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Abstract

In this study, pectin changes during Red haricot bean storage under high temperature 

and high humidity conditions were investigated to understand the hard-to-cook (HTC) 

development from a microstructural point of view. First, to ensure repeatability of the 

microscopy results, a classification of the fresh and stored beans (aged at 35 °C and 

83% relative humidity ) into different hardening levels (the Non-aged, Aged and Very-

hard aged sample) was performed based on the texture values of cooked half-cotyledons. 

Cell wall strength of the cotyledons was evaluated, showing that the aged samples 

(HTC seeds) exhibit stronger cell walls with more/stronger pectic cross-linkages than 

the Non-aged sample. After a sequential pectin extraction aiming at removing pectin 

fractions of different solubility, cell wall autofluorescence and immunolabeling of JIM7, 

LM9 and 2F4 epitopes in the residual materials were examined. Upon ageing, the 

samples exhibited an increased Ca2+-pectin and ferulic acid-pectin crosslinking, these 

pectic complexes being accumulated primarily at the intercellular spaces. The results 

suggest a contribution of both the pectin-cation-phytate hypothesis and the involvement 

of phenolic-pectin crosslinks in HTC development at the cotyledon during storage of 

common beans.

Keywords: Common beans, Pectin, Hard-to-cook, Fluorescent microscopy, Ca2+-

pectin crosslinks, Ferulic acid-pectin crosslinks
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1. Introduction

Nowadays, the benefits of legume-based foods in the human diet both in developed and 

developing countries have been recognized. Common beans (Phaseolus vulgaris L.) 

are the most consumed legume crop worldwide. They represent rather cheap raw 

materials of high nutritional value (Porch et al., 2013). Common beans are also 

considered to be compatible with the global sustainable agricultural practices owing to 

their ability to fix atmospheric nitrogen in the soil (Beshir, Walley, Bueckert & Tar’an, 

2015; Castro-Guerrero, Isidra-Arellano, Mendoza-Cozatl, & Valdés-López, 2016; 

Foley et al., 2011). 

However, the full benefit of common beans can be hampered by a physiological defect, 

the hard-to-cook (HTC) defect, which results in poor cooking quality of the seeds. The 

HTC defect often develops when beans are stored at a high relative humidity (RH) and 

high temperature condition. In contrast to HS, the HTC defect is greatly attributed to 

the cotyledon, particularly changes of the biopolymers therein (interconversion of 

pectin fractions present in cotyledon)(Chigwedere et al., 2019). Therefore, to control 

and maintain the quality of legumes during storage towards promoting their utilization 

and consumption, understanding the HTC development is vital. Several mechanisms 

have been postulated to explain the HTC development. A classical one is the pectin-

cation-phytate hypothesis, in which pectic polysaccharides are suggested to interact 

with divalent cations (Ca2+) and enhance the cell wall strength (Jones & Boulter, 1983b, 

1983a; Reyes-Moreno & Paredes-López, 1993). These insoluble pectates strengthen the 

tissue and as such, the beans require prolonged cooking to soften. In a second 

hypothesis, involvement of phenolic compounds is suggested, in which a lignification 

hypothesis suggests that, oxidation and subsequent polymerization of polyphenols in 

the cotyledon cell wall could occur, producing insoluble lignin that affects the cooking 
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quality of common beans (Liu, 1995). On the other hand, in the primary cell wall of 

dicotyledonous plants, hydroxycinnamic acids could largely be bound through ether 

and/or ester bonds to the cell wall polysaccharides, such as pectin and proteins (Brett 

& Waldron, 1990). Of particular interest in beans is ferulic acid, a phenolic compound 

with the potential to crosslink with arabinan and galactan residues of cell wall pectin 

via ester bonds, and is subject to diferulate dimer formation catalyzed by peroxidase 

activity, enhancing cell wall strength (Fry, 1983; Lozovaya, Zabotina & Widholm, 

1996; Shiga, Lajolo & Filisetti, 2004). Furthermore, the covalent linkages between 

ferulic acid and pectin could provide reactive free-radical-initiation sites for 

lignification of polyphenols in the cell wall. The more complex the network of these 

biopolymers in the cell wall, the slower the solubilization process during thermal 

processing, thus resulting in delayed cooking (hardening) of the beans. A third 

hypothesis, the protein-starch hypothesis, postulates that storage protein denaturation 

and/or crosslinking during storage-induced aging results in a competition for water 

absorption between protein coagulation and starch swelling during cooking (Liu, 1995). 

However, it is also assumed that these changes in protein and starch properties are 

consequences of the HTC development (El & Shehata, 2009). Finally, a membrane 

deterioration hypothesis suggests that peroxidation of membrane lipids not only leads 

to leakage of ions to the cell wall and middle lamella, which supports the pectin-cation-

phytate hypothesis, but also causes damage to protein and other cellular components 

(Liu, 1995; Palta, 1990; Richardson & Stanley, 1991). In the current study, our focus 

will be on the first two hypotheses of the HTC development as our previous findings 

(Chigwedere et al., 2018; Chigwedere, Njoroge, Loey & Hendrickx, 2019; Yi et al., 

2016) suggested that the pectin-related hypotheses are more plausible towards 

explaining the HTC development in common beans. The authors concluded that the 

pectin solubilization, rather than protein denaturation and/or starch gelatinization, is the 

rate limiting process for softening during cooking.

The major characteristic of the HTC defect is the resistance to softening of the seeds 

during cooking. Softening of the beans is promoted by the ease of cell separation, where 
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external mechanical forces (such as mastication) are applied, induced by solubilization 

and depolymerization of pectic polymers in the middle lamella during thermal cooking 

process (Ilker & Szczesniak, 1990; Shiga et al., 2004; Waldron, Smith, Parr, Ng & 

Parker, 1997). The resistance of plant cells to cell separation is mainly due to the 

coherent network of the middle lamella and reinforcing-zone polymers, specifically 

Ca2+-cross-linked pectin, from the adjacent cells, which is also in line with the pectin-

cation-phytate hypothesis. However, removing these ionic bonds by chelating agents 

was found not sufficient to promote cell separations in dicotyledonous cell walls 

(Goldberg, Morvan, Jauneau & Jarvis, 1996; McCartney & Knox, 2002). It is proposed 

that intermolecular linkages between pectic chains and other insoluble polysaccharides 

may exist at the intercellular junction zones via covalent links (Goldberg et al., 1996; 

Jarvis, Briggs & Knox, 2003). To this extent, we hypothesize that the hardening process 

of common beans results from cell wall pectic polysaccharides being cross-linked by 

Ca2+ and or/ phenolic acids, particularly in the middle lamella and the intercellular 

junctions. However, microstructural insights of bean hardening in terms of pectic cross-

linkages in the cotyledon cell wall are limited in literature.

Therefore, in this study, we explored microstructural changes in the cell wall and 

specific pectin domains, particularly Ca2+ and phenolic cross-linked, of Red haricot 

bean cotyledons associated with  hardening. Given the large bean-to-bean texture 

variations after cooking, particularly of stored (HTC) beans (Chigwedere et al., 2019; 

Gwala et al., 2019), a novel strategy involving texture classification of bean samples to 

be used in the current study was performed to ensure repeatable microscopic results 

within a bean sample. We hypothesize that beans with the same texture (given a fixed 

cooking time and temperature) exhibit a similar cooking behavior and therefore 

microstructural changes during storage. Consequently, the cell wall strength and pectin 

interactions in the cell wall were visualized using light and fluorescence microscopy 

respectively. Autofluorescence examination and monoclonal antibodies which 

specifically recognize the methylesterified homogalacturonan (HG) domain of pectin 

(JIM7), phenolic substitution of pectic polymers (LM9), and Ca2+ cross-linked HG 
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dimers (2F4) were used to explore crosslinks between pectin and phenolic compounds 

and calcium towards providing microscopic evidence for the pectin-related hypotheses 

of the HTC development in common beans.

2. Materials and methods

2.1 Raw materials

Dry Red haricot beans (Phaseolus vulgaris L.) were obtained from Kenya Agricultural 

and Livestock Research Organization (KALRO), Thika Station (Kenya). The sorted 

beans were divided into two parts, with one part denoted as ‘fresh’ beans and the 

remaining part denoted as ‘stored’ beans. The ‘stored’ beans were incubated at 35 °C 

and 83% RH for 3 months. Both batches were stored at -40 °C until use. Monoclonal 

antibodies were obtained from PlantProbes (Leeds, United Kingdom). Unless otherwise 

mentioned, chemicals used were of analytical grade. Fig. 1 is a schematic illustration 

of the experimental setup.

2.2 Determination of cooking profile of whole beans

Cooking profiles of fresh and stored Red haricot whole beans described in section 2.1 

were evaluated as described by Chigwedere et al., (2019). The hardness of one half-

cotyledon per bean was determined by measuring the compression force (N) using a 

TA-X2i texture analyzer (Stable Microsystems, Goldaming, England) as described in 

Gwala et al. (2019). The average hardness (N) of at least 20 half bean cotyledons per 

sampling time and the associated standard deviations were plotted against cooking time 

to generate cooking profiles of the fresh and stored whole beans.

2.3 Texture-based bean classification 

To minimize the variations within a single sample (particularly for stored beans), the 

texture-associated with each half-bean was determined and three classes of beans, 

namely the Non-aged, Aged and Very-hard aged samples, were selected and subjected 

to further microscopy and spectroscopy analysis. Specifically, 75 beans of each fresh 

and stored samples were split into their two constituting half cotyledons. One half was 
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kept at -40 °C until use in pectin-related analysis whilst the other half was soaked in 

demineralized water (1:5 w/v) at 25 °C for 7.5 h, the water then drained and the sample 

equilibrated at 4 °C overnight (16 h). The half-beans were then cooked (1:5 w/v in water) 

individually at 95 °C for a predetermined time (15 min for fresh beans and 120 min for 

stored beans). These cooking times were determined as the time required for the cooked 

half-beans to obtain texture levels in line with the plateau texture of the cooked whole 

seeds (determined in section 2.2). Hardness measurements were performed as described 

in section 2.2. The hardness of each half-cotyledon was recorded and all individual 

hardness results were used to generate texture frequency distribution histograms. For 

fresh beans, half-cotyledons exhibiting a texture within the class of highest frequency 

after cooking for 15 min were selected and designated as the ‘Non-aged sample’. Due 

to the large variations observed when cooking stored beans for 120 min, two additional 

classes were selected. A class of cotyledons exhibiting a highest texture frequency was 

designated as the ‘Aged sample’ while a class still exhibiting extreme hard texture after 

cooking for 120 min was classified as the ‘Very-hard aged sample’. Therefore, three 

bean samples: Non-aged sample (originated from fresh beans), Aged sample and Very-

hard aged sample (originated from stored beans) were obtained.

2.4 Cryosectioning of bean cotyledons 

Cryosections of cotyledons of the selected Non-aged, Aged and Very-hard aged 

samples were used for analysis. The half cotyledons previously stored at -40 °C were 

thawed, manually peeled and cut into cubes prior to being cryosectioned using a 

cryomicrotome (Reichert, Austria). On the one hand, for the fluorescent microscopy 

studies and DM determination, cryosections of 40 μm-thick (approximately 5 mm×5 

mm in surface area) were generated to ensure that after a washing step to move released 

starch and intracellular matrix, only cell wall material would be recovered for analysis. 

Sample sectioning was done in triplicate (3 half- beans representing 3 samples) and 

sections were stored separately in 70% ethanol (v/v) at 4 °C until analysis. On the other 

hand, for cell wall strength evaluation, 3 half-beans (representing 3 samples) previously 

stored at -40 °C were soaked in distilled water (1:5 w/v) at 25 °C for 7.5 h and drawn 
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followed by equilibration at 4 °C overnight (16 h). After peeling, the cotyledons were 

sectioned to a 240 μm-thickness which ensured at least one layer of intact cells. Each 

sample was sectioned in triplicate and sections stored separately in 70% ethanol (v/v) 

at 4 °C until analysis. 

2.5 Cell wall strength evaluation: a cell separation experiment

For each sample (Non-aged, Aged or Very-hard aged samples), ten 240 μm-thick 

sections per half cotyledon generated in section 2.4 were washed in cold demineralized 

water to remove free starch granules and intracellular material released by sectioning, 

prior to incubation in the pectin solubilization solvents. While 10 sections of each 

sample were incubated in 10 mL of 0.05 M cyclohexane-trans-1,2-diamine tetra- acetic 

acid (CDTA) containing 0.1 M potassium acetate solution (pH 5) for a maximum of 16 

weeks at 28 °C, given that aging is hypothesized to be associated with a build-up of 

chelated and alkali-soluble covalent linkages (Brett & Waldron, 1990; Shiga et al., 

2004), another 10 sections for the Aged and Very-hard aged sample were first incubated 

in CDTA solution for 4 weeks, after which they were re-incubated in 0.05 M Na2CO3 

containing 0.02 M NaBH4 solution at 28 °C followed by the microscopic examination. 

Every two weeks, a section was drawn from each sample, mounted onto a slide, a cover 

slip added and a small force applied (tapping, to allow tissue disintegration). The extent 

of cell separation was then examined using a light microscope (Olympus BX-41, 

Olympus, Optical Co. Ltd., Tokyo, Japan). The examination was performed every 2 

weeks until cell separation was visualized. Experiments of the different samples were 

carried out in triplicate.

2.6 Generation of residual cotyledon cryosections after sequential pectin extraction

Sequential extraction of pectin present in the cell wall material of the cotyledon sections 

was carried out to facilitate evaluation of changes in microstructure (visualized under a 

microscope) as well as DM (determined by FT-IR spectroscopy) of residual cell wall 

material (remaining after extraction of different pectin fractions based on pectin 

extractability in distinct solutions) at each step. Specifically, cryosections of the Non-
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aged, Aged and Very-hard aged samples were first washed in cold distilled water to 

remove starch granules and protein bodies (ensured only cell walls) and this was 

confirmed by microscopic examination. Any cold-water extractable pectin (CWEP) 

was also removed in this step, leaving Residue 1. The sections were then subjected to 

a sequential pectin extraction as described in Njoroge et al. (2014), generating Residue 

2 after hot-water extraction, Residue 3 after CDTA extraction, and Residue 4 after 

Na2CO3 extraction respectively. The sequential extraction was performed in triplicate, 

with replicates representing sections from 3 beans of the three samples (Non-aged, 

Aged and Very-hard aged sample). After each extraction step, one section in each 

replicate was drawn and subjected to microscopy examination and DM determination.  

2.7 Examination of autofluorescence of cotyledon cell wall

Residual tissue sections after the sequential pectin extractions generated in section 2.6 

(Residue 1, 2, 3 and 4) were examined for intrinsic fluorescence using an Olympus BX-

41 microscope (Olympus, Optical Co. Ltd., Tokyo, Japan) equipped with 

epifluorescence illumination (DM505, excitation wavelength 460-495 nm). 

Specifically, residual sections of the Non-aged, Aged and Very-hard aged samples were 

placed on a microscope glass slide as shown in Supplementary Fig. S1 to facilitate 

visualization at the same time. Micrographs are displayed inverted. The extractions and 

autofluorescence observations of the different samples were performed in triplicate. 
 
2.8 Immunolabeling of pectic epitopes

Immunolabeling of pectin by JIM7 and 2F4 antibodies was performed as described by 

Christiaens et al. (2011) and LM9 antibody as described by Staack, Della Pia, Jørgensen, 

Pettersson and Rangel Pedersen (2019). After the incubation with antibodies, the 

sections were excited at 460-495 nm wavelengths and examined with the Olympus BX-

41 microscope (Olympus, Optical Co. Ltd., Tokyo, Japan) equipped with 

epifluorescence illumination (DM505, excitation wavelength 460-495 nm). To 

minimize interference by autofluorescence of the sections, 50% light intensity of 

excitation was used for immunofluorescence examination (no autofluorescence 
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observed). Immunolabeling of the three samples of different hardening levels were 

carried out in triplicate. 

2.9 Determination of the degree of methylesterification

FT-IR (Shimadzu FTIR-8400S, Japan) spectroscopy as described by Kyomugasho, 

Christiaens, Shpigelman, Van Loey and Hendrickx (2015) was used for determination 

of the pectin DM in the residues described in section 2.6. Briefly, residual sections of 

the three samples were first washed in a phosphate buffer (pH 7-7.5), mounted onto a 

piece of parafilm prior to the DM determination. The spectra were not deconvoluted 

since proteins were washed away by the cold-water extraction step. The extractions and 

DM determination of different samples were performed in triplicate. Differences in 

mean DM of the three samples after each extraction step were analyzed using two-way 

ANOVA and Tukey HSD post-hoc test by JMP Pro 15 statistical software (SAS 

Institute Inc, Cary, NC, USA), at a significance level of 95%. A representative FT-IR 

spectrum of Red haricot bean sections (40-μm thickness) used to determine the pectin 

DM is shown in Supplementary Fig. S2.

3. Results and discussion

3.1 Cooking quality and sample classification 

The cooking quality of the fresh and stored Red haricot beans was evaluated by 

determining the hardness of a half cotyledon of a cooked whole seed as a function of 

cooking time. The texture evolution is shown in Fig. 2. For fresh beans, softening 

during cooking showed a decay with cooking time, while during cooking of the stored 

beans, interestingly, the average hardness of the cooked beans increased first from an 

initial average hardness of 139.9 N to an average value of 148.9 N, then gradually 

decreased with prolonged cooking time. The initial increase in hardness of stored beans 

could be due to Ca2+ and/or other compounds migrating from the seed coat to the 

cotyledon during soaking and/or the initial heating-up process (Gwala et al., 2020), thus 

being more available to interact with pectin and promoting tissue strength. However, 

this mechanism still needs to be further investigated. While the texture of fresh beans 
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reached a plateau value after about 60 min, the texture of stored beans reached a plateau 

value after about 210 min of cooking. The cooking quality of the fresh and stored Red 

haricot beans demonstrates that beans aged at 35 °C and of 83% RH for 3 months 

developed the HTC defect. Based on the hardness data obtained, we assume that a 

cooked Red haricot whole bean which has acceptable tender texture after cooking 

reaches a hardness value below 70 N, as is illustrated with a blue dashed line in Fig. 2. 

Pallares Pallares et al. (2019) also reported a similar texture range of common beans to 

be palatable after cooking. Therefore, a graph (Supplementary Fig. S3) which shows 

the evolution of percentage of cooked seeds (<70 N) against cooking time was 

generated to better elucidate the difference in cooking behavior within a batch. As seen 

in Supplementary Fig. S3, significant bean-to-bean texture variations are evident when 

we look at the percentage of cooked beans at a given cooking time, in particular among 

stored beans. Therefore, we propose that the variations within a single batch could be 

linked to inherent differences in texture, which are probably more pronounced with 

aging than in fresh beans. Accordingly, a strategy to minimize the variations within a 

single sample is proposed here, in order to improve repeatability of results and ensure 

comparison of fresh and stored beans. 

Specifically, the texture of each bean to be used in the microscopy study was established 

(on half a cotyledon of that bean), as described in section 2.3. The texture distribution 

histograms of the cooked half-beans of fresh and stored beans are shown in Fig. 3. In 

general, the texture of the half beans after cooking for a given time showed a broad 

distribution. On the one hand, for fresh beans, half-cotyledons in a hardness range of 

40-50 N after cooking for 15 min represented the largest proportion of fresh beans. 

Therefore, these 22 out of 75 fresh beans were designated as the ‘Non-aged sample’, 

and their corresponding raw half-cotyledons were used in further microscopy analysis. 

On the other hand, 37 out of 75 stored beans exhibited a hardness of 50-70 N which 

corresponds to the highest texture frequency after cooking for 120 min, which was 

classified as the ‘Aged sample’. Furthermore, the selected texture ranges of the Non-

aged sample and the Aged sample are consistent with the plateau texture of the cooked 
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fresh and stored whole seeds respectively.  Additionally, 10 out of 75 stored beans still 

showed an extreme hard texture with only a 10-20% texture loss (90-130 N) after 120 

min of cooking and these were classified as the ‘Very-hard aged sample’.  To sum up, 

the Non-aged sample generated from fresh beans, the Aged sample and the Very-hard 

aged sample generated from stored beans were subsequently used for further 

microscopy and DM analysis. 

3.2 Cell wall strength evaluation: time required for cell separation

The cell separation experiment was designed to evaluate if cell wall strength is 

promoted during aging at adverse conditions, considering that plant cells are joined to 

each other via the middle lamella, and the strength of the middle lamella controls tissue 

strength. Depending on the dominating forces, either cell separation or cell breakage 

will occur when the tissue is mechanically disintegrated (Jarvis et al., 2003). As 

proposed in the most plausible HTC hypotheses, the complex interactions between 

pectin and calcium ions and/or phenolic compounds, via chelated and/or covalent ester 

bonds respectively, could enhance the cell adhesion during storage. Therefore in this 

study, solutions solubilizing these specific pectin fractions were selected to evaluate the 

role of these interactions on tissue strengthening during storage. In analogy, given that 

the softening of cotyledon tissues during cooking is reported to be characterized by 

solubilization of the middle lamella and the accompanying cell separation upon 

mechanical disintegration, it is plausible that exploring cell separation could facilitate 

evaluation of the tissue strength. 

The modes of cell rupture (cell breakage and/or separation) upon disintegration of bean 

cotyledon tissues stored in CDTA and/or Na2CO3 solutions as a function of  incubation 

time are presented in Fig. 4 (A) and Supplementary Fig. S4 (×40 and ×10 magnification, 

respectively). From these figures, for the Non-aged sample, cell separation was 

observed after a 4-week of incubation period in CDTA solution, indicating the weakest 

cell wall among the three samples. For the Aged and Very-hard aged samples, cell 

breakage dominated after 4 weeks of incubation in CDTA solution. With increasing 
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storage time, cell separation became dominant in the Aged beans (after 8 weeks in 

CDTA) and the Very-hard aged beans (after 10 weeks in CDTA). These differences 

could be attributed to the Very-hard aged sample probably exhibiting stronger or more 

interactions between Ca2+ and pectin, and/or interactions between pectic 

polysaccharides and other compounds such as phenolics (that are not readily solubilized 

by CDTA). When the sections of Aged and Very-hard aged samples were transferred 

into Na2CO3 solution after 4 weeks in CDTA solution, as shown in Fig. 4 (A) and 

Supplementary Fig. S4, broken cells reduced compared to when the tissues were 

incubated in CDTA only. In fact, the time necessary for cell separation to dominate in 

both aged samples was shortened, resulting in 6 weeks and 8 weeks for the Aged and 

Very-hard aged sample, respectively. Moreover, in Na2CO3 solution, the cell wall of 

both aged samples was thinner compared to that in CDTA solution, with more swollen 

starch granules filling up the cells (Fig. 4 (B)). Under alkaline condition, covalently 

bound pectic complexes could be solubilized next to the chelated pectin, which makes 

the cell wall lose its rigidity and thickness. These could be attributed to a relatively high 

degree of covalent cross-linkages between pectin and phenolics, which may be related 

to ferulate dimers predominating ferulate-based phenolics (Grassby et al., 2013). 

Besides, the decrease in restraining effects of amylose in amorphous regions could 

allow the starch granules to swell freely at high pH, which increases the swelling 

pressure inside the cells, promoting cell separation (Jarvis et al., 2003; Wang & 

Copeland, 2012). Furthermore, the promotion of β-eliminative degradation of pectin 

polysaccharides in the cell wall by the alkaline pH of Na2CO3 solution (pH 11) at the 

incubation temperature used (28 °C) could also be one of the reasons for the earlier cell 

separation in the aged samples. 

3.3 Autofluorescence of cotyledon cell wall

Phenolic compounds (e.g., cinnamic acids, flavonoids, tannins) show fluorescence and 

thus could be visualized after excitation by a certain wavelength of light (García-

Plazaola et al., 2015). By examining the autofluorescence of cotyledon cell walls of 

bean samples with different hardening levels, the presence and distribution of phenolic 
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compounds in the cell wall, and their attributed changes during the hardening process 

could be evaluated. Fig. 5 shows the intrinsic fluorescence (excited at 460 nm-495 nm) 

of the cotyledon cell wall of the Non-aged, Aged, and Very-hard aged samples after 

sequential pectin extraction. In general, after the water extraction steps, the residues of 

the Non-aged sample exhibited very weak to no fluorescence, while weak intrinsic 

fluorescence was observed in the Aged and Very-hard aged samples. Furthermore, the 

cell wall showed greatest fluorescence in Residue 3 when the CEP was extracted in 

both Aged and Very-hard aged samples. This suggests that by extracting the relatively 

loosely bound pectin (cold and hot-water extractable pectin) and chelator extractable 

pectin (CEP), the residual pectin (mainly containing the covalently, ester bound pectin) 

was readily exposed and emitted fluorescence, which was probably overshadowed by 

these pectin fractions before their extraction. The most intense intrinsic fluorescence 

after CEP extraction in the Aged and Very-hard aged samples (but absence in the Non-

aged sample) suggests that phenolic compounds are covalently cross-linked with cell 

wall polymers during development of the HTC defect samples. Finally, after removal 

of Na2CO3-extractable pectin (NEP) fraction (ester bound pectin) using Na2CO3 

solution, the residual material exhibited very weak to no fluorescence, which indicates 

the phenolic compounds cross-linked with the cell wall were removed during this 

extraction step. The results of changes in autofluorescence of the cotyledon cell wall 

among three samples indicate changes of phenolic compounds, such as ferulic acids, in 

the cell wall of cotyledons of the beans (García-Plazaola et al., 2015; Knox, Linstead, 

King, Cooper & Roberts, 1990). Similarly, Stanley & Plhak (1989) correlated the 

hardness of soaked cooked bean cotyledons with fluorescence intensity of the cut 

surface of uncooked bean cotyledons, finding that the accumulation of phenolic 

compounds within the cell wall could explain the increase in fluorescence intensity. 

Furthermore, with the sequential pectin extraction, the fluorescence of the residues of 

different hardening levels further demonstrates that cross-linkages between cell wall 

polymers and phenolic compounds via covalent ester bonds may play an essential role 

in the hardening process. However, no obvious differences were visualized between the 

Aged and Very-hard aged samples. Quantitative analysis of the difference in phenolic-
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pectin interactions in these two samples needs to be performed to fully understand the 

hardening process during storage. 

3.4 Immunolabeling of pectic epitopes

To evaluate changes in specific pectic epitopes related to the HTC development, the 

residual sections of Non-aged, Aged and Very-hard Red haricot cotyledons after each 

step of the sequential pectin extraction were labelled with JIM7, LM9 and 2F4 

monoclonal antibodies. To illustrate the repeatability of the results, a representative set 

of figures of a replication experiment is provided in Supplementary Fig. S5.

The JIM7 antibody was aimed at identifying methylesterified HG regions, with stronger 

binding to highly methylesterified pectin (Clausen, Willats & Knox, 2003.; Knox et al., 

1990). The immunofluorescence generated by JIM7 binding to residual cotyledon 

sections of the three samples after the sequential pectin extraction is shown in Fig. 6. 

After removal of CWEP and HWEP, the cell walls showed strong fluorescence, with 

the fluorescence at the tricellular junctions being more pronounced especially in the 

aged samples. With removal of CEP, the fluorescence of JIM7 labelled-epitopes in the 

cell wall dramatically decreased and finally after NEP removal, very weak to no 

fluorescence was evident. Slightly stronger fluorescence was observed in the Very-hard 

aged sample than the Aged sample after CEP extraction, which could be attributed to 

formation of more ester-bound pectin or more strongly bound pectin in the Very-hard 

aged sample during the storage. The appreciable fluorescence in the harder samples 

after CEP extraction suggests presence of more highly methylesterified HG (probably 

present as ester bound pectin), compared to the Non-aged sample. Interestingly, 

although these samples showed less fluorescence than those after extractions of CWEP 

and HWEP, the DM of these residues was not significantly different from the former 

case (Table 1). It is also plausible that after CEP extraction, the NEP present in the 

residue is probably more branched (less HG), thus less fluorescent in JIM7 

immunolabeling. The implied more strongly bound pectin in the aged samples may due 

to the formation of arabinan-rich branched pectin sidechains during aging, in particular 
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in the Very-hard aged sample (Shiga et al., 2004). Our results are in line with a previous 

study in which Red haricot beans stored at elevated RH (83%) or temperature (45 °C) 

contained a higher amount of the ester-bound pectin fraction than the non-stored beans 

using the same extraction methods (Njoroge et al., 2014). Finally, when NEP fractions 

were removed by Na2CO3 solution (pH 11), the residual material contained only low-

methylesterified pectin fractions (shown in Table 1), which also explains the very weak 

to no recognition by JIM7 antibody. This is not surprising as saponification at high pH 

could de-methylesterify pectins in the cell wall, which decreases the DM of the residual 

material. 

It is reported that esterified phenolic-cell wall polymers, in particular ferulic acids, play 

essential roles in modulating textural properties of plant cell walls (Rodriguez-Arcos, 

Smith & Waldron,  2002; Waldron et al., 1997). Given the pectin-phenolics related 

hypothesis, it is presumed that ferulic acid crosslinking with pectin in cotyledon cell 

wall during storage enhances the cell wall strength and therefore induces the HTC 

development. Therefore, residual cotyledon cryosections of the Non-aged, Aged and 

Very-hard aged samples after each sequential pectin extraction step were labeled with 

LM9, a monoclonal antibody specifically against feruloylated-(1→ 4)-β-D-galactan 

(Clausen et al., 2004), to investigate changes in ferulic acid cross-linked pectin with the 

hardening process. As shown in Fig. 7, there was no observed fluorescent signal in the 

Non-aged sample through the whole extraction procedure suggesting limited to no 

feruloyated galactans in this sample. For the Aged and Very-hard aged samples, the 

LM9 epitopes distributed throughout the cell wall after extraction of CWEP with very 

clear fluorescence accumulated at intercellular junctions. With the subsequent 

extractions of HWEP and CEP, the immunofluorescence emitted by LM9 epitopes was 

still abundant in both Aged and Very-hard aged samples. Nevertheless, it is worth 

mentioning that after CEP extraction, at tricellular zones, the Aged sample exhibited 

slightly reduced fluorescence compared to the Very-hard aged samples, suggesting less 

accumulation of feruloylated-(1 → 4)-β-D-galactans during storage. Finally, after 

extraction of NEP (removal of covalently ester-bound pectin), weak 

immunofluorescence in the cell wall of both Aged and Very-hard aged samples was 
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observed. While the Aged sample generally showed weak immunofluorescence after 

NEP extraction, for the Very-hard aged sample, triangular accumulations at 

intercellular zones was still evident. This suggests that with increased HTC 

development, hardening of the beans is associated with formation of more or stronger 

cross-linkages between ferulic acid and pectin in the cell wall, particularly at 

intercellular junction zones. A similar observation could be drawn from the 

autofluorescence emitted by Residue 3 after CEP extraction (Fig. 5) where intense 

intrinsic fluorescence dramatically decreased with the extraction of NEP as covalently 

bound phenolic-pectin cross-linkages were removed by the Na2CO3 solution. 

Combined with LM9 immunolabeling results, this suggests that ferulic acids play a role 

in the hardening process of common beans during storage. Our current microscopic 

results are consistent with findings of Garcia, Filisetti, Udaeta and Lajolo (1998) where 

feruloylated-associations with water-insoluble cell wall materials were 4 times higher 

in HTC Carioca beans (stored at 35 °C/75% RH for 6.5 months) compared to those in 

the control soft beans. Machado, Ferruzzi and Nielsen (2008) also found more alkaline 

hydrolysable phenolic acid contents (bound phenolic acids), with ferulic acid being the 

most abundant, in HTC white Seahawk beans (stored at 30 °C/65% RH for 5 months) 

compared to the control beans. Furthermore, in some dicotyledonous plant cells, such 

as beet, spinach and water chestnut, abundant ferulate esters were reported to distribute 

in reinforcing zones at the cell corners and be responsible for intercellular adhesion 

(Jarvis et al., 2003). Though there is not much research showing the spatial pattern of 

feruloylated pectic crosslinking in legumes, our results provide evidence that the 

hardening process of common beans may induce the formation of strong crosslinks 

between pectic polymers and ferulic acids and hence enhance the texture, evidenced by 

longer cooking times. 

Visualization of Ca2+-crosslinking pectin could be achieved by 2F4 antibody 

immunolabeling (Liners, Letesson, Didembourg & Van Cutsem, 1989). Fig. 8 shows 

the immunofluorescence of 2F4 epitopes in three samples of different hardening levels 

as a consequence of the sequential pectin extraction. In general, very weak 
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immunofluorescence of Ca2+-crosslinking pectin could be visualized in the Non-aged 

sample compared to the two aged samples, which implies more extent of Ca2+-

crosslinked pectin (more crosslinks and/or stronger crosslinks) in the aged samples 

(HTC seeds). In the two aged samples, the 2F4 epitopes distributed throughout the cell 

wall and accumulated especially at the intercellular triangle junction zones. With the 

sequential removal of pectin fractions (CWEP, HWEP, and CEP), the 

immunofluorescence of Ca2+-crosslinked pectin distributed in the cell wall decreased 

in both aged samples, but fluorescent signals at intercellular junctions could still be 

clearly visualized. Nonetheless, when we determined the DM of Residue 1, 2, 3 and 4 

of the three samples (Table 1), no significant differences were found among all three 

samples neither throughout the extractions (p>0.05), except after the NEP extraction, 

very low DM was detected due to the de-methylesterification effect of alkaline solution 

(pH 10) at 28 °C. Similar DM ranges and trends before and after storage at elevated  

conditions were reported in common beans (Canadian wonder and Red haricot varieties) 

despite the stored seeds exhibiting the HTC defect (Njoroge et al., 2015, 2016). It is 

plausible that the more pronounced amount of 2F4 epitopes (Ca2+ cross-linked HG 

dimers) in the cell wall and at the intercellular junctions in the aged samples occur be 

because Ca2+, released from phytate degradation during storage under adverse 

conditions, migrate to the middle lamella and crosslink with free carboxyl groups that 

are pre-existing in the pectin polysaccharides, leading to tissue strengthening. 

Additionally, membrane degradation due to lipid oxidation during storage might 

promote Ca2+ migration into the cell wall as well as the intercellular zones (Richardson 

& Stanley, 1991). After the final extraction of NEP, although slightly, the Very-hard 

aged sample still exhibited fluorescent behavior of the 2F4 epitopes at the intercellular 

junction zones, which could indicate more and/or stronger Ca2+ pectates entrapped in 

the remaining matrix (hemicellulose or cellulose) at the intercellular junction zones. 

Similar trends were observed in a study by Gwala et al. (2020) on fresh and stored 

Bambara groundnuts where stronger Ca2+-pectin crosslinks were observed in the 

intercellular spaces and along the cell wall in the aged samples (stored at 35°C, 78% 

RH for 16 and 32 weeks) than the fresh samples, indicating that storage-induced aging 
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could promote the formation of Ca2+-pectin crosslinks. The formation of more Ca2+-

crosslinked pectin at the intercellular junction corners implies an important role in the 

hardening process, which greatly supports the pectin-cation-phytate hypothesis. Since 

the DM changes at intercellular junctions could occur very locally, it might not be 

detectable when the overall sample (average) DMs are measured. Also, when the pectin 

fractions (CWEP, HWEP, and CEP) are extracted, the DM changes could be too limited 

to be observed. As such, it could be interesting to look at the localized DM changes at 

the very intercellular spaces to further investigate the mechanisms of formation of Ca2+ 

pectates during storage under adverse conditions in the pectin-cation-phytate 

hypothesis. 

Overall, the immunofluorescence of JIM7, LM9 and 2F4 of the Non-aged, Aged and 

Very-hard aged samples reveals presence of more Ca2+ cross-linked pectin and 

covalently ester-bound ferulic acid cross-linked pectin in the aged samples compared 

to the Non-aged sample, supporting the involvement of both pectin-related hypotheses. 

4. Conclusions

Three classes of bean samples, the Non-aged, Aged and Very-hard aged sample, with 

different hardening levels, were selected from fresh and HTC stored Red haricot beans. 

The microstructural pectin changes in cotyledon cell wall were investigated with the 

increasing hardness of the bean samples, to understand the HTC development during 

storage. Harder samples (from stored beans) exhibited stronger cell wall with 

more/stronger Ca2+-pectin and feruloyated pectin crosslinks than the Non-aged sample, 

which was visually evidenced by autofluorescence of the cell wall and immunolabeling 

of the corresponding pectic epitopes. Furthermore, with the sequential pectin extraction 

aiming at removing pectin fractions of different extractability (and immunolabeling), 

the Ca2+  chelated pectin and ester bound feruloylated pectin accumulated in particular 

at the intercellular junction zones of the harder samples. This detailed microscopy study 

clearly demonstrates the presence of Ca2+-crosslinking pectin and ferulic acid-

crosslinking pectin in aged Red haricot beans which greatly support the pectin-cation-
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phytate and the phenolic-involved hypotheses of HTC from a cell wall-microstructural 

point of view. It would be necessary, in the future research, to quantitatively investigate 

the crosslinks in pectic polymers in the ageing/hardening process of common beans.
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Figure captions

Fig. 1 Schematic illustration of the experimental approach for exploring pectin changes related to HTC 

development during Red haricot bean storage. 

Fig. 2 Cooking profile of fresh and stored Red haricot beans. The blue dashed line shows a hardness level 

of 70 N.

Fig. 3 Texture distribution of cooked (a) fresh and (b) stored half-beans (cooking time 15 min and 120 

min for fresh and stored half-beans respectively). The highlighted groups with red rectangles were 

selected for the subsequent microscopy analyses.

Fig. 4 (A) Cell breakage and cell separation of selected Red haricot bean sample sections incubated in 

CDTA and Na2CO3 solutions for different times (objective: 40×). Green arrows: cell breakage; Red 

arrows: cell separation. Scale bar: 100 µm. (B) Representative comparison of cell wall thickness in 

Na2CO3 solution and in CDTA solution.

Fig. 5 Light microscopy (1) and Autofluorescence (2) of Red haricot bean cotyledon cell wall of the Non-

aged, Aged, and Very-hard aged samples after sequential pectin extractions. (a) schematic illustration of 

the organization of the micrographs. (b) after cold water extraction; (c) after hot water extraction; (d) 

after CDTA extraction; (e) after Na2CO3 extraction. Scale bar: 500 μm. 

Fig. 6 JIM7 labeling of Non-aged (1), Aged (2) and Very-hard aged (3) Red haricot bean cotyledon cell 

wall after sequential pectin extractions (a: after cold water extraction; b: after hot water extraction; c: 

after CDTA extraction; d: after Na2CO3 extraction). Scale bars: 100 μm.

Fig. 7 LM9 labeling of Non-aged (1), Aged (2) and Very-hard aged (3) Red haricot bean cotyledon cell 

wall after sequential pectin extractions (a: after cold water extraction; b: after hot water extraction; c: 

after CDTA extraction; d: after Na2CO3 extraction). Scale bars: 100 μm.

Fig. 8 2F4 labeling of Non-aged (1), Aged (2) and Very-hard aged (3) Red haricot bean cotyledon cell 

wall after sequential pectin extractions (a: after cold water extraction; b: after hot water extraction; c: 

after CDTA extraction; d: after Na2CO3 extraction). Scale bars: 100 μm
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Fig. 1
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Fig. 2
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In CDTA With addition of Na2CO3

Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. 8
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Table 1 Degree of methylesterification (DM) (%) of residual cryosections of Red 

haricot bean cotyledons of the Non-aged, Aged, and Very-hard aged samples after 

sequential pectin extractions. Values with distinct superscript letters show different 

significant levels (p < 0.05).

DM (%) of the residues after sequential pectin extraction

Bean samples Residue 1 
(After cold-water 

extraction)

Residue 2 
(After hot-water 

extraction)

Residue 3 
(After CDTA 

extraction)

Residue 4 
(After Na2CO3 

extraction)

Non-aged sample 63.3±5.1a 58.1±3.5 a 57.5±5.5 a 22.5±1.9b

Aged sample 61.3±4.4a 58.4±1.6 a 59.0±2.4 a 20.4±2.1 b

Very-hard aged sample 59.1±3.8 a 56.1±4.9 a 57.8±5.2 a 22.0±3.0 b
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Highlights

 Texture of half-beans was established to minimize bean-to-bean variations.

 Distribution patterns of pectic cross-linkages in cotyledon cell wall.

 Microscopic evidence for chelated Ca2+ pectin in HTC common beans.

 Microscopic evidence for ester-bound feruloylated pectin during HTC 

development.
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