B). It was interesting that texture was the most selected satisfactory 

characteristic, but six out of the 10 respondents selected it as a challenge. Texture is a blanket word 

that encompasses various attributes (e.g. firmness, brittleness, resilience) depending on product 

types (Bourré et al., 2019; Paladugula et al., 2021; Ramírez-Jiménez et al., 2018). Thus, individual 

research would be needed to address challenges regarding texture of specific products. Dough 

handling properties are also a recognized challenge due to lack of gluten in pulse flours (Lascialfari 

et al., 2019; Marti & Pagani, 2013; Melini et al., 2017). The results obtained from the end-users of 

pulse flours supported previous findings and highlighted the importance of flavor and texture. 

 

Variability 

The 21 current, previous, or considered users were asked questions about variability in pulse flour 

quality by batch or supplier, universal specifications of pulse flour or the lack thereof, and gluten 

and lectin concerns (Figure 4.4). Three respondents agreed that pulse flour quality (sometimes) 

varies from batch to batch, seven disagreed, and 10 did not know. One respondent who selected 

“Sometimes” commented that the quality is “harvest dependent”. In contrast, for variation by 

suppliers, 11 users agreed that pulse flour quality (sometimes) varies from supplier to supplier. 

This seems to reflect the current situation in the pulse milling industry where there is no universal 

specifications for pulse flour products, unlike wheat flour, which results in pulse flour products 

with varying characteristics milled by the supplier’s own method (Thakur et al., 2019). 
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Interestingly, however, not everyone agreed that the variation in pulse flour quality affects their 

product consistency or that having universal specifications is a critical factor for them. Two 

respondents who indicated that the variation in pulse flours “sometimes” makes it difficult to 

produce food products with consistent quality commented that it depends on varieties, growing 

locations, and weather conditions. These comments showed that some users are aware of the effect 

of pulse varieties and seasonal conditions on the flour quality and thus the food product quality 

made with it. Regarding universal specifications, one who selected “Sometimes” commented that 

“Depends on the level of incorporation of the pulse flour in the formulas”, suggesting that 

specifications may not matter as much if only a small percentage of pulse flour was incorporated 

in other flours. Fifteen respondents indicated that gluten contamination is (sometimes) a concern 

in pulse flours, but only five indicated that lectins in pulse flours are a concern, similarly to the 

bean flour impression results (Table 4.7).   

 

Supply and logistics  

Extrinsic factors such as cost, production, and influence of the COVID-19 pandemic on pulse flour 

supply were assessed by the 21 users. Twelve said there is a supplier that provides them with their 

pulse flour at a reasonable cost (Figure 4.5A). It was intriguing that seven said freight cost is a 

critical factor, but five said it is not. Eight to ten participants either did not know or did not answer 

to these questions about supply and logistics. More than half (11) participants said there is enough 

supply of pulse flour for their production scale, while none said there is not enough supply. These 

results indicated that pulse flour supply or cost may not be the main barrier to pulse flour use for 

food manufacturers. The pandemic of COVID-19 saw a surge in sales of pulse products 
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(Domonoske & Schneider, 2020), but only three said pulse flour was less available while five said 

the availability is higher or the same (Figure 4.5B). 

 

Limitations of the study 

Response rate was low for this survey: the response rate was 0.85% (88/10,306) via email. The 

small number of responses violated the assumptions of chi-square test for proportion comparison 

among subgroups. The low response rate may be due to the industry’s hesitation in answering 

questions about their production and research activities. Industry professionals are a difficult 

population to obtain information from even though it was clearly explained in the invitation email 

and survey front page that this survey is for academic research purposes and that no identifiable 

information will be published. An invitee selected “Not comfortable answering questions about 

the company activities” as a reason not to participate, and another invitee to the preliminary 

interview stated that they cannot participate because the questions are [asking information that is] 

mostly confidential for them. A similar observation was made in a pulse products innovation study; 

only two firms filed a patent on their new method of pulse processing (which will be published), 

and all others chose to have it as trade secret (Lascialfari et al., 2019). The self-administered form 

of survey may have contained questions or choices that participants did not understand. The 

percentage of participants in our target job tiles were low: only 40% (30/75) of the respondents 

were in R&D or production/chef, and others were in management/owner, regulation/QA/QC, and 

Sales/Marketing. Words such as flavor, texture, and dough handling properties could mean various 

attributes depending on products; thus, identifying specific attributes applicable to specific 

products would narrow down the food industry’s needs for pulse flour improvement. 
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Conclusions 

An online survey was administered with food industry professionals whose firms produced food 

products from regular wheat and/or gluten-free flours. Valid answers were collected from eight 

current, four previous, nine considered, and 54 non-users of pulse flours: 75 in total. Yeast breads 

were the most selected product type for which they are using, used, or would be interested in using 

pulse flours. Chickpea and pea were the top two pulse flours selected. Scientific associations, both 

industry and academic, and open-access journals were likely to reach industry personnel who look 

for technical information. Regarding bean flour in particular, increasing publicity and improving 

flavor and functionality may be the key for bean flour improvement for flour purposes. Lectin and 

gluten contaminations were less selected as a concern. Market demand may be more important for 

continued use of pulse flours than intrinsic characteristics. According to the 21 CPC users, texture, 

appearance, and uniformity were the three most selected satisfactory characteristics of products 

using their pulse flour. Ten stated that there were challenges, but five stated there were not. Flavor, 

texture, and dough handling properties were the top three most selected challenges. More than half 

of users agreed that pulse flour quality (sometimes) varies from supplier to supplier; however, 

opinions were mixed about universal specifications for pulse flours and the effect of the variation 

on product consistency. Extrinsic factors such as pulse flour supply or cost may not be a main 

problem to pulse flour users. In summary, flavor, texture, dough handling properties, and market 

demand were important factors in pulse flour use to food manufactures who participated in this 

survey. Individual characteristics that need improvements for specific pulse flour and product type 

should be studied in future research. 
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APPENDIX A: 

CHAPTER 4 TABLES AND FIGURES 

 

Table 4.1 SIC codes of food manufacturing firms targeted in this study. 
SIC code Product category 

2045 Prepared Flour Mixes & Doughs 
2051 Bread & Other Bakery Products 
2052 Cookies & Crackers 
2053 Frozen Bakery Products 

2096 Potato Chips Corn Chips/similar Snacks 

2098 
Macaroni Spaghetti Vermicelli & 
Noodles 
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Table 4.2 Primary job roles of the respondents by user type.   

  
Times 

selected 
Current Previous Considered Never 

 Count ------------------ % ------------------ 

Management/Owner 29 25 25 22 44 
R&D 18 50 25 67 13 
Production/Chef 12 13 25 0 19 
Regulation/QA/QC 9 0 25 0 15 
Multiple roles 4 0 0 11 6 
Sales/Marketing 3 13 0 0 4 

Total 75 100 100 100 100 
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Table 4.3 Participants’ currently using, previously used, considered using, or would be interested 

in using type of pulse flours by user type.  

  
Times 

selected 
Current Previous Considered Never 

  Count ----------------------- % ----------------------- 

Do not know which is 
good 37 

0 0 0 70 

Chickpea 13 38 0 56 9 

Pea 13 63 50 33 6 

Not interested 7 0 0 0 13 

Bean 2 0 25 11 0 

Faba 1 0 25 0 0 

Lentil 1 0 0 0 2 

Total 74 100 100 100 100 
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Table 4.4 Product type that the participants are currently using, previously used, considered using, 

or would be interested in using pulse flours for. 

  
Times 

selected 
Current Previous Considered Never 

  Count ------------------------ % ----------------------- 

Yeast breads, buns, and rolls 21 25 50 22 28 

Cookies, bars, and crackers 11 0 0 11 19 

Not interested 11 0 0 0 20 

Quick breads such as muffins 9 25 25 0 11 

Snack foods such as chips, puffs 6 13 25 33 2 

Other 4 0 0 0 7 

Pastries and pies 4 0 0 0 7 

Plant-based meat alternatives 4 25 0 22 0 

Cakes 3 0 0 11 4 

Thickening agents for soups, 
gravies 

2 13 0 0 2 

Total 75 100 100 100 100 
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Table 4.5 Pulse flour type and product type that participants are using, previously used, considered 

using, or interested in using. A total 14 of “Not interested” or no answers were removed.  

 
 
  

Do not know 

which is 

good

Chickpea Pea Bean Faba Lentil Total

Yeast breads, buns, and rolls 9 4 4 0 1 1 19

Cookies, bars, and crackers 9 0 2 0 0 0 11

Quick breads such as muffins 4 3 2 0 0 0 9

Snack foods such as chips, puffs 1 2 1 2 0 0 6

Other 2 1 1 0 0 0 4

Plant-based meat alternatives 0 2 2 0 0 0 4

Cakes 2 1 0 0 0 0 3

Pastries and pies 3 0 0 0 0 0 3

Thickening agents for soups, gravies 1 0 1 0 0 0 2

Total 31 13 13 2 1 1 61
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Table 4.6 The number of participants who had (Yes) or had never (No) looked for technical 

information on pulse flour 

   
Times 

selected 
Current Previous Considered Never 

  Count ------------------ % ------------------ 

Yes 23 75 100 78 11 
No 52 25 0 22 89 

Total 75 100 100 100 100 
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Table 4.7 Impression on bean flour by current, previous, considered, and non-users of pulse flours. 

  
Times 

selected 
Current Previous Considered Never 

 Count -------------------- % -------------------- 

Do not know about bean flour 37 25 25 33 57 
Flavor is a challenge 22 63 0 67 20 
Functionality is a challenge 21 38 25 44 24 
Market demand for bean flour is low 13 38 25 11 15 
More expensive than other GF flours 10 25 25 0 13 
Do not know how to use bean flour 9 13 0 22 11 
Gluten contamination is a concern 5 13 0 11 6 
Lack of specification for bean flour is 
a challenge 

3 0 0 0 6 

Not available from a local source 3 0 25 0 4 
Other 3 0 0 0 6 
Lectins in bean flour are a concern 1 0 25 0 0 
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Table 4.8 The combinations of product and pulse flour that the 21 current, previous, or considered 

users selected. Counts more than one are shown in parentheses.  

Count Product Pulse flour type 

6 Yeast breads, buns, and rolls Pea (3), Chickpea (2), Faba 

5 Snack foods such as chips, puffs Bean (2), Chickpea (2), Pea 

4 Plant-based meat alternatives Pea (2), Chickpea, Other 

3 Quick breads such as muffins Pea (2), Chickpea 

1 Cakes Chickpea 

1 Cookies, bars, and crackers Pea 

1 
Thickening agents for soups, 
gravies 

Pea 
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Table 4.9 Reasons for currently using pulse flours selected by eight current users.   

Reason for using Count 

Driven by marketing and trends 5 
Protein content 3 
Functional Characteristics of the pulse flour 3 
Environmental sustainability 2 
Gluten-free attributes 2 
Health benefits to consumers 1 
Improved protein quality 1 
Other  1 
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Table 4.10 Perceived presence or absence of challenges with pulse flours by user type. 

    Current Previous Considered Total 

  ----------------------- Count ----------------------- 

Were there 
challenges? 

Yes 3 2 5 10 

No 2 2 1 5 

Do not know 3 0 0 3 

  Total 8 4 6 18 
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Table 4.11 Combination of product type and pulse flour type by the presence or absence of 

challenges in production. Counts more than one are shown in parentheses.  

Challenges Product type Pulse flour type 

Yes, there is (are) challenge(s).   
  Yeast breads, buns, and rolls Chickpea (2), Pea (2), Faba 
  Snack foods such as chips, puffs Bean, Chickpea 
  Plant-based meat alternatives Chickpea, Pea 
  Cookies, bars, and crackers Pea 
No, there was no challenge.   
  Quick breads such as muffins Chickpea, Pea 
  Snack foods such as chips, puffs Bean, Chickpea 
  Thickening agents for soups, gravies Pea 
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Figure 4.1 Source of information consulted by those who have looked for pulse flour technical 

information. For-profit, industry assoc. includes For-profit (industry) researchers and industry 

bodies (e.g., Institute of Food Technologists). Non-profit, academic includes non-profit 

organizations (e.g., American Pulse Association), and academic researchers and textbooks.  
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Figure 4.2 Business type and willingness to provide opinion for improving pulses for flour 

purposes.   
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A 

 
B 

 
Figure 4.3 Satisfactory (A) and challenging (B) product qualities produced using the pulse flours 

that CPC users selected. 
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Figure 4.4 CPC users’ opinions on pulse flour quality variability, universal specification, gluten 

contamination, and lectins. *The question about variation by suppliers had an additional choice: 

“We only purchase from one supplier”. 
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A 

 
 
B 

 
Figure 4.5 CPC users’ opinions on the supply and logistics of pulse flours (A) and availability of 

pulse flours during the pandemic of COVID-19 (B).  
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APPENDIX B: 

CHAPTER 4 SUPPLEMENTAL TABLES 

 

Table S4.12 Job titles targeted in the second distribution of the survey. 

Business Development 
CEO 
Chief Marketing Officer 
Director 
Engineering/Technical 

Executive 
Executive Director 
Executive Officer 
Executive Vice 
President 
General Manager 
International 
Manager 
Manufacturing 
Manufacturing 
Executive 

Marketing 
Marketing Executive 
Operations 
Operations Executive 
Owner 
President 
Principal 
Purchasing Executive 
Regional Manager 
Sales 
Sales Executive 
Senior Vice President 

Site Manager 
Vice President 
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