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Abstract 
 

Background 
Globally, around three billion people have inadequate diets and are often malnourished. 
Biofortification, a nutrition-sensitive approach that aims to increase the nutritional density of staple 
crops, has great potential to increase the nutrient intake of rural poor, whom are often relying on 
subsistence farming for their food. The overall aim of this thesis was to study three key elements in 
the development and delivery phase of biofortified crops to improve their nutritional impact. This 
research focussed on 1) The effect of climate change on the nutritional quality of beans, which was 
assessed in field trials in Malawi. 2) The retention of minerals and phytates in different types of beans 
when preparing common bean recipes. 3) Cultural and sensory acceptability of orange-fleshed 
sweetpotatoes (OFSP) and iron beans among households with children in Malawi, which was studied 
using mixed methods. Malawi was chosen as a target country as it is a top priority country for the 
implementation of biofortified crops. 
 
Results 
The field trials showed that under climate induced drought scenarios, future bean servings will have 
a lower nutrition quality (esp. iron) . Combining the low phytate and biofortification trait through 
crossbreeding could lead to a higher nutritional impact of iron beans through an increased 
bioavailability of iron. Considering both cultural and sensory attributes when introducing a 
biofortified crop can influence the acceptability of varieties and consumption amongst households 
with children. The invisible trait of iron beans poses challenges on recognizing and distinguishing 
these beans from conventional beans.   
 
Conclusions 
To further improve the nutritional impact of biofortified crops the studied elements (climate change 
effects on nutritional quality, retention and consumer acceptability) need attention. Improving the 
impact of biofortified crops could be reached through further climate-proofing of bean varieties, 
combining the low phytic acid trait with the iron trait in developing new bean varieties, leading to 
higher bioavailability of iron, and studying both sensory and cultural acceptability using mixed 
methods in a local context.   
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BACKGROUND 

The burden of malnutrition in low- and middle-income countries 

Globally, around 3 billion people have inadequate diets and are often malnourished [1]. They are 

suffering from either undernutrition, micronutrient deficiencies and/or are overweight. The majority 

of these people are living in low- and middle-income countries (LMIC).  To achieve the sustainable 

development goal (SDG) of ending malnutrition by 2030 [2], the overall diet quality and /or 

inadequate intakes (quantity) of people affected should be improved. The Panel on Agriculture and 

Food systems for Nutrition has been calling for a change: ‘food systems should shift from feeding 

people to nourishing people’, referring to the importance of overall dietary quality over quantity [1].  

Specific groups disproportionally affected by micronutrient deficiencies and/or undernutrition are 

young children and women of reproductive age [3]. This is mainly due to the increased needs during 

growth, development, menarche and pregnancy [4]. Poor nutrition during the first 1000 days of a 

child’s life can result in a child being stunted, i.e. reduced height for age, which leads to irreversible 

disadvantages later in life. Examples of these are impaired mental and physical development, leading 

to reduced labour productivity in adult life [5]. Stunted growth is affecting one in four children 

globally, and 1 in three children in Eastern and Southern Africa [6]. Undernutrition, including 

stunting explains around 45% of child deaths among children under 5 [7]. Next to undernutrition, 

micronutrient deficiencies can also be a result of malnutrition. These refer to an inadequate intake of 

vitamins or minerals. Micronutrient deficiencies are common around the world with over 2 billion 

people affected [6]. On a global scale the micronutrients with the lowest levels of adequate intake and 

highest prevalence of deficiencies are Vitamin A, Iron, Zinc and Iodine [8, 9]. These can result in 

anaemia in the case of iron, vitamin A deficiency and a range of other problems impeding growth, 

physical and cognitive development and an increased susceptibility to other diseases (eg. malaria, 

diarrheal diseases and tuberculosis)  amongst others [10, 11]. Strong differences in the incidence 

between countries and regions are found [12]. The prevalence of micronutrient deficiencies due to 

insufficient dietary intake has decreased over the last 50 years in almost all world regions. However, 

the prevalence of multiple micronutrient deficiencies among children and women in Sub Saharan 

Africa remains high [9]. In Sub Saharan Africa over 40% of children under five suffer from vitamin 

A deficiency [7]. . In addition, close to 50% of young children and 70% of pregnant women are affected 

by anaemia of which an estimated 50% is due to inadequate iron intake [13]. Sub-Saharan Africa is 

the only region were dietary micronutrient density of foods has decreased [8]. This can be attributed 
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to the increased production of staple foods, and reduced diversity in other more nutrient-rich crops. 

The Global Burden of Disease Study indicated that 6 out of 11 risk factors of the global burden of 

disease are related to the diet [14]. The global economic costs of malnutrition are high and estimated 

to be 11% of the GDP in Africa [15]. Investing in nutrition has a very high return of investment- it 

was estimated that every dollar invested results in a 16-dollar return [15].    

Interventions to alleviate malnutrition in low- and middle-income countries 

A wide range of interventions- nutrition specific and nutrition sensitive- can be applied in order to 

alleviate (multiple) micronutrient deficiencies in the most vulnerable groups of the population. 

Nutrition-specific interventions address the direct determinants of malnutrition [16]. These 

interventions mostly focus on consumption behavior and include dietary diversification, 

micronutrient supplementation and fortification amongst others. It was estimated that scaling up 10 

evidence-based key nutrition specific interventions to 90% coverage in 34 countries could reduce 

stunting by 20% [17]. None of these interventions alone have shown to be universally successful, thus 

nutrition specific interventions alone will not be able to meet the global targets for improving 

nutrition [7]. Therefore, there is still a need for new strategies, with a potential bigger impact. 

Nutrition-sensitive interventions address the underlying determinants of malnutrition, by 

integrating nutrition with other sectors [16]. The underlying determinants consist of household food 

security, care and feeding practices and the household environment including health services. 

Nutrition-sensitive interventions include interventions aimed to improve food security, social safety 

nets, early child development, mental health, women’s empowerment, water sanitation & hygiene 

and health & family planning services amongst others.  

The role of agriculture in nutrition-sensitive interventions 

There are different types of nutrition-sensitive agricultural interventions, examples are 

biofortification, homestead food production systems, livestock transfer programs, value chains for 

nutritious foods, and irrigation programs [18]. Agriculture is increasingly being recognized as an 

important component of the food systems in LMIC [7]. It has a strong potential to influence nutrition 

since it is directly influencing these underlying determinants of nutrition outcomes, especially in a 

rural LMIC setting, where the -often malnourished- population is relying on subsistence farming. 

Agriculture is in these cases the main source of food and income and directly contributes to nutrition 

and health [19]. Over the last decade, the focus has been on linking nutrition and agriculture, for its 
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supposed benefits which include improved maternal and child nutrition [16, 20]. The available 

evidence from effectiveness studies on nutrition sensitive agricultural interventions has shown the 

many linkages between nutrition and agriculture. These studies quantified the nutritional beneficial 

effects of implementing these types of interventions for nutrition outcomes (for example improved 

dietary diversity, micronutrient status eg.) [18].   

Biofortification is the present intervention of interest in this thesis, because it has shown to have a 

high efficacy across a large range of geographical areas and different target groups [21]. 

Biofortification is a relatively new nutrition-sensitive approach that aims to increase the nutrient 

density of the edible part of staple food crops. Improved nutritional content, but also other preferable 

traits as drought and pest/virus resistance can be incorporated in the improved biofortified varieties 

of staple crops [21].  Biofortification is one of the food-based approaches to decrease micronutrient 

malnutrition, and complementary to nutrition-specific approaches as fortification, supplementation 

and dietary diversification/modification amongst others [22]. Biofortification is not a silver bullet or 

meant to replace any of the other approaches but can be seen as an intervention to improve the 

habitual micronutrient intake.  

Biofortification ranked fifth in the top ten list of solutions for global problems ranked by the 

Copenhagen Consensus 2008 and is the highest ranked nutrition sensitive agricultural intervention. 

Supplementation and fortification are ranked #1 and #2 respectively [23].  Biofortification is a 

sustainable, and cost-effective approach. An analysis of cost-effectiveness, which is expressed in the 

cost of one Disability Adjusted Life Year saved, ranks biofortification also as highly cost-effective, 

defined as <$200 for one DALY saved [24].  

Biofortification as a nutrition-sensitive agricultural intervention to alleviate 

malnutrition 

Using biofortification, nutritional intake of the rural poor and often malnourished can be increased 

by growing and consuming these crops. The diets of these vulnerable populations are mostly staple- 

based and low in animal products, which makes them more vulnerable for deficiencies, due to a 

lower (bio)availability of the micronutrients in their diet [22]. In addition, in rural areas, access to 

markets is low and many people rely on subsistence farming [25]. The efficacy of biofortification has 

been shown for many different crops and target groups in South America, Africa and Asia. For 

example, iron beans have shown to lead to a significant increase in haemoglobin and total body iron 

stores in iron-depleted women in Rwanda[26]. In India, consumption of peal millet flat bread 



Chapter 1 

 14 

increased serum ferritin and total body iron of school kids[27]. Orange fleshed sweet potato was 

introduced in rural Uganda and led to an increased Vitamin A status in children[28].    

These data suggest that biofortification can be an important intervention type to reduce malnutrition 

in LMICs. Despite the high prevalence of malnutrition in sub-Saharan African countries to date, more 

data on the effects of biofortification of crops on malnutrition in the sub-Saharan African context 

needs to be collected, especially when and after delivering these crops (effectiveness) and optimizing 

the developed crops further to increase their impact.  

Biofortification can be achieved through three different methods; 1) conventional plant breeding, 2) 

transgenic approaches or, 3) through the use of fertilizers [21, 29]. The regular consumption of these 

crops will lead to measurable improvements in human health and nutrition [21]. In this thesis we will 

focus on the first method; the use of conventional plant breeding. This method starts with screening 

of the germplasm available, the living tissue from which new plants can be grown, containing the 

genetic resources (in this case the seed) to search for preferable traits. Micronutrient dense germplasm 

is identified and further crossbreeding results in possible new varieties [21]. The success of breeding 

for biofortified crops through conventional breeding depends on the availability of wild varieties that 

have specific nutrient producing traits. If these are not available for a crop or the micronutrient 

density is not high enough in the gene pool, the second biofortification method of transgenic 

approaches can be used. An example of a transgenic crop is golden rice, biofortified with Vitamin A 

[30]. Transgenic approaches have enormous potential since the amount of micronutrients in crops 

can be increased much more than through conventional crossbreeding [29], but due to the lengthy 

process for national approval and biosafety, crops developed through conventional breeding are 

currently preferred [21]. 

The third method for biofortification is through the use of either soil or foliar fertilizers. Foliar 

fertilization has shown to be more effective than soil fertilization, but the disadvantages of high costs, 

leaf damage, low uptake and wash-off by rainfall make it unattractive for smallholder farmers [31]. 

The advantage of using fertilizers is that farmers do not have to change the seeds they are using, but 

only have to apply the fertilizers. However, these fertilizer must be applied regularly and are 

expensive [32], which makes it less fit within the original philosophy of biofortification of reaching 

the poor through a sustainable measure. Examples of biofortified (staple) crops developed through 

conventional crossbreeding to date are rice, wheat, pearl millet, maize, orange-fleshed sweetpotato, 

common beans and cassava [21]. These crops contain increased levels of iron, zinc and beta-carotene 

or a combination of these, to increase the nutritional intake in people in LMICs.  
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In this thesis, two different biofortified crops are studied; biofortified common beans with high levels 

of iron and orange fleshed biofortified sweetpotato containing high levels of beta-carotene.  

Box 1.  Beans and sweet potatoes as crops of focus 

The two crops under study in this thesis are sweet potatoes and beans. These crops were chosen 

since they are both part of the dietary pattern widely adhered to throughout Sub Saharan Africa 

and the difference in visibility of the biofortification trait between both crops. In the next paragraphs 

the most important characteristics of these crops will be described, along with their consumption 

and production characteristics. 

 
 

Figure 1: Pictures of crops of focus: Iron beans (left, Author’s picture) and Orange-fleshed sweetpotato 
(Wikimedia Commons) 

Beans & iron beans  

Common beans (Phaseolus vulgaris L.) originated independently from both South and Central 

America [33]. Primarily the bean seed and to a lesser extent the leaves of beans are consumed 

throughout the world, where the crop is most popular in South America and Africa. Beans are often 

consumed in combination with other staples such as maize, plantain or cassava. They are referred 

to as “the poor people’s meat”, as a higher consumption has been shown to be related to lower 

income families [34, 35]. These poorer families cannot afford to consume meat, and the consumption 

of beans is therefore an important protein and mineral source [36].  Globally, per capita 

consumption of beans seems to be declining as population is growing faster than production [37]. 

Africa is the continent with the second highest production of pulses and dry beans globally [38]. 

Bean production in Southern Africa, including Malawi compromises 31% of the total bean 

production in Africa. These beans are mainly grown by resource-poor farmers on small-scale 

marginal farms. Intercropping systems are widely used, having combinations of beans with cereals 

as maize, millet or sorghum, banana, plantains, roots or tubers [34]. Current productivity of 

legumes is low in LMICs, especially in Sub-Saharan Africa [39, 40]. Conditions under which beans 

are grown vary widely, and result in low average crop yields, ranging from 500 to 5000 kg/ha.  
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The main barriers for a higher yield are bean diseases, pests, reduced soil mineral nutrition, 

drought and heat stress, ozon stress and/or weeds [41]. Beans are an important cash-crop and are 

mostly marketed on established trade routes within the country of production [34].  From an 

agricultural point of view, legumes are an important group of crops since they are so-called 

nitrogen fixing plants. In symbiosis with the rhizobium bacteria the plant can fix nitrogen from the 

air, which leads to increased production and better soil fertility [42]. Due to climate change bean 

growing areas are under threat, and production levels are estimated to decrease by  as soon as 2030 

in Eastern Africa [43]. Iron beans are biofortified beans that have been developed using 

crossbreeding, after screening available germplasm for iron content and crossbreeding these lines 

with other lines with favourable traits (e.g. consumer acceptability, drought resistance, yields) [44]. 

Table 1 shows the biofortification target levels for iron beans that are set by the HarvestPlus 

research program [45]. These targets are set taking into account different factors, e.g. 

bioavailability, edible portions, environmental factors, and cultural practices. Iron beans or 

biofortified beans, have shown to increase iron status over time in efficacy studies in adolescents 

and children in Rwanda and Mexico [26, 46, 47]. Currently, iron beans have been introduced in 13 

countries and are being tested for release in another 4 countries [48]. 

 
Table 1: Breeding target levels for iron beans (iron content) and Orange-fleshed sweetpotato (beta-carotene 
content) 
 
 
 

Iron beans [49] Orange-fleshed sweetpotato [49] 

Baseline (µg/g) 50 0 
Additional content required (µg/g) +44 +170 
Total Final content (µg/g) 94 170 
Portion size, grams/day  198 167 
Retention (boiled), % 90 80 
Bioavailability, % 7 8 
% of the physologicalrequirement 
contributed by biofortification 

38 160 

% of the requirement contributed by 
entire micronutrient content of 
staple (baseline + biofortification) % 
 

80 160 

 

% of the requirement is expressed based on the estimated average requirement (EAR) for non-pregnant non-
lactacting women. Portion sizes are given in cooked product (boiled). Target levels were set based on the 
reasonable probability of developing varieties with a x% increase in the nutrition of interest where the the 
minimal increase in the EAR had to be at least 40% when consuming the average portion size/day. 
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Sweetpotato & orange fleshed sweetpotato 

Sweetpotato (Ipomoea batatas (L.) Lam) originally came from the Americas to Africa in the 1500s [50]. 

It is one of the world’s most important crops for food and nutrition security, particularly in Sub-

Saharan Africa, parts of Asia, and the Pacific Islands [51, 52]. Malawi is the main producer of 

sweetpotatoes in Sub-Saharan Africa, with an average production of 5.5 million ton per year in the 

period 2017.[38] Both leaves and roots are eaten, the vines can serve as food for livestock [52]. From 

a nutrition perspective, sweetpotato roots are a good source of carbohydrates, fiber and vitamins B, 

C and E [53]. The root is most commonly boiled, fried or steamed before consumption. Most of the 

varieties of sweetpotato currently grown and consumed in Sub-Saharan Africa are white- or yellow-

fleshed, and contain little or no beta-carotene [52].  Sweetpotato has become a major pillar of food 

security in many countries in the African region for different reasons. 

These include the comparatively high and reliable yields (4-6 MT/ha) even under marginal 

conditions and poor soils, low labor requirements, short growing cycles (4-5 months), and 

experiences of yield increases in smallholder systems by over 50% through improved varieties, 

clean planting materials and better farming practices [52]. Sweetpotato has shown to respond well 

to many of the productivity challenges facing smallholder farmers nowadays. It is referred to as the 

crop that is there when maize fails [54]. Adopting this crop is investing in long-term nutrition, 

economic and food security benefits. The varieties high in vitamin A, orange- fleshed sweet potatoes 

(OFSP) were developed and disseminated by the International Potato Centre (CIP) initially.  

As a result of national breeding efforts in several sub-Saharan African countries, a set of locally 

adapted OFSP varieties have been released and are now available that respond to the main 

agronomic, ecological and market conditions across the continent. In recent years, breeding 

programs have developed 42 improved OFSP varieties that are a good source of beta-carotene, a 

precursor of vitamin A [55]. Table 1 shows the improved levels of beta-carotene in OFSP compared 

to the white fleshed sweetpotato. OFSP varieties stand out as a proven, cost effective tool to reduce 

Vitamin-A deficiency (VAD) since it can provide an additional vital nutrient to vulnerable 

populations. OFSP’s efficacy is based on the high concentration of pro-vitamin A in roots and leaves 

at relatively high levels bio-available through local diets[52]. Efficacy and effectiveness studies have 

shown a decrease in vitamin A deficiency in young children in South Africa [55]  and mother-child 

pairs in Mozambique [56]. OFSP varieties have been introduced in 27 countries worldwide and are 

being tested for release in another seven countries [48]. 
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Key elements for alleviating malnutrition using biofortified crops as intervention 

approach  

Alongside the actual crop-development of biofortified varieties, there are other important steps 

needed to create the envisioned nutritional impact when implementing biofortified crops. These 

activities can roughly be divided in three different phases, the discovery, development and delivery 

phases [44, 57]. A simplified overview of this so-called ‘pathway to impact’ is given in Figure 2. It 

also shows some of the variety of aspects and professions that join to create and deliver a biofortified 

crop to the target population. Some of these activities are recurring, even during and after delivery 

of the biofortified crop, an example is acceptability research.  

• Discovery: The discovery phase consists of identifying the target populations and assessing 

their habitual staple food intake. Based on this information nutrient target levels can be set. 

Screening and applied biotechnology is subsequently used to identify the lines that could be 

used to develop the biofortified crops. 

• Development: The development phase starts with crossbreeding of the crop to develop 

biofortified varieties. Other key elements of this phase are testing for gene-environment 

interactions and verifying the retention of the nutrients in the crops after processing, amongst 

others. 

• Delivery: For the delivery phase it is crucial that biofortified food crops are accepted by both 

farmers and consumers of the targeted population. Making delivery and uptake of the crop 

successful requires assessment of acceptability and adoption of the crop. 

Three elements essential in the development and delivery phase will be further investigated in this 

thesis and are discussed in more depth in the next three paragraphs. 
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Figure 2: (Adjusted) Harvest Plus pathway to impact [58]. The figure shows the three phases: discovery, 
development and delivery that are taken before the biofortified crop can create its envisioned impact 
and highlights the different elements studied in this thesis in chapter 2-5.  
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Key element 1 Gene by environment interactions and nutritional quality 

The goal of studying gene-environment interactions is to see how different genotypes respond to 

environmental variation. In the case of biofortification, nutritional quality of crops is an important 

variable, but also other variables can be assessed and selected for. Examples are yield, disease 

resistance, plant characteristics, number of seeds etc. Gene-environment interactions are studied at 

research stations or farmer fields in the targeted country. Suitable varieties are grown in multi-

location trials and grown over multiple seasons to assess the agronomic performance. After this step, 

release of the variety can be considered by the national government [21].  

Climate change, defined as “change of climate that is attributed directly or indirectly to human 

activity that alters the composition of the global atmosphere and that is in addition to natural climate 

variability observed over comparable time periods” [59] is potentially causing adverse effects on food 

security through negative effects on crop yields and nutritional quality [60]. It is crucial to breed new 

varieties that can withstand these abiotic and biotic environmental stresses and will thus be more 

resistant to negative effects [61]. Sub-Saharan Africa is identified as a region that is highly vulnerable 

to climate change [62] and the impacts on food security will be major if no adaptations are undertaken 

[63]. There is a general consensus that predicted changes in rainfall and temperature will lead to 

lower yields especially in (sub)tropical areas [60]. However, there is very limited data on whether 

these drought-associated reductions will also lead to changes in nutritional content in beans. It was 

predicted that 60% of bean-growing areas in this region needs to be transformed [64]. It is suggested 

that crop improvement is an important first step of this transformational adaptation in order to 

decrease the negative consequences of climate changes[64]. To ensure food security and better 

adaptation to climate change, it is therefore vital to understand more about the nutritional quality of 

bean crops under drought stress.  

Key element 2 Nutrient retention & bioavailability  

Micronutrients in a biofortified staple food need to be bioavailable to the body in order to make a 

successful contribution to the micronutrient status of the individual. Bioavailability encompasses the 

amount of nutrient accessible for utilization, conversion or storage by the human body and can be 

enhanced or inhibited by the presence of antinutrients and different food processing techniques [65]. 

In unfortified staple crops, nutrient and bioavailability levels are mostly low [65]. It is therefore 

essential to study aspects influencing micronutrient bioavailability of (biofortified) crops and to learn 

more about two aspects specifically: the effect of household processing on the retention of nutrients 
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in the crop and the antinutrient content of a (biofortified) crop. Retention studies are performed to 

measure the levels of micronutrients in crops after typical processing, storage and cooking practices 

[66]. It is shown that crop variety, processing method and micronutrient level influence the level of 

retention [65].  

For this thesis we focus on the retention  of (anti)-nutrients(iron, zinc and phytic acid) of the 

(biofortified) common bean. Limited information from retention studies in common beans shows that 

the minerals Fe and Zn are mostly preserved after processing [67]. However, the presence of anti-

nutrients has shown to be impairing the mineral bioavailability of common beans. The most 

important antinutrients known are phytic acid and polyphenols [68]. These have both been studied 

extensively in both in vitro and in vivo studies. Series of short term isotope nutritional studies have 

showed that phytic acid is the main inhibitor, and polyphenols play a minor role [68]. Phytic acid is 

the main storage form of phosphorus in seed and chelates with mineral cations hampering them from 

uptake in the body. The formed salts are excreted, since humans have limited phytase activity in their 

digestive tract to break down these phytates [69]. 

The negative impact of especially phytates on bioavailability of minerals led to exploring and 

developing bean types with a low phytate trait. These lpa (low phytic acid) beans have a 90% lower 

phytate content compared to conventional bean varieties. The mineral retention of these lpa bean 

varieties were not yet determined. If retention of minerals remains high in these lpa beans this trait 

could possibly be combined with the biofortification trait, and lead to a new generation of biofortified 

lpa bean varieties, which have a higher bioavailability of minerals compared to the biofortified bean 

varieties available the moment. Promising results have been demonstrated in maize crops where lpa 

varieties of maize have shown a significantly higher Fe and Zn retention in subject fed with meals 

prepared with an lpa variant of maize, compared to conventional varieties [70-72].   

Key element 3 Consumer acceptability of the biofortified crop 

A developed biofortified variety often has different sensory and/or agricultural characteristics 

compared to the non-biofortified varieties of the same crop. To assess and compare the willingness 

to consume these altered crops, acceptability and/or adoption can be assessed. Acceptability reflects 

the perception among producers and consumers that an intervention is agreeable. Adoption reflects 

the intention, initial decision or action to try a new intervention [73]. 

In order for producers and consumers to use the improved varieties, the first step is acceptance. 

Acceptability is studied using a variety of methods. Sensory acceptability studies are used to collect 
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information on sensory attributes that influence consumer acceptance, examples are sight, odor, taste 

and texture and the liking of these attributes for different varieties [74]. Cross-sectional questionnaire-

based surveys collect information on attitudes, constraints and facilitators of different biofortified 

foods. Effectiveness studies show the acceptance and adoption over a certain period of time where 

different ways of introducing crops are tested (e.g. Education, different marketing strategies).  The 

last research method used to evaluate acceptance is through setting up experimental auctions of 

biofortified crops in so called willingness to pay studies. This is done in comparison with a locally 

available crop to test the need for a discount or premium when introducing the biofortified crop [74, 

75]. 

Available evidence on the acceptance and adoption of biofortified staple crops in LMICs showed that 

from a sensory perspective biofortified crops seem to be acceptable in most cases [74]. However, it 

needs to be taken into account that most studies were done where the crops were not yet available to 

the population being studied. Therefore, more research should be done into acceptability of 

biofortified crops after introducing these and into the replacement with the traditional crops. In 

addition, studies should study the actual determinants of acceptance and adoption during and after 

wide-scale introduction of biofortified crops [74].  Any results studying acceptability are highly 

context-specific, based on the heterogeneity in food choices that are rooted in culture and individual 

specific preferences [75]. It is therefore important to conduct these studies for all different crop-

country combinations [75]. The use of mixed methods is needed to unravel the socio-cultural drivers 

of consumers -who are often also farmers- consuming these crops. The difference in acceptability of 

the visible vs. invisible trait has not been studied before. In the case of iron beans, the invisible trait 

does not give the consumers an indication whether they are purchasing or growing a biofortified 

crop or not. Educating target groups on the beneficial effects of the crops and monitoring the use is 

then essential [75]. In the case of a visible trait (for example the OFSP) the distinguishing color can be 

used when promoting the crop. Different models have been developed to study health-related 

behavior of which the theory of planned behavior and health belief model [76, 77]. These models 

could provide valuable information on the cultural acceptability and socio-cultural drivers of 

acceptability for iron beans and OFSP.  
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Aims and objectives of this thesis 

Biofortification provides an opportunity to develop more nutritious staple foods that can potentially 

contribute to the nutritional intake of targeted populations. However, information on the effect of 

climate change, the acceptability of these crops and retention of nutrients in these crops is still lacking. 

The main objective of this PhD thesis is therefore to study/evaluate these three key elements of the 

development and delivery phase of biofortified crops that are important to improve their nutritional 

impact.  

 

This aim can be broken down in the following specific objectives linked to the identified key elements 

for development: 

• To study the effect of climate change on the nutritional content of (biofortified) beans. 

• To study the iron, zinc and phytic acid retention levels of common, biofortified and low 

phytic acid beans when preparing household recipes. 

• To study the acceptability of biofortified crops (beans and orange fleshed sweetpotato) from 

a cultural and sensory perspective. 

 

These key elements are also marked in Figure 2. The pursuit of these objectives is presented in this 

thesis in four articles, of which three have been published in peer reviewed journals (Scientific 

Reports,PlosOne and Nutrients).  
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Study area  

Malawi is a landlocked country located in Southern Africa (Figure 3). The country has a total of 18.6 

million inhabitants, which is expected to increase to 38.1 million by 2050 [78]. Over half of the 

population is under 24 years old (65%). The majority of the population is living in rural areas (85%), 

where the vast majority is involved in agriculture (94%) [79].  A large proportion of Malawians rely 

on agriculture for subsistence, 80% of the country’s total workforce is employed in this sector [80]. 

The agricultural sector mainly relies on smallholder farmers, whom had an average size of 0.8 

hectares in 2011 [81]. Over 70% of cultivated land is used for maize production [81]. A low dietary 

diversity and an overdependence on staples as maize can result in diets containing insufficient 

minerals and vitamins [82]. Malawi is among the 20 countries with the highest score on the Hidden 

hunger index [9]. Almost half of all children are stunted (40%) [83]. Micronutrient deficiencies are 

common: 21.7% of all preschool children suffer from iron deficiency and 60.4% suffer from Zinc 

deficiency. This not only has individual health consequences but also influences the economy; the 

total annual costs associated to child undernutrition in Malawi were estimated to be yearly 10.3 % of 

the GDP [84]. It is a top priority country for the implementation of five different biofortified crops 

[85]since micronutrient deficiencies are common, agriculture is the main source of income, and staple 

crops are consumed widely. 

At the time of conducting the studies for this thesis, biofortification was still relatively unknown in 

Malawi. The only biofortified crop that was widely introduced through agricultural programmes led 

by research institutions was the orange fleshed sweet potato. Biofortified bean varieties were released 

in 2009, but other than small-scale projects biofortified bean seed was not produced nor disseminated 

yet throughout the country. Currently programs are running to promote the consumption of legumes 

and introduce the biofortified beans to a bigger audience (personal communication). The agricultural 

policy of Malawi promotes the use of nutrition-sensitive food and agriculture-based approaches for 

the production of more diversified foods and dietary diversification. The policy objectives explicitly 

mention the scaling up of biofortification, and the need for support from the Ministries of 

Agricultural Extension, Health and agricultural research, NGO’s, Research institutions and Farmer 

Organizations [86]. 
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Figure 3: Map of Malawi (Wikimedia Commons) 
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Study context 

Currrently, HarvestPlus is leading the global interdisciplinary alliance of research institutions and 

implementing agencies in the biofortification effort for almost all biofortified crops, developed 

through conventional plant breeding [21]. One exception is for the orange fleshed sweetpotato, where 

the development and dissemination is led by the International Potato Centre [52]. The International 

Centre for Tropical Agriculture (CIAT) is responsible for the work on iron beans under the Harvest 

Plus Programme. For the research presented in this thesis, work was conducted in conjunction with 

both CIAT and CIP within Malawi. These are two CGIAR organizations part of a global partnership 

that unites international organizations engaged in research for a food-secured future. Also Concern 

Worldwide, an Irish non-governmental organisation assisted in performing the studies for this thesis. 

This NGO, with one of their bases in Malawi, has different projects on improving food and nutrition 

security and introduced their farmers to different biofortified crops over the previous years in 

Malawi. 

 The NUI Galway-CIAT-CCAFS project through which part of this thesis was conducted was aiming 

to contribute to development and delivery and impact of iron beans in Malawi, and to identify 

drought tolerant beans that can be used to climate-proof bean production, utilization and nutrition 

amongst women and children in Malawi. 

Outline of this thesis 

The present chapter introduces and clarifies the topics under study. In chapter 2 a paper is presented 

on the effect of drought on the nutritional content of twenty different (biofortified) bean varieties and 

gives an indication of future climate scenarios and climate change impacts regarding drought stress. 

Chapter 3 presents the results of a retention study where low phytate, biofortified and conventional 

varieties of beans where prepared using common household recipes. Chapter 4 and 5 further explore 

the acceptability of two biofortified crops in Malawi. In chapter 4 results of a sensory and cultural 

acceptability study on the acceptability of orange fleshed sweetpotato is presented. In chapter 5 

results of a mixed method study on the acceptability of iron beans is given. The final chapter 

summarizes the papers presented and indicates directions for further research and implications.  
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ABSTRACT 

Climate change impacts on food security will involve negative impacts on crop yields, and potentially 

on the nutritional quality of staple crops. Common bean is the most important grain legume staple 

crop for human diets and nutrition worldwide. We demonstrate by crop modelling that the majority 

of current common bean growing areas in south-eastern Africa will become unsuitable for bean 

cultivation by the year 2050. We further demonstrate reductions in yields of available common bean 

varieties in a field trial that is a climate analogue site for future predicted drought conditions. Little 

is known regarding the impact of climate change induced abiotic stresses on the nutritional quality 

of common beans. Our analysis of nutritional and antinutritional compounds reveals that iron levels 

in common bean grains are reduced under future climate-scenario relevant drought stress conditions. 

In contrast, the levels of protein, zinc, lead and phytic acid increase in the beans under such drought 

stress conditions. This indicates that under climate-change induced drought scenarios, future bean 

servings by 2050 will likely have lower nutritional quality, posing challenges for ongoing climate-

proofing of bean production for yields, nutritional quality, human health, and food security.  
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INTRODUCTION 
Dietary deficiencies of micronutrients such as iron and zinc constitute major public health problems 

globally, particularly amongst women and children in sub-Saharan Africa [1]. While micronutrient 

supplementation and food fortification are important for improving delivery of micronutrients, 

staple food crop biofortification through breeding provides an additional route for increasing the 

supply of key micronutrients (iron, zinc, vitamin A) from staple crops to the diets of poorer 

communities in developing countries [2-5]. The level of micronutrients (e.g. iron, zinc) in staple crops 

and foods is one of the key determinants of the extent of uptake of dietary micronutrients [6, 7]. 

However, the presence and levels of anti-nutritionals, in particular phytic acid and polyphenols, can 

inhibit bio-availability and hence the level of uptake of such micronutrients [8-15]. The consideration 

of anti-nutritionals in biofortification breeding programs is important to ensure that efforts to 

increase the levels of micronutrients (e.g. iron) in crops are not compromised by inadvertent increases 

in levels of anti-nutritionals (such as phytic acid and/ or polyphenols) that could arise from breeding 

efforts [8, 9, 12, 14, 16] or from environmental stresses. A meta-analysis of 143 studies  showed a 

negative impact of predicted mid-century elevated CO2 levels on iron and zinc levels of C3 grain and 

legume crop plants [17], which is anticipated to aggravate the extent of iron deficiency in human diets 

globally [18]. The mechanism(s) responsible for this decline in iron and zinc linked to increased CO2 

are not yet fully clear. Carbohydrate dilution is one possible explanation where CO2 -stimulated 

carbohydrate production dilutes other grain components (thus minerals), but this could not explain 

differences in decreases between minerals and other significant mechanisms must also play a role 

[19].  In addition to increased CO2 levels, reduced and erratic rainfall will lead to increases in the 

incidence and frequency of drought in some regions, which in turn will lead to reductions in crop 

yields [20]. For common bean, it is not known whether drought-associated reductions in crop yields 

will also lead to changes in the nutritional quality of beans under future climate change induced 

drought scenarios [21]. 

In this study, we have used Ecocrop to model the impact of climate change induced changes in heat 

and precipitation by 2050, on the suitability for cultivation of common bean across a range of 

countries in south-eastern Africa. We hypothesize that nutrional quality (for this study iron, zinc and 

protein) of beans will decrease under drought conditions compared to the same varieties grown 

under rainfed conditions.  In addition, we have combined the climate impact modelling with 

experimental field trials of common bean, under the extent of drought anticipated due to future 

climate change (by 2050), to determine the impact on both yield and the nutritional quality of 
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common bean under climate-induced drought stress. Our results are important for efforts to climate 

proof cultivation of the staple crop common bean, so that varieties can be developed, which under 

drought stress maintain good yields and contain high levels of the dietary micronutrients iron and 

zinc, while containing low levels of anti-nutritional factors such as lead and phytic acid.  

 

MATERIALS AND METHODS 

EcoCrop modelling of drought and heat impacts on common bean in East Africa 

For a more detailed description of the EcoCrop model the reader is referred to Ramirez-Villegas et al. 

[22], and Hijmans et al. [23]. For previous assessments climate change impacts using EcoCrop for 

various crops (including common beans) in Africa the reader is referred to Rippke et al. [24] and 

Jarvis et al. [25]. EcoCrop suitability simulations for common bean were performed for a historical 

period (1960–1990, chosen to be a representative baseline) and then for the 2050 period (2040–2069) 

under the Representative Concentrations Pathway 6.0 (RCP 6.0) [26]. RCP 6.0 was chosen since it is 

representative of a business as usual scenario. Climate data used for historical suitability simulations 

was derived from WorldClim [27], which is a global high resolution database of monthly 

climatological means for mean, maximum and minimum temperatures and total precipitation. For 

each future period, simulations were performed using 19 Global Climate Model (GCM) projections, 

statistically downscaled and bias-corrected [28]. For both historical and future simulations, we 

assume that the common bean crop is not viable when the overall suitability is below 43% [24]. The 

EcoCrop model numerically assesses the environmental conditions (based on  a parameter set 

defining the optimal and marginal temperatures and rainfall at which the crop can grow is defined, 

ideally retrieved via statistical data analysis) related with agricultural yields to determine a potential 

climatic suitability rating [22]. EcoCrop is a relatively simple crop suitability model and as such is 

subject to various limitations, most notably, it does not include estimates of extreme climate impacts, 

soil fertility, pest and diseases, all of which can be critical to bean growth [29, 30]. It also does not 

provide information on crop productivity. Whilst the exclusion of these limitations likely means we 

underestimate climate change-related challenges for bean production, we argue that they are useful 

to identify key adaptation priorities for the region. 
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Plant material   

The common bean (Phaseolus vulgaris) varieties used in this experiment included released varieties in 

Malawi, a landrace and also a range of unreleased advanced lines from the CIAT’s bean 

biofortification breeding program. This consisted of eight BC1F4 Andean Nutrition (NUA) bean lines 

(NUA 743, NUA 720, NUA 674, NUA 730, NUA 746, NUA 705, NUA 706 and NUA 740) and nine 

released varieties (A268, A197, CAL 143, A344, NUA 45, SUGAR 131, CAL 113, VTTT 294/4–4, NUA 

59, UBR (92)25 and DRK 57) and one landrace (Nasaka). These varieties were tested in earlier seasons 

for suitability under the Malawian environmental conditions. 

Field trials 

All twenty bean varieties were field trialled under both rainfed conditions and drought-stress 

conditions that are representative of conditions predicted by Ecocrop modeling to occur by 2050. The 

drought and rainfed trials of all bean varieties were conducted between 2013–2015 at the Kandiyani 

site of the International Center for Tropical Agriculture (CIAT) Chitedze Research Station, Lilongwe, 

Malawi. The crop trial was laid out in a Randomized Complete Block Design (RCBD) with three 

plots/replicates. Two seasons per year the beans were harvested, in the rainy season, plants were 

grown under natural, rainfed conditions between December and March. The drought trial was 

conducted in the winter/off -season which lasts from late August until November. 

For each plot, four ridges were prepared, measuring 5 m long and spaced at 0.60 m. The net plot 

comprised of the two middle ridges with the outer ridges acting as borders. One seed was planted 

per planting station spaced at 0.50 cm. No fertilizer was applied in the trials. Pests and diseases were 

controlled using Dimethoate (Aryzta LifeScience, South Africa) and Karate (Syngenta, Basel, 

Switzerland) according to product label recommendations. Agronomic data collected from each plot 

consisted of; days to 50% flowering; days to 95% physiological maturity; plant height at harvesting; 

grain weight; total plot yield. Yield was determined by weight of grains 

Sampling of bean pods and grains for nutritional analysis and sample preparation  

Bean samples from four harvests in the period 2013–2015 were analysed. Bean pods were sampled 

when mature, from every plot 10 plants were randomly selected and of each of these plants 10 pods 

were taken (on different sides of the plant and not touching the soil). All procedures were followed 

according to HarvestPlus protocols for crop sampling to ensure samples were representative and 

minimize any risk of sample contamination [31]. After harvest, all samples were kept in a storage 
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room in CIAT, Malawi at room temperature until transfer to the National University of Ireland 

Galway (NUI Galway). On arrival in NUI Galway, beans were removed from pods and stored at −20 

°C in plastic sample bags until further processing. Bean samples were then freeze-dried and a 

subsample of 20 beans (i.e. grains) were milled to a fine powder using a coffee grinder (Delonghi, 

KG49). Samples were vacuum-packed until ICP-MS analysis in Ionomics Lab, University of 

Aberdeen, Aberdeen, Scotland. 

ICP-MS analysis of elemental composition of common bean grains 

Briefly, bean powder of each sample was analysed in duplicate with inductively coupled plasma-

mass spectrometry (ICP-MS) as follows: trace metal grade nitric acid was added to the samples. 

Samples were then spiked with an internal standard plus hydrogen peroxide and left overnight to 

pre-digest. Following exposure to 115 °C for 4 hours, digested samples were diluted with Milli-Q 

water. Aliquots were transferred to a 96-well plate for analysis. A detailed description of ICP-MS 

analysis is provided in the Supplementary Information (Appendix 2). 

Protein extraction and measurement 

Bean proteins were extracted in three separate stages[32, 33], namely aqueous extraction (albumins) 

followed by saline extraction (globulins), followed by cell-lysis extraction (other, membrane-bound 

proteins). Microcentrifuge tubes (2 ml) were prepared with ten 1 mm glass beads (Sigma-Aldrich) 

inside. For aqueous extraction bean powder was suspended in distilled water (50 mg in 400 µl; 1:8), 

shaken in a tissue lyser (QIAGEN) at maximum speed for 30 seconds, followed by incubation at 4 °C 

for 30 min (samples were shaken every 10 minutes). The sample was centrifuged at 14000 rpm for 15 

min. The supernatant was transferred to new tubes. Next, the water-insoluble fraction was extracted 

from the sediment. The sample was treated as before, but 0.5 M NaCl solution was used instead of 

distilled water. The supernatant was transferred to new tubes. This should result in 75% of total 

protein extraction. To release all membrane-bound proteins from the sediment, the sample was 

treated as before but Lysis buffer (50 mM citric acid, pH 3.0, 1 M NaCl, 2% SDS, 0.5% Triton-X- 100) 

was used instead of NaCl solution or distilled water. The supernatant was transferred to new tubes; 

this is expected to result in ≥91% of total protein extraction. Samples were measured using the BCA 

protein assay (Thermo Fisher Scientific) on 96-well plates in triplicate. Readings were taken at 560 

nm wavelength (Modulus Microplate Mulitmode Reader, Turner Biosystems). The three fractions 

were measured separately, and total protein content is the sum of all three fractions. 
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Phytic acid analysis of common bean grains   

Samples for phytic acid analysis were prepared using modified protocols of Harland et al. [34] and 

Ellis et al. [35]. We used the same milled samples as those for ICP-MS. In brief, 50 mg aliquots of 

powder were thoroughly mixed with 2 ml 2.4% HCl, incubated at room temperature (RT) for 1 hour 

followed by 3 min centrifugation at 13000 rpm (Thermo Scientific, Fresco17). 1.8 ml of supernatant 

was transferred into new 14 ml tubes and diluted with 8.2 ml Milli-Q water. To remove the inorganic 

phosphate, 10 ml diluted samples were applied to the 10 ml Poly-Prep Chromatography Columns 

(#7311550, Bio-Rad), pre-packed with 0.3 g of AG1-X4 resin, 100–200 mesh (AG 1-X4 Resin #1401341, 

Bio-Rad) and equilibrated with 0.7 M NaCl, followed by elution with 10 ml 0.1 M NaCl. Phytate was 

eluted from the columns with 0.7 M NaCl into 15 ml Falcon tubes. Each sample was analysed in 

triplicate to measure phytate with WADE reagent (0.03% FeCl3*6H2O and 0.3% sulfosalicylic acid in 

Milli-Q water, according to Latta et al. [36].  

Data preparation and statistical analysis  

All field trial data points, yield data and nutrient data were organized on Microsoft Excel (Microsoft, 

WA, USA) and all statistical analysis was performed in SPSS Statistics (version 21) (IBM, NY, USA).  
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RESULTS 

The majority of current common bean growing areas in southeastern Africa will become unsuitable 

for bean cultivation by the year 2050 due to changes in temperature and precipitation. 

To determine climate change impacts on common bean (Phaseolus vulgaris) suitability for cultivation 

in southeastern Africa, the EcoCrop model was used to produce spatially-explicit simulations of 

potential climatic suitability for five countries in south-eastern Africa. For each spatial unit (i.e. grid 

cell), EcoCrop performs separate calculations for temperature-limited (heat and cold) and 

precipitation-limited (waterlogging and drought) suitability, and then calculates an overall 

suitability for the crop [22, 23]. 

Figure 4 shows the spatial distribution of historical climatic suitability for common bean cultivation 

(Fig. 4A), as well as the spatial distribution of projected climate change impacts on bean cultivation 

by 2050 (Fig. 4B). The unshaded areas within the countries analysed (Malawi, Mozambique, 

Tanzania, Zambia and Zimbabwe) are considered unsuitable for bean cultivation (Fig. 4A). 

Currently, suitable areas for bean cultivation extend across most of Zambia, Zimbabwe, Tanzania, 

western Malawi, and northern Mozambique (Fig. 4A). Our simulated historical climatic suitability 

for common bean cultivation agrees well with the observed distribution of bean cultivation in Africa 

[37]. Our EcoCrop modelling of future climate impacts on bean cultivation suitability indicates that 

a significant proportion of the currently suitable areas will become unsuitable for common bean 

cultivation by 2050 (red areas in Fig. 4B), particularly in southern Zambia, eastern Zimbabwe, and 

central Tanzania. In these areas, unless appropriate climate adaptation actions (e.g. climate smart 

agriculture (CSA) breeding and agronomy options such as new varieties or irrigation) are put in 

place, it will no longer be possible to grow common beans. 

Common bean cultivation suitability differs across locations within each country 

dependent on changes in temperature or precipitation.  

 Our results further indicate that a reduction in the temperature-related suitability resulting from 

increased heat stress by 2050 is predicted as the main cause ( T<P) for the overall reduction in climatic 

suitability of bean growing areas in north western Tanzania, southern Zambia, and western 

Zimbabwe (dark red shading in Fig. 4C). Conversely, reductions in precipitation-related suitability 

by 2050 were found to be the major cause (P<T) of climatic suitability change reductions in west-ern 

Malawi, northern Zambia, eastern Tanzania, and southern Zimbabwe (orange shading in Fig. 4C). 
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Figure 4D demonstrates where future bean cultivation suitability by 2050 will be predominantly 

limited by temperature (red), precipitation (blue) or both temperature and precipitation (yellow). 

Reductions in yields of common bean varieties at a climate analogue field site that 

is representative of predicted drought conditions by 2050.  

To determine the impacts of future drought scenarios by 2050 on the yields of common bean, we 

conducted a field trial in western Malawi of 20 common bean varieties over two growing seasons. 

The bean varieties used consisted of varieties commonly cultivated by smallholder farmers and also 

bean lines developed by the CIAT and PABRA bean breeding programs under consideration for 

entry into the national varietal registration and official release process. They comprise a range of 

different market classes (i.e. quality types) including black, red, kidney, mottled red, brown, light 

brown and white beans, both smaller and larger sized seed varieties. These varieties were chosen to 

reflect the reality of (a) what bean varieties are actually available to smallholder farmers in Malawi 

and (b) what bean varieties are in the regulatory pipeline in Malawi that may become accessible to 

smallholders within the next decade, taking account of the time lag expected for national varietal 

registration, certification processes and bulking up of seed by suppliers. The suitability of the field 

trial site area in western Malawi for common bean cultivation is projected to fall below current 

suitability levels by 2050, primarily due to decreased precipitation (Fig. 4B, C).  

All twenty bean varieties were field trialled under both rainfed conditions and drought-stress 

conditions that are representative of conditions predicted by EcoCrop modelling to occur by 2050 

(Fig. S1). is corresponded to four field trial seasons in total, i.e. two trials under rainfed conditions 

and two under drought-stress conditions. To ensure seasons could be reliably and reproducibly 

grouped according to “rainfed” and “drought-stress” conditions, k-means cluster analysis was 

performed on recorded weather data for the field trial site. The identified clusters were analysed 

using discriminant analysis for the goodness of fit of the model, and t-statistics were applied to verify 

the predicted vs. found mean of the clusters. 

In addition, to further verify the climate change relevance of our drought-stress growing seasons, 

Simulated Weather Data for Crop Modelling and Risk Assessment (MarkSim) software V.2 was 

employed (http://www.ccafs-climate.org/pattern _scaling/). These analyses confirmed that our 

drought-stress field trial conditions can be considered as a climate analogue site for bean growing 
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seasonal weather conditions in the year 2095 in Malawi, under RCP 8.5. Average temperatures during 

our drought field trials were 22 °C with extremes of 35 °C, closely resembling the predicted average 

temperatures for the bean growing season (March, April and May) of 24 °C and extremes of 32 °C in 

the year 2095. Likewise, the average rainfall during the bean grain filling period in 2015 was 54 mm, 

similar to the projected average rainfall of 58 mm (Fig. S2). 

Figure 4.  Historical and future (2050) common bean suitability simulations for south-east africa and current 
percentage of children underweight; (a) suitability of currently cultivated common bean for historical climate; 
(b) projected impact of climate change by 2050s; (c) driving factor of change in future climatic suitability; (d) 
factor most limiting to bean cultivation suitability by 2050; (e) percentage of children, under the age of 5, who 
are underweight (defined as weight for height <-2 standard deviations of the WHO Child growth standards) 
(data from ciesin), for the period 1990–2002. Red (reduced suitability), blue (increased suitability), and beige 
(no change in suitability) colours are used in (c) to separate directions of change. In red areas, shades of red 
are used to differentiate areas where suitability reductions are due to temperature changes (△t<△p), from 
those where suitability reductions are due to precipitation changes (△p<△t) or where temperature- and 
precipitation- suitability reductions are equal (△p=△t). In blue areas, shades of blue are used to differentiate 
areas where suitability increases are primarily driven by precipitation (△p>△t), temperature (△t >△p), or 
equally driven by both (△p=△t). 
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Figure 5. Box and whisker plot showing average grain yield of 20 common bean varieties grown under 
rainfed and drought-stress conditions. ‘X’ indicates mean value. *** P < 0.001 
 

To determine whether the reduction in yield of the common bean varieties under drought-stress 

conditions at the climate analogue trial site was more influenced by genotype (variety) or weather 

conditions (temperature, precipitation), an F-test was performed. This revealed that the variation in 

yield observed at the trial site is influenced more by weather conditions than genotype. To determine 

whether there are any statistically significant differences between the varieties under drought stress 

conditions, a one-way ANOVA was performed, which showed no significant yield difference 

between the bean genotypes. Similarly, no significant yield differences were identified between the 

bean genotypes under rainfed conditions. Overall, for all bean varieties that were field trialled at the 

Malawi climate analogue site, the common bean grain yield decreased by an average of 43% under 

drought- stress conditions, which is significantly lower (two-tailed independent samples t-test, P 

<0.001) when compared with rainfed conditions (Fig. 5). 

 

While iron levels in bean grains decrease, under climate-scenario relevant 

drought stress conditions, zinc, lead, protein and phytic acid levels increase. 

Many of the countries analysed in this study have moderate to high child underweight rates (Fig. 4E 

) [38]. Micronutrient deficiencies are major contributors to the global problem of maternal and child 

malnutrition, which causes underweight, stunting and wasting conditions in afflicted children[1, 39]. 
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To determine the changes in levels of dietary micronutrients between rainfed and drought-stress 

conditions of each common bean variety, we used inductively coupled plasma-mass spectrometry 

(ICP-MS) to measure the relative concentrations of twenty-two elements (B, Na, Mg, P, S, K, Ca, Ti, 

Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, Cd and Pb), which included the important dietary 

micronutrients iron and zinc, and also antinutritional compounds such as lead (Table S1; Fig. S3). For 

each common bean variety under rainfed and drought conditions, we also determined the protein 

levels and the levels of phytic acid, a major antinutritional limiting micronutrient uptake from human 

diets [40] (Table S1; Fig. S3). 

As seen for yield, the variations in iron, zinc, lead, protein and phytic acid under drought-stress 

conditions at the field site are more influenced by weather conditions than genotype (variety). To 

further investigate the lack of variation among genotypes for iron, zinc, lead, protein and phytic acid, 

a one-way ANOVA was performed. When we compared across genotypes under rainfed conditions 

we found no significant difference between genotypes for iron, zinc, lead, protein and phytic acid 

content. Similarly, when we compared across genotypes under drought conditions, we found no 

significant difference between genotypes for iron, lead, protein and phytic acid content. Under 

drought-stress conditions, one variety shows significantly higher (P <0.05) zinc levels than the other 

nineteen varieties, but at the 5% significance level such a result would be expected by chance.  

 

 

 
 
Figure 6.  Box and whisker plot showing average grain iron (A), zinc (B), protein (C), lead (D), and phytic 
acid (E) levels of 20 common bean varieties grown under rainfed and drought-stress conditions. ‘X’ 
Indicates mean value. *P <0.05 ***P <0.001. Results are based on dry weight. 
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We also compared our results for concentrations of Zn and Fe for the twenty varieties tested under 

rainfed or drought conditions with those recorded for the 1000 accessions in the CIAT cultivated 

common bean core collection (Fig. S4) and find them to be representative of the range of Fe levels, 

and representative (or slightly enriched) for Zn. The responses of Fe and Zn in our tested varieties 

are therefore likely to be similar to those of other common bean genotypes. 

Overall, across all of the twenty bean varieties analyzed, the levels of iron are significantly reduced 

under drought stress (two-tailed independent samples t-test, P < 0.05), from an average concentration 

of 59 ppm in beans from rainfed plants to 54 ppm from drought-stressed plants (Fig. 6A). Conversely, 

the average concentration of zinc significantly increases under drought stress (two-tailed 

independent samples t -test, P <0.05), from 35 ppm in beans from rainfed plants to 39 ppm from 

drought-stressed plants (Fig. 6B). We identify a significant increase (two-tailed independent samples 

t-test, P <0.001) in lead levels in the bean grains under drought-stress conditions, from an average 

concentration of 0.05 ppm to 0.22 ppm, representing a fourfold increase (Fig. 6C). is exceeds the 

maximum level permissible (0.1 ppm) for pulses as defined by the Codex Alimentarius [41]. The 

average total protein concentration also significantly increases under drought stress (two-tailed 

independent samples t-test, P <0.001) from 326 mg/g of dry weight in beans from rainfed plants to 

371 mg/g of dry weight in beans from drought-stressed plants (Fig. 6D). Similarly, there was a 

significant increase (two-tailed independent samples t-test, P <0.001) in phytic acid levels under 

drought stress, from an average level of 0.96% under rainfed conditions to 1.16% under drought stress 

(Fig. 6E).  

 

Changes in precipitation and temperature correlate with changes in yield of common 

bean, and also with iron, lead and protein levels, but not zinc and phytic acid levels.   

To further investigate the link between weather conditions during the grain filling period and 

common bean growth, multiple linear regression analysis was performed. As the differences in 

rainfall between the rainfed seasons and the drought-stress seasons were also accompanied by 

differences in air temperature (Fig. S1), the impact of temperature was included as well as rainfall. 

Over 50% of the variation in yield and iron could be explained by changes in temperature and rainfall 

between lowering date and harvest. Approx. 40% of the variation in lead could be explained by 

changes in temperature that occurred between flowering date and harvest, while rainfall that 

occurred during this time window did not improve the model. 
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Figure 7.  Heat map of nutritional quantity from one serving of beans harvested from present-day (2017) 
and predicted future (2095) conditions. Concentration of nutrients (56Fe, 66Zn, total protein) and anti-
nutritionals (208Pb, phytic acid) in a 50 g serving (dry beans) of 20 common bean varieties under rainfed 
and drought conditions was calculated. Median, lower and upper quartile values were calculated for 
56Fe, 66Zn, protein, 208Pb and phytic acid separately. 
 
Approx. 30% of the variation in protein levels could be explained by changes in temperature and 

rainfall between flowering date and harvest. Finally, weather conditions during the grain filling 

period only explained a small part of the variation in zinc (4.0%) or phytic acid (17%), suggesting that 

other factors not included in the model influence zinc and phytic acid levels in the grain. 

 

Under climate-change induced drought scenarios, future bean servings will have 

lower nutritional quality.   

While yield is typically measured in kg/hectare, the nutritional yield can be considered as the 

quantity of supply of nutritionally-important compounds per unit area [42]. To determine the supply 

of nutritional and anti-nutritional compounds on a per meal basis, we calculated the quantity of each 

dietary compound that each common bean variety would deliver per serving (50 g dry raw beans) 

under present day (rainfed) and future climate (drought-stress) scenarios (Fig. 7). This highlights that 

while future bean servings under climate change may become more zinc-rich, they will contain less 

iron and more undesirable anti-nutritionals (lead and phytic acid). Our results indicate that some 

varieties (NUA 59, NUA 674) may display promise for drought proofing dietary supplies from beans 

under predicted future climate-change scenarios.  
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DISCUSSION 
Climate change represents a threat to food security, particularly resulting from ongoing and 

anticipated negative impacts on agricultural productivity (yields/hectare) [43-47]. While there have 

been a range of studies which indicate negative impacts on yields of major staple crops [48-50], there 

have been fewer studies that have investigated the impact of climate change stresses (e.g. rising CO2, 

heat, drought) on staple crop grain quality parameters [17, 51-55]. 

Common beans are the most important grain legume supporting food security and human nutrition 

globally, responsible for almost 15% of daily calories and 36% of daily protein in some countries in 

Africa and the Americas [56]. In sub-Saharan Africa, common beans are an important staple crop for 

smallholder farmers and a key nutritional component in diets of poor rural communities. 

Smallholder farmers in sub-Saharan Africa plant a wide range of bean varieties and landraces that 

they access from multiple sources, including via purchasing from formal (e.g. government 

distributors, commercial seed companies, agro-dealers, NGO/UN) or informal (e.g. local markets, 

own seed stocks, neighbour) sources [57-59]. Such smallholder farming communities are extremely 

vulnerable to negative impacts of climate change on their livelihoods and nutritional status, including 

through reductions in yields and/or nutritional quality of staple crops they both consume and trade 

[60, 61]. 

Climate change can change weather patterns, resulting in altered temperature and rainfall effects in 

different regions, which can have concomitant impacts on the suitability of crops for continued 

cultivation in climate-change impacted regions [62]. In particular, elevated temperatures (heat) and 

reduced rainfall (drought) can reduce crop yields [44, 63-65]. Our EcoCrop climatic suitability 

analyses for common bean in South Eastern Africa to 2050 indicates that predicted increases in 

temperature and reductions in rainfall (precipitation) will result in common bean becoming 

unsuitable for cultivation across the vast majority of current bean growing regions (Fig. 4D). Only in 

specific localised zones in northern Zimbabwe, southern and northern Tanzania, and northern 

Malawi, are increases in climatic suitability for bean cultivation projected. Relocation of bean 

cultivation to different areas beyond the current range of cultivation may be possible, but in this case 

careful consideration should be given to choosing varieties suited for the new area, including any 

change in photoperiod that occurs with changing latitude. Overall, our findings are consistent with 

those of previous studies where different models to EcoCrop have been used [66-68]. Future climate 

conditions will be associated with elevated atmospheric CO2 concentrations, which may either 

exacerbate or alleviate the effects of increased temperature and reduced precipitation on common 
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bean growing regions. While the EcoCrop model cannot process atmospheric CO2 effects, it is 

noteworthy that C3 plants (of which common bean is one) have been shown experimentally to 

respond to drought by reducing photosynthesis, an effect which is not removed upon doubling CO2 

treatment[69]. We conclude that, in the absence of implementation of significant adaptation strategies 

to maintain yields of common bean in south-eastern Africa, it can be expected that yields of common 

bean will dramatically decline across the region in the period to 2050. 

The adaptation strategies that will be necessary to implement at scale may be incremental (e.g. 

breeding new bean varieties or using agronomic practices such as irrigation) or transformational (e.g. 

involving changing to a different protein or high-value crop species, or finding an alternative 

livelihood that is more climate-resilient) [70]. 

In addition to yield reductions that will negatively impact on livelihoods, there is potential for climate 

stresses to also impact on the nutritional quality of crops. Such climate effects may frustrate 

biofortification efforts to breed new biofortified varieties of staple crops that have elevated levels of 

essential micronutrients[6]. Screening of over 1000 genotypes of common bean germplasm from the 

CIAT [71] gene bank revealed an average Fe concentration of 55 ppm, within a concentration range 

of 34 and 89 ppm. The average Zn concentration was 35 ppm, within a concentration range of 21 and 

54ppm. Notably, all 20 genotypes investigated in our study have similar Fe and Zn concentrations. 

The average Fe concentration among genotypes used in our study (i.e. 59ppm) is statistically similar 

to the average observed across the primary genepool (i.e. 55 ppm). Likewise the average Zn 

concentration among the genotypes in our study (i.e. 35 ppm) is identical to the average across the 

genepool (i.e.35 ppm) ( Fig. S4, Supplementary Results File). 

While there has been a previous attempt to determine the effect of water-limiting conditions on Fe 

and Zn levels in common bean, using a limited number of genotypes under irrigated conditions, 

further studies are required to determine impacts on nutritional availability under drought in key 

bean growing regions [56-59]. In our study we have modeled the negative impacts of climate change 

on common bean production in south-eastern Africa, which has revealed that reduced precipitation 

by 2050 will be the main limiting factor for bean cultivation. Furthermore, we conducted a multi-year 

field trial at a climate analogue site which experiences weather conditions similar to that predicted 

for Malawi in the year 2095. Our results are the first to demonstrate that the level of a key nutrient 

(i.e. iron) in common beans under climate change induced drought stress will significantly decline. 

Studies conducted to date on iron bioavailability from high-Fe biofortified beans using Caco-2 cell 

models are congruent with findings from poultry models [13, 72], which in turn are consistent with 
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human feeding trials which have shown positive nutritional impacts from consumption of high-Fe 

biofortified beans [8, 40, 73-75]. However, antinutritional compounds in staple crop plants can 

negatively affect the uptake (bioavailability) of nutritional compounds (e.g. iron, zinc) [76]. Such 

antinutritional compounds include phytic acid and polyphenols, which have been shown to 

negatively affect the bioavailability and uptake of iron and zinc from common beans, using in vitro 

(Caco-2 cell) and animal (poultry) models [8, 9, 12, 13, 16, 40, 72]. In addition, the composition of 

targeted diets or meal plans can affect the extent of iron uptake from high-Fe biofortified beans. For 

instance, some foods commonly consumed with beans (e.g. rice) can inhibit Fe bioavailability while 

others (e.g. potato) can increase Fe bioavailability when eaten with beans[8]. 

In this study we have focused on the effect of phytic acid because of its major influence on iron 

bioavailability, especially in the case of consuming beans in a composite meal [40]. However, we 

recognise that polyphenols are an additional class of anti-nutritionals that need to be considered in 

high-Fe bean biofortification efforts. For instance, studies in black beans have shown that total 

polyphenols inhibit iron uptake in Caco-2 cell assays [9]. The overall inhibitory effect of polyphenols 

is combinatorial, whereby some polyphenols (catechin, 3,4-dihydroxybenzoic acid, kaempferol, and 

kaempferol 3-glucoside) promote iron uptake while others (myricetin, myricetin 3-glucoside, 

quercetin, and quercetin 3-glucoside) inhibit iron uptake [9]. Because of differential potency effects 

between polyphenols that inhibit or promote iron uptake, it is considered that the majority of the 

inhibitory polyphenol compounds would need to be removed from biofortified beans in order to 

substantially reduce the inhibitory effect on iron uptake[16]. 

There are also a number of heavy metals (e.g. lead, cadmium, arsenic), which can enter the human 

body via diet, that can act as toxic anti-nutritionals (depending on concentration) [77]. In addition to 

drought-induced reductions in the levels of iron, our results demonstrate that drought-stressed 

common bean varieties also display increases in the levels of the antinutritional compounds phytic 

acid and lead. While we did not measure the levels of polyphenols, polyphenol levels can increase in 

plants in response to drought-stress [78, 79], and have been shown to negatively affect iron and zinc 

bioavailability and uptake from dietary common bean [9, 12]. 

The underlying physiological basis for the increases of antinutritional compounds such as phytic acid 

and lead under drought stress are unclear. In tropical soils, such as laterites, it has been shown that 

sorption values for Pb2+ are greater than those of other bivalent cations [80]. The development of 

deeper rooting systems in arid soils could potentially lead to greater contact with Pb2+ cations 

adsorbed within the soil. Alternatively, the observed increase could be a secondary effect of greater 



Chapter 2 

 49 

investment in active cation uptake when the soluble fraction of nutrient cations is insufficient to meet 

plant needs, reminiscent of the increased uptake of Al3+ cations that can be observed in calcicole 

plants under acidic conditions. However, we cannot exclude other impacts of drought and heat on 

root physiology [81], and direct analysis of root growth in common bean under different climatic 

conditions will be required to distinguish these possibilities. This underlying physiological basis for 

an increase in phytic acid and lead should be further investigated through closer analysis of the 

(physiology of) root systems and seed of the plant and the exchange/uptake of minerals in the plants 

under different (drought stress) conditions.   

The increases in phytic acid are of particular concern as it is considered the main anti-nutritional 

compound in legumes. The increased phytic acid accumulation likely relates to its function in limiting 

oxidative stress in legumes under dryer conditions [82, 83]. Indeed, phytic acid is known to 

accumulate in legume seeds (e.g. chickpeas) in response to drought stress [84, 85]. It should be noted 

however that phytic acid in field peas has been found to be reduced under elevated CO2 levels , but 

the mechanism that could explain these findings is not yet clear  [17]. If a similar response occurs in 

common beans then the increase in phytic acid levels we observe could be counteracted. Growth 

trials combining changes in climate and CO2 simultaneously will be needed to assess interactions 

between possibly competing effects. 

Our study indicates that ongoing efforts to develop biofortified bean varieties will need to not only 

develop heat- and drought-tolerant beans, but will also need to ensure that such varieties also 

maintain elevated iron and zinc levels, and low levels of antinutritional compounds (e.g. phytic acid, 

lead and specific inhibitory polyphenols) under drought or other environmental stresses. To avoid 

unintended consequences, our results highlight that it is critically important that biofortified crop 

varieties (including under abiotic stresses) do not accumulate anti-nutritionals (e.g. phytic acid, lead, 

arsenic, polyphenols)[86]. Overall, our results demonstrate that there will be a reduction in the 

nutritional quality of a typical bean serving, if the common bean varieties have been cultivated under 

the levels of drought stress predicted for south-eastern Africa to 2050 and beyond. 
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CONCLUSIONS 
Both incremental and transformational climate change adaptation[2, 24, 67, 70] strategies are needed 

for common bean cropping systems of smallholder farmers in south-eastern Africa, whereby such 

farmers can have greater access to improved varieties and agronomic practices that allows their 

cropping systems to be more resilient to increased heat and drought conditions, while maintaining 

or improving nutritional composition of bean grains. Recent plant breeding progress to develop 

drought- and heat-adapted bean varieties indicates that genetics-based adaptation should be 

possible[87], which can be a component of an overall portfolio of climate smart agriculture 

technologies and practices to ensure resilient of common bean cultivation to climate change impacts 

[88]. Where farmers have access to (and widely adopt) such improved bean varieties [58], it may be 

possible to maintain yields in areas where cultivation suitability will be negatively impacted by 

climate change [24]. As the breeding, testing and dissemination of new bean varieties can take a 

decade or more, our results highlight the need for accelerated development and seed-system 

dissemination of heat- and drought-tolerant common bean varieties that can maintain yields while 

also improving nutritional quality (e.g. via biofortification breeding) under future climate change 

scenarios. 
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APPENDIX 1 SUPPLEMENTARY FIGURES 
 
 

 
Supplementary figure 1. Rainfall and temperature data during crop growing period across rainfed (Season 1 
and 3) and drought (Season 2 and 4) conditions. Source: Chitedze weather station. 
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Supplementary figure 2. Present-day drought season weather conditions mimics future bean growing season 
weather conditions. Using marksim standalone V.2 software two weather scenarios were simulated in Malawi 
for the year 2095. Under RCP 8.5 the months of March, April and May (bean growing season) will experience 
an average rainfall and temperature similar to that recorded in our field trials. (a) Ensemble of 7 of the most 
highly cited (>400 citations) General Circulation Models (gcms). (b) Ensemble of all 17 gcms. 
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Supplementary figure 3. Percentage grain (A) Boron, (B) Sodium, (C) Magnesium, (D) Phosphorus, (E) 
Sulphur, (F) Potassium, (G) Calcium, (H) Titanium, (I) Chromium, (J) Manganese, (K) Copper, (L) Arsenic, (M) 
Rubidium, (N) Strontium, (O) Molybdenum, (P) Cadmium, (Q) Cobalt, (R) Nickel, (S) 57Iron, (T) lead, (U) 
56Iron, (V) zinc, (W) phytic acid and protein (X) concentration change of each common bean variety under 
drought conditions relative to rainfed conditions. 
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Supplementary figure 3. (continued) Percentage grain (A) Boron, (B) Sodium, (C) Magnesium, (D) Phosphorus, 
(E) Sulphur, (F) Potassium, (G) Calcium, (H) Titanium, (I) Chromium, (J) Manganese, (K) Copper, (L) Arsenic, 
(M) Rubidium, (N) Strontium, (O) Molybdenum, (P) Cadmium, (Q) Cobalt, (R) Nickel, (S) 57Iron, (T) lead, (U) 
56Iron, (V) zinc, (W) phytic acid and protein (X) concentration change of each common bean variety under 
drought conditions relative to rainfed conditions. 
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Supplementary figure 3. (continued) Percentage grain (A) Boron, (B) Sodium, (C) Magnesium, (D) Phosphorus, 
(E) Sulphur, (F) Potassium, (G) Calcium, (H) Titanium, (I) Chromium, (J) Manganese, (K) Copper, (L) Arsenic, 
(M) Rubidium, (N) Strontium, (O) Molybdenum, (P) Cadmium, (Q) Cobalt, (R) Nickel, (S) 57Iron, (T) lead, (U) 
56Iron, (V) zinc, (W) phytic acid and protein (X) concentration change of each common bean variety under 
drought conditions relative to rainfed conditions. 
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Supplementary figure 3. (continued) Percentage grain (A) Boron, (B) Sodium, (C) Magnesium, (D) Phosphorus, 
(E) Sulphur, (F) Potassium, (G) Calcium, (H) Titanium, (I) Chromium, (J) Manganese, (K) Copper, (L) Arsenic, 
(M) Rubidium, (N) Strontium, (O) Molybdenum, (P) Cadmium, (Q) Cobalt, (R) Nickel, (S) 57Iron, (T) lead, (U) 
56Iron, (V) zinc, (W) phytic acid and protein (X) concentration change of each common bean variety under 
drought conditions relative to rainfed conditions. 
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Supplementary figure 3. (continued) Percentage grain (A) Boron, (B) Sodium, (C) Magnesium, (D) Phosphorus, 
(E) Sulphur, (F) Potassium, (G) Calcium, (H) Titanium, (I) Chromium, (J) Manganese, (K) Copper, (L) Arsenic, 
(M) Rubidium, (N) Strontium, (O) Molybdenum, (P) Cadmium, (Q) Cobalt, (R) Nickel, (S) 57Iron, (T) lead, (U) 
56Iron, (V) zinc, (W) phytic acid and protein (X) concentration change of each common bean variety under 
drought conditions relative to rainfed conditions. 
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Supplementary figure 3. (continued) Percentage grain (A) Boron, (B) Sodium, (C) Magnesium, (D) Phosphorus, 
(E) Sulphur, (F) Potassium, (G) Calcium, (H) Titanium, (I) Chromium, (J) Manganese, (K) Copper, (L) Arsenic, 
(M) Rubidium, (N) Strontium, (O) Molybdenum, (P) Cadmium, (Q) Cobalt, (R) Nickel, (S) 57Iron, (T) lead, (U) 
56Iron, (V) zinc, (W) phytic acid and protein (X) concentration change of each common bean variety under 
drought conditions relative to rainfed conditions. 
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Supplementary figure 3. (continued) Percentage grain (A) Boron, (B) Sodium, (C) Magnesium, (D) Phosphorus, 
(E) Sulphur, (F) Potassium, (G) Calcium, (H) Titanium, (I) Chromium, (J) Manganese, (K) Copper, (L) Arsenic, 
(M) Rubidium, (N) Strontium, (O) Molybdenum, (P) Cadmium, (Q) Cobalt, (R) Nickel, (S) 57Iron, (T) lead, (U) 
56Iron, (V) zinc, (W) phytic acid and protein (X) concentration change of each common bean variety under 
drought conditions relative to rainfed conditions. 
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Supplementary figure 3. (continued) Percentage grain (A) Boron, (B) Sodium, (C) Magnesium, (D) Phosphorus, 
(E) Sulphur, (F) Potassium, (G) Calcium, (H) Titanium, (I) Chromium, (J) Manganese, (K) Copper, (L) Arsenic, 
(M) Rubidium, (N) Strontium, (O) Molybdenum, (P) Cadmium, (Q) Cobalt, (R) Nickel, (S) 57Iron, (T) lead, (U) 
56Iron, (V) zinc, (W) phytic acid and protein (X) concentration change of each common bean variety under 
drought conditions relative to rainfed conditions. 
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Supplementary figure 3. (continued) Percentage grain (A) Boron, (B) Sodium, (C) Magnesium, (D) Phosphorus, 
(E) Sulphur, (F) Potassium, (G) Calcium, (H) Titanium, (I) Chromium, (J) Manganese, (K) Copper, (L) Arsenic, 
(M) Rubidium, (N) Strontium, (O) Molybdenum, (P) Cadmium, (Q) Cobalt, (R) Nickel, (S) 57Iron, (T) lead, (U) 
56Iron, (V) zinc, (W) phytic acid and protein (X) concentration change of each common bean variety under 
drought conditions relative to rainfed conditions. 
 

Q 

R 



Chapter 2 

 67 

 
 
 
 
 

Supplementary figure 3. (continued) Percentage grain (A) Boron, (B) Sodium, (C) Magnesium, (D) Phosphorus, 
(E) Sulphur, (F) Potassium, (G) Calcium, (H) Titanium, (I) Chromium, (J) Manganese, (K) Copper, (L) Arsenic, 
(M) Rubidium, (N) Strontium, (O) Molybdenum, (P) Cadmium, (Q) Cobalt, (R) Nickel, (S) 57Iron, (T) lead, (U) 
56Iron, (V) zinc, (W) phytic acid and protein (X) concentration change of each common bean variety under 
drought conditions relative to rainfed conditions. 
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Supplementary figure 3. (continued) Percentage grain (A) Boron, (B) Sodium, (C) Magnesium, (D) Phosphorus, 
(E) Sulphur, (F) Potassium, (G) Calcium, (H) Titanium, (I) Chromium, (J) Manganese, (K) Copper, (L) Arsenic, 
(M) Rubidium, (N) Strontium, (O) Molybdenum, (P) Cadmium, (Q) Cobalt, (R) Nickel, (S) 57Iron, (T) lead, (U) 
56Iron, (V) zinc, (W) phytic acid and protein (X) concentration change of each common bean variety under 
drought conditions relative to rainfed conditions. 
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Supplementary figure 3.(continued) Percentage grain (A) Boron, (B) Sodium, (C) Magnesium, (D) Phosphorus, 
(E) Sulphur, (F) Potassium, (G) Calcium, (H) Titanium, (I) Chromium, (J) Manganese, (K) Copper, (L) Arsenic, 
(M) Rubidium, (N) Strontium, (O) Molybdenum, (P) Cadmium, (Q) Cobalt, (R) Nickel, (S) 57Iron, (T) lead, (U) 
56Iron, (V) zinc, (W) phytic acid and protein (X) concentration change of each common bean variety under 
drought conditions relative to rainfed conditions. 
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Supplementary figure 4. Scatterplot comparing combinations of Fe and Zn concentrations in the CIAT core 
collection of 1000 cultivated common bean accessions (black circles) with equivalent values for the twenty 
common beanvarieties tested in this study under rainfed (green circles) or drought conditions (red triangles). 
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ABSTRACT 
Biofortification is an effective method to improve nutritional content of crops and nutritional intake. 

Breeding for higher mineral content in beans is correlated with an increase in phytates, a main inhibitor 

of mineral absorption in humans. Low phytic acid (lpa) beans have a 90% lower phytate content 

compared to conventional beans. This is the first study to investigate mineral and phytate retention after 

preparing common household recipes from conventional, biofortified and lpa beans. Mineral retention 

was determined for two conventional, three biofortified and two lpa bean genotypes. Treatments 

included soaking, boiling (boiled beans) and refrying (bean paste). Average true retention of iron after 

boiling was 77.2–91.3%; for zinc 41.2–84.0%; and for phytates 49.9–85.9%. Soaking led to a significant 

decrease in zinc and phytates after boiling and refrying whereas for iron no significant differences were 

found. lpa beans did not show a consistent pattern of difference in iron and phytate retention compared 

to the other groups of beans. However, lpa beans had a significantly lower retention of zinc compared to 

conventional and biofortified varieties (p<0.05). More research is needed to understand the factors that 

are responsible for the differences in retention between the groups of beans, especially the low retention 

of zinc. Combining the lpa and biofortification trait could further improve the nutritional benefits of 

biofortified beans, by means of decreasing the phytate:iron and zinc ratio in beans.  
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INTRODUCTION 
Iron and zinc deficiencies are among the most common micronutrient deficiencies globally and are 

estimated to affect over 2 billion people [1-3]. These deficiencies are associated with anemia (iron) [4] and 

impaired immunity and development (zinc) [5] and lead to a loss of human potential [6, 7]. A significant 

part of the population that is suffering from micronutrient deficiencies consume beans as part of their daily 

diet, especially in Latin America and Eastern Africa [8]. Diets of rural and poor populations in these regions 

are mostly plant-based, in which legumes and, more specifically, beans are an essential component [9]. 

Common beans (Phaseolus Vulgaris L.) are an excellent source of not only iron and zinc but also proteins, 

dietary fiber, and vitamins [10].  

Biofortification, a nutrition-sensitive agricultural intervention, is aiming to improve the nutritional status 

of resource-poor populations through increasing the nutrient content of food crops, by developing more 

nutrient-rich varieties [11]. HarvestPlus, a global interdisciplinary alliance of research agencies and 

implementing agencies in biofortification, use conventional crossbreeding to improve the nutritional 

quality of staple crops without compromising on other agronomic qualities (yield, drought resistance,  etc.) 

[12]. Iron beans are biofortified lines of beans with increased levels of iron and zinc that have been 

developed by HarvestPlus and have been released in 18 countries in Latin America and 26 countries in 

Africa [13]. Micronutrient targets for breeding biofortified crops are established based on the food intake 

of target populations, nutrient losses during storage and processing, and bioavailability of the target 

nutrient to the human body [14]. Current breeding targets for iron beans are 94 ppm compared to an 

average of 50 ppm as baseline content of average varieties of beans [12].   

An efficacy trial demonstrated a positive impact of iron bean consumption on iron status in Rwandese 

women [15]. Mineral absorption from plant foods is generally low, which is mainly due to limited 

bioavailability of the iron and zinc to the body [16]. Anti-nutritional compounds hamper the potential 

nutritional impact of consuming plant foods and iron beans, specifically [17]. Examples of these anti-

nutritional compounds are phytates, polyphenols, lectins, and tannins. Research suggested that phytic acid 

is a significant inhibitor, whereas polyphenols play a minor role [18]. Phytic acid (Myo-inositol-1,2,3,4,5,6-

hexakisphosphate), and its salt phytate are known for their negative effect on iron absorption and can 

decrease iron status [18]. Phytic acid is the main storage form of phosphorus and mineral storage in the 

bean seed and plant. It was shown that a reduction in phytic acid levels was not associated with plant 

health or yield [17]; hence it is possible to develop a low phytic acid (lpa) bean.  

For biofortification to be successful, sufficient levels of retention of these micronutrients after typical 

processing, storage, and cooking practices must be demonstrated [19]. Also, mineral absorption of the 
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biofortified crops should be similar or better than non-biofortified crops. Absorption of iron and zinc  has 

shown to  be limited by the antinutrient content (eg. phytic acid.). In the case of beans, the common 

processing methods include soaking, boiling, and refrying. Soaking has shown to reduce phytates by 

solubilizing them in the soaking water, but on the other hand, it can also cause the leaching of minerals 

[20]. Minerals are lost in preparation methods due to physical loss, through the leaking of soluble solids 

into water or water loss [19]. This is all captured when determining True Retention (TR), where the changes 

in solids of food during processing and cooking are taken into account, and in this way, it gives an accurate 

estimation of the actual retention during the different processes [19]. Retention studies testing conventional 

[21-23] and biofortified beans [19] have been published. However, these studies did not all report true 

retention, which makes comparing results across different studies difficult. 

Low phytate mutant lines have been developed with a defective gene that prevents the storage of phytic 

acid in the bean [17]. Whereas other research has been studying retention in conventional bean varieties, 

no research on retention levels in these relatively new lpa lines has been published. Our hypothesis is that 

there is no difference in the true retention levels  of iron, zinc and phytic acid between the conventional, 

biofortified  and lpa bean varieties tested. If these more free or weakly bound minerals are retained in beans 

while being processed, this could make way for further development of combining high mineral and lpa 

bean varieties. Therefore, we aimed to assess the iron, zinc and phytate levels of lpa, biofortified and 

conventional beans and evaluated the iron, zinc and phytate retention when preparing common bean 

recipes using different bean varieties. 
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MATERIALS AND METHODS 

Bean varieties 

Seven different varieties of common beans were selected for this study. These included three biofortified 

varieties (BIO101, BIO107 and ICTA Chortí) two lpa mutant genotypes, and two conventional bean varieties 

(Karaote and Calima (DAN 20 breeding line)). These were two black bean grain types, 2 lpa mutants with 

medium/small brown grain, and three Calima type varieties. The control varieties were commonly used 

bean types grown and consumed in South America and Eastern Africa. The low phytate mutants lpa1 and 

lpa2 were identified at the International Centre of Tropical Agriculture (CIAT), Colombia, from a BC3 

(backcross 3) population of a lpa mutant [17] with BAT 93. Two mutants with the lowest phytate content 

were selected for this study. BIO 101 and BIO 107 are biofortified varieties that were released in 2016 in 

Colombia [24, 25], ICTA Chortí was released in Guatemala in April 2017 [26]. 

 
Table 2. Overview of included genotypes of beans  

Market class (seed size) Genotypes Group  
Red mottled (large) DAN 20 - Calima Conventional 

Red (small) BIO 101 – Calima Biofortified 

Red (small) BIO 107- Calima Biofortified 

Black (small) ICTA Chortí  Biofortified 

Black (small) Caroata Conventional 

Brown (small)  lpa-1 Line: lpa127-4 
Pedigree: BC3 F2 127-4 x BAT 93 ID4498  

lpa  

Brown (small) lpa-2 Line: lpa127-4 
Pedigree: BC3 F2 127-4 x BAT 93 498.000 

lpa  

 

All varieties were harvested between October 2016 and March 2017 and grown in Valle del Cauca, 

Colombia. Exceptions were the black bean variety ICTA Chortí, which was imported from Jalapa, 

Guatemala, and Karaote, which was bought from a supermarket in Cali, Colombia. In Table 2, a 

description of all genotypes and their characteristics is provided. Beans were dried and stored in a 

cold room (10°C) until further processing. 

Cleaning procedure for beans and materials 

Dry beans were cleaned by removing any dirt, disease-infected beans and beans with a broken seed coat. 

After weighing, the seeds were cleaned using ultrapure water (18 MΩ) (MilliQ® Merck-Millipore), drained 

and dried using paper towels for sampling, or used straight away for preparing the recipes.  
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All materials used for sample preparation were decontaminated from free minerals by overnight bathing 

in a 5% HCl solution with ultrapure water (18 MΩ). All recipes and bean cultivar combinations were 

prepared in duplicate and sampled at every stage, as described below. All processing and cooking of bean 

samples were performed at CIAT in Cali, Colombia.  

Cooking time determination 

Cooking times were determined using an automated Mattson cooker, as described by Wang et al. [27]. The 

cooker consists of twenty-five stainless steel piercing rods, that are placed on top of twenty-five soaked (16 

hours at room temperature) seeds. When the rod connects with the metal disc under the bean, the time is 

recorded for each of the seeds automatically. The whole device is placed into a 2 L glass beaker containing 

1 L of boiling MilliQ® heated using an electrical heating plate (Waring Pro Extra Burner, SB30). Cooking 

time is defined as the number of minutes required for 80 % of the samples to be pierced. 

Cooking and sampling procedure 

Two different recipes of beans were prepared; boiling and refried beans, using either pre-soaked or dry 

beans (Fig. 8). Samples for analysis were taken during all steps described below, cooled down, and stored 

in an ultra-freezer (-80°C) until further processing. Samples for ICP-MS, and phytate analysis were freeze-

dried (Labconco, FreeZone). Scales used were Scout Pro, Ohaus, models PRO SP6000 and PRO SP402. 

Weights were recorded at each step, both before preparation and the finalized product.  

• Soaking procedure 

Three hundred grams of dry beans were added to 1500 ml of MilliQ (1:5) in a glass beaker and soaked at 

room temperature for 18 hours. Beans were drained and samples of soaked beans and the soaking water 

were taken. The equivalent of 200 grams of dry beans was taken to the next step for boiling.  

• Boiling procedure 

For boiling, 200 grams of dry beans or the equivalent of soaked beans were added to 1500 ml Milli-Q (1:7.5) 

in a glass beaker for cooking on a pre-heated electrical plate (350 °C, Corning, model PC-620D). Total 

cooking time ranged from 37 to 90 minutes, depending on the variety. Beans were cooked until they felt 

soft between fingers, after which they were drained. Samples were taken after cooling down the broth and 

the beans for 30 minutes at room temperature. The equivalent of 100 grams of dry beans was taken to the 

next step for refrying.  
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Figure 8. Overview of the study design with the different preparation methods 

• Refrying procedure 

A standardized recipe of refried beans was prepared using boiled beans. The equivalent of 100g of dry 

beans, as boiled beans, were blended (Oster, Osterizer model 4655, stainless steel) for two repeated periods 

of one minute, after mixing these with 200 grams of cooking broth and 20 grams of canola oil (brand 

Premier, Lloreda). A teflon pan was preheated for 1 min on a hot stove to an average of 210°C, after which 

the mass was added. The mass was continuously stirred until enough water was evaporated to form a firm 

mass covering around half of the pan. The mass was turned until both sides were cooked, and a light brown 

crust was appearing. This took on average 10 minutes and 30 seconds. Samples were taken immediately 

after. We corrected the calculation of true retention for the loss in mass due to not emptying the blender 

completely. 

Iron and zinc analysis 

Inductively coupled plasma mass spectrometry (ICP-MS) analysis was conducted at Flinders University, 

Australia. All seed samples were gamma-irradiated at 50 kGray for sterilisation prior to release into 

Australia. Prior to grinding, samples were dried thoroughly at 80°C for at least 12 hours, after which 

samples were placed in a desiccator to keep the samples dry. Samples were ground to flour using a Retsch 

Ultra Centrifugal Mill ZM 200 fitted with a 12-tooth titanium rotor, titanium sieve, and pan (Retsch GmbH 

& Co KG, Haan, Germany). After this step, ground samples were again dried at 80°C for at least 12 hours 

and put in a desiccator until further analysis. A closed-tube digestion method was used for digesting 

samples [28]. All samples used for the validation and calibration contained <4 mg/kg Al, indicating these 

samples can be considered free from soil contamination as per HarvestPlus guidelines [29].  
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Phytic acid analysis 

Phytic acid content was based on a modified procedure of Latta and Eskin (1980) using polyprep prefilled 

chromatographic columns (Bio-Rad Laboratories, Richmond, CA, USA) containing an AG-1-X8 anion 

exchange resin (100–200 mesh chloride form, 0.8x4 cm) allowing isolation of phytic acid from bean extract. 

Briefly, the bean sample (0.5 g, 1.0 g for lpa samples) was extracted with 0.65M HCl (20 ml) for 2 h. After 

centrifugation (3800 RPM, 15 min), 2 ml of the supernatant was added to the column (8 ml for lpa samples). 

Interfering compounds and inorganic phosphorus were removed by washing with ultrapure water (18 MΩ, 

5 ml) followed by 0.07 M NaCl (10 ml). Bound phytate was eluted with 0.7 M NaCl (30 ml), and an aliquot 

of the eluate (0.9 ml) was vortexed with 0.3 ml of Wade reagent [0.03% iron(III) chloride, 0.3% sulfosalicylic 

acid]. Absorbance of the salicylate–Fe(III) complex was monitored at 500 nm using a 

spectrophotometer (BioTek Instruments, Inc. Winooski, Vermont, USA). The concentration of phytates was 

calculated from a prepared standard curve obtained with potassium phytate (0–60 mg/ml; Sigma-Aldrich 

Canada, Oakville, ON, Canada) [30]. 

Statistical analyses 

True retention (TR) for all samples at all processing steps was calculated. True retention (TR) takes into 

account loss of dry mass (i.e., soluble solid losses and dry matter losses due to preparation) over the process. 

The formula used to calculate TR is (1), where Nc=nutrient content per g of cooked food, Wc=weight of 

cooked food (g), Nr=nutrient content per g of raw food and Wr= Weight of food before cooking (g). 

Meanwhile, apparent retention (AR) was calculated for the final products. apparent retention (AR) does 

not take into account losses of dry matter during processing and for this reason, it could be calculated if 

dry matter of food before and after cooking are unavailable. AR can be calculated on a moisture-free basis, 

using (2). TR is a more accurate method for calculating micronutrient retention compared to AR [19, 31]. 

TR (%) = (Nc*Wc) / (Nr*Wr) * 100 (1) 

AR (%) = [Nc (dry weight basis)] / [Nr (dry weight basis)] * 100 (2) 

All statistical analyses were conducted using SPSS (version 23.0.0.2, ICM Corp. released 2015) for 

Macintosh. Data were processed using analysis of variance (ANOVA) for variety, group and/or processing 

type. Posthoc analyses were done using Tukey’s test. Statistical tests were 2-tailed (unless stated otherwise), 

and p-values <0.05 were considered statistically significant. Homogeneity of variances and a normal 

distribution of variances were checked before running the tests (where applicable), and data was 

transformed where needed. 
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RESULTS 

Mineral and phytate content of dry beans 

Iron, zinc and phytate content of the dried bean grains are presented in Table 3. The average iron content 

for the biofortified varieties was 88.5 ppm, well above the average of the other two groups of conventional 

and lpa beans (57.4–74.5 ppm), but below the current breeding targets of 94 ppm for high iron beans [12]. 

The Calima variety contained the lowest levels of iron with 54.4 ppm, whereas the BIO101 variety contained 

the most iron (90.2 ppm). Within the groups of biofortified and lpa beans the varieties did not significantly 

differ in iron levels. For the conventional varieties, there was a significant difference between the two 

varieties (p<0.05). 

Table 3. Overview of iron, zinc and phytate content for the seven dry bean varieties that were selected for this 
study. The varieties were grouped as either conventional, biofortified or lpa varieties.  

Cultivars Group 
Iron Zinc Phytate 

(ppm) (ppm) (mg/g) 

Calima Conventional 54.39 ± 0.10a 30.17 ± 0.46ab 17.28 ± 1.65a 

Caraota Conventional 60.48 ± 1.41c 31.93 ± 0.16a 14.83 ± 0.11a 

Average conventional 57.44 ± 3.61A 31.05 ± 1.06A 16.05 ± 1.71 A 
 
BIO 101 Biofortified 90.23 ± 0.59b 43.52 ± 0.37c 14.83 ± 0.30a 

BIO 107 Biofortified 87.27 ± 0.57b 36.79 ± 0.23d 21.00 ± 0.28b 

ICTA 
Chorti Biofortified 87.87 ± 2.55b 37.00 ± 0.14d 20.05 ± 0.35b 

Average biofortified 88.46 ± 1.84B 39.10 ± 3.43B 18.62 ± 2.98A 
 
lpa-1 lpa 73.50 ± 1.16d 28.72 ± 0.38b 1.05 ± 0.01c 

lpa -2 lpa 75.44 ± 1.78d 31.63 ± 1.20a 1.10 ± 0.04c 

Average lpa 74.47 ± 1.66C 30.17 ± 1.83A 1.07 ± 0.04B 
SD=standard deviation of the duplicates for each of the genotypes and groups. Superscripts in capitals indicate 
differences on group level. Superscripts in lowercase indicate significant differences between varieties 
(ANOVA, Tukey). 

 
For zinc content, the average of the biofortified varieties was 39.1ppm compared to 30.2–31.1 ppm for the 

non-biofortified and lpa varieties. The lpa-1 variety contained the least zinc (28.7ppm), whereas the BIO101 

variety contained the highest levels of zinc (43.5 ppm). Correlation between iron and zinc levels in these 

beans is r=0.76 (p<0.05). 

Phytic acid levels in the biofortified varieties were on average 18.6 mg g-1 compared to 16.1 mg g-1 in the 

conventional varieties (no significant difference). Literature shows an increased iron content is correlated 

with an increased phytate content [32]. The lpa varieties contained on average 1.1 mg g-1 of phytate, which 



Chapter 3 

 81 

is only ~6% of phytate compared to the conventional varieties, these are comparable levels as reported 

before in other studies on lpa beans [17, 33, 34]. 

 

Cooking times 

Cooking times ranged from 33.8 min for the BIO101 variety to 62.7 min for the ICTA Chorti variety as 

shown in Table 4. The average cooking time was 54.0 min. Both biofortified varieties had the shortest 

cooking time. The smallest bean genotypes (lpa mutants and Chorti) had a larger standard deviation 

compared to the other bean varieties. Cooking times were only determined in soaked grain because with 

this cooking time determination method the non-soaked seed were slipping away under the piercers of the 

Mattson cooker.  

 
Table 4. Cooking times assessed in triplicate of the seven different bean varieties using the Mattson Cooker, 
soaked for 16 hours at room temperature 

Cultivars Cooking time ± SD 
(min)  

Calima 52.1a ± 0.8 

Caraota 51.8abc ± 3.2 

BIO 101 33.8b ± 1.2 

BIO 107 41.9c ± 1.5 

ICTA Chorti 62.7abc ± 3.1 

lpa-1 55.4abc ± 10.8 
lpa-2 58.5abc ± 14.4 

Different letters (a,b,c) indicate significant differences in cooking times between the different varieties (p<0.05). 
 
 

Nutrient retention in soaked, boiled and refried beans 

Iron 

Table 5 presents an overview of the iron retention in different groups of beans. After soaking, TR values 

ranged from 98.8–108.4%. TR in conventional varieties was significantly higher compared to the lpa and 

biofortified varieties (p<0.05). Iron levels after soaking ranged from 27.5 to 39.1 ppm for fresh weight (FW) 

and 64.2 to 91.2 ppm based on dry weight (DW) (Supplementary table A1). TR values after boiling beans 

were 77.2–91.3%, whereas AR values were 104.8–119.6%. Conventional varieties had a significantly higher 

AR and TR compared to the lpa varieties. Biofortified varieties had a higher AR and TR compared to the 

lpa varieties after boiling, but this was not always significant (p>0.05). Iron levels after boiling were 21.4–
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33.0 ppm in FW and 59.6–90.8 ppm DW ( Supplementary table A1). TR values after refrying beans were 

87.3–104.5%, whereas AR values were 91.4–100.5%. Conventional beans had a significantly higher TR than 

the biofortified and lpa beans after refrying of non-soaked beans(p<0.05). Iron levels after refrying were 

ranging from 18.0–27.8 ppm in FW and 48.9–74.5 ppm in DM. There were no significant differences found 

in the TR or AR for iron between soaked and non-soaked beans for both boiled and refried (p>0.05). Thus, 

soaking does not influence iron levels when boiling or refrying beans.  

Overall, the iron loss after processing was low. In this study we found an average loss of 16% after boiling, 

and a 9% loss after refrying the beans based on TR. No major differences were found between the different 

groups of beans, indicating that the lpa beans do not show a different pattern in retention compared to 

biofortified or conventional beans concerning iron retention.  

Table 5. Fresh and dry weight (ppm ± SD) and true and apparent retention (% ± SD) for iron of threegroups of 
beans after five different processing steps.  

  
True retention  

(% ± SD) 
Apparent retention  

(% ± SD) 

  Soaked Non-soaked Soaked Non-soaked 
Soaking Conventional 108.4±7.0a - - - 

 Biofortified 97.8±2.7b - - - 

  lpa 98.8±5.6b - - - 
Boiling Conventional 87.8±2.0a 91.3±9.8a 119.3±3.2a 119.6±11.3a 

 Biofortified 86.6±2.5a 82.1±3.5ab 118.2±3.6a 112.4±3.14b 

  lpa 77.2±3.4b 77.7±5.3b 105.7±3.8b 104.8±6.0b 
Refrying Conventional 97.9±11.5a 104.5±5.3a 100.5±9.7a 97.7±5.3a 

 Biofortified 93.4±5.1a 91.2±2.9b 97.0±2.8a 93.0±2.7a 

  lpa 87.3±6.7a 92.3±3.7b 91.4±6.4a 93.6±3.1a 
Different letters (a,b,c) indicate significant differences between the different groups in the column (per treatment). 
(p<0.05). Values are average ± standard deviation.  

 
 

Zinc 

Table 6 presents the zinc retention in different groups of beans. After soaking, TR values ranged from 93.3 

to 99.4%. On group level, no significant differences in TR were found after soaking beans. Zinc levels after 

soaking were 11.7–16.5 in FW and 30.1–38.5 ppm in DM ( Supplementary table A2). 

TR values after boiling beans ranged from 41.2 to 84.0%, whereas AR values were between 49.3 and 96.2%. 

After boiling, a decrease of ~50% was found in the TR and AR of lpa varieties. No differences were found 

in the TR and AR between conventional and biofortified varieties. Zinc levels after boiling ranged from 
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5.4–14.0 ppm in FW and 14.9–37.5 ppm in DM. TR values after refrying beans were 63.5–100.0%, whereas 

AR values were 58.1–81.4%. Both groups of soaked and non-soaked lpa beans had different (p<.05) AR and 

TR compared to the conventional and biofortified varieties. The highest difference was in TR after refrying 

and soaking; a 23% lower retention was recorded in lpa beans compared to conventional beans. Zinc levels 

after refrying were 6.4–12.3 ppm in FW and 17.6–31.5 ppm in DM. 

Refrying increased the TR for zinc to an average of 85% for the soaked beans and 95% for the non-soaked 

beans (p<0.05). A significant difference was found in TR after soaking the beans for both boiling and 

refrying (P>0.05), where we found a higher retention in the non-soaked beans (data not shown). 

Overall, we can conclude that zinc retention is low when compared to iron retention. An average of 4.6% 

of zinc is lost during soaking. During boiling retention is very low for the lpa varieties (average loss of 56%), 

especially in comparison with the conventional and biofortified varieties (average loss of 20%). After 

refrying, zinc retention is increased but still lower in the lpa beans, (29% loss) compared to the other 

varieties (9% loss) (p<0.05).  

Table 6. Fresh and dry weight (ppm ± SD) and true and apparent retention (% ± SD) for zinc of three groups of 
beans after five different processing steps.  

  
True retention  

(% ± SD) 
Apparent retention  

(% ± SD) 

  Soaked Non-soaked Soaked Non-soaked 
Soaking Conventional 99.4±2.3a - - - 

 Biofortified 93.3±4.7a - - - 
  lpa 93.6±3.2a - - - 

Boiling Conventional 75.3±4.3a 84.0±5.6a 89.0±5.4a 95.8±5.7a 

 Biofortified 77.9±2.8a 81.1±6.3a 92.3±2.8a 96.2±4.4a 

 lpa 41.2±4.2b 46.4±3.0b 49.3±4.5b 54.6±2.7b 
Refrying Conventional 86.6±7.6a 100.0±4.0a 77.4±5.2a 81.4±4.0a 

 Biofortified 85.6±2.5a 91.3±3.7b 77.3±3.3a 80.8±3.9a 
  lpa 63.5±6.6b 77.7±3.1c 58.1±5.6b 68.8±2.6b 

Different letters (a,b,c) indicate significant differences between the different groups in the column (per treatment). 
(p<0.05). Values are averages ± standard deviation.  
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Total phytic acid 

Table 7 presents an overview of phytic acid retention in different groups of beans. After soaking, TR values 

ranged from 65.6 to 88.5%. TR for phytates were significant lower for conventional beans compared to lpa 

and biofortified beans (p<0.005). Total phytic acid levels after soaking were 0.4–7.0 mg g-1 for FW and 1.0–

16.0 mg g-1 in DM. The TR values after boiling beans were 66.9–79.5%, whereas AR values were 75.5–93.4%. 

lpa beans have a significantly higher retention of phytates, compared to the other varieties. However, the 

absolute levels of phytic acid are still about 10% of that in the other groups of beans. Soaking beans led to 

a significantly lower retention of phytic acid after boiling compared to non-soaked beans (p<0.05) (data not 

shown). Phytic acid levels after boiling were 0.33–4.70 mg g-1 for FW and 0.92–12.81 mg g-1 in DM 

(Supplementary  table A3). The TR values after refrying beans were 59.7–86.9%, whereas AR values were 

53.6–77.0%, which means a substantial loss of 13–40% of phytic acid. Refrying increased the zinc TR with 

an average of 7% compared to boiling. Phytic acid levels after refrying were 0.28–3.98 mg g-1 for FW and 

0.72–11.24 mg g-1 in DM. An effect on both AR and TR through soaking was observed (p<0.05), where the 

retention of phytic acid was lower after both boiling and refrying when the beans were soaked. 

Overall, we found a higher retention of phytic acid in the lpa beans as compared to the other groups of 

beans but the lpa beans had very low phytate levels compared to the conventional and biofortified varieties. 

The lowest retention of phytic acid was found in the conventional varieties. Soaking helped to remove 

phytic acid, showed by a significantly lower TR phytate content when comparing soaked with non-soaked 

beans.  

Table 7. Fresh and dry weight (mg/g ± SD) and true and apparent retention (% ± SD) for total phytic acid of three 
groups of beans after five different processing steps.  

  
True retention  

(% ± SD) 
Apparent retention  

(% ± SD) 

  Soaked Non-soaked Soaked Non-soaked 
Soaking Conventional 65.7±16.7a - - - 

 Biofortified 88.5±9.1b - - - 
  lpa 83.9±4.7b - - - 

Boiling Conventional 49.9±2.1a 64.0±9.7a 59.0±3.2a 73.2±12.0a 

 Biofortified 58.6±5.0b 62.8±2.9a 69.5±6.2b 74.7±5.3a 
  lpa 72.1±5.8c 85.9±4.7b 86.3±6.1c 101.3±6.5b 

Refrying Conventional 59.7±9.5a 77.3±11.7ab 53.6±10.1a 62.9±10.05a 

 Biofortified 65.6±7.2ab 72.7±5.6a 59.0±4.1ab 64.3±4.0a 
  lpa 73.5±5.4b 86.9±3.9b 67.2±4.9b 77.0±4.0b 

Different letters (a,b,c) indicate significant differences between the different groups in the column (per treatment). 
(p<0.05). Values are averages ± standard deviation. 
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Contribution of beans to the Estimated Average Requirement (EAR) of iron and zinc 

intake  

The contribution of beans to the mineral intake in populations with a regular bean consumption, either 

boiled or refried beans, was estimated for the different groups of beans. The lpa varieties of beans had a 

significantly higher zinc loss compared to the biofortified and conventional varieties. The differences in 

levels of iron and zinc and TR have an impact on the iron or zinc contribution to the EAR after consuming 

beans and depend on the preparation method used. Percentage contribution to the EAR was calculated 

considering an EAR of 4.1 mg d-1 of iron [35] and 4 mg d-1 of zinc for children aged 4–6 years old [36]. For 

adult women this was 8.1 mg d-1 for iron [35] and 7 mg d-1 for zinc [36]. The average FW iron/zinc content 

of soaked and non-soaked beans for each group of varieties was used. The average intake of dry beans for 

adults in Rwanda was 107 grams for children and 198 grams which is among the highest in the world [37]. 

For easy comparison throughout different preparation methods, we assume and compare here an intake of 

50 grams of dry beans (~half cup, one portion), equivalent to 100 grams of cooked beans, and 125 grams of 

refried beans (based on our data). For children between 4–8 years old, we assume the portions are 55% 

compared to the adults, based on the Rwanda data. The contributions of the different groups of beans to 

the EAR of iron and zinc for children 4–8 years old and adult women can be found in Table 8. Results show 

that one portion could contribute up to 46% and 43% to the iron EAR for respectively children and adult 

women. For the zinc EAR this is 21% for both children and adult women. In both cases refried beans 

contribute slightly more to the EAR per portion and biofortified beans are the best source among the three 

groups of beans.  

 

Table 8. Contribution of beans to iron and zinc EAR for children and adults 

   Conventional Biofortified lpa 

  Population beans beans beans 
Iron Boiled Children 4-6 29% 44% 34% 

    Adult women 27% 40% 31% 

 Refried Children 4-6  31% 46 % 38% 

  Adult women 29% 43 % 35% 
Zinc Boiled Children 4-6 15% 19% 8% 

    Adult women 15% 19% 8% 
  Refried Children 4-6  16% 21% 13% 
    Adult women  17% 21% 13% 

Based on fresh weigh*portion size. 1 portion is defined as 55 g and 100 g of cooked and 68.75 g and 
125 g of refried beans for respectively children and adult women.  
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Mineral – phytic acid ratios of beans under study 

Consequently, the bioavailability of the iron and zinc from the beans determine the actual improvement in 

micronutrient status of deficient populations [38]. This determines the contribution to the physiological 

requirements of the human body, influenced by the amount of iron or zinc ingested, absorption, 

metabolism, tissue distribution and excretion [39]. Bioavailability of iron and zinc has shown to be 

negatively influenced by, amongst others, the amount of phytic acid in the meal and in the whole diet [40].  

One way to express the phytate to mineral concentration is calculating the ratios using the molecular 

weights of iron or zinc and phytic acid (MW=660). The phytic acid to mineral ratios for the beans under 

study are presented in Table 9 and show the very low ratios of 1:1 for the lpa beans compared to the 

conventional and biofortified varieties. 

 

Table 9. Phytic acid to iron and zinc molar ratios for three groups of beans (conventional, biofortified and lpa).  

  
Phytate to Iron 

molar ratio 
Phytate to zinc 

molar ratio 
Boiling Conventional 15 36 

 Biofortified 13 36 
  lpa 1 6 

Refrying Conventional 16 37 

 Biofortified 13 35 
  lpa 1 4 

  



Chapter 3 

 87 

DISCUSSION 
The levels of iron and zinc found in the dry beans are comparable with other studies [21, 22, 41]. Also, the 

positive trend between iron and zinc levels was shown by others [32, 41, 42]. Phytate levels found in 

conventional and biofortified beans in this study are comparable to other studies, where phytate 

concentration ranging anywhere from 4–26 mg g-1 of beans were reported [18, 33, 43, 44].  

Cooking times assessed using the Mattson cooker showed a large variation in the cooking times of the lpa 

genotypes. Heterogeneity of the grains could be a reason for the larger variability in cooking times within 

the lpa samples. Overall, cooking time results from this study should be interpreted with caution since 

storage time and temperature have shown to influence cooking time, however, the cooking time was within 

usual cooking time of beans [45, 46].   

Our iron retention results are comparable to a study with non-soaked beans in Rwanda which showed a 

retention close to 100% after boiling the beans. In the Rwandan study cooking broth was not discarded in 

contrast to our study, this prevented the iron loss through the broth [19]. Carvhalo et al (2012) found that 

iron retention for both soaked and non-soaked bean grains of six different common bean cultivars led to a 

loss of 13–19% of iron in non-soaked and soaked beans which is similar to an average of 16% loss for both 

non-soaked and soaked beans in our study [21].  

Refrying increased the iron TR, most certainly due to adding cooking broth to prepare the refried beans. 

This broth contained the iron that leaked into the cooking broth during boiling. To our knowledge, no other 

studies have reported iron retention after refrying beans. 

Values > 100% for AR as reported in our study were also reported before by Ongol et al. [23] and Ferreira 

et al. [22]. The high AR of >100% for iron retention can possibly be explained by the leakage of solubles in 

the water (10.1–20.5%).  

Retention of zinc was studied by Carvalho et al. and showed that zinc levels in broth after boiling beans 

did not differ between soaked or non-soaked beans [21]. Although we did not measure broth zinc 

concentrations, we did find a significant difference in zinc retention between soaked and non-soaked boiled 

beans, but this difference was small. In addition, Carvalho et al. concluded that most zinc remained in the 

bean after boiling and was concentrated in the cooked bean [21]. 

 Refrying increased the zinc TR up to 100% for conventional non-soaked beans, this was most likely due to 

adding the cooking broth to prepare the refried beans. This broth contained the zinc that leaked into the 

cooking broth during boiling. 
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lpa genotypes showed substantial losses of zinc into the boiling water, which is partly reconstituted during 

refrying, where differences in retention are much smaller between the lpa and conventional group. No other 

studies have reported zinc retention after refrying beans. The higher affinity of zinc to phytic acid [47], the 

higher relatively high zinc amount trapped in the pericarp rich in phytic acid after soaking and steaming 

rice [48], and lower zinc retention in lpa beans during boiling soaked beans suggest that during soaking 

zinc from the cotyledon in non-lpa beans possibly interacted with the phytic acid retained during cooking 

preventing excessive zinc losses in the soaking and cooking water. However, phytic acid in lpa beans was 

found in relatively low quantities and the zinc from these beans may have not interacted much with the 

limited amounts of phytic acid remaining causing larger zinc losses in the soaking and cooking water. This 

suggestion should be studied. 

Phytic acid levels were significantly reduced (>10%) by soaking in our study. Another study in different 

types of Canadian pulses showed only a slight increase in phytic acid after soaking a black bean variety 

(2.34%), and pinto bean (1.86%). A decrease in phytic acid was found for a dark red kidney bean, and a 

navy bean variety (-0.54% and -1.03%, respectively) [43]. A review of Haileslassie et al. compared 15 studies 

in which beans were soaked under various conditions. Results were ranging from no significant difference 

on phytate levels after soaking up to a 66% reduction in phytates after soaking in an autoclave [49].  

In a study of Shi et al, cooking various bean varieties resulted in very modest decreases in phytic acid. 

Compared to the raw values for different types of beans the deceases were between -2.29% and -0.29% [43]. 

This is very minimal in comparison with our study where phytates were reduced up to 50% after boiling.  

For the soaked samples, the soaking water was discarded and therefore higher losses of phytates were 

reported in comparison with the non-soaked beans when preparing boiled and refried beans. No other 

studies have published phytate retention after refrying beans. 

Phytic acid in beans is mainly found in the protein bodies of the cotyledon where it is possibly bound to 

the iron present in the bean [50]. Our analysis quantified the total amount of phytates in the samples. Phytic 

acid could not be distinguished from various other types of dephosphorylated forms of phytates. These 

other compounds not necessarily inhibit mineral absorption to the same extent and could lead to an 

overestimation of their actual effect. Future research could identify the type of phytates present in the 

different types of beans, as this might be another angle of explaining the differences in retention and 

eventually the effect on the bioavailability of minerals to the human body [40].  

The molar ratios of phytate to iron found in this study are comparable to other studies where lpa beans 

were consumed by different groups of women to compare the iron bioavailability from different types of 

bean seeds [33, 34]. Studies have shown that lpa beans have a higher iron bioavailability caused by the low 
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concentration of phytates compared to conventional beans [33, 34]. No data was found on the zinc 

bioavailability from lpa beans.  

A multiple meal isotope bean study showed that both biofortified and lpa beans provided more bioavailable 

iron in comparison with conventional beans, however there was no difference in fractional iron absorption 

[34]. In another single meal study, a 50–60% higher fractional absorption was found for lpa beans, compared 

to conventional beans. In addition it was reported that studies based on single meals often exaggerate the 

inhibiting effect of phytate on absorption of both iron and zinc [40]. One study used dephytinized beans 

(95% phytate reduction) and compared these to conventional and biofortified varieties for the fractional 

iron absorption in a multiple meal study [51]. Results showed a fractional absorption of iron of 13.2, 9.2 

and 7.1% for respectively dephytinized, biofortified and conventional beans. When these results are 

extrapolated to findings from our study, one portion of boiled beans could contribute for 14, 16 and 23% 

for respectively conventional, biofortified and lpa beans (taken as 95% dephytinized beans) of the 

physiological requirements of iron in an adult woman. Hence, overall results are inconclusive but data 

from the here referenced studies indicate that the lpa trait is promising and of public health relevance, 

especially in settings with a high iron deficiency prevalence, a high phytate diet, and a high consumption 

of beans.  

In addition, the phytic acid content of the whole diet has shown to be of influence on especially the zinc 

bioavailability from beans. Absorption from diets with a phytate to zinc ratio of 12–15 compared to a ratio 

of 5 was approximately 50% less [52]. For iron, an increase in bioavailability influenced by phytate ratios is 

only found at very low ratios of 0.4–1.0 [53]. This means that when lpa beans would replace conventional 

beans and would be added to an already low-phytate diet this could potentially increase the absorption of 

both iron and zinc significantly. Further research is needed to confirm and to show to what extent low 

phytate-mineral ratios in beans lead to a higher bioavailability of iron and zinc, when part of a whole diet.  
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CONCLUSIONS 

This is the first retention study on beans including lpa lines and comparing these with biofortified and 

conventional beans. Our results show a relatively high retention for the conventional and biofortified 

varieties after processing, consistent with literature. In contrast, lpa varieties have extremely low phytate 

levels and a much lower retention of zinc, compared to the other groups of beans. More research is needed 

into the 1) binding of iron and zinc in the beans by phytates and 2) the exact types of phytates in the different 

groups of beans. This will likely further explain our findings. Furthermore, our findings imply that soaking 

should be more widely promoted as a means to decrease phytate content of beans as this is likely to 

improve the bioavailability of iron and zinc.  

There is no consensus yet on to what extent phytates influence the bioavailability of the minerals in the 

different types of beans and as part of a whole diet. However, different studies showed that lower 

phytate:iron/zinc molar ratios in beans have a higher fractional absorption of iron and therefore the lpa 

lines are promising in contributing to the iron and zinc intake. 

Developing beans with an increased mineral content combined with a low phytate trait and shorter cooking 

times could be the next generation of biofortified beans attractive for consumers and lead to a higher 

nutritional intake compared to the beans currently on the markets. 
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APPENDICES 
 

 
Supplementary table A1. Fresh and dry weight (ppm ± SD) for iron of three groups of beans after five 
different processing steps.  

  
Fresh weight 
(ppm ± SD) 

Dry weight  
(ppm ± SD) 

  Soaked Non-soaked Soaked Non-soaked 

Soaking Conventional 27.50±1.42a - 64.18 ± 
2.66a - 

 Biofortified 39.05±1.97b - 91.28±3.11b - 

  lpa 30.48±1.52a - 78.48±4.57c - 
Boiling Conventional 22.48±1.92a 21.38±2.12a 59.70±5.52a 59.60±5.08a 

 Biofortified 32.05±1.14b 32.98±1.43b 90.75±2.18b 86.32±1.65b 

  lpa 26.08±1.69c 24.65±0.96c 68.75±3.22c 68.15±4.59c 
Refrying Conventional 19.50±2.63a 17.95±1.96a 50.20±5.34a 48.90±5.38a 

 Biofortified 27.78±1.09b 27.45±0.39b 74.48±1.66b 71.42±1.78b 

  lpa 23.88±0.53c 21.50±1.70c 59.43±4.83c 60.88±2.68c 
Different letters (a,b,c) indicate significant differences between the different groups in the column (per 
treatment). (p<0.05). Values are average ± standard deviation. 

 

Supplementary table A2. Fresh and dry weight (ppm ± SD) for zinc of three groups of beans after five 
different processing steps.  

  
Fresh weight 
(ppm ± SD) 

Dry weight  
(ppm ± SD) 

  Soaked Non-soaked Soaked Non-soaked 
Soaking Conventional 13.65±0.55a - 31.85±0.68a - 

 Biofortified 16.45±1.88b - 38.47±4.03b - 
  lpa 11.7±0.81a - 30.13±2.29a - 

Boiling Conventional 9.90±0.93a 11.20±0.8a 27.70±2.50a 29.73±2.09a 

 Biofortified 13.12±1.00b 14.00±1.46b 36.07±2.77b 37.53±2.84b 

 lpa 5.38±0.69c 6.33±0.67c 14.88±2.08c 16.53±1.70c 
Refrying Conventional 8.60±0.68a 10.10±0.96a 24.03±1.83a 25.28±1.87a 

 Biofortified 11.12±1.12b 12.27±0.83b 30.23±2.46b 31.52±1.71b 
  lpa 6.35±0.94c 8.15±0.45c 17.60±2.64c 20.80±1.58c 

Different letters (a,b,c) indicate significant differences between the different groups in the column (per 
treatment). (p<0.05). Values are averages ± standard deviation.  
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Supplementary table A3. Fresh and dry weight (mg/g ± SD) for total phytic acidof three groups of 
beans after fivedifferent processing steps.  

 

  
Fresh weight 
(mg/g ± SD) 

Dry weight  
(mg/g ± SD) 

  Soaked Non-soaked Soaked Non-soaked 
Soaking Conventional 4.60±0.91a - 10.74±1.91a - 

 Biofortified 6.98±0.83b - 16.04±1.9b - 
  lpa 0.40±0.00c - 0.96±0.03c - 

Boiling Conventional 3.38±0.21a 4.38±0.42a 9.47±0.61a 11.66±1.06a 

 Biofortified 4.70±0.70b 5.03±1.08a 12.81±1.7b 13.81±3.48a 
  lpa 0.33±0.05c 0.40±0.00b 0.92±0.09c 1.08±0.04b 

Refrying Conventional 3.03±0.33a 3.98±0.43a 8.53±0.91a 10.02±0.82a 

 Biofortified 4.03±0.75b 4.3±0.84a 10.79±2.16b 11.24±2.35a 
  lpa 0.28±0.05c 0.3±0.00b 0.72±0.07c 0.82±0.04b 

Different letters (a,b,c) indicate significant differences between the different groups in the column (per 
treatment). (p<0.05).  

Values are averages ± standard deviation. 
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ABSTRACT  
Biofortified orange-fleshed sweetpotato (OFSP) varieties are being promoted to reduce vitamin A 

deficiencies due to their higher beta-carotene content. For OFSP varieties to have impact they need 

to be accepted and consumed at scale amongst populations suffering from vitamin A deficiencies. 

We investigated the sensory and cultural acceptability of OFSP varieties amongst households with 

children aged between 2-5 years old in two areas in Central and Southern Malawi using an integrated 

model of the Theory of Planned Behavior (TPB) and the Health Belief Model (HBM). Sensory 

acceptability was measured using a triangle, preference and acceptance test using three OFSP 

varieties and one control variety, among 270 adults and 60 children. Based on a food ethnographic 

study, a questionnaire on cultural acceptability was developed and administered to 302 caretakers. 

Data were analyzed by calculating Spearman’s correlations between constructs and multiple linear 

regression modeling. The sensory evaluation indicates that all three OFSP varieties are accepted 

(scores >3 on 5-point scale), but there is a preference for the control variety over the three OFSP 

varieties. Almost all caretakers are intending to frequently prepare OFSP for their child in future 

(97%). Based on regression analysis, the constructs ‘subjective norms’ (β=0.25, p=0.00) reflecting social 

pressure, and ‘attitudes toward behavior’ (β=0.14 p=0.01), reflecting the feelings towards serving their 

child OFSP, were the best predictors for caretakers’ behavior to prepare OFSP for their child.  

 

Conclusions: Our study shows that both sensory and cultural attributes can influence acceptability 

of varieties and consumption amongst households with children. Considering these attributes can 

improve the impact of biofortified crops in future programming, by reducing Vitamin A deficiencies 

through the intake of these nutrient-rich crops.  
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INTRODUCTION  
Sweetpotato (Ipomoea batatas (L.) Lam) is one of world’s most important crops for food and nutrition 

security, particularly in Sub-Saharan Africa, parts of Asia, and the Pacific Islands [1, 2]. Malawi is the 

main producer of sweetpotatoes in Sub-Saharan Africa, with an average production of 3.9 million ton 

per year in the period 2012-2014 [2]. From a nutrition perspective, sweetpotato roots are a good source 

of carbohydrates, fiber and vitamins B, C and E [3]. Most of the varieties of sweetpotato currently 

grown and consumed in Sub-Saharan Africa are white- or yellow-fleshed, and contain little beta-

carotene [2]. In recent years, breeding programs have developed improved biofortified orange-

fleshed sweetpotato (OFSP) varieties that are a good source of beta-carotene, a precursor of vitamin 

A [4].  

Vitamin A deficiency is one of the major nutritional deficiencies in the world, affecting 190 million 

preschool children globally [5]. Micronutrient surveys conducted in Malawi in 2001 and 2009 

reported that 59% and 23% of preschool children were vitamin A deficient [6]. Recent data on vitamin 

A deficiency however suggests that only 4% of preschool children living in rural areas in Malawi are 

vitamin A deficient [7], which is defined by the World Health Organization as a mild public health 

problem [8]. Possible explanations for this drop in deficiency rates could be the mandatory vitamin 

A fortification of oil and sugar in Malawi since 2015. Only 67% of preschool children received a 

vitamin A capsule in the last 6 months [9], hence there remains a need for a more sustainable and 

cost effective approach to reduce vitamin A nutrition deficiencies.  

 Biofortification strategies to improve human nutrition can be complementary to supplementation, 

dietary diversification, and fortification initiatives to combat vitamin A deficiency. Biofortification is 

a food-based approach to combat micronutrient malnutrition through breeding staple crops that have 

higher levels of micronutrients (e.g., iron, zinc, beta-carotene). Biofortification has been shown to be 

effective to alleviate micronutrient deficiencies in several populations [10]. The HarvestPlus Program 

has met pre-set breeding goals for OFSP with a beta-carotene level of 3200 ug/100g OFSP, to meet the 

daily requirements for vitamin A when consuming 100 grams of OFSP per day for a child aged 4-6 

years [10]. The consumed beta-carotene is converted in the human body to vitamin A, which is one 

of the essential micronutrients for human nutrition [11]. Hence, OFSP consumption has major 

potential to contribute to decreases in vitamin A deficiency rates in children as well as adults, which 

has been shown by both efficacy and effectiveness studies [4, 12]. 

The first OFSP variety Zondeni was locally available in farmers’ fields and officially recognized in 

Malawi in 2008, followed by an additional five varieties that were released in 2011 through a breeding 
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program [13]. The OFSP varieties have different visual phenotypes and taste than the pre-existing 

varieties of sweetpotato used by farmers. The orange color intensity of OFSP varieties is associated 

with higher beta-carotene levels and lower dry matter content [14, 15]. Such trait changes can 

influence sensory and cultural acceptability, where newly introduced varieties have to remain 

acceptable to consumers if they were to have the intended effect of improving the vitamin A status 

of the target consumers. As acceptability can differ due to cultural and demographic factors, it is 

important to conduct research on each country-crop combination [16]. Talsma et al. have reviewed 

nine studies on the sociocultural drivers and determinants of acceptance and adoption of OFSP [17]. 

Overall, these studies indicated that acceptability and adoption of OFSP were high in areas where it 

was promoted. While OFSP has been promoted throughout Malawi since 2009, no in-depth research 

has been published on identifying factors that can influence the acceptability of consuming OFSP. To 

assess such cultural acceptability an integrated model, combining the Theory of Planned Behavior 

(TPB) and the Health Belief Model (HBM), can be used to investigate food or health-related behavior 

[18].  

The TPB model assumes that the intention to perform a behavior, in our case consumption of OFSP, 

is closely related to the behavior itself. The intention to perform this behavior can be predicted by 

attitudes toward the behavior, subjective norms and perceived behavioral control [19]. The HBM is 

used for explaining and predicting acceptance of health-related recommendations. It combines 

individual perceptions and modifying factors to a likelihood of action, eg. of adopting a certain 

behavior, in our case OFSP consumption. The most important elements are the perceived 

susceptibility and threat of the health problem, the cues to action to adopt the behavior and the 

perceived benefits of the preventive action [20]. This combined TPB/HBM model has been used to 

investigate the acceptance of foods such as amaranth, iron fortified soya sauce, fonio and yellow 

cassava, [18, 21-23], but has to date not been used to investigate the acceptability of OFSP.  

The aim of our study was to investigate the sensory and cultural acceptability of OFSP amongst 

households with children between 2-5 years old in two areas in Central and Southern Malawi using 

the integrated model of the TPB and HBM. 
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MATERIALS AND METHODS 

Ethics statement 

Written informed consents were collected among research participants or caretakers before the start 

of the study and all children were asked for their verbal consent. Ethical clearance for this research 

project was obtained from the National University of Ireland Galway Research Ethics Committee 

(Reference 16/FEB/07) and the National Commission of Science and Technology in Lilongwe, Malawi 

(Protocol number P.06/16/114.). 

Study area  

The research was conducted in Central and Southern Malawi in, respectively, the Mngwangwa 

location in Lilongwe district and Katuli location in Mangochi district. These rural research sites were 

selected based on their high production levels of sweetpotato and beans, the difference in culture 

(Chewa ethnic group in Mngwangwa and Yao ethnic group in Katuli) and the presence of 

collaborating organizations (International Potato Center and Concern Worldwide).  

Mngwangwa is situated relatively close to the capital of Malawi, Lilongwe, at a distance of 

approximately 30 km. Katuli lies more isolated behind hills on 60 kilometers from Mangochi, and is 

bordering with Mozambique. Malawi has one rainy season stretching from December to April, 

followed by a long dry season [24]. Both locations can be described as rural areas where over 90% of 

the population is engaged in agriculture activities [25]. Major crops grown in both locations include 

maize and groundnuts. In Lilongwe, tobacco, beans and soy are also important crops. Diets are 

mainly cereal based, in which over 50% of calorie intake is from maize, with Nsima (maize flour 

mixed with water) as a staple, supplemented with starchy roots (cassava, potatoes), vegetables and 

beans [26]. Literacy is higher in Lilongwe (64.5%) than Mangochi (57.2%) [25].  

Study participants & sampling 

This study consisted of two parts, the sensory evaluation and the cultural acceptability survey. To 

prevent bias, the two parts of the study were conducted in different areas within the locations. For 

the sensory study, five villages were identified in each location through random sampling where 

adults, preschool children aged 4-5 years and their caretakers were interviewed using the method of 

convenience sampling and central location testing [27]. Sample sizes were large enough to perform 

analyses stratified by location, except for the preference test for children, where all children were 

analyzed as one group.  
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For the cultural acceptability study, participants were selected using multistage sampling, by 

selecting five areas within the location (each location was subdivided in 20 areas) and then randomly 

selecting three villages in each selected area. Inclusion criteria for the cultural acceptability study 

were the presence in the household of a child between 2-5 years of age whom they were taking care 

of and previous exposure to the OFSP varieties. Therefore, villages were included if there had been 

any previous OFSP related activity (nutrition promotion, agricultural training, demonstration plots). 

The list of villages was composed and crosschecked by Agriculture Extension Development 

Coordinators and field staff from the International Potato Center of the respective areas who were 

responsible for implementing the OFSP related activities. Probability proportional to (population) 

size sampling was used to calculate the number of participants per village, in which the sample size 

for a sub-population (area/village) is weighted proportional to its size (evenly distributed over the 2 

locations). Per location 15 villages were included. Participants within each village were randomly 

sampled using household lists. If the participant selected was not available a new randomly selected 

household was invited for the interview.  

The study was conducted in the period between September and November 2016 by four trained 

enumerators for the sensory evaluation and five trained enumerators for the cultural acceptability 

study. Interviews took place in a communal place and were conducted in Chichewa or Yao 

depending on the preference of the participant. All questionnaires were developed in English and 

translated to Chichewa and Yao local languages. Correctness of translation was checked by back 

translation to English. Pretesting was done for both studies and resulted in small changes in 

explanation to the participants and language used. To assess whether study participants understood 

the modified 5 point Likert-scale with both faces and checks (i.e. √ symbols) that was used for both 

parts of the study, an example question was asked which was not related to the research. Caretakers 

decided about which child the interview was with, when there was more than 1 child eligible; this 

decision was based on availability of the child to attend the interview. Reasons for exclusion were if 

the participant did not understand the scale or if the mother could not present a proof of birth date 

for the child.  
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Study measurements 

Sensory evaluation  

For the sensory evaluation one control yellow-fleshed sweetpotato variety (Kenya) and three OFSP 

varieties (Kadyaubwerere, Chipika and Zondeni) were peeled and cut into roughly equal sized 

portions between 25 and 40 grams. All varieties were harvested in the dry season from the same 

irrigated farmer’s field at the Chiwamba location in Lilongwe district, and stored for the same 

number of days before the tasting took place. 

The Kenya variety is a yellow sweetpotato that is widely available in Malawi, and therefore the 

control variety. Kadyaubwerere is a high-yielding OFSP variety, variety Chipika is a more drought-

resistant OFSP, whereas Zondeni is the oldest OFSP variety available in Malawi, and has lower yields 

[28]. These were boiled until the texture, assessed by a fork by the researchers, was considered right 

for consumption [29]. To assess sensory acceptability three different tests were done. All participants 

did a preference test (n=270), followed by either a triangle (n=66) or an acceptance test (n=210). 

A triangle test (n=66) was conducted with the control variety and Kadyaubwerere OFSP variety to 

determine whether blindfolded participants could perceive a difference in the taste between two 

sweetpotato varieties. Previous studies indicate that 24-30 participants for a difference test are 

sufficient to determine a statistical significance for noticeable differences in sensory testing [30]. Three 

samples of sweetpotato were presented to the blindfolded participant, who was asked to taste and 

identify the odd sample [27, 30]. A preference test was conducted with adult participants (n=270) and 

with 60 children of the age 4-5 years to study the preference between the control variety and the 

Kadyaubwerere OFSP variety. Sample sizes over n=20 are possible to analyze, but the ideal sample 

size is >100 participants when the binomial distribution is very equal to the normal distribution [27]. 

Participants were presented two samples for tasting and they indicated whether they preferred the 

OFSP or the control variety and for what reasons which was noted by the enumerators. The same 

procedure was used for children between 4-5 years [31]. An acceptance test (n=210) was conducted 

to evaluate the overall liking of sweetpotato, as well as the liking of the following attributes; taste, 

colour, smell, texture, starchiness and sweetness. Four sweetpotato varieties were presented to the 

participants, one control yellow variety of sweetpotato (Kenya) and the three OFSP varieties, 

Kadyaubwerere, Chipika and Zondeni. The participants were then asked to rate samples for each 

attribute on a 5-point modified Likert-scale with both smiley faces and checks. All test samples were 
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color-coded and presented in random order. Participants were allowed to swallow the samples and 

were asked to rinse their mouth with water before the test and after tasting each sample. 

Cultural acceptability 

For the cultural acceptability survey, questionnaire-based interviews were conducted. The 

questionnaires consisted of two parts. In part one, information on socio-demographics were 

gathered, followed in part two with statements according to the 13 constructs of the TPB and HBM. 

These statements were identified based on literature study and a food ethnographic study, consisting 

of focus group discussions, a food attribute and food difference study, key informant interviews and 

a pile sorting session [32]. In total, 109 statements were categorized into thirteen constructs as 

described by Sun et al. and Ajzen et al. [18, 33]. Anticipated affect was added as an construct to this 

model for which it was shown that it can explain additional variance in predicting the intention to 

perform the behavior [33]. The construct ‘attitude towards behavior’ consisted of a maximum of 

twenty-two questions, whereas there was only one question for the construct ‘health behavior 

identity’. Respondents were asked to respond to all statements on a 5-point modified Likert scale 

with both faces and checks to indicate their response ranging from “I completely disagree” to “I 

completely agree”.  

For the constructs (prior) behavior and intentional behavior a different scale was used, to reflect the 

frequency of (intended) consumption scored from 0-5: (0) never, (1) once a month, (2) 2-3 times a 

month, (3) once a week, (4) 2 or more times a week and (5) every day. The items of the majority of 

other constructs were scored from 1 to 5. For two constructs paired questions were asked; the 

construct ‘attitude toward behavior’ consisted of behavioral beliefs and the evaluation of these 

beliefs. For the construct ‘subjective norms’ these were the normative beliefs and motivation to 

comply. The scores of the beliefs were scored 1-5, whereas the evaluation of these beliefs and 

motivation to comply was scored with -2 to 2, after which the answers were multiplied resulting in a 

total score between -10 and 10. Total scores per construct were calculated for each caretaker, by 

adding all scores of the individual statements within a construct. The adjusted combined model of 

the TPB and the HBM (as we used for our study) can be found in Figure 9. In our case, compared to 

the original model presented by Sun et al.[18], the construct ‘prior behavior’ was a better predictor of 

behavior than the construct ‘behavioral intention’. Therefore, we swapped the constructs ‘behavior’ 

and ‘behavioral intention’ as shown in Fig 9.   
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 Figure 9. Adjusted combined model of the TPB and the HBM with correlations between the 
various constructs. (Based on Sun et al. 2006) About the model: the model is predicting 
behavior based on the construct ‘prior behavior’ (frequency of serving the child OFSP in the 
past when available). Prior behavior is linked to the ‘behavioral intention’ (intention to serve 
the child OFSP in future), which was the original predictor in the model of Sun et al. Both 
constructs can be influenced by the anticipated affect (feelings of regret when not serving the 
child OFSP). All other constructs are divided in three categories. ’Background and perception’ 
consists of the constructs ‘knowledge’ (on vitamin A and OFSP),’perceived susceptibility’ 
(perceptions on the susceptibility of vitamin A deficiency), ‘perceived severity’ (perceptions 
on the severity of vitamin A deficiency) and ‘health value’ (perceptions on the importance of 
health in general). These are followed by constructs around ‘beliefs and attitudes’, ‘health 
behavior identity’ (perception that it is healthy and good to eat OFSP), ‘attitudes toward 
behavior’ (feelings towards serving OFSP to their child) and ‘perceived barriers’ (perceived 
sensory (1) or agricultural (2)-related barriers that prevent the caretaker to serve OFSP to the 
child). The last category covers the external factors, ‘subjective norms’ (perceived social 
pressure on serving OFSP to their child), ‘control beliefs’ (perceived ability to make decisions 
in the household) and ‘cues to action’ (external triggers either (1) health-related or (2) activities 
that stimulate to serve OFSP to their child). *p<0.05, **p<0.01 (both two-tailed), Spearman’s 
correlation coefficients between constructs were calculated. 
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Sweetpotato measurements 

Dry matter content (%) was determined in triplicate for three randomly sampled raw roots of the 

four sweetpotato varieties. Dry matter content (%) was determined as the ratio of fresh weight 

compared to dry weight for the sweetpotato varieties. Sweetpotato samples were dried in an oven at 

70 degrees °C until weight remained unchanged (on average 27 hours) [34]. Color charts were used 

to estimate beta-carotene levels for the different OFSP varieties [35].  

Statistical analyses 

The triangle and preference tests were analyzed using a binomial distribution. Critical values to 

determine the number of correct or agreeing choices were retrieved from statistical tables [27]. 

Sample sizes were sufficient to do analyses on location level. Data from the acceptance test for 

individual attributes were treated as ordinal data. Non-parametric tests were used to analyze if there 

were significant differences between location and varieties, the Mann Whitney U test for independent 

samples and the Wilcoxon Rank test for paired samples. Mean liking was defined as the average of 

all attributes assessed. 

For the cultural acceptability survey, multiple item constructs were tested for reliability using the 

Cronbach-α and item total correlation. Items were removed from the analysis in case of a low item 

total correlation <0.3 or if the Cronbach alpha of the construct increased significantly upon removal 

of an item. In total 25 items were excluded. For each respondent, a total score per construct was 

calculated by adding all individual scores. Spearman’s correlation was used to calculate bivariate 

associations within constructs. Multiple linear regression modelling was performed to build the 

models. Models were adjusted for interviewer, education level, age and location (if applicable). 

Statistical tests were 2-tailed and p-values <0.05 were considered statistically significant. All statistical 

analyses were performed using SPSS (version 23.0.0.2, ICM Corp. Released 2015) for Macintosh.   
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RESULTS 

Sensory evaluation  

To investigate the sensory acceptability of the four different sweetpotato varieties, a total of 270 adults 

and 60 children (who were at least once exposed to OSFSP before) participated in a range of different 

tests. The overall mean age of the adults was 31.9 (±10.7) years; slightly more women were included 

(63%). For the children, the mean age was 4.5 ±0.8 years. The percentage of participants that reported 

to grow OFSP was significantly different between areas, 36% in Lilongwe versus 72% in Mangochi. 

The consumed sweetpotatoes were mainly from own production (52%), the market (33%) or 

purchased from other farmers (26%). Participants reported to consume sweetpotato mostly as a 

breakfast dish (98%), and to a much lesser extent at lunch or dinner (respectively 14% and 13%). The 

most common prepared dishes were boiled OFSP (74%), boiled OFSP mixed with peanut flour (called 

‘Futali’, 18%) and roasted OFSP (6%). As a benefit of sweetpotato, 59% of the participants reported 

health and nutrition related reasons, and 17% reported it as a source of income. The main reason for 

not consuming more sweetpotatoes was the availability (59%).  

Adults were able to discriminate the control variety from the OFSP variety when blinded 

In the triangle test, blinded participants in both areas were able to observe the difference between the 

orange and control sweetpotato samples, in total 49 out of 66 participants pointed out the odd sample, 

where 29 right answers were needed for a significant difference (p<0.05) (Table 10).  

 
Table 10. Results for the triangle test with OFSP (Kadyaubwerere) and the control yellow sweetpotato 
(Kenya) variety, per location and total results 

 Total Lilongwe Mangochi 

Number of participants 66 36 30 

Minimum number of correct judgments needed (α=0.05) 29 18 15 
Correct judgments 49* 28* 21* 
Triangle u test: µ0=1/3 0.74 0.78 0.70 

* significant (p<0.001, α=0.05) 
 

Adult consumers display preference for the non-OFSP control variety over the OFSP variety 

For the preference test all participants (n=270 adults, n=60 children) were asked about their preference 

for either the yellow-fleshed control variety (Kenya) or the OFSP variety (Kadyaubwerere). Amongst 

the adults, sixty-four participants favored the OFSP variety (24%) (Fig. 10 and S1 Table), due to 
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sweetness (22%), odor (19%) and taste (19%). Two hundred and eleven participants favored the 

control variety (76%) because of sweetness (36%), starchiness (24%), and odor (13%). Color was also 

mentioned as a reason for preferring one of the varieties: 8% for the OFSP and 3% for the control 

sweetpotato variety. For the children (n=60), the OFSP variety was preferred by 35 children, although 

this was not statistically significant (p>0.05) (Fig. 10 and Appendix 1). No significant differences in 

preference were found between locations for both adults and children.  

 

 

Figure 10. Results for the preference test with OFSP and a control sweetpotato variety. Adults 
significantly preferred the control variety (76.3%) over the orange variety, whereas more children 
preferred the OFSP (58.3%, not significant). * p<0.05 
 

To further investigate the difference in liking between varieties for seven different attributes, an 

acceptance test with four different varieties of sweetpotato was conducted (Appendix 2). The color 

of the Zondeni and Kadyaubwere varieties were highest rated followed by the control variety Kenya; 

between these three no significant differences were found (p>0.05). Lowest rated was the Chipika 

variety, which was not significantly differently rated from the Kenya variety (p>0.05). For smell and 

texture only small differences were found in the liking of these attributes, for all varieties the median 

was 4. Hedonic scores of starchiness for the varieties Kenya and Zondeni (median 4) were 

significantly higher compared to Chipika and Kadyaubwerere (median 3) (p<0.05). Sweetness 

received a significantly different score for all varieties (p<0.05), Kenya was rated highest with a 
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median of 5, followed by Zondeni (4), Kadyaubwerere (3) and Chipika (3). For the attribute taste, the 

median scores for Kenya were highest (5) and significantly higher than for the other three varieties 

(p<0.05). There was a significant difference in the scores of overall liking for all varieties (p<0.05), 

where Kenya was the preferred variety (5). No differences in liking for any of the seven attributes 

were found between locations for the Kenya variety. For the OFSP varieties Chipika and 

Kadyaubwere no difference was found for the overall liking between Lilongwe and Mangochi 

districts, all the other attributes were significantly differently evaluated. For the Zondeni variety a 

significant difference in hedonic scores between areas was found for all attributes, except for taste 

(p<0.05).  

Zondeni is the highest rated OFSP variety  

After combining all attributes into a mean score for each variety (Table 11), a significant difference 

was found between all varieties. Overall, the control variety Kenya is liked most. In Mangochi 

however, the OFSP variety Zondeni is rated higher than Kenya, but this difference is not significant. 

Analysis of the difference in liking between the control and the OFSP varieties shows that there is on 

average a 0.50-point higher rating given for the control variety. There is a significant location effect 

between the areas, where the scores that were given for OFSP in Mangochi are much closer to the 

scores given for the control varieties (mean difference -0.22) than in Lilongwe (mean difference -0.76). 

 
 
Table 11. Results for the acceptance test with calculated means of all attributes (n=210 adults) 

  Total Lilongwe Mangochi 

  mean (SD) mean (SD) mean (SD) 
Mean of attributes Chipika (OFSP) 3.28 (0.98) a 3.08 (1.00) a 3.49 (0.91) a* 

 Kadyaubwerere (OFSP) 3.51 (1.00) b 3.34 (0.99) b 3.69 (0.97) a* 

 Zondeni (OFSP) 3.98 (0.96) c 3.60 (1.05) b 4.04 (0.80) b* 

 Kenya (Control) 4.04 (0.81) d 4.13 (0.71) c 3.94 (0.90) b 
 Overall liking OFSP 3.53 (0.69) 3.33 (0.71)  3.74 (0.62) * 
Mean differences Chipika- Control -0.75 (1.24) a -1.02 (1.31) a -0.47 (1.10) a* 

 Kadyaubwerere - Control -0.52 (1.23) b -0.77 (1.13) a -0.27 (1.28) a* 

 Zondeni - Control -0.21 (1.30) c -0.50 (1.38) b 0.09 (1.13) b* 
 OFSP total - Control -0.50 (1.04) b -0.76 (1.06)  -0.22 (0.95)* 

Means with a common letter in a column do not significantly differ at α=0.05 
* Significant difference between locations p<0.05  
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Cultural acceptability study identifies opportunities and barriers for including OFSP in children’s 

diets by caretakers  

To investigate the cultural acceptability of the OFSP varieties, a total of 302 caretakers were 

interviewed in a cultural acceptability study. The mean age of study participants was 31.9 (±9.1) 

years, almost all women (99.7% female). A household consisted on average of 5.9 persons (±1.8), 

where 74% of the caretakers had more than 3 children. In total 23.6% of the caretakers were illiterate, 

with most of them having attended only (part of) primary school (71%). The main household income 

source was from farming (56%). The majority of caretakers had consumed OFSP before (92.5%), with 

20% reporting having grown OFSP in the last season and 60% reporting that they have grown any 

variety of sweetpotato in the last season. Additional descriptive information of the study population 

and difference between locations can be found in Table 12.  

 
. 
Table 12. Socio-demographic characteristics of caretakers in Lilongwe, Mangochi and total 

    Total Lilongwe Mangochi 
 n=302 n=151 n=151 

  Mean age (SD) 31.9 (9.1) 32.1 (8.1) 31.8 (10.1) 

Education (%)    

  No education 23.6 11.9 35.3 
  Primary school 1-4 35.9 35.8 36 
  Primary school 5-8 36.2 46.4 26 
  Secondary school 4.3 6 2.7 

Marital status (%)    

  Married 82.1 84.7 79.5 

  Separated 14.3 13.3 15.2 

  Widow 3.3 2.0 4.6 
  Single 0.3 - 0.7 

Number of children (%)    

  1-2 children 25.5 23.2 27.8 
  3-5 children 60.6 62.3 58.9 

  More than 5 
children 

13.2 13.2 13.2 

Income (%)     

  Farming 55.6 50.3 60.8 
  Casual labour 21.5 34.9 8.1 
  Remittances/gifts 7.4 - 14.9 

  Other 15.5 14.8 16.2 
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Sixty percent of caretakers reported that their children ate OFSP at least once a week when it was in 

season (between April and August), whereas 97% had the intention to feed their child OFSP once a 

week or more. The intention of feeding the children OFSP was much higher than current 

consumption when in season. The initial outcome construct of ‘behavioral intention’ showed very 

little variation in responses, which made it unsuitable to link the different constructs of the model to. 

Therefore, we used the construct ‘prior behavior’ instead as an outcome measure, which had a more 

even distribution of responses (and therefore was more suitable), which was included in the adjusted 

model in Figure 9.  

Furthermore, over half of the caretakers agreed that OFSP is rich in vitamin A (59%), that vitamin A 

could improve eyesight (62%), and could prevent diseases (60%). Most caretakers agreed that 

children in the age between 2-5 years old are at risk of developing vitamin A deficiency (69%) and 

almost the same proportion of caretakers also considered their own child being at risk of developing 

vitamin A deficiency (65%). Most caretakers agreed with the statements that ‘vitamin A deficiency 

makes the child more frequently ill’ (77%) and ‘lack of vitamin A can lead to stunted growth of my 

child’ (71%). Caretakers acknowledged that it was very important to them that their child can see 

properly during dusk (96%) and has a good health (99%). The majority of the caretakers (88%) were 

convinced that eating OFSP was good for their child, while the remaining 12% gave a neutral 

response to this question.  

The majority of participants agreed that OFSP has an attractive color (86%) and that it tastes well 

(96%). Over one third of respondents indicated that they would rather sell OFSP than consume it 

themselves (37%). Caretakers indicated that provision of OFSP vines would make them decide to 

cultivate and prepare OFSP for their child (98%) and that information sessions on the benefits of 

OFSP would convince them to feed OFSP to their children (94%). Most caretakers agreed that other 

cues to prepare OFSP for their child were: (a) if their child was sick, (b) would have vitamin A 

deficiency or (c) would have problems with seeing properly during dusk or dawn (65-71%). The most 

influencing opinions on food preparation for caretakers were the opinions from health workers 

(96%), the child growth centers (90%) and health extension workers (80%). The opinions of friends 

and neighbors are much less valued in making decisions on what food to prepare for their children 

(both 53%). Furthermore, the majority of caretakers indicated that they would regret it if they would 

not give OFSP to their child (91%). Table 13 provides an overview of the different constructs. 

Cronbach-α scores ranged from 0.53 to 0.81, which demonstrated a medium reliability for most of 

the constructs, median scores of the constructs were ranging from 3 to 51.  
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Table 13. Internal consistency, median scores, range of score and item examples of all constructs (n=302) 

Constructs Items Cronbach Median Range Item example 
Knowledge 4 0.69 16 8-20 OFSP is rich in vitamin A 
Perceived 
susceptibility 

2 0.58 8 2-10 My child is at risk of developing VAD 

Perceived 
severity 

8 0.81 33 10-40 Lack of VA can make my child malnourished 

Health value 4 0.64 20 12-20 The health of my child is the most important thing in my life 
Health behavior 
identity 1 - 5 1-5 Eating OFSP is good for my child 

Perceived 
barriers-1 3 0.75 4 3-15 

I worry about the orange colour of orange-fleshed 
sweetpotato 

Perceived 
barriers-2 8 0.63 22 9-30 I would rather sell OFSP than keep it for consumption 

Attitude 7 0.53 51 11-70 OFSP tastes well/ I find it important that my child eat foods 
that tastes well 

Control beliefs 3 0.74 15 3-15 Other people decide what food I buy for my household 

Subjective norm 8 0.81 22 -16-80 
My parents advise me to prepare sweetpotato/The opinion of 
my parents about food is important to me 

Cues to action-1 3 0.69 12 3-15 When my child is sick, I will prepare OFSP 

Cues to action-2 7 
0.76 

32 7-35 
Information sessions about the benefits of orange-fleshed 
sweetpotato Potato would encourage me to prepare OFSP for 
my child 

Behavioral 
intention 

1 - 5 1-5 How often do you think you will prepare orange fleshed 
sweetpotato for your child in the future if it is available? 

Anticipated affect 3 0.57 11 3-15 If I don’t give OFSP to my child I will regret it 

Prior behavior 1 - 3 1-5 
How often did your child eat orange-fleshed sweetpotato 
when it was in season? 

 
Figure 9 shows the correlations between the different constructs of the model. Within the background 

and perception section significant correlations were found between health behavior identity and the 

constructs ‘knowledge’(r=0.230), ‘perceived susceptibility’ (r=0.168) and ‘perceived severity’(r=0.219, 

all p<0.01). For the beliefs and attitudes section ‘health behavior identity’ was correlated with the 

construct ‘attitude toward behavior’ (r=0.159, p<0.01) and ‘perceived barriers -1’ (r=-0.118, p<0.05). 

Perceived barriers-1 are barriers related to color, taste and starch content of the OFSP. Only the 

construct ‘attitude toward behavior’ was significantly correlated to the construct ‘prior behavior’ 

(r=0.149 p<0.05). For the external factors, the constructs ‘subjective norms’(r=0.158) and cues to action-

2’ (r=0.187) were significantly correlated with prior behavior (p<0.01). Cues to action-2 are related to 

activities and recommendations by others promoting OFSP. The construct ‘anticipated affect’ was 

significantly correlated with ‘behavioral intention’ (r=0.145, p<0.05), suggesting that a higher regret 

of not giving OFSP to the child leads to higher behavioral intention to give OFSP to the child. 

However, the construct ‘anticipated affect’ is not correlated with prior behavior (r=-0.012). No 

significant correlation was found between the constructs ‘behavior’ and ‘behavioral intention’. 
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Attitudes towards behavior and subjective norms can predict prior behavior in relation to 

caretakers serving their child OFSP 

To further assess the relationship between multiple constructs and to investigate which constructs 

can predict prior behavior, multiple linear regression was used. An overview of the relative 

contribution of the constructs to prior behavior, using three different models is provided in Table 14. 

Overall, the constructs could explain a small percentage of the total variance in predicting the 

behavior. Model 1, ‘background and perception’, explained 10% of the variance in ‘health behavior 

identity’. No significant predictors were found in the total model, which was also the case when 

analyzed on location level. Model 2 explained 24% of the variance of the internal factors influencing 

the prior behavior of the caretakers to give OFSP to their children. Only ‘attitudes towards behavior’ 

(β=0.14) was a significant predictor (p=0.01) of prior behavior. When the model was predicted only 

for Lilongwe, ‘health behavior identity’ (β=0.24) was a significant predictor of prior behavior (p=0.01). 

For Mangochi ‘attitude toward behavior’ (β=0.22) was a significant predictor (p=0.01) of prior 

behavior. For model 3, predicting prior behavior using external factors, the construct ‘subjective 

norms’ was a significant predictor (β=0.25, p=0.00), also when the model was run for either of the two 

research locations.  
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Table 14. Overview of all models: predictors for health behavior identity (model 1) and prior behavior 
of consuming OFSP (model 2 and 3) among children of caretakers in Malawi (n=302) 

  
Total 
 Lilongwe  Mangochi  

  

Standardized 
β p Adjusted 

R square 
Standardized 

β p Adjusted 
R square 

Standardized 
β p Adjusted 

R square 

Model 1                   

Dependent variable: Health behavior identity    0.10   0.27   0.05 

Knowledge 0.06 0.37  0.07 0.45   0.07 0.48  
Perceived susceptibility 0.02 0.77  0.12 0.22   -0.14 0.16  
Perceived severity 0.10 0.15  0.05 0.63   0.18 0.07  
Health value 0.03 0.64  0.05 0.48   -0.03 0.70  
Model 2                  

Dependent variable: Prior behavior   0.24    0.12   0.41 

Health behavior identity 0.09 0.13  0.24 0.01*   -0.06 0.39   

Perceived barriers -1 0.07 0.25  0.08 0.39   0.08 0.30   

Perceived barriers -2 0.04 0.55  0.04 0.65   0.03 0.71   

Attitude toward behavior 0.14 0.03*  0.05 0.67   0.19 0.03*   

Anticipated affect 0.03 0.58  0.06 0.49   0.00 0.99   

Model 3                

Dependent variable: Prior behavior    0.25    0.13    0.38 

External control beliefs 0.13 0.08  0.17 0.16  0.07 0.36   

Subjective norms 0.23 0.00*  0.26 0.02*  0.21 0.01*   

Cues to action-1 0.02 0.81  0.00 0.99  -0.03 0.75   
Cues to action-2  -0.08 0.22  -0.14 0.16  -0.09 0.32   

Adjusted for interviewer, age, level of education, location (only for total model) * Significant predictor 
in the model (p<0.05) 
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DISCUSSION 
 
For biofortified crops to have an impact on micronutrient intake, it is required that biofortified 

varieties are consumed in sufficient quantities by the vulnerable target populations, in particular to 

improve maternal and child health. In addition to dissemination barriers (e.g., ineffective seed 

systems) that can limit access by smallholder farmers to healthy planting materials (seeds, vines) of 

new biofortified varieties [36], additional barriers to acceptability and sustained consumption can 

arise due to biofortified varieties not having equivalent or improved sensory characteristics, or due 

to a lack of preference for the varieties by the caretakers of children.  

 The first objective of our study was to assess sensory acceptability of the OFSP varieties in 

comparison with a control variety. The difference in preference for the varieties per location 

highlights the importance of conducting sensory evaluation research in different areas, to be able to 

adjust variety dissemination initiatives to local preferences where possible, particularly to increase 

acceptability of varieties.  

 In our study, caretakers in Lilongwe significantly preferred the yellow-fleshed variety over 

the OFSP varieties, whereas children did not significantly prefer either. In contrast, research amongst 

children and mothers in Tanzania found that higher mean acceptability scores were observed for 

OFSP in comparison with pale–fleshed sweetpotato varieties although children gave significantly 

lower scores than mothers [29]. These contrasting results could potentially be due to regional 

differences in acceptability, and/or differences in % dry matter, color, flavor, smell and other 

important sensory characteristics. The preference for the control variety expressed in our study group 

may be of concern when promoting OFSP in Malawi, since foods liked by mothers are more likely to 

be offered to their children [37]. This would decrease the exposure of OFSP to children in our study 

population as the mothers are the primary caregivers. To address this potential barrier, it would be 

important to have an effective strategy to promote OFSP amongst mothers, which makes it more 

likely they will feed it to their children.  

 Dry matter has been identified as an important varietal trait when comparing OFSP to other 

pale-fleshed sweetpotato varieties, and has been reported as an important attribute for the liking of 

OFSP by consumers [38, 39]. The OFSP varieties used for the triangle test differed in their dry matter 

content, which has been shown to make it easier to identify the odd sample [27]. However, our aim 

in this study was to compare the most promising OFSP variety (based on yield and beta-carotene 

content), Kadyaubwerere, with the control variety used by farmers and in households. According to 
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a study in Kenya, children have a preference for OFSP varieties with lower dry matter content, 

whereas adults prefer high dry matter content (>27%) [40], which was not recapitulated in our study. 

Analysis of the dry matter content of the OFSP varieties used in our study demonstrated that the 

control variety Kenya had the highest dry matter content (39.2%), followed by Chipika and Zondeni 

(respectively 34.6% and 34.3%), with the lowest dry matter content found for Kadyaubwerere 

(29.8%). In our study, the dry matter content factor alone cannot explain the difference in liking 

between Chipika (lowest rated OFSP) and Zondeni (highest rated OFSP). Other studies on sensory 

characteristics of OFSP and cream fleshed sweetpotato varieties have concluded that major varietal 

differences are differences in color, dry mass, sweet flavor and maltose content [38]. These 

characteristics could likely also explain the differences in liking of the OFSP varieties in our tests. 

Therefore, further research is needed to test the relationship between the hedonic test results with 

sensory characteristics of the different varieties to be able to explain the differences in liking in more 

detail. It is also important to take into account that textural traits can potentially be influenced by 

genotype-environment interactions, which can complicate the testing and selection of varieties for 

consumer acceptance and breeding for improved textural traits [39]. 

Another angle that provides opportunities for increasing the sensory acceptability of OFSP is 

researching the effect of information provision. Research showed that nutrition information 

combined with tasting OFSP is positively weighted and integrated by the consumer to form 

emotions, that can be associated with product acceptance [41]. A review summarizing acceptance 

studies on biofortified crops concluded that information on the health benefits is an important 

determinant of acceptance [42].  

 Our acceptance tests revealed high scores (means are >3) for all sweetpotato varieties, which 

indicates that all of the sweetpotato varieties are accepted. Since uptake of OFSP among a population 

who’s source of income is mainly farming not only depends on sensory acceptability but also on 

production and farming system attributes (e.g. yield, resistance to pests and diseases) [43, 44], such 

additional factors determining adoption for cultivation and marketing should also be taken into 

account (see Appendix 3). While the sensory acceptability for the Zondeni variety was high, the 

potential yields for Chipika and Kadyaubwerere are 35 t / ha under ideal circumstances, whereas 

Zondeni’s yield potential is only 8-16 t / ha. Therefore, from a food security point of view based on 

aggregate supply of sweetpotato the promotion of the Zondeni variety amongst smallholders might 

not be justified. On the other hand, from a nutritional perspective, the beta-carotene levels of the 

different OFSP varieties are also an important factor to take into account. The Chipika variety has a 
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much lower beta-carotene content (3500 µg/100g) compared to the other OFSP varieties 

Kadyaubwerere and Zondeni (respectively 8900 and 9000 µg/100g) and the control variety (770 

µg/100g) (see Supplementary table S3 for more data on characteristics of the different varieties used). 

We acknowledge that measurement of beta-carotene using the HPLC method would be favourable 

[42], since estimations made with color charts are less precise. However, even with our estimation 

approach, the differences in potential yield and beta-carotene content of the different varieties 

(resulting in different nutritional yields) are clear.  

It is possible that the preference for the Zondeni variety might be due to an inertia effect as it was the 

first OFSP variety that was introduced, 3 years before the other two OFSP varieties that were tested 

were introduced, so participants had more exposure to this variety. It is also possible that the much 

higher yield of the other OFSP varieties compared to Zondeni might act as a driver for smallholder 

farmer adoption, that is sufficient to override the relatively small differences in liking between the 

varieties.  

 The second objective of our study was to take a cultural acceptability approach to identify 

the constructs that contribute most to behavior of caretakers serving their children OFSP. Our 

findings indicate that this behavior was strongest correlated with the constructs ‘subjective norms’ 

and ‘attitudes toward behavior’. The discrepancy between the intention and prior behavior shows 

the caretakers’ difficulty to implement the behavior possibly through various personal and 

environmental control factors [45, 46]. Depending on the type of behavior, the strength of the 

intention-behavior relationship can vary widely, and the discrepancy is larger when multiple steps 

have to be taken before the intention can be realized into the behavior [45].  

Using prior behavior as an outcome measure, the constructs could only explain a small portion of the 

total variance for predicting the caretaker’s frequency of serving OFSP to their children (23-29%). 

This is in concordance with other studies [18, 21-23], that found similar low explained variances by 

using the intention as an outcome measure. Therefore, an addition of the construct anticipated affect 

was made to the model, which explained an additional 3% of total variance. Despite its small 

contribution, the anticipated affect is important to take into account [33]. However, our study reveals 

that there remain other unknown factors that will be necessary to identify to explain the remaining 

variance.  

Most of the respondents tended to agree with the statements in the cultural acceptability survey, and 

because of that, scores were high compared to the ranges possible. This high level of agreement to 

the statements can be due to different reasons. Firstly, it might be related to unfamiliarity to the 
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behavior. We attempted to prevent the behavior unfamiliarity effect by only enrolling people in the 

survey that knew OFSP and selecting areas where it was introduced by ongoing agri-development 

programs and by including both negative and positively phrased questions. The intention to 

consume OFSP was very high, but at the same time the access to the OFSP was low, since the roots 

were not widely available in markets and the planting material was hard to access. Unfamiliarity 

with the behavior makes it less likely that there are strong beliefs towards the statements, and 

therefore the respondents might have had difficulty to decide on their level of agreement or 

disagreement. Secondly, another important factor that might have influenced our findings is that in 

general, respondents attempt to understand the goal of the research, in order to tailor their results 

which they hope will benefit themselves, their family or their community in future [47]. By giving 

positive responses respondents might have hoped that the survey showed their community to be a 

good place to continue the programming on OFSP, to be able to receive planting material or more 

support. 

 Concerning the constructs within the section background and perception it was found that 

the construct ‘health behavior identity’ was significantly correlated with the internal factors 

‘knowledge’, ‘perceived susceptibility’ and ‘perceived severity’. However, none of these constructs 

were predictors in the model. In our study, we can conclude that specific knowledge on vitamin A 

and the threats of vitamin A deficiency are more likely to positively influence caretakers’ behavior to 

serve OFSP to their children than a more general knowledge on health, which is reflected by the 

construct ‘health value’.  

 The prior behavior of caretakers serving their child OFSP was predicted (p<0.05) by the 

constructs ‘attitude towards behavior’ and ‘subjective norms’. The construct ‘attitudes toward 

behavior’ was a good predictor within the section beliefs and attitudes, which confirms results of 

other studies [22, 48]. These attitudes were determined by questions about beliefs on serving the child 

OFSP and the importance of these beliefs for the caretakers. The most important attitudes were the 

(sweet) taste, the attractive appearance, that it can cure and protect against diseases, and that it is 

easy to prepare.   

The construct ‘subjective norms’ was a good predictor within the external factors. It reflects social 

pressure, which can be explained as the influence other people have on the decision whether a 

caretaker will serve OFSP to their children or not. In particular, the opinions of the extension workers, 

health workers and parents were highly valued, according to the responses. It has been highlighted 

that Malawi is a collectivist society [49], which can mean individuals put the priority of the group 
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above the priorities of the individual [50]. In addition, the values of extended family and the 

community have a major influence on the behavior of the individual. This is important to take into 

account when promoting OFSP, to not only focus on positive attitudes and knowledge of women, 

but to also include a wider range of social ‘influencers’. Other studies have found that the subjective 

norms were correlated. However, they were not a good predictor of the intention [22, 51] or did not 

find any correlation [18, 21]. 

The perceived economic and health benefits of OFSP in Malawi have been studied among farmers of 

OFSP [52]. The health benefits that were most frequently mentioned were increased energy, 

improved eyesight and the perception that OFSP is good for healthy bodies. From an economic 

perspective benefits cited were the ability to invest the income retrieved by selling OFSP (vines) in 

housing, livestock and food. In addition, women mentioned an increased self-esteem through the 

increased incomes. The most important benefits of producing and consuming OFSP can be used in 

information sessions and nutrition sessions where knowledge on the OFSP is communicated to 

potential consumers and/or farmers. These benefits would also help to create positive attitudes 

towards the behavior of consuming OFSP and increasing the already high acceptability of OFSP. 
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CONCLUSIONS 
Overall, our study reveals that biofortified OFSP varieties are well accepted in Lilongwe and 

Mangochi districts in Malawi from both a cultural and sensory perspective. However, we find that 

there is a preference for the yellow-fleshed control variety and the Zondeni variety which is high in 

vitamin A. Our cultural acceptability analysis indicates that attitudes toward behavior and subjective 

norms were correlated to, and important predictors of the caretakers’ behavior of serving their child 

OFSP. Our study findings provide guidance and direction for improvement of ongoing and planned 

programs for increasing the uptake of OFSP in Malawi among households with children. We consider 

that there is a need to conduct a follow-on in-depth study quantifying sensory characteristics 

(sweetness, maltose concentration, dry matter) of the OFSP varieties for instance using a check-all-

that-applies (CATA) method [53]. In addition, a more accurate quantification of the beta-carotene 

levels of the varieties would be needed to be able to unravel favourable traits by linking this 

information to the hedonic test results. Our results also indicate that there is both a need and an 

opportunity to promote a more diversified use of OFSP, as it is currently almost exclusively 

consumed as a breakfast snack (where the OFSP are mostly prepared through boiling), or in a dish 

called Futali. The high energy density of OFSP should be taken into account, to make sure it is a good 

and nutritious replacement when increasing intake or diversifying the use. Replacing with  OFSP at 

the expense of other less nutritious crops should only be considered when it is considered a healthier 

alternative (in terms of nutrients and energy). The ongoing programs for promotion of uptake of 

OFSP varieties in Malawi will need to decide which specific OFSP varieties to promote based on 

criteria that include sensory acceptability, beta-carotene content or agricultural characteristics as well. 

For increasing adoption and consumption of OFSP to improve maternal and child health in Malawi, 

there is an additional opportunity to focus on positive attitudes and identify and include important 

influencers around the caretaker in the promotion strategy to increase the frequency of caretakers 

serving OFSP to their children.  

Overall, while biofortified crops such as OFSP have major promise for combatting hidden hunger 

micronutrient deficiencies, our study highlights that consideration of sensory and cultural attributes 

that can influence both acceptability and consumption amongst smallholder farmers and households 

can improve impact pathways for biofortified crops.  

  



Chapter 4 

 120 

ACKNOWLEDGEMENTS  
We would like to thank all adults and children that were participating in this study. We would also 

like to thank the interviewers for their work in the field. Furthermore, we are very grateful for being 

hosted at the International Potato Center (CIP) in Malawi. We would also like to express our gratitude 

towards Concern Worldwide and the Ministry of Agriculture, Department of Agriculture Extension 

Services in Katuli and Mngwangwa for supporting us with conducting the research and mobilizing 

research participants.  

 

SUPPORTING INFORMATION 
Appendix 1 Results for the preference test with OFSP and a control yellow-fleshed 

sweetpotato variety among adults (n=270) and children (n=60) per location.  
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APPENDIX 1   

Results for the preference test with OFSP and a control yellow-fleshed 

sweetpotato variety among adults (n=270) and children (n=60) per location 

 

 
 
 

APPENDIX 2 

Results for the acceptance test with 3 OFSP varieties and a control variety, per area 

and total 
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APPENDIX 3  

Beta-carotene content and dry matter (%) content for the various sweetpotato 

varieties 
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ABSTRACT 
Iron beans are biofortified beans, meaning that the nutritional quality of this crop is increased through 

conventional crossbreeding with higher levels of iron present. Biofortified crops can be used as a 

approach in increasing the micronutrient intake of deficient target groups. Malawi is a high priority 

country for the implementation of iron beans. Two varieties of iron beans were released in Malawi in 

2009, but the adoption of these beans still remains low.  Therefore, this study aimed to get an 

understanding of the barriers and enablers for implementation and consumption of (iron) beans in 

Malawi, focused on households with children. This was assessed by evaluating consumer acceptability 

from a sensory (acceptance test with six different bean varieties) and cultural perspective (focus group 

discussions) and through mapping the views of stakeholders (interviews).  

The results showed that the most important areas of attention include 1) getting the concept of 

biofortification more widely known among stakeholders and farmers/consumers, 2) tackling the 

existing beliefs that could be barriers for consumption and 3) to closely monitor the invisible iron trait 

in the (biofortified) beans available.   

 

Conclusions: To our knowledge, this is the first in-depth study into the barriers and enablers for 

implementation of iron beans and the consumption of (iron) beans in households with children in rural 

Malawi. The qualitative aspect of this study illustrated both the challenges faced and the utility of using 

this type of research to understand them. Taking into account the recommendations of this study could 

further improve the impact and delivery of iron beans to consumers in Malawi. 
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INTRODUCTION 
Globally, two billion people suffer from micronutrient deficiencies [1], which are most prevalent in 

children and women of childbearing age. Deficiencies of iron, zinc, iodine and vitamin A are the most 

prominent forms, especially in developing countries [2]. The malnourished populations are mostly 

living rural and depending on their own crop production for food and income [3]. Therefore, 

agricultural interventions have a strong potential to further improve nutrition indicators since 

agriculture can influence underlying determinants of malnutrition [4]. Biofortification is rooted in 

agriculture since it aims to increase the nutritional quality of crops and can be used as a complementary 

approach next to the other food-based approaches (examples are supplementation, fortification, 

promoting dietary diversity). Increasing the nutritional value of crops can be reached through either 

conventional crossbreeding, hybridization or applying micronutrient rich fertilizers [5]. Biofortification 

is considered a cost-effective and sustainable complementary approach to increase nutritional intake, 

since food crops, once developed, can be disseminated and grown or consumed by the rural target 

population themselves [6]. Examples of biofortified crops are sweet potato, maize, rice, cassava wheat, 

pearl millet and beans. In this chapter, we will discuss the latter.  

Common beans, part of the legume class of vegetables, are an excellent source of proteins, minerals, 

dietary fiber and vitamins [7]. Beans are often referred to as the meat of the poor as they are the main 

protein source for people relying on a plant-based diet, which is the case in rural and poor populations 

[8]. Beans are of higher nutritional quality than for instance maize [9], and are grown both for 

consumption and as a cash crop [8].  Africa is the continent with the second highest production of 

pulses and dry beans, after Asia [10].  From an agricultural point of view, legumes are an important 

group of crops since they are so-called nitrogen fixers. In symbiosis with the rhizobium bacteria the 

plant can fix nitrogen from the air, which leads to increased production and better soil fertility [11]. 

Due to climate change bean growing areas are under threat, and production levels are estimated to 

decrease already by 2030 in Eastern Africa [12].  

Iron beans are biofortified beans and have been developed using crossbreeding, after screening 

available germplasm for iron content and crossbreeding these lines with other lines with favorable 

traits (eg. consumer acceptability, drought resistance, yields) [13]. Different generations of iron beans 

have been developed, current goals for iron content of new bean varieties have been set to 94 ppm, 

aiming for an increase of 44 pm on top of the 50 ppm baseline iron content in conventional bean 

varieties [6]. Iron beans have been shown to improve iron status in Rwandese women over time in an 
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efficacy trial [14]. In addition, the women’s cognitive performance was also improved after consuming 

iron beans for 128 days [15]. 

Since beans are mainly consumed from own production in rural areas [16], sensory and cultural 

acceptability are major aspects and needed for farmer acceptance and consumption in the community 

[17]. Biofortification can result in an altered appearance and sensory characteristics of the crop, due to 

the increased nutrient content. However, in the case of iron beans there is no visible trait and thus 

cannot be discriminated from a non-biofortified variety by sight only [18]. Research studying the 

acceptability of biofortified crops and more specific iron beans shows that they are generally well 

accepted. The level of acceptance depends among others on population segment and nutrition 

information provided [19]. Furthermore, research showed that a good support program in 

dissemination leads to better adoption [19]. Most acceptability studies were done before actual 

implementation of biofortified beans, research on the effectiveness, the acceptability and use of iron 

beans in communities after implementation, has not been published [19].  

The Biofortification Priority Index (bpi) tool has been developed to make investment decisions on 

introduction of biofortified crops and assigns a priority level to each country for the different crops. 

The ranking of countries using this tool is based on iron deficiency prevalence, consumption, and 

production levels of beansfor the iron beans . Malawi has been rated using this tool as top priority 

country for implementation of iron beans [20, 21].  

Iron deficiency can result in iron deficiency anemia when severe, and leads to a loss in health, but also 

economic potential [22]. Iron deficiency is present in 21.7% of preschool children in Malawi and can be 

a cause of anemia, of which 28.2% of all pre-school children are suffering from [23]. Iron deficiency 

anemia is a moderate public health problem in Malawi  according to the WHO guidelines [24]. Costs 

for society caused by iron deficiency and anemia remain high, and results in a weakened workforce in 

a country where over 80% of the population is depending on agriculture for livelihoods [25].   

Beans are an important source of proteins in the Malawian diet, where an average of 7.3 kg per capita 

of common beans per year is consumed. From 2004/05 to 2010/11 the per capita consumption of pulses 

and vegetables and fruits declined (respectively a 22 and 9 % decrease), in urban areas the decline in 

consumption was less (Table 15) [26]. Possible explanations for this drop could be the nutritional 

transition, an increased intake of animal protein, decreasing popularity of beans but also low seed 

availability, drought, and low yields. Agriculture is an important sector in Malawi, with a share of over 

30% of the country’s GDP [27]. Bean yield in Malawi is very low (average 400-600 kg/hectare), about 

25% of the possible yields under ideal circumstances [28]. This can be attributed to low fertilizer use, 
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disregard for appropriate integrated soil management practices, including the use of quality seed of 

improved varieties [29]. 

 

Table 15. Contribution of common beans to the diet of Malawians [26] 
  Quantity g/d Calories kcal/day 

  2004/05 2010/11 Change (%) 2004/05 2010/11 Change (%) 

Average diet 25 20 -22 84 61 -28 
Urban diet 28 28 -2 90 84 -6 
Rural diet 25 18 -26 83 57 -32 
  Iron intake Zinc intake 
  2004/05 2010/11 Change (%) 2004/05 2010/11 Change (%) 

Average diet 1.8 1.3 -26 0.7 0.5 -28 
Urban diet 2.0 1.8 -6 0.8 0.7 -6 
Rural diet 1.8 1.2 -31 0.7 0.5 -32 

 

There is low access to quality seed, where farmers mostly recycle their mixed seed [30]. Therefore, a 

farm input subsidy program was set up by the government, to support vulnerable small-scale famers 

with fertilizer and quality seed at subsidized rates [31]. Still less than six percent of the areas are planted 

with certified bean seed in 2014 (personal communication). As an extra challenge, Malawi is vulnerable 

to climate change [32, 33], which poses an extra threat on production in future and stresses the need 

for improved and more drought tolerant varieties.  

To tackle some of the challenges mentioned, over 30 improved bean varieties have been introduced 

since 1996. The first generation of biofortified iron beans in Malawi, varieties NUA 45 and 59, were 

released by the Department of Agricultural Research Services (DARS) in 2009. Since then seed has been 

produced by government and contracted seed companies to make the seed available in small quantities 

for NGOs, traders, governmental organizations and farmers. The seed has been used in different farmer 

programs and distributed in farmer groups, but it has not been scaled up countrywide until date.   

In this context, a mixed methods study was conducted to get an understanding of the barriers and 

enablers for implementation in general and specifically consumption of (iron) beans in Malawi, focused 

on households with children. This was assessed by evaluating consumer acceptability from a sensory 

and cultural perspective and through interviewing stakeholders. In this way, recommendations for 

future programs promoting biofortified iron bean production and consumption in Malawi can be 

given.  
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MATERIALS AND METHODS 

Ethics statement 

Written informed consents of research participants or caretakers were collected before start of the study 

and all children were asked for their verbal consent. Ethical clearance for this research project was 

obtained from the National University of Ireland Galway Research Ethics Committee (Reference 

16/FEB/07) and the National Commission of Science and Technology in Lilongwe, Malawi (Protocol 

number P.06/16/114.). 

Focus group discussions: study area and study participants 

This research was conducted in Central and Southern Malawi in, respectively, the Mngwangwa 

location in Lilongwe district and Katuli location in Mangochi district. These rural research sites were 

chosen based on their high production levels of sweetpotato and beans, the difference in culture 

(Chewa ethnic group in Mngwangwa and Yao ethnic group in Katuli) and the presence of collaborating 

organizations (International Potato Centre and Concern Worldwide). Participants were identified 

through convenience sampling of 2 existing farmer groups within each location. Participants were 

recruited by either agricultural extension workers or field personnel from the NGO Concern 

Worldwide. Inclusion criteria for participating in the FGD were that they needed to be caretakers of 

children between 2-4 years old. Community health volunteers were identified and recruited by 

agriculture extension workers to join a separate FGD. 

Mngwangwa is situated relatively close to the capital of Malawi, Lilongwe, at a distance of 

approximately 30 km. Katuli lies more isolated behind hills on 60 kilometres from Mangochi, and is 

bordering with Mozambique. Malawi has one rainy season stretching from December to April, 

followed by a long dry season [34]. Both locations can be described as rural areas where over 90% of 

the population is engaged in agriculture activities [35]. Major crops grown in both locations are maize 

and groundnuts, in Lilongwe also Tobacco, beans and soy are important crops. Diets are mainly cereal 

based, in which over 50% of calorie intake is from maize, with Nsima (maizeflour mixed with water) 

as a staple, supplemented with starchy roots (cassava, potatoes), vegetables and beans [36]. Literacy is 

higher in Lilongwe (64.5%) than Mangochi (57.2%).  

Focus group discussions: study measurements 

Our study used in-depth interviews and focus group discussions as major data collection methods, 

food pile sorts and paired comparisons provided additional data. An overview of the FGD is provided 
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in table 16. Four data collectors were trained to conduct the focus group discussions. They were all 

proficient in English and Chichewa and had all completed at least a bachelor’s degree and had previous 

experience in conducting focus group discussions. Written informed consent was obtained from all 

participants.  

Phase 1: In-depth interviews with stakeholders and (potential) implementing partners 

In-depth interviews with fifteen different stakeholders and implementing partners were conducted to 

provide an overview of the primary issues and barriers associated with implementing and adopting 

the biofortified bean varieties. These interviews were conducted in English by the primary investigator 

(Marijke Hummel), with key individuals from collaborating organizations, private sector, multi-lateral 

organizations and NGO’s focused or involved in agriculture-nutrition programming. 

Phase 2: Focus group discussions  

Existing literature, emerging themes from the in-depth interviews and the framework of the integrated 

model of the theory of planned behavior and the health belief model were used to establish the 

discussion points for the focus group discussions [37]. This model has been used before to assess the 

acceptance of different foods. Eight focus group discussions were held with a group size of between 7 

and 10 persons, where each discussion lasted about 1 hour and 20 minutes. The groups were either 

mothers, grandmothers, fathers or community health volunteers, only the community health 

volunteers were mixed gender. The participants were recruited through contacting existing women 

farmer groups with help of the agricultural extension worker in the area. The research team moderated 

the sessions in the local language Chichewa to identify the main barriers and enablers these groups 

perceived for bean production and consumption. Additionally, iron beans were shown to participants 

and discussed, together with a discussion about iron as a nutrient. Two sessions included a pile sorting 

exercise and discussion on food attributes and food differences. For the pile sorting, the thirty most 

consumed food items were brought, and each individual was asked to make groups in the way they 

felt made sense and this was noted and discussed with the participant. The food attributes and food 

differences sessions were done plenary, and participants were asked to compare foods and describe 

differences between the two and explain what the foods were meaning to them. 
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Table 16. Overview of data collection methods used for qualitative analysis 

Type of FGD Number of 
FGD 

Number of 
participants FGD 

Food 
attributes 

and 
differences 

study 

Pile sort 
study 

Mothers 4 33 24 24 

Grandmothers 1 7   
Fathers 1 9   

Community health 
volunteers 2 15 

  

Total 8 64 24 24 
 

Focus group discussions: method of analysis  

In depth interviews were all summarized by the PI. All focus group discussions were recorded in local 

languages, translated into English and transcribed. The analysis of the transcribed focus group 

discussions was done using a codebook created by the primary investigator. Codes were generated 

using a grounded approach and matched with attributes within the integrated model of the theory of 

planned behavior and the health belief model. This was all logged in the DeDoose qualitative data 

computer software.  

Sensory evaluation: study area and study participants 

The sensory evaluation was conducted in June 2015 in two different areas in Northern and Central 

Malawi, divided over three different communities. All communities can be described as rural 

communities, where people mainly rely on subsistence agriculture.  Chosen areas were identified as 

major bean growing areas and the presence of farmer groups of Concern Worldwide and Catholic 

Relief Services.  

Six bean varieties (Phaseolus Vulgaris L.) were selected to be included; two recently released varieties; 

NUA 45 and NUA 59 and three locally most used varieties (found in an earlier survey, not published), 

Phalombe, Kalima and Kholopethe. The last variety included was the best marketable variety, but not 

widely grown or adopted in this area: the Kabalabala bean. All varieties used for the study were 

purchased on local markets or from farmers growing the beans in one of the areas researched and were 

beans harvested in the last rainy season. In Table 17 and Figure 11 an overview of the different bean 

varieties is given. 
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Table 17. Overview of tested bean varieties 

Local Name Genotype Used in 
community? 

Seed color 

Kabalabala UBR 92 (25), Haricot 
(Navy) bean 

No White, small seed 

Kholopethe Sugar 132, Sugar bean Yes Brown mottled, medium 
seed 

Kalima/ Napilira Calima Yes Red mottled, medium seed 
NUA 45 Calima No Red mottled, medium seed 
NUA 59 Calima No Red mottled, medium seed 

Phalombe Common red kidney bean Yes Red, big seed 
    

Sensory evaluation: study measurements  

Enumerators were trained, and a pre-test was done to see whether the questions were clear to 

participants. A double blind color-coded randomized survey was set up to assess the preferences of 

the participants for the different varieties. A randomization schedule was made using the RAND() 

function in Microsoft Excel. Five different attributes/terms were used to describe these preferences; 

color, smell, broth thickness, chewiness of the bean and taste. These attributes were chosen based on 

other literature [38, 39]. Samples were served in separate closed containers and were between 30-40 

grams of cooked sample. Participants were asked to rinse their mouth with water after each sample. 

All participants were interviewed in Chichewa by trained enumerators. A five point- facial Likert scale 

was used by participant to rate the samples. For the survey, both adult men and women were included. 

As a starting point already established women groups were invited to participate, and these women 

were invited to also bring over their husbands and other friends.  A sample size of over 60 participants 

is needed in hedonic testing to be able to find a significant difference between varieties which is 

representative of the target group [18]. Therefore, in 3 sessions as many men and women as was 

logistically possible were asked to participate.  



Chapter 5 

 135 

 

Figure 11. Picture of the included six bean varieties. Starting up, left to right: 1: NUA 45, 2: NUA 59, 3: 
Kalima, 4: Phalombe, 5: Kabalala, 6: Kholophete (Author’s picture) 
 

Iron and zinc analysis 

Samples used for mineral analysis were retrieved from the sensory evaluation, the beans were bought 

in local markets or from farmers directly. Beans were cleaned three times using MilliQ water after 

which they were dried using a cloth. Samples were kept in a cool and dark room until further analysis.  

X-ray Fluorescence spectroscopy (XRF) analysis was performed at the Nutrition lab of the International 

Centre of Tropical Agriculture (CIAT) based in Cali, Colombia. Exact methods are described in Guild 

et al. [40]. Inductively coupled plasma mass spectrometry analysis (ICP-MS) was performed at Flinders 

University, Australia. Seed samples were irradiated at 50kGray (5Mrad) for sterilization prior to release 

into Australia. Seed samples were ground using a Retsch Mixer Mill MM 400 fitted with ZrO grinding 

jars and balls (Retsch GmbH & Co KG, Haan, Germany). Digestion was performed using the method 

of closed-tube digestion [41].  
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Statistics 

Data from the sensory evaluation for the five individual attributes were treated as ordinal data. Non-

parametric tests were used to analyze the differences between location and varieties. The Kruskal-

Wallis test was used for location testing, and the Wilcoxon signed-rank test was carried out to assess 

differences in single attributes. The overall mean hedonic liking was calculated as the average of all 

attributes assessed. Statistical tests were two-tailed and p-values <0.05 were considered statistically 

significant. All statistical analyses were conducted using SPSS (version 23.0.0.2, ICM Corp. Released 

2015) for Macintosh. 
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RESULTS 

(Potential) stakeholders and implementing partner views on iron beans 

Stakeholders in nutrition and agriculture were interviewed and asked about their views on the 

implementation of iron beans in Malawi. The majority of stakeholders interviewed, were not directly 

related to the development and production of iron beans, and not aware of the existence and meaning 

of biofortification or iron beans. There is a lack of knowledge and a need for better understanding of 

the term. It was mentioned that ‘Biofortification sounds like fortification, which suggest the crop is modified, 

but I understand it is not’. Other actors producing seed or working with the biofortified varieties 

mentioned that a more common name in local language would make it easier to promote. Currently 

the variety name (either NUA 45 or NUA 59) is mostly used. Seed companies can come up with their 

own names, but to gain popularity it is not desirable to get a situation with several names for the same 

variety according to several stakeholders.  

Another topic that needed clarification with interviewees was on the leaders of this initiative and who 

is responsible for the implementation. Research and development of these biofortified varieties is led 

by The International Centre for Tropical Agriculture (CIAT) who have access to different biofortified 

varieties and tests these genotypes for suitability in the test-fields. The department of Agricultural 

Research Services (DARS) is responsible for the process of variety release in Malawi, and leading the 

production of high quality basic seed. Since DARS does not always have capacity to produce sufficient 

quantities of seed, they contract private companies to produce for them. These companies sell part of 

the seed produced to NGO’s who are using this seed to supply farmer(groups)s. There is always a high 

demand for this high-quality seed, and there is not enough high-quality bean seed available in Malawi. 

In the case of biofortified beans for many organizations the willingness to work with biofortified 

varieties is there, but quantities of seed available are still too low.  

A major advantage of iron beans mentioned by stakeholders, is that these would be easily integrated 

within existing programs. Agricultural focused programs are increasingly including a nutrition 

component. However, there remains a need for a clear and holistic extension and promotion message, 

including the different benefits from a nutritional and agricultural viewpoint of these beans. It was 

mentioned that if the message is too focused, this can have drawbacks, when farmers and/or consumers 

will only use it for the purpose promoted. Problems regarding implementation foreseen are mainly 

around the visibility of the iron trait, since it is not possible to discriminate a non-biofortified variety 

from a biofortified bean. 
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Focus group discussions results  

Socio economic and demographic characteristics of the FGD participants 

Participants of focus group discussions were mostly women (77%). Most mothers attended primary 

school (71%), where 23% of this group did not attend any education. Over half of the fathers (56%) did 

not attend any education, the rest of this group finished primary school (44%). Average household size 

for all FGD participants was 5-6 members. Almost half of the mothers (48%) indicated that their main 

household income came from farming, for the group of fathers this was 89%. 

Several perceptions, barriers and enablers regarding (iron) bean consumption for children were 

identified during the focus group discussions. Differences in responses between the target groups 

existed, but the results summarized here contain the synthesized, most prominent themes unless 

otherwise specified.   

Beans in the diet/frequency  

Frequency of beans consumption was ranging from one time per week to consuming beans every day, 

depending on the time of the year and the growing seasons. Where in most cases farmers have one 

growing season, in areas with wetlands beans can be planted and harvested up to three times a year. 

During times when own production is not possible or available, beans are scarce, both due to low 

availability in markets and affordability. Beans are also regarded as a good cash crop and provide a 

source of income. Beans are mostly prepared in the morning and need several hours to cook and 

therefore consumed mostly during lunch or dinnertime. Beans are mostly eaten without additions or 

prepared as a relish, mixed with cooking oil, onions and tomatoes. Different types of beans have 

different colors, and each type of beans also comes a different smell. Thickness of the soup is also an 

important attribute, where a thicker soup is preferred. Participants prefer red varieties, since they have 

a good taste and strong smell. Beans were preferred over pigeon peas, but not as nice as rice or sweet 

potato. 

Barriers and enablers for bean consumption & production 

Beans are seen as a healthy and nutritious food and tasting nice. Several times it was referred to as a 

good stomach filler, especially in times when other foods are not available in the household. A 

recurring health problem mentioned in the discussions related to the consumption of beans, were eye 

problems. Eating beans frequently could result in bad eyesight according to participants. Therefore, 

community health volunteers advised their community to not consume beans if having eye problems. 
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This was sometimes related to consuming white or black beans only, but not in all cases. Also, people 

with stomach problems and/or ulcers were not supposed to eat beans, as these could aggravate the 

situation, according to participants. Children of 2 years of age are too young to eat beans as a whole, 

according to the participants. However, eating these mashed, only the soup or bean flour added to the 

porridge were several options for a child to consume.  

From a sensory perspective, participants mentioned that bean varieties that have a good smell and are 

cooking well, are favorable. Beans with a tough skin need more cooking and are also not preferred 

because of the taste. It was mentioned several times that the taste of eating beans feels like eating meat, 

and since meat is often not accessible for the household, a good replacement. However, all participants 

prefer to consume meat over beans. Problems with bean production were a barrier for accessing beans 

for consumption, due to having little or no harvest over the last years. The main reason for this were 

the erratic rains, but also scarcity of seed and low soil fertility were a contributor to low production, 

according to participants. 

When asked about decision-making within the household, women indicated that food was most often 

bought by themselves, whereas men indicated they were in charge of this. It was indicated that men 

are mostly responsible for buying more expensive foods (meat, fish) and women will buy vegetables if 

there is no money available for more expensive foods. For cooking both women and men indicated that 

women are responsible for cooking. The decision on what to cook is mostly based on what food items 

are available and is sometimes based on a joint decision with the husband and/or children.  

Mothers are taking care of most caring tasks of the children, especially for feeding. When the mother 

is not available, the father, other siblings and grandparents are helping out.  

Lack of knowledge on iron among participants 

Iron status was referred to in the discussion as having more or less blood, the mineral was not known 

by participants, possibly because there is no literal translation in the local language Chichewa. It was 

acknowledged that having less blood could cause problems, and this resulted most in a pale skin, 

weakness and swelling up. Having enough blood is noticed when people are in good health. 

Vulnerable groups mentioned were pregnant women, children and elderly. When the groups were 

asked if they thought their children were at risk of iron deficiency, they all, except one group, felt this 

was not a problem. They did not see their child suffering from any of the symptoms mentioned, and 

see their children as healthy, shown by the child being happy, active, and playing well. Different food 

sources of iron were identified, but meat was only in one group mentioned as a good source of 
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minerals. Sources that were mentioned most frequent were dark green leafy vegetables, avocado 

(leaves), and tomatoes. Beans were only mentioned twice. 

Enriched foods and biofortified beans 

Adding nutrients to food was mostly understood when asked: ‘do you know any foods where 

minerals/vitamins are added?’. Examples given by participants were cooking oil, iodized salt, milk and 

margarine. Biofortified foods were not known by participants, therefore the term was explained to 

participants as: ‘Have we ever heard of crops (here: beans) with added minerals which help in eg. blood supply. 

We mean food crops that you grow, not the ones you buy in the shop?’   

Iron beans were not known by the above explantion among participants. When iron beans were 

presented, participants did relate the beans to other bean varieties they liked. In Mangochi they were 

related to the Kachiyata variety (A Mozambiquan variety), and in the Lilongwe to CARE beans. Iron 

beans were mostly positively commented on, based on the characteristics of the lookalike variety they 

know. Most frequent responses recorded were that the type of beans taste nice, cooks fast and has a 

sweet aroma. Furthermore, the participants said these beans are healthy, give energy, contain vitamins 

and add blood to the body. Most participants would eat them often. It was also mentioned by one 

group that the leaves are delicious as well. According to the participants the best ways to promote the 

iron bean varieties was by making the seed available to the community and educating about the right 

way of growing and consuming. It was suggested that seed could be passed on between the different 

community members themselves. Health workers, extension workers, and the chief can help by 

organizing meetings to spread these educational messages in the communities on the benefits of the 

crop. Other channels of promotion mentioned were through a drama, posters and demonstration 

gardens.  
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Sensory evaluation  

In total 125 adults participated in the acceptance test of six different bean varieties, mostly women 

(76%), who consumed on average between 2-4 times beans in the week before the evaluation (66%). 

Mostly, beans are eaten as a relish (82%), mixed with cooking oil, spices, onion and tomato. The most 

important source of beans is from own consumption (83%). More characteristics can be found in Table 

18. 

 
 
Table 18. Characteristics of sensory evaluation participants broken down per location 

Location Chitikula Kavikula Mkuta Total 
n 44 33 48 125 
Female (%) 30 (68%) 24 (73%) 41 (85%) 95 (76%) 
Age (SD) 34.9 (10.3) 44.5 (13.5) 40.9 (15.5) 39.8 (13.9)      
Frequency consuming beans last week 

   

Every day 2 (5%) - 1 (2%) 3 (2%) 
5-6 times - 3 (9%) 4 (8%) 7 (6%) 
2-4 times 26 (59%) 22 (67%) 34 (71%) 82 (66%) 
1 time 12 (27%) 5 (15%) 5 (11%) 22 (18%) 
Not consumed 4 (9%) 3 (9%) 4 (8%) 11 (9%)      

Preparation of beans 
    

Plain 18 (41%) 2 (6%) 2 (4%) 22 (18%) 
Tomato/Onion/oil/spices 26 (59%) 31 (94%) 46 (96%) 103 (82%)      

Major source of beans 
    

Homegrown 42 (96%) 27 (82%) 35 (73%) 104 (83%) 
Purchased 1 (2%) 6 (19%) 13 (27%) 20 (16%) 
Gift 1 (2%) - - 1 (1%) 

 

An acceptance test was performed to investigate the difference in liking between the six selected 

varieties for five different attributes (results in Table 19). The mean of the five attributes was calculated 

to reflect the overall liking. There was no significant difference between the liking of the color of five 

out of the six varieties (median 4), except for the white Kabalala variety which was rated significantly 

lower (median 3).  

Broth thickness of the Phalombe and Kalima variety were liked best by the participants with a median 

score of 4. For the attribute taste, Phalombe was the highest scoring variety (median 5), whereas 

Kabalala was rated lowest (median 3), both were significantly different rated from the other varieties. 
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The smell of the varieties Phalombe and NUA 45 (median 4) were significantly preferred over the other 

varieties (p<0.05), whereas the Kabalala and Kholophete scored with significant difference lowest 

(median 3, p<0.05). The texture of Phalombe, Kalima and NUA 45 were highest evaluated (median 4). 

Overall liking of the six varieties was between 3.01 (Kabalala) and 3.98 (Phalombe). Location 

differences were found for the attributes broth thickness, taste and overall liking for the variety 

Kabalala. Kabalala was rated with a median of 2 in Mkuta for both attributes, whereas in Chitikula and 

Kavikula a median of 4 was given. For broth thickness in Mkuta the variety Phalombe was rated high 

(median 5), whereas in Chitikula and Kavikula respectively a 4 and a 3 were medians. Also, overall 

liking was higher on average for Phalombe (average 4.25) in Mkuta, and lower for Kabalala (average 

2.70) than in the other two locations (respectively 3.89 and 3.71, and 3.10 and 3.33).  

 

 
Table 19. Acceptance test results of six bean varieties among 125 adults in three different areas in Malawi 

  Color 
Broth 

thickness Taste  Smell Texture 

Overall 
mean 

hedonic 
score 

    Median Median Median Median Median Average 
Total    
n=125 Kabalabala 3a 3a 3a 3a 3a 3.01 (1.12)a  

 NUA59 4b 3a 4ab 3b 4a 3.44 (0.91)b 

 NUA45 4b 3a 4b 4bc 4b 3.60 (0.88)b 

 Kalima 4b 4ab 4b 4b 4ab 3.55 (0.91)b 

 Kholophete 4ab 3a 4ab 3ab 4a 3.39 (0.98)b 
  Phalombe 4b 4b 5c 4c 4b 3.98 (0.91)c 
Location effect p-value p-value p-value p-value p-value p-value 

Differences 
between 
locations 

Kabalabala 0.05 0.01* <0.001* 0.67 0.99 0.05* 
NUA59 0.21 <0.001* 0.89 0.14 0.12 0.04* 
NUA45 0.06 0.30 0.79 0.88 0.89 0.70 

 Kalima 0.89 0.11 0.50 0.72 0.06 0.50 

 Kholophete 0.64 0.18 0.77 0.76 0.91 0.74 

 Phalombe 0.32 <0.001* 0.12 0.38 0.06 0.02* 
* significant difference in liking between the three locations.  Medians/averages that do not 
share the same superscript in the column differ at p<0.05 

 

  



Chapter 5 

 143 

Mineral content of beans  

Table 20 gives an overview of all XRF and ICP-MS results for iron and zinc content of the beans 

included in the sensory study. Iron levels range between 57 - 84 ppm, whereas zinc levels range from 

23 - 29 ppm. The variety with the highest iron level is Kabalala (84 ppm), whereas Kholophete contains 

the highest level of zinc (29 ppm). Correlations between ICP-MS results and XRF are r=1.05 for iron 

and r=1.08 for zinc.  

  

 
Table 20. Iron and zinc content for the six bean varieties used in the acceptance test 

  Fe (XRF) Fe (ICP-MS)) Zn (XRF) Zn  (ICP-MS) 

 
ppm ppm ppm ppm 

Kabalala 88.6 (0.9) 83.7 27.3 (0.3) 25.7 

Kalima 57.1 (0.4) 57.2 26.4 (0.7) 23.1 

Kholopethe 70.5 (0.1) 69.0 28.9 (1.1) 28.6 

NUA 45 67.6 (0.3) 69.1 22.6 (0.7) 22.7 

NUA59 67.9 (0.8) 66.8 27.2 (1.2) 25.6 

Phalombe 57.7 (0.3) 56.6 27.4 (1.0) 26.0 

Method of analysis is given in parentheses in the header. Values are reported as mean (Standard deviation). For 
the ICP-MS no standard deviations are available . Analysis based on dry matter of raw dry beans. 
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DISCUSSION 
To our knowledge, this is the first paper researching and summarizing the barriers and enablers for 

implementation of (iron) beans in Malawi and the consumer acceptability in households with young 

children in Malawi. The results of this study highlights the variety of barriers and enablers identified 

by stakeholders, farmers and consumers and shows the benefits of using qualitative methods to get a 

better feel for the root causes of possible barriers for acceptance.  

 

From the stakeholder interviews, we found that overall stakeholders have an interest in learning more 

about biofortified crops while having reservations on some aspects of the approach, mostly because 

the concept is not known. Also, the importance of a leading organization to promote biofortification 

was mentioned by different stakeholders. In a review of evidence from HarvestPlus it was also 

mentioned that multi-stakeholder platforms are crucial to scaling up the early uptake [6]. These 

platforms should consist of many of the stakeholders interviewed, including the private and public 

sectors. Also, three critical elements were mentioned in this review for biofortification to reach its full 

potential; Supply, policy and demand. This encompasses supply in terms of sufficient knowledge on 

breeding for high minerals and enough planting material. Secondly, policies should explicitly mention 

biofortification as an approach to combat malnutrition. In Malawi, biofortification has been recognized 

in the strategy to end malnutrition by 2025. The third element, the need for demand, is created by 

consumers; in both rural and urban areas, who see the value of the biofortified staple crops and are 

willing to consume these. 

From the focus group discussions, we found that in general the knowledge of mothers on iron, sources 

and recognizing iron deficiency in their kids was limited. These findings can be discussed using the 

Health belief model, a behavior change model that is used to explain and predict the likelihood of 

performing health-related behaviors [42]. The components ‘perceived susceptibility’ and ‘perceived 

severity’ score low since almost all most mothers did not see any problems with iron deficiency in their 

children, but on the other hand mothers did understand the benefits of having enough iron (‘perceived 

benefits’).  

Beliefs of eye problems due to consuming beans are ‘perceived barriers’ that could lead to a lower 

chance of accepting and for the parents to let their child consume beans. It is not clear where these 

beliefs are based on, or where these stories originate from.  
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In general, focus group participants were very positive about adopting iron beans, however receiving 

these beans and learning about the benefits were essential according to participants to be able to serve 

the beans to their children (‘cues to action’). 

 

Our acceptance test revealed high scores for all bean varieties (scores >3), which indicates that all of the 

bean varieties are accepted by the 125 adult participants of this test in rural areas of Malawi. Although 

all varieties received a score between 3-4, there was a significant lower liking of the Kabalala variety, 

whereas the Phalombe variety was liked most. For the Kabalala variety the difference in liking between 

locations could be explained by a different appreciation of the taste of this variety, as this was the only 

attribute that showed significant differences in rating between locations. The white, small seed sized 

variety was least liked (Kabalala), possibly because of its size and also because it was linked in the 

focus group discussions to causing bad eyesight (white beans in general). The red, large sized bean 

variety was most liked (Phalombe), this was also concluded from the focus group discussions as the 

most preferred variety. The bigger sized varieties (amongst others Phalombe) are also more expensive 

on the markets and therefore could have a higher liking. This was shown in a study in Tanzania, that 

showed a higher premium was paid for large sized beans [43]. The differences in liking between 

locations of the Phalombe variety could only be explained by the attribute broth thickness. All Calima-

type varieties (NUA45/59 and Calima) were rated similar in each location for the different attributes. 

In the focus groups it was also mentioned that a thicker soup was preferred. The broth thickness of 

both the Kalima variety and Phalombe variety were preferred.  

The biofortified varieties, NUA 45 and NUA 59 are not significantly different rated for overall liking 

compared to most other varieties (except for Phalombe and Kabalala). This is positive for further 

dissemination, where based on agricultural characteristics further promotion can be done based on 

other possible favorable traits of these beans (beyond the scope of this study). 

To our knowledge no acceptance test on different bean varieties in Malawi have been published. 

However, a small study among 74 beantraders showed the most demanded bean type in the market 

was Phalombe (63.5% agreed) [44].   

Strong points of this acceptance test were that we used an ordinal scale in combination with the 

appropriate test for non-parametric statistical analysis [45]. Mean difference testing of single Likert-

items is more a function of the total sample size rather than the attitude of the respondents, leading to 

false results followed by incorrect conclusions [46]. Furthermore, for this test a 5- point Likert -scale 

was used instead of a more elaborate 9-point Likert scale which could have shown smaller differences 
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between varieties. The 5-point scale was chosen since the majority of participants was illiterate. The 

combination of numbers, with pictures of checks and crosses and smiley faces gave options to the 

respondents to choose which scale was most clear to them. Interviewers were instructed to check with 

a control question whether respondents were able to understand the scale. Due to the high illiteracy 

rates, it was not possible to let people fill out the questionnaire themselves. Therefore, all interviews 

were performed by trained interviewers. The setting of the test was following the principles of central 

location (eg. in a school, community building or church) testing [47]. It was tried to give people as much 

privacy and time as was logistically possible.  

The mineral analysis showed that the iron content of the varieties marked as biofortified (NUA 45 and 

NUA 59) had an average iron level of 68ppm and were lower than the target level (94 ppm) set by 

HarvestPlus for iron beans.  The “gold standard” for mineral analysis of plant samples is to use ICP-

OES, which is an expensive and labour-intensive method which can only be used for a limited amount 

of samples[48]. Recently a quicker and cheaper option has been developed by HarvestPlus using XRF. 

This method can process larger amounts of samples and does not require preprocessing [40]. The 

correlation between the two methods was high for our samples and XRF thus can be considered as a 

good option with lower associated costs as was suggested before in literature [40].    

All mineral analyses of the bean seeds had to be done outside Malawi. The difficulty of measuring very 

low levels of minerals, which requires to use sensitive, expensive equipment and technical staff as 

described before which is not available in the country. This poses serious challenges in monitoring the 

biofortification trait, as was also shown in this study. The ‘biofortified’ varieties were bought from 

reliable traders, but analysis did not show the high iron levels in the beans.  

This also leads to a concern when implementing these beans on a wider scale. Since there is no visibility 

trait, there is currently no quality control possible within Malawi which can unintentionally lead to a 

decreased impact of these beans, but also intentional fraud will be easy. A clear strategy has to be 

developed before these beans can be disseminated further. HarvestPlus suggests that the primary 

approach has been to gain market share for the biofortified bean varieties for their superior agronomic 

and consumption qualities and not necessary the iron trait alone [6]. As the Malawian market is slowly 

evolving and there is a lack of quality bean seed this option should not focus on the traditional agro-

dealers when dissemination at a large scale is the goal. Farmers do recycle seed and trade within their 

own informal seed networks and the most effective approach to promote and a high adoption among 

farmers should be researched extensively to create an effective strategy.  



Chapter 5 

 147 

In table 21 an overview of the barriers and enablers from both the stakeholder and household 

perspective on the implementation, production and consumption of iron beans can be found. A variety 

of different barriers will need to be taken into account to make implementation more successful in 

Malawi. Experiences from two other countries (Rwanda and DRC Congo) where iron beans have been 

implemented and adopted on a large scale can also help to tackle some of the barriers identified in our 

study [49]. Examples are the use of payback systems where farmers produce seed and return it under 

a scheme to increase the bean seed production and introducing a wide variety of different iron beans 

in terms of color and seed type to serve preferences of consumers in different areas.  

 

 
Table 21. Overview of results: barriers and enablers identified for stakeholders and households 
(production and consumption) when implementing iron beans 

Topic  Barriers Enablers 
Stakeholders - 
Implementation 

No local names of the varieties 
No understanding of the terms 
biofortification/ iron beans 
No clear promotors/ leaders of 
the initiative in Malawi 
Low capacity of producing high 
quality seed 
 

Easily implemented through existing 
agricultural programs 
Broad target groups 

Households – production Lack of access to seeds  
Recycling of bean seeds  
Problems with producing beans  
 

Cash crop 
 

Households – 
consumption 

Low availability in markets in 
low season 
Expensive to buy  
Beliefs on negative health effects 
of beans (especially black/white 
beans)  
Decreasing trends in 
consumption of beans  
Limited knowledge on iron 
sources   
 

Part of the diet, consumed >1 serving 
per week on average 
Familiarity with the type of beans that is 
biofortified 
Overall liking of beans is high 
Most beans consumed are homegrown 

 

The generalizability of the results of this study to other locations in Malawi should be done with caution 

and with the following remarks. Combining results from the focus groups and the acceptance test show 

a preference for the same type of beans in the areas we studied, thus we do expect similar results in 

similar age group and context within other rural settings in Northern/Central Malawi. Different ethnic 

groups in Southern Malawi might have different preferences for the types of beans as this area was not 
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part of this study. Also, very specific beliefs as found in focus groups might differ among different 

locations (specific health effects of beans for example).  

One of the strengths in this study was the respondent’s diversity, represented by mothers, fathers, 

grandmothers and community health volunteers. This gave a good reflection on the community 

knowledge of the topics reflected on. There were also some methodological challenges in our study 

that we would like to address. First, data triangulation is a commonly used method to increase rigor 

and trustworthiness in qualitative studies where multiple methods or data sources are used to develop 

a comprehensive understanding of a certain phenomenon [50, 51]. Although in our study we used 

multiple methods to research the acceptability of iron beans, we think our methods could be improved 

by using the used methods in the same group of participants, which was not the case in this study and 

which could have given a more comprehensive view on the different topics addressed in this study. 

Another improvement could be made through focusing the research question more on one aspect (eg. 

acceptability or agricultural characteristics), as we felt the information retrieved for this study was very 

broad and therefore not always specific enough, but this was due to the fact that this study was part of 

a broader research study.  

The relatively small sample size in the qualitative part of this study could have constrained our ability 

to examine the intracultural diversity [52]. This means that the results here are presented are central 

tendencies, but there is no easy fix to prevent overgeneralizing. It is clear from our results that there is 

a diversity in for instance the level of nutrition knowledge. These differences should be examined in 

greater depth in future studies in a way that also the consequences of these differences for the 

implementation of biofortification programs become clear.  

Lastly, sampling of participants was not solely random and based on farmer groups and central 

location testing where we relied on extension workers to identify and invite people in the different 

target areas using our instructions for selecting within inclusion criteria a diverse sample. Although 

we felt that this has not affected our outcomes, we cannot rule out the possibility that to some extent 

selection bias might have influenced the results.  
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Recommendations for implementing iron bean programs in the Malawian context 

• Inform and explain the concept of biofortification and iron beans to all related stakeholders.  
• Make the leaders, project partners and supporters of biofortification in Malawi known.   
• Develop a local name for the different varieties of iron beans in cooperation with 

stakeholders/consumers. This also helps with marketing the different varieties.  
• Iron beans should be implemented as part of a multi food approach and integrated in other 

agricultural programs where possible.  
• Nutrition education on the need for iron and dietary iron sources need to be improved. This 

could be done through either the health surveillance assistants or in combination with 
agricultural messaging when promoting iron beans through the agricultural extension system. 

• Information provision to consumers remains important, but it is important to decide how to 
focus the message: only based on agronomic characteristics or also focused on nutritional 
benefits? 

• Most preferred type of beans are red and large sized. White or black beans should be avoided 
as these are linked to negative health consequences by respondents.  

• A monitoring system should be set up to ensure biofortified beans have high iron levels. This 
should possibly include a collaboration with a lab that is able to measure micronutrient content 
using XRF in a relatively short time.  

 

Future research should be set up to create a workable system for monitoring iron levels of the existing 

varieties and to clear up the reasons for the low iron levels found in the beans in this study. Monitoring 

has shown to be crucial, as varieties tested in study were not classified as biofortified varieties based 

on their iron content. Following from this it should be further defined how to deal with the invisible 

trait in terms of marketing the bean seed and distinguishing these from conventional varieties. 

For this study the participants were not exposed to biofortified beans before. It would be interesting to 

follow up on how people already working with and consuming the new varieties would adopt these, 

to understand more about the barriers and enablers formed at a later stage.  

 

CONCLUSIONS 
In summary, the results showed a wide variety of possible barriers, enablers and the necessity of 

qualitative research in understanding the underlying reasons better. Areas of attention include 

amongst others the existing beliefs that could be barriers for adoption, monitoring the invisible iron 

trait in the beans and getting the concept of biofortification known among stakeholders and 

farmers/consumers. Overall beans are widely consumed and are a substantial part of the diet. Taking 

into account the recommendations of this study could further improve the impact and delivery of iron 

beans to consumers in Malawi.  
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Biofortification has shown to be effective in increasing the nutritional intake of vulnerable target 

populations. In this thesis we presented research on three key elements around the development and 

delivery of biofortified crops to further improve the nutritional impact: climate change, retention and 

acceptability. The overall aim was to present findings that could further improve the nutritional 

impact of biofortified crops. Many different disciplines are part of the development and delivery 

phase when developing biofortified crops. Knowledge gaps that are addressed in this thesis are: Can 

biofortified iron beans overcome the future climate scenarios that are predicted? How does drought 

potentially influence the nutrient content of beans? What is the mineral retention of low phytic acid, 

biofortified and conventional beans? What is the acceptability of biofortified crops in terms of cultural 

and sensory acceptability in Malawi? In order to fill these knowledge gaps, these questions were 

studied for the crops of interest: beans and orange-fleshed sweetpotato.  

This chapter summarizes the main findings of the research and discusses the main findings in a 

broader context. The chapter finishes with implications of our research for further development of 

biofortified crops and directions for future research. The main findings of this thesis are summarized 

in Table 22.  

Chapter 2 demonstrates by crop modelling that the majority of current common bean growing areas 

in south-eastern Africa will become unsuitable for bean cultivation by the year 2050. Furthermore, it 

was demonstrated through a field trial in a climate analogue site for future predicted drought 

conditions that there will be reduction in yields of available common bean varieties. Analysis of the 

nutrition and antinutritional compounds revealed that iron levels in common bean grains are 

reduced under climate-induced drought scenarios, therefore future beans servings by 2050 will likely 

have lower nutrition quality, posing challenges for ongoing climate-proofing of bean production for 

yields, nutritional quality, human health and food security. 

Chapter 3 describes the results of a retention study, where two different household recipes (boiled 

and refried beans) were prepared using biofortied, lpa and conventional beans. We found that 

retention was higher among the conventional and biofortified beans. Lpa varieties had very low 

phytate levels and a much lower retention of zinc compared to the other two groups of beans. 

Furthermore, pre-soaking beans significantly reduced the amount of phytates and zinc after 

processing. Nevertheless, soaking is recommended as it decreases the phytic acid levels with an 

average of >10% and could thereby potentially improve the bioavailability level. Our research 

showed that biofortified refried beans contribute most to the EAR when a standardized portion is 

consumed. The effect of the extremely low mineral:phytate ratios that were found in the lpa beans on 
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bioavailability of minerals in humans remains to be clarified. Combining the lpa and biofortication 

trait could potentially further improve the nutritional impact of consuming beans.   

The last key element that was studied for this thesis was acceptability of biofortified crops for which 

both the acceptability of iron beans and orange fleshed sweetpotato was studied in rural areas in 

Malawi using a mixed method approach.  

In Chapter 4 the acceptability of OFSP among households with children in rural areas in Malawi was 

assessed. Sensory acceptability showed a preference for the control variety (yellow fleshed variety) 

over the OFSP varieties; however, all varieties were accepted. Cultural acceptability showed that 

especially the subjective norms and attitudes toward behaviour were best predictors for the 

caretakers’ behaviour in this context. Almost all caretakers had the intention to prepare the orange 

fleshed sweet potato for their children. Considering both cultural and sensory acceptability can 

improve the impact of biofortified crops in future programming.  

Chapter 5 describes a study that aimed to get an understanding of the barriers and enablers for 

implementation and consumption of (iron) beans in Malawi, focused on households with children. 

This was assessed by evaluating consumer acceptability from a sensory (acceptance test with six 

different bean varieties) and cultural perspective (focus group discussions) and through mapping the 

views of stakeholders (interviews). The results showed that the most important areas of attention 

include 1) getting the concept of biofortification more widely known among stakeholders and 

farmers/consumers, 2) tackling the existing beliefs that could be barriers for consumption and 3) to 

closely monitor the invisible iron trait in the (biofortified) beans available. Taking into account the 

recommendations of this study could further improve the impact and delivery of iron beans to 

consumers in Malawi. 

The most important methodological issues for the individual chapters have been highlighted in the 

discussion part of the chapters itself. In addition, we would like to discuss the scope and 

generalizability of this research.  

The scope of this research highlights only three of the key elements of development and delivery of 

biofortified crops. We do acknowledge there are many more topics that need to be studied, but due 

to budget and time constraints could not be taken into account. The chosen key elements highlight 

the variety of topics and the complexity and interrelatedness between some of the topics. 

Three of the chapters included in this thesis specifically focussed on Malawi which is one of the 

highest priority countries for the implementation of biofortified crops. However, the findings from 

all chapters show specific methods that can also be applied in other settings.   
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Table 22: Summary of the research key findings 

Chapter Objectives Key findings 
2 
Climate 
modelling 
and 
fieldtrials 

To assess the impact of climate 
change induced changes in heat and 
precipitation in 2050 on the 
suitability for cultivation of common 
beans in Eastern Africa 
 
 

• Common bean cultivation suitability differs 
across location, within each country 
dependent on changes in temperature or 
precipitation. 

• Iron levels in bean grains decrease under 
climate induced drought conditions.  

• Zinc, lead, protein and phytic acid levels 
increase under climate induced drought 
conditions.  

• Under climate induced drought scenarios, 
future bean servings will have lower 
nutritional quality 

3 
Lab study 

To assess retention of iron, zinc and 
phytates in conventional, biofortified 
and low phytate beans after soaking, 
boiling and refrying beans 

• Soaking does not influence the iron retention 
but does lead to a lower retention of zinc and 
phytates after processing. 

• Retention of zinc is significantly lower in the 
lpa varieties of beans. 

• Biofortified beans have the highest 
contribution to the EAR of iron per portion 
(44%). 

• Combining the low phytate and 
biofortification trait through crossbreeding 
could lead to a higher nutritional impact of 
iron beans  

4 
Mixed 
methods 

To assess the cultural and sensory 
acceptability of orange-fleshed 
sweetpotato among households with 
children (0-5 years) in Malawi 

• From a sensory perspective all OFSP varieties 
are accepted, but there is a preference for the 
control variety over the OFSP varieties.  

• From a cultural perspective subjective norms 
and attitudes toward behaviour were the 
major predictors for caretaker’s behaviour to 
prepare OFSP for their child. 

• Considering both cultural and sensory 
attributes when introducing a biofortified 
crop can influence the acceptability of 
varieties and consumption amongst 
households with children. 

5 
Mixed 
methods 

To understand the barriers and 
enablers for implementation and 
consumption of (iron) beans in 
Malawi, focused on households with 
children 

• The term iron beans is largely unknown by 
both potential stakeholders and consumers. 

• Negative beliefs on the effects of bean 
consumption could limit the consumption of 
certain types of beans. 

• Monitoring the iron content of iron beans is 
essential to make sure that the beans have the 
envisioned nutritional impact in target 
populations.  
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Development: Breeding for more climate-resilient beans with a higher 

bioavailability of nutrients  

As indicated by our research, climate change through the effect of changes in temperature and 

precipitation, will have negative consequences on the yield but also on the nutritional quality of 

beans. Future changes in temperature and precipitation will however not be the only environmental 

consequence of climate change. Other environmental factors as part of climate change that are 

reported are the effect of changes in tropospheric carbon dioxide, ozone concentrations and 

salinization. Their effect on yield and nutrition quality are also important to take into account when 

studying environmental changes in future.  A systematic review summarizing all studies done on the 

effect of all these environmental changes and their effects on yields of vegetable and legume yield on 

nutritional quality found 174 relevant papers studying either one of the factors [1]. It was concluded 

that to minimize potential reductions in vegetable and legume yields and their associated health 

effects it is of major importance to prioritize agricultural development by researching the effects of 

the mentioned factors, and where possible study combinations of factors.  

In addition, chapter 3 concluded that the retention of iron, zinc and phytate differs in the 

conventional, biofortified and lpa beans. The phyate content has an effect on the bioavailability of the 

nutrients in humans. Therefore, we propose that more research should be done to further unravel the 

effect of antinutritional factors specifically focussing on phytic acid, and the combination with 

variable levels of mineral content. This could be done in vitro through the use of Caco-2 cells, but 

essential is also to assess the in vivo bioavailability of minerals in humans measured using isotope 

labelling [2]. Another angle of research to increase the bioavailability of iron and zinc is to study 

processing methods to further reduce and remove phytic acid content of beans before consumption 

(eg. sprouting, pressure cooking, addition of enzymes). 

In conclusion, during the development phase, emphasis should be on further climate proofing and 

understanding the interactions between anti-nutritionals and minerals for an improved impact of 

biofortified crops at the implementation stage.  
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Delivery: Assessing the acceptability of biofortified crops and preparing a 

dissemination strategy 

During the delivery phase first a plan of action for disseminating the crop is prepared. In this thesis 

we studied the acceptability from a sensory and cultural perspective of which the results could be 

used as input for preparing a plan of action. A mixed method approach will lead to a more thorough 

understanding of the enablers and barriers for adoption and acceptability of crops. This thesis has 

both studied a crop with a visible trait (OFSP) and an invisible trait (iron beans). To make 

comparisons in acceptability between the crops in our study would not be valid, as there are many 

other factors influencing the overall acceptability of the crops. From our research we can conclude 

that a clear dissemination strategy is needed before the actual dissemination of the crops. As we saw 

in the case of iron beans there was no knowledge or use of iron beans, caused by a lack of a driving 

force promoting the beans actively. In addition, we found that even if beans are presented as iron 

beans the beans do not necessarily have a high iron content. Therefore, monitoring is essential to keep 

the iron beans and biofortification in general trustworthy. It was suggested by Harvestplus to gain 

market share for biofortified beans due to their agronomic and consumption quantities, where the 

emphasis is less on nutritional aspects [3]. In the case of developing countries with low access to 

monitoring the iron trait in an accessible and fast way this seems to be the way forward for now. 

  

Implications of findings from this thesis for increasing the impact of biofortified 

crops  

To increase the nutritional impact of biofortified crops, the following recommendations and future 

research areas for developing and delivering biofortified crops are formulated based on the findings 

of this thesis: 

• Further climate proofing of crops is essential to minimize reductions in yields and nutritional 

quality higher (chapter 2). 

• Soaking should be more widely promoted as a practice when preparing beans to increase the 

nutrient bioavailability (chapter 3).  

• Continue promoting the use of biofortified beans as preferable type of bean for consumption 

as these contribute most to the EAR or both iron and zinc in adults and young children 

(chapter 3). 
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• Further development of breeding beans combing the biofortification and lpa trait to increase 

bioavailability of minerals (chapter 3). 

• Conduct additional studies to understand the low zinc retention from lpa beans (chapter 3). 

• Conduct in vivo studies to fully understand the bioavailability of minerals in humans from 

different types of beans (chapter 3).  

• A further exploration on the use of the nutritional yield metric  (the quantity of supply of 

nutritionally-important compounds per unit area) to define what are acceptable biofortified 

varieties to promote from a nutritional perspective and to be able to compare different 

varieties [4] (chapter 4). 

• The use of mixed methods to conduct acceptability and/or adoption research to understand 

more about enablers and barriers before and after dissemination of biofortified crops 

(chapter 4 and 5).  

• Further validating the use of psychosocial models as a means to assess the cultural 

acceptability of biofortified crops in a specific setting (chapter 4).  

 

Conclusions 

This thesis demonstrated that to further improve the nutritional impact of biofortified crops, the 

studied elements (climate change effects on nutritional quality, retention and consumer acceptability) 

need attention. Improving the impact of biofortified crops could be reached through further climate-

proofing of bean varieties, combining the lpa trait with the iron trait in developing new bean varieties, 

leading to higher bioavailability of iron, and studying both sensory and cultural acceptability using 

mixed methods in a local context. 
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