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Introduction: Current research on micronutrient deficiency indicates positive outcomes associated with utilizing biofortified beans in mitigating nutrition-related iron and zinc deficiencies, primarily in Sub-Saharan Africa. The common bean is however not palatable in its raw state and requires cooking before consumption. Existing research on the cooking qualities and nutrient retention of these novel biofortified common bean varieties is nonetheless scant, notably in Burundi.

Materials and methods: This study determined water absorption capacity, cooking yield, cooking time, and iron and zinc retention of 9 biofortified common bean varieties with Kinure, a traditional non-biofortified variety, as the control. The study employed a 10 × 2 completely randomized design in a factorial arrangement. The first factor was bean varieties with ten levels, and the second was pre-treatment with two levels, soaking and not soaking. Standard methods were used to analyze cooking properties and mineral retention, and experiments replicated thrice. Data analysis was conducted at a 95% confidence level and included Analysis of Variance and t-test comparison studies. Post-hoc analysis was performed using Tukey's Honestly Significant Difference.

Results and discussion: Cooking properties and mineral retention varied significantly between soaked and unsoaked bean varieties (P < 0.05) and in comparison, to Kinure (P < 0.05 and P < 0.001). Water absorption capacity varied from 64.51% to 116.3%. Soaked beans recorded half the total cooking time needed to cook unsoaked beans (77.62 versus 156.86 minutes), had higher cooking yields (289.77% versus 259.82%), and reduced Fe (121.58 versus 167.8%) and Zn (127.74% versus 145.15%) retention. Compared to Kinure, soaking resulted in longer cooking times, lower cooking yields in the biofortified common beans, and an insignificant effect on their zinc retention. A significant correlation between iron and zinc retention (r = 0.445), water absorption capacity and iron retention (r = −0.0425) and water absorption capacity and zinc retention (r = −0.477) were recorded. Three clusters were also observed; iron and zinc retention, cooking yields, and water absorption capacity, and cooking time. It was observed that, soaking common beans before cooking reduces cooking time and increases cooking yield in both biofortified and traditional common bean varieties. Moreover, biofortified common beans are a good source of iron and zinc and could considerably alleviate micronutrient deficiencies, particularly in developing countries.
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1. Introduction

Hidden hunger, which refers to a deficiency in essential micronutrients (vitamins and minerals) such as iron, zinc, calcium, iodine, vitamins A and D, remains a public health challenge in Sub-Saharan Africa (FAO, 2019). Iron and zinc deficiencies affect an estimated 2 billion people globally, with a fifth of the population at risk of zinc deficiency and 30% anemic primarily owing to iron deficiency (FAO, 2019). About two-thirds of the people in Burundi suffer from health complications related to inadequate intake of these micronutrients, with the situation worsening among vulnerable populations (MSPLS, 2017; FAO, 2019). Despite the decline in prevalence of anemia caused by iron deficiency around the world, the proportion of children under 5 years suffering from anemia in Burundi increased from 45% in 2010 to 61% in 2017, significantly hampering the country's efforts to develop human capital (MSPLS, 2017). In low-income nations like Burundi, micronutrient deficiencies are frequently ignored and given lower priority when it comes to treatment until a widespread medical issue linked to the deficiency develops.

Therefore, nutrition-sensitive agricultural interventions such as micronutrient biofortification are needed to mitigate micronutrient malnutrition and its related health complications. Common bean plays a crucial role in meeting the dietary needs of people in Burundi (Mbonankira et al., 2016; Fungo et al., 2020). Common beans are affordable and accessible to vulnerable populations in Burundi which has a current average bean consumption of 31.5 kg per person per year (FAO, 2019). In addition, common beans are a significant source of cash and food for more than 90% of smallholder farmers in the country providing up to 20 and 50% of the required calories and protein needs, respectively (Katungi et al., 2020). Common beans can also be consumed in various forms, including fresh grains, edible bean leaves, pods, and dried bean grains, and processed into other food products such as bean flour (Katungi et al., 2020). The common bean crop is thus vital in offering a staggering food supply for most Burundi households. For these reasons, the common bean provides a key entry point to curbing the problems of poverty, food and nutrition security for the people in Burundi.

The genetic bean breeding programs in Burundi have resulted in development of various bean varieties which differ in appearance, yield, and disease resistance (Gilligan, 2012). Further research to develop biofortified common beans has been underway, focusing on bean varieties high in iron and zinc content (Buruchara et al., 2011; Buruchara, 2019). Micronutrient biofortification comprises genetic or agricultural modification of staple crops, including maize, rice, cassava, sweet potatoes, and legumes, to improve their nutritional composition (Moloto et al., 2018). Biofortification also improves other factors, such as disease resistance, and increased yields (Gilligan, 2012; Katungi et al., 2020). The availability of biofortified common beans thus provides consumers with a wide range of foods to select from when preparing household meals at home and at industrial scale (Katungi et al., 2009), which can result in reduced food prices (Bouis et al., 2011).

Using biofortified common beans is one of the strategies for mitigating micronutrient malnutrition and its associated complications, particularly in poor rural communities that can hardly access health care facilities (Moloto et al., 2018; Buruchara, 2019). Biofortification can go a long way in complementing other nutrition programs, such as fortification and supplementation (Bechoff et al., 2017; Buruchara, 2019). For example, studies on high iron beans released in Rwanda revealed that the beans provided about 30% of the estimated average requirements of iron in women and preschool children in nearly 250,000 households (Bouis et al., 2013; Ngozi, 2013).

The common bean is however unpalatable in its raw state and must be cooked or processed before eating. Moreover, discarding the soaking water is a practice that scientists unanimously encourage as it partially removes antinutritional factors such as oligassacharides, raffinose and staychose that are involved in gas production leading to flatulence (Fernandes et al., 2010). Cooking degrades a toxic compound called lectin phytohemagglutinin, which can cause severe gastric upsets (Carvalho et al., 2012a). Cooking legumes also improves their nutritional value by reducing antinutrients factors, such as phytic acid and tannins, while at the same time imparting desirable sensory properties (Díaz-Gómez et al., 2017; Samtiya et al., 2020). Cooking processes including soaking beans and discarding soaking water before cooking, while critical, might result in nutrient loss through the leaching of micronutrients in the broth, exuberating micronutrient deficiencies even in regions with higher consumption of these foods (Carvalho et al., 2012a; Bechoff, 2017). According to Díaz-Gómez et al. (2017), soaking beans reduces micronutrients and phytic acid via solubilization and leaching in the soaking water. As a result, there is a need to ensure sufficient nutrient retention during post-harvest handling, processing steps such as storage, and cooking (Zamindar et al., 2013; Bechoff, 2017). Furthermore, any biofortification program's effectiveness depends on how well the crop is accepted and consumed.

Numerous aspects, such as the culinary qualities, affect the extent to which people consume biofortified common beans (Gathu et al., 2012; Buzera et al., 2018). Variations in these qualities between bean varieties are attributed to intrinsic factors (genotype) and external factors such as storage conditions, agronomic techniques, climate, and technological factors (Buzera et al., 2018; Wainaina et al., 2021). Cooking time is also an essential consideration in customer acceptance of these biofortified common bean varieties. The seed coat's quality determines the bean grains' ability to absorb water and, consequently, their cooking time (Santos et al., 2016). Consumers highly desire beans with a quick hydration capacity, shorter cooking time, production of thick broth, pleasant flavor, soft texture, thin skin, stable color, and moderately cracked (Gathu et al., 2012; Wainaina et al., 2021). Additionally, on an industrial scale, a bean variety with a short cooking time indicates a lower cost to acquire the final product.

Current research in Burundi has focused on farmer acceptance of biofortified common beans and other aspects of the crop's value chain, including production, distribution, and value-added bean-based products (Mbonankira et al., 2016; Fungo et al., 2020; Katungi et al., 2020). These studies used nine biofortified bean varieties released in the country, including RWV1129, RWV1272, MAC44, and MAC70, released in 2015; RWR2245 and RWR2154, released in 2016; and NUV30, NUV91 and NUV130 released in 2018 (Buruchara, 2019). These bean varieties have been a game changer for Burundi's and Zimbabwe's bean sectors. The beans have been utilized to promote food and income security through cultivation, consumption and value addition, in addition to contributing to gender-equitable access to higher-yielding bean varieties in the two countries (Buruchara, 2019). However, there is a scarcity of studies in Burundi that detail the cooking properties and nutrient retention, especially of the recently released biofortified common bean varieties. This study aimed to emulate a home cooking preparation environment for common beans varieties and determined water absorption capacity, cooking yield, cooking time, and iron and zinc retention of 10 common bean varieties in Burundi. Findings from this study will inform bean breeders and policymakers in the biofortified common bean value chain on various opportunities and gaps that need further improvement and provide a reference for future bean studies.



2. Materials and methods


2.1. Study sites

The study was conducted at the Guildford Dairy Institute, Department of Dairy, Food Science and Technology, Egerton University, and Kawanda Research Center, Kampala, Uganda. Table 1 gives the names of the bean varieties used in the study and their key nutritional traits. These bean varieties were released from the International Center of Tropical Agriculture (CIAT), Colombia, grown by farmers in Burundi during the long and short cropping seasons in 2019. The bean samples were randomly sourced from reputable retailers in Bujumbura, Burundi. Bean breeders purposively selected mature, dry common bean varieties in Burundi due to their high concentration of iron and zinc and low concentration of phytic acid. The Institute of Agricultural Science of Burundi (ISABU) issued a phytosanitary certificate, and the Kenya Health Inspectorate Service (KEPHIS) issued a plant importation permit with permit number KEPHIS/PIP/000248226. The samples were packaged in weights of 2 kgs and subsequently delivered to Kenya by Dalsey, Hillblom, and Lynn (DHL) services in well-labeled transparent zip lock sample bags and packaged in one opaque carton box. The beans were stored at room temperature in transparent sterilized airtight plastic containers at the Egerton University's Food Chemistry Laboratory until further analyses.


TABLE 1 Characteristics of common bean varieties.
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2.2. Experimental design

Dry common bean samples, nine biofortified and one traditional non-biofortified, Kinure, were utilized for the study. Kinure bean variety, was used as the control. The study employed a 10 × 2 completely randomized design (CRD) in a factorial arrangement. The first factor was bean varieties with 10 levels, while the second was pretreatment with two levels, soaking and not soaking. The sample size was 20 common beans before replication. Ten bean samples were soaked and cooked by boiling, while the other 10 were boiled without prior soaking. All experiments were carried out in triplicates. The cooking duration was measured in minutes, while water absorption capacity, cooking yield, iron, and zinc retention were computed as percentages.



2.3. Sample preparation
 
2.3.1. Raw beans

Samples of different common bean varieties were prepared by sorting and grading according to Biama et al. (2020). A microphyte lab disintegrator model Fz102 (Tianjin, China), fitted with 500-μm, was used to mill 150 g of matured bean grains for each bean variety. The ground beans were then sieved to give whole grain flour and stored at a temperature of 8°C for use in iron and zinc retention studies (pre-cooking analyses).



2.3.2. Cooked beans preparation for laboratory analysis

Grains of various soaked and unsoaked (dry) mature common bean varieties were cooked as described by Biama et al. (2020) with modifications whereby granite pots with glass lids were used in place of aluminum pots without lids, and two pretreatments (soaking and not soaking) employed. Two cooking methods were used: dry for unsoaked bean grains and wet for soaked bean grains. The cooking process was done using non-stick granite pots with a thickness of 0.5 inches, and distilled water was used to clean the pots and glass lids. The cooking pots and glass lids were used to prevent contamination that may interfere with iron and zinc concentration in the different bean varieties. Regular pot cooking was conducted with glass lids half-open at temperatures of 93.5°C (the boiling temperature of water in Njoro) on hot charcoal stoves. Hot distilled water was added to compensate for evaporation loss and reduce frothing and spillage. For the dry cooking process, 150 g of mature, dry raw bean grains from each variety were cooked directly in 1,000 ml of distilled water. For the wet cooking method, 150 g of mature bean grains of each bean variety were first soaked overnight (16 h) in distilled water at room temperature. Soaking water was discarded, and soaked common beans were cooked as described above until the cooking broth was fully absorbed. Bean grains were hand-squeezed for tenderness after dry and wet cooking to ensure complete cooking. Cooked common bean samples were then collected, ice-cooled, and placed in a refrigerator for 24 h at 4°C before analysis awaiting cooking yield, iron, and zinc determination. Cooking and laboratory analysis were done in triplicates for every common bean variety and treatment.




2.4. Cooking properties
 
2.4.1. Water absorption capacity

The water absorption capacity of various common bean varieties was determined using the soaking method developed by McWatters et al. (2002) and modified by Shafaei et al. (2016). A sub-sample of roughly 200 mature bean grains of each variety were randomly picked, placed in a 6.5 × 14 cm envelope, and stored at room temperature (Biama et al., 2020). Before cooking, samples were stored in a hermetic storage cabinet within a controlled environment (Storage Control Systems, Inc. Sparta, MI, USA) to equilibrate the moisture content of the common bean grains. After achieving a moisture content of 10–14%, 30 common bean grains were selected per entry, weighed, and soaked overnight in a 1:4 (w/v) ratio (bean weight to distilled water). The experiment was done in triplicates. The bean grains were drained and reweighed to assess the percentage of water uptake during soaking Shafaei et al. (2016). The equation used was as follows:
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2.4.2. Determination of cooking time

Studies were conducted to determine the cooking time of the different common bean varieties at Kawanda Research Center, Kampala, Uganda. Cooking time was measured for 25 soaked and unsoaked mature common bean grains using a Mattson cooker (Customized Machining and Hydraulics Co., Winnipeg, Canada) in boiling distilled water, according to Mughi (2017). The Mattson cooker is a stand-alone machine monitored by a computer that automatically records the test results on the computer plate. The cooker comprises a plate with 25 wells for holding individual seeds and a metal pin on top of each well (Wang and Daun, 2005). The Mattson cooker is then immersed in a 3-liter beaker and placed on a hot plate with water boiling at about 98°C, and the cooking time is instantly recorded. Hot distilled water was gradually added and maintained at the 1,000 millilitre mark. Cooking time was calculated as the duration it took a 2mm−85g stainless steel rod to fully punch 80% of the bean grains. This proportion is equivalent to when the 20th of the 25 pins of the cooker penetrates the bean grain of the various bean types (Wang and Daun, 2005). Cooking time experiments were determined in triplicates.



2.4.3. Cooking yield

Cooked bean grains of the different common bean varieties from both dry and wet cooking processes were weighed, and the weights were recorded. The cooking yield was then calculated using the formula stated in the United States Department of Agriculture (USDA) Table of Nutrient Retention Factors Release 6 (Haytowitz et al., 2009). The equation is illustrated below.
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2.5. Iron and Zinc analyses

Iron and zinc concentrations in raw, dry-cooked, and wet-cooked mature bean grains of several bean types were determined using the method described by Mughi (2017). About 45–50 grams of the bean samples (raw, dry cooked, and wet cooked) were oven-dried at 60°C for at least 12 hrs and then ground using a Sunbeam Conical Burr Mill EM0480 Grinder (Sunbeam, Australia) at a course (Gathu et al., 2012; Zamindar et al., 2013; Santos et al., 2016; Buzera et al., 2018; Biama et al., 2020; Wainaina et al., 2021) setting and subsequently a finer (0–5) setting. The grinder was cleaned in between samples. Ground beans of the different bean varieties were stored in 6.5 × 14 cm envelopes and kept at room temperature for analysis at the Kawanda Research Station-Kampala. An energy-dispersive X-ray fluorescence spectrometer machine (ARL QUANT'X EDXRF Analyser) was used to analyse for Fe and Zn. One set of 10 reference samples was sourced from Flinders University, Australia and used to calibrate the EDXRF machine. The data was validated using a different set of validation samples analyzed via an Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES). These analyses was replicated six times. Data was autogenerated and the relationship between fluorescence intensity (counts/sec) and reference values concentrations (mg/kg) was then established using the EDXRF “calibrate” function. Correlation between EDXRF and reference values were also examined along with standard errors. Limits of quantification were established as 3.4 ± 1.6 and 8.4± mg/kg for Fe and Zn respectively. Five grams of ground bean samples were then transferred into separate sample cups. Iron and zinc concentrations were assessed using spectrophotometry, with each ground sample examined in triplicates for 100 s.



2.6. Determination of nutrient retention

True iron and zinc retention was assessed for various dry and wet cooked mature common bean grains. True nutrient retention (iron and zinc) was then calculated according to Bechoff (2017). The formula used for calculation was as follows:
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Where: Fe or Zn = Fe or Zn content of food (μg. g-1) after cooking, Feo or Zno = Fe or Zn content of food (μg. g-1) before cooking, m = mass of food (g) after cooking, m0 = initial mass of food (g).



2.7. Statistical analysis

Prior to data analyses, data on cooking properties and nutrient retention were validated and then analyzed using SAS® software version 9.4 and MINITAB® software version 21. Tests for goodness of fit (Kolmogorov-Smirnov and Cramer-von Mises) were conducted to check for normal distribution of the data. Levene's test and Welch's ANOVA was used to test for homogeneity and ANOVA of squared deviations from grouped means, respectively. ANOVA was conducted to test for hypothesis using PROCGLM procedures. PROC TTEST procedures were used to perform t-tests to determine the effect of pretreatment on cooking properties and nutrient retention for each common bean variety. Multinomial logistics regression was performed using PROC LOGISTICS procedures to quantify the effect of pretreatment on biofortified bean varieties compared to the control (Kinure). Pairwise Pearson's correlation was performed to establish if there was a relationship between response variables for the pretreated common bean varieties. Clustering was done to group response variables with similar behavior. Data were analyzed at a 95% confidence level, and post-hoc analysis was performed using Tukey's Honestly Significant Difference (HSD).




3. Results


3.1. Cooking properties

Figure 1 presents the biofortified bean varieties' water absorption capacity (WAC). Bean grains absorbed water before cooking, with variations from 64.51 to 116.3%. MAC44 and NUV91 bean variety had the highest and lowest WAC, respectively (P < 0.05). In comparison, NUV91 bean variety displayed a lower WAC than the control Kinure (82.03%).


[image: Figure 1]
FIGURE 1
 Water absorption capacity (WAC) of the biofortified common bean varieties. Error Bars with the same letters did not differ significantly and those with different letters differed significantly (P < 0.05).


Results presented in Figure 2 indicate that soaking significantly (P < 0.05) reduced cooking time in all bean varieties with soaked beans taking less than half of the total cooking time required to cook unsoaked beans (77.62 vs. 156.86 min, respectively).


[image: Figure 2]
FIGURE 2
 Cooking time, Fe, and Zn retention as affected by soaking. (A) Effect of pre-treatment on nutrient retention. (B) Effect of pre-treatment on cooking time. Key: Values are mean. The letters along the bar are mean separation showing a significant difference at P < 0.05; bars with the same letter are not significantly different. Pre-treatment (SK, soaked; NTS, not soaked; CT, cooking time).


Table 2 depicts the cooking properties of the different bean varieties when cooked without soaking (dry cooking) and after soaking (wet soaking). Cooking time was significantly reduced in all the bean varieties after soaking (P < 0.05). The cooking time was longest for MAC70 (238.95 min) and shortest for NUV130 (121.33 min) for dry-cooked beans. MAC44 had the longest cooking time (106.58 min), while NUV30 and RWR1129 had the shortest cooking time recorded at 61.06 and 61.83 min, respectively, in wet-cooked common bean varieties.


TABLE 2 Effect of soaking selected biofortified common bean varieties on their cooking properties and mineral retention.
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Further results from Table 2 indicate soaking significantly increased cooking yield in other bean varieties except for Kinure (P < 0.001), NUV91 (P < 0.001), and MAC44 (P = 0.001). Kinure had the highest cooking yield for dry-cooked common beans (283.56%) but the lowest for wet-cooked common beans (212.02%). RWR2245 had the lowest cooking yield of 144.98% in dry-cooked common beans, while NUV130 recorded the highest cooking yield (289.77%) in wet-cooked common bean varieties.

Table 3 shows the effect of soaking on cooking properties among the biofortified common bean varieties with reference to Kinure (control). Soaking significantly resulted in lower cooking yield in other biofortified common bean varieties apart from NUV91 by 19.8–65.8% (P < 0.001). Additionally, soaking resulted in longer cooking times in six biofortified common bean varieties, MAC44 and RWR2245 (P < 0.05) and MAC70, NUV30, NUV91, and RWR1129 (P < 0.001), unlike Kinure, by 39.7–82.9%.


TABLE 3 Logistic regression odds ratio estimates.
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3.2. Iron and Zinc retention

Average retentions of Zn and Fe as influenced by soaking are illustrated in Figure 2. Soaking reduced Fe and Zn retention significantly (P < 0.05). Unsoaked beans had averages of 145.15 and 167.8% of Zn, and Fe retention, respectively, after cooking, while soaked beans had averages of 121.58 and 127.74% of Fe and Zn retention, respectively after cooking.

Table 2 further depicts mineral (Fe and Zn) retention of the different common bean varieties when cooked without soaking (dry cooking) and when cooked after soaking (wet soaking). Mineral retention varied significantly (P < 0.05) within the common bean varieties. NUV130 and RWR1272 showed the highest Fe and Zn retention when cooked without soaking, at 172.26 and 131.78%, respectively. RWR2154 had the lowest Fe retention at 93.4%, while MAC44 had the lowest Zn retention at 79.62%. On the other hand, MAC70 and RWR1272 had the highest Fe and Zn retention at 131.60 and 93.4%, respectively, while RWR2154 and MAC44 had the lowest Fe and Zn at 82.65 and 84.62 % sequentially, for wet-cooked common beans.

Table 2 further shows that only five bean varieties exhibited significant variations in nutrient retention upon soaking (P < 0.05). MAC44 variety had a significantly (P = 0.001) higher Fe content when cooked without soaking than with soaking. In contrast, MAC70 retained more Fe after soaking (P = 0.027). Zn retention was on the other hand, significantly reduced (P = 0.034) in Kinure and NUV91 (P = 0.031) but increased significantly in RWR2245 (P = 0.012) and MAC70 (P = 0.023) after wet cooking.

Table 3 shows the effect of soaking on nutrient retention among the biofortified bean varieties with reference to Kinure (control). Soaking increased Fe retention by 33.7% only in NUV130 and decreased Fe retention in MAC70 and RWR2245 by 27.60 and 22.50%, respectively. Regarding zinc retention, soaking reduced Zn retention in variety RWR2245 only by 26.40% (P < 0.05). However, compared to the control, soaking had an insignificant effect on zinc retention (P < 0.05 and P < 0.001) in the other biofortified common bean varieties, apart from NUV130, which had an insignificant increase in Zn retention of 5.3% (P > 0.05).



3.3. Relationship between cooking properties and nutrient retention

Table 4 illustrates the pairwise correlation between the bean varieties' cooking properties and nutrient retention. There was a significant (P < 0.05) correlation between Fe and Zn retention (r = 0.445), WAC and Fe (r = −0.425), and WAC Zn retention (r = −0.477).


TABLE 4 Pairwise correlation comparison between cooking properties and nutrient retention of selected soaked common beans.
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3.4. Clustering of variables

Figure 3 presents results with regard to clustering of cooking properties and nutrient retention of biofortified common bean varieties based on their correlation coefficient. The similarity in these properties resulted from pretreatment (soaking and not soaking). There was a similarity between iron and zinc (cluster 1), cooking yields and water absorption capacity (Cluster 2), and finally cooking time (Cluster 3).


[image: Figure 3]
FIGURE 3
 Dendrogram showing clustering of cooking properties and nutrient retention in selected biofortified common bean varieties based on their correlation coefficients.





4. Discussions

The common bean varieties evaluated showed a notable diversity in cooking properties and nutrient retention. Soaking legume is a pretreatment explored and implemented before cooking experiments to reduce cooking time. Soaking tends to affect the food products' morphological and crystalline structure, affecting the cooking properties at higher temperatures and reducing cooking time in the process (Zhu et al., 2019). Cooking time is an ideal quality in legumes and is described as the time required for beans to attain a cooked condition with a desired texture acceptable to customers (Marques Corrêa et al., 2010; Mughi, 2017).

Nutrient retention indicates the amount of nutrients retained after preparation and cooking and the amount available for absorption after intake. The approaches used to calculate nutrient retention are apparent retention (AR) and true retention (TR). The current study, however, used TR because it is more accurate than AR, which tends to overestimate nutrient retention (Bechoff, 2017; Hummel et al., 2020). During soaking, metabolism intensifies as bean grains respire, causing leaching (Santos et al., 2016), hence the retention of lesser nutrients. Soaking water was discarded in this study to eliminate or reduce the concentration of antinutrients such as phytic acid associated with reduced mineral retention and flatulence (Carvalho et al., 2012b).


4.1. Water absorption capacity

Soaking common bean varieties overnight is a simulated home pretreatment technique to ensure beans achieve their maximum water-holding capacity of 11–14 h of soaking (Marques Corrêa et al., 2010). Bean varieties with a high Zn and Fe trait had higher water absorption capacity than other varieties. A study by Buzera et al. (2018) revealed a considerably greater water absorption capacity on soaked biofortified beans in Congo of 199.73% in HM21_7 and 203.75% Namulenga, owing to higher quantities of leached solutes in variety Namulenga than in HM21_7s. The micronutrient biofortification procedure resulted in increased concentrations of Fe and Zn in the bean grains (Buruchara et al., 2011) and therefore, the osmotic potential of the bean grains may have improved (Soltani et al., 2021). In addition, zinc and iron are water-insoluble. However, the minerals have an affinity for water molecules, enhancing the absorption process (Waraich et al., 2011). According to Waraich et al. (2011) and Soltani et al. (2021), the leached solids in the soaking water increase the concentration of the solution, which impacts the water absorption rate. Solute leakage, on the other hand, may reduce water affinity and retaining capacity, according to osmotic principles. Another study on bean cultivars grown in comparable conditions in Brazil found a WAC of 102.33–120.33% (Marques Corrêa et al., 2010). The authors contended that an inverse relationship existed between water absorption capacity, polyphenols, lignin concentration, and peroxide activity (Esteves et al., 2002). This finding indicated that chemical characteristics and endogenous enzymatic activity could influence water absorption. Different grain tegument characteristics, such as thickness, weight, cotyledon adhesion, flexibility, porosity, and colloidal properties, have also been associated with changes in legume water absorption (Aghkhani et al., 2012; Buzera et al., 2018). Considering the important role WAC plays in cooking time, cooking yield, and consumer acceptability, there is a need to further understand the role of micronutrient biofortification on WAC of biofortified common beans.

The present study discerned water absorption of 64.51–116.30%, which corroborates the WAC of 63–137% exhibited in improved beans from seven East African countries, including Burundi (Mughi, 2017). The WAC values in both studies are attributable to the bean grain's moisture content. The hard seed coat mechanism controls water absorption in bean grains (Soltani et al., 2021). In instances where beans have a moisture content of 9%, the hard seed becomes a problem, unlike in grains with a moisture content of 12%, which tend to have a similar water absorption capacity (Soltani et al., 2021). The present study was conducted at 10–14% moisture content, whereas Mughi (2017) studied at 12–13%. This reason explains the similarities in water absorption capacities in both studies associated with the texture of the seed coat. Even though this study did not consider the growth habitat for the various bean varieties, the agronomic environment of different common bean varieties impacts their water-retaining capacities (Mughi, 2017).

In contrast to the current study, greater WAC values have been recorded in improved cowpeas lines in Kenya (104.43–114.17%) owing to the lignin content, which impacts water diffusion into the seed (Biama et al., 2020). The percentage moisture content of these cowpeas was 12.78%, explaining the close range in the WAC in both studies. Seed coat thickness and seed size have been demonstrated to alter the water absorption capacity of legumes, which could also explain the discrepancies in WAC in the two studies. Biofortified common bean varieties utilized in this study are of different sizes with different characteristics. Therefore, in order to understand this discrepancy, further studies on the effect of seed coat and seed size on WAC should be conducted.



4.2. The effect of soaking on cooking time

It is worth noting that soaking reduced the cooking time needed to cook unsoaked beans by half, implying that soaking beans before cooking saves on time and energy needed in bean preparation, whether biofortified or non-biofortified. In the current study, a reduction in cooking time after soaking is also linked to the moisture level of the bean grains, which impacted the hydration capacity of the bean grains, resulting in shorter cooking durations.

In this study, soaking of biofortified bean varieties resulted in significantly longer cooking times in some varieties, such as MAC44, MAC70, RWR1272, and NUV91, than in the control (Kinure). Biofortification introduced Fe and Zn in the bean seeds, and these bean varieties are characterized by a nutrition trait of high iron and zinc content, apart from NUV91. Schoeninger et al. (2014) attributed the increased cooking time to the formation of insoluble iron and zinc pectates on cell walls, restricting dissolution, separation of the cell, and thus the longer cooking time. This observation paves the way for common bean researchers on the possible mechanisms involved in longer cooking time for biofortified beans, unlike traditional non-biofortified bean varieties. Considering Kinure was a negative control (different variety and non-biofortified), studies using a control of a similar non-biofortified bean variety to compare cooking times could enlighten on the elevated cooking times in biofortified common bean varieties. Bean consumers and processors prefer fast-cooking beans because they save energy and time during preparation (Gathu et al., 2012; Wainaina et al., 2021). According to this study, NUV30 and RWR1129 bean varieties which had the shortest cooking times of 61.06 and 61.83 min, are ideal for saving energy and preparation time, and could be more desirable to common bean consumers both at the household and industrial levels. Additionally, the possibilities of adoption and utilization in the production of other common bean products of these two varieties by local farmers and bean consumers could be higher and more sustainable than the other biofortified common bean varieties, which had longer cooking times.

The long cooking time observed in this study for unsoaked beans compares relatively well with cooking times of unsoaked improved common beans, 95 min for RWV2872 to 180 min for Mac9 grown in Rwanda (Vasanthakaalam et al., 2020). Lack of pretreatment (soaking) before cooking slowed down all processes that favor shorter cooking time. Moisture transfer is the rate-limiting factor during the initial stages of cooking unsoaked beans because the bean tissues need to be hydrated to ensure sufficient moisture for processes such as starch gelatinization and protein denaturation (Wainaina et al., 2021) that favor a reduction in the cooking time (Waraich et al., 2011). Furthermore, soaking bean grains increases cell wall enzymatic activities, resulting in changes in the degree of polymerization of pectin, making it more extractable (Soltani et al., 2021). The middle lamella of bean grains composes of a native protopectin. During the cooking process, the protopectin forms soluble pectin that depolymerizes due to heat, causing water to flow rapidly through the cotyledonary cells (Zhu et al., 2019; Soltani et al., 2021). These processes consequently result in a high state of hydration and heating and hence the cookability of the bean seeds. As a result of these modifications, cell wall rigidity decreases, intercellular adhesion decreases, and bean cooking time decreases (Martínez-Manrique et al., 2011).

Other factors that may have resulted in lengthier cooking times include longer storage time under high temperatures and humidity, either on the farm or on retailing shelves leading to the development of the hard-to-cook phenomenon (Soltani et al., 2021). In this study, we observe that the variations in moisture content, water absorption capacity, and softening rate differed among the biofortified common bean varieties. More research on the hard-to-cook phenomenon and cultivation conditions for these particular biofortified common bean varieties can be conducted to aid in understanding the longer cooking times. The Pan African Bean Research Alliance (PABRA) bean program seeks to benefit local bean farmers, and consumers across Africa by utilizing these beans for improved food and income security. The inclusion of education outreaches on effective handling and storage practices of biofortified common beans to counteract such an effect could benefit bean consumers and producers.

Cooking time for beans ranges from 45 to 230 min, depending on the variety, cooking method, and cooking medium (Arruda et al., 2012). Current findings on cooking time are consistent with studies that reported cooking times ranging from 81 to 101 min for common bean varieties in Malawi (Marques Corrêa et al., 2010) and 35 to 122 min in improved common beans in Eastern Africa regions (Mughi, 2017). These researchers attributed the observed cooking durations to differences in bean varieties, bean seed characteristics such as the bean's skin, grain thickness, flatness, and physicochemical parameters related to the cotyledons (Santos et al., 2016).

According to Schoeninger et al. (2014), cooking time depends mainly on the genotype and the soaking time. Considering that the soaking duration and conditions were similar for all common bean varieties in this study, discrepancies in cooking time could be a result of bean variety. Additionally, the high WAC observed could have resulted from more imbibed water acting as a catalyst for cooking and thus softening the cells and allowing for cell separation. A previous study varied the soaking times in legumes to diversify further soaking intervals and cooking times and their role in the utilization of beans by consumers and producers at household and industrial scales (Zamindar et al., 2013).



4.3. The effect of soaking on cooking yield

The present study's cooking yield was similar between soaked and unsoaked beans. The increased cooking yield associated with soaking could imply an increase in retained water in the common bean grain. Beans with a high WAC tend to increase or yield more after cooking hence more appealing to consumers both at a household and industrial scale (Biama et al., 2020). From the present study, all bean varieties have a good cooking yield since the percentage yield between dry and wet cooked common beans did not change considerably. The lower cooking yield observed in all biofortified beans compared to Kinure implies that the soaking effect on cooking yield was thus less in the biofortified beans than in the control variety.



4.4. The effect of soaking on Fe and Zn retention

The question of whether to discard soaking water used in bean preparation before cooking remains debatable. Despite soaking and boiling, most common bean varieties exhibited Fe retention values above 100%, and earlier studies report similar findings (Wang et al., 2010). The modest increase in minerals could be linked to the fact that some soluble solids are lost during cooking, leading to an increased concentration of the minerals in the bean grains. Although the soaking water was discarded before boiling, cooking was done under controlled conditions with similar cooking temperatures and constant water levels of boiling water. These conditions allowed for reduced frothing and little to no spillage of the bean broth; hence, a possible explanation for the retention values above 100% observed in most cooked common bean varieties. For varieties with < 100% Fe retention, we attribute this observation to the diversity of the bean varieties. On the contrary, Granito et al. (2007) observed that soaking and cooking without the soaking water resulted in a considerable loss of minerals. However, utilizing these beans with the soaking water and cooking broth led to significant mineral retention (Huma et al., 2008).

Overall, zinc retention was lower than that of iron between soaked and unsoaked beans and when compared to the control, Kinure. A study by Carvalho et al. (2012a) revealed that the zinc level in cooked bean grains and broth did not differ. Although our study did not test for zinc concentration in the broth, we concluded that most of the zinc was retained during boiling and concentrated in the cooked bean. Furthermore, the insignificant increase in zinc could have resulted in less leaching of the mineral since zinc is insoluble in water (Wainaina et al., 2021).

Results from another study by Hummel et al. (2020) indicated that soaking led to a substantial decrease in Zn, but no significant differences were found for Fe (P > 0.05). This observation is linked to cooking affecting the extractability of micronutrients such as zinc, while fermentation increases the extractability of iron (Carvalho et al., 2012a). Therefore, besides soaking as a pretreatment before cooking common beans, other pretreatments, such as fermentation, can be performed, and their effect on nutrient retention of these biofortified common bean varieties further explored. On the contrary, Huma et al. (2008) reported that soaking and cooking significantly reduced the concentration of minerals. During traditional cooking, especially in Burundi and other African countries, cooking conditions are not controlled and the spillage of froth is higher. Minerals are lost through the process and hence less retention. It is therefore, important to educate the population to adopt improved bean preparation procedures with minimal loss of bean broth or until the broth is fully absorbed by the bean grains to allow for less mineral loss and more mineral concentration in the common bean grains. Research incorporating the mineral content of both the biofortified common bean broth and the bean grains can also be conducted to compare their concentrations.



4.5. The Relationship between cooking properties and nutrient retention

In this study, Fe and Zn retention showed a significant positive correlation, meaning a unit increase in either iron or zinc would result in a 0.45 increase in either mineral. However, we contend that the relationship is weak. These results are explained by Izquierdo et al. (2018), who found many closely linked quantitative trait loci in common beans within the same interval as a major contributor to this trait. Furthermore, the highly significant positive association between these micronutrient concentrations in bean seeds depicts that Fe and Zn concentration-increasing genetic factors co-segregate (Mughi, 2017; de Lima et al., 2021). As a result, for any biofortification bean breeding program, selecting beans with a high concentration of either Fe or Zn could help concentrate both elements positively.

These findings confirm those of Nchimbi-Msolla and Tryphone (2010), Mukamuhirwa et al. (2015), Mughi (2017) and de Lima et al. (2021) that indicated a significant positive correlation (P < 0.05) between Fe and Zn. The differences in the common bean genotypes in these studies contributed to the observed association. In this work, however, indirect selection for high Fe beans can be done by improving the Zn content since its retention was insignificant and quite similar to that of the control variety, Kinure. This observation is important as it confirms earlier possibilities of developing beans with a concentration of both minerals and hence a supply of more micronutrients to the population. Zinc is still a micronutrient of major public health concerns, especially in Eastern Africa. However, an earlier study observed the possibility of accumulating zinc concentration only (Gelin et al., 2007). We conclude that the need for increasing the concentration of either Fe and Zn or both minerals solely depends on the objective of a particular common bean breeding program.

The significant negative correlation between WAC and Fe and WAC and Zn indicates an inverse relationship between the variables. A unit increase in either variable could cause a 0.43 and a 0.48 decrease, respectively. This observation can result from the biofortification process and hence a need for in-depth research on water absorption mechanisms for biofortified and improved common bean varieties. This observation additionally implies that the hydration capacity of these biofortified common bean varieties may be indirectly used when selecting biofortified common bean varieties with high Fe and Zn retention.




5. Conclusion and recommendations

Conclusively, the micronutrient biofortification process has achieved its goal of first improving iron and zinc concentration since these two minerals had the greatest similarity in terms of behavior. The process also impacted more on water absorption capacity, and cooking yield, and least on cooking times.

In the present study, soaking biofortified common bean varieties resulted in shorter cooking times than in unsoaked beans due to hydration facilitating the softening process. The mineral content of biofortified common bean significantly impacted nutrient retention, explaining mineral retention of more than 100% in some common bean varieties despite soaking as a pretreatment. This observation is possibly due to increased WAC, expedited leaching, or higher mineral concentrations causing greater diffusive flux. Biofortified common beans however, recorded longer cooking times than the traditional non-biofortified Kinure. The higher Fe and Zn retention recorded in the biofortified common bean varieties, particularly MAC70 and RWR1272, confirms that the biofortified common bean varieties are a good source of iron and zinc. Biofortified common beans can therefore be utilized in daily diets as a source of both iron and zinc while simultaneously saving on the time and energy needed in preparation.

Considering this is the first study incorporating the nine biofortified common beans released in Burundi under the country's current Pan African Bean Research Alliance bean breeding program, there is need for comprehensive research standardizing the mechanisms of water absorption capacity and nutrient retention among these bean varieties. Moreover, there is a need for further studies to investigate the concentration of Fe and Zn in the soaking water discarded before cooking such beans. Factors such as altitudes, growth environment, and storage conditions after harvesting also need to be well-understood before interpreting cooking properties and nutrient retention, as these components greatly impact on these parameters. In conclusion, the RWR1129 bean variety can be utilized both at the household level and industrial scale due to its significant Fe and Zn retention even after soaking, cooking yield, and considerably shorter cooking time. These traits confirm that common bean biofortification programs can concurrently produce varieties with desirable cooking characteristics and nutritional properties in terms of iron and zinc retention. Consequently, utilizing these biofortified common bean varieties in diets would contribute to the alleviation of nutrition-related anemia and other health complications associated with both iron and zinc deficiency among vulnerable populations in low-income developing countries.
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t-value —8.88 —507.58 —28.02 =11 t-value 78.88 —239.27 3.61 9.21
p-value 0.001 <0.001 0.001 0.385 p-value <0.001 <0.001 0.069 0.012
MAC70 NTS 217.82 £ 0.65° 23895 +0.28" 111.92 £2.42° 107.53 £ 2.06 RWV1129 NTS 213.80 £0.16" 168.43 £ 1.46" 142.35 £ 15.29" 103.59 + 8.13%
SK 245.11£0.19* 97.40 % 1.34° 131.60 + 4.03* 118.21 £ 1.09* SK 230.85 + 1.40° 61.83 % 1.19° 111.44 £0.81% 108.19 +7.26*
t-value 40.02 —145.8 5.92 6.47 t-value 12.14 —79.99 —2.86 0.6
p-value <0.001 <0.001 0.027 0.023 p-value 0.001 <0.001 0.104 0.611
NUV130 NTS 23512+ 0.17° 121.33 £0.01* 172.26 £ 11.30° 122.21 £9.60* RWV1272 NTS 227.46 £ 0.40° 160.65 £ 0.31* 118.94 £10.11* 131.78 £5.77°
SK 289.77 £ 0.23* 75.95 £ 0.07° 110.02 + 20.03* 100.06 + 1.97* SK 271.79 £ 0.00° 97.08 & 0.62° 125.25 £ 0.69* 127.30 £ 1.53*
t-value 190.80 —985.15 —3.83 -32 t-value 111.75 —129.23 0.88 —1.06
p-value <0.001 <0.001 0.062 0.177 p-value <0.001 <0.001 0.471 0.399
NUV30 NTS 253.62 £ 0.05° 140.03 £ 1.14* 105.65 £ 5.53% 87.57 £4.35% NUVIL NTS 259.82 £ 1.03% 228.99 +8.03* 167.82 £ 12.40° 116.35 £ 2.39%
SK 274.01 £0.34* 61.06 £ 0.91° 115.75 £ 9.48% 93.30 + 3.46* SK 214.69 £0.81° 90.78 £ 22.03° 125.52 £ 16.00° 101.92 £ 2.80°
t-value 59.97 —76.51 1.3 1.46 t-value —34.42 —8.34 —295 —5.55
p-value <0.001 <0.001 0.323 0.282 p-value <0.001 0.014 0.098 0.031

Values are presented as means = std error. Values with the same letters within a row denote no significant difference, and those with different letters denote a significant difference (P < 0.05). Var, Variety;

T, Pre-treatment; CT, Cooking Time; CY, Cooking Yield.
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Unsoaked vs. MAC44 PE 0.802%% 1.397% 0.910™ 0811
soaked

CcL (0.693-0.926) (1.085-1.799) (0.705-1.173) (0.609-1.080)
Unsoaked vs. MAC70 PE 0.665%** 1.633% 0.724% 0.785"™
soaked

CcL (0.574-0.771) (1.265-2.107) (0.562-0.934) (0.604-1.021)
Unsoaked vs. NUV130 PE 0.607*** 1.064" 1.337% 1.053"
soaked

CcL (0.526-0.700) (0.804-1.409) (1.043-1.713) (0.809-1.371)
Unsoaked vs. NUV30 PE 0.693*** 1.531%** 0.774" 0.811™
soaked

CL (0.601-0.799) (1.149-2.042) (0.596-1.004) (0.614-1.071)
Unsoaked vs. NUVIL PE 0.906™ 1.677*+ 1.140™ 0.991™
soaked

CL (0.783-1.049) (1.295-2.171) (0.893-1.456) (0.760-1.291)
Unsoaked vs. RWV1129 PE 0.694*** 1.829*** 1.089" 0.823"
soaked

CL (0.598-0.805) (1.378-2.427) (0.846-1.401) (0.630-1.074)
Unsoaked vs. RWVI1272 PE 0.627*** 1.101™ 0.810"™ 0.890™
soaked

CcL (0.542-0.724) (0.847-1.432) (0.629-1.044) (0.690-1.147)
Unsoaked vs. RWR2154 PE 0.690%** 1.191™ 0.802" 0.794"
soaked

CL (0.596-0.799) (0.909-1.562) (0.615-1.046) (0.605-1.043)
Unsoaked vs. RWR2245 PE 0.442%* 1.442% 0.773* 0.736*
soaked

CL (0.378-0.517) (1.089-1.910) (0.600-0.997) (0.561-0.966)

Variety Kinure is the reference category; PE, Point Estimate; CL, 95% Wald confidence Limits; ***Significant at p < 0.001; *Significant at p < 0.05; ns, Not significant.
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Bean variety

Official name Common name  Growth habit Year of release = Market class  Key nutrition trait

MAC44 Magorori Climber 2015 Red mottled High iron and zinc
RWV1129 Murengeti Climber 2015 Kablanket High iron and zinc

MAC70 Rwizibigega Climber 2015 Red mottled High iron and zinc
RWV1272 Mutwenzi Climber 2015 Red High iron and zinc
RWR2245 Kaneza Bush 2016 Red mottled High protein, iron, and zinc
RWR2154 Murwiza Semi climber 2016 Sugar High iron and zinc

NUV30 Makaki Climber 2018 Coftee brown &

NUVIL Ndembera Climber 2018 Red =

NUVI130 Muhimbare Climber 2018 Red &

Kinure Kinure Climber 2018 Red Non-biofortified
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Variable 1  Variable 2 Correlation

coefficient
Zn Fe 0.445 0.002
cr Fe 0271 0.075
cy Fe —0.008 0957
WAC Fe —0.425 0.004
CT Zn 0.009 0.952
CY Zn 0.124 0.422
WAC Zn —0.477 0.001
cY CT —0.141 0.362
WAC CT 0.059 0.705
WAC cy 0.102 0.508

Values are correlation coefficient and P-values. Significance at P < 0.05. CT, Cooking Time;
WAC, Water Absorption Capacity; CY, Cooking Yield.
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