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                     Abstract 
 Cooking quality has recently piqued the interest of bean researchers due to its implications for energy, nutrition, and gender 

equity and carbon footprints. Cooking imparts unique sensory characteristics, improves digestibility, reduces anti-nutritional 

factors, and boosts nutritional and biological value in beans. Delayed and hard to cook (HTC) traits result in extended cooking 

time to confer desired texture. Cooking has a complex mechanistic basis ranging from water imbibition to complex micro 

and macro structural (impermeable seed coat) and biochemical mechanisms (pectin-cations, lignifi cation, phenols, starch and 

protein alterations, lipid polymerization, non-starch polysaccharides) that result in hard to cook trait. The mechanistic events 

leading to water uptake and seed softening may be a useful high throughput assay for genotypic screening for delayed cook-

ing and HTC trait. Cooking time is largely under additive genetic control with high heritability and fast cooking is dominant 

over slow cooking trait. Use of molecular and genomics approaches has led to identifi cation of various genomic regions on 

chromosome 1, 2, 3, 5, 6, 7 and 9 associated with cooking time, coding for various cooking related genes such as cystatin/

monellin superfamily protein, tonoplast dicarboxylate transporter, acyl-CoA sterol acyl transferase and polygalacturonase. 

This review discusses, mechanistic insights, genetics and genomics information about delayed cooking and hard to cook 

trait, that will help breeders to improve cooking quality in beans using eff ective surrogate traits based on seed physical, 

biochemical, water absorption and microstructural parameters. 
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      Introduction 

 Common bean, often known as “Poor man’s Meat” or “Grain 

of Hope” is one of the most important pulse crop. About half 

of bean production occurs in Sub-Saharan Africa and Latin 

America followed by South and South-East Asia (35%). The 

annual world production of beans is approximately 26.5 

million tons, mostly used for direct human consumption 

(FAOSTAT  2018 ). Global exports of common bean stand 

at 4.23 million tones (31%), only next to pea among pulses 

(Rawal and Navarro  2019 ). It is regarded as a “nearly perfect 

food” since it off ers a balanced mixture of diff erent nutrients 

that promote better health and fi ght certain diseases (22.8% 

proteins, 307 kcal of energy, 1.6% of fat and adequate die-

tary fi bers (21.7%). It has very low glycaemic index value 

(24) as compared to cereals and is also rich in nutrients such 

as Iron (8.8 mg/100 g). 

 Cooking in beans improves digestibility, nutritional and 

biological value, inactivates anti-nutritional factors and 

confers the characteristics sensory, textural, color, taste, 

tenderness and overall organoleptic features for consumer 

acceptance (Costa et al.  2006 ). Cooking not only renders 

beans palatable and digestible, but also inactivates anti-

nutritional factors (Taiwo et al.  1997 ). As in most crops, 

consumer acceptability of beans is largely determined by its 

response to cooking. The cooking of beans modifi es physi-

cal, biochemical and nutritional quality parameters, while 

delayed cooking may potentially reduce the nutritive quality 

of beans (Saba et al.  2016 ). 

 Cooking quality (which includes the cooking time, pro-

portion of stone seeds, as well as the physical and chemi-

cal attributes of cooked beans such as hydration, swelling 

and starch gelatinization) is a key component for consumer 

acceptability of common beans worldwide. Since the major 

consumption patterns of beans are cooked grain form, the 
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cooking quality attributes are important for the adoption 

of bean varieties (Kelly and Cichy  2013 ). Legumes vary in 

their cooking times ranging from as low as 0.5 h in mung 

bean (El-Moniem  1999 ) to 1.5 h in common bean (Shehata 

 1992 ), 2.4 h in cowpea (Onayemi and Osibogun  1986 ), 

3–4 h in bambara groundnut (De Kock  2005 ) and 3.6 h for 

soybean (Aykroyd et al.  1982 ). 

 Because of its signifi cance for energy utilization, nutri-

tional value, and gender equity, cooking time is a major focal 

area of bean improvement. To boost bean consumption and 

commercial acceptability, bean breeding initiatives have 

always concentrated on identifying and developing easy to 

cook (ETC) bean cultivars., ETC genotypes preserve more 

nutrients (Cichy et al.  2014 ). In addition, ETC genotypes 

retain more nutrients as compared to delayed cooking and 

hard to cook (HTC) beans (Cichy et al.  2014 ). Because fi re-

wood is scarce in bean-growing countries such as Eastern 

Africa, the amount of energy and time necessary to cook 

beans is a signifi cant economic factor (Mashi  2006 ). There-

fore, ETC bean cultivars could help such farmers attain food 

security, conserve fi rewood and provide adequate nutrition 

for consumers (Petry et al.  2015 ). 

 ETC is becoming a consumer-preferred feature in beans 

in most developing nations, particularly in Africa (Beebe 

et al.  2000 ). While commercial bean growers may be more 

concerned about higher yield and stress resistance, subsist-

ence farmers generally prioritise fl avour and ease of cook-

ing (Katungi et al.  2014 ). Over the last 50 years, important 

worldwide and national bean breeding programmes (CIAT, 

EMBRAPA, NDSU, MSU, PABRA) have developed a large 

number of high yielding and stress resistant cultivars in a 

variety of seed sizes and colours. Despite the fact that cook-

ing time is a crucial customer acceptance factor, there has 

been little focus on culinary qualities such as cooking time 

(Muyonga et al.  2014 ). Delayed cooking is a major concern, 

especially among urban consumers, due to the energy cost 

and time imperatives (Cichy et al.  2015 ) as most of these 

use kerosene and gas as fuel. Fuels such as fi rewood and 

charcoal may off er cheaper alternatives for rural and urban 

consumers respectively, but they have a higher environmen-

tal cost (Maryanna et al.  2010 ). 

 In common bean, “delayed cooking”, “hard-to-cook 

(HTC) defect” and “hard shell (HS)” are sometimes used 

to represent similar quality bottlenecks; however, they are 

distinctly defi ned traits. Delayed cooking refers to longer 

cooking times in beans produced and stored under ambi-

ent conditions. Hard-to-cook (previously termed sclerema) 

beans do not soften suffi  ciently as the soaked seeds do not 

become tender during a reasonable cooking time (Saba et al. 

 2016 ), while hard-shell refers to beans that do not imbibe 

a reasonable amount of water under soaking (Stanley and 

Aguilera  1985 ). Hard shell is attributed to defects in seed 

coat and failure to absorb water while as hard to cook aff ects 

the defects in hydration of cotyledons, that render the cells 

unable to separate during cooking process (Shehata  1992 ). 

    Cooking process 

 Cooking is a hydrothermal process (water and heat) and 

involves underlying processes such as gelatinization of 

starch, denaturation of protein, and softening of texture 

(Wang and Daun  2005 ). At 100 °C, the middle lamella of 

cotyledons breaks down causing parenchyma cells to sepa-

rate, eventually leading to the softening of the seed texture 

(Sefa-Dedeh et al.  1978 ). Starch gelatinization occurs when 

heated starch granules absorb water and swell, resulting in 

loss of semi-crystalline structure. Swelling results in leach-

ing out of amylose and eventually associate. In fact, gelati-

nization is one of the important physicochemical changes 

contributing to the observed softening of seeds upon cook-

ing. During cooking process, starch gelatinization is fol-

lowed by a complete loss of cellular structure in beans, and 

as such the cell wall materials and starch granules are no 

longer visible (Bhatty  1990 ). Soaking of bean seeds before 

cooking, in addition to hastening the cooking process, also 

helps inactivate anti-nutritional factors and increases product 

yield. Soaking also assists in confers characteristic tender-

ness to beans by uniform expansion of the seed coat and 

cotyledon and allowing for improved heat transfer during 

cooking (Hoff  and Nelson.  1965 ). 

 Water absorption has long been used as an indirect cri-

terion to determine bean cooking quality in beans (Sofi  

et al.  2014 ). The generally held premise is that the amount 

of water absorbed before cooking is negatively correlated 

with cooking time (Saba et al.  2016 ). There are, however, 

observed experimental evidences, that have contrasted this 

theory. In soybean, Wang et al. ( 1979 ) reported similar 

tenderness in seeds in partially soaked (100% absorption) 

and fully hydrated (142% absorption) seeds. Sefa-Dedeh 

and Stanley ( 1979 ) proposed that seed coat thickness and 

hilum size infl uence water absorption, particularly during 

the initial stage of soaking, while protein content was the 

major factor in the later stages. Variations in water absorp-

tion have been attributed to thickness and texture of the seed 

coat, strength of seed coat attachment, size of the hilum and 

micropyle, and seed size (Demooy and Demooy  1990 ; Wang 

et al.  2003 ; Saba et al.  2016 ). However, the barriers to water 

absorption under soaking are invariably eliminated during 

cooking, resulting in inconsistent relationship between water 

absorption and cooking time. 

 During thermal processing, starchy grains such as 

beans (22–45% starch) involve hydration, gelatinization 

and solubilisation of starch in addition to solubilisation 

of cell wall and middle lamella polymers (Binner et al. 

 2000 , Menoli and Beleia  2007 ). Several researchers have 
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provided insights into the overall mechanistic process of 

hydration of common beans during soaking and cooking 

(Piergiovanni  2011 ), Zhang and McCarthy  2013 , Mikac 

et al.  2015 ). However, such detailed information about the 

softening of beans during cooking, (including the gelati-

nization of starch or solubilisation of polymers in the cell 

wall and middle lamella) is lacking in literature. 

 During the process of cooking, cell walls and cellular 

contents invariably remain intact in individual cells even 

after cooking, and as such the breakdown processes of 

middle lamella are responsible for cookability (Mattson 

 1951 ). Varriano-Marston and de Omana ( 1979 ) also con-

firmed that dissolution of the intercellular cement and 

subsequent cell separation in beans is due to ion-exchange 

and chelation processes. Using scanning electron micros-

copy, Rockland and Jones ( 1974 ) also demonstrated the 

breakdown of the middle lamella of the cell walls during 

cooking. The varietal differences in cooking time have 

been attributed to differential rates of cell separation 

(Sefa-Dedeh et al.  1978 ). 

    Seed swelling under soaking: mechanistic 
insights 

 Water uptake occurs in beans upon immersion in normal 

water or water containing diff erent ionic additions such as 

NaOH,  Na 2 CO 3  and NaHCO3 (Mikac et al.  2015 ). Vari-

ous potential entry channels of water transport have been 

proposed including lens, raphe, micropyle, seed coat, hilum 

(Chigwedere et al.  2019 ). Water can enter seeds through 

micropyle (Mikac et al.  2015 ), seed coat (Ma et al.  2004 ), 

hilum (Varriano-Marston and Jackson  1981 ), or through a 

combination of these entry points (Naviglio et al.  2013 ). 

Agbo et al. ( 1987 ) reported that occluded micropyle in beans 

resulted in a reduced water uptake rate and quantity. Simi-

larly, McCollum ( 1952 ) and Berrios et al. ( 1998 ) hypoth-

esized the role of the hilum in water uptake as indicated 

by presence of vascular bundles and honeycomb like struc-

tures containing cavities in hila of lima beans. Similarly, 

evidences for role of seed coat in water imbibition has been 

provided by Agbo et al. ( 1987 ) who observed prominent 

pores in beans as well as the presence of cracks in the hydro-

phobic cuticle layer (Ma et al.  2004 ). Figures  1 ,  2  and  3  

respectively show the morphological features of bean seed 

  Fig. 1       Morphological features 

of bean seed  

  Fig. 2       Sequence of water imbi-

bition pattern in common bean 

under soaking  
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that have a potential role in water imbibition, the sequence 

of seed coat appearance under soaking and swelling in an 

easy to cook (ETC) bean under soaking.                         

 In our studies, we found signifi cant diff erences in dimen-

sions of hilum in genotypes with contrasting water absorp-

tion, swelling as well as cooking qualities. In our case geno-

types WB-1634 having better attributes of water absorption, 

volume expansion and is easy to cook had hilum dimensions 

of 2.83 × 1.37 mm, compared to WB-1282, which has poor 

water absorption, volume expansion and is hard to cook, 

having hilum dimensions of 2.3 × 0.91 mm (Fig.  4 ). Shao 

et al. ( 2007 ) proposed that in addition to cracks in the cuti-

cle, the composition of cuticle is a key determinant of water 

permeability. The seed coats of impermeable bean varie-

ties have been found to have higher levels of fatty acids and 

phenolics (Ross et al.  2010 ). Similarly, the deposition of 

suberin complex lipophilic polyester in the palisade layer 

of seed coat also impedes water permeability (Smykal et al. 

 2014 ). The higher rates of water uptake in beans with dam-

aged seed coats substantiate the premise that seed coats act 

as potential barriers for water entry into the beans during 

soaking (Pan et al.  2010 ).         

 Upon soaking at normal temperature or thermal soak-

ing, beans undergo water imbibition through seed coat or 

hilum. The process of water imbibition is heralded by an 

initial phase of rapid water infl ux followed by a steady phase 

in which the rate of water uptake is steady until saturation 

(Chigwedere et al.  2019 ). Most legumes including common 

bean follow the same kinetics of water imbibition (Naviglio 

et al.  2013 ). During the phase of rapid infl ux of water, the 

capillaries on the surface of the seed coat and hilum are 

fi lled (Abu-Ghannam and McKenna  1997 ) and there is water 

uptake by intercellular matrix (Zhang and McCarthy  2013 ). 

The imbibed water displaces the adsorbed gases and the free 

and displaced gases become pressurized which in turn exerts 

backpressure resistance, which potentially impedes further 

water absorption. Increased pressure increases solubiliza-

tion of the gases that facilitates their escape. This steady 

rate of water uptake is the characteristic of rate-limiting 

step of the second phase (Parrish and Leopold  1977 ). The 

  Fig. 3       Swelling of beans upon 

soaking  

  Fig. 4       Comparative 

hilum dimensions in 

WB-1282 (delayed cook-

ing line = 2.3 × 0.91 mm) 

and WB-1634 (ETC 

line = 2.83 × 1.37 mm)  
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gas desorption-backpressure process has been hypothesized 

as the potential factor resulting in swelling of seeds under 

soaking. Based on the above premise, it turns out that the 

seeds with higher initial moisture content will have reduced 

adsorbed gases and hence experience delayed backpressure 

resistance leading to greater initial rates of water uptake 

compared to drier seeds (Ibarz et al.  2004 ). 

 We studied the pattern of water imbibition, especially 

the initial rapid infl ux that causes seed coat wrinkles, in a 

delayed cooking genotype (WB-1282) and ETC genotype 

(WB-1634) and found that relative rate of water imbibition 

may be more important that the absolute water uptake. In 

case of ETC genotype (WB-1634), the rapid infl ux of water 

occurred within one hour and just lasted for a brief period 

followed by steady state period, while as in case of delayed 

cooking genotype (WB-1282), the stage of initial rapid water 

infl ux was observed after 5 h and steady state was achieved 

after seven hours (Fig.  5 ). The rate of hydration is usually 

determined by using Peleg model (Sharanagat et al.  2018 ). 

The model parameters are estimated and performance of 

model was evaluated according to coeffi  cient of determina-

tion  (R 2 ) using the formula:

      

        where,  M t  = Moisture content in time t,  M 0  = Initial moisture 

content, K1 = Peleg rate constant (min % m. c), K2 = Peleg 

capacity constant (1/% m. c), t = Soaking time (min). 

    Seed softening under soaking and cooking: 
mechanistic insights 

 Soaking with or without cooking causes softening of bean 

seeds and the degree of softening has been used as a meas-

ure of ease of cooking (Saba et al.  2016 ). Softening under 

Mt − M0 = {t∕K1 + K2 ⋅ t}

soaking is a biphasic process and three theoretical models 

have been proposed, (i) pectin solubilization followed by 

starch gelatinization (Aguilera and Stanley  1985 ), (ii) starch 

gelatinization preceded pectin solubilization (Zhang and 

McCarthy  2013 ), and (iii) simultaneous pectin solubilization 

and protein denaturation contributing to softening of beans 

during cooking (Valle et al.  1992 ). The general premise is 

that as the starch granules swell, small intercellular spaces 

are created that are further enlarged by the gradual dissolu-

tion of the middle lamella, leading to cell separation (Chig-

wedere et al.  2019 ). In beans, the enhanced softening has 

been reported to reduce cooking times, possibly on account 

of insolubilization of proteins due to denaturation (Arntfi eld 

et al.  1997 ). Bean genotypes with diff erent cooking times as 

well as diff erent water uptake and swelling parameters also 

show variation in response to alkali treatment using KOH 

(Fig.  6 ), indicating role of starch gelatinization in softening 

process under soaking. The rate of softening of bean seeds 

under soaking is calculated based on a parametric non-lin-

ear regression. Various authors have used a three parameter 

model (Anton et al.  2008 , Ali et al.  2001 ) based on various 

force components as follows:

      

        where, F is the force (in Newtons) at a given cooking time 

(in minutes) and Fe is the equilibrium force during cook-

ing. Similarly, Fd is the diff erential softening, representing 

the total degree of softening over the cooking period (i.e., 

the diff erence between the initial and fi nal force), and Fd 

represents the rate constant of bean softening. Kwofi e et al. 

( 2020 ) modifi ed the three parametric model into two para-

metric model based on  F 0  (initial force prior to cooking) 

and  K F  (rate constant of bean softening) and demonstrated 

that the two parametric model was eff ective and reliable in 

predicting bean softening characteristics  (R 2  = 0.975–0.994). 

F = Fe + Fdexp−KFt

  Fig. 5       Diff erence in pattern of 

water imbibition in an ETC and 

HTC genotype in beans  
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    Hard to cook (HTC) trait 

 Seed hardness has a negative impact on both hydration of 

seeds as well as their cooking time (Aguilera and Stan-

ley  1985 ; McWatters et al.  1987a ,  b ). The hard-to-cook 

phenomenon results in restricted softening of the cotyle-

dons upon cooking even after the cotyledons have imbibed 

water. Because of the longer cooking time, HTC beans 

do not attain the cooked texture acceptable to consumers 

(Reyes Moreno et al.  1993 ). This aff ects the utilization of 

beans for human food. 

 Similarly, the consistency of the broth following cook-

ing of beans serves as a parameter to determine whether 

the seeds are fresh or have the HTC defect. Hard-to-cook 

beans do not form a viscous broth compared to fresh 

beans when cooked (Garcia and Lajolo  1994 ). This high-

lights the decreased loss of solids during cooking of HTC 

defect seeds, which has been associated with restricted cell 

separation, particularly due to intact middle lamella as a 

result of Ca/Mg pectates formation in HTC seeds (Sefa-

Dedeh et al.  1979 , Hentges et al.  1991 ), and restricted 

starch gelatinization (Hincks et al.  1987 ). In contrast, HTC 

beans absorb more water and have high solid and mineral 

leachate during soaking, because of membrane damage or 

deterioration, when seeds are stored at high temperature 

and relative humidity condition (Hincks et al.  1987 ). 

    Delayed cooking and hard to cook (HTC) 
phenomenon: Mechanistic insights 

 Despite the fact that HTC phenomenon in beans is not 

fully understood (Liu et al.  1992 ), a number of theories 

have been postulated to explain the hard to cook defect in 

beans (Fig.  7 ).         

   Impaired water imbibition hypothesis 

 One of the earliest and widely accepted causes of delayed 

cooking and hard to cook phenomenon in beans is impaired 

water permeability (hard shell) which is thought to be a 

manifestation of hilar dysfunction. However, Parrish and 

Leopold ( 1978 ) disproved the age related impermeability 

in soybean and demonstrated that all aged samples (with 

varying storage period), stored at 41 °C and 100% rela-

tive humidity for 7 days, achieved identical levels of water 

absorptivity (1.3 g water/g of dry cotyledon) after four hours 

of soaking. Thus, the imbibitional characteristics of stored 

beans may not be related to their cooking time behavior. 

Inconsistent reports on hydration capacity of fresh and aged 

seeds during soaking have been largely attributed to dif-

ferences in methods used in the measurement of hydration 

capacity. Most of the studies based on gravimetric methods 

have reported similar hydration capacity (Chigwedere et al. 

 2019 ). Other methods have reported greater water absorption 

in aged beans as compared to fresh beans (Phlak et al.  1989 , 

Richardson and Stanley  1991 ). Yet another potential cause 

of inconsistent results could be lack of correction for solids 

lost during soaking (Parrish and Leopold  1978 ). 

    Pectin-cation hypothesis 

 The Pectin-cation phytate-phytase theory is a commonly 

accepted explanation for the delayed cooking and HTC phe-

nomenon (Galiotou-Panayotou et al.  2008 ; Kinyanjui et al. 

 2015 ). According to this theory, the activity of phytase in 

seeds, under adverse conditions, hydrolyzes phytic acid, 

releasing the metal cations. These metal cations, mostly 

Ca++, upon migration to intercellular spaces bind to pectins 

rendering them insoluble as calcium pectates. Even though, 

HTC seems to be environmentally induced, the phenomenon 

itself is not independent of genetic factors, since there are 

substantial varietal diff erences in HTC defect (Shiga et al. 

  Fig. 6       Genotypic variation in 

common bean to alkali spread-

ing test (KOH) 1–7 scale  
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 2004 ). Under the pectin-cation theory, the enzymatic deg-

radation of phytate results in the release of divalent cations 

(Ca++) resulting in crosslinking of dimethyl esterifi ed pec-

tin polymers in the middle lamella, thereby forming thermo-

stable pectates that retard tissue softening during cooking 

(Paredes-Lopez et al.  1991 ). 

    Lignifi cation hypothesis 

 The lignifi cation hypothesis is another explanation for evo-

lution of HTC defect in common bean (Hincks and Stanley 

 1986 ). According to this hypothesis, free polyphenols, aro-

matic amino acids (that are released by enzymatic degrada-

tion of proteins) and the soluble tannins migrate from the 

seed coats to cotyledons resulting in lignin deposition in 

cotyledon cell walls and middle lamellae, leading to pro-

longed cooking times. The lignifi cation hypothesis assumes 

migration of aromatic compounds from seed coats to cell 

wall surfaces, triggering lignifi cation-like reactions. In com-

mon bean, the potential contribution of lignifi cation in the 

HTC phenomenon in was proposed by Hincks and Stanley 

( 1986 ) using scanning electron microscopy. They reported 

that cell wall material from hard to cook beans had a lamel-

late appearance and proposed that cellulose deposition is a 

precursor of lignifi cation. Similarly, Molina et al. ( 1976 ) 

reported an increase in lignifi ed protein in bean cotyledons 

during storage at (25 °C and 70% RH). In both these studies, 

increased lignin content resulted in a corresponding increase 

in cooking time. However, Srisuma et al. ( 1989 ) could not 

report any correspondence of HTC with increased lignifi ca-

tions but detected signifi cant association of cooking time 

with free hydroxycinnamic acids. 

    Phenolics hypothesis 

 The role of phenolics in hard to cook trait was fi rst pro-

posed by Garcia et al. ( 1998 ) in carioca beans where, HTC 

genotypes had about three times more phenolics linked with 

the soluble-pectic fraction with a corresponding increase 

in pectate content. The hydroxycinnamic acids including 

ferulic acid, p-coumaric acid, and sinapic acid, bind to the 

soluble pectin (Machado et al.  2008 ) and cross-link with 

pectin, thereby contributing to changes in cell adherence. 

This alters the cell separation upon cooking in HTC geno-

types. The increase in phenolics in the HTC beans reduces 

cell wall separation during cooking, that potentially contrib-

utes to longer cooking periods of HTC beans to reach the 

desired tenderness. 

    Lipid polymerization hypothesis 

 Another mechanism suggested for the HTC trait is the 

structural lipid polymerization theory (Shehata  1992 ). This 

theory assumes that the structural change in starch that leads 

to oxidation and polymerization of lipids is a major cause 

of seed hardness. 

    Starch alteration theory 

 Hohlberg and Stanley ( 1987 ) fi rst proposed the starch 

alteration theory, that assumes that compositional and 

micro-structural modifi cations of starch during storage, 

irrespective of production environment can cause HTC 

defect in common beans. Garcia and Lajolo ( 1994 ) related 

starch gelatinization to cooking qualities of common beans 

  Fig. 7       Various mechanisms that 

infl uence cooking time. Green 

and Red labeled have shortening 

and prolonging eff ect on cook-

ing time  
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and observed an increase in starch gelatinization tempera-

ture in HTC beans. They reported reduction in the thick-

ness of viscous broth formed in cooked beans in HTC 

genotypes, coupled with a change in the sensory quality 

due to poor properties of the cooking broth. However, 

it was observed that such changes in the starch during 

storage are more a consequence rather than the cause of 

hardening. The starch granules and seed breakages from 

hard seeded beans, under scanning electron microscopy, 

revealed granule resistance to amyloglucosidase attack and 

a higher degree of crystallinity. 

    Protein alteration hypothesis 

 This hypothesis was proposed by Hohlberg and Stanley 

( 1987 ) and later supported by Hussain et al. ( 1989 ). They 

observed a signifi cant increase in proteins including small 

polypeptides and free aromatic amino acids, as a result of 

protein hydrolysis during storage of bean seeds. The linear 

relationship between proteins, small polypeptides as well 

as free aromatic amino acids and the observed HTC defect 

pointed towards a possible association between these two 

phenomena. This hypothesis premises that small polypep-

tides and free aromatic amino acids migrate to the mid-

dle lamella where they get polymerized and lignifi ed by 

mobilized enzymes at higher temperatures. Protein insolu-

bilization along with decreased starch gelatinization dur-

ing cooking has been proposed as a causative factor for 

HTC trait (Liu et al. ( 1992 ; Garcia and Lajolo  1994 ). The 

observed restriction on starch gelatinization on account of 

decreased protein solubility and thermal solubility within 

the cell cytoplasm has also been associated with the seed 

hardening defect. 

    Role of non-starch polysaccharides (NSP) 

 Roughly 12.8% of total polysaccharides are NSP’s, which 

is resistant to acid and enzyme hydrolysis (Brough and 

Azam-Ali  1992 ). The proportion of NSP’s may vary in 

legumes but cellulose accounting for bulk (36%) of the 

total NSPs. Most of the non-starch polysaccharides in 

beans show lower water-solubility and undergo reduced 

degradation of galacturonans and arabinose-rich poly-

saccharides when subjected to cooking. The decrease 

in NSP’s water-solubility creates a shift in the polymers 

fractionation profi le, resulting in an increase of weak and 

middle-alkali soluble polymer bulks as well as in their 

arabinose and uronic acid contents. However, there are 

no reported alterations in the degree of branching in xylo-

glucans and arabinans with ageing in beans (Shiga et al. 

 2009 ). 

    Enzymatic control hypothesis 

 Various enzymes such as phytase, pectin methyl ester-

ase, polygalacturonase and peroxidase have been impli-

cated in cooking quality in beans. Phytase breaks the 

phytic acid chains. Pectin methylesterase (PME) aff ects 

cooking time through hydrolysis of methyl groups from 

pectin (Mafuleka et al.  1991 ). Garcia et al. ( 1998 ) and 

Martínez-Manrique et  al. ( 2011 ) found that the hard 

to cook bean genotypes had the greatest PME activity. 

Similarly, polygalacturonase breaks down pectin follow-

ing the action of PME (Vu et al.  2004 ). In fact, polyga-

lacturonase is activated during the soaking process and 

breaks down homogalacturonan (a pectin) by cleaving 

the bonds holding galacturonic acid molecules together, 

which further weakens pectin. Peroxidase has also been 

linked to cooking time by its role in lignifi cation. Per-

oxidase produces  H 2 O 2 , which is one of many reactive 

oxygen species. Hydrogen peroxide then acts as an oxidant 

joining monomers of lignin together (Lewis and Yama-

moto  1990 ). Despite contrasting reports about a defi nite 

role of enzymes in determining cooking time in beans, the 

observation that soaking shortens cooking hints to some 

enzymatic process. 

     Factors aff ecting seed hardness 

 Seed harness that invariably is accompanied with delayed 

cooking and HTC in common bean is aff ected by several 

factors including; genetic factors, conditions during produc-

tion and storage, humidity and temperature of storage envi-

ronment, storage time seed size, seed coat characteristics, 

cotyledon characteristics, seed brilliance, production envi-

ronment, as well as cooking method (Arruda et al.  2012 ). 

   Genetic factors 

 The genetic factors underlying seed hardness are not well 

understood and could vary from a simply inherited trait 

(uptake rates in black bean lines of diff erent genetic origins). 

There are signifi cant varietal diff erences in beans in amount 

of water absorption and volume expansion upon water imbi-

bitions and cooking time in common bean. Under optimal 

growing, storage, and cooking conditions, the cooking time 

for an Andean Diversity panel of over 200 lines ranged from 

16 to 90 min (Cichy et al.  2019 ). A recent study conducted 

across 15 production environments revealed that the herit-

ability for the presoaked cooking time was 98% while as the 

heritability for un-soaked cooking time was 60% when all 

data points were included (Cichy et al.  2019 ). 
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    Storage duration and conditions 

 Seed hardness is a highly heritable trait but is signifi cantly 

aff ected by environmental factors during production (Argel 

and Paton  1999 ). Longer storage periods cause undesir-

able changes in bean taste, color and the broth, thereby 

decreasing the commercial value of the bean seeds (Cor-

rea, et al.  2010 ). Under conditions of high temperature 

and high humidity, bean seeds invariably develop hard- to-

cook (HTC) phenomenon resulting in prolonged cooking 

time (Arruda et al.  2012 ). Research has established that 

the HTC defect in legumes is a result of extended stor-

age of the legume seeds at high temperature and relative 

humidity (Hentges et al.  1991 ; Maurer et al.  2004 ; Coelho 

et al.  2007 ). Freshly harvested or non-stored beans gener-

ally cook in 22 min, but in beans stored in ambient tropical 

conditions for 30 and 60 days, the cooking time has been 

found to increase to 51 and 140 min respectively (Coelho 

et al.  2007 ). 

 Storage of legume seeds under adverse conditions leads 

to HTC defect on account of increased metabolic activ-

ity and membrane damage. The age of bean seeds has 

been related to an increase in their cooking time. Freshly 

harvested beans cook two to four times faster than beans 

stored for 6 months. In fact, storing beans at a higher tem-

perature (29 °C) for 135 days increased cooking time by 

30 min to 2 h in diff erent bean genotypes compared to 

freshly harvested seeds (Coelho et al.  2007 ). Maurer et al. 

( 2004 ) also reported doubling of cooking time when stored 

at 29 °C for 3.5 months. The longer storage period results 

in release of calcium and magnesium upon breakdown of 

phytate that crosslink polysaccharides and toughen the 

cell wall (Meadows  2016 ). Aguilera and Ballivian ( 1987 ) 

found that increasing storage temperatures from 8.5 to 

40 °C increased hardness values overall and at a faster 

rate. Moreover, dry beans stored in unfavorable conditions, 

(high temperature and high humidity) have longer cooking 

time (Liu and Bourne  1995 ; Reyes-Moreno et al.  1993 ). 

Bean seeds show diff erent soaking and cooking behavior 

when stored under natural drying and under accelerated 

drying Coelho et al. ( 2007 ) 

    Seed coat characteristics 

 The bean seed coat is an eff ective barrier between the coty-

ledon and the external environment. The external surface of 

the seed coat contains a distinctive pattern or "fi ngerprint" 

(Wolf et al.  1981 ), formed during seed development by pres-

sure between the seed coat and the endocarp the innermost 

layer of the pod wall (Reyes-Moreno et al.  1993 ). Basset 

et al. ( 2021 ) reported that thin seed coats resulted in faster 

cooking time even in un-soaked beans. The observed that in 

case of genotypes with thicker seed coat, macrosclereid and 

osteosclereid layers were important factors associated with 

longer cooking times of unsoaked beans. 

 We validated the hypothesis of seed coat as a potential 

water transport channel during soaking by analyzing behav-

ior of WB-1282 (Delayed cooking genotype). In case of the 

diff erential pattern of water imbibition in delayed cooking 

and ETC genotypes (Fig.  5 ), it was evident that WB-1282 

has delayed water absorption and the initial burst of water 

imbibition occurs after 5 h of soaking and resultant seed 

coat wrinkles remains upto seven hours, however, in case 

seed coat is damaged by puncturing through fi ne needles, the 

initial burst of water imbibitions occurs just within 15 min 

and seed wrinkles completely fade between fi rst and second 

hour of soaking indicating a potential role of seed coat in 

water imbibition under soaking (Fig.  8 ). It is pertinent to 

mention that WB-1282 has a high coat proportion (24.89%) 

that results in high hard shell (23.01%) and a longer cooking 

time (Table  1 ). It is pertinent to mention that this genotype 

has also high seed calcium and low phytic acid content.          

 Scanning microscopy of bean seeds has revealed the 

characteristic pattern (Hughes and Swanson  1985 ). Bean 

seed coat has three distinct cell layers (Fig.  9 ), viz., (i) 

Palisade layer, (ii) Sub-epidermal layer, and (iii) Paren-

chyma layer (Trejo et al.  1991 ). The palisade cells are long 

and columnar constituting the outermost cell layer of coat. 

The sub-epidermal layer (also called as pillar or hour-

glass cells) comprises of comparatively shorter columnar 

cells present immediately below the palisade layer. Both 

the palisade and sub-epidermal cells consist of a single 

layer of tightly packed cells. As the seed matures, both 

  Fig. 8       Role of seed coat in 

impeding water uptake in an 

HTC genotype (WB-1282)  
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these cell layers undergo an increase in length without 

any major structural changes. In contrast, the parenchyma 

layer comprises of 10 to 15 layers of irregularly shaped 

and randomly organized cells (Kabara   1987 ). Seed coat 

in totality determines the water absorption, but the role of 

its components is not totally clear. Various reports have 

implicated seed coat, hilum, and micropyle in determining 

the limits of permeability of legume seeds. Sefa-Dedeh 

and Stanley ( 1979 ) and Deshpande and Cheryan ( 1986 ) 

suggested that all these constituents together form an inte-

gral water absorption/removal system.         

    Grain characteristics 

 The characteristics of bean grain (the cotyledon after 

removal of seed coat) including grain thickness and 

flatness play a major role in determining cooking time. 

Environment has an effect on cooking time and hydration 

capacity of beans, as the weather conditions during seed 

development at pre-harvest stage shape up the character-

istics of the common bean seeds (Arruda et al. ( 2012 ). 

Gloyer ( 1921 ) first suggested that decreased cookability 

in beans was strongly associated with changes in bean 

  Table 1       Variability in various 

seed physical and biochemical 

parameters in advanced lines of 

common bean  

  Genotype    Phytic acid    Calcium    Magnesium    Protein    Coat proportion    Hard shell    Cook-

ing time 

score  

  WB-112    0.92    1178.36    1299.69    19.71    15.59    9.86    3  

  WB-115    1.23    1747.50    2465.14    21.23    15.69    15.00    3  

  WB-185    2.32    2478.82    2529.28    19.03    15.25    11.75    3  

  WB-195    2.74    2120.45    1977.33    19.41    19.15    11.53    4  

  WB-216    2.67    1341.73    2026.82    21.26    19.08    8.36    4  

  WB-341    1.74    2457.88    1376.43    17.99    19.49    15.11    3  

  WB-956    2.18    1987.44    1835.14    17.71    15.90    12.68    3  

  WB-966    2.81    2275.54    1958.45    18.94    15.07    20.76    3  

  WB-1282    1.67    1954.43    1586.25    20.48    24.89    23.01    2  

  WB-1492    2.67    2395.82    2358.58    17.45    16.22    11.06    3  

  WB-1634    2.79    1985.59    1935.45    18.44    14.90    13.64    5  

  SR-1    4.16    1832.44    1165.24    19.97    19.29    11.74    3  

  SR-2    2.74    2000.44    2031.82    18.71    17.21    17.18    3  

  SFB-1    1.97    2253.96    2308.24    17.84    14.28    6.39    3  

  Arka Anup    1.58    1714.77    1654.48    22.15    6.45    10.32    4  

  Fig. 9       Structural components of 

bean seed coat  
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cotyledons during growth or storage, to the extent that 

that some beans did not cook even after the seed coat was 

removed. He further postulated that most of the changes 

responsible for "hard-to-cook" phenomena were largely 

biochemical in nature. However, the cell walls and cel-

lular contents have been reported to, invariably, remained 

intact in individual cells even after cooking, and as such 

the middle lamella and its breakdown processes could 

be largely responsible for cookability (Mattson  1951 ). 

They suggested that transport of calcium and magnesium 

through ion-exchange and the pectin acidoids of the mid-

dle lamella to the phytate was the major factor in deter-

mining cookability of bean seeds. Later, Ginzburg ( 1961 ) 

provided further insights into the structure of the middle 

lamella as a gel containing an intermolecular chelate that 

is stabilized by additional bondings. The chelation occurs 

between specific protein sites in the middle lamella and is 

facilitated by an optimum ratio of mono and divalent cati-

ons. Various metal cations such as  Ca ++  and  Mg ++  sta-

bilize of the gel structure and the hydrogen and disulfide 

bonds of the proteins further enhance it. 

    Seed brilliance 

 There are varied reports that brilliant or shiny seeded 

varieties have poor water imbibition attributes. We also 

demonstrated it in case of WB-1282 (delayed cooking) 

and WB-1634 (ETC). WB-1282 has a shiny seed and 

WB-1634 had a dull seed coat (Fig.  6 ). Since breeding for 

shiny seeded varieties is based on the premise that shiny 

seeds handle the environmental stresses during growth 

cycle as well as the inclement storage conditions better 

than dull seeds (Diamant et al.  1989 ), such a misconcep-

tion could lead to alter consumer preferences. The shiny-

seeded genotypes have a comparatively thicker palisade 

cell layer (Konzen and Tsai  2014 ) and also contain more 

antioxidants such as anthocyanins in their seed coats 

(Cichy et al.  2014 ). The stone seed proportion (SSP) QTL 

has been mapped on chromosome 7 in the vicinity of  Asp  
gene (Cichy et al.  2014 ), with an interval of 326.6 kb and 

sharing the same bin suggesting a tight linkage between 

seed hardness ( SSP ) and seed coat luster ( Asp ). Therefore, 

the role of  Asp  for the hard seed trait cannot be ruled out. 

Various workers have reported relatively rougher cell sur-

face in homozygous lines for the recessive  asp . A rough 

seed coat would theoretically have increased surface area 

and may favorably enhance the uptake of water during 

the soaking and cooking. Such a premise has also been 

substantiated by differential surface area of shiny and 

rough seeds by scanning electron micrographs (Konzen 

and Tsai  2014 ). 

    Production environment 

 Production environment may infl uence cooking time, includ-

ing growth conditions and soil type (Coşkuner and Karababa 

 2003 ). Iliadis ( 2003 ) studied eff ect of soil type on cooking 

quality in beans and concluded that while as soil type did 

infl uence cooking time, it had little eff ect on the order of 

cooking time in the lines tested such that lines that cooked 

fastest in one soil type tended to be the fastest cooking in 

every tested soil. In pea also, Mattson ( 1951 ) found that 

addition of K (monovalent) to soil resulted in reduced cook-

ing time as against application of Mg or Ca (divalent). 

 The data on various seed physical and biochemical 

parameters in advanced lines of common bean are present 

in Table  1 . The data clearly demonstrates that various grain 

physical (coat proportion and hard shell) and compositional 

characters (level of calcium and magnesium, phytic acid, 

protein content) can result in diff erential ease of cooking. 

     Genetics of delayed and hard to cook trait 

 Despite production environment and storage conditions 

seemingly the major determinants of HTC trait, yet the role 

of genetic factors cannot be ruled out on account of visible 

diff erences in varietal attributes of cooking. Earlier studies 

have reported cooking time as being under additive genetic 

control with high narrow sense heritability ranging from 

0.74 (Jacinto et al.  2003 ) to 0.90 (Elia  2003 ). In Andean 

beans, partially dominant multiple genes with maternal 

eff ects have been reported to govern cooking time, with 

easy cooking time partially dominant over delayed cook-

ing time (Elia  2003 ). Additionally, the genes controlling 

short cooking time and long cooking time are allelic and all 

nuclear without any maternal eff ect. Cooking time, as a trait, 

is largely genetic with high heritability which aids selec-

tion based on the trait itself (Elia  2003 ). However, Mukai 

( 2017 ) have reported signifi cance of both additive and non-

additive gene eff ects in common bean in the observed vari-

ations in cooking time. Based on results of Mukai ( 2017 ), 

cooking time could be safely concluded as a polygenic trait 

with predominantly additive eff ects with considerable non-

additive eff ects. Therefore, in breeding for short cooking 

time, selection in later generations would be quite eff ective. 

Recently, Haman et al. ( 2020 ) reported predominant additive 

gene action with high heritability values for cooking time 

as indicated by GCA/SCA ratio of greater than unity. The 

recessive alleles had positive eff ect for reducing cooking. A 

recent study conducted across 15 production environments 

(when all data points were included) revealed that the cook-

ing time preceded by presoaking exhibited higher heritabil-

ity (98%) as compared to 60% in case of un-soaked seeds 

(Cichy et al.  2019 ). 
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    Genomics and GWAS for cooking time 
in beans 

 A lot of genetic and genomic resources are available in 

 Phaseolus  with a high quality reference genomes already 

available. Common bean genome is medium-sized with 

diploid genome of about 588–637 Mbp (McClean et al. 

 2008 ). A wide variety of genomic resources such as refer-

ence genome sequences, mapping populations, saturated 

genetic maps, markers linked to traits, and many QTL and 

genome-wide association studies (Assefa et al.  2019 ) are 

available in public database such as Phytozyme. Refer-

ence genomes have been developed for both Andean gene 

pool in G19833 as well as Mesoamerican gene pool in 

BAT93 (Vlasova et al.  2016 ) with genomic regions such 

as QTLs and SNP’s available for most of the economically 

important traits pertaining to phenology, yield, quality and 

resistance to biotic and abiotic stresses. For cooking qual-

ity Garcia et al. ( 2012 ) reported a QTL for cooking time 

in the same location in a CNFM7875 x Laranja RIL bean 

population which accounted for 21% of the phenotypic 

variation USDA has also initiated a mega research initia-

tive for easy cooking beans (Meadows  2016 ). Cichy et al. 

( 2015 ) conducted GWAS for water uptake during soaking 

and cooking time and reported signifi cant SNP markers on 

chromosomes 1, 3, 6 and 7. The two associations found on 

chromosome 1 were the most signifi cant and accounted for 

14.6 and 25.1% of the phenotypic variation. Similarly, the 

signifi cant markers detected on chromosome 7 accounted 

for 13.3% of the phenotypic variation for water uptake. 

A further insight into the nature of the genomic region 

between two SNPs on chromosome 6 revealed ten genes, 

including the genes coding for proteins/enzymes such as 

cystatin/monellin superfamily protein, tonoplast dicarbo-

xylate transporter, and an acyl-CoA sterol acyl transferase 

1 gene. 

 Binagwa et al. ( 2018 ) identifi ed a total of 10 signifi cant 

SNPs associated with water uptake on the chromosome 3,4 

and 10. Sandhu et al. ( 2018 ) characterized a H68-4 (hard 

seeded) × BK04-001 (soft seeded) RIL mapping popula-

tion for water absorption and seed physical traits using 

phenotypic evaluation and GWAS and identifi ed various 

QTLs. QTL aff ecting seed hardness traits including pro-

portion of stone seeds (SSP) and hard to cook (HC) were 

mapped onto chromosomes 1, 2, 5, 7, 8, and 10. They iden-

tifi ed candidate genes for water uptake capacity (Nuclear 

pore complex protein GP210) on chromosome 4 and cook-

ing time (Polygalactronase) on chromosome 3. Similarly, 

Berry et al.  2020  used a TZ-27 (hard to cook) × TZ-37 

(easy to cook) RIL mapping population and identifi ed ten 

QTLs related to cooking time mapped on chromosome 

8, with the TZ-37 allele contributing the shorter cooking 

time. Recently, Diaz et al. ( 2021 ) evaluated a panel of 

922 lines comprising four populations: a bi-parental RIL 

population derived from a cross of DOR-364 × G-19833, 

A Mesoamerican MAGIC population derived from eight 

founder parents, an Andean VEF (Vivero Equipo Frijol 

population, and a Mesoamerican (MIP) breeding line panel 

populations for cooking time (CT) and water absorption 

capacity (WAC), and reported three signifi cant QTLs on 

chromosomes 1 and 3. The two signifi cant SNPs on chro-

mosome 3 decreased cooking time by more than 20 min. 

Table  2  summarizes various QTL’s and SNP’s identifi ed 

for cooking time related traits in common bean.  

    Seed microstructure under hydration 
and cooking 

 Common bean seed undergoes microstructural changes 

under soaking and cooking. Agbo et al. ( 1987 ) conducted 

fi rst study in common bean genotypes diff ering in hydra-

tion capacity and reported fractures in cotyledon in both 

genotypes, indicating no potential role for such fractures. 

However, scanning micrographs of adaxial surface of seed 

coat showed an amorphous cellular layer with a roughened 

surface in case of genotypes with higher water imbition, 

whereas genotypes with intermediate hydration capacity 

had almost similar microstructure of the adaxial seed coat 

surface. In fact, Swanson et al. ( 1985 ) proposed that there 

is a defi nite fi ngerprint of seed coat roughness pattern, with 

seeds covered with small, pebble-like bumps due to pres-

sure in maturing bean seeds (Figs.  10  and  11 ). There are 

obvious changes in thickness of various components of seed 

coat, with total seed coat thickness decreasing from 138.4 

to 92.5 μm from seed set to maturation mainly driven by 

decrease in parenchyma layer from 95.7 to 29.8 μm, whereas 

there was increase in palisade layer from 28.4 to 38.1 μm 

as did sub-epidermal layer from 14.3 to 24.6 μm. However, 

these layers don’t undergo any structural changes as the seed 

matures. The starch granules increase in diameter from 12.6 

to 19.8 μm, thereby increasing the surface area for water 

absorption by starch (Swanson et al.  1985 ). Similarly, Ma 

et al. ( 2004 ) reported signifi cant fi ngerprints of depressions 

on seed coat and cracks in palisade layer that promotes water 

absorption. The cuticle layer which is about 0.2 μm with 

defi nite breaks in permeable cultivars as compared to hard 

seeds.                 

    Conclusion 

 Cooking time is an important trait that defi nes the vari-

etal acceptability by farmers and consumers on account 

of strong economic, environmental and nutritional 
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  Table 2       QTLs identifi ed for traits linked to cooking time in common beans  

  Trait    Population    QTL    Chromosome    Reference  

  Cooking time    TZ27 × TZ37 RIL    CT 1.1    1    Berry et al. ( 2020 )  

  CT 1.2    1  

  CT 2.1    2  

  CT 3.1    3  

  CT 5.1    5  

  CT 5.2    5  

  CT 6.1    6  

  CT 10.1    10  

  CT 11.1    11  

  CT 11.2    11  

  Water uptake    TZ27 × TZ37 RIL    WU 1.1    1    Berry et al. ( 2020 )  

  WU 3.1    3  

  WU 3.2    3  

  WU 5.1    5  

  WU 5.2    5  

  WU 6.1    6  

  WU 6.2    6  

  WU 6.3    6  

  Coat proportion    TZ27 × TZ37 RIL    SCP 2.1    2    Berry et al. ( 2020 )  

  SCP 2.2    2  

  SCP 3.1    3  

  SCP 6.1    6  

  SCP 9.1    9  

  SCP 10.1    10  

  SCP 11.1    11  

  Hydration coeffi  cient    H68-4 × BK04-01 RIL    HC1 (MO/CA)    1    Sandhu et al. ( 2018 )  

  HC2 (MO/CA)    2  

  HC3 (MO/CA)    7  

  HC4 (MO/CA)    8  

  HC5 (MO/CA)    10  

  Stone seed percentage    H68-4 × BK04-01 RIL    SCP1 (MO/CA)    1    Sandhu et al. ( 2018 )  

  SCP2 (MO/CA)    2  

  SCP5 (MO/CA)    5  

  SCP7 (MO/CA)    7  

  Cooking time    CNFM7875 × Laranja RIL    CT 1.1    1    Garcia et al. ( 2012 )  

  CT 1.2    1  

  CT 9.1    9  

  CT 9.2    9  

  CT 9.3    9  

  Cooking time    8 parent MAGIC population    CTK 3.1    3    Diaz et al. ( 2021 )  

  VEF (Vivero Equipo Frijol) panel    CTK 3.2    3  

  Mesoamerican Introgression Panel (MIP)    CTK 2.1    2  

  Water absorption capacity    Mesoamerican Introgression Panel    WAC 7.1    7    Diaz et al. ( 2021 )  

  8 parent MAGIC population    WAC 7.1    7  

  VEF (Vivero Equipo Frijol) panel    WAC 3.1    3  

  WAC 5.1    5  

  Water uptake    CIAT population    ss715647339    3    Binagwa et al. ( 2018 )  

  ss715649433    4  

  ss715646915    4  

  ss715639293    10  
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imperatives. In order to develop fast cooking beans, we 

need to have in-depth understanding of mechanistic factors 

that defi ne cooking and development of delayed cooking 

and hard to cook trait. Substantial genetic and genomic 

resources are available in common bean as well breeding 

lines for easy to cook trait from CIAT, USDA and other 

national bean breeding programmes. Breeders can use 

conventional and molecular tools to develop beans with 

improved cooking quality that enhances nutritional value 

as well as decreased energy footprints leading to overall 

increase in acceptability. 

Table 2    (continued)

  Trait    Population    QTL    Chromosome    Reference  

  Cooking time    CIAT population    ss715643803    3    Binagwa et al. ( 2018 )  

  ss715642813    3  

  ss715649337    4  

  ss715649337    10  

  Water uptake    Andean diversity panel    ss715639380    1    Cichy et al. ( 2015 )  

  ss715640804    1  

  ss715639608    3  

  ss715639606    3  

  ss715648493    6  

  ss715645753    6  

  ss715644076    7  

  Cooking time    Andean diversity panel    ss715649687    2    Cichy et al. ( 2015 )  

  ss715647434    2  

  ss715646000    2  

  ss715646002    2  

  ss715648837    3  

  ss715650437    3  

  ss715641024    6  

  ss715640681    6  

  ss715640782    6  

  ss715642453    6  

  Fig. 10       Seed coat of delayed cooking bean (WB-1282) with smooth 

seed coat    Fig. 11       Seed coat of an easy cooking bean (WB-1634) with visible 

seed coat roughness  
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