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Abstract
Iron (Fe) and zinc (Zn) deficiencies are major public health threats worldwide, particularly in
Africa where more than 100 million people are afflicted. The present thesis work is part of an
interdisciplinary programme aimed at studying the sorghum food chain as a supply of dietary Fe
and Zn. The thesis focuses on the diversity of sorghum and its post-harvest processing into food. A
multidisciplinary approach was used to study the contribution that sorghum can make to Fe and Zn
intake by poor people in Africa, using the situation in Benin as a study context. As a start, a socioeconomic approach was taken to capture the social significance of the crop.
The culinary and sensory characteristics of sorghum crops and their derived foods in
northern Benin were surveyed using qualitative and quantitative survey methods. Three food
categories were identified: pastes, porridges, and beverages. Their major sensory quality attributes
are related to texture, colour and taste. Brown or red sorghum types are generally preferred,
because of food habits, believes and appearance. Processing sorghum into tchoukoutou, an opaque
beer, is an important economic activity that generates income for many households in northern
Benin. The beer has important social functions as it fosters the cooperative spirit and remains an
ancestral beverage that is widely used as part of traditional ceremonies. We distinguished more
than 100 farmers’ varieties, and classified them according to their suitability for the preparation of
different sorghum-based foods.
A genome fingerprinting technique (AFLP) was used to cluster these farmers’ varieties into
45 distinct genotypes which were analyzed for their phytate content and Fe and Zn concentration
and in vitro solubility. Seven of the identified genotypes contain adequate in vitro soluble Fe to
meet consumers’ requirements. We recommended these varieties for the preparation of food
products in which processing methods only have a slight diminishing effect on phytate levels.
The impact of the local sorghum processing technologies on phytate, phenolics and Fe and
Zn in vitro solubility was evaluated. Wet cleaning of sorghum grain, germination and fermentation
are the most effective process operations to degrade phytate and phenolics and to increase the
solubility of Fe and Zn.
A mathematical model used to study the effect of processing variables on Fe and Zn
solubility suggests that maximum mineral in vitro solubility in sorghum can be achieved, by
processing the grains with combined germination and fermentation. The model revealed the linear
effects of the processing parameters as well as their mutual interactions on mineral solubility and
degradation of antinutrients. Such combinations of germination and fermentation would enable the
preparation of infant cereal porridges with improved nutrient contents.
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Chapter 1
General introduction

Production, consumption and nutritional quality of sorghum
Sorghum [Sorghum bicolor (L.) Moench] belongs to the Poacea family, tribe of
Andropogoneae, genus of Sorghum and species of bicolor. It is a diploid plant with 2n =
20 chromosomes. Sorghum originated in Africa 3000 to 5000 years ago and is now spread
throughout the world (Fliedel et al., 1996; Belton and Taylor, 2002). It ranks fifth in
cereals produced worldwide (Grubben and Partohardjono, 1996). Seventy percent of the
sorghum produced in the world is supplied by the developing countries, with Africa and
Asia being the largest producers. The high adaptation of sorghum to harsh environmental
conditions and its tolerance to drought make it a suitable crop for the semiarid tropics
where it is largely cultivated. Because of the low input conditions prevailing in these
regions, sorghum yield is less than 1 tonne ha-1 (Belton and Taylor, 2002). In the West
African regions like Benin, sorghum cultivation starts by field preparation - usually with a
hoe - during the months of March and April. The sowing takes place preferably in April
and the crop is harvested in December-January (Adégbidi, 2003).
Sorghum is an important staple food for millions of people in the developing
countries. The average yearly sorghum consumption amounts to 115 kg per capita in
northern Benin (ONASA, 2001) and 200 kg per capita in Burkina-Faso (Diawara et al.,
1995). Two major groups of food products are derived from the sorghum grain, namely
main dishes and beverages. Sorghum dishes include porridges, bread, couscous, and whole
grain-type products; sorghum beverages comprise beers and non-alcoholic fermented
beverages (Fliedel et al., 1996; Belton and Taylor, 2002).
From a nutritional point of view, sorghum is comparable to other cereals, i.e. rich in
starch and relatively poor in micronutrients. Phytate and polyphenolics are present at
significant levels (Table 1). These compounds interfere with the bioavailability of minerals
such as iron and zinc. These minerals play an important role in human nutrition.
Table 1: Nutritional quality of sorghum and other cereals (Juliano, 1999)
Starch1

Protein1

Fat1

Fibre1 Ash1

Fe2

Zn2

Phytate1 Tannin1

Sorghum

50.0

8.3

3.9

13.8

2.6

4.0

2.0

1.0

1.6

Maize

59.3

9.8

4.9

9.0

1.4

3.0

2.0

0.9

0.4

Wheat

61.8

10.6

1.9

10.5

1.4

4.0

3.0

1.0

0.4

Brown rice

69.1

7.3

2.2

3.3

1.4

3.0

2.0

0.9

0.01

1

: g 100g-1; 2: mg 100g-1

Chapter 1
Iron and zinc in human nutrition and their functions in the body
Iron (Fe) and zinc (Zn) are essential trace elements in human nutrition. Among the
micronutrient malnutrition situations afflicting the human population, Fe and Zn
deficiencies are of major concern not only because of the serious health consequences they
may have, but also because of the number of people affected worldwide (Frossard et al.,
2000; McCall et al., 2000).
Fe is a core element in the synthesis of haemoglobin and myoglobin. It contributes
to the formation of haem enzymes and other Fe-containing enzymes that are important for
energy production, immune defence and thyroid function. Fe deficiency is the most
prevalent form of malnutrition in the world. About 2 billion people are affected by Fe
deficiency worldwide. The occurrence of Fe malnutrition varies according to the region
with the highest prevalence in developing countries. In sub-Saharan Africa, the prevalence
of Fe deficiency among pregnant women was estimated to be as high as 44% (UNICEF,
2000). Among pre-school African children, 42% to 53% suffer from anaemia (ACC/SCN,
2000). Fe deficiency causes impaired mental development and decreases immunity. It has
adverse effects on learning, productivity and, thus, income. Anaemia in infancy or
childhood is associated with significant loss of cognitive abilities, decreased physical
activity, and reduced resistance to diseases. Fe deficiency in women of childbearing age
increases hazards associated with complications of pregnancy, premature birth and low
birth weight, and leads to newborns with sub-optimal Fe reserves. The high prevalence and
severity of Fe deficiency justified the World Summit for Children in 1990 which aimed to
reduce the Fe deficiency in women in 2000 by one third of the 1990 levels (UNICEF,
2000).
Most of Zn in the human body is located in the bone and skeletal muscle. Zn
contributes in the activities of over 300 enzymes and participates in gene expression, in the
synthesis and degradation of carbohydrates, lipids, proteins and nucleic acids. It also
contributes to the stabilisation of the structure of membrane and cellular components.
Moderate Zn deficiencies in infants and children are associated with reduced growth and
development, impaired immunity, and increased morbidity and mortality due to infections
(Sazawal et al., 2001; Brown et al., 2002).
The recommended dietary intake for Fe and Zn for children under 5 years old is 14
and 10 mg/day, respectively. Recommended daily intakes for adult females are 48 mg and
12 mg for Fe and Zn, respectively (Latham, 2001). In most developing countries where the
diet is mainly based on plant-derived foods, these requirements are rarely met because the
mineral content of cereals such as sorghum is low, and bioavailability of Fe and Zn is
restricted by anti-nutritional factors such as phytate and polyphenolics (Graf, 1986;
Svanberg and Lorri, 1997). Therefore, measures that aim to increase the micronutrient
content and availability in endogenous foods are highly desirable.
Factors affecting iron and zinc bioavailability in the human body
Dietary agents as well as pathological factors can affect Fe and Zn bioavailability in the
human body. Also, in developing countries poverty limits people’s access to the means to
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provide for food with high micronutrient content and availability. Certainly, dietary factors
are the most important causes for the large Fe and Zn deficiencies observed worldwide. Fe
and Zn availabilities in food are affected by both promoters and inhibitors of their
absorption.
There are two forms of Fe in food: the haem-Fe and the non-haem Fe. The haem-Fe
occurs in blood and meat. Haem-Fe is relatively accessible but only 35% of all haem-Fe
consumed in the diet is finally absorbed. The non-haem Fe is present in plants, eggs and
milk, usually as inorganic, complex salts. During digestion this inorganic Fe is partly
reduced to the more readily absorbed ferrous form. The human body may actually absorb
less than 5 percent of non-haem Fe consumed. About 10 percent of the Fe in cow's milk is
absorbed but from breast milk, which is a special case, about 50% of the Fe is absorbed by
breastfed children (Slingerland et al., in press).
Myo-inositol hexakisphosphate - also called phytate - is initially known as the
storage form of phosphorus in seeds. It represents 75% of seed total phosphorus (Raboy,
1997). Phytate is the most recognized and documented antinutritional factor that chelates
divalent minerals such as Fe and Zn, up to six moles of mineral per mole of phytate
(Zanabria Eyzaguirre et al., 2005). Phytate forms insoluble complexes with these minerals
(Figure 1) in the lumen and thus reduces their bioavailability (Graf, 1986). Phytate may be
partly responsible for the widespread mineral deficiencies observed in populations that
subsist largely on sorghum and other cereals (Hulse et al., 1980). However, recent studies
revealed that dietary phytate might also have beneficial health effects as it can act as an
anti-cancer agent or antioxidant (Graf et al., 1987; Harland and Morris, 1995).

Figure 1: Structure of phytate-mineral complex (www.ag.auburn.edu)
Other inhibitors of the absorption of divalent minerals are phenolic compounds.
Phenolics affect the biological availability or activity of metal ions by chelating the metal
(McDonald et al., 1996). The tannin-chelated metal ions are not bioavailable. The
consumption of tannin-rich foods is sometimes associated with deficiency diseases such as
anaemia (Brune et al., 1989; Baynes et al., 1990). Phenolic compounds can be
distinguished as phenolic acids, flavonoids and condensed tannins. These condensed
tannins combine with divalent minerals -particularly Fe- thus making them unavailable for
absorption. The acidic hydrolysis of tannins leads to the generation of glucose and gallic
3
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acid. The galloyl configuration binds with Fe through its adjacent hydroxyl groups (Brune
et al., 1989) (Figure 2). The derived Fe-galloyl complex is insoluble and has a violet colour
with an absorbance maximum at about 550 nm (Mejbaum-Katzenellenbogen and
Kudrewicz-Hubicka, 1966). The role of the condensed tannins in reducing the digestibility
of proteins was also reported (Hahn et al., 1984). The phenolic compounds in sorghum
grain play an important agronomic role as they reduce grain damage and bird predation
(McMillan et al., 1972). Lowering their level in the edible part of plants might thus have
serious agronomical consequences. Finally, also dietary fibres are reported to exert a
chelating effect on minerals (Gibson, 1994).

Figure 2: Galloyl configuration chelating with iron (Hulse et al., 1980)
Some food components have the ability to facilitate Fe and Zn absorption in the
human intestine. This is the case for ascorbic acid and meat products. Ascorbic acid has the
property to reduce Fe+3 to Fe+2, which is better soluble at physiological pH. Absorption of
non-haem Fe is increased by including, in the same meal, foods rich in ascorbic and citric
acid, such as oranges (Wienk et al., 1999), and foods rich in haem-Fe, such as meat. The
disodium ethylenediamine-tetraacetic acid (Na2EDTA) is also a potent promoter of
divalent minerals like Fe. The NaFeEDTA can be used as a food fortificant, provided that
the molar ratio of Na2EDTA to Fe is ≤ 1 (Cook and Monsen, 1976; MacPhail et al., 1994).
Food-based strategies to combat micronutrient deficiencies
Food-based strategies to alleviate micronutrient deficiencies include
supplementation, food fortification, dietary diversification and process optimisation
(Maberly et al., 1994). Nutrients supplied in pharmaceutical preparations (supplements) are
generally readily absorbed. The effectiveness of iron supplementation programmes in
pregnant women, infants and young children is limited by problems in the delivery of the
supplements or by poor compliance with the recommended daily regime (INREF, 2001).
Although food fortification is considered to be the best long-term strategy to overcome
micronutrient deficiency, it has low chances of success in the specific case of West Africa
because of low purchasing power of households, lack of elementary logistics, lack of
central processing of food and the high heterogeneity in production and consumption
conditions (Slingerland et al., in press).
Food diversification is limited by a number of hurdles. Economic barriers to
increase consumption of meat (IFPRI, 2000), and in some areas or seasons, the lack of
4
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food items with a high micronutrient content form major constraints to improving
micronutrient status through an education-based approach. In most developing countries
where the diet is mainly based on plant foods, it is difficult to meet micronutrient
requirements by diversification only.
Increasing the native micronutrient content of plant-based foods has been suggested
as a strategy to combat micronutrient deficiencies in vulnerable populations (Graham et al.,
1999; Frossard et al., 2000). Plant breeding and genetic engineering techniques are tools
that offer the greatest potential in achieving this goal. Frossard et al. (2000) postulated that
improvement of bioavailability of Fe, Zn and Ca in the edible part of staple crops, such as
cereals, could be achieved by increasing the total Fe, Zn and Ca levels combined with
increasing the concentration of compounds which promote their uptake and/or by
decreasing the concentration of compounds like phytate or phenolic compounds, which
inhibit their absorption. This could be achieved by selection of varieties containing
enhanced levels of Fe and Zn (for example within local germplasm) or by breeding for
varieties with lower [Phytate]/[Fe] and [Phytate]/[Zn] ratios. Breeders need existing
information on the genetic variation for a given trait as well as the determinants (for
instance genetic and environmental factors) in a collection of germplasm to justify
selection for that trait (Oikeh et al., 2003). The present work makes a contribution to this
option by assessing the impact of genetic diversity and environmental conditions on Fe, Zn
and phytate concentration of local sorghum germplasm in Benin.
Agronomic approaches have also been suggested as a strategy to increase the
micronutrient content of grains. Fertilization with inorganic and organic forms of
micronutrients has a potential to increase their concentration in the grain (Rengel et al.,
1999). However, the agricultural and breeding approaches should be combined with
appropriate processing technologies that warrant the availability of nutrients to consumers.
More importantly, these approaches should be compatible with the consumers’ food
preferences (Welch and Graham, 1999).
The role of food processing in addressing micronutrient deficiencies
Food processing technologies can contribute also to the alleviation of micronutrient
deficiencies. In this regard, process unit operations that reduce the level of antinutritional
factors and that minimize the losses of micronutrients are of interest. Mechanical, thermal
or biological processes have the potential to improve the nutrient availability in foods.
Decortication can significantly reduce the level of phytate and phenolic compounds
in cereals like sorghum because these antinutrients are mainly concentrated in the bran and
the aleuronic layer of the grain (Beta et al., 1999; Frossard et al., 2000). However, this
process will also lead to significant losses in Fe and Zn, because minerals are also located
in the outer layers of the grain.
Cooking is a preponderant thermal process operation used to prepare food. There is
some contradiction about the impact of cooking on the phytate content of food crops.
Fretzdroff and Weiper (1986) reported that cooking at 100 °C did not affect phytate
content of rye flour. Similarly, no reduction in phytate was observed when yam flour was
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cooked (Wanasundera and Ravindran, 1992). Rather, a decrease in phytate contents of
sorghum and pigeon pea (Cajanus cajan) was observed when the milled grain was cooked
(Mahgoub and Elhag, 1998; Duhan et al., 2002). Cooking reduces the tannin concentration
in sorghum. Matuscheck et al. (2001) reported a significant decrease of in vitro soluble Fe
after cooking of sorghum flour in water, and related this to the chelating effect of phytate
and phenolic compounds. There remains a need to clarify the impact of cooking on the
availability of minerals in plant foods.
Soaking, fermentation and germination are three biological processes of significant
impact on phytate and phenolic compounds. Several studies demonstrated that germination
and fermentation affect condensed phenolic compounds (Obizoba and Atii, 1991;
Subramanian et al., 1992; Bvochora et al., 2005). Fermentation of sorghum for 24 hours at
28 ºC can lead to 15-35% and 42-58% reduction of tannin and phytate, respectively
(Osman, 2004). During germination, endogenous phytase may be activated leading to
phytate degradation (Svanberg and Lorri, 1997). In addition, germination of cereal grains
has the distinct advantage of reducing the bulkiness of the derived gruel because of the
production of endogenous grain amylases, particularly α-amylase, facilitating the
production of gruel with high (micro) nutrient density.
Phytase, the enzyme that degrades phytate, is an important biocatalyst used to
improve mineral availability in plant foods. Phytate has been completely degraded in
cereal foods by adding phytases or by activating endogenous phytase by a combination of
soaking, germination and fermentation (Marero et al., 1991).
A food chain approach to alleviate micronutrient deficiency
In 2001, the Wageningen University in the Netherlands set up a platform -The North-South
Interdisciplinary Research and Education Fund (INREF)- with the purpose to enhance
interdisciplinary development-focussed research and training in collaboration with partner
institutions of developing countries. One of its programmes “From natural resources to
healthy people: food-based interventions to alleviate nutrient deficiencies” has the
objective to study approaches and propose quantitative models aiming at alleviating Fe and
Zn deficiencies in the developing world. This programme aims to develop agriculture and
food-based approaches to alleviate micronutrient shortages - particularly Fe and Zn - in
two different geographic regions i.e. West Africa and China, where Fe and Zn deficiencies
are widespread. Three research themes are given priority within the INREF “From natural
resources to healthy people: food-based interventions to alleviate nutrient deficiencies”
programme: (i) the impact of promotion of crop varieties with increased nutrient contents
and availability in primary production, (ii) the impact of improvement of intake of
bioavailable nutrients by humans through interventions in food processing, food
preparation and dietary composition (diversification) and (iii) agronomical interventions to
increase contents of bioavailable nutrients in plants. The multidisciplinary approach is
given priority in this programme. While the different research topics in China focus on
rice, the contribution of sorghum to the intake of Fe and Zn by rural, poor Africans is
addressed through 4 PhD research projects in two West African countries i.e. Benin and
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Burkina Faso. The present project, carried out in Benin, falls within the theme (ii)
activities.
Aim and outline of the thesis
As a contribution to the INREF “From natural resources to healthy people: food-based
interventions to alleviate nutrient deficiencies” programme, this thesis aims to evaluate the
potential of local sorghum germplasm as well as the endogenous process technologies to
supply Fe and Zn to consumers. In addition, the consumers’ perception as well as the
socio-economic significance of the crop are evaluated.
In chapter 2 we evaluate the main quality criteria concerning choice and
consumption of sorghum and sorghum-based foods in Benin. Food-processing
technologies at household level are identified that warrant further research into the
possibilities to procure an increased content or bioavailability of micronutrients in
sorghum-based food. In chapter 3 the contribution of the sorghum to household income
generation and its social significance are the subject of a case study on opaque beer.
In chapters 4 and 5, a genome fingerprinting approach is used to evaluate the genetic
diversity of farmers’ varieties of sorghum in relation to their food quality properties. Using
the phytate:Fe and phytate:Zn molar ratios, we identify the promising varieties for Fe and
Zn supply to consumers.
In chapters 6 and 7 the current household sorghum processing methods to prepare
two major sorghum-based foods, i.e. thick porridge and opaque beer, are investigated. The
work focuses on the impact of process operations on phytate, phenolic compounds and Fe
and Zn contents, aiming to identify the household practices that enhance the level of Fe
and Zn solubility in these products.
In chapter 8 the effect of three process variables, namely duration of soaking, of
germination and of fermentation is studied in a controlled laboratory model. The resulting
phenolics content, porridge viscosity, phytate content and the in vitro solubility of Fe and
Zn in infant sorghum porridge are measured and fitted on mathematical models. Finally, in
chapter 9 a general discussion is given on the results obtained.
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Chapter 2
Quality of farmers’ varieties of sorghum and derived foods as
perceived by consumers in Benin

Abstract
Culinary and sensory characteristics of sorghum crops and derived foods in northern Benin were
investigated using rapid appraisal and quantitative survey methods. Three food categories were
identified: pastes, porridges, and beverages. In the main town, all of these are encountered. In other
areas, sorghum is mostly consumed as either paste or beverages. The major sensory quality
attributes are related to texture, colour, and taste. Brown or red sorghum types are generally used,
because of food habits, believes, and appearance. We distinguished more than 100 farmers’
varieties, and classified them according to their suitability for the preparation of different sorghum
based-foods.

A. P. P. Kayodé, A. Adégbidi, A. R. Linnemann, M. J. R. Nout and J. D. Hounhouigan..
Ecology of Food and Nutrition (2005), 44, 271-294.
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INTRODUCTION
Sorghum is an important food crop in sub-Saharan Africa and in other semi-arid regions of
the world. During the past decades several breeding programmes have been conducted on
food crops in Africa in view of improving their performance. The primary criteria applied
in these programmes were mostly based on agronomic characteristics: high yield and
tolerance to drought or pests (Badu-Apraku et al., 1995). From a nutritional point of view
the main objective was to improve the protein content of staple crops (Graham et al.,
1999). However, many new cultivars were not adopted by the intended users (farmers,
processors, consumers). An example is the maize-breeding programme in Benin where
only 12% of the area cultivated with maize is devoted to new cultivars in spite of their
favourable agronomic characteristics (Koudokpon, 1991). A similar trend is reported in
Malawi (Kydd, 1989). The inability of the new cultivars to meet consumers’ quality
expectances was identified as the major obstacle (Latrille et al., 1982; Kydd, 1989;
Koudokpon, 1991; Nago, 1997). Likewise, in cassava cooking, quality (cooking time, taste
and texture of the cooked product) is an important trait that influences the success of new
cultivars in some important markets (CIAT, 1993). Nutritional values of foods are
important quality aspects for consumers’ food security, but they are not the only
determinants of food choice. The process of food choice in western societies is welldocumented. In general, consumers’ food preference is directed by quality expectation,
quality experience and credence quality (Darby and Karni, 1973; Grunert, 2002). Quality
expectation is directed by the so-called quality cue, which can be intrinsic (physical
properties like texture, colour etc.) or extrinsic (price, brand, advertising claim, retail
outlet). Quality expectation is the abstract belief about the quality of a product. Quality
experience is based on the actual consumption. The match of quality expectation and
quality experience determines consumers’ satisfaction (Olivier, 1980, 1993). The credence
quality attributes are purely cognitive (Oude Ophuis and van Trijp, 1995).
Consequently, consumers’ quality perception of grains and derived foods needs to
be incorporated in breeding programmes for successful adoption of improved varieties.
Genetic modification can radically affect desirable food quality traits. For example,
discoloration of endosperm due to over-expression of ß-carotene is seen as a barrier to
adoption for certain food crops (Graham et al., 1999). Each country, and in some instances
even different areas within a country, has its own measure of quality (Graham et al., 1999).
Quality appears to depend to a great extent on historical, socio-economic and some crop
adaptation factors. Very little documentation is available on consumers’ quality preference
of African local foods. Studies on yam food quality show the predominance of colour,
taste, and texture in Benin’s yam consumers’ food choice (Hounhouigan et al., 2003).
Appearance, texture, colour and taste are important quality criteria that determine the
choice and consumption of plantain in urban Cameroon (Dury et al., 2002).
This paper presents the results of a study to determine the main quality criteria
concerning choice and consumption of sorghum and sorghum-based foods in Benin. The
findings serve to define the scope in terms of consumer preferences for the optimisation of
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sorghum breeding, cultivation and processing. In addition, food-processing technologies at
household level were identified that warrant further research into the possibilities to
procure an increased content or bioavailability of micronutrients in sorghum-based foods.
METHODOLOGY

Rapid appraisal investigation
A rapid appraisal investigation was conducted in Parakou, the main urban town of northern
Benin, to identify the current understanding on sorghum and its derived foods by sorghum
consumers. It was carried out as an in-depth individual discussion with a sample of 30
subjects from different geographic and ethnic origins. Additional focus group discussions
were performed with 2 groups of farmers and sorghum processors. The items discussed
were related to food type and quality criteria, sorghum crops and processing methods. The
information was collected with a tape recorder. The results were used to design a
questionnaire for a quantitative survey.
Quantitative survey
The quantitative survey was conducted in 5 communities of northern Benin (Figure 1).
These were selected on the basis of the importance of sorghum cultivation and their sociocultural diversity. One hundred and eighty households participated in the interviews. They
were chosen randomly and differed from each other in terms of standard of living and
socio-cultural background. The respondents were either head of household (male) or the
housewife who takes care of food preparation for the family. The questionnaire included
the following aspects:
• frequency of consumption: frequently = consume the food 4-7 times/week,
regularly = consume the food 2-3 times/week, occasionally = consume the food 1
time/week and rarely = consume the food less than 1 time/week.
• mode of consumption: time, place of consumption and type of soup/ingredient
associated with food consumption.
• quality perception: consumers characterised each of the foods in terms of texture or
appearance, taste, colour and smell following a three-step scale ranging from very
important to not important. In addition, consumers who judged a quality criterion as
very important, were asked to specify which kind of texture (elasticity/extensibility,
firmness, viscosity), taste (sweet, neutral, acidic), colour (red, brown, white) they
preferred. Finally, consumers’ opinions about the culinary suitability of sorghum
crops were recorded. Data were analysed using Winstat 2.0 software.
The protocols used for rapid appraisal and quantitative survey were approved by the
Faculty of Agronomical Science of the University of Abomey-Calavi; informed consent
was obtained from all respondents.
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Laboratory analysis
The physical properties of collected seed samples were determined in the laboratory.
Colour was measured using a Minolta CR-210 portable chromameter (Illuminant D65 CIE
1976) and the Hunter Lab colour coordinate system L, a*, b* values were assessed. L is the
whiteness index, a* the red index and b* the yellow index. The 1000 kernel weight was
determined by weighing 100 grains of each sample on a 1/10,000 precision balance and
multiplying the obtained value by 10. The weight was expressed on dry matter basis. All
the measurements were performed in duplicate and the average is reported.
Limitation of data
This study has been conducted at mid-season, when sorghum availability is neither
extremely high nor very low. This may have led to some discrepancies. For example, the
frequency of consumption and the consumers’ perception may vary depending on the
availability of sorghum. A survey repeated in both availability and shortage periods of
sorghum could provide insight into changes in consumer behaviour according to seasons.
Also, the quality criteria affecting the choice of varieties for culinary purposes depend on
the kind of derived-food set up by the communities. Thus, in other sorghum producing
regions/countries, these criteria may be similar or different depending on the kind of
process technologies developed there. The combination of qualitative and quantitative
methods in this study helped to capture the real meaning of the consumers attitudes. The
qualitative survey was not only useful in adjusting and enhancing the questionnaire, but it
also provided a range of information which were very helpful in interpreting the
quantitative data. The qualitative tools used, i.e., the individual and focus group
discussions, could even have provided more specific information, particularly on sorghum
varieties; if methods such as case studies or interviews with key informants would also
have been used.
RESULTS AND DISCUSSION

Predominant sorghum-based foods
The main sorghum dishes are presented in Table 1. They can be classified in three groups:
the pastes (dibou, sifanou, foura), the porridges (koko, sorou, kamanguia) and the
beverages (tchoukoutou, chakpalo).
Dibou, also called to in Burkina-Faso or oka-baba in Nigeria, is the traditional way
of sorghum consumption in most African countries. The preparation of dibou involves
cleaning, milling, sieving and cooking. However, variations exist in the processing method
according to region or ethnic group. In some regions (e.g. Parakou) wet cleaning followed
by sun drying before milling is practised by nearly 47% of the dibou processors
interviewed. In other regions (e.g. Natitingou and Djougou), dry cleaning is common.
Moreover, nearly 40 % of the processors do not sieve the flour before cooking. These
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practices may have important implications for the nutritional quality of the dibou. Antinutritional factors, such as tannins and phytates, are mainly concentrated in the bran and
the aleuronic layer of the grain (Beta et al., 1999; Frossard et al., 2000). Operations such as
sieving and wet cleaning of the grain contribute to bran removal. Wet cleaning induces
water imbibition of the pericarp and enhances its flexibility and resistance to friction
during milling, permitting its separation from the endosperm in the form of large flakes
(Brekke and Kwolek, 1969; Reichert, 1982; Sahay, 1990). Subsequent sieving will
therefore be more efficient in removing anti-nutritional factors.
Table 1: Different sorghum-based foods in Benin
Food

Other ingredient
added

Main unit process operations

Description

Milling, sieving, cooking

Sifanou

Cassava dry chips,
yam dry chips
Maize

Foura

Millet

Thick paste eaten with
soup
Sweet paste consumed
as porridge
Steam-cooked paste
consumed as porridge

Paste
Dibou

Porridge
Koko
Sorou
Kamanguia

Potash

Beverage
Tchoukoutou
Chakpalo

Maize

Germination, milling,
fermentation, cooking
Pounding, steam-cooking

Milling, sieving, fermentation, Sour porridge
cooking
Pounding, sieving, cooking
Granulated porridge
Pounding, sieving, cooking
Granulated porridge
consumed by nursing
mothers
Soaking, germination, milling, Alcoholic opaque beer
cooking, fermentation
Soaking, germination, milling, Alcoholic sweet beer
cooking, filtration,
fermentation

Consequently, it is plausible that consumers of dibou from sorghum that was washed
or/and sieved during processing, ingest less anti-nutritional factors. Dibou is consumed at
home, preferably during lunch (53% of the interviewed consumers) or dinner (98%). This
meal may be accompanied by okra (Abelmoschus esculentus) or vegetable soup with meat
or fish, depending on the wealth of the household. After the preparation of dibou,
housewives often keep part of the paste in a clay pot, where it is blended with the powder
of baobab fruit or tamarind and left overnight. The acidic paste obtained, named sagnan, is
appreciated by adults and infants and consumed as a porridge between meals. The second
type of paste found in the study area is sifanou. It is a sweet and sour paste prepared with
germinated sorghum grain to which other ungerminated cereals like maize can be added.
Sifanou is consumed at midday, mixed with milk and/or ice. Sifanou, also known as gowé
in the South of Benin (Nago and Hounhouigan, 1998) is similar to bushera in Uganda and
togwa in Tanzania (Mugula et al., 2003; Muyanja et al., 2003). Foura, the third type of
paste in this study, is a slightly sweet paste. After dehulling, sorghum grain is pounded and
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cooked in boiling water to give a thick dough. The derived paste is sweetened with the
juice extracted from the root of baka (Gladiolus psittacinus) and consumed as a porridge
with milk or sugar. Foura is generally prepared by the Peuhl and the Haoussa ethnic
groups, for whom it is a significant food at wedding days.
Sorghum porridges include koko, sorou and kamanguia. Koko is a popular sour
porridge in Africa. It is similar to ogi porridge in Nigeria and mahewu in South Africa. It
contains more than 90% water (Odunfa, 1985). Sorghum, millet or maize is used to prepare
koko. It is noteworthy that many of Benin’s sahelian consumers do not like koko made
from maize because of its whiteness. In general, the preparation of koko involves 24 hours
of fermentation of a sorghum slurry followed by cooking. In our investigation area, mainly
in Parakou, where consumer demand is higher than in other areas of northern Benin, some
processors do not use fermentation. In that case, the acidic taste that is normally obtained
by fermentation, is produced by cooking the non-fermented sorghum slurry in acidic water
obtained, for example, from a neighbour. Such practice, probably a consequence of
urbanisation, may be nutritionally less desirable because of the loss of some beneficial
effects of fermentation (for example the degradation of phenolic compounds). Koko is
consumed with sugar, honey or roasted groundnut. Flour from the baobab fruit can also be
diluted in koko to obtain an acidic taste. Sorou is a granulated sorghum porridge obtained
by cooking pounded sorghum grains in boiling water (fermented or not). Prior to pounding
many processors (about 50% of the interviewed) proceed to grain washing, whereas others
(21%) soak the grain for one hour to facilitate the dehulling. Sorou is eaten at lunch (75%)
or breakfast (41%). Farmers often consume sorou on the farm at lunch time because it
easily satiates and no special relish or soup is needed to consume it. Kamanguia is
prepared in much the same way as sorou except that potash (an alkaline mineral complex
consisting mainly of potassium carbonate and believed to stimulate lactation by nursing
mothers) is added to the slurry during cooking.
Tchoukoutou and chakpalo are fermented alcoholic beverages obtained from
malted sorghum. Tchoukoutou is an opaque effervescent beer with a considerable solid
content, while chakpalo is a more clear beer. Colour and taste also differ between both
types of local beer. During shortage periods, when sorghum is expensive, maize is added to
the sorghum to produce chakpalo. Tchoukoutou is prepared exclusively with sorghum but
alternatively, millet is used to brew it. The addition of maize to sorghum in tchoukoutou
processing is not appreciated by consumers, because it is believed to cause headache.
Tchoukoutou also called dolo in Burkina-Faso, is similar to the malawa beer in Uganda
and to kaffir beer in South Africa. In fact there are numerous opaque beers in several
African countries, each with a local name (Odunfa, 1985). Chakpalo is prepared in the
same way as tchoukoutou except that the filtered final wort is not inoculated and is allowed
to undergo a natural fermentation for 2 to 24 hours. Other sorghum products are sodabi (a
distilled alcohol from sorghum or maize), woroukou (cooked dehulled sorghum grain),
maasa (sorghum fritters), and gnikinou (cooked mixed sorghum and beans).
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Importance of sorghum-based food consumption
Table 2 shows the consumption patterns for the different sorghum foods. The consumption
frequencies are not an indicator of the quantity consumed, but only indicate how often the
foods are consumed. Dibou, koko and sorou are the most frequently consumed sorghum
foods. Tchoukoutou is rarely consumed by 50% of the respondents. Kamanguia, chakpalo
Table 2: Frequency of consumption of sorghum-based foods (in % of respondents,
N=180) in 5 communities in Northern Benin
Foods

*frequently

regularly

occasionally

rarely

Dibou

67

17

5

11

Sifanou

5

4

11

80

Koko

60

6

5

29

Sorou

55

13

9

23

Kamanguia

19

8

4

69

Tchoukoutou

29

14

7

50

Chakpalo

8

6

12

74

*frequently: 4-7 times/week, regularly: 2-3 times/week, occasionally:1 time/week, rarely: less than
1 time/week.

and sifanou seem to be marginal dishes since they are rarely consumed by more than 70%
of the respondents. For certain foods, the frequency of consumption varies according to sex
or ethnic group: kamanguia is mainly consumed by women, especially by nursing mothers,
because it is believed to stimulate lactation. In the Bariba community the best gift to a
young mother is a pot of kamanguia. Sorou is mostly consumed by the Bariba and Peuhl,
while Chakpalo and sifanou are mainly consumed by immigrant ethnic groups (Idatcha
and Fon) from the centre part of the country, which is also the probable origin of these
food processing technologies.
Dibou and sorou are consumed as main dishes and in great quantities. Their
processing includes unit operations (milling, pounding, cooking) of limited nutritional
impact. Indeed, milling or pounding without dehulling or sieving are of no evident
nutritional benefit, whereas cooking is essential to render the product edible, but is
reported to decrease the protein digestibility (Eggum et al., 1983). Moreover, many
consumers (> 65%) prefer red or brown sorghum for dibou preparation, which generally is
rich in anti-nutritional factors, i.e., polyphenols and phytate (Savage, 1989; Nwasike, 1995;
Dicko et al., 2002). By consequence, these foods may be rich in anti-nutritional factors.
Phytate and tannins are of particular concern to nutritionists because of their possible
adverse effect on digestibility and bioavailability of minerals and proteins. Phytate forms
insoluble complexes with essential minerals such as calcium, iron and zinc at physiological
pH levels (Graf, 1986). Phytate may be partially responsible for the widespread mineral
deficiencies observed in populations that subsist largely on sorghum and other cereals
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(Hulse et al., 1980). The role of tannins in human nutrition is due to their protein-binding
capacity, which reduces protein bioavailability.
Important quality criteria for consuming sorghum-based foods
Quality criteria that are important in choosing sorghum foods, relate to texture, taste,
colour and smell. Their importance varies according to the specific food (Table 3). Texture
characteristics are considered important by more than 60% of the consumers of dibou and
sorou. Fifty-five percent judge appearance important for tchoukoutou. Taste is perceived as
very important for all the foods. Half of the consumers perceived colour as a very
important characteristic for dibou, koko, tchoukoutou and chakpalo. The smell of the food
Table 3: Important quality criteria for consumers of five important sorghum foods in
Benin (in % of N respondents)

Dibou

Koko

Sorou

Tchoukoutou

Chakpalo

N

105

62

58

101

30

Texture

63*

51

60

-

-

-

-

-

55

43

Taste

52*

66

61

66

67

Colour

49*

54

49

55

57

Smell

21*

35

28

40

30

Appearance

N = number of people interviewed on the food for the quality aspects.
*Sum > 100 because several answers were possible

is not a main concern for the majority of the consumers. However, for tchoukoutou, 40% of
the respondents consider smell an important quality attribute. The detailed criteria for each
food are presented below.
Dibou
Texture is said to be the most important quality attribute of dibou. A good dibou must be
elastic/extensible and firm. The taste of the paste should be slightly sweet (67% of the
consumers), but 50% also likes a paste with a neutral taste. The colour preference ranges
from pink (84%) to red (60%). Elasticity/extensibility and firmness were also reported as
the most important quality criteria for pounded yam and amala, two yam-based pastes
(Hounhouigan et al., 2003). Our discussions with housewives reveal that three factors,
namely the sorghum crop, the storage time and the cooking skill of the housewife are likely
to affect the texture of dibou. A paste prepared with newly harvested sorghum is said to be
more elastic/extensible and sweet than that of sorghum stored for six months or longer.
When the housewife has to use long-stored sorghum or cannot obtain a suitable sorghum
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crop to cook dibou, she will add cassava or yam chips to the grain before milling in order
to enhance the firmness and the elasticity/extensibility of the paste.
Housewives also explained that the critical stage in dibou cooking is the kneading.
An inadequate kneading may result in an inelastic/non extensible or lumpy paste. The
public opinion is that older housewives have good cooking abilities. One of the qualities of
a perfect housewife is her ability to cook a good dibou, i.e. a firm and elastic/extensible
paste. This quality is so important that it is part of the test for a newly married woman. The
first dibou she prepares, will be eaten by all the family. The quality of the paste gives an
impression of the cooking ability of the newly married wife and an idea about her
upbringing.
The colour of dibou is so important for some consumers that they systematically
reject dibou from maize, because it is white. However, during the period of maize
harvesting, we observed some households cooking dibou from maize, possibly because
their stock of sorghum was exhausted. Consequently, the way in which consumers judge
food quality and how this affects their food choice may change during shortage periods.
Some, mainly older people argue that white dibou causes diarrhoea, but the majority
justifies their attachment to pink/red dibou by its supposed richness in nutritious elements
or its supposed ability to provide blood. This kind of belief, referred to as a credence
quality (Grunert, 2002), was also observed in parts of India and Sri Lanka where red rice is
believed to be more nutritious than white (Graham et al., 1999). As early as the 2nd
century A.D., a Greek physician, Galen, urged all young males to eat red foods and drink
red liquids to become more sanguine, cheerful and confident (Pantone, 1986).
Koko
Texture, taste, and colour were said to be the main quality characteristics of koko. A good
koko should be viscous but not too much since it is consumed at breakfast or as a
complementary infant food. A minority of the consumers (30%) prefers a very viscous
koko. The combination of a sour taste from the fermentation process and a sweet taste from
the addition of sugar or honey is preferred. As for the other sorghum foods, a pink or red
colour is preferred. The credence quality cues are used here too to justify the colour
preference (see above). Because of this health-related belief, some housewives see the
sorghum koko as the best complementary infant food. Red koko is also believed to fight
against malaria. When maize or white sorghum are used to prepare koko, processors
always colour it with the leaves of dosinsou, which is a type of sorghum especially
cultivated for medical purposes and coloration of foods. This processor strategy, common
in shortage periods, is particularly used in urban areas to meet quality demands of
consumers.
Sorou
The first textural quality preferred by sorou consumers is the granulated aspect of the
porridge, which means that the grain should not be pounded too finely. About half of the
sorou consumers also appreciate a viscous porridge. Sorou is eaten at lunch and as a main
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dish and therefore must be satiating. A good sorou should also be acidic and/or sweet. A
sweet taste is conferred to the porridge by adding sugar or honey. Acidic taste is produced
by natural fermentation or addition of baobab fruit powder. The colour preference is
similar to that of dibou and koko.
Tchoukoutou
The appearance of tchoukoutou is considered very important by 55 % of the consumers.
An opaque beer, i.e. with an appreciable solid content, is perceived as a good product, due
to its ability to appease hunger. Others mentioned that the opacity and the effervescent
aspect of the beer are indicators of its strength, i.e. its alcohol content. To meet this
preference, processors use the appropriate variety or/and an adequate filtering material to
obtain the adequate opacity. Generally, a larger mesh basket or bag is used for filtration.
The other major quality criterion for tchoukoutou is taste. Consumers always taste the beer
before buying. When not satisfied with the taste of the product, they will move on to
another seller. All consumers prefer a sour and alcoholic beer. Very few (16%) like a sweet
tchoukoutou, i.e. a non- or slightly fermented product. Some consumers explained that a
sweet tchoukoutou is not easy to digest and often causes stomach trouble. A possible
explanation could be the presence of pathogenic micro-organisms, which are normally
suppressed by a prolonged fermentation process.
Smell is also an important selection criterion when buying tchoukoutou; 40% of
consumers judge it very important. Some consumers claim to be able to infer the overall
quality of the beer by its smell. The smell is a quick discriminating quality criterion that
these consumers use for a rapid choice of the place of drinking in a beer market with
various kinds of tchoukoutou. As mentioned above, the alcohol content is a major criterion
for tchoukoutou. A beer with a high alcohol content is preferred by consumers, especially
in the Harmattan period when it gets cold. During the survey we observed that some
consumers added sodabi (a local distilled alcohol) to tchoukoutou because its strength was
not high enough for them. According to processors, the starting material and the process
conditions affect the alcohol content of tchoukoutou. For example, some sorghum varieties
do not yield enough alcohol after processing. Inoculation of the wort or not, as well as the
timing of inoculation also affect the alcoholic fermentation. In the Harmattan period the
inoculum is introduced at an early stage when the wort is still a little warm. When the wort
is cold, the fermentation process will not take place or only slowly. Pink or red beer is
desired, while a white one is rejected. For the consumers, a coloured tchoukoutou is the
warranty that the beer is really brewed with sorghum, since maize beer is not preferred.
Chakpalo
Chakpalo is preferred with a fluid consistency and a sweet, slightly acidic taste. The colour
preference is similar to that of tchoukoutou, i.e. red or pink. Contrary to tchoukoutou
(which is exclusively brewed with sorghum), chakpalo can be prepared with maize,
especially when sorghum is expensive. In that case, sugar caramel is used to colour the
beverage to meet consumer preferences.
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Important quality criteria for producing sorghum-based foods
The most important quality criteria for processors in their choice of sorghum crops are
presented in Table 4.
Table 4: Important quality criteria for processors of sorghum (in % of respondents,
N = 85)
Characteristics

very important

moderately important not important

Yield of the end-product

74

8

17

Colour of the grain

72

19

8

Size of the grain

60

32

8

Ease of germination

42

26

32

Ease of fermentation

18

35

47

Storability of the grain

13

44

44

Ease of milling or pounding

6

15

79

Origin of the variety

4

12

84

Ease of cooking

8

18

62

Colour, size as well as the food yield of the grain are the major selection criteria mentioned
by sorghum food processors. The ability of the grain to germinate quickly is very
important for 42% of the processors, particularly those who prepare malted foods and
beverages. A large number of sorghum phenotypes was recorded in the four communities
investigated. Undoubtedly the same phenotypes may take different names according to
locality or ethnicity. So far, no information is available about the genetic characterization
of local sorghum varieties to enable their distinction. For the time being, we based our
differentiation of the farmers’ varieties on the local knowledge of the farmers. This
endogenous classification, referred to as the “emic" approach (Harris, 1968), helped to
distinguish 24 different farmers’ varieties. These 24 are the most popular, i.e. having a
popularity index > 5 (popularity index is the number of consumers who quoted the
particular variety). These varieties were characterised for colour and 1000-kernel weight.
The suitability of each variety for the preparation of different foods is also reported (Table
5). Colour is the predominant characteristic that consumers use to distinguish varieties,
particularly in the urban area. For example, in Parakou the majority of consumers
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belonging to the Bariba ethnic group distinguish only 4 varieties, namely dobi swan
(brown sorghum), dobi swan sokisoki (red sorghum), dobi pika (cream sorghum) and dobi
pika feunfeun (white sorghum). The same is true for people belonging to Dendi and Peuhl
ethnic groups. This reveals the loss of knowledge about varieties by these urbanised
people. However, rural housewives know well the culinary ability of each variety because
of their accrued experiences. The name that producers give to different sorghum varieties
is meaningful: it could be the name of the village where the variety originated (e.g.
chabicouman), or the name of the farmer who introduced it to the community (e.g. gbango,
bio dahu, yacuba), or an indicator of a specific agronomic property (e.g. chassisoya or
sakarabokuru = sorghum resistant to striga) or its morphological appearance (e.g. fissouka
= tail of Fissou (an animal), mahi swan = red sorghum). The popularity of some varieties
also has to do with their significance for household food security (e.g. natisoya = house
sorghum or sorghum of hunger) or their sensory properties (e.g. sotakama = bitter
sorghum).
Instrumental colour measurements and visual observations helped to identify four
groups of farmers’ varieties: white grains (L>66) represented by 6 varieties, brown grains
(a*>8) containing 13 varieties, red grains (a*>14) with only 1 variety and the yellow grains
with high yellow index (b*>19) represented by 4 varieties. Possibly the latter are similar,
because their characteristics as reported by consumers are quite the same: a bitter taste,
yellow colour and very similar appearance of the ear. Most varieties in our study are
brown. This agrees well with consumers’ preferences.
The 1000-kernel weight (1000 Kw) discriminates the grains as well: large grains
(1000 Kw > 40), medium-sized grains (30<1000 Kw <40) and small grains (1000 Kw
<30). These characteristics (colour and size) are environment dependent and may change
according to soil type or/and rainfall. In the following section, the suitability of different
varieties for particular processing purposes is discussed.
Good varieties for sorghum paste and porridge
In general, all varieties were judged suitable for dibou processing. It is likely that over time
farmers selected varieties that met best with consumers’ preferences. An exception are the
yellow varieties, i.e. sotakama, kangnanra and kassassahan, that are said to give a bitter
dibou. However, a minority of consumers uses them when no other variety is available for
their cooking purpose. In that case the sorghum is mixed with other cereals, preferably
millet because of its sweetness (consumer opinion). Some consumers explained their
attachment to yellow varieties by the fact that their bitterness helps to fight against malaria.
Also mousseman is not very recommended for dibou because it yields less flour after
milling and this seems true because it is the smallest seed in size (1000 kw = 25).
However, it is preferred for making sorou or tchoukoutou. Contrary to expectation, the
white varieties recorded are also quoted by consumers to be suitable for dibou, even
though their colour preference for dibou is red or brown. A possible explanation is that the
colour of the grain is not always a predictor of the colour of the derived dibou. According
to some consumers a dibou cooked with some white sorghum grain may turn reddish or
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even black after cooking. Konouyirou and hannibi are well-known varieties for this colour
changing property. Our own observation also revealed that dibou paste is always more pink
than the flour from which it is made. Such a phenomenon was also found in amala, a dry
yam paste (Mestres et al., 2004).
In general, the varieties judged suitable for dibou are also said to be suitable for
sorou.
Good varieties for sorghum beverages
Discussion with sorghum beer processors revealed that tchoukoutou is one of the most
important foods housewives refer to when evaluating the culinary properties of sorghum.
Important factors affecting sorghum choice for beer processing include: size and colour of
the grain, storage period, wort quantity and quality (mainly sugar content) and to a lesser
extent the origin of the grain (Table 4).
Table 5 shows preference scores for different varieties according to their suitability
for tchoukoutou preparation. The varieties are clustered according to their ability to yield a
good quality beer. Over the figures reported, the classification of these varieties also takes
into account some qualitative information gained from beer processors. The first category
comprises the varieties that are very good for beer brewing, including chabicouma,
chassisoya and agbani. Varieties of 2nd choice are: wawira, soniya, mousseman,
mouhoulouman, talemoula and fissouka. Finally the 3rd group is that of varieties unsuitable
for brewing.
The varieties of 1st choice are generally used as a reference to judge the other
varieties. They are brown, floury with big grains. They give a high yield of wort with very
good properties, i.e. sugary and opaque. Generally, processors use the wort properties as an
indicator of the quality of the beer, the sweetness being the major criterion. The sweeter
the wort is, the better the beer will be. Another advantage of these varieties is their
relatively high availability, presumably due to some favourable agronomic properties.
After storage, all of them are still good for brewing as they germinate well. Moreover, they
yield well on soils with a low fertility and occasionally are resistant to striga (only
chassisoya).
The varieties of 2nd choice are also good for tchoukoutou processing, but some
factors limit their utilisation. The white colour of some (e.g. mouhoulouman, talemoula) is
not favourable for beer processing. These varieties are always mixed with red sorghum to
avoid a too white beer. Others are too hard and thus prolong the processing procedure. This
is the case with soniya and wawira which require 2-3 days soaking time instead of 1 for
germination. Moreover, a lot of inoculum is needed for a quick fermentation of their wort.
The unsuitable varieties for beer production are sotakama, kassassahan, kangnanra
and natisoya. The main shortcoming of the latter is that it yields less sugary wort. Another
handicap is that it loses its germinative power after a short storage period. However,
because it is an early variety some processors used it, just after harvesting, to produce a
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Table 5: Different farmers’ varieties of sorghum in Benin and their culinary and
physical properties
Farmers’ varieties –

colour

1000
kernel
weight
(g)

ethnic group - N
Visual

Instrumental

suitability for food
preparation (%)

dibou

tchoukoutou

sorou

observation
L

a*

b*

Region: Toucountouna/Natitingou
Natisoya – Wama - 42
Chabicouma – Wama - 40
Chassissoya – Wama - 22
Soniya – Wama - 20
Wawira - 11
Sotakama – Wama - 8
Mousseman – Lokpa - 25

brown
brown
brown
brown
brown
yellow
Region: Djougou
brown

63.8
65.0
71.8
57.2
nd
62.3

12.7
8.1
13.4
12.9
nd
7.5

15.4
15.7
16.0
14.3
nd
21.8

33.9
42.6
40.8
35.5
nd
33.8

88
75
68
95
82
13

45
85
86
90
100
50

19
20
0
20
18
0

56.1

13.7

12.6

25.1

48

100

68

Mouhoulouman – Lokpa - 15

white

67.5

4.0

16.6

39.3

100

60

87

Agbanni - Pila-Pila - 14

brown

62.5

8.3

14.8

51.9

93

64

93

Talemoula – Lokpa -13

white

66.0

5.3

17.9

40.6

77

69

69

Kassassahan – Lokpa - 12

yellow

65.5

4.5

28.2

29.0

17

75

25

Fissouka – Lokpa - 8

brown

60.7

10.6

15.6

39.7

63

50

75

nd

nd

nd

25

25

25

15.0

9.9

36.5

84

nd

77

Kangnanra - 4
Mahi swan – Bariba - 31

yellow
nd
Region: Banikoara
red
51.0

Bio dahou – Bariba - 30

brown

60.2

11.9

16.9

35.7

86

nd

75

Koussoubakou – Bariba - 24

white

78.2

1.5

13.3

31.4

87

nd

77

Gbango – Bariba - 15

white

75.1

1.1

10.0

24.3

80

nd

67

Sakarabokuru – Bariba - 12

brown

63.4

9.9

17.8

41.8

100

nd

100

Yacouba – Bariba - 8

white

75.8

0.2

10.9

33.0

75

nd

88

Saï maï – Bariba - 7

brown

65.6

9.6

16.8

26.4

71

nd

71

Yerekou – Bariba - 7

yellow

65.2

5,1

19.7

32.8

60

nd

60

Mari Suanu – Bariba - 5

brown

61.0

13.5

16.3

35.5

100

nd

100

Tokogbessenou – Bariba - 5

brown

63.0

8.2

14.6

40

67

nd

100

Yibere kanyinse – Bariba - 5

white

72.8

2.7

14.1

39.8

50

nd

75

N= number of people who know the variety, percentage is calculated on the basis of N
Nd : not determined
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beer of “bad quality” as they say. The other yellow varieties are bitter in taste and are
rather used to confer bitterness to the beer, in a similar manner as hops would be used in
lager beer. For this purpose, grains are either crushed with the malt or the ears are
immersed in the wort during cooking. Other processors grind them after the grain is
roasted. The flour obtained is then stored and added to the wort during cooking.
Kangnanra is much more used for medical purposes. The ear is immersed in boiling water,
resulting in an anti-malarial infusion.
CONCLUSION
This investigation revealed differences in farmers’ sorghum varieties in terms of their
physical and culinary properties. Sorghum is processed in different ways to yield various
foods including pastes, porridges and beverages. Perception of sorghum quality is related
to both the raw grain and the foods these grains will yield after processing. The way
sorghum is processed includes unit operations (dehulling, cooking, fermentation,
germination) of beneficial nutritional impact. However, foods of high frequency of
consumption include few of these operations in their preparation method. Colour and size,
as well as the quality of the food the grain will yield, determine the choice of sorghum
variety by the processors. The texture is the most important quality attribute of the foods
consumed as a main meal (dibou and sorou), colour is the most important quality
characteristic for porridges and beverages, while taste is significant for all sorghum-foods.
Farmers’ management of the diversity found in sorghum varieties responds well to
consumers’ preferences. Farmers selected and maintained a collection of varieties in which
several food-related characteristics are present. Of the 24 varieties reported, the majority,
namely 58 %, are brown or red. This agrees well with consumers’ preferences. Most
varieties deliver foods of high quality, while a few are of poor culinary quality but still find
their place in the cropping system probably because of the role they play in household food
security (early varieties) or their importance as food additive or as medicinal plants. This
diversity fits well with the environmental constraints in the sense that it includes at the
same time varieties of desired food quality and of particular agronomic properties like
striga resistant varieties (chassissoya, sakarabokuru) or early-maturing varieties (natisoya,
bio-dahu, mousseman). Interestingly, each community maintained such varieties in their
collection. This, together with the fact that these varieties are among the most popular in
each area (Table 6), demonstrates their strategic role for food security. Therefore, policies
and measures planned for the improvement of sorghum should take the genetic diversity of
food crops into account and use this in the same way as farmers do (Negash and Niehof,
2004). In addition to the agronomic and nutritional criteria, such improvement programmes
must consider consumer quality preferences to breed new varieties that provide paste,
porridges and beverages with adequate colour, texture and taste.
This research describes consumers’ and processors’ opinions on sorghum and
sorghum-based foods. Further research is required to investigate the role of socioeconomic variables on sorghum food quality preferences and consumption patterns. In the
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flowing optimisation process, the outcome of this study will serve to set the boundaries for
possible changes with respect to consumer preferences. The influence of the variation in
local processing methods on the nutritional value of the derived foods will be established
with a focus on the micronutrient content and anti-nutritional factors. Important aspects in
this respect are the duration of cooking, the sieving of the flour for dehulling, the
fermentation and the germination processes. Biological identification of the farmers’
varieties will also be performed and reported on.
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Chapter 3
Household production of sorghum beer in Benin: technological
and socio-economical aspects

Abstract
This study evaluated the sorghum brewing micro-enterprises in Benin with emphasis on the beer
quality, the social significance of the product as well as the income generation. Tchoukoutou, the
Benin opaque sorghum beer, has important social functions as it fosters the cooperative spirit and
remains an ancestral beverage widely used for some traditional ceremonies. The manufacturing
process consists of malting (soaking, germination and sun drying), brewing (mashing, boiling,
filtration) and fermentation. The beer is sour with a pH of 3.2 and contains a relatively high but
variable level of solids and crude protein. Most of the consumers appreciate an opaque, sour, and
pink-coloured beer. The consumers related many of the beer properties to health effects. The actors
could link the perceived qualities to the grain functional properties, and this leads to the
classification of the farmers’ sorghum varieties as varieties of top, medium and low quality for
brewing. The net processing margin from tchoukoutou production is in the range of 2365-17212
fcfa per month (1 euro = 656 fcfa), and the profits depend on beer yield and quantity of raw grain
transformed. The generated income is used for household needs and part of it is invested in
children’s education.
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INTRODUCTION
Food insecurity persists in Sub-Saharan Africa and is partly due to inadequate food
production. But more importantly, low household income and poverty limit people’s
access to the means to provide for their basic needs, particularly food. Seen in this way,
food insecurity is a component of livelihood insecurity. Ellis (2000) defines livelihood as
follows: “A livelihood comprises the assets (natural, physical, human, financial and social
capital), the activities, and the access to these (mediated by institutions and social relation)
that together determine the living gained by an individual or household” . Men and women
in developing countries tend to diversify their livelihood activities, sources of income and
asset base to enhance their livelihood and food security. Women’s income generating
activities in developing countries often significantly contribute to the household income
(Niehof, 2004). From her work in Eastern Zambia, Peterson (Peterson, 1999) recorded
twenty-five income generating activities of farmers (women and men). These were
categorized by the farmers as either “small money” activities, “medium-size money”
activities, or “big money activities”, depending on the level of income generated by these
activities and their contribution to the livelihood sustainability. Women were especially
engaged in “small money” and “medium-size money” activities, which mainly included
selling raw and locally processed crop foods such as porridge, fritters, and beverages. West
African women have a long and well-documented record of entrepreneurship (Mandel,
2004). They are active in food processing micro-enterprises that play an important role in
the local economy. The foods produced by these artisanal structures, usually referred to as
‘street foods’, significantly contribute to the food supply of the local - particularly the lowincome - population because they are cheap and easily accessible (Ekanem, 1998).
Opaque sorghum beer, a street food product, is a popular alcoholic beverage in the
northern Guinea Savannah region of West Africa. It is known as tchoukoutou in Benin,
dolo in Burkina-Faso, pito in Ghana, and burukutu or otika in Nigeria (Odunfa, 1985;
Kayode et al., 2005). The beer has a sour taste, a relatively high dry matter content (513%) and low alcohol content (2-3%), which make it a suitable beverage for adults and
teenagers (Agu and Palmer, 1998; Briggs et al., 2004). It is largely consumed by the
poorest, and significantly contributes to the diets of millions of people and generates
income for the women sellers who produce it at household level, using the traditional
technology. The beer is originally prepared with sorghum (Guinea corn; Sorghum bicolor),
but other starch sources like millet or maize can be used as adjunct or as substitutes
(Kayode et al., 2005). In some cases as much as 30% of sorghum harvested in Africa is
used for malting and brewing (Nout, 1980). The manufacturing process consists of
soaking, germination, sun drying, mashing, boiling, and fermentation. Depending on the
geographic location variations may occur in the process (Odunfa, 1985; Haggblade and
Holzapfel, 1989).
The objectives of the present study are threefold. First, to examine the social
significance of sorghum beer; second, to evaluate the quality of the product in terms of
consumers’ perception, nutrient content and microbiological as well as sanitary safety; and
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third, to quantify the income generation potential by the sorghum brewing microenterprises in Benin and its contribution to household livelihood security.
METHODOLOGY

Survey
The field research was conducted in northern Benin and took place in two stages. First, an
interview was held with 135 sorghum beer processors and consumers in 3 communities,
namely Parakou, Djougou and Natitingou. The regions were selected because of their rich
beer-brewing traditions. The questionnaire included the following aspects:
• frequency of consumption: frequently = 4-7 times/week, regularly = 2-3
times/week, occasionally = 1 time/week and rarely = less than 1 time/week.
• quality perception: consumers gave their opinion on the importance of quality traits
of the product i.e. appearance, taste, colour and smell. Finally, we recorded
consumers’ opinions on the suitability of sorghum varieties for beer making.
Interviews with key informants were performed to assess the social significance of the
product. Data were analysed using Winstat 2.0 software.
The second stage of the field research was a case study performed in Parakou,
involving three beer processors (i.e. brewers). Processor 1 (P1) is the head of a group of
eight beer processors. They produce beer every two days to meet consumers’ demand. P2
works in association with another processor and they produce tchoukoutou twice a week,
while P3’s brewery is a family business which produces beer once a week. Three batches
of red sorghum grain were selected and purchased by the processors at the local market
and were processed into beer at the three respective commercial production sites following
their traditional brewing practices. At the end of the fermentation, beer samples were
collected in sterile screw-capped bottles, packed in a thermocooler containing ice blocs,
transported to the laboratory, and immediately analysed for pH, titratable acidity and
microbiological characteristics. The processors were observed while carrying out the
brewing operations. Quantitative data were recorded on inputs (raw material, labour,
money, equipments, water, fuel, and time) and outputs (yield, by-products, and sales).
The protocols used for the quantitative survey and the case study were approved by
the Faculty of Agronomical Science of the University of Abomey-Calavi; informed
consent was obtained from all respondents.
Microbiological analysis
Duplicate samples of tchoukoutou (10 ml) were diluted in 90 ml sterile peptone
physiological saline solution (5 g peptone, 8.5 g NaCl, and 1000 ml distilled water, pH =
7.0) and homogenised with a Stomacher Lab-Blender (type 400, London, UK).
Appropriate decimal dilutions were plated. Total counts of mesophilic aerobic bacteria
were made on Plate Count Agar (PCA, CM 325, Oxoid, Hampshire, England) after
incubation at 30°C for 3 days. Lactic acid bacteria were enumerated on de Man Rogosa
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and Sharpe Agar (MRSA, CM 361, Oxoid, Hampshire, England) containing 0.1% (w/v)
natamycin (Delvocid, Gist-brocades, Delft, The Netherlands) after incubation at 30°C for
3-4 days. Yeasts and moulds were counted after incubation at 25°C for 3-5 days on Yeast
Extract Glucose Agar (CM 545, Oxoid, Hampshire, England) to which 0.01% (w/v) sterile
oxytetracycline (SR 73, Oxoid) was aseptically added after autoclaving. Enumeration of
Enterobacteriaceae was carried out in pour-plates of Violet Red Bile Glucose Agar
(VRBG, CM 107, Oxoid, Hampshire, England) with overlay, after incubation at 37°C for
24 h.
Physico-chemical analysis
Crude protein (N x 6.25), dry matter and ash contents were determined according to AACC
methods (AACC, 1984). pH and titratable acidity were determined as described by Nout et
al. (1989).
RESULTS AND DISCUSSION

The social significance of sorghum beer consumption
In the study areas, two kinds of sorghum beer were identified: tchoukoutou and chakpalo.
They have different appearance and taste. Chakpalo is a clear and sweet fluid, while
tchoukoutou is an opaque (turbid) and acidic beer. Table 1 shows the consumption patterns
for the different sorghum beers per region. Tchoukoutou is the most frequently consumed
Table 1: Frequency of consumption of sorghum beers in three communities in
Northern Benin (in % of respondents)

Parakou
(N = 45)
20

Tchoukoutou
Natitingou
(N= 45)
52

Djougou
(N = 45)
47

Parakou
(N = 45)
18

Chakpalo
Natitingou
(N = 45)
0

Djougou
(N =45)
0

Regularly

4

24

22

16

2

0

Occasionally

16

11

0

35

0

4

Rarely

60

13

31

31

98

96

Frequently*

*frequently: 4-7 times/week, regularly: 2-3 times/week, occasionally:1 time/week, rarely: less than
1 time/week

beer in the study regions. The frequency of consumption is higher in Natitingou and
Djougou, probably because these places are the cultural origin of this beer. In Parakou
both beers are consumed with a relatively high frequency. This is most likely related to the
ethnic diversity in this city, which is also regarded as a crossroad of various communities.
The relationship between gender and the frequency of consumption is found to be
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significant (Table 2): tchoukoutou is mostly consumed by men. The beer is regarded as a
stimulant, especially when people want to accomplish energy-demanding work;
“tchoukoutou donne la force”, as many like to say (Van Liere, 1993).
Table 2: Tchoukoutou consumption by gender
Male
Female
Total

Frequently
27 (60%)

Regularly
9 (20%)

Occasionally
2 (4.4%)

Rarely
7 (15.6%)

Total
45 (100%)

26 (29%)

14 (15.6%)

10 (11%)

40 (44.4%)

90 (100%)

53 (39.3%)

23 (17%)

12 (8.9%)

47 (34.8%)

135 (100%)

χ2

16.44*

*: χ2 is significant at 0.01 level

Apart from its role as a beverage, tchoukoutou also has an important social
function. In the northern Benin regions, a market day without tchoukoutou is unthinkable.
Due to the higher demand and appreciation of consumers, tchoukoutou pubs are
encountered in almost all neighbourhoods. Special tchoukoutou markets are also held in
some regions. For example Kilombo and Chakatabam are very popular tchoukoutou
markets in Parakou. These markets are held weekly and attract lots of people. A
tchoukoutou market is a place where people socialise and share information and
experiences. At the neighbourhood level, the ambiance promoted by tchoukoutou is
intense, particularly during weekends when paten’ti is organized. Paten’ti is a special
event organised on Friday and Saturday night around the tchoukoutou pot. It involves the
tchoukoutou processors, a disc jockey, consumers and other female sellers of fruits, sweets,
cooked rice, and kpakuman (cooked beef skin). The chief organizer of the Paten’ti is the
tchoukoutou processor who pays for hiring the music accessories. Sometimes it is the best
rendez-vous place for young men and women as tchoukoutou also makes them feel free to
express their thoughts.
Tchoukoutou is an ancestral beverage widely used for some traditional ceremonies
such as the weddings, baptism, excision (not practiced anymore nowadays), circumcision,
“tatouage”, burial ceremonies, and zolari (annual popular sorghum feast in Djougou
region). It is indispensable for the farm labour force as the beer fosters the cooperative
spirit.
Sorghum beer processing
Tchoukoutou is produced by women using various process unit operations. In general, like
in the conventional lager beer process, the method consists of three phases: malting,
mashing and fermentation. On average, 27 kg (referred to as one winnere: the local name
of the basket used to measure the grains) of grain is processed in one batch. The grain is
soaked in water overnight (9 - 12 h), germinated (72 - 85 h), sun dried (7 - 15 h), ground in
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a disc mill, mixed with water, decanted and divided into slurry and supernatant; the slurry
is mashed by gradually heating until the boiling point is reached after 2h, mixed with
supernatant and allowed to sour during overnight fermentation, filtered, boiled (6 - 9 h),
cooled, inoculated with starter harvested from previous batch (this starter is called
kpetekpete) and fermented overnight (13 - 14 h).
The choice of the type of sorghum is crucial as it will determine, together with
other factors, the success of the beer brewing. Processors often claim that not all sorghum
varieties are suitable for beer production. The storage duration of the grain is an important
criterion to which processors pay special attention when choosing the grain for brewing;
particularly in the period of September to December, when the grains have been stored for
longer than six months. Insect damage of the grain, detectable by the presence of holes or
floury dust, is an efficient indicator that grains have become unsuitable for brewing. Other
important selection factors for brewing sorghum include: size and colour of the grain, wort
quantity and quality (mainly sugar content) and to a lesser extent the origin of the grain
(Kayode et al., 2005).
(Kayode et al., 2005) identified many farmers’ varieties of sorghum in Northern
Benin and clustered them according to their ability to yield a good quality beer. The first
category comprises the varieties that are very good for brewing, including chabicouma,
chassisoya and agbani. The first-rate varieties are generally used as a reference to judge
the other varieties. They are brown, floury and have big grains. They give a high yield of
wort with very good properties, i.e. sugary and opaque. Generally, processors use the wort
properties as an indicator of the quality of the beer, the sweetness being the major criterion.
The sweeter the wort is, the better the beer will be. Another advantage of these varieties is
their relatively high availability, presumably due to some favourable agronomic properties.
After storage, all of them are still good for brewing as they germinate well. Moreover, they
yield well with soils that have a low fertility and some (chassisoya) are resistant to striga,
an obligate parasitic plant that attacks the roots of agronomically important crops,
including sorghum. Second-rate varieties are: wawira, soniya, mousseman,
mouhoulouman, talemoula and fissouka. These varieties are also suitable for tchoukoutou
processing, although some factors limit their utilisation. The white colour of some (e.g.
mouhoulouman, talemoula) is not favoured for beer processing. These varieties are always
mixed with red sorghum otherwise the beer would become too white and consumers prefer
pink/red beer because they believe coloured beer is healthy (Kayode et al., 2005). Other
varieties are too hard and thus prolong the processing time. This is the case with soniya
and wawira which require 2-3 days of soaking time instead of one, prior to germination. In
addition, more inoculum is needed for a quick fermentation of their wort. Finally, the third
group comprises the varieties unsuitable for brewing. These are sotakama, kassassahan,
kangnanra (yellow varieties) and natisoya. The main shortcoming of natisoya is that it
yields a less sugary wort. Another limitation is that it loses its germinative power after a
short storage period. However, because it is an early-maturing variety some processors
used it, just after harvesting, to produce a beer of “bad quality” as they say.
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Tchoukoutou production is not a highly labour-intensive activity but it takes a long
time (Table 3). Seven to ten days are required to complete a process cycle. Given this
constraint and also because of the investment needed, processors usually team up in groups
Table 3: Time duration (h) for sorghum grain processing into tchoukoutou
Unit operation

P1
(25 kg)

P2
P3
Average
(31 kg) (27 kg)

Working
hours (h)

Labour *
demand (full
time
equivalent)
0.25

Soaking

11

9

13

11

2.0

Pregermination

13

13

24

17

0.5

0.06

Germination

72

61

48

60

4.0

0.50

Drying

16

15

7

12

3.0

0.38

Milling

0.25

0.25

0.25

0.25

0.25

0.03

1

1

1

1

1.0

0.13

Boiling/Saccharification

1.75

1.25

1.75

1.5

1.5

0.19

First fermentation/

12.5

10

12.75

12

1.0

0.13

Filtering

3

0.5

0.5

1.3

0.75

0.09

Boiling

9.5

8.0

6.5

8.0

5.0

0.63

Cooling

2.75

2.5

2.5

2.5

0.5

0.06

Second fermentation

13.0

14.0

13.0

13.3

1.5

0.19

155.75

135.5

130.25

139.85

21.0

2.63

Suspending /Settling

Saccharification

Total
* 1 fte = 8 working hours

to fulfill the consumers’ demand. This kind of association is mostly based on family
relationships. For instance, processor 1 (P1) belongs to a group of eight processors and P2
associated with a friend from her village to be able to produce beer twice a week. P1 is the
head of the group and has invested in the main process equipments. Her two daughters,
two sisters, and three friends from her village are the members of her group. P1 was
previously a member of a group directed by the wife of her older brother. From this group
she gained the knowledge of brewing and part of the money used to purchase her own
equipments. Because of her accrued experience she supervises the process and the other
members usually refer to her for advice. Each processor in the group has her turn in such a
way that when someone is at the germination step another one is soaking for a new
processing cycle. The processing takes place at the household level, usually at the home of
the head of the group who manages the space for processing. Typically a brewing
‘enterprise’ includes a sprouting area (6-10 m2) (in some cases a space is arranged in the
sleeping room for sprouting), and a kitchen made up with big ‘lateritique’ stones to allow
the use of big pots. The family kitchen is usually situated next to the brewing kitchen.
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Another kind of social organisation of beer production is represented by processor (P3),
where beer is exclusively produced by the family, i.e. the mother and her daughters or
other close relatives who may have their own occupations (e.g. going to school, farming,
selling small necessities) but occasionally help their mother in brewing.
There is some ethnic specialisation related to brewing activities. Like most of the
tchoukoutou brewers in Parakou, the three processors observed originated from the northwestern part of Benin where tchoukoutou is believed to have come from. Chakpalo is
exclusively brewed by Idatcha women from the Central part of the country, where this
beer is believed to have originated.
Quality as perceived by consumers
Consumers expressed a strong preference for tchoukoutou compared to chakpalo and
clearly differentiated between both beers in term of quality attributes (Table 4). Most
consumers prefer an opaque tchoukoutou. The beverage should be acidic with a colour
ranging from pink to reddish. To the question ‘why do you prefer these specific quality
attributes?’ consumers give diverse answers. Some argue that opaque beer appeases
hunger. The reasons for drinking brown or reddish beer are health-related beliefs. Because
it is a general belief that beer brewed from maize (a white beer) causes headache,
consumers indicated that the pink colour of a beer guarantees that it was brewed from
sorghum. Another important quality aspect of tchoukoutou is the alcohol content. A beer
with high alcohol content is preferred. Actually the alcohol content of opaque sorghum
beer ranges between 2-3% (Agu and Palmer, 1998; Briggs et al., 2004). But considering
the relatively high quantity of beer consumed daily, consumers can ingest considerable
quantities of alcohol. During the harmattan season (a cold period) we observed some
consumers adding sodabi (a local distilled alcohol) to tchoukoutou to make it more
powerful, as they say. The odour of the beer is also perceived as an important attribute by
some consumers. Some consumers claim to be able to infer the overall quality of
tchoukoutou by its odour (Kayode et al., 2005). Finally, a minority of consumers
appreciate a bitter beer because they believe that such beer "fights against malaria" and
"cleans the blood".
To meet consumers’ quality demands, processors make use of certain foodprocessing practices. To produce bitter beer, the yellow varieties (bitter varieties) are used
as hops would be used in a European lager beer. For this purpose, grains are either crushed
with the malt or the ears of bitter varieties are immersed in the wort during cooking. Other
processors grind them after the grain is roasted. The flour obtained is then stored and added
to the wort during cooking. A larger mesh basket or bag is used to permit the infiltration of
suspended solid matter to enhance the opacity of the beer. From the opacity point of view,
consumers distinguished two kinds of tchoukoutou. Kotouman, a very opaque tchoukoutou,
is perceived as different from chololo (relatively less opaque tchoukoutou). The use of a
sticky solution, obtained by watery extraction of the bark of sarikibou, (a wild tree) during
the decantation process is responsible for the lesser opacity of chololo. Indeed sarikibou is
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6

69

14

97

16

Taste
sweet

30

4

very
sweet

0

7

neutral

40

100

acidic

0

22

very
acidic

96

88

Colour
pink

*Sum > 100 because several answers were possible; n = number of people interviewed on the beverage for the quality aspects

(n=24)

Chakpalo

(n=82)

Tchoukoutou 86

Appearance
opaque
fluid

Table 4: Consumers’ quality preferences for sorghum beers (% of respondents*)

100

78

red

0

3

white
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used to accelerate the decantation process. As it contributes to the precipitation of small
solid particles, it contributes to a better filtration. The alcohol content of tchoukoutou is
produced by yeasts (Nout, 1980; Sefa-Dedeh et al., 1999). Here the inoculum (kpetekpete)
used - kept in a calabash - consists of yeasts harvested from a previous batch. The microorganisms are kept alive by replacing the supernatant on daily basis. When we asked a
processor what would happen if the water is not regularly renewed for the inoculum, she
replied: ‘kpetekpete looses its strength and will not make the beer effervescent anymore’,
meaning that the yeasts would have died.
Microbiological quality
Tchoukoutou is a sour beverage with a pH of 3.2 ± 0.2. The level of titratable acidity
amounts to 0.8 ± 0.1 (in % lactic acid equivalent). The product contains a relatively high
but variable level of solids and crude protein. The major micro-organisms involved in the
fermentation of the beverage are lactic acid bacteria (LAB) and yeasts (Table 5). The high
levels of yeasts and LAB in the product are to be expected, owing to their predominance in
Table 5: Nutritional and microbiological attributes of tchoukoutou
Processor 1

Processor 2

Processor 3

Crude protein (% dm)

3.7

7.9

6.8

Dry matter (% wb)

13.5

12.1

4.8

Refractive index (%)

17.5

14.0

7.0

pH

3.0

3.4

3.1

Titratable acidity (% lactic acid)

0.5

0.8

0.6

Total count

nd

8.2

7.8

Yeast

8.5

7.9

7.8

Lactic acid bacteria

nd

7.9

7.6

Enterobacteriacae

<1

<1

<1

Physico-chemical attributes

Microbiological attributes (Log cfu/ ml)

dm = dry matter, wb = wet basis, nd = not determined

other traditional fermented cereal foods. The LAB create an acidic environment favouring
yeast proliferation and yeasts provide vitamins and other growth factors such as amino acid
for the LAB (Muyanja et al., 2003). The LAB produce lactic acid and other organic acids
lowering the pH of the product from about 6.5 to 3.6 (Hounhouigan et al., 1993). If the pH
of a food product is below 4.0, the growth of diarrhoea causing pathogens is inhibited
(Nout et al., 1989; Motarjemi and Nout, 1996). Consequently, it can be argued that
beverages like tchoukoutou are less likely to be a source of pathogenic bacteria and are
38

Quality and income generation from beer brewing in Benin
safe, even under conditions of poor hygiene. Our result confirms this as the
Enterobacteriaceae family of bacteria are below detection level in the product (Log cfu/ml
< 1). Indeed, it is rare to hear consumers complaining about stomach troubles or diarrhoea
after consuming tchoukoutou. By contrast, chakpalo is fermented to a lesser extent, and
frequent stomach pains resulting from its consumption are an important factor in its lesser
popularity.
Sanitary quality
From the sanitary quality point of view, some process practices may have important health
risk implications for consumers of sorghum beers. Extensive growth of moulds was
observed on the sprouted grains after 3 days of germination. These fungi may include
Aspergillus spp., a genus harbouring mycotoxigenic species reported to predominate in the
study areas (Setamou et al., 1997). Aspergillus spp. may produce aflatoxins, which are
associated with health hazards in humans and animals (Miller, 1995). Incidentally,
aflatoxins are quite stable during processes such as boiling and fermentation. Thus, a
significant amount of these toxins might occur in the beer. We observed that the rootlets, a
source of cyanogens (HCN), are not removed before milling the sun-dried germinated
grain. Cyanogens, released during seed germination, have the biological function to protect
the young seedling against insect or animal attacks. Interestingly, some process operations
like boiling and fermentation eliminate this toxin from the product since HCN is volatile.
Yields and profits
The yield of tchoukoutou beer, shown in Table 6, varied from 170 to 456 litres with an
average of 282 litres per 100 kg of dry grain. In terms of dry mass balance, an average 24%
of the total processed grain is recovered in the beer. Dilution with water is the main factor
explaining the large variation observed in beer yield. This is further confirmed by the input
quantification (Table 7) which showed that the processor 3, with the highest beer yield,
makes use of the largest quantity of water; almost the double of water used by another one
(P1) who had the lowest beer yield. The boiling time is also likely to correlate with the
yield, longer boiling times resulting in lower yield. As can be observed from Table 6, the
average beer yield on dry matter basis is 24% which is quite low. The most important
losses of dry matter occurred during the germination (10 - 19%), mashing/filtration (27 44%), and the second filtration after the fermentation (12 - 39%). Spent grain (residue) is
valorised as animal feed. In most cases, sorghum processors rear pigs that are fed with the
by-products. The animals are sold to generate income. The yield of the beer is linkable to
its quality, and this determines the price of the product. Table 7 shows that the beer from
P1 is the most expensive (355 fcfa/kg). One litre of the beer 1 costs at least the double
price of beer 3. Indeed, beer 1 is the one that meets the best with consumer preferences
(Table 4) because of its high opacity, high acidity and probably high alcohol content (see
Table 5).
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The profitability of the beer processing was estimated taking into account the different
inputs and outputs. The calculation was done for each individual processor on a monthly
basis assuming 4 processing cycles in a month. Even though the processors don’t attribute
Table 6: Mass balance of tchoukoutou processing (kg dry matter)
Processor 1
100

Processor 2
100

Processor 3
100

Soaked

92

95

98

Germinated

79

76

88

Mashed/filtred

35

48

61

Boiled

35

45

53

Fermented/filtred

23

27

22

170

220

456

13.5

12.1

4.8

Beer yield (kg dm)

23

27

22

Spent grains (Kg dm)

77

73

78

Raw grain

Beer yield (Liters)1
2

Beer dm content (%)

1

Volume of beer obtained per 100kg of dry raw grain; 2 Dry matter content of the beer

wages to themselves, we did so to each of them on the basis of the Benin minimum wages
in order to measure labour costs. Apart from the raw grain, the most expensive input in
tchoukoutou processing is the fuel, which alone makes up to 43% of the total variable cost.
A lot of wood is used during the boiling process which lasts the whole day. Among the
food processing activities in the study area, tchoukoutou making probably consumes most
firewood. There is some evidence that these practices are a threat to forest preservation.
The net processing margin from tchoukoutou production is in the range of 2365-17212 fcfa
per month (1 euro = 656 fcfa), and the profits depend on beer yield and quantity of raw
grain transformed (Table 7). It is noteworthy that P3 with the highest beer yield didn’t
generate the highest profit because the excessive dilution of the beer fetched a low sales
price and of the beer, only 80% could be sold. Leftovers are served free to friends or
relatives, or are enriched with starchy ingredients, fermented again and distilled to yield
sodabi (strong alcoholic liquor). The money generated by the process is the property of the
processor who conducted the brewing. In case of association, each member refunded the
head (in case she has invested for the process equipments) with an amount of 200 fcfa as a
contribution to the equipments depreciation. The money gained is used for different
purposes. Primarily, it is used for their - including their family - basic needs, i.e. food and
clothing. Usually, part of it is regularly - often weekly - deposited in an account with the
‘tontinier’ (ambulant banker). Usually, this ‘tontine’ - deposit account - lasts no longer
than a year. The money can be withdrawn whenever needed, such as in case of
emergencies like illness, burial ceremonies of relatives. Another important reason for
saving money is to be able to contribute to children’s education. For example, processor 1,
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Price (fcfa/kg)
P1
P2

Quantity (kg)
P1
P2

Value (fcfa)*
P1
P2
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P3
P3
P3
Input
Variable cost
sorghum grain
88
65.15
74
100
122.8
108
8834
8000
8003
water
1.47
1.47
1.47
564
793.6
1054
829
1167
1549
fuel
8000
8000
8000
milling
15
11.7
14
80
102.4
112
1200
1198
1602
Total variable cost (a)
18863
18365
19154
Fixed costs
Depreciation charges
Durable equipements2
745
630
567
Small equipments3
283
475
158
Processor salary/month4
30000
30000
30000
Total fixed cost (b )
31028
31105
30725
Output
Gross output /month1
355
276
155
147.2
241.6
468
52256
66682
72540
Selling out (%)
100
100
80
Gross output /month1 (c )
355
276
155
147.2
241.6
374.4
52256
66682
58032
Profitability
Gross margin/month (c-a)
33393
48317
38878
Net processing margin/month c-(a+b)
2365
17212
8153
1
2
P1, P2, P3 denote processor1, processor2, and processor3; Assuming 4 processing cycles in a month; Durable equipments are : basin, buckets, pot, jar,
mortar & pestle. Their depreciation charge is calculated on the basis of 5 years life duration; 3 small process equipments are : calebashes,basket, polythene
bags, oilclothes, siever, mixing device. Their depreciation charge is calculated on the basis of 6 months life duration; 4 the salary is attributed on the basis of
SMIG (official minimum wages) which is 27 000 fcfa; *1 € = 656 fcfa

Item

Table 7: Estimated cost , gross margins and net processing margins of tchoukoutou production per month
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whose husband has died years ago, paid for the sewing lessons of her daughter while
processor 2 invests in her son's school fees. In this way and following the classification of
Peterson (Peterson, 1999), tchoukoutou brewing activity can be regarded as a ‘medium size
money’ activity.
CONCLUSION AND PERSPECTIVES
Traditional beer brewing micro-enterprises, one of the West African rural women’s
strategies to diversify their livelihood activities, provide jobs and income to many rural
women in Northern Benin. A major economic criterion for the sustainability of a microenterprise is profitability, and tchoukoutou brewing is indeed profitable. The product is
gaining interest and there is a kind of expansion of the beer brewing activity beyond the
traditional origin of its production. An increasing number of tchoukoutou brewers is active
in major cities of Benin. We foresee an accrued development of brewing micro-enterprises
in the future. The gendered nature of beer brewing is significant and meaningful. First, the
cultivation of the raw ingredient, sorghum, is based on a gendered division of labour with
women being responsible for sowing and harvesting. Second, to give an added value to the
raw grain, women transform it into beer and sell it. Men drink it and women gain money to
sustain household livelihood. This clearly demonstrates the prominent role of women in
the economic cycle of this crop product.
Both 'etic' and 'emic' approaches were applied to apprehend the significance of the
beer quality. ‘Emic’ refers to a “logico-empirical system whose phenomenal distinctions
are built up out of contrasts and discriminations, significant, meaningful, real, accurate, or
in some other fashion regarded as appropriate by the actors themselves”, ‘etic’ to
“phenomenal distinctions judged appropriate by the community of scientific observers”
(our italics) (Harris, 1968). In the emic statements, consumers related many of the beer
properties to health effects. The beliefs that “bitter beer cleans the blood and fights against
malaria”, “pink beer is healthy” or “sweet beer can result in stomach pains” form
altogether an emic representation of the product, based on long-term experience with
sorghum cultivation and processing and consumption of the product. Interestingly, the
actors could link the perceived qualities to the grain functional properties, and this too,
leads to an emic classification of the farmers’ sorghum varieties as varieties of top,
medium and low quality for brewing. In the etic perspective it was possible to document
quality aspects of the sensorial and nutritional quality of the beer. Etic and emic
approaches occasionally match well; for instance, the high consumers’ preferences for
opaque beer and the relation of this attribute to hunger appeasement are confirmed by the
laboratory analyses which revealed the relatively high dry matter (nutrient) content of the
desired product. In view of the selection of functional sorghum varieties for quality, health
and well-being, further research merging anthropological and life science data will be
needed to discover relations between emic aspects and attributes that can be measured
analytically, and that can assist in selection and breeding of sorghum varieties.
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Chapter 4
Diversity and food quality properties of farmers’ varieties of
sorghum from Benin

Abstract
Farmers’ varieties of sorghum from three communities in different regions of northern Benin were
analysed for their food quality and agro-morphological properties, as well as for their genetic
diversity using AFLP. Farmers’ varieties of sorghum differed greatly with respect to their
morphology, agronomic and food traits. Most of the varieties had long (>200 cm) stems (87%),
loose panicles (79%), and a red or pink colour (52%). Most were susceptible to drought (54%), and
to attacks by striga (79%), insects (99%) and birds (77%). Farmers evaluated the quality of the
seeds for preparing porridges as being high for 60% of the varieties while 26% of the varieties were
regarded as suitable for making beverages. Late maturing, large-seeded, red or pink varieties are
preferred by farmers for porridges and beverages. Gene diversity among varieties within regions, as
measured by neutral markers, was similar for the three regions (0.211-0.240). However, across
regions the short (<150 cm) stem varieties showed relatively high genetic diversity compared to
long or medium stem varieties (0.378 vs. 0.184-0.216 for long-medium stem varieties). Genetic
differentiation (Fst) among regions and among stem lengths of varieties was significant and ranged
between 0.086 and 0.135. Grain colour, stem length and panicle shape, varied significantly with the
region/stem length, and correlate with the genetic differentiation of regions. No relationship could
be detected between the genetic differentiation of the varieties and their food quality as expressed
by the farmers. Implications of the findings for crop conservation and breeding are discussed.

A. P. P. Kayodé, A. R. Linnemann, M. J. R. Nout, J. D. Hounhouigan , T. J. Stomph and
M. J. M. Smulders. Journal of the Science of Food and Agriculture (2006), 86, 1032-1039.
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INTRODUCTION
Sorghum [Sorghum bicolor (L.) Moench] is an important staple food for millions of people
in semi-arid regions of West Africa (Hounhouigan, 2004). The crop is relatively drought
tolerant and well adapted to low-input conditions prevailing in this zone. High food
demand favoured by rapid population growth as well as changes in agro-ecological
conditions necessitate the breeding of new varieties that combine adaptation to the agroecological constraints, for instance drought, the occurrence of pests and diseases, and
appropriateness to specific end-use (Uptmoor et al., 2003). Compared to other cereals,
sorghum breeding has been neglected in recent decades. New high-yielding maize varieties
that are tolerant to semi-arid zones, have been bred and distributed but sorghum varieties
are still maintained and widely produced by local farmers for their own consumption
(Nkongolo and Nsapato, 2003; Kayodé et al., 2004). Although total sorghum production
ranks fifth in cereals world-wide (Grubben and Partohardjono, 1996), the great majority of
the production is consumed locally. This indicates the strategic role of sorghum for
household food security.
In sorghum producing areas worldwide, many of the varieties currently managed by
farmers are local materials that have been selected over the years following relevant
criteria for the users, i.e. farmers, processors, and consumers. This approach created a large
number of farmers’ varieties of sorghum that were reported to be diverse in terms of their
agro-morphology and food quality (Kayodé et al., 2004). For example, farmers in northern
Benin could differentiate ‘varieties’ based on morphological characteristics (seed colour,
panicle shape, stem length), tolerance to diseases and pests (insects, birds, striga (Striga
asiatica)), and suitability for the preparation of specific foods (porridges, beverages)
(Kayodé et al., 2004). With respect to efficient breeding, the conservation of genetic
resources is important, since farmers’ varieties may bear advantageous genes that are
especially useful in resistance breeding and in terms of quality traits (Tanksley and
McCouch, 1997). However, the success of any genetic conservation and breeding program
depends on understanding the distribution of genetic diversity present in the gene pool
(Zhang et al., 2000). In addition, the traditional farmers’ knowledge can be an appreciated
instrument in utilisation and development of new varieties (IPGRI, 1993; Kebebew et al.,
2001). Therefore the assessment of the genetic diversity of local crops in association with
the farmers’ perception of their characteristics could provide insight into their potential use
and ensure rapid adoption of the improved germplasm by the growers (Van Leur and
Gebre, 2003).
AFLP (Amplified Fragment Length Polymorphism) is a powerful tool for genetic
diversity analysis (Vos et al., 1995). This technique has been used to determine genetic
diversity in several crops including sorghum (Maciel et al., 2003; Uptmoor et al., 2003).
The high frequency of identifiable polymorphic markers and their reproducibility make
this technique an attractive tool for detecting polymorphism and for determining genetic
linkages among individuals (Gupta et al., 1999).
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In the present study, we surveyed the farmers’ perception and knowledge of the
sorghum varieties in Benin and evaluated their genetic diversity with the aim to evidence
possible relationships between the genetics and the specific end-use properties of the
varieties. Implications of the findings for the conservation and improvement of sorghum
varieties are formulated.
MATERIALS AND METHODS

Field survey and seed collection
The farmers’ sorghum varieties in use in northern Benin were accessed in September 2002.
The term farmers’ variety designates a landrace that is a local variety, developed and/or
maintained by farmers in particular ecological and agro-socioeconomic conditions (Negash
and Niehof, 2004). In the present study we use the term farmers’ sorghum variety to do
justice to the farmers. Three farming communities were included in this study i.e.
Banikoara (Lat. °N: 11°15’, Long. °E: 2°23’), Toucountouna (Lat. °N: 10°27’, Long. °E:
1°22’) and Djougou (Lat. °N: 9°43’, Long. °E: 1°41’). Ninety farmers were interviewed
using a questionnaire to collect information about the local names of varieties and the
relevant descriptors of these varieties. The descriptors related to: (1) agronomic
characteristics: maturity, susceptibility to striga and resistance to insects and drought, (2)
morphological properties: stem length (long >200 cm, medium, or short <150 cm), panicle
shape (loose or compact), grain size and colour, (3) suitability for preparing tchoukoutou (a
west African sorghum beer), dibou (a sorghum thick porridge) and sorou (a granulated
sorghum thin porridge); and (4) medicinal value. Farmers evaluated the suitability of the
varieties to prepare food on the basis of a three-point category scale i.e. 1 = low quality, 2=
medium quality and 3 = high quality. This phase generated a list of 111 farmers’ varieties
with their attributes.
In December 2002, at harvesting, a second field visit was organised to the same
group of farmers for seed collection and characterization. A total of 72 farmers’ varieties
were randomly sampled in the three communities and questionnaires were completed for
61 of them. Farmers who provided varieties, were asked to describe them on the basis of
the key descriptors identified previously and to score their properties on predefined
modalities (Table 1). For each variety, a description was given by two knowledgeable
farmers, who were selected on the basis of recommendations given by an extension worker
and fellow-villagers. Whenever the information on a given variety was at variance, a third
farmer was asked for a description. Eight focus group discussions were performed to
complete the survey.
DNA isolation and AFLP analyses of collected varieties
Seeds from 1 or 2 branches of single panicles of all accessions were sown, one line per
accession, in trays with a 50-50% mixture of sand and soil in a glasshouse at Wageningen,
The Netherlands. The soil was well watered and plants were grown at 28-20°C day-night
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temperature and 90% relative humidity for 2 weeks, until plants reached the 4 leaves stage.
Per accession, leaves were sampled on 5 of the emerged seedlings and freeze-dried for
later processing. For DNA extraction, a small piece (1 cm2) of the freeze-dried leaf tissue
was ground with 4 glass pearls in a Retsch shaking mill, followed by DNA extraction
(Fulton et al., 1995). The AFLP method (Vos et al., 1995) was performed essentially as
described (Myburg et al., 2001), with separation and detection on a LiCOR automated
sequencer. Approximately 80 EcoRI/MseI primer combinations were tested on four
samples. Suitable combinations were selected based on the number of unambiguously
scorable polymorphic bands. Finally, two primer combinations were selected for analysis:
EcoRI-AAC/MseI-CCC and EcoR1-ACA/MseI-CTG.
Data analysis
The survey data were analysed using the statistical program SPSS 11.0. The food quality
modalities, i.e low, medium and high, were ranked on a scale from 1-3 and the one-way
ANOVA model was used to compare means between groups applying the LSD test. For
the genetic data, presence (1) or absence (0) of each polymorphic AFLP band was scored
for all genotypes. AFLP-SURV version 1.0 (Vekemans et al., 2002) was used to calculate
gene diversity (Fst) statistics and to estimate significance of the Fst estimates. Principal
coordinate analysis (PCO) was carried out based on the similarity matrix using NTSYSpc
2.10j (Applied Biostatistics). Tests for correlations between genetic variation and
populations or traits were performed using AMOVA 1.55 (Excoffier et al., 1995).
RESULTS AND DISCUSSION

Farmers’ characterization of varieties
The farmers’ varieties of sorghum collected in the three farmers communities differed
greatly with respect to their morphology, agronomic and food traits (Table 1). Most of the
varieties had long stems (87%), loose panicles (79%), large seeds (49%) and a red or pink
colour (52%). In addition, most of the varieties were considered to be susceptible to
drought (54%), and attacks by striga (79%), insects (99%) and birds (77%). The survey
showed that farmers considered the majority of long and medium-stemmed varieties of
high quality for making dibou (60%) and sorou (60%); only 28% of these varieties had a
high quality for tchoukoutou preparation. Of the short-stemmed varieties, the majority was
considered having poor quality for making dibou (63%), sorou (50%) or tchoukoutou
(63%). Apparently, the quality demands for varieties to make tchoukoutou are higher than
for porridges. Clearly, most of the short-stemmed varieties are considered to deliver poor
quality food. The higher quality requirements of varieties for preparing tchoukoutou may
be related to the way in which this product is made and to the specific consumers
preferences. First, the suitability for malting (germination) is essential. Second, the seed
should contain enough starch to yield an opaque beer with sufficient alcohol (Kayodé et
al., 2004). These aspects should be taken into account in breeding varieties for tchoukoutou
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production. Another important aspect in breeding for tchoukoutou is the farmers’
preferences for big seeds. Farmers justified their preferences for big seeds by their high
yield of beer.
Table 1: Frequency distribution (%) of sorghum varieties following agromorphology
and food quality traits and separating the tall (L) and short (S) sorghum types
Characteristics
Panicle shape
Maturity
Drought
reaction
Striga
reaction
Reaction to
insects
Bird attack
Medicinal
value
Grain size
Grain colour

Dibou quality
Tchoukoutou
quality
Sorou quality

Type L*
Type S*
Banikoara Toucountouna Djougou Total Toucountouna Djougou Total
(n=25)
(n=14)
(n=14) (n=53)
(n=2)
(n=6) (n=8)
compact
36
0
0
17
50
50
50
loose
64
100
100
83
50
50
50
early
32
43
36
36
50
0
12
intermediate
12
7
7
9
50
33
50
late
56
50
57
55
0
67
38
resistant
32
57
50
43
0
33
25
intermediate
8
0
7
6
0
0
0
susceptible
60
43
43
51
100
67
75
resistant
4
14
7
8
0
0
0
intermediate
8
14
21
13
0
33
25
susceptible
88
73
72
79
100
67
75
resistant
0
0
0
0
50
0
12
susceptible
64
100
100
83
50
100
88
unknown
36
0
0
17
0
0
0
low
28
14
7
19
50
50
50
high
72
86
93
81
50
50
50
used
68
21
36
47
100
67
63
not used
32
79
64
53
0
33
37
large
40
57
57
49
0
67
50
medium
56
7
29
36
50
33
38
small
4
36
14
15
50
0
12
red
12
7
29
15
0
0
0
pink
24
72
50
43
0
16
12
white
56
21
21
38
50
16
25
yellow
8
0
0
4
50
67
63
high
52
64
71
60
0
17
12
medium
28
36
29
30
0
33
25
low
20
0
0
10
100
50
63
high
16
43
36
28
0
17
12
medium
36
14
43
32
0
33
25
low
48
43
21
40
100
50
63
high
56
57
71
60
0
0
0
medium
28
19
29
25
0
50
50
low
16
29
0
15
100
50
50
Modality

*Type L: long (>200 cm)-medium stem varieties, type S: short (<150 cm) stem varieties.

The data on colour preferences were not statistically different. The fact that not
only red, but also some white-coloured varieties produce tchoukoutou with a pink colour
(Kayodé et al., 2004) may have contributed to this.
The correlations between recorded food quality and agromorphology traits showed
that late maturing varieties were judged to be more suitable for the production of dibou and
sorou than the early varieties (Table 2). This preference could be related to the consumers’
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preferences for products of high viscosity (Kayodé et al., 2005). In the case of tchoukoutou
differences in maturity are less important. However, it should be noted that some early
varieties (ex: natisoya or chamwoka) were judged to yield poor quality beer. For all three
products in the study, large-seeded varieties were preferred to medium and small-seeded
varieties.
Table 2: Relationship between food quality traits as expressed by farmers on a scale
of 1-3 and agromorphological properties for long-medium stem varieties (N=52)
Dibou quality

Tchoukoutou quality

Sorou quality

late (n=28)

2.71±0.66a*

2.11±0.79a

2.64±0.62a

early (n=19)

2.26±0.65bc

1.74±0.81ab

2.11±0.88bc

intermediate (n=5)

2.20±0.45ac

1.00±0.0b

2.60±0.55ac

small (n=8)

2.00±0.0a

1.00±00a

1.5±0.53a

medium (n=19)

2.32±0.82a

1.63±0.68b

2.42±0.69b

big (n=25)

2.80±0.50c

2.32±0.75c

2.76±0.60c

red (n=10)

2.5±0.53ab

1.80±0.79ab

2.40±0.52ab

white (n=21)

2.33±0.8ad

1.52±0.68a

2.29±0.85ab

pink (n=19)

2.79±0.42b

2.37±0.76b

2.74±0.65a

yellow (n=2)

1.50±0.71cd

1±00a

1.50±0.71cb

Maturity

Grain size

Grain colour

*Means ± standard deviation; means with the same letter are not significantly different according
to the LSD at the 0.05 level; n: number of varieties

With respect to the preference for grain colour, the marks given by the farmers are
always highest for pink followed by red, white and yellow, respectively. However, the
differences are not always statistically significant. The colour preferences for the porridges
follow the same order as for tchoukoutou. In contrast to tchoukoutou, colour defects in the
porridges can be masked by adding specific ingredients like the leaves of certain sorghum
varieties to obtain a pink colour. Likewise, cassava chips are added to sorghum flour to
correct the viscosity defect of some varieties.
Genetic diversity within farmers’ varieties and areas
Seventy-two farmers’ varieties of sorghum, of which sixty-four are of long-medium stem
(type L) and eight of short stem (type S), were considered in the AFLP analysis. The shortstem (S) types were treated separately, because they appeared to form a separate and
outlier group compared to the other (L) types (see Figure 2). The type L varieties were
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grouped by area of collection i.e Banikoara, Djougou and Toucountouna. A total of 91
polymorphic AFLP bands were identified. The comparison of the Nei’s genetic diversity
(Hj) between type L and S varieties indicates a relatively high genetic diversity within the
short stem varieties (0.378 vs 0.1211-0.240) in spite of the restricted number of the short
varieties (n = 8) included in the analysis (Table 3). Possible reasons for this are: first, most
of the short varieties have less desirable properties (yellow or white colour, bitter taste) and
accordingly, are ranked as having poor food quality by farmers. Some farmers declared to
maintain them in their field because of their medicinal value. Consequently, they may have
received less attention from farmers for selection and for exchange of material between
farmers. In addition, because of their limited number and their distinctiveness in
morphological characteristics (grain colour, panicle shape and form) farmers could easily
distinguish them.
Table 3: Gene diversity statistics within sorghum groups
Type
L

S

Area
sampled

Code

Number of Number of
samples
polymorphic
locia
29
66

Hjc

Hjd

Proportion of
polymorphic
loci (%)b
72.5

0.211

0.184

Banikoara

1

Djougou

2

17

64

70.3

0.228

0.203

Toucountouna

3

18

67

73.6

0.240

0.216

4

8

85

93.4

0.378

0.387

Banikoara and
Toucountouna

a

Number of polymorphic loci at 5% level, i.e. loci with allelic frequencies lying in the range 0.05
to 0.95
b
Proportion of polymorphic loci at the 5% level
c
Hj = expected heterozygosity (Nei’s gene diversity) under Hardy-Weinberg genotypic proportions,
and
d
assuming self-fertilisation s=0.8 (Fis = s(2-s) = 0.67 under mixed mating)

The gene diversity (Hj) within an area was comparable (0.211-0.240) between
areas of collection. Accordingly, Fst among areas was lower than between the two types of
sorghum (Table 4). However, the varieties collected in Banikoara were slightly less
diverse inspite of their relatively high number. Sorghum is the major crop in Banikoara
and it plays an important role in household food security. Farmers are always looking for
better performing varieties, and the seed exchange between villages and farms is
particularly common in this region as reported by farmers. The name given to some
varieties testify to this. For example, the variety baniyani bears the name of the village
where it has been imported from, while the varieties bio-dahu and gbango bear the name of
the farmer who introduced them in the villages where we collected them. At the same time
these varieties kept their initial name in their village of origin. Given this, many duplicated
varieties may be present in the area of Banikoara and this may result in reducing gene
diversity.
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Table 4: Genetic differentiation among sorghum groups
Hta

Hwb

Hbc

Fst

Nmd

Among sample areas

Number of
populations
or groups
3

0.248

0.227

0.021

0.086**

2.66

Between type L and S

2

0.355

0.305

0.050

0.135**

4

0.303

0.264

0.038

0.126**

Comparison

[1,2,3 compared to 4]
Among the 4 groups
a

Ht = total gene diversity
Hw = mean gene diversity within areas (Nei’s Hs)
c
Hb = average gene diversity among areas in excess of that observed within areas
d
Nm = estimate of gene flow among areas [assuming random mating, Hardy-Weinberg equilibrium,
and Nm = (1/ Fst - 1)/4]
** = significant at P<0.01
b

Genetic differentiation and Principal coordinate analysis
High genetic differentiation (Fst) was found between the short and long-medium varieties
(Table 4). This genetic differentiation would be consistent with the farmers’ classification
who consider short varieties as different from the other varieties based on their
morphology and food properties. The level of genetic differentiation among areas was low
but significant (Fst= 0.086). The pairwise matrix of genetic differentiation (Table 5)
showed high differentiation between varieties from Banikoara and Djougou whereas
Table 5: Pairwise matrix of genetic differentiation (Fst) among sorghum types and
areas
1
0
0.150
0.034

2

3

1
2
3

0
0.070

0

4

0.165

0.170

0.135

4

0

varieties from Toucountouna were found to be close to those from Banikoara and
Djougou. Considering the geographic distance between areas, Toucountouna is at middistance between Banikoara and Djougou. In a PCO analysis, there was a tendency of the
varieties to distribute according to the areas of collection (Figure 1), with large overlaps
between the three areas investigated; and most extensively between samples from
Banikoara and Toucountouna. On the other hand, the varieties with long and medium stem
could not be separated while short stem varieties were clearly differentiated (Figure 2).
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Sorghum
axis 1 and 2

64

0.28

63

50
54
66

60

59
51
52 75
62 55

56

73

70

44
32

61

2

68
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Figure 1: Principal coordinate analysis of the AFLP showing all individual samples
grouped by region
To have an idea of the rate of exchange, ‘gene flow’ (Nm) among areas was estimated as Nm
= (1/ Fst - 1)/4, even though not all assumptions (random mating population, no selection,
etc.) are met. The value of 2.66 ‘diespersers’ per generation corresponds to a fair but
certainly not unlimited level of gene flow between communities, which may be responsible
for a low level of differentiation between areas. In the present study, seed exchanges
between farmers from different communities could be the main agent for gene flow
between areas. Indeed, gene flow through trade may lead to an isolation-by-distance
pattern of genetic differentiation with increasing geographic distance (Adin et al., 2004).
Our sampling strategy, which focussed on farmers in the neighbourhood of three regions
and did not include farmers at many different geographical distances, was not suited to test
for an isolation-by-distance in Benin.
Relationship between genetic and the end-use quality of varieties
The analysis of molecular variance (AMOVA) was performed to explore the relationship
between the genetic variance and food quality as well as agro-morphological traits of the
varieties. No significant correlation could be detected between the genetic distance of the
varieties and the differences in their food quality as expressed by the farmers.
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Figure 2: Principal coordinate analysis of the AFLP profiles showing all individual
samples grouped by stem length
This suggests that farmers do not select varieties from different gene pools for
specific food purposes. Nevertheless, with respect to the morphological properties, the
grain colour partitioned into four sub-groups (red, pink, white and yellow). The stem
length (long, medium, short) and the panicle shape (loose, compact) were found to be
significantly correlated to the genetic structure among the varieties. The genetic distance
(pairwise Fst) between sub-groups ranges from 0.038 to 0.058 for colour, from 0.011 to
0.211 (L vs. S) for stem length whereas compact and loose panicle varieties had a genetic
distance of 0.069. Even though the genetic distances between subgroups were statistically
significant, only 4.66-10.93% of the total molecular variation is attributed to the amongsubgroup genetic variation for these morphological properties. The within-subgroup
variation therefore accounts for the major part of the molecular variation observed.
The genetic distance of the varieties did not correlate with differences in some
important agronomic traits like resistance to bird attack, striga or drought. Indeed, these
characteristics vary among local varieties within one village, or even between
neighbouring farms, as much as across the whole study, and may be subject under trial in
further investigations to screen varieties for important agronomic characteristics.
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CONCLUSION:
IMPLICATIONS FOR CROP CONSERVATION AND BREEDING
The present study makes use of farmers’ knowledge and molecular markers to apprehend
diversity in farmers’ varieties of sorghum in northern Benin. Farmers reported a large
number of varieties in which different end-use properties and agronomic traits are spread
reflecting the different environment and consumers’ demands they are confronted to. The
molecular marker study revealed an appreciable genetic diversity between farmers’
varieties. By differentiating short-stemmed from the long-medium varieties, the AFLP
technique supports the farmers’ classification, who regard these varieties as different. The
short varieties may have been imported or traded recently, and therefore there may not
have been time to select a subset of the variation. Further investigations may be needed to
clarify the history of this group of varieties.
Important correlations have been found between the food quality of the varieties
and their agro-morphological traits, while the correlation between neutral genetic data and
food quality is poor, as studied with the chosen primer combinations. This most likely
reflects the fact that farmers select or appreciate varieties from one common gene pool (for
long and medium-stemmed sorghum). The between-area difference in genetic similarities
suggests trade or exchange between regions, albeit constrained by distance. To quantify
this, a study would be needed that correlates genetic distance to a measure of travelling
time between farmers. Also some morphological traits exhibited a gradient from the
northern-most village to the south, and showed a correlation with the genetic
differentiation of varieties from the three regions.
Crop selection at farmers level is a multipurpose-oriented process. Both consumers’
preferences and the environmental constraints influence the creation of diversity. The
presence in farmers’ collections of varieties that combine various properties could be of
interest for breeders. The farmers’ preference for long stemmed varieties is not only
justified by the food of good quality they could yield, but also because the production of
biomass is important for fuel and construction material supply. The striga resistant
varieties (chassisoya, shakarabokuru, lamrozo) are also stated to tolerate low fertility soils
and to possess high food quality properties. Interestingly, the genetic similarity between
chassisoya and shakarabokuru is low (<0.90) which suggests that these varieties could be
genetically distant from each other. Striga species are obligate parasite plants that attack
the roots of agronomically important crops, including sorghum, causing enormous crop
losses and thereby affecting the livelihood of over 100 million people in Africa (Botanga et
al., 2002). The identification of resistant varieties to striga within farmers’ gene pools
could facilitate breeding programmes aiming at developing new varieties against this hemiparasite. In the same way, the maintenance and cultivation of poor food quality varieties
has to do with their medicinal properties (ex: sotakama, kassassahan) or their strategic role
for household food security (ex: early maturing varieties).
The findings of the present study provide background information that could be
useful for national core collection and breeding of sorghum. Efforts to conserve and
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improve this germplasm should make use of both genetic variability and the farmers’
knowledge to identify superior germplasm in terms of both agro-morphological properties
and food quality traits. Farmers reported that a number of varieties are disappearing. The
fact that we could not collect all the varieties identified by farmers is partly due to this
trend. Also urbanization phenomena seem to contribute to the loss of knowledge about the
varieties. For example, in Parakou - the major urban area of northern Bénin farmers/consumers know relatively few varieties that they distinguish on the basis of
colour. When species die out, also the cultural practices and language connected with them
disappear (Negash and Niehof, 2004).
Further investigations, including other sorghum farming areas, are recommended
for systematic collection of the existing farmers’ varieties. Because of the humanenvironment interaction in the generation of diversity, both in-situ and ex-situ conservation
are recommended for the preservation of the present germplasm.
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Chapter 5
Genetic and environmental impact on iron, zinc and phytate in
food sorghum grown in Benin

Abstract
Seventy-six farmers’ varieties of sorghum from Benin were distinguished by amplified fragment
length polymorphism (AFLP) and clustered into 45 distinct genotypes. The genotype clusters were
evaluated for their Fe, Zn and phytate concentration, in order to assess the impact of genetic and
environmental effects on the composition of the grains, and to identify farmers’ varieties with high
potential Fe and Zn availability. The Fe concentration of the grains ranged from 30 to 113 mg/kg
with an average of 58 mg/kg. The Zn concentration ranged from 11 to 44 mg/kg with an average of
25 mg/kg. The phytate concentration of the grain ranged from 0.4 to 3.5 % with a mean of 1.2 %.
The grain-Fe and grain-Zn did not show consistent linkage to genetic variation, but varied
significantly across field locations, suggesting a predominant environmental impact. The phytate
concentration of the grains appeared to be environmentally as well as genetically determined. No
varieties provide adequate Zn to meet nutritional requirements of sorghum consumers. The most
promising varieties for Fe supply were tokogbessenou, mahi swan, biodahu, saï maï, mare dobi,
sakarabokuru and chabicouma, as they showed a [phytate]/[Fe] ratio lower than 14, which is the
critical value above which Fe availability is strongly impaired. These varieties could therefore be
recommended for the preparation of food products like dibou, in which processing methods only
have a slight diminishing effect on phytate levels. Further research is needed to test these varieties
for the stability of [phytate]/[Fe] molar ratio across various environmental conditions.

A. P. P. Kayodé, A. R. Linnemann, J. D. Hounhouigan , M. J. R. Nout and M. A. J. S. van Boekel.
Journal of Agricultural and Food Chemistry (2006), 54, 256-262.
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INTRODUCTION

Iron (Fe) and zinc (Zn) deficiencies constitute a major public health problem in many
African countries. They mostly affect infants and pregnant women and may have serious
consequences. Chronic micronutrient deficiencies, particularly of Fe, Zn and vitamin A,
cause child mortality, impaired mental and physical development, decreased work output,
and contribute to morbidity from infections (Gibson, 1994; Dossa et al., 2001; Oikeh et al.,
2003).
In semi-arid tropics worldwide, sorghum [Sorghum bicolor (L.) Moench] is
cultivated by farmers on a subsistence level for human consumption (Duodu et al., 2003).
The crop is processed into different local foods such as porridges and beverages, for adults
and infants (Kayode et al., 2005). The average yearly sorghum consumption amounts to
115 kg per capita in northern Benin (ONASA, 2001) and 200 kg per capita in BurkinaFaso (Diawara et al., 1995). Meat consumption is low in these regions as in most
developing countries, and therefore cereals and vegetables are the main dietary sources of
macro- and micronutrients (Svanberg and Lorri, 1997). However, the mineral content of
cereals such as sorghum is low, and their bioavailability is restricted by anti-nutritional
factors such as phytate, forming insoluble complexes with essential minerals such as
calcium, iron and zinc at physiological pH levels (Graf, 1986). Phytate may be partly
responsible for the widespread mineral deficiencies observed in populations that subsist
largely on sorghum and other cereals (Hulse et al., 1980). The chelating properties of
phytate depend upon the levels of Fe, Zn and phytate. Hence, the molar ratio of phytate to
Fe or Zn was suggested as an index to estimate the availability of Fe and Zn in foods
(Davies and Olpin, 1979; Saha et al., 1994). A [phytate]/[Fe] molar ratio above 10-14 was
reported to strongly impair Fe availability in rats fed with wheat-based diets (Saha et al.,
1994). Values of 10-15 for the [phytate]/[Zn] molar ratio are considered as the critical
values above which Zn availability decreases in humans (Oberleas and Harland, 1981;
Turnlund et al., 1984). In the present study, we used the [phytate]/[Fe] and [phytate]/[Zn]
molar ratios as indices for potential Fe and Zn availability from the local sorghum
varieties.
Frossard et al. (2000) postulated that improvement of bioavailability of Fe, Zn and
Ca in the edible part of staple crops, such as cereals, could be achieved by increasing the
total Fe, Zn and Ca levels combined with increasing the concentration of compounds
which promote their uptake and/or by decreasing the concentration of compounds like
phytate or phenolic compounds, which inhibit their absorption. This could be supported by
selection of varieties (for example within local germplasm) containing enhanced levels of
Fe and Zn concentration or by breeding for varieties with lower [phytate]/[Fe] and
[phytate]/[Zn] ratios. Breeders need existing information on the genetic variation for a
given trait as well as the determinants (for instance genetic and environmental factors) in a
collection of germplasm to justify selection for that trait (Oikeh et al., 2003). Genetic as
well as environmental factors can significantly affect Fe and Zn levels in cereal grains as
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was shown in maize and wheat (Graham et al., 1999; Banzinger and Long, 2000). There
are limited data available on Fe, Zn and phytate content of sorghum grains.
Local sorghum landraces possess desirable characteristics, i.e. they are well
adapted to harsh environmental conditions, offer good food quality, are highly preferred by
consumers, and thus play a significant role in local economies (Shumba, 1994; Murty and
Kumar, 1995; Nkongolo and Nsapato, 2003; Uptmoor et al., 2003). This local germplasm
may also have specific advantages in terms of mineral concentration and availability. A
recent survey in northern Benin revealed the existence of a large number of farmers’
varieties of sorghum that have been selected by farmers over the years and that fulfil
relevant user criteria (Kayode et al., 2005). Identification and promotion of local
germplasm with high mineral availability can contribute to the improvement of the micronutrient status of the consumers, since they may have a relatively high chance of adoption
by the users compared to newly bred varieties from elsewhere.
For the present study we collected sorghum samples (N = 76) from farmers’ fields
in northern Benin, grown under natural conditions and traditional farming systems to take
the variability of these factors into account. The amplified fragment length polymorphism
(AFLP) (Vos et al., 1995), a genome fingerprinting technique, was applied to cluster
farmers’ varieties according to their genomic similarity. Clusters were evaluated for Fe, Zn
and phytate concentration in relation to their growing environment and food quality. The
farmers’ varieties including environmental conditions with potential for adequate Fe and
Zn supply to the consumers were identified.
MATERIALS AND METHODS

Plant materials
Grains of 76 farmers’ varieties of sorghum were provided by farmers in three communities
in northern Benin i.e. Banikoara (Lat. °N: 11°15’, Long. °E: 2°23’), Toucountouna (Lat.
°N: 10°27’, Long. °E: 1°22’) and Djougou (Lat. °N: 9°43’, Long. °E: 1°41’). The
accessions studied represent farmers’ varieties which are the product of development
and/or maintainance of seeds by farmers. These farmers’ varieties were previously
surveyed by Kayodé et al. (in press) and described as diverse in terms of their agromorphological traits and food properties. Of the varieties analysed, 52% are late maturing,
15% are intermediate and 33% are early maturing. Most have long stems (87%), loose
panicles (79%), large seeds (49%) and a pink or red seed colour (52%). In addition, most
of them are susceptible to drought (54%), and attacks by striga, (79%), insects (99%) and
birds (77%). The quality of the seeds for preparing porridges is high for 52%-54% of the
varieties, while 26% of the varieties were regarded as having a high quality for beverage
making, according to the interviewed farmers and food processors.
The collected seeds were from crops grown in 2002 under the natural season of the
Guinea Savannah climate of West Africa. The annual rainfall in the region varies from
1000 to 1300 mm and the average yearly temperature is 26.5°C (Saïdou et al., 2004). The
soil is a tropical ferruginous type (Faure, 1977). After harvesting, the grains were dried to a
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moisture content of 11-13% (w/w). Parts of the seed samples were germinated to produce
biomass for DNA extraction. The remainder was ground into flour using a Retsch mill
fitted with a 0.5 mm screen and stored at –20°C until analysis.
DNA extraction and AFLP protocol
DNA extraction and the AFLP protocol were performed as reported earlier by Kayodé et
al. (in press). A small piece (1 cm2) of freeze-dried leaf tissue was ground with 4 glass
pearls in a Retsch shaking mill, followed by DNA extraction according to Fulton et al.
(1995). The AFLP method (Vos et al., 1995) was performed as described by Myburg et al.
(2001), with separation and detection on a LiCOR automated sequencer. Approximately 80
EcoRI/MseI primer combinations were tested on four samples. Suitable combinations were
selected, based on the number of unambiguously scorable polymorphic bands. Finally, two
primer combinations were selected for analysis: EcoRI-AAC/MseI-CCC and EcoR1ACA/MseI-CTG.
Iron and zinc determination
Approximately 0.4 g of sorghum flour was digested using hydrofluoric acid (40%) and
concentrated nitric acid (65% w/w). Next, the concentrations of Fe and Zn were analysed
by the Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) (Elan 6000,
Perkin Elmer, USA) (Temminghof, 2000). Analyses were performed in duplicate.
Phytate determination
Approximately 10 mg of sorghum flour was extracted with 1 ml of 0.5N HCl containing 50
mg/l cis-aconitate (internal standard). The mixture was boiled in a water bath at 100°C for
15 min and then centrifuged at 14,000g for 10 min. The supernatant was diluted 5x in
millipore water and analysed using HPLC (Dionex DX300, ICS2500 system, detector
range of 10µS) using the column AS11 (ATC column + precolumn). Detection was with
suppressed conductivity and the suppression was done with water at the flow rate of
5ml/min. The eluent and the elution times used were as follows: 0-5 min 5 mM NaOH ; 515 min 5-100 mM NaOH ; 15-20 min 500 mM NaOH and 20-35 min 5 mM NaOH. A
standard solution was prepared in millipore water, containing 5.0 mg/l NaNO3 (Merck
p.a.), 5.0 mg/l Na2SO4, (Merck p.a.), 5.0 mg/l oxalic acid.2H2O (Merck p.a.), 10.0 mg/l
Na2HPO4.2H2O (Merck 6346 p.a.), 10 mg/l citric acid, H2O (Merck K23524044 719 p.a.),
5.0 mg/l cis-aconitate (Aldrich 27194-2) and 10 mg/l IP6.Na12 (Sigma P3168 lot
102K0053). Analyses were performed in triplicate.
One thousand-kernel weight measurement
The 1000 kernel weight was determined by weighing 100 grains of each sample on a
1/10,000 precision balance and multiplying the obtained value by 10. The weight was
expressed on dry matter basis. Measurements were performed in duplicate.
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Statistical analysis
The data were analysed using the statistical program SPSS 11.0. The one-way ANOVA
model was used to compare means between groups applying the LSD test. For the genetic
data, presence (1) or absence (0) of each polymorphic AFLP band was scored for all
genotypes. The genetic similarity (GSij) was calculated according to Nei and Li (1979):
GSij = 2Nij/(Ni + Nj). Nij is the number of bands present in genotypes i and j, Ni is the
number of bands present in genotype i, and Nj is the number of bands present in genotype
j. Tests for correlations between genetic variation and Fe, Zn or phytate were performed
using AMOVA 1.55 (Excoffier et al., 1995).
RESULTS AND DISCUSSION

Genetic identification of farmers’ varieties
The AFLP technique used in the present study has been reported as a powerful technique
in the identification of many other crop species (Schut et al., 1997; Maciel et al., 2003;
Cheng et al., 2004). On the basis of the presence or absence of the amplified fragments for
each farmers’ variety, all germplasm was identified by applying the genetic similarity
index (GS). Farmers’ varieties with a genetic similarity > 0.90 are considered related while
those with GS < 0.90 are regarded as distinct (Cervera et al., 1998). The AFLP analysis
revealed the genetic similarity of some varieties that were considered as distinct by farmers
(Table 1). Within the 76 samples analysed, we grouped 42 farmers’ varieties into 11
similarity clusters (Table 1). The remaining 34 farmers’ varieties were distinct as revealed
by AFLP. Within the clusters, the GS averaged 0.92 and varied from 0.90 between the
farmers’ varieties yacuba and fari to 0.98 between talemoula and toholamoula. Some
farmers’ varieties considered as similar and given the same name by the farmers were
found to be genetically distinct. This is the case for the varieties doniyoka a and b,
chamwoka a and b, sakarabokuru a and b, zogua a and b , tokogbessenou a and b , mare
dobi a and b, yinan a and b, yowinka a and b, sotakaman a and b, mahi a and b. Farmers
use various criteria to identify their crops. The adaptation of a ‘variety’ to particular agroecological conditions, its morphological aspects or the taste of its products are key factors
affecting crop identification by farmers, rather than purely genetic criteria. This leads to
naming which is meaningful and significant. All varieties that meet the same criteria may
get the same name, even though they may be genetically distinct. In some cases, the AFLPbased distinction agrees well with the farmers’ assignment on the basis of similarity
between varieties, as some varieties that are given the same name by farmers are also
found to be similar by the AFLP analysis (for example, chamwoka a and c , talemoula a
and b, and natisoya a and b). When similar farmers’ varieties in clusters are examined, it
appears in most cases that varieties in a specific cluster were obtained from the same
region. All similar farmers’ varieties in cluster 1 (except varieties chamwoka and
tamabano), and in clusters 2, 6 and 8 are from Banikoara.
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Table 1: Fe, Zn, phytate (IP6) content and 1000 kernel weight of 45 sorghum
genotype clusters from Benin
Genotype

1

2

3
4
5
6
7
8

64

Farmers’ varieties
included
mahi swan, dobi monri,
bio dahou, saï maï,
yinan a, chamwoka a,
chamwoka c,
koussoubakou sinswan
bodehem, tamabano,
mare dobi a
dobi konouyirou,
boussoukari, fari,
yacouba, baniyani,
yabakanoba
talemoula a, talemoula
b, toholahamoula,
agbaneri, somba hanni
chassissoya, soniya a,
kaka, doniyoka
natisoya a, natisoya b,
tinoukpati
sakarabokuru b, dobignon faï, bonyinm
hanni kpare, zomora,
zogua b
tokogbessenou b, mare
dobi b

9

soniya b, fissouka

10

kouwekifounan,
koumborosoya

11

kpri hanni, zomora

12

gbango

13

sakarabokuru a

14

yerekou

15

kobatia binyirou

16

tokogbessenou a

17

yibere kanyinse

18

fara bonbo

19

gourouma dobi

20

yinan b

21

chamwoka b

Fe (mg/kg)

Zn (mg/kg)

IP6 (%)

1000 kw (g)

56.3 ± 9.5
[44-77]1

24.9 ± 3.0
[21-31]

0.92 ± 0.32
[0.6-1.45]

28.7 ± 5.5
[23.2-40.1]

58.7 ± 12.0
[40-73]

27.2 ± 3.5
[22-32]

1.01 ± 0.37
[0.49-1.32]

27.2 ± 3.1
[23.2-31.4]

47.8 ± 6.3
[38-53]
60.3 ± 18.6
[33-74]
39.3 ± 1.5
[38-41]
56.3 ± 19.6
[44-79]
59.0 ± 12.5
[46-71]
61.5 ± 24.7
[44-79]
63.5 ± 16.3
[52-75]
66.5 ± 9.2
[60-73]
68.0 ± 18.4
[55-81]
42.5
[41-44]
64.1
[60-68]
45.0
[44-46]
92.5
[84-101]
68.0
[49-87]
51.0
[48-54]
46.0
[46-46]
99.0
[96-102]
47.0
[44-50]
nd

27.4 ± 5.6
[21-33]
23.0 ± 7.0
[19-34]
23.0 ± 5.3
[19-29]
31.7 ± 4.7
[28-37]
20.3 ± 3.1
[17-23]
20.0 ± 1.4
[19-21]
31.5 ± 3.5
[29-34]
21.3 ± 0.0
[21-21.5 ]
28.5 ± 6.4
[24-33]
26.0
[24-28]
21.4
[21-21.8]
23.0
[23-23]
29.0
[26-32]
20.5
[20-21]
23.5
[23-24]
14.0
[11-17]
26.0
[24-28]
26.0
[26-26]
nd

1.56 ± 0.39
[1.02-2.01]
0.96 ± 0.56
[0.44-1.72]
1.18 ± 0.19
[0.98-1.35]
0.86 ± 02
[0.63-1.02]
1.34 ± 0.37
[1.09-1.77]
0.83 ± 0.12
[0.75-0.92]
1.28 ± 0.13
[1.19-1.37]
1.65 ± 0.12
[1.56-1.74]
2.27 ± 0.13
[1.48-3.07]

35.8 ± 3.3
[31.9-39.3]
26.9 ± 4.1
[23.1-31.2]
31.0 ± 1.3
[30.1-32]
29.1 ± 6.4
[25.1-36.6]
25.3 ± 3.5
[21.7-28.7]

1.03 ± 0.03
0.72 ± 0.12
0.92 ± 0.18
0.97 ± 0.06
0.75 ± 0.21
0.86 ± 0.31
0.58 ± 0.24
0.65 ± 0.07

nd2
36.5 ± 1.4
[36-37]
32.4 ± 1.3
[31.5-33.4]
26.0 ± 6.1
[21.6-30.3]
23.6
[23-24]
37
[37-37 ]
34.0
[33.5-34.6]
20.5
[20-21]
39.0
[39-39]
39.5
[39-40]
33.0
[32-34 ]
27.0
[27-27 ]

0.67 ± 0.21

nd

0.87 ± 0.28

nd
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22

chabikouman

23

yowinka a

24

yowinka b

25

sotakaman a

26

sotakaman b

27

mousseman

28

agbanni

29

kassassahan

30

zopira

31

semoutche

32

gaouri oleri

33

zogua a

34

moussi

35

sobaki

36

mahi a

37

mahi b

38

yabakawerou

39

gantim

40

sopoya

41

sodaya

42

saga pica

43

hannitchre

44

koussoubakou

45

yebode
Average
CV3

1

40.5
[40-41]
48.0
[46-50]
77.0
[75-79]
55.5
[51-60]
42.5
[41-44 ]
56.5
[56-57 ]
47.5
[47-48 ]
68.5
[68-69 ]
63.0
[56-71]
53.5
[53-54]
40.0
[39-41]
63.0
[60-66]
63.0
[61-65]
86.0
[85-87]
38.5
[37-40]
79.5
[77-82]
67.0
[61-73]
74.5
[67-82]
31.5
[30-33]
72.0
[70-74]
55.5
[52-59]
40.0
[39-41]
38.6
[37-40]
94.0
[75-113]
58.8
27.1

19.0
[18 -20]
18.0
[17-19]
24.0
[22-26]
25.5
[25-26 ]
19.5
[19-20 ]
16.5
[16-17 ]
24.5
[ 23-26]
18.5
[17-20 ]
24.0
[21-26]
37.5
[36-39]
38.0
[32-44]
26.0
[25-27]
28.5
[26-31]
16.5
[16-17]
20.0
[20-20 ]
20.5
[20-21]
31.0
[31-31]
33.0
[33-33]
15.5
[14-17]
28.0
[27-29]
23.5
[23-24]
18.5
[17-20]
26.5
[26-27]
34.0
[28-40]
24.4
23.0

0.47 ± 0.07
0.92 ± 0.09

42.0
[41-43]
28.1
[27.7-28.5]

0.84 ± 0.18

nd

0.45 ± 0.17

31.6
[31.32]

1.28 ± 0.18

nd

1.40 ± 0.16

25.1
[25-25.2 ]
52.0
[51-53 ]
29.0
[28-30 ]
31.5
[31-32 ]
32.5
[32-33 ]
40.5
[ 40-41]
48.5
[48-49 ]
25.0
[ 24-26]
6.5
[5-8 ]
36.5
[ 36-37]
39.5
[ 39-40]

1.35 ± 0.38
1.11 ± 0.11
1.17 ± 0.15
1.57 ± 0.02
1.30 ± 0.06
1.20 ± 0.24
0.95 ± 0.19
1.62 ± 0.20
1.14 ± 0.09
1.68 ± 0.21
1.45 ± 0.08

nd

1.15 ± 0.10

nd

2.06 ± 0.37

25.5
[ 25-26]
34.5
[ 34-35]
23.0
[22-22]
36.5
[36-37]
31.5
31-32

3.53 ± 0.41
1.76 ± 0.19
2.22 ± 0.12
1.59 ± 0.28
1.62 ± 0.40

nd

1.2
44.8

31.7
25.7

in brackets: range; 2 nd: not determined; 3 CV: coefficient of variation

Varieties in clusters 4, 5 and 10 are from Toucountouna and those in clusters 3, 7 and 11
originated from Djougou. This regional resemblance in farmers’ varieties may be
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explained as follows. First, it is plausible that during the seed collection in a specific
region, farmers mixed the varieties up, attributing different names to the same varieties.
The second possible reason is linked to seed exchange between farmers and villages. In the
adopting community the traded farmers’ variety often changed it’s original name, taking
either the name of the farmer who introduced it or the name of the village where it came
from.
Fe and Zn concentration of grains
The Fe and Zn concentrations of the different farmers’ sorghum varieties are presented in
Table 1. The 45 sorghum genotype clusters vary significantly (P<0.01) in their Fe and Zn
concentration. The Fe concentration ranged from 31.5 to 99.0 mg/kg with an average value
of 58.8 mg/kg. Values for Zn ranged from 14.0 to 38.0 with an average of 24.4 mg/kg. In
most genotypes the level of grain-Fe is higher than that of -Zn, the difference being 1 to 5
fold. The level of Fe found in the present germplasm is in agreement with values reported
in the literature. Jambunathan (Jambunathan, 1980) reported an average Fe concentration
of 59 mg/kg with a range of 26-96 mg/kg, in samples of about 100 varieties of sorghum.
Within the genotype clusters, samples grown in various locations show
significantly different Fe and Zn levels, suggesting effects of the environment. The
analysis of variance for the effect of locality on Fe, Zn and phytate revealed a significant
impact of the cultivation locations on the mineral concentrationof the grain (Table 2).
Table 2: Analysis of variance for the effect of locality on Fe, Zn and phytate (IP6)
Genotype
1

Region
Banikoara,
Toucountouna

1

F-value2
Zn
4*

Village
DF
Fe
(IP6)
9
14**
8.3**
Kokey,
Gounbakou,
Donparou,
Tampégré
2
Banikoara
Gounbakou,
5
47.6**
15.3*
3.5*
Kokey
3
Djougou
Bareï, Banénou, 4
9.2*
9.4*
5.2*
Onklu
3
30.5*
243.9**
22.3**
4
Toucountouna Tampatou ,
Tchaklakou,
Tampégré
5
Toucountouna Toucountouna
2
0.1ns
14.1*
4.6ns
6
Banikoara
Kokey,
2
9.2ns
0.06ns
10.6*
Donparou
7
Djougou
Bareï, Partogo
2
13.4*
16.9*
1.1ns
1
DF = degrees of freedom; 2 * F significant at the 0.05 level; ** F significant at the 0.01 level;
ns= not significant

The variation observed in grain-Fe and -Zn could not be explained by the observed
genetic variation as the analysis of molecular variance failed to detect any significant
correlation between the genetic distance of the varieties and grain-Fe and -Zn
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concentration. Any genetic differences, if present, might have been masked by larger
environmental differences. Even though the farmers’ varieties were grown in the same
agro-ecological zone on tropical ferruginous soils classified as Ferric lixisol by FAO
(1990), the soil fertility and microclimate may vary between regions/villages and induce
differences in mineral accumulation by the plant (Graham and Welch, 1996). Banzinger
and Long (Banzinger and Long, 2000) found highly significant effects of 'environment' and
'genotype x environment' interaction on grain-Fe and -Zn concentration among maize
germplasm in Zimbabwe and Mexico. Further studies are needed to determine the
contribution of different factors i.e. genotype (G), environment (E) and G x E to the total
grain-Fe and -Zn variation.
The one thousand kernel weight (1000 Kw) also varies significantly (P<0.01)
among farmers’ varieties and is inversely correlated with the grain-Fe: the larger the grain,
the lower its Fe concentration (Table 3).
Table 3: Pearson correlation matrix between iron, zinc, phytate (IP6), ash and 1000
Kw of sorghum grains
Zn

Fe
0.168

Zn

IP6

IP6

0.058

0.147

Ash

-0.008

0.047

0.374**

1000kw

-0.416**

0.091

-0.048

Ash

0.163

* Significant at the 0.05 level; ** Significant at the 0.01 level

In maize, Banzinger and Long (2000) also reported the grain-Fe concentration to
correlate inversely with grain size corroborating the present finding. The authors ascribed
this to the effect of dilution caused by enhanced grain-starch content. In wheat, there was
no relationship between seed size and micronutrient density, probably because of the small
amounts of micro-elements involved (Graham et al., 1999).
Farmers’ varieties of perceived high and poor food quality showed no significant
difference in terms of Fe and Zn concentration. Likewise, the crop duration (late,
intermediate, early) and the seed colour (red, white, pink, yellow) showed no significant
relationship with the grain-Fe and -Zn content (Table 4). Implications of these findings for
breeding are that selection for Fe or Zn does not automatically mean selection for good
food quality properties, and/or a certain plant maturity or seed colour. Farmers' varieties
are products of genetic make-up and cultivation conditions. To enable the establishment of
a germplasm collection for high Fe and Zn concentration, further experimentation will be
required to eliminate effects of cultivation conditions. A collection with sufficient
variability of mineral levels would allow selection for other important traits, such as good
food quality, seed colour and crop duration.
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Table 4: Concentration of Fe, Zn, and phytate (IP6) of farmers’ varieties of sorghum
grouped by agro-morphological traits
Traits
Maturity

Fe (mg/kg)

Zn (mg/kg)

IP6 (%)

late (n=32)

67.0 ± 18.4a1

29.0 ± 5.3a

1.14 ± 0.43a

early (n=20)

68.0 ± 17.0a

27.1 ± 6.6a

1.41 ± 0.77a

intermediate (n=8)

59.6 ± 14.1a

30.6 ± 8.6a

1.30 ± 0.50a

red (n=11)

70.0 ± 0.1a

29.6 ± 9.0a

1.45 ± 0.72a

white (n=29)

64.9 ± 19.3a

28.9 ± 5.6a

1.12 ± 0.40a

pink (n=25)

65.0 ± 14.5a

28.1 ± 5.7a

1.32 ± 0.62a

yellow (n=5)

65.8 ± 15.0a

28.0 ± 4.5a

0.87 ± 0.25a

large (n=9)

57.7 ± 12.4a

26.0 ± 3.3a

0.95 ± 0.43a

medium (n=24)

63.3 ± 15.7ab

30.8 ± 7.2a

1.42 ± 0.72b

small (n=25)

71.6 ± 19.0b

27.5 ± 6.1a

1.12 ± 0.42ab

Colour

1000kw2

1

Means ± standard deviation; means with the same letter are not significantly different according to
the LSD at the 0.05 level; 2 One thousand kernel weight: large = 1000kw >40, medium =
30<1000kw<40, small = 1000kw <30

Phytate content and Fe and Zn availability
The phytate concentration of the grain varied significantly (P<0.01) among varieties (Table
1). Values ranged from 0.45 to 3.53 % with a mean value of 1.2 %. The highest phytate
levels were found in the farmers’ varieties sodaya (3.53%), hannitchre (2.22%) and sopoya
(2.06%). Interestingly, these 3 varieties do no belong to the varieties that are highly
preferred by farmers for foods. The phytate values found for these three farmers’ varieties
are higher than earlier reported for sorghum. Frossard et al. (Frossard et al., 2000) reported
phytate values ranging from 0.9 to 1.35% in sorghum, while Doherty et al. (Doherty et al.,
1982) reported values between 0.26 and 0.4% in 24 Indian sorghum varieties. The majority
(56%) of the farmers’ varieties (Table 1) has a phytate concentration >1.0 %. Farmers’
varieties with a phytate concentration < 0.5% account only for 4%. The grain-phytate
correlated with the ash content of the grain (Table 3), which could be expected as elements
like phosphorus, iron and other minerals that account for the ash, are also part of the
phytate and phytate-mineral complex structure (Pernolley, 1978; Raboy, 1990). The fact
that the phytate concentrations of the grain vary significantly across villages (Table 2) and
significantly correlate with the genetic structure among the varieties (data not shown),
suggest that the grain-phytate concentration is environmentally, as well as genetically
determined.
We grouped the farmers’ varieties according to their food quality traits as
appreciated by farmers on a 3-step scale i.e. high, medium and low (Kayode et al., in press)
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and calculated the [phytate]/[Fe] and [phytate]/[Zn] molar ratios as an index for the
potential mineral bioavailability (Table 5), i.e. not taking any other food processing
beneficial effect into account. All varieties in each food quality group had [phytate]/[Zn]
molar ratio >15, which suggests that Zn availability from the present varieties is very low
and requires substantial improvement either by breeding, agronomy or food processing. On
the other hand, the average [phytate]/[Fe] molar ratios in the food groups ranged between 5
and 56. Therefore, farmers’ varieties with a potentially adequate Fe availability are
expected within the present germplasm.
To identify varieties with adequate Fe availability, we determined the
[phytate]/[Fe] molar ratio for each variety. Out of the 45 farmers’ varieties analysed, 15%
had [phytate]/[Fe] molar ratios below 10.
Table 5: [Phytate]/[Fe] and [Phytate]/[Zn] molar ratios of farmers’ varieties of
sorghum grouped by food quality
Food
Dibou

Sorou

Tchoukoutou

[Phytate]/[Fe]1

[Phytate]/[Zn]2

high (n=33)

20.2 ± 10.1
[5.0-56.3]3

51.6 ± 23.1
[22.3-127.6]

medium (n=18)

23.2 ± 4.7
[7.0-47.0]

58.5 ± 30.4
[ 18.7-124.9]

low (n=9)

12.7 ± 4.7
[5.6-20.3]

43.3 ± 24.0
[17.2-100.3]

high (n=32)

20.8 ± 9.9
[7.8-56.3]

52.3 ± 22.5
[24.5-127.6]

medium (n=17)

20.6 ± 11.3
[5.0-47.0]

54.8 ± 29.0
[22.1-115.8]

low (n=11)

17.0 ± 9.3
[6.8-41.5]

45.6 ± 28.3
[17.1-124.9]

high (n=16)

21.3 ± 9.6
[9.3-47.0]

57.2 ± 25.8
[18.7-115.8]

medium (n=19)

17.5 ± 8.8
[5.0-35]

44.8 ± 19.5
[22.1-87.3]

low (n=25)

20.1 ± 11.1
[6.8-56.3]

51.2 ±29.0
[17.1-127.6]

Varieties with quality
perceived as:

1

Phytate:Fe molar ratio = (mg of IP6/molecular weight of IP6 : mg of Fe/ molecular weight of Fe);
Phytate:Zn molar ratio = (mg of IP6/molecular weight of IP6 : mg of Zn/ molecular weight of
Zn); 3 in brackets: range.
2
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Those with [phytate]/[Fe] molar ratios between 10-14 accounted for 20% (Figure
1). The varieties with [phytate]/[Fe] below 14 are unevenly distributed among the regions
investigated. Most of them are located in Banikoara (25 %) followed by Toucountouna (7
%). Only one of these varieties originates from Djougou. Environmental effects (e.g. soil
composition) may be a major contributing factor to the uneven distribution. Interestingly,
among these promising farmers’ varieties for Fe availability, some – i.e., tokogbessenou,
mahi swan, biodahu, saï maï, mare dobi, chabicouman, and sakarabokuru - are regarded as
having a high food quality by farmers (Kayode et al., in press). This group of top varieties
in terms of Fe availability is recommended for the preparation of a food product like dibou,
for which the preparation technology mainly involves cooking, an operation that has only a
minor diminishing effect on phytate. The top varieties could also be of interest to breeders
as a basis for seed selection for high mineral availability. Further research would then be
required to test these varieties under controlled conditions to assess the genetic impact on
[Phytate]/[Fe] molar ratios.

60

[Phy]/[Fe]
[Phy]/[Fe] = 10

[Phytate]/[ Fe] molar ratio

50
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Figure 1: Sorghum varieties with [Phytate]/[Fe] molar ratio and indication of range
10-14
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CONCLUSION
The AFLP technique allowed us to cluster the 76 collected farmers’ varieties into 45
distinct genotypes. The grain-Fe and -Zn concentrations of the grains varied significantly
among farmers’ varieties, but this variation could not be related to genetic variance. Only
the cultivation location affected the mineral concentration. Further studies are needed to
assess the impact of genotype and environmental conditions on the grain-Fe and -Zn levels.
The phytate concentration of the grain is governed by the growing environment, as well as
the genetic make-up of the varieties, as revealed by the analysis of molecular variance.
Within the farmers’ germplasm we detected seven varieties with adequate Fe supply in
food uses. Farmers’ varieties with high [phytate]/[Fe] and [phytate]/[Zn] molar ratios may
still be suitable to deliver Fe and Zn to consumers, provided that they are processed
adequately. For instance, unit operations such as soaking, germination, and fermentation
have been reported to induce a significant reduction of anti-nutritional factors and to
improve the nutritional quality of cereals based-foods (Obizoba and Atii, 1991;
Subramanian et al., 1992; Svanberg and Lorri, 1997; Traore et al., 2005). Therefore,
improved mineral availability could be expected from grains processed with such local
methods. In further studies, attention will be focused on the impact of food processing
operations during the preparation of common sorghum-based foods of Benin.
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Chapter 6
Impact of sorghum processing on phytate, phenolic compounds
and in vitro solubility of iron and zinc in thick porridges

Abstract
This study focussed on the impact of process variables on levels of phytate and phenolic
compounds, and in vitro solubility of iron (Fe) and zinc (Zn) in sorghum porridges, a major
staple in semi-arid tropics. The aim was to identify practices that enhance the mineral
availability in this type of staple food. We studied the example of the West African
porridge ‘dibou’ for which the processing methods involve grain cleaning, milling, sieving
and cooking. Regional variations occur in the process, particularly in the cleaning which
may be done wet or dry; sieving may be omitted in certain locations. Cleaning reduced the
phytate content of the grain by 24-39%, while milling, sieving and cooking had no
significant effect on phytate. Phenolic compounds measured as levels of reactive hydroxyl
groups, remained constant after cleaning, milling and sieving, but significantly decreased
by 38-65 % after cooking. The Fe solubility tended to increase after cleaning but was
drastically reduced due to cooking, and so was the soluble Zn. Levels of total phenolic
compounds highly correlated with the Fe and Zn solubility with a r2 of 0.73 and 0.82,
respectively. Phenolic reaction products formed during the cooking process are presumably
related with the extensive browning phenomenon observed in the dibou porridge, and with
the reduction observed in Fe and Zn solubility.

A. P. P. Kayodé, A. R. Linnemann, M. J. R. Nout and M. A. J. S. van Boekel.
Journal of the Science of Food and Agriculture (in press).
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INTRODUCTION
Iron (Fe) and zinc (Zn) are essential trace elements for human nutrition. They support
important functions in the organism; their deficiencies in the diet lead to much suffering;
particularly in developing countries where cereals and vegetables are the main sources of
macro- and micronutrients for the population (Svanberg and Lorri, 1997; Frossard et al., 2000).
The mineral content and bioavailability in cereals like sorghum are low due to the presence
of anti-nutritional factors such as condensed phenolic compounds and phytate. These form
insoluble complexes with essential minerals such as calcium, iron and zinc at physiological
pH levels rendering them unavailable for the organism (Graf, 1986; Frossard et al., 2000).
Sorghum [Sorghum bicolor (L.) Moench] is an important staple food in semi-arid
regions worldwide (Duodu et al., 2003; Hounhouigan, 2004). The grain is processed into
various foods including thin or thick porridges and beverages. Porridges reportedly are
most commonly prepared from sorghum (Duodu et al., 2003; Hounhouigan, 2004). Dibou,
a thick sorghum porridge from Benin is also popular in other countries in the West Africa
region. It is known as tô in Burkina-Faso and oka-baba in Nigeria. It is consumed during
lunch or dinner as a main dish, with okra (Abelmoschus esculentus), or vegetable soup with
meat or fish, depending on the household budget (Kayodé et al., 2005). In spite of their
high frequency of consumption among the sorghum foods, little is known about the
micronutrient availability from sorghum porridges.
Basically, the preparation of dibou involves cleaning of sorghum grain, grinding
and cooking with variations according to regional traditions. Cleaning may be done simply
by dry sorting and winnowing, or wet by washing in water. Likewise, sieving is an optional
operation, which may be systematically omitted from, or included in the process (Kayodé
et al., 2005). Also the cooking time may vary depending on the operators. The impact of
these process operations on the levels of micronutrients and their availability in porridge is
not yet known, nor understood.
In cereal processing, wet cleaning, grinding and sieving serve to remove debris,
germs and bran from the grain. In roller milling of e.g. wheat, wet cleaning induces water
uptake of the pericarp, which enhances its flexibility and resistance to friction during
milling, permitting its separation from the endosperm in the form of large flakes (Brekke
and Kwolek, 1969; Reichert, 1982; Sahay, 1990). Subsequent sieving therefore efficiently
removes bran. Anti-nutritional factors, such as tannins and phytates, are mainly
concentrated in the bran and the aleuronic layer of the grain (Beta et al., 1999; Frossard et
al., 2000). Against this background and assuming some similarity of roller milling and disc
attrition milling such as practiced in village-style sorghum processing, it is hypothesized
that dibou from sorghum that is washed or/and sieved during processing, contains lower
levels of anti-nutritional factors and has higher solubility of Fe and Zn. No studies were
published on the impact of household processing methods on anti-nutritional factors, or Fe
and Zn solubility in sorghum porridge. Contradicting information exists on the impact of
cooking on phytate content of food crops. Fretzdroff and Weiper (Fretzdorff and Weiper,
1986) reported that cooking at 100 °C did not affect phytate content of rye flour. Similarly,

76

Antinutrients and Fe and Zn solubility in sorghum porridge
no reduction in phytate was observed when yam flour was cooked (Wanasundera and
Ravindran, 1992). But instead, a decrease in phytate content of sorghum and pigeon pea
(Cajanus cajan) was observed when the milled grain was cooked (Mahgoub and Elhag,
1998; Duhan et al., 2002).
The present study investigated the current household sorghum processing methods
to prepare dibou in two communities in the Benin sahelian zone. We focus on the impact
of process operations on phytate, phenolic compounds and Fe and Zn content, aiming to
identify the household practices that enhance the level of Fe and Zn solubility in the
porridge.
MATERIALS AND METHODS
Household survey
Fifty-two households, previously identified as dibou consumers, were surveyed in two
regions (Parakou and Natitingou) of northern Benin. These regions had been selected on
the basis of their socio-cultural diversity. Households were chosen randomly and differed
from each other in terms of their socio-cultural background. The respondents were the
housewives who take care of food preparation for the family. The questionnaire included
the following aspects: the sorghum varieties used and quantity processed, the unit
operations involved in making dibou, and the quantification of equipments, time and fuel.
Occasionally, housewives were closely observed while carrying out the preparation. The
protocol used for the survey was approved by the Faculty of Agronomical Sciences of the
University of Abomey-Calavi; informed consent was obtained from all participating
households.

Processing and sampling
One batch of red sorghum [Sorghum bicolor (L.) Moench] was purchased at a local market
in Parakou and processed into dibou following three representative process scenarios
resulting from the survey (Figure 1). Five kg of grain were processed into dibou by
duplicate households for each process scenario. Samples –sorghum grain, semi-processed
grain and porridges- were withdrawn at each process step, dried in an oven, ground into
flour using a Retsch mill (Retsch bv, type ZM 1) fitted with a 0.5 mm screen and stored at
–20°C until analysis.
In vitro digestion of samples for analysis of soluble Fe and Zn
The in vitro digestion method (Kiers et al., 2000) was used, with minor modifications.
Duplicate dry samples of flour (5 g) were suspended in 30 ml distilled water and digested
under simulated gastro-intestinal conditions, using α-amylase solution (Sigma A-1031),
stomach medium consisting of lipase (Amano Pharmaceuticals, Rhizopus F-AP15) and
pepsin (Sigma P-6887), and pancreatic solution consisting of pancreatin (Sigma P-1750)
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and bile (Sigma B-3883). After digestion, the suspension was centrifuged at 3600 g for 15
min at 4°C. The supernatant was decanted and the pellet was washed twice in 20 ml of
distilled water and centrifuged. The supernatants were pooled and filtered through a 0.45
µm pore filter. A blank was included consisting of 30 ml distilled water digested and
filtered as described above. Both filtered supernatants from sample and blank were
analysed for Fe and Zn. Samples were corrected for added reagents/water by subtracting Fe
and Zn content of blank from that of supernatants from samples. The amounts of Fe and Zn
(expressed per mg/kg of digested sample) in supernatant were regarded as soluble
minerals. Percentage of soluble mineral was calculated as:
Solubility (%) = {(Fe or Zn in supernatant – Fe or Zn in blank)/(Fe or Zn in undigested sample)} x 100.

Physico-chemical analysis
Fe and Zn determination
Approximately 0.4 g of sorghum flour was digested using hydrofluoric acid (40%) and
concentrated nitric acid (65 % w/w). Next, the concentrations of Fe and Zn were analysed
by the Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES, Elan 6000,
Perkin Elmer, USA) (Temminghof, 2000). Samples from in vitro digestion were collected
in tubes (10 ml) and 0.15 ml of concentrated nitric acid (HNO3 65%) was added to
preserve them. These samples were analysed by the Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS, Elan 6000, Perkin Elmer, USA). Measurements were performed in
duplicate.
Phytate determination
Approximately 10 mg of grain flour was extracted with 1 ml of 0.5N HCl containing 50
mg/l cis-aconitate (internal standard) (Bentsink et al., 2003). The mixture was boiled in a
water bath at 100°C for 15 min and then centrifuged at 14,000 g for 10 min. The
supernatant was diluted 5x in millipore water and analysed using HPLC (Dionex DX300,
ICS2500 system, detector range of 10 µS) using the column AS11 (ATC column + guard
column). Detection was with suppressed conductivity and the suppression was done with
water at a flow rate of 5 ml/min. The eluent and the elution times used are as follows: 0-5
min 5 mM NaOH ; 5-15 min 5-100 mM NaOH ; 15-20 min 500 mM NaOH and 20-35 min
5 mM NaOH. A standard solution was prepared in millipore water, that contains 5.0 mg/l
NaNO3 (Merck p.a.), 5.0 mg/l Na2SO4, (Merck p.a.), 5.0 mg/l oxalic acid.2H2O (Merck
p.a.), 10.0 mg/l Na2HPO4.2H2O (Merck 6346 p.a.), 10 mg/l citric acid, H2O (Merck
K23524044 719 p.a.), 5.0 mg/l cis-aconitate (Aldrich 27194-2) and 10 mg/l IP6.Na12
(Sigma P3168 lot 102K0053). Measurements were performed in triplicate.
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Total phenolics determination
Total phenolic compounds (PC) were extracted from 50 mg of flour in 1.5 ml of
HCl/methanol (1% v/v) for 1 h under continuous stirring at room temperature. The mixture
was centrifuged at 5,000 g for 10 min and supernatant was removed. Next the pellet was
re-extracted as described above and supernatants were pooled (Cai et al., 1995). The PC
were measured following the method of (Singleton-V.L. and Rosii, 1965) modified as
follows. 300 µl of extract were added with 4.2 ml of distilled water, 0.75 ml of FolinCiocalteu’s reagent (Merck, Germany) and 0.75 ml of sodium carbonate solution (20%
w/v). After incubation for 30 min the optical density was measured at 760 nm using a
spectrophotometer (Shimadzu UV 240, Kyoto, Japan). Blanks were always freshly
prepared, in which Folin-Ciocalteu’s reagent was replaced by water to correct for
interfering compounds. Gallic acid (New Jersey, USA) was used as standard and the
results were expressed as gallic acid equivalent per g of samples.
Crude protein, ash and colour measurement
Crude protein (N x 6.25) and ash were determined according to the AACC method
(AACC, 1984). The colour of grain samples was measured with a Minolta CR-210
portable chromameter (Illuminant D65 CIE 1976) standardized with a standard white tile
(Y = 94.8, x = 0.315 and y = 0.3324). The L, a*, b* values were recorded (L= whitness
index, a*= redness index , b*= yellowness index) and the browning index was calculated
as: BI = 100-L (Mestres et al., 2004). Because adding water to flour may lead to colour
changes as observed in our own experiments (data not shown), we took this into account in
the interpretation of data on cooked flour.
Statistical analysis
Survey data were analysed using Winstat 2.0 software. For the analytical data, mean values
and standard deviation are reported. The data were analysed using the statistical program
SPSS 11.0 and the one-way ANOVA model was used applying the LSD test to evaluate
significant difference among means.
RESULTS AND DISCUSSION

Variation in household dibou processing
The unit operations involved in dibou preparation and the percentage of households using
them are presented in Table 1. In general, dibou preparation involves cleaning, grinding,
sieving and cooking. Cleaning may consist exclusively of a simple sorting and winnowing
of grains (70% of households), or washing in water (30%). The proportion of households
using dry or wet cleaning methods depends on the region. In Natitingou, most of the
processors sort the grain, while in Parakou, half of the households use sorting while the
other half wash to clean the grains. Sieving is not used by 40 %; most households that
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Table 1 : Frequency of use of unit process operations involved in dibou preparation
by 52 households from 2 regional communities in Northern Benin (in % of n
respondents)

Unit operations

Parakou (n=30)

Region
Natitingou (n=22) Total (n=52)

Sorting

52

95

70

Washing

48

5

29

Drying

48

5

29

Grinding

100

100

100

Sieving

90

18

60

Cooking

100

100

100

sieve the flour are located in Parakou. These process variations lead to three scenarios of
dibou preparation as shown in Figure 1. The interviewed housewives explained that the
main reasons for washing the grain or sieving the flour, are to improve the palatability and
to enhance the textural properties (particularly the elasticity) of the final product. Most
processors in Natitingou perceived washing and sieving as time-consuming tasks, which
explains the low proportion of households using these operations there. Indeed, washing
necessitates a drying step, which takes 1-2 hours depending on solar intensity. Processors
in Natitingou sometimes add cassava chips to the grain to obtain the desired texture
(elasticity) in the paste; we did not take this addition into account in the comparison of
processing scenarios. In the following sections the nutritional impacts of the different
scenarios are discussed.
Impact on total Fe and Zn content
The variations in Fe and Zn content of sorghum grain during dibou preparation following
the three process scenarios are presented in Table 2. The Zn content of the grain remains
constant throughout the process with a slight increase after cooking, possibly due to
contamination from the metallic cooking pot. The Fe and ash (in scenarios 2 and 3) content
also increased after cooking. The washing process (scenario 3) significantly reduces the
grain-Fe by 67%. The mineral balance (Table 3) also reveals a significant loss in Fe after
the washing process in scenario 3. Indeed, the Fe content of the grain (256 mg/kg) found in
this study is high when compared to earlier values reported for sorghum seed. Kayodé et
al. (2006) reported a mean value of 57.5 mg/kg with a range of 32-99 in 45 sorghum
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Sorghum grain
Scenario1

Scenario 2

Dry cleaning

Dry cleaning

Grinding1

Dibou

water

Wet cleaning

Grinding

Sieving2

Cooking3

Scenario 3

Grinding

bran

Sieving

Cooking

Dibou

bran

Cooking

Dibou

Figure 1: Process diagrams showing the 3 scenarios of dibou production
1

Premier grinding mill; 2 local nylon sieve; 3 wood fire

genotypes from Northern Benin. Jambunathan (Jambunathan, 1980) reported an average Fe
content of 59 mg/kg with a range of 26-96 mg/kg in samples of about 100 varieties of
sorghum. The origin of our grain, which was bought at local market, may be responsible
for this discrepancy. The grain may have been contaminated during post-harvest
treatments, notably during the threshing, which consist of beating the ears on the
ferruginous soil. The fact that the Fe content of the grain was drastically reduced after
washing (scenario 3) supports this hypothesis. Unexpectedly, sieving did not affect the
mineral content of the flour. This can be explained by the fact that grinding reduced the
grain into fine powder and subsequent sieving did not result in the selective separation of
e.g. testa. The analysis of mass balances (Table 3) showed a slight loss of coarse material
due to sieving.
Impact on phytate and total phenolics
Table 4 shows a grain-phytate level of 0.8 %; this is in agreement with earlier findings
(Reddy, 2002; Traore et al., 2005). As can be seen in Table 4, cleaning reduces the phytate
content of the grain by 24-25% after dry cleaning (Scenarios 1 and 2), and by 39% after
wet cleaning (Scenario 3), respectively. The decrease from cleaning is greater than
achieved by soaking, where 16-21% phytate reduction was reported (Mahgoub and Elhag,
1998), but is similar to decreases caused by germination (Reddy, 2002; Traore et al.,
2005). Thus, cleaning can significantly contribute to phytate removal from sorghum-based
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178.5±37.5a

212.7±43.6a

ground

cooked

310.4±57.4a

277.7±31.0a

314.1±36.7a

ground

sieved

cooked

69.2±0.4b

99.4±0.6c

sieved

cooked

1

73.1±7.4b

ground

28.1±0.1c

26.0±0.9a

27.2±0.9a

1.9±0.0c

5.8±0.7b

2.1±0.1c

1.7±0.4b

1.7±0.1b

1.7±0.1b

1.8±0.0a

2.0±0.2b

1.9±0.1b

1.8±0.2b

1.9±0.3b

1.8±0.0a

1.8±0.3a

1.8±0.0a

1.8±0.1a

1.8±0.0a

Ash
(g 100g-1 dm)

9.9±0.8a

9.8±0.3a

9.7±02a

9.8±0.6a

10.5±0.1a

10.7±0.4a

9.7±0.3b

9.7±0.1b

9.7±0.2b

10.5±0.1a

10.1±0.2a

10.1±0.1a

10.2±0.2a

10.5±0.1a

Crude protein
(g 100g-1 dm)

0.15±0.04b

0.23±0.02a

0.24±0.01a

0.24±0.01a

0.22±0.00a

0.08±0.02b

0.23±0.02a

0.23±0.00a

0.23±0.02a

0.22±0.00a

0.16±0.02b

0.26±0.01a

0.26±0.01a

0.22±0.00a

Total phenolics
(g 100g-1 dm)
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6.3±0.6b

14.3±0.7a

14.1±0.5a

5.4±1.1b

6.0±1.3b

26.2±1.6a

70.7±3.1b

cleaned

14.8±0.9a

8.4±0.6a

Scenario 3 (wet cleaning - grinding - sieving - cooking)
raw
255.8±25.2a
15.1±0.6a
25.4±0.5a

8.7±0.1 a
2.1±1.1b

25.7±0.8a

26.8±1.3a

30.5±6.3a

8.6±1.8c

26.5±0.3 b

25.8±1.2b

9.4±0.7a

9.2±0.3a

304.1±64.5a

cleaned
27.2±1.4a

8.4±0.6a

Scenario 2 (dry cleaning - grinding - sieving - cooking)
raw
255.8±25.2a
15.1±0.6a
25.4±0.5a

25.3±2.0b

3.4±3.7b

7.3±0.8a

27.0±1.5a

13.2±1.7a

34.0±0.7b

24.5±0.3a

25.7±0.7a

177.8±38.3a

cleaned
7.9±0.3a

8.4±0.6a

25.4±0.5a

34.9±7.5b

IVS Zn
(mg kg-1 dm)

Total Zn
(mg kg-1 dm)

IVS2 Fe
Total Fe1
-1
(mg kg dm)
(mg kg-1 dm)
Scenario 1 (dry cleaning - grinding - cooking)
raw
255.8±25.2a
15.1±0.6a

Table 2: Changes in iron, zinc, ash, crude protein and phenolics content of sorghum grain during dibou preparation
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foods. The decreased phytate content may be due to removal of exogenous materials such
as grains with attached glum, spoiled grains, and attrition dust. The wet cleaning appeared
to be more efficient in removing these exogenous particles.
Table 3: Balances of mass, Fe and Zn during dibou preparation
Mass (kg dm) 2
Scenario 1 (dry cleaning - grinding - cooking)
raw
100±0.0a

Fe (g dm)

Zn (g dm)

25.6±2.5a

2.5±0.1a

cleaned

94.8±0.3b

16.8±2.9a

2.4±0.6ab

ground

87.5±2.0c

15.5±2.4b

2.3±0.9b

cooked

84.5±0.2d

18.0±4.4a

2.3±0.9b

Scenario 2 (dry cleaning - grinding - sieving - cooking)
raw
100±0.0a
25.6±2.5a

2.5±0.1a

cleaned

96.2±1.7b

29.2±6.7a

2.6±0.1a

ground

92.5±0.5bc

28.1±7.0a

2.5±0.3a

sieved

90.3±1.3c

25.1±3.6a

2.3±0.3a

cooked

82.5±2.5d

26.0±4.4a

2.5±0.4a

Scenario 3 (wet cleaning - grinding - sieving - cooking)
raw
100±0.0a
25.6±2.5a

2.5±0.1a

cleaned

95.5±2.7ab

6.8±0.4b

2.5±0.2a

ground

89.4±6.1bc

6.3±0.6b

2.3±0.3a

sieved

85.3±4.6c

5.9±0.3b

2.2±0.2a

cooked

79.9±1.3c

7.9±0.1b

2.2±0.2a

1

The quantity of product obtained at each process step was carefully weighed during dibou
processing, using a scale. The generated values were combined with data on dry matter, Fe and Zn
concentrations of the different products, to calculate the data presented in this table.
2
Means ± standard deviation, means with the same letter are not significantly different according
to the LSD at the 0.05 level

Cooking did not affect the phytate content, in contrast to another observation of
decreased phytate content of sorghum flour after cooking (Mahgoub and Elhag, 1998). Our
results resembled findings for yam and rye flour, in which phytate was reported to be
stable under the ordinary wet cooking conditions (Fretzdorff and Weiper, 1986;
Wanasundera and Ravindran, 1992). The total phenolic compounds measured by their
reactive hydroxyl groups, significantly decreased during cooking in all process scenarios
(Table 2), the decrease ranging from 38 to 65 %. During heating, the phenolic hydroxyl
groups may have reacted, or formed insoluble complexes with food components such as
protein and minerals, or even polymerised into condensed phenolics leading to a decrease
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of assayable phenolic hydroxylic groups (Barroga et al., 1985; Ekpenyong, 1985;
Matuscheck et al., 2001).
Table 4: Changes in phytate (IP6) and in vitro soluble ratio iron and zinc in sorghum
grain during dibou preparation
IP6
(g 100g-1 dm) 1
Scenario 1 (dry cleaning - grinding - cooking)
raw
0.80±0.13a

IVS Ratio Fe
(g 100g-1 dm)

IVS Ratio Zn
(g 100g-1 dm)

5.9±0.3a

33.3±2.4a

cleaned

0.61±0.12b

19.9±3.7b

30.6±1.9a

ground

0.61±0.12b

20.0±0.5b

29.9±1.3a

cooked

0.70±0.06b

6.3±0.6a

5.6±3.0b

Scenario 2 (dry cleaning - grinding - sieving - cooking)
raw
0.80±0.13a
5.9±0.3a

33.3±2.4a

cleaned

0.60±0.01b

8.7±2.6b

33.9±1.3a

ground

0.60±0.01b

8.9±2.5b

33.6±1.1a

sieved

0.59±0.04b

9.6±1.2b

33.7±1.0a

cooked

0.62±0.06b

2.8±0.9c

7.3±4.5b

Scenario 3 (wet cleaning - grinding - sieving - cooking)
raw
0.80±0.13a
5.9±0.3a

33.3±2.4a

cleaned

0.49±0.07b

20.9±1.4b

22.6±3.9b

ground

0.49±0.07b

20.9±1.3b

22.1±2.9b

sieved

0.51±0.09b

20.6±1.2b

22.1±2.1b

cooked

0.51±0.16b

6.3±0.6c

7.0±0.0c

1

Means ± standard deviation, means with the same letter are not significantly different according
to the LSD at the 0.05 level; 2 In Vitro Soluble Ratio Fe = [{IVS Fe (mg kg-1 dm)} / {Total Fe (mg
kg-1 dm)}] x 100; 3 In Vitro Soluble Ratio Zn = [{IVS Zn (mg kg-1 dm)} / {Total Zn (mg kg-1
dm)}] x 100.

Impact on in vitro solubility of Fe and Zn
The levels of soluble Fe and Zn at each process step are presented in Table 2. In the final
product (dibou) the level of soluble Fe ranged from 6.2 to 13.3 mg/kg with an average of
9.4 mg/kg (dry basis). Values for soluble Zn ranged from 1.9 to 3.4 mg/kg with an average
of 2.5 mg/kg. In all scenarios the in vitro soluble Fe increased significantly after cleaning
and remained quite constant after grinding and sieving. This trend seems to follow the
changes in phytate content, which decreased after cleaning and remained constant after
grinding and sieving (see above). The myo-inositol hexakisphosphate (IP6) is the major
inhibitor of Fe and Zn absorption from plant foods, and lowering the levels of phytic acid
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in meals of plant origin could greatly improve the absorption of these minerals (Frossard et
al., 2000). Contrary to our expectation, no correlation could be established between Zn
solubility and the phytate content of the flours. Possibly, this is related to the fact that Fe
and Zn are not located in the same place in the seed. Zn is found in a large number of
enzymes and other proteins and is distributed throughout the seed (Lestienne et al., 2005).
Fe in seeds is stored as phytoferritin or phytate, mainly concentrated in the bran and the
aleuronic layer of the grain (Beta et al., 1999; Frossard et al., 2000).
During the three process scenarios studied, cooking drastically reduced the in vitro
Fe and Zn solubility in the porridge. This reduction could not be linked to the inhibitory
effect of phytate, which remained constant after cooking. After cooking, a 56-68%
reduction in soluble Fe occurred and the solubility in Zn was reduced by 57-76%.
Matuscheck et al. (2001) also reported a significant decrease of in vitro soluble Fe after
cooking sorghum flour and related this to the chelating effect of phytate and phenolic
compounds. Phenolic compounds, especially condensed phenolics such as tannins, are also
reported to chelate divalent minerals i.e. Fe and Zn (Frossard et al., 2000). Our results
indicate significant positive correlations (P< 0.01) between the level of reactive phenolic
hydroxyl groups and the Fe and Zn solubility (Table 5).
Table 5: Pearson correlation matrix between IVS Fe, IVS Zn, Phytate (IP6), reactive
phenolic hydroxyl groups and the browning index of sorghum
IVS 1 Zn

IVS Fe
0.359

IP6

0.398

-0.477

PC

0.729*

0.823**

-0.339

BI3

-0.667*

-0.912**

0.580

2

IVS Zn

IP6

PC

-0.921**

** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05
level; 1 IVS: in vitro soluble; 2 PC : total phenolic compounds; 3 BI : browning index
(BI = 100- L, L is the whiteness index).

During heat treatments, e.g. cooking, the phenolic compounds can polymerise into
condensed phenolics leading to a decrease of the assayable total phenolics. Hence in this
study, we suspected the condensed phenolics to be responsible for the considerable
decrease of soluble Fe and Zn observed after cooking. The extensive browning of the flour
observed after cooking (Table 6) and the colouration behaviour associated with condensed
phenolic compounds (Graf, 1986; Frossard et al., 2000) would support this hypothesis.
CONCLUSION
The present study evaluated the impact of process unit operations used to prepare
sorghum thick porridge (dibou) at the poorest household level in Benin, on the in vitro
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solubility of micronutrients. Cleaning, especially wet cleaning, significantly contributes to
phytate
Table 6: Colour changes of sorghum during dibou preparation

raw

Scenario 1
23.6±0.7a1

Browning index (BI = 100-L)
Scenario 2
23.6±0.7a

Scenario 3
23.6±0.7a

cleaned

23.6±0.7a

23.7±0.2a

22.2±0.1a

ground

23.6±0.6a

23.7±0.2a

22.2±0.1a

sieved

-

23.7±0.3a

22.2±0.2a

cooked

49.3±1.3b

50.3±1.2b

46.6±0.2b

1

Means ± standard deviation, means with the same letter are not significantly different according
to the LSD at the 0.05 level.

removal from sorghum grain and results in better Fe solubility. Sieving of milled grain as
currently applied, is less effective in achieving reduction of phytate and phenolic contents
of the grain flour. Sieving might be more efficient if grains are first conditioned by
moistening and then coarsely ground, prior to sieving. Cooking was found to be the main
unit operation that restricts the Fe and Zn availability in porridge. Further research is
recommended to identify the inhibitors of mineral solubility generated during cooking, and
to develop approaches that alleviate the chelating effects.
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Chapter 7
Impact of brewing process operations on phytate, phenolic
compounds and in vitro solubility of iron and zinc in opaque
sorghum beer

Abstract
Opaque sorghum beer is a significant component of the diet of millions of poor people in
rural Africa. This study reports the effect of traditional brewing operations on its level of
micronutrients, especially iron and zinc. The example of a West African sorghum beer,
tchoukoutou, in Northern Benin was studied. The beer was characterized and the impact of process
unit operations on phytate, phenolic compounds, and Zn and Fe in vitro solubility was evaluated.
The major microorganisms involved in the beer fermentation were Saccharomyces cerevisiae and
heterofermentative lactobacilli. The manufacturing process reduces the phytate content by nearly
95%, particularly during germination, mashing-boiling and fermentation. The level of reactive
phenolic groups increased as a result of germination and fermentation as well as a result of a shift
in dry matter compensation. Simultaneously with these modifications, an increase of Fe solubility
was observed, and a correlation between phytate and Fe solubility (R2=0.85) was established. No
clear correlation could be established between the Zn solubility and the phytate content of the
products. During beer manufacturing, significant losses of minerals occur particularly during
soaking and mashing/filtration; thus the quantity of minerals available to consumers is restricted.
Improvements aiming to minimize such losses are highly desirable.

A. P. P. Kayodé, J. D. Hounhouigan and M. J. R. Nout.
LWT / Food Science and Technology (in press).
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INTRODUCTION
Iron (Fe) and zinc (Zn) deficiencies are a major public health problem in developing
countries. Chronic micronutrient deficiencies, particularly of Fe and Zn, cause child
mortality, impaired mental and physical development, decreased work output, and
contribute to morbidity from infections (Gibson, 1994; Dossa, 2001; Oikeh et al., 2003).
Therefore, an increase of bioavailable Fe and Zn in the indigenous diets is highly desirable.
Opaque sorghum beers are popular alcoholic beverages in Africa. In the West
Africa region they are known as tchoukoutou in Benin, dolo in Burkina-Faso, pito in
Ghana, and burukutu or otika in Nigeria (Odunfa, 1985; Kayodé et al., 2005). The beers
have a sour taste, a relatively high dry matter content (5-13%) and low alcohol content (23% v/v), which make them a suitable beverage for adults and teenagers (Agu and Palmer,
1998; Briggs et al., 2004). They are largely consumed by the poorest people and
significantly contribute to the diet of millions of consumers. The beers are mostly prepared
with Guinea corn (Sorghum bicolor) but other cereals such as millet or maize can be used
as adjunct or as substitutes (Kayodé et al., 2005). The manufacturing process consists of
malting (soaking, germination, sun drying), brewing (mashing, boiling, filtration) and
fermentation. Depending on the geographic location, variations may occur in the process
(Odunfa, 1985; Haggblade and Holzapfel, 1989).
The nutritional attributes of eight commercial sorghum beers have been reported by
(Novellie and De Schaepdrijver, 1986) as follows: protein 5.4 g/L, ash 1.13 g/L,
carbohydrate 47.6 g/L, iron (Fe) 1.4g/L and zinc (Zn) 1.4 g/L. This suggests that such beer
can significantly contribute to macronutrient supply to the diet, considering the rather large
quantity that is consumed daily in certain locations (Briggs et al., 2004; Kayodé et al.,
2005). At present, little information is available on the micronutrient availability in African
opaque beers. The unit process operations (e.g. soaking, germination and fermentation)
involved in the preparation of opaque sorghum beers have been reported to reduce the
levels of phytate, a major inhibitor of Fe and Zn availability (Graf, 1986; Mahgoub and
Elhag, 1998; Traore et al., 2005). In addition, several studies demonstrated that
germination and fermentation affect condensed phenolic compounds (Obizoba and Atii,
1991; Subramanian et al., 1992; Bvochora et al., 2005) which also reduce mineral
bioavailability by chelation. Thus, considering the prominent role of germination and
fermentation in the process, increased solubility of Fe and Zn could be expected in
indigenous African beers.
The present study was conducted to characterize tchoukoutou, the major opaque
sorghum beer of Benin and to assess the impact of the different process unit operations of
tchoukoutou making on phytate, phenolic compounds and Fe and Zn in vitro solubility, as
an index for their bioavailability.
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MATERIALS AND METHODS

Processing and sampling
The processing trials took place in Parakou, a small town in the northern region of Benin,
where tchoukoutou is commonly produced and consumed. Three batches of red sorghum
grain, selected and purchased by processors from a local market, were processed into
tchoukoutou at three commercial production sites according to the traditional brewing
practices, as follows. On average, 27 kg of grain were soaked overnight at room
temperature (Processor 1: 9 h, Processor 2: 11 h, Processor 3: 12 h), germinated (P1: 85 h,
P2: 74 h, P3: 72 h), sun-dried at ambient temperature (P1: 15 h, P2: 15 h, P3: 7 h), ground
in a disc mill, mashed in water by gradually heating until the boiling point was reached
after 2 hours, soured during an overnight rest, filtered, boiled (P1: 9 h, P2: 8 h, P3: 6 h),
cooled, inoculated and fermented overnight (P1: 13 h, P2: 14 h, P3: 13 h). These ranges of
values for processing parameters, may lead to fluctuation in data. We highlighted this by
expressing values as means with standard deviation. At the end of the fermentation, beer
samples were collected in screw-capped bottles, packed in an insulated icebox, transported
to the laboratory and analysed immediately for yeasts and lactic acid bacteria (LAB)
content (Hounhouigan et al., 1993). The remaining beer samples were freeze-dried and
stored at –20°C for further analyses. In addition, samples were withdrawn from each
process step, dried in an oven, ground in a Retsch mill (type ZM 1, Retsch, Haan,
Germany) fitted with a 0.5 mm screen and stored at -20°C until analysis.
Microbiological analysis
Duplicate samples of tchoukoutou (10 ml) were diluted in 90 ml sterile peptone
physiological saline solution (5 g peptone, 8.5 g NaCl, and 1000 ml distilled water, pH =
7.0) and homogenised with a Stomacher lab-blender (type 400, London, UK). Decimal
dilutions were plated. Total counts of aerobic mesophilic bacteria (TC), LAB, yeasts and
Enterobacteriaceae were enumerated as described by (Hounhouigan et al., 1993).
The characterisation of LAB was performed as follows. Representative colonies of
LAB were randomly picked from higher dilutions and purified by successive sub-culturing
on de Man Rogosa and Sharpe Agar (MRSA, CM 361, Oxoid, Hampshire, England)
containing 0.1% (w/v) natamycin (Delvocid, DSM, The Netherlands) with incubation in
anaerobic jar (Anaerocult A, Merck KGaA, Germany). The isolates were tested for cell
morphology, Gram stain, catalase and oxydase reactions. Gas production from glucose was
tested after incubation at 30°C for 48 h in MRS broth (CM 359, Oxoid, Hampshire,
England). Growth tests were performed at 15°C for 5 d and 45°C for 1 d in MRS broth.
Carbohydrate metabolism of isolates was tested on API 50 CH strips with API 50 CHL
medium (bioMérieux, Lyon, France) following the manufacturer’s instructions. The
identification of LAB was done using the IBIS software (Intelligent Bacteria Identification
System, The Netherlands) (Wijtzes et al., 1997).
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For yeasts identification, isolates representing the 3 production sites were purified
by successive sub-culturing on malt extract agar (MEA, CM 59, Oxoid). Preliminary
confirmation was based on microscopic observation. The isolates were tested for the
fermentation of sucrose, lactose, glucose and raffinose, as well as the assimilation of
selected nitrogen sources i.e. nitrate, ethylamine, L-lysine, cadaverine, and creatine. The
assimilation of carbon sources was performed using API 20 C AUX strips (BioMérieux,
Lyon, France) according to the manufacturer’s instructions. The Diazonium Blue B
reaction, a test to differentiate between ascomycetous and basidiomycetous yeasts, was
performed as described by Kurtzman et al. (2003). The on-line available software
(http:www.cbs.knaw.nl) of the Centraalbureau voor Schimmelcultures, Utrecht, the
Netherlands was used for yeasts identification.
In vitro digestion of samples for analysis of soluble Fe and Zn
Step 1 - the enzymatic degradation - of the in vitro digestion method described by (Kiers et
al., 2000) was used. Duplicate dry samples of flour (5 g) were suspended in 30 ml distilled
water and digested under simulated gastro-intestinal conditions, subsequently using αamylase solution (Sigma A-1031), stomach medium consisting of lipase (Amano
Pharmaceuticals, Rhizopus F-AP15) and pepsin (Sigma P-6887), and pancreatic solution
consisting of pancreatin (Sigma P-1750) and bile (Sigma B-3883). After digestion, the
suspension was centrifuged at 3600 g for 15 min at 4 °C. The supernatant was decanted
and the pellet was washed twice in 20 ml of distilled water and centrifuged. The
supernatants were pooled and filtered through a 0.45 µm pore filter. A blank was included
consisting of 30 ml distilled water digested and filtered as described above. Both filtered
supernatants from sample and blank were analysed for Fe and Zn. Samples were corrected
for added reagents/water by subtracting Fe and Zn content of blank from that of
supernatants from samples. The amounts of Fe and Zn (expressed as mg/kg of digested
sample) in supernatant were regarded as soluble minerals. Percentage of soluble mineral
was calculated as:
Solubility (%) = {(Fe or Zn in supernatant – Fe or Zn in blank)/(Fe or Zn in undigested sample)} x 100.

Chemical analysis
Fe and Zn determination
Approximately 0.4 g of flour was digested using hydrofluoric acid (40%) and concentrated
nitric acid (65% w/w) (Novozamsky et al., 1996). Next, the concentrations of Fe and Zn
were analysed by Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES,
Elan 6000, Perkin Elmer, USA) (Temminghof, 2000). Samples from in vitro digestion
were collected in tubes (10 ml) and 0.15 ml of concentrated nitric acid (HNO3 65%) was
added to preserve them. These samples were analysed by the Inductively Coupled PlasmaMass Spectrometer (ICP-MS, Elan 6000, Perkin Elmer, USA). Measurements were
performed in duplicate.
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Phytate determination
Approximately 10 mg of grain flour was extracted with 1 ml of 0.5N HCl containing 50
mg/l cis-aconitate (internal standard) (Bentsink et al., 2003). The mixture was boiled in a
water bath at 100°C for 15 min and then centrifuged at 14,000 g for 10 min. The
supernatant was diluted 5x in millipore water and analysed using HPLC (Dionex DX300,
Sunnyvale CA, USA, ICS2500 system, detector range of 10µS) using the column AS11
(ATC column + guard column). Detection was with suppressed conductivity and the
suppression was done with water at a flow rate of 5 ml/min. The eluent and the elution
times used are as follows: 0-5 min 5 mM NaOH ; 5-15 min 5-100 mM NaOH ; 15-20 min
500 mM NaOH and 20-35 min 5 mM NaOH. A standard solution was prepared in
millipore water, that contains 5.0 mg/l NaNO3 (Merck p.a.), 5.0 mg/l Na2SO4, (Merck
p.a.), 5.0 mg/l oxalic acid.2H2O (Merck p.a.), 10.0 mg/l Na2HPO4.2H2O (Merck 6346
p.a.), 10 mg/l citric acid, H2O (Merck K23524044 719 p.a.), 5.0 mg/l cis-aconitate (Aldrich
27194-2) and 10 mg/l IP6.Na12 (Sigma P3168 lot 102K0053). Measurements were
performed in triplicate.
Total phenolics
Total phenolic compounds (PC) were extracted from 50 mg of flour in 1.5 ml of
HCl/methanol (1% v/v) during 1 h under continuous stirring at room temperature. The
mixture was centrifuged at 5000 g for 10 min and supernatant was removed. The pellet was
re-extracted as described above and supernatants were pooled (Cai et al., 1995). PC were
measured following the method of Singleton and Rosii (1965) modified as follows. To 300
µl of extract, 4.2 ml of distilled water, 0.75 ml of Folin-Ciocalteu’s reagent (Merck,
Germany) and 0.75 ml of sodium carbonate solution (20% w/v) were added. After
incubation for 30 min the optical density was measured at 760 nm using a
spectrophotometer (Shimadzu UV 240, Kyoto, Japan). Blanks were also prepared in which
Folin-Ciocalteu’s reagent was replaced by water to correct for interfering compounds.
Gallic acid (Acros Organics, New Jersey, USA) was used as standard and the results were
expressed as gallic acid equivalent per g of sample dry matter. Blanks were always freshly
prepared.
Data analysis
For the analytical data, mean values and standard deviation are reported. The data were
analysed using the statistical program SPSS 11.0 and the one-way ANOVA model was
used applying the LSD test to evaluate significant difference among means.
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RESULTS AND DISCUSSION

Microbiological characteristics
Tchoukoutou beer has a pH of 3.2 ± 0.2, resulting in a sour taste. The average level of
titratable acidity amounted to 0.8 ± 0.1 (expressed as % lactic acid equivalent). The major
micro-organisms involved in the fermentation of the beverage are lactic acid bacteria
(LAB) and yeasts (Table 1). Although the microbiological attributes of Beninese opaque
beers were not investigated before, it was reported that the frequency distribution of
microbial species isolated from African opaque beers may depend on localities and
brewing ingredients (Ekundayo, 1969; Faparusi et al., 1973; Nout, 1980; Odunfa, 1985;
Demuyakor and Ohta, 1991; Sanni and Lönner, 1993; Sefa-Dedeh et al., 1999). In the
present study we proceeded to a tentative characterisation of yeasts and LAB involved in
tchoukoutou using phenotypical characteristics.
Table 1: pH, titratable acidity and major group of micro-organisms (log cfu/ ml) in
tchoukoutou
Processor 1
2.97

Processor 2
3.45

Processor 3
3.1

0.5

0.8

0.6

Total count

nd

8.2

7.8

Yeast

8.5

7.9

7.8

Lactic acid bacteria

nd

7.9

7.6

Enterobacteriacae

<1

<1

<1

pH
Titratable acidity (% lactic
acid)

nd = not determined; data represent averages of duplicate values.

Of 20 bacterial isolates, fifteen were confirmed as lactic acid bacteria being Grampositive, oxydase and catalase negative and rod-shaped. All, except one, produced gas
from glucose after 24 h of incubation. Three could not grow at 15°C and 45°C after 5 days
and 24 h of incubation, respectively. On the basis of their phenotypical characteristics, the
LAB isolated were found to belong exclusively to the genus Lactobacillus. They were
mainly obligate heterofermentatives, i.e. Lb. divergens (21% of all Lactobacillus spp.), Lb.
fermentum (13%), Lb. bifermentans (13%), Lb. fructivorans (13%), Lb. viridescens (13%),
Lb. hilgardii (13%), Lb. kandleri (7%) and Lb. casei (7%). Lactobacilli were also isolated
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from many other African opaque beers (Nout, 1980; Odunfa, 1985; Nout et al., 2001).
Other genera of LAB previously isolated from sorghum beer include Leuconostoc
mesenteroides and Lactococcus spp. in burukutu and pito (Ekundayo, 1969; Faparusi et
al., 1973).
After preliminary microscopic confirmation all 40 yeasts isolated were subjected to
morphology, fermentation and assimilation test. None of the isolates could ferment lactose
whereas the majority fermented glucose (100% of all isolates), sucrose (95%) and raffinose
(90%). Only 5% of the isolates assimilated nitrate, ethylamine or creatine, whereas 15%
assimilated L-lysine. All isolates were ascomycetous yeasts as revealed by Diazonium
Blue B test. On the basis of their fermentation profile and their nitrogen assimilation
pattern the 40 yeasts could be grouped into 5 distinct clusters with the majority (63%)
present in one group which showed a metabolism profile typical of Saccharomyces spp.
Based on their assimilation of carbon compounds, sixteen assimilation profiles
were distinguished. All yeasts assimilated glucose and maltose (100%), 42.5% assimilated
sucrose, 23% assimilated raffinose and only 2.5% could assimilate trehalose. None of them
assimilated arabinose, sorbitol and methyl-αD-glucopyranoside. On the basis of their
phenotypic characteristics, the 40 yeasts were found to belong to Saccharomyces
cerevisiae (68%), Candida albicans (12.5%), Torulaspora delbrueckii (7%),
Saccharomyces pastorianus (5%), Candida kunwiensis (2.5%), Dekkera anomala (2.5%)
and Candida etchellsii (2.5%). Clearly, Saccharomyces cerevisiae predominates in the
Benin opaque sorghum beer. Our results resemble findings by Konlani et al. (1996) who
reported a prevalence of 55-90% for S. cerevisiae in sorghum beer from Togo and
Burkina-Faso, two regions close to our study area. Van der Aa Kuhle et al. (2001) also
identified a large number (45%) of the yeasts involved in the fermentation of opaque beers
from Burkina-Faso and Ghana as S. cerevisiae.
For an isolate to be accepted as S. cerevisiae it must be able to assimilate glucose,
sucrose, maltose, trehalose, raffinose and ethanol (Vaughan-Martini and Martini, 1998). In
the present study, even though many isolates could not assimilate all of these sugars, they
were identified as S. cerevisiae. Demuyakor and Ohta (1991) and Van der Aa Kühle et al. (
2001) also identified many isolates from Ghanaian and Burkina-Faso sorghum beers as S.
cerevisiae, even though these micro-organisms showed carbon assimilation profiles
different from the taxonomical key proposed by Vaughan-Martini and Martini (1998). Like
in our result, many of the isolates analysed by these authors were not able to assimilate
sucrose, raffinose and trehalose.
Impact of process operations on total Fe and Zn content
The impact of process unit operations on Fe and Zn content of grain and subsequent
products is presented in Table 2. The Fe content of the sorghum grain found in this study
(947.5 mg/kg) is very high when compared to our previous findings (data not shown) in
which Fe values range from 32-99 mg/kg in 45 sorghum genotypes from Northern Benin.
Jambunathan (1980) reported an average Fe content of 59 mg/kg with a range of 26-96
mg/kg in samples of about 100 varieties of sorghum. The origin of our grain which was
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bought at local markets may be responsible for this high Fe level. The grain may have been
contaminated during the post-harvesting treatments notably during the threshing which
consist of beating the ears on the ferruginous soil type (Kayodé et al., in press). After
soaking, the Fe content of the grain was significantly reduced by 61% of the initial value.
Other investigators reported that up to 40% of Fe content of sorghum grain may be lost as
a result of leaching in soaking medium (Lestienne et al., 2005). There was no significant
effect of soaking on Zn content of the grain. The levels of Fe and Zn were not affected by
the germination process. In contrast, significant losses of minerals resulted from mashing
and filtration where 70% and 50% losses of Fe and Zn were recorded respectively (Table
3). These losses could be related to overall losses of dry matter which was reduced by 40%
after mashing/filtration. As a fraction of dry matter (Table 2), the levels of Fe, Zn, ash and
crude protein have almost doubled after fermentation. However, Table 3 shows that in
absolute terms, no significant changes in Fe and Zn levels take place. The apparent
doubling effect in Table 2 is most likely due to shifts in dry matter composition, resulting
from the assimilation of sugars and other fermentable mass.
Impact on phytate and total phenolics content
The phytate content of the three sorghum batches used in this study averaged to 1.07%,
which is in agreement with previous findings (Reddy, 2002; Traore et al., 2005; Kayodé et
al., 2006). Soaking, germination, mashing, boiling and fermentation strongly reduced the
phytate content (Figure 1). In total, only 5% of the initial phytate remained in the final
beer. The magnitude of reduction induced by soaking in this study can be explained by the
leaching in soaking medium or by partial hydrolysis by endogenous phytase as reported by
(Mahgoub and Elhag, 1998).
Germination activates endogenous grain phytase which can degrade phytate
(Svanberg and Lorri, 1997). Hence, the phytate reduction induced by germination in this
study, is presumably due to endogenous enzyme activity. Traore et al. (2005) reported a
53% reduction in phytate in sorghum after germinating the seed for 74 h, which is of a
similar order of magnitude as observed by us. Even though some studies demonstrated that
cooking does not degrade phytate in flour from sorghum (Kayodé et al., in press) and other
crops like pearl millet (Zanabria Eyzaguirre et al., in press), our results showed a
considerable reduction (55%) of phytate content after boiling. This most likely relates to
heat activation of residual phytase produced during germination, and the overnight souring
(fermentation) that preceeds the boiling step.
The phytate reduction achieved by the fermentation in the present study was as
expected since lactic acid bacteria and yeasts, particularly Saccharomyces cerevisiae can
produce phytase and degrade phytate into its lower forms i.e. IP5 (inositol-pentakisphosphate), IP4 etc.. and inorganic ortho-phosphate (Pi) that is used by these microorganisms for their growth (Kerovuo and Tynkkynen, 2002; Andlid et al., 2004).
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425.7±50.0b

191.0±14.4c

186.3±81.6c

266.0±13.9d

soaked

germinated

mashed/filtered

boiled

fermented

2

35.4±8.9c

12.4±4.1a

4.8±1.5b

8.7±1.9a

13.0±1.0a

IVS 2 Fe
(mg/kg dm)
13.7±4.4a

41.5±1.0c

28.5±7.8a

20.5±7.5b

24.7±3.7a

26.2±4.5a

Total Zn
(mg/kg dm)
27.8±3.8a

9.0±4.6b

1.5±1.3c

2.1±0.8c

9.8±0.7b

5.5±1.6a

IVS Zn
(mg/kg dm)
5.5±2.2a

6.1±1.9c

3.7±1.0b

3.5±1.1b

8.5±1.0a

7.8±1.2a

Crude proteins
(% dm)
8.2±1.2a

3.0±1.1b

1.5±0.1a

1.4±0.2a

1.8±0.7a

1.8±0.4a

Ash
(% dm)
2.0±0.3a

0.43±0.09d

0.19±0.03a

0.19±0.04a

0.28±0.06c

0.10±0.01b

Total phenolics
(% dm)
0.15±0.03a

Means (n = 6) ± standard deviation, means with the same letter are not significantly different according to the LSD at the 0.05 level;
IVS: in vitro soluble

476.6±12.4b

raw

1

Total Fe 1
(mg/kg dm)
947.5±136.3a

Table 2: Changes in iron, zinc, crude proteins, ash and phenolics content of sorghum grain during tchoukoutou preparation
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In addition, the fermentation process would provide the optimum pH for the activity of
phytase which is in the range pH 4.5-5.0 (Svanberg and Lorri, 1997). The total reactive
Table 3: Balances of mass, Fe and Zn during tchoukoutou preparation
Mass (kg dm)
100.0±0.0a

Fe (g dm)
94.7±40.9a

Zn (g dm)
2.8±0.4a

soaked

94.9±2.9a

47.8±13.0b

2.6±0.3ab

germinated

80.7±6.5b

33.8±44.0b

2.0±0.4b

mashed/filtered

47.9±13.0c

10.2±8.0c

1.0±0.6c

boiled

44.1±9.0c

9.1±6.0c

1.2±0.3c

fermented

23.1±1.4d

6.6±3.0c

1.0±0.6c

raw

Means (n = 6) ± standard deviation, means with the same letter are not significantly different
according to the LSD at the 0.05 level

phenolic hydroxyl groups significantly increase from 0.1 to 0.28% and from 0.19 to 0.43%
after germination and fermentation, respectively (Table 2). This increase may be expected
as a result of a shift in dry matter compensation mentioned earlier, as well as the hydrolysis
of condensed phenolic compounds due to germination and fermentation.
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Figure 1: Changes in phytate (IP6), Fe and Zn in vitro solubility during opaque
sorghum beer preparation
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Impact on in vitro solubility of Fe and Zn
The levels of soluble Fe and Zn at each processing stage are presented in Table 2. The total
soluble Fe increased from 13.7 mg/kg in the raw grain to 35.4 mg/kg (dm) in the finished
beer. The soluble Zn reached 9.0 mg/kg (dm) in the beer. Concomitantly with phytate
degradation, the in vitro soluble Fe increases significantly at all process steps to reach 18%
of total Fe after fermentation (Figure 1). A significant negative correlation (P < 0.01) was
observed between Fe solubility and the phytate content (Table 4). Phytate (myo-inositol
hexakis phosphate, IP6) is the major inhibitor of Fe and Zn absorption from plant foods,
and lowering the content of phytic acid in meals of plant origin greatly improves the
absorption of these minerals (Frossard et al., 2000). Contrary to expectation, changes in Zn
solubility during the process could not be linked to phytate variations. However, significant
responses in Zn solubility were observed after germination and fermentation (Figure 1).
This appears to be associated with the changes taking place in total phenolic compounds as
was mentioned earlier. The total phenolic compounds significantly correlated with the Fe
solubility: the higher the level of phenolic hydroxyl groups, the higher the soluble Fe. This
finding corresponds with our previous observation in porridge cooked from sorghum flour
in which a decrease in phenolic hydroxyl groups, probably due to complex formation or
polymerisation into condensed phenolics, was associated with a reduction of in vitro
soluble Fe (Kayodé et al., in press).
The significant correlation (P < 0.05) found between crude protein and soluble Zn
(Table 4) may relate to the presence of Zn in a large number of enzymes and other proteins
throughout the seed (Lestienne et al., 2005).
Table 4: Pearson correlation matrix between IVS Fe, IVS Zn, , phytate (IP6), proteins
and phenolics compounds of sorghum
PC1
IVS 2 Zn

Proteins
-0.094
0.829*

PC

IVS Zn

IVS Fe

0.244

IVS Fe

-0.288

0.858*

-0.088

IP6

0.576

0.735

0.274

-0.919**

* Correlation is significant at the 0.05 level, ** Correlation is significant at the 0.01 level,
1
PC : total phenolics compounds, 2 IVS : in vitro solubility

CONCLUSION
Soaking, germination, mashing as well as fermentation significantly contribute to phytate
degradation during the beer making process. The total phenolic compounds were modified
as the result of germination and fermentation. Fe solubility gradually increases during the
beer making process and is highly correlated with phytate and reactive phenolic groups in
the product. However, important losses of minerals occurred during the beer making
process, particularly during the mashing step; thus, the quantity of Fe available to
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consumers is restricted. No clear relationship could be established between the soluble Zn
and the phytate content. Like in many African beers Saccharomyces cerevisiae and
Lactobacillus spp. are the predominant yeasts and LAB in the Benin opaque beer
tchoukoutou. Further studies will focus on the optimisation of germination and
fermentation processes to improve Fe and Zn availability to consumers.
AKNOWLEDGEMENT
Financial support provided by Wageningen University through the North-South
Interdisciplinary Research and Education Fund (INREF) is gratefully acknowledged. The
International Foundation for Science, Stockholm, Sweden is acknowledged for financial
support to A.P.P. Kayodé (Grant N° IFS E/3736-1).
REFERENCES
Agu, R. C., and Palmer, G. H. (1998) A reassessment of sorghum for lager-beer brewing.
Bioresearch Technology 66, 253-261.
Andlid, T. A., Veide, J., and Sandberg, A.-S. (2004) Metabolism of extracellular inositol
hexaphosphate (phytate) by Saccharomyces cerevisiae. International Journal of Food
Microbiology 97, 157-169.
Bentsink, L., Yuan, K., Koornneef, M., and Vreugdenhil, D. (2003) The genetics of phytate and
phosphate accumulation in seeds and leaves of Arabidopsis thaliana, using natural
variation. Theoretical and Applied Genetics 106, 1234-1243.
Briggs, D. E., Boulton, C. A., Brookes, P. A., and Stevens, R. (2004) Native African beers. In
Brewing Science and Practice ed., pp. 589-605. Boca Raton, Cambridge: CRC Press,
Woodhead Publishing Ltd.
Bvochora, J. M., Danner, H., Miyafuji, H., Braun, R., and Zvauya, R. (2005) Variation of sorghum
phenolic compounds during the preparation of opaque beer. Process Biochemistry 40,
1207-1213.
Cai, T., Ejeta, G., and Butler, L. G. (1995) Screening for grain polyphenol variants from high-tanin
sorghum somaclones. Theoretical and Applied Genetics 90, 211-220.
Demuyakor, B., and Ohta, Y. (1991) Characteristics of pito yeasts from Ghana. Food Microbiology
8, 183-193.
Dossa, R. A. M. (2001) Micronutrient supplementation of young stunted Beninese children: effects
on appetite and growth performance. PhD, WUR, Wageningen.
Ekundayo, J. A. (1969) The production of pito, a Nigerian fermented beverage. Journal of Food
Technology 4, 217-225.
Faparusi, S. I., Olofinboba, M. O., and Ekundayo, J. A. (1973) The microbiology of burukutu beer.
Zeitschrift fur Allgemeine Mikrobiologie 13, 563-568.
Frossard, E., Bucher, M., Maechler, F., Mozafar, A., and Hurrell, R. (2000) Potential for increasing
the content and bioavailability of Fe, Zn and Ca in plants for human nutrition. Journal of
the Science of Food and Agriculture 80, 861-879.
Gibson, R. S. (1994) Zinc nutrition in developing countries. Nutrition Research Reviews 7, 151173.
Graf, E. (1986) Chemistry and application of phytic acid: an overview. In Phytic Acid: Chemistry
and Application ed. E. Graf, pp. 1-21. Minneapolis, MN: Pilatus Press.
Haggblade, S., and Holzapfel, W. H., eds. (1989) Industrialization of Africa's indigenous beer
brewing. pp. 1-191 - 284. New York, Basel: Marcel Dekker, Inc.
Hounhouigan, D. J., Nout, M. J. R., Nago, C. M., Houben, J. H., and Rombouts, F. M. (1993)
Changes in the physico-chemical properties of maize during natural fermentation of mawe.
Journal of Cereal Science 17, 291-300.

100

Fe and Zn solubility in opaque sorghum beer
Jambunathan, R. (1980) Improvement of the nutritional quality of sorghum and pearl millet. Food
and Nutrition Bulletin 2, 11-16.
Kayodé, A. P. P., Adégbidi, A., Linnemann, A. R., Nout, M. J. R., and Hounhouigan, D. J. (2005)
Quality of farmer's varieties of sorghum and derived foods as perceived by consumers in
Benin. Ecology of Food and Nutrition 44, 271-294.
Kayodé, A. P. P., Linneman, A. R., Nout, M. J. R., and Boekel, M. A. J. S. (in press) Impact of
sorghum processing on phytate, phenolic compounds and in-vitro solubility of iron and
zinc in thick porridges. Journal of the Science of Food and Agriculture.
Kayodé, A. P. P., Linnemann, A. R., Hounhouigan, J. D., Nout, M. J. R., and van Boekel, M. A. J.
S. (2006) Genetic and environmental impact on iron, zinc and phytate in food sorghum
grown in Benin. Journal of Agricultural and Food Chemistry 54, 256-262.
Kerovuo, J., and Tynkkynen, S. (2002) Expression of Bacillus subtilis phytase in Lactobacillus
plantarum 755. Letters in Applied Microbiology 30, 325-329.
Kiers, J. L., Nout, M. J. R., and Rombouts, F. M. (2000) In vitro digestibility of processed and
fermented soya bean, cowpea and maize. Journal of the Science of Food and Agriculture
80, 1325-1331.
Konlani, S., Delgenes, J. P., Moletta, R., Traore, A., and Doh, A. (1996) Isolation and
physiological characteristics of yeasts involved in sorghum beer production. Food
Biotechnology 10, 29-40.
Kurtzman, C. P., Boekhout, T., Robert, V., Fell, J. W., and Deak, T. (2003) Methods to identify
yeasts. In Yeasts in Food: Beneficial and detrimental aspects ed. V. Robert, pp. 69-121.
Hamburg: B. Behr's Verlag GmbH & Co. KG.
Lestienne, I., Icard-Verniere, C., Mouquet, C., Picq, C., and Treche, S. (2005) Effects of soaking
whole cereal and legume seeds on iron, zinc and phytate contents. Food Chemistry 89,
421-425.
Mahgoub, S. E. O., and Elhag, S. A. (1998) Effect of milling, soaking, malting, heat-treatment and
fermentation on phytate level of four Sudanese sorghum cultivars. Food Chemistry 61, 7780.
Nout, M. J. R. (1980) Microbiological aspects of the traditional manufacture of Busaa, a Kenyan
opaque maize beer. Chemie Mikrobiologie Technologie der Lebensmittel 6, 137-142.
Nout, M. J. R., Kiers, J. L., Nabuurs, M. J. A., Van der Meulen, J., and Rombouts, F. M. (2001)
Tempe as a functional food. In 11th World Congress of Food Science and Technology ed,
pp. Book of Abstracts, p.35. Seoul, Korea:
Novellie, L., and De Schaepdrijver, P. (1986) Modern developments in traditional African beers.
Progress in Industrial Microbiology 23, 74-157.
Novozamsky, I., van Eck, R., Houba, V. J. G., and van der Lee, J. J. (1996) Solubilization of plant
tissue with nitric acid - hydrofluoric acid - hydrogen peroxide in a closed system
microwave digestor. Communications in Soil Science and Plant Analysis 27, 867-875.
Obizoba, I. C., and Atii, J. V. (1991) Effect of soaking, sprouting, fermentation and cooking on
nutrient composition and some anti-nutritional factors of sorghum (Guinesia) seeds. Plant
Foods for Human Nutrition 41, 203-212.
Odunfa, S. A. (1985) African fermented foods. In Microbiology of Fermented Foods ed. B. J. B.
Wood, pp. 167-195. London: Elsevier Applied Science.
Oikeh, S. O., Menkir, A., Maziya-Dixon, B., Welch, R., and Glahn, R. P. (2003) Assessment of
concentration of iron and zinc and bioavailable iron in grain of early-maturing tropical
maize varieties. Journal of Agricultural and Food Chemistry 51, 3688-3694.
Reddy, N. R. (2002) Occurrence, distribution, content, and dietary intake of phytate. In Food
phytates ed. S. S.K., pp. 25-52. Boca Raton: CRC Press.
Sanni, A. I., and Lönner, C. (1993) Identification of yeast isolated from Nigerian traditional
alcoholic beverages. Food Microbiology 10, 517-523.
Sefa-Dedeh, S., Sanni, A. I., Tetteh, G., and Sakyi-Dawson, E. (1999) Yeasts in the traditional
brewing of pito in Ghana. World Journal of Microbiology & Biotechnology 15, 593-597.
Singleton-V.L., and Rosii, J. A. (1965) Colorimetry of total phenolics with phosphomolybdicphosphotungstic acid reagents. American Journal of Enology and Viticulture 16, 144-158.
Subramanian, V., Murty, D. S., Rao, N. S., and Jambunathan, R. (1992) Chemical changes and
diastatic activity in grains of sorghum (Sorghum bicolor) cultivars during germination.
Journal of the Science of Food and Agriculture 58, 35-41.

101

Chapter 7
Svanberg, U., and Lorri, W. (1997) Fermentation and nutrient availability. Food Control 8, 319328.
Temminghof, E. (2000) Soil and Plant Analysis. Part 3. Plant analysis procedures, Wageningen:
Wageningen University Environmental Sciences.
Traore, T., Mouquet, C., Icard-Verniere, C., Traore, A. S., and Treche, S. (2005) Changes in
nutrient composition, phytate and cyanide contents and a-amylase activity during cereal
malting in small production units in Ouagadougou (Burkina Faso). Food Chemistry 88,
105-114.
Van der Aa Kuhle, A., Jesperen, L., Glover, R. L. K., Diawara, B., and Jakobsen, M. (2001)
Identification and characterization of Saccharomyces cerevisiae strains isolated from West
African Sorghum beer. Yeast 18, 1069-1079.
Vaughan-Martini, A., and Martini, A. (1998) Saccharomyces Meyen ex Reess. In The Yeasts, A
Taxonomic study ed. J. W. Fell, pp. 358-371. Amsterdam: Elsevier Science.
Wijtzes, T., Bruggeman, M. R., Nout, M. J. R., and Zwietering, M. H. (1997) A computerised
system for the identification of lactic acid bacteria. International Journal of Food
Microbiology 38, 65-70.
Zanabria Eyzaguirre, R., Nienaltowska, K., de Jong, L. E. Q., Hasenack, B. B. E., and Nout, M. J.
R. (in press) Effect of food processing of pearl millet (Pennisetum glaucum) IKMP-5 on
the level of phenolics, phytate, iron and zinc. Journal of the Science of Food and
Agriculture.

102

Chapter 8
Evaluation of the simultaneous effects of processing parameters
on the iron and zinc solubility of infant sorghum porridge by
Response Surface Methodology

Abstract
The Response Surface Methodology was used to study the effect of duration of soaking,
germination and fermentation on phytate and phenolic compounds (PC), pH, viscosity and the in
vitro solubility (IVS) of iron and zinc of infant sorghum flour. The aim was to improve the
micronutrient quality of the indigenous African infant flour using the traditional techniques
available in the region. The phytate and the PC concentrations of the flour were significantly
modified as the result of duration of germination and fermentation and their mutual interaction.
These modifications were accompanied by significant increase in % IVS Zn after 24 h of sprouting.
Except for the interaction of soaking and fermentation, none of the processing parameters exerted a
significant effect on the % IVS Fe. The viscosity of the porridge prepared with the flour decreased
significantly with the duration of germination making it possible to produce a porridge with high
energy and nutrient density. The use of germination in combination with fermentation is
recommended in the processing of cereals for infant feeding in developing countries.

A. P. P. Kayodé, M. J. R. Nout, E. J. Bakker and M. A. J. S. van Boekel.
Journal of Agricultural and Food Chemistry (2006), 54, 4253-4259.
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INTRODUCTION
Iron (Fe) and zinc (Zn) are essential trace elements in human nutrition. Fe is a core element
in the synthesis of hemoglobin and myoglobin. It contributes to the formation of haem
enzymes and other Fe-containing enzymes that are important for energy production,
immune defense and thyroid function. Most of Zn in the human body is in the bone and
skeletal muscle. Zn contributes in the activities of over 300 enzymes and participates in
gene expression, in the synthesis and degradation of carbohydrates, lipids, proteins and
nucleic acids. Its contribution to the stabilisation of the structure of membrane and cellular
components has been documented (Frossard et al., 2000; McCall et al., 2000). Moderate
Zn deficiencies in infants and children are associated with reduced growth and
development, impaired immunity and increased morbidity and mortality from infections
(Sazawal et al., 2001; Brown et al., 2002).
In many developing countries, cereal porridges are introduced in infant feeding
before the age of 4 months and this practice is associated with malnutrition problems.
Thirty-two percent of children under 5 years old suffer from being underweight and 39%
from stunting in developing countries. The occurrence of infant malnutrition varies
according to regions with the highest prevalence in South Asia and sub-Saharan Africa
where 53% and 41% were reportedly stunted, respectively (Michaelsen and Henrik, 1998).
Whereas these data appear high compared with more recent Unicef data, in Agblangandan,
Cotonou, Benin, nevertheless 76% of the children of 3-5 years aged were found to be
anemic and 58% stunted (Dossa et al., 2001). In Burkina-Faso, 70% of the under-fives and
40% of pregnant women were reported anemic (Oikeh et al., 2003).
Traditional complementary foods in sub-Saharan Africa are thin porridges usually
prepared from cereal grains like sorghum, millet or maize. These porridges are designated
under various names depending on region location. They are known as koko in Benin and
Ghana, ogi in Nigeria, uji in Kenya, and magai in Tanzania (Rombouts and Nout, 1995).
Among the cereals used to produce infant porridges, sorghum is of particular importance.
In certain regions the sorghum porridge is believed to be the best complementary food
(Kayode et al., 2005). In addition, sorghum as a crop has the comparative advantage to be
resistant to harsh environmental conditions and the crop is cultivated by many subsistence
farmers for home consumption (Murty and Kumar, 1995; Nkongolo and Nsapato, 2003;
Uptmoor et al., 2003).
Basically, the processing of infant porridges in many areas of West Africa involves
soaking, grinding, occasionally fermentation, and cooking. Fermented products are acidic
(pH 3.5-4), microbiologically safe and easily digestible (Motarjemi and Nout, 1996).
However, the content and bioavailability of minerals of cereal porridges is relatively low
due to the presence of anti-nutritional factors such as phytate, which forms insoluble
complexes with essential minerals such as Fe and Zn at physiological pH levels (Graf,
1986). Phytate may be partially responsible for the widespread mineral deficiencies
observed in populations that subsist largely on sorghum and other cereals (Hulse et al.,
1980). Furthermore, it has been suggested that phytate may diminish solubility,
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digestibility and activity of proteins such as digesting enzymes (Reddy and Pierson, 1994).
Therefore processes that decrease the phytate content in foods are highly desirable.
Another problem with the cereal-based porridges is their bulkiness which reduces their
energy and nutrient density.
Germination of cereal grains has the distinct advantage of reducing the bulkiness of
the derived gruel because of the production of endogenous grain amylases, particularly αamylase. In addition, during germination endogenous phytase may be activated leading to
phytate degradation (Svanberg and Lorri, 1997). Several studies demonstrated that
germination facilitates the hydrolysis of condensed phenolic compounds (Obizoba and
Atii, 1991; Subramanian et al., 1992) which also exhibit chelating properties for minerals
like Fe (Lestienne et al., 2005a). The introduction of germination in the preparation of
infant food in developing countries is desirable for its nutritional benefit and is culturally
feasible; germination is a traditional technique widely used in Africa for the production of
local malted foods and beverages.
In order to improve the nutritional and the functional properties of indigenous
infant porridges, modifications may be incorporated in the traditional processing method
by introducing the germination step. More specifically, the objective was to evaluate the
effect of three process variables, duration of soaking, of germination and of fermentation
on the in vitro solubility of Fe and Zn, levels of phenolics and phytate, and viscosity of
resulting porridges. It is quite likely that the effect of one process value depends on the
value of another, so interaction between factors may be important. Such interaction will
not be detected using the one-factor-at-a-time approach (Hu, 1999), so we decided to use a
design methodology that is able to detect such interactions. Therefore, response surface
methodology (RSM) was used applying a central composite design. Central composite
designs are the basis for RSM and are used to estimate parameters of a full second-degree
model. Such a quadratic model is usually sufficient for accuracy in product and process
design (Hu, 1999).
MATERIALS AND METHODS

Plant material
Sorghum [Sorghum bicolor (L.) Moench] variety Mahi swan, with high food preference by
housewives, was provided by a farmer in Banikoara region, and cultivated at the
Agricultural Research Centre located at Ina in Northern Benin. The seed was grown on a
tropical ferruginous type soil in 2003 under the natural season of the Guinea Savannah
climate of West Africa. The annual rainfall in the regions varies from 985 to 1473 mm
with an average value of 1237 mm (CARDER, 1998).
Experimental design
Response Surface Methodology is a statistical method that uses quantitative data derived
from an appropriate experimental design with quantitative factors to estimate the
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relationship between a response and the factors in order to optimise processes or products
(Giovanni, 1983). In this study an orthogonal rotatable central composite design
(Montogomery, 2001) for K = 3 factors was used to estimate the simultaneous effect of
three process variables on anti-nutritional factors, pH, porridge viscosity and Fe and Zn
solubility in a quadratic function. The variables (factors) were the duration of soaking (614 h), duration of germination (0-72h) and duration of fermentation (0-72h). The responses
were pH, titratable acidity, phytate, phenolics, final apparent porridge viscosity and the Fe
and Zn solubility. The design generated 23 observations which are distributed as follows: 8
kernel points, 6 star points and 9 replications at the central point. Six additional in-between
and extreme points were added to increase the accuracy of the observations. The design
matrix and variable combinations are presented in Table 1.
Experimental processing
Two 100 g aliquots of cleaned sorghum grains were soaked in distilled water (1/5, w/v)
during the period as predefined in the experimental design (Table 1). Subsequently, the
grains were drained for 5 minutes and laid on a polythene sheet with cover and allowed to
germinate during the predefined period. The grains were sprayed with distilled water twice
daily. At the end of germination, the sprouted grains were dried at 50°C in an oven for 16
h. The rootlets were removed and the grains were ground to flour using a Retsch mill (type
ZM 1, Retsch, Haan, Germany) fitted with a 0.5 mm screen. For the fermentation, the flour
was mixed with distilled water (45% w/w), kneaded into dough and allowed to ferment in a
plastic bucket with lid. The fermented dough was dried and ground to flour as described
above. Samples were packed in polythene bags and stored at –20 ºC until analysis.
In vitro digestion of samples for analysis of soluble Fe and Zn
Step 1 - the enzymatic degradation - of the in vitro digestion method described by Kiers et
al. (2000) was used. Duplicate dry samples of flour (5 g) were suspended in 30 ml distilled
water and digested under simulated gastro-intestinal conditions, subsequently using αamylase solution (Sigma A-1031), stomach medium consisting of lipase (Amano
Pharmaceuticals, Rhizopus F-AP15) and pepsin (Sigma P-6887), and pancreatic solution
consisting of pancreatin (Sigma P-1750) and bile (Sigma B-3883). After digestion, the
suspension was centrifuged at 3600 g for 15 min at 4°C. The supernatant was decanted and
the pellet was washed twice in 20 ml of distilled water and centrifuged. The supernatants
were pooled and filtered through a 0.45µm pore filter. A blank was included consisting of
30 ml distilled water digested and filtered as described above. Both filtered supernatants
from sample and blank were analysed for Fe and Zn. Samples were corrected for added
reagents and water by subtracting Fe and Zn content of blank from that of supernatants
from samples. The amounts of Fe and Zn (expressed as mg/kg dry matter of digested
sample) in supernatant were regarded as dissolved minerals. Percentage of dissolved
mineral was calculated as:
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In vitro Solubility (IVS, %) = {(Fe or Zn in supernatant – Fe or Zn in blank)/(Fe or Zn in undigested
sample)} x 100.

Measurement of viscosity
The final apparent porridge viscosity, i.e., the viscosity after cooling the hot porridge to
50°C was measured using a Rapid Visco Analyser (RVA, Newport Scientific, Narrabeen,
Australia) following the method of Mestres et al. (1997). Apparent viscosity was
expressed in arbitrary RVA units, one unit approximating 0.012 Pa.s.
Iron and zinc determination
Approximately 0.4 g of flour was digested using hydrofluoric acid (40%) and concentrated
nitric acid (65% w/w) (Novozamsky et al., 1996). Next, the concentrations of Fe and Zn
were analysed by Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES,
Elan 6000, Perkin Elmer, USA) (Temminghof, 2000). Samples from in vitro digestion
were collected in tubes (10 ml) and 0.15 ml of concentrated nitric acid (HNO3 65%) was
added to preserve them. These samples were analysed by the Inductively Coupled PlasmaMass Spectrometer (ICP-MS, Elan 6000, Perkin Elmer, USA). Analyses were performed
in duplicate.
Phytate determination
Approximately 10 mg of grain flour was extracted with 1 ml of 0.5N HCl containing 50
mg/l cis-aconitate (internal standard) (Bentsink et al., 2003). The mixture was boiled in a
water bath at 100°C for 15 min and then centrifuged at 14,000g for 10 min. The
supernatant was diluted 5x in millipore water and analysed using HPLC (Dionex DX300,
ICS2500 system, detector range of 10µS) using the column AS11 (ATC column + guard
column). Detection was with suppressed conductivity and the suppression was done with
water at a flow rate of 5ml/min. The eluent and the elution times used are as follows: 0-5
min 5 mM NaOH ; 5-15 min 5-100 mM NaOH ; 15-20 min 500 mM NaOH and 20-35 min
5 mM NaOH. A standard solution was prepared in millipore water, containing 5.0 mg/l
NaNO3 (Merck p.a.), 5.0 mg/l Na2SO4, (Merck p.a.), 5.0 mg/l Oxalic acid.2H2O (Merck
p.a.), 10.0 mg/l Na2HPO4.2H2O (Merck 6346 p.a.), 10 mg/l citric acid, H2O (Merck
K23524044 719 p.a.), 5.0 mg/l cis-aconitate (Aldrich 27194-2) and 10 mg/l IP6.Na12
(Sigma P3168 lot 102K0053). Analyses were performed in triplicate.
Total phenolics determination
Total phenolic compounds (PC) were extracted from 50 mg of flour in 1.5 ml of
HCl/methanol (1% v/v) for 1 h under continuous stirring at room temperature. The mixture
was centrifuged at 5000 g for 10 min and supernatant was removed. The pellet was reextracted as described above and supernatants were pooled (Cai et al., 1995). PC were

107

Chapter 8
Table 1: Design matrix and variable combinations

1

Variable Level

Level codes

Treat
ment
Code

soaking germination fermentation
0
0
0

soaking (h)
10.0

germination (h)
36.0

fermentation (h)
36.0

2

0

0

0

10.0

36.0

36.0

3

0

0

0

10.0

36.0

36.0

4

0

0

0

10.0

36.0

36.0

5

0

0

0

10.0

36.0

36.0

6

0

0

0

10.0

36.0

36.0

7

0

0

0

10.0

36.0

36.0

8

0

0

0

10.0

36.0

36.0

9

0

0

0

10.0

36.0

36.0

10

-1

-1

-1

7.82

14.59

14.59

11

-1

1

-1

7.82

57.4

14.59

12

-1

-1

1

7.82

14.59

57.4

13

1

-1

-1

12.18

14.59

14.59

14

1

1

1

12.18

57.4

57.4

15

-1

1

1

7.82

57.4

57.4

16

1

-1

1

12.18

14.59

57.4

17

1

1

-1

12.18

57.4

14.59

18

-1.6818

0

0

6.0

36.0

36.0

19

0

-1.6818

0

10.0

0.0

36.0

20

0

0

-1.6818

10.0

36.0

0.0

21

1.6818

0

0

14

36.0

36.0

22

0

1.6818

0

10.0

72.0

36.0

23

0

0

1.6818

10.0

36.0

72.0

24

0

0

1

10.0

36.0

57.4

25

0

0

-1

10.0

36.0

14.59

26

0

1

0

10.0

57.4

36.0

27

0

-1

0

10.0

14.59

36.0

28

1

0

0

12.18

36.0

36.0

29

-1

0

0

7.82

36.0

36.0
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measured following the method of Singleton and Rosii (1965) modified as follows. To 300
µl of extract, 4.2 ml of distilled water, 0.75 ml of Folin-Ciocalteu’s reagent (Merck,
Germany) and 0.75 ml of sodium carbonate solution (20% w/v) were added. After
incubation for 30 min the optical density was measured at 760 nm using a
spectrophotometer (Shimadzu UV 240, Kyoto, Japan). Blanks were also prepared in which
Folin-Ciocalteu’s reagent was replaced by water to correct for interfering compounds.
Gallic acid (Acros Organics, New Jersey, USA) was used as standard and the results were
expressed as gallic acid equivalent per g of sample dry matter. Blanks were always freshly
prepared.
Statistical analysis
Data were analysed using the statistical program SPSS 11.0. A second order polynomial
model was proposed to establish the relationship between the responses (Y) and the
variables (X) as follows:
3

3

1

1

2

3

Y = b0 +∑bi Xi +∑bii X +∑∑bij Xi X j
2
i

i=1 j=i+1

in which b0 is a constant , bi is a linear effect coefficient, bii is a quadratic effect coefficient,
bij is an interaction effect coefficient and Xi is an independent variable (i, j=1,2,3), given as
deviation from its mean value. In this way, b0 can be interpreted as the estimated value of
Y at the central point. The fitted polynomial equations were expressed in a 3D response
surface in which the response is presented on the vertical axis and two factors at the two
horizontal perpendicular axes.
RESULTS AND DISCUSSION

Impact of processing parameters on pH and viscosity of porridge
The response values for the different treatments are presented in Table 2. The polynomial
equation was fitted to the experimental data using the SPSS program and the estimated
linear regression coefficients are presented in Table 3. The sourness is an important quality
criterion for the acceptability of fermented sorghum gruel (Kayode et al., 2005). The pH is
a good indicator of the sourness of a food product. The values of pH for different
treatments ranged between 3.8 and 5.9. As could be expected, the pH and the titratable
acidity of the produced flours were affected only by the fermentation period (Table 3). The
linear and the quadric terms of the fermentation were significant coefficients in the model.
The pH of the fermenting dough decreased significantly to reach its lowest values of 3.84.0 after 36 h of fermentation. Clearly, most of the changes in the pH of the dough took
place during the first 20 hours of fermentation (Figure 1a). It has been demonstrated that at
pH < 4.0 in food, the growth of diarrhoea causing pathogens is inhibited
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Table 2: Response for phytate, total phenolics, IVS Zn and Fe, final apparent
viscosity, pH, and titratable acidity
Treatment
code
1

IP6
(%)
0.29

PC
(%)
0.38

IVS Zn
(%)
23.2

IVS Fe
(%)
9.4

V50
(RVA unit)
114.6

pH
4.1

Titratable acidity
(% lactic acid)
2.20

2

0.22

0.47

25.4

17.4

108.2

4.1

2.24

3

0.22

0.41

26.0

16.4

111.9

4.2

2.15

4

0.25

0.5

25.4

17.5

117.3

4.1

2.25

5

0.25

0.44

19.6

13.2

90.8

4.0

2.25

6

0.24

0.43

26.8

9.8

102.1

4.1

2.20

7

0.32

0.4

26.4

6.6

100.4

4.1

2.13

8

0.26

0.46

19.8

16.7

114.1

4.1

2.20

9

0.17

0.41

27.0

9.5

119.2

3.8

2.42

10

0.24

0.26

22.4

7.5

110.2

4.5

1.68

11

0.09

0.36

26.7

9.3

4.1

4.4

2.09

12

0.28

0.29

21.9

14.8

112.4

4.2

2.21

13

0.68

0.29

22.4

17.8

142.7

4.3

1.92

14

0.27

0.46

27.3

5.6

5.2

4.2

2.47

15

0.11

0.43

35.2

13.8

7.5

4.2

2.32

16

0.02

0.41

30.3

5.7

126.3

4.2

2.35

17

0.21

0.39

34.1

16.8

5.0

4.5

1.83

18

0.27

0.41

22.3

16.1

80.1

4.1

2.17

19

0.15

0.37

29.1

24.6

127.1

4.4

1.76

20

0.56

0.35

28.6

22.3

109.8

5.9

0.61

21

0.17

0.37

27.6

15.7

105.9

4.1

2.35

22

0.02

0.45

38.1

11.3

3.7

3.8

2.47

23

0.19

0.41

25.5

15.0

89.1

4.1

2.38

24

0.14

0.40

30.8

12.6

90.7

4.1

2.39

25

0.16

0.39

24.3

11.8

29.2

4.3

1.86

26

0.18

0.44

32.3

11.0

2.7

4.4

2.07

27

0.28

0.39

19.4

6.5

114.0

4.0

2.25

28

0.31

0.38

27.3

13.4

133.0

4.2

2.08

29

0.31

0.37

23.1

17.5

126.2

4.3

1.94

IP6: myoinositol hexaphosphate; PC: total phenolic compounds; IVS: in vitro solubility; V50: final
apparent viscosity at 50ºC
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(Nout et al., 1989; Motarjemi and Nout, 1996). Consequently, it can be argued that the
flours obtained after 36 h of fermentation time in this study are inherently safe from a
microbiological point of view.
The viscosity of the porridge made with the processed flour was significantly
affected by the germination period (Table 3). The linear and the quadratic terms were
found to be highly significant. From Figure 1b, it is clear that germination time had a
decreasing effect on the porridge viscosity whereas the fermentation time played a minor
role. Increasing the time of germination resulted in lower porridge viscosity, reaching the
lowest values (2.7-7.5 RVA units) after 57 h of germination. We assume that the decrease
of porridge viscosity is due to α-amylase that is activated during the grain sprouting. This
result would be of nutritional relevance because it offers the possibility for increasing the
concentration of energy and (micro) nutrients in the derived porridge since more dry matter
could be incorporated to produce porridge that still has an acceptable "spoonable"
consistency.
Table 3: Coefficients of the variables in the model and their corresponding R2

Coefficienta IP6*

PC

pH

Titratable
acidity

Final
apparent IVS Zn IVS Fe
(%)
viscosity (%)

b0 (Constant) 0.244

0.427

4.092

2.203

104.494

24.607

12.602

S

0.008

0.004

-0.007

0.020

2.717

0.598

-0.119

G

-0.003 b

0.002 d

-0.002

0.005

-2.353 d

0.162 d

-0.054

F

-0.004 c

0.001b

-0.013d

0.016d

0.048

0.032

-0.069

0.000

-0.004 b

-0.000

0.005

-0.703

S

2
2

G

0.000

-0.00002608

F2

0.00007424

SG

0.000

-0.00001385

c

-0.010

0.071

c

0.000

0.000003496

-0.045

0.006

-0.00005151 b 0.001d

0.000 d

-0.021

0.002

0.002

0.000

0.001

-0.001

-0.128

-0.024

-0.005

0.000

0.000

0.001

-0.058

-0.018

-0.094 b

SF

-0.002

GF

0.000 b

-0.000002740 -0.00002738

-0.00002448

0.005

-0.002

-0.001

R2

0.643

0.649

0.777

0.803

0.643

0.346

b

0.657

a

S = coefficient for soaking time, G = coefficient for germination time, F = coefficient for
fermentation time; b Significant at p < 0.05; c Significant at p < 0.01; d Significant at p < 0.001; *
IP6: Phytate; PC: total phenolic compounds; IVS: in vitro solubility. Data reported in this table are the
measured (fitted) values of the coefficients b0, bi, bii and bij which are explained in detail in the statistical
analysis section.

Impact of processing parameters on phytate and phenolics compounds
The phytate values varied among treatments and the major variation in this component was
explained by the model with a R2 = 0.643. The germination and fermentation times
significantly affected the phytate content of the sorghum flour. Their linear as well as their
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interaction terms significantly contributed to phytate response in the model. Moreover, the
interaction between soaking and fermentation was also found to be significant. Similar to
the findings of Lestienne et al. (2005b) and Traore et al. (2005), soaking alone had no
significant effect on the phytate level of the flour. Figure 1c shows the trend in phytate
content as a function of germination time, fermentation time and their mutual interaction.
Although rotational effects render it impossible to show this in one picture, both longer
germination and/or fermentation times resulted in decrease of phytate concentrations of the
flour. The effect of germination on phytate was more effective after 20 h of sprouting. The
strongest degradation of phytate occurred after extended germination and fermentation
times. Some previous studies (Svanberg and Lorri, 1997; Traore et al., 2005) demonstrated
the decreasing effect of germination and fermentation on phytate content of cereal product
but the mutual interaction of these factors could not be predicted owing to the design used
in these studies. During the development of the seedling, the degradation of phytate
naturally occurs as a mean to provide phosphorus for the growth of the young plant. This is
achieved through the activation of the endogenous grain phytase during the germination
process. In addition, during fermentation of cereal doughs, lactic acid bacteria and yeasts,
the major functional microflora, are able to produce phytase and thereby, reduce the
phytate content of food products. In addition, by decreasing the pH of the dough,
fermentation would provide the optimum pH for phytase activity which ranges between pH
4.5-5. The interaction of fermentation and pH decrease, and germination thus certainly
causes an activation of endogenous and microbial phytases, that degrade phytate.
The total phenolic compounds (PC) measured by their reactive hydroxyl groups,
were significantly modified as the result of germination and fermentation. The linear
effects of both parameters were found to be significant as were the quadratic terms of
soaking and fermentation. At any given germination time in the range between 0-72 h,
longer fermentation times resulted in increased PC (Figure 1d). The highest values of PC
were recorded after long germination and fermentation times. The increase of PC
concentration is most likely due to the hydrolysis of condensed phenolics into their lower
polymers (Obizoba and Atii, 1991; Subramanian et al., 1992), resulting in higher levels of
assayable phenolic hydroxyl groups. Reduction of highly condensed phenolic compounds
in the food would be desirable because these phenolics can interfere with minerals (e.g. Fe)
and proteins, rendering them unavailable as nutrients. As reducing the levels of phytate and
phenolics in food products is associated with increased availability of divalent minerals
(e.g. Fe, Zn, Ca), changes in the in vitro solubility of Fe and Zn are to be expected in the
processed infant flour.
Impact of processing parameters on in vitro solubility of Zn and Fe
Among the different treatments (see Tables 1 and 2), the highest solubility of Zn (38.1%)
was obtained from treatment 22 (10 h soaking, 72h germination and 36 h fermentation) and
the lowest (19.4%) from treatment 27 (10 h soaking, 14.6 h germination and 36 h
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a: Effect on pH

b: Effect on apparent final porridge
viscosity

c: Effect on phytate

d: Effect on phenolic hydroxyl groups

e: Effect on IVS Zn

f: Effect on IVS Fe

Figure 1: Response surfaces showing the effects of germination and fermentation
periods on (a) pH, (b) final viscosity, (c) phytate, (d) total phenolic reactive hydroxyl
groups of sorghum flour porridge, (e) IVS (in vitro soluble) Zn, and (f) IVS Fe in
sorghum flour

fermentation). Values found for the % IVS Zn (19.4 - 38.1%) are of the same order of
magnitude as those reported by Drago and Valencia (2004) for zinc dialysability (1831.59%) in infant formulas prepared with casein, whey, lactose, vitamin and corn oil. The
germination time was the only processing parameter affecting the percentage of in vitro
soluble Zn (IVS Zn), and its linear and quadratic terms were found to be significant (Table
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3). No significant changes took place in the Zn solubility during the first 24 h of
germination. Thereafter, the % IVS Zn increased with the duration of germination,
reaching 38% after 72 h (Figure 1e). There are significant correlations between % IVS Zn
and phytate and % IVS Zn and PC content. This correlation is negative for phytate,
meaning that the % IVS Zn increases when phytate content decreases, and positive for PC.
Our observation that changes in phytate and Zn solubility simultaneously took place (after
24 h of germination) would support the statement that phytate is the major inhibitor of this
mineral (Frossard et al., 2000; Lestienne et al., 2005a). In absolute terms, the maximum
amount of Zn available to consumers after 72h of germination is about 8.5 mg per kg dry
matter. In order to meet the daily Zn requirement of 5 mg for infants, they should consume
586 g dry matter daily. This is unfeasible because of the limited infant stomach capacity.
However, with the lower porridge viscosity achieved as a result of germination,
concentration of dry matter (and nutrients) daily consumed by infants can be increased
while maintaining "spoonable" consistency. If the Zn supply to infants would solely
depend on the consumption of sorghum-based porridges, we recommend a fortification
with Zn. The type of flour designed in this study would constitute a suitable carrier for Zn,
because of its desirable functional properties (sourness, viscosity) and its minimized levels
of mineral chelating agents.
Contrary to expectation, the % IVS Fe tended to decrease as a result of germination
and fermentation (Figure 1f), which is in disagreement with previous finding that
germination and fermentation induce increased Fe solubility by degradation of mineral
chelating factors (Kayode et al., unpubl. data). Nevertheless, except for the interaction of
soaking and fermentation, none of these processing parameters exerted a significant effect
on the IVS Fe (Table 3). Overall, only 35% of the variation in Fe solubility is attributable
to the model. Actually, our Fe data show quite a large variation (Figure 2) which is more
perceptible at the central point of the design where nine replications were performed (see
treatments 1-9 in Table 2). This variation is mainly due to the relatively low Fe levels
which are close to the level of detection of the method of analysis used, and measurements
may also have been disturbed by possible contamination of Fe from the environment.
Adequacy of the model
The coefficient of determination (R2) was calculated to examine the amount of the
variation in the response that is explained by the model. A relatively high R2 value is a sign
that the regression model can be used with confidence for the purpose of the predicting
response values (Hu, 1999). In our study, the major variation observed in the responses
(except for IVSFe) is attributable to the model with 64-80% of the total sum of squares of
responses being accounted for by the model. Furthermore, we plotted the experimental data
against the predicted values by the model (Figure 2). Overall, except the case of IVS Fe,
the points are scattered favourably around the straight line which indicates that the model
fits the data.
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a: pH

b: apparent final porridge viscosity

c: Phytate

d: Phenolic hydroxyl groups

e: IVS Zn

f: IVS Fe

Figure 2: Response trace plots of experimental data against predicted values (a) pH,
(b) final viscosity, (c) phytate, (d) total phenolic reactive hydroxyl groups of sorghum
flour porridge, (e) IVS (in vitro soluble) Zn, and (f) IVS Fe in sorghum flour
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CONCLUSION
The introduction of germination in the traditional processing of sorghum brought
significant improvements in the nutritional quality and functional properties of the infant
flour. The application of the Response Surface Methodology revealed the linear effects of
the processing parameters as well as their mutual interactions. Germination induces
important desirable nutritional modifications and its effect is enhanced by the fermentation.
Such modifications could not be achieved by the current traditional method of producing
porridge for infant in many African countries. The low level of anti-nutritional factors
achieved in the flour, would make it suitable as a carrier for micronutrient fortification. We
therefore recommend further studies of technical and economical opportunities and bottlenecks of incorporation of germination in the production of infant flour.
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INTRODUCTION
We used a multidisciplinary approach to evaluate the contribution that sorghum can make
to iron (Fe) and zinc (Zn) intake by poor people in Africa, using the situation in Benin as a
study context. As a start, a socio-economic approach was taken to capture the social
significance of sorghum, the criteria applied by farmers and consumers that determine
varieties planted and consumed, and the diversity of local processing technologies of the
crop. Next, the impact of sorghum genetic diversity as well as the influence of processing
operations on Fe and Zn bioavailability and in vitro solubility were investigated. We
distinguished more than 100 farmers’ varieties with various end-use properties. The major
conclusions of the thesis can be summarized as follows:
* The major sensory quality attributes determining sorghum choice and consumption are
related to texture, colour, and taste. Brown or red sorghum types are generally used,
because of food habits, believes, and appearance.
* The processes to prepare sorghum-based foods are diverse. About a dozen local ways
have evolved to process sorghum grains, yielding various dishes consumed at different
times of the day. The unit operations involved and their incidence (% of all processes) are
as follows: grain cleaning 13 %, cooking 100 %, fermentation 50 %, soaking 40 %, and
germination 40 %.
* Farmers’ sorghum varieties are diverse in their genetic and functional properties. This
diversity combined with the environment and agronomic practices generated a number of
varieties with various Fe, Zn, and phytate concentrations. Among these varieties, seven
were found to contain adequate Fe bioavailability and possess at the same time high food
quality properties.
* Among the process unit operations that enhance Fe and Zn solubility, grain cleaning,
soaking, germination and fermentation emerge. Cooking leads to a decrease in Fe and Zn
solubility.
* A mathematical model used to study the effect of processing variables on Fe and Zn
solubility suggests that maximum mineral in vitro solubility can be achieved from
sorghum, if the grains are processed by combining germination and fermentation during
extended periods.
In the following sections, the implications of the findings for Fe and Zn availability and
future improvements are discussed in a prospective view.
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FACTORS AFFECTING IRON AND ZINC AVAILABILITY AND INTAKE

Implications of consumers’ behaviour for micronutrient availability
Food habits and preferences of a community must be analysed to identify salient
characteristics of food patterns and to determine the extent, location, and reasons behind
any inadequacies in the diets (Bass et al., 1985). Within the socio-cultural context of
Africa, where foods are strongly embedded in culture, understanding consumers’ food
preferences and processing practices and their nutritional implications are the foundation
for successful crop breeding and food innovation. In the five communities investigated in
northern Benin, several food practices with potential nutritional implications have been
identified.
Many food ingredients namely potash, baobab (Adansonia digitata) pulp powder
and honey are added to sorghum porridges during processing or consumption. Potash - an
alkaline mineral complex consisting mainly of potassium carbonate - may improve the
mineral content of the product and procure nutritional benefits to consumers. The same
applies to baobab powder and honey, which contain a significant amount of micronutrients
(Obizoba and Amaechi, 1992; Finke, 2005). In addition, some edible wild plants
recognized to provide important micronutrients to the rural diets (Lockett and Grivetti,
2000; Lykke et al., 2002), are associated with the consumption of sorghum foods. These
traditional ways of combining different food ingredients may enhance the supply and bioavailability of nutrients to consumers. Thus, the analysis of micronutrient supply from a
food crop should also take into consideration the different ingredients associated with its
preparation and consumption, since some ingredients are quite inseparable from certain
main dishes.
Consumers’ preferences for a food type are not necessarily determined by its
nutritional value. The sensory criteria are the preponderant factors that determine
consumers’ food choice. Foods with a high frequency of consumption, i.e. dibou and
sorou, include only few of the (nutritionally) beneficial unit operations in their preparation.
Dibou and sorou are frequently consumed as main dishes and in large quantities but release
relatively low levels of Fe and Zn. The amounts of soluble Fe and Zn from dibou are 9.4
and 2.6 mg kg-1 dm respectively, which are low when compared to those in tchoukoutou,
which releases 35 and 9 mg kg-1 dm of Fe and Zn respectively (Table 1). The daily
consumption of sorghum meal was estimated at 59 g for children in our study areas
(Waijers, 2003). Thus, children can ingest a maximum of 0.55 and 0.15 mg of Fe and Zn
respectively, from sorghum per day. This corresponds to 4 % and 3 % of the daily
recommended Fe and Zn intakes for an infant. Fortunately, other foods that supply Fe and
Zn are also part of their daily diet. Our data only reveal that a single sorghum food would
not be able to supply adequate amounts of Fe and Zn to meet children’s requirements.
Thus, the diversification of food consumption emerges as an important strategy to supply
nutrients, notably minerals, to children. In this respect, we recommend the introduction of
process unit operations with a high nutritional impact in the preparation of foods that are
consumed as a main dish. In the present study, we combined soaking, germination and
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fermentation to develop a sorghum flour with increased Fe and Zn solubility. We
recommend the introduction of germination in the traditional method of infant porridge
preparation (the current method of preparation consists of soaking and fermentation) in
poor rural areas. An inventory should be made of ingredients associated with the
consumption of main dishes and their relative contribution to mineral supply should be
evaluated. Those ingredients with a high mineral availability should be promoted.
Along the sorghum food chain, a red or brown food colour appeared to be a
determinant quality criterion for the users (farmers, processors, and consumers). In a study
of food consumption of rural households in Burkina-Faso, (Lykke et al., 2002) also found
that red sorghum is more frequently consumed than white. This quality criterion finds its
significance in the fact that a red colour is believed to be health promoting. Many farmers’
practices further demonstrated the importance of this criterion. First, we noted that 76 % of
the farmers chose and cultivated red or brown sorghum varieties in response to processors’
and consumers’ demand. Second, more than 50 % of farmers’ varieties used in the study
areas are brown or red. Finally, in their farming system, farmers even introduced specific
varieties that are used to colour foods like porridges and cheeses. Pigmented sorghum
varieties, known as "Dosinsou" in the region of Parakou or "Dobi Kpouro" in the region of
Banikoara, are grown for their leaves and stalks from which colour is extracted. The dyes
extracted from these varieties have been identified (Bellemare, 1997) as anthocyanins,
polyphenolic compounds that exhibit chelating properties towards divalent minerals.
Hence, the use of such colorants could compromise the availability of minerals to
consumers. However, the consumers’ preference for red foods could not be strictly
perceived as detrimental since phenolic compounds that these foods may contain can also
provide beneficial health effects (Hertog et al., 1993; Kähkönen et al., 2001). Further
investigations are needed to establish the optimum level of polyphenolics and phytate that
consumers can ingest to gain maximum nutrients and optimal health benefits.
Implications of sorghum diversity for micronutrient availability
The diversity of local sorghum germplasm was evaluated using molecular markers and
farmers’ perception as distinguishing traits. The first approach, i.e., the genome
fingerprinting technique, could generate 45 genotypes. The second, i.e., the farmers’
perception of diversity, which is mainly based on the functional properties of the varieties,
generated a greater number of varieties. Both approaches complement each other as they
distinguish specific genotypes with target functional characteristics. We recommend the
use of both genetics and functional diversity approaches in breeding programmes aiming at
the development of varieties with high micronutrient availability.
The varieties were diverse in terms of phytate content and mineral concentration
and availability. A significant genetic variability was observed in the phytate concentration
of varieties. These results, together with the agronomical advantages of sorghum, would
make sorghum a crop of choice in strategies aiming at breeding a crop with high
micronutrient availability. However, any breeding programme should take into account the
consumers’ quality preference for e.g., colour, texture and taste.
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Implications of local processing techniques for micronutrient availability
Germination and fermentation are the unit operations that cause considerable changes in
terms of phytate degradation and Fe and Zn solubility (Table 2). Food products obtained
by combining these processes are those that release maximum Fe and Zn to consumers.
Notwithstanding the widely recognised beneficial effect of these process operations, they
are sometimes curtailed or totally omitted because of shortage of time in urban
commercialised production settings. The reduction or suppression of the fermentation
process in koko production as observed in some of the surveyed locations, will not only
influence the safety and nutritional value of the product, but it will also negatively affect
the absorption of proteins and minerals (such as Fe and Zn) from other dishes consumed
together with this food due to the relatively higher levels of phytate and polyphenols in
less-fermented koko. In urban areas in Benin, some processors of gowe - also known as
sifanou - (a sweet sorghum paste), had omitted the tedious and time-consuming
germination process from the processing of the product in response to high consumers’
demand (Michodjehoun-Mestres et al., 2005). Such practices too, will compromise the
mineral availability to consumers. Certainly, there is a great need of nutritional education
of the street food processors, sellers and consumers.
The infant flour developed in this study by combining soaking, germination and
fermentation would be a suitable carrier for micronutrient fortification as it contains only
minimum levels of antinutritional factors. An increasing number of food processing microenterprises are evolving in African countries. We foresee an accrued development of such
units in the future, which would increase the feasibility of food fortification at a
commercial scale as a strategy to alleviate micronutrient deficiency. The use of sorghum as
a carrier for some micronutrients may be useful to overcome obstacles like food
discolouration due to micronutrient (for example Fe) incorporation, at least in the study
areas where red or pink products are of first preference by consumers. It was previously
reported that discolouration of food due to over-expression of micronutrients is an
important barrier to the adoption for certain foods (Graham et al., 1999).
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cleaning, milling, cooking

thick porridge

milling, filtration,

(tchoukoutou)

19

67 1
10.1

23

(% of N=180 respondents) (g 100 g )

35.4

9.4

(mg kg dm)

-1

-1

percentage of consumers who consume the food 4-7 times/week 2 IVS: in vitro soluble

cooking, fermentation

soaking, germination,

opaque beer

(dibou)

unit operations

food type

IVS2 Fe

frequency of consumption dry matter

Table 1: Frequency of consumption, and Fe and Zn solubility from major sorghum foods

9.0

2.6

(mg kg dm)

-1

IVS Zn

0.07

0.6

(g 100 g dm)

-1

phytate

0.43

0.13
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Table 2: Impact of process unit operations on phytate, phenolics and mineral
solubility
Changes1 in ANF (%) 2
food

process

phytate

operation
thick porridge
opaque beer

Changes1 in mineral
solubility (%)
IVS 4 Fe
IVS Zn

total
phenolics

cleaning

- 29 3

+ 10.6

+ 65.5

- 8.3

cooking

0

- 46

- 62

- 66

soaking

-22

- 33

-5

0

germination

-24

+ 180

- 33

+ 78

fermentation

-74

+ 126

+ 185

+ 500

1

Changes compared with level in unprocessed sorghum;
decrease; (+) increase; 4 IVS: in vitro soluble

2

ANF: antinutritional factors;

3

(-)

METHODOLOGY ASPECTS

Limitation of survey data
The survey part of this study was conducted at mid-season, when sorghum availability is
neither extremely high nor very low. This may have led to some discrepancies. For
example, the frequency of consumption and the consumers’ perception may vary
depending on the availability of sorghum. Surveys during both availability and shortage
periods of sorghum could provide insight into seasonal changes in consumer perception
and behaviour. Also, the quality criteria affecting the choice of varieties for culinary
purposes depend on the kind of derived food that evolved in the communities. Thus, in
other sorghum producing regions, the criteria may be similar or different depending on the
kind of process technologies developed there. The combination of qualitative and
quantitative methods in this study helped to capture the real meaning of the consumers’
attitudes. The qualitative survey was not only useful in adjusting and enhancing the
questionnaire, but it also provided information which was helpful in interpreting the
quantitative data. The qualitative tools used, i.e., the individual and focus group
discussions, could even have provided more specific information, particularly on sorghum
varieties, if methods such as case studies or interviews with key informants would also
have been used.
Relationship between phytate and minerals
Relations between phytate and Fe and Zn solubility were not always clearly established in
the present study. Many factors may have disturbed these relations. Lower inositol
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phosphates, i.e., IP4 and IP5 resulting from phytate hydrolysis also have inhibitory
properties on Fe and Zn solubility (Sandberg et al., 1993). Hydrolysis of IP6 into its lower
phosphates occurred during bioprocesses such as germination and fermentation. Thus, the
decrease in Fe and Zn solubility observed in products like tchoukoutou and infant flours
might have been partly affected by these lower inositol phosphates. In addition, other
ligands like citrate and fibers as well as tannins can chelate Fe and Zn. A study by
Lestienne et al. (Lestienne et al., 2005) revealed that phytate, fiber and tannins alike
decrease the bioavailability of Fe in pearl millet flour, while Zn was mainly complexed
with phytates.
Citrate is a potent chelator and promoter of Fe absorption. The addition of 1 g of
citric acid to a rice-based diet improved the Fe absorption by a factor 3 (Gillooly et al.,
1983). Nevertheless, it should not be expected that our results have been disturbed by
citrate considering the low level of citrate (on average 0.13 g 100 g-1) found in sorghum as
measured by us by HPLC (Table 3).
Table 3: Citrate concentration of sorghum grain
max

min

average

CV

(g 100 g-1 dm)

(g 100 g-1 dm)

(g 100 g-1 dm)

(%)

Genotype (n = 45)

0.40

0.04

0.13

56

Raw (red sorghum, n = 3)

0.07

0.07

0.07

-

Cooked at 100 °C (n=3)

0.12

0.09

0.10

-

Table 2 suggests that changes occurring simultaneously in total phenolic and in Fe
and Zn solubility would support the role of condensed phenolic compounds in mineral
chelation. During cooking (i.e. a thermal treatment), the total phenolic compounds,
measured by their reactive hydroxyl groups, significantly decreased probably by
polymerizing into condensed phenolics-mineral complexes. As a result, the solubility of Fe
and Zn decreased drastically (Table 2). Instead, after germination or fermentation, the total
phenolic compounds apparently increased as a consequence of the hydrolysis
(depolymerization) of condensed phenolics (Obizoba and Atii, 1991; Subramanian et al.,
1992). These changes then would result in an increase of Fe and Zn solubility (Table 2).
Therefore, condensed phenolic compounds might have been partly responsible for the
restricted solubility of Fe and Zn, particularly in cooked foods (dibou).
Another possible source of variability in data may reside in Fe contamination of
samples. As can be seen in Table 4, Fe contamination occurred in some samples bought in
the public market. This is most likely due to post-harvest practices, in particular during
sorghum threshing, which is generally performed on ferruginous soil. Contamination
problems occurred less with zinc because compared with Fe, this mineral is not so
abundantly spread in the studied environment. From a nutritional point of view, the Fe
contamination of samples didn’t result in increased Fe solubility; meaning that the
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contaminant Fe would not be available to consumers. In further studies measuring minerals
in samples from such environments, measures should be taken to prevent such
contamination. Washing, for instance, can remove a significant amount of the contaminant
Fe from the grain (Table 4).
Table 4: Fe contamination of sorghum grain

Fe (mg kg-1)

harvested and
threshed in
laboratory
(n= 45 )
58.8

Zn (mg kg-1)
1

threshed on soil and
sold in market (n= 2)
unwashed
washed

threshed on soil and
sold in market (n= 3)
unsoaked
soaked

256

70.7

947

502

[30-113]1

[238-274]

[68.6-75.1]

[601-1399]

[383-632]

24.4

25.4

26.2

28

33

[11-44]

[25.4-25.5]

[24.9-28.2]

[23-31]

[23-47]

[ranges]

Phytate analysis
We used a HPLC method to determine phytate, particularly the myo-inositol
hexakisphosphate (IP6). When different inositol phosphates - IP6, IP5, IP4 - are present in
a sample, the method of choice is HPLC. Such a method is costly, as it requires the use of a
not very common detector (refraction index), and nonmetal capillaries and column.
Chemical methods, for example the Makower (Makower, 1970) method, can be used as
well for phytate measurement, provided that the food has not undergone bioprocessing
such as fermentation or germination. This method is not specific and during measurement,
some of the lower inositol phosphates (IP3, 4 and 5) will co-precipitate with IP6, leading to
an overestimation of phytic acid. Therefore this method should be used preferably when
the phytic acid has not been degraded.
Many studies used the Makower method (Davidsson et al., 1994; Davidsson et al.,
1995; Davidsson et al., 1998; Hurrell et al., 2002). For comparison purposes, we
determined the phytate content of sorghum flours that were not germinated nor fermented,
using both HPLC and Makower methods [(Makower, 1970) as modified by (Zeder, 1998)].
As can be seen in Table 5, the level of phytate as determined by the Makower method
remains quite constant throughout the process, and gives always higher levels when
compared to values for IP6 resulting from HPLC measurement. Possibly, lower inositol
phosphates are present in the grain sample and are co-precipitated during measurement by
the Makower method. In the cleaned grain, the level of phytate as measured by HPLC
decreased significantly while values obtained by chemical determination in the same
samples remained unchanged (Table 5). The exogenous materials such as grains with
attached glume, spoiled grains, and attrition dust, which are removed by cleaning, are
certainly rich in lower inositol polymers. The Makower method is certainly an alternative
method for phytate measurement in food samples that are not fermented or germinated.
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Table 5: Comparison of HPLC and Makower methods for phytate measurement in
sorghum flour
scenario 1 1

process

scenario 2

scenario 3

Makower

HPLC

Makower

HPLC

Makower

HPLC

raw

1.0±0.1

0.80±0.13

1.0±0.1

0.80±0.13

1.0±0.1

0.80±0.13

cleaned

1.1±0.2

0.61±0.12

1.1±0.2

0.60±0.01

1.1±0.2

0.49±0.07

sieved

-

-

1.1±0.2

0.59±0.04

1.2±0.1

0.51±0.09

cooked

0.9±0.1

0.70±0.06

1.0±0.1

0.62±0.06

1.1±0.2

0.51±0.16

dibou

Phytate as g 100 g-1; means ± standard deviations; n = 3
1
Scenario 1 includes dry cleaning, grinding and cooking; scenario 2 includes dry cleaning,
grinding; sieving and cooking; scenario 3 includes wet cleaning, grinding, sieving and cooking

FURTHER STUDIES
The effect of cooking, i.e. lowering Fe and Zn solubility, merits further investigation. The
suspected thermally generated inhibitors (presumably condensed phenolics) of minerals
should be identified, and appropriate approaches should be developed to alleviate their
chelating effects. Possible options to achieve this are: (i) the mechanical decortication of
sorghum grain to remove phenolic compounds that presumably polymerise during cooking,
and (ii) the enrichment of the cooking water with Fe and Zn sources like iron sulphate
(FeSO4), EDTA-Fe and zinc sulphate ( ZnSO4).
In order to select varieties with optimum Fe and Zn availability, further studies are
needed to assess the impact of genotype and environmental conditions on the
[phytate]/[Fe] and [phytate]/[Zn] molar ratios. In particular, the varieties should be grown
under various agro-ecological conditions to evaluate the stability of their [phy]/[Fe] and
[phy]/[Zn] molar ratios. In this way, varieties with adequate Fe and Zn bioavailability
could be identified and suggested for specific regions.
Many food quality properties indicated by the consumers as having health
promoting effects, could be linked to the grain functional properties by the users
themselves. In view of the selection of functional sorghum varieties for quality, health and
well-being, further research merging anthropological and life science data will be needed
to discover relations between perceived qualities by consumers and attributes that can be
measured analytically, and that can assist in selection and breeding of sorghum varieties.
The results obtained from this thesis offer possibilities for advancing researches on
sorghum. Particularly, it was found that farmers created a larger number of varieties as a
response to the demands of processors and consumers, as well as to the environmental
constraints. Seed exchange between farmers within and among communities is a common
practice that leads to significant gene flows between communities. These farmers’
practices have favoured diversity in sorghum crops based on agronomical traits and end127
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use quality traits (food quality, medicinal use etc.). An important research question that
would merit investigation is ‘How do the farmers’ crop selection practices affect the
genome and the functional properties in sorghum?’ Using markers located in genes
(microsatellite markers and point mutations (Single Nucleotide Polymorphism)), it might
be possible to detect genomic regions that may have experienced selection and to identify
genetic variation associated with functional and adaptative diversity. At present, the
sorghum genome has been sequenced (Bedell et al., 2005), enabling studies of genetic
variation in any (candidate) gene of interest, in addition to using neutral and/or anonymous
markers.
The red dye extracted from sorghum for food colouring purposes also requires
further research. Sorghum is the only plant known to contain significant quantities of
desoxy-3-anthocyanins, which are important in the dyeing industry (Bellemare, 1997). In
Benin, the varieties used to produce dyes are exclusively cultivated for their leaves that are
used for colouring purposes and medicinal use. Previous studies by a team from Canada
and Burkina-Faso established that dyers' sorghum contains 95% pure apigenidin chloride
(Bellemare, 1997). This 3-deoxyanthocyanidin is very stable and offers many applications
in food, beverages and pharmaceutical industries. It would be of interest to investigate the
Beninese sorghum dyes and promote their local production in view of their use as
biocolorant.
CONCLUDING REMARK
Various factors affect the micronutrient availability in sorghum foods. In addition to the
antinutritional factors, the consumers’ food practices, perception and choice alike influence
the nutrient availability in sorghum foods. The release of nutrients from a specific food
crop can be optimized by studying different stages in the crop food chain. As shown in this
study, research that uses a multidisciplinary approach is adequate to reach such a goal.
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Summary

Iron (Fe) and zinc (Zn) are essential trace elements in human nutrition. Among the
micronutrient malnutrition situations afflicting the human population, Fe and Zn
deficiencies are of major concern not only because of the serious health consequences they
may have, but also because of the number of people affected worldwide. Cereals and
vegetables are the main dietary sources of macro- and micronutrients in most developing
countries where poverty limits people’s access to the means to provide for food with high
micronutrient content and availability. The shortcoming of cereals such as sorghum is that
their minerals content is low, and the bioavailability of these minerals is restricted by antinutritional factors such as phytate and polyphenolics, which form insoluble complexes
with essential minerals such as calcium, iron and zinc at physiological pH levels. The
present study evaluated the potential of local sorghum germplasm and the local processing
technologies to supply Fe and Zn to poor people in Africa, using the situation in Benin as a
study context. In addition, the socio-economic significance of the crop is evaluated.
In chapter 2 the consumers’ perception of the quality of sorghum crops and derived
foods in northern Benin was surveyed, combining qualitative and quantitative survey
methods. Three food categories were distinguished i.e. pastes, porridges, and beverages.
The major sensory quality attributes are related to texture, colour, and taste. Brown or red
sorghum types are generally used, because of food habits, believes, and appearance. More
than 100 farmers’ varieties could be distinguished, and were classified according to their
suitability for the preparation of different sorghum based-foods.
In chapter 3 the contribution of sorghum to household income generation and its
social significance are the subject of a case study on opaque beer. Tchoukoutou, the Benin
opaque sorghum beer, has important social functions as it fosters the cooperative spirit and
remains an ancestral beverage widely used for traditional ceremonies. The manufacturing
process consists of malting (soaking, germination and sun drying), brewing (mashing,
boiling, filtration) and fermentation. The beer is sour with a pH of about 3.2 and contains a
relatively high but variable level of solids and crude protein. Most of the consumers
appreciate an opaque, sour, and pink-coloured beer. The consumers related many of the
beer properties to health benefits. The actors could link the perceived qualities to the grain
functional properties, and this leads to the classification of the farmers’ sorghum varieties
as varieties of top, medium and low quality for brewing. The net processing margin from
tchoukoutou production is in the range of 2,365-17,212 fcfa per month (1 euro = 656 fcfa),
and the profits depend on beer yield and quantity of raw grain transformed. The generated
income is used for household needs and part of it is invested in children’s education.
Chapter 4 provides information on the genetic diversity, the culinary and agromorphological properties of farmers’ varieties of sorghum from northern Benin. Farmers’
varieties of sorghum differed greatly with respect to their morphology, agronomic and food
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traits. Most of the varieties had long (>200 cm) stems (87 %), loose panicles (79 %), and a
red or pink grain colour (52 %). Most were susceptible to drought (54 %), and to attacks by
striga (79 %), insects (99 %) and birds (77 %). Farmers evaluated the quality of the seeds
for preparing porridges as being high for 60 % of the varieties, while 26 % of the varieties
were regarded as suitable for making beverages. Late maturing, large-seeded, red or pink
varieties are preferred by farmers for porridges and beverages. Gene diversity among
varieties within the three investigated regions, as measured by neutral markers, was similar
for these regions (0.211 - 0.240). However, across regions the short (<150 cm) stem
varieties showed relatively high genetic diversity compared to long or medium stem
varieties (0.378 vs. 0.184 - 0.216 for long-medium stem varieties). Genetic differentiation
(Fst) among regions and among stem lengths of varieties was significant and ranged
between 0.086 and 0.135. Grain colour, stem length and panicle shape varied significantly
with the region/stem length, and correlate with the genetic differentiation between regions.
No relationship could be detected between the genetic differentiation of the varieties and
their food quality as expressed by the farmers. Implications of the findings for crop
conservation and breeding are discussed.
In chapter 5, the impact of genetic and environmental effects on the composition of
the sorghum grains was assessed with the aim to identify farmers’ varieties with high
potential Fe and Zn availability. The Fe concentration of the grains ranged from 30 to 113
mg kg-1 with an average of 58 mg kg-1. The Zn concentration ranged from 11 to 44 mg kg-1
with an average of 25 mg kg-1. The phytate concentration of the grain ranged from 0.4 to
3.5 g 100g-1 with a mean of 1.2 g 100g-1. The grain-Fe and grain-Zn did not show
consistent linkage to genetic variation, but varied significantly across field locations,
suggesting a predominant environmental impact. The phytate concentration of the grains
appeared to be environmentally as well as genetically determined. No varieties provide
adequate Zn to meet nutritional requirements of sorghum consumers. The most promising
varieties for Fe supply were tokogbessenou, mahi swan, biodahu, saï maï, mare dobi,
sakarabokuru and chabicouma. These varieties could be used for the preparation of food
products like the thick porridge dibou, in which processing methods only have a slight
diminishing effect on phytate levels.
Chapter 6 focussed on the impact of process variables on levels of phytate and
phenolic compounds, and in vitro solubility of Fe and Zn in sorghum porridges, a major
staple in semi-arid tropics. The aim was to identify practices that enhance the mineral
availability in this type of staple foods. The processing methods of the porridge involve
grain cleaning, milling, sieving and cooking. Cleaning reduced the phytate content of the
grain by 24-39 %, while milling, sieving and cooking had no significant effect on phytate
levels. Phenolic compounds measured as levels of reactive hydroxyl groups, remained
constant after cleaning, milling and sieving, but decreased significantly by 38-65 % after
cooking. The Fe solubility tended to increase after cleaning but was drastically reduced due
to cooking, and so was the soluble Zn. Levels of total phenolic compounds highly
correlated with the Fe and Zn solubility with a r2 of 0.73 and 0.82, respectively. Phenolic
reaction products formed during the cooking process are presumably related to the
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extensive browning phenomenon observed in the dibou porridge, and the reduction
observed in Fe and Zn solubility.
In chapter 7 the Benin opaque beer tchoukoutou was characterized and the impact
of process unit operations on phytate, phenolic compounds, and Zn and Fe in vitro
solubility was evaluated. The major microorganisms involved in the beer fermentation
were Saccharomyces cerevisiae and several heterofermentative lactobacilli. The
manufacturing process reduced the phytate content by nearly 95%, particularly during
germination, mashing-boiling and fermentation. The level of reactive phenolic groups
increased as a result of germination and fermentation. Simultaneously with these
modifications, an increase of Fe solubility was observed, and a correlation between phytate
and Fe solubility (r2=0.85) was established. No clear correlation could be established
between the Zn solubility and the phytate content of the products. During beer
manufacturing, significant losses of minerals occur particularly during soaking and
mashing/filtration; thus the quantity of minerals available to consumers is restricted.
Improvements aiming to minimize such losses are highly desirable.
The aim of chapter 8 was to study options for improvement of the micronutrient
quality of the endogenous African infant flour by using a mathematical model to identify
the values of processing parameters that enable a maximum release of Fe and Zn. We used
the Response Surface Methodology to evaluate the effect of duration of soaking,
germination and fermentation on phytate and phenolic compounds (PC), pH, viscosity and
the in vitro solubility (IVS) of Fe and Zn of sorghum flour for infant porridges. The
phytate and the PC concentrations of the flour were significantly modified as the result of
duration of germination and fermentation and their mutual interaction. These modifications
were accompanied by a significant increase in percentual IVS Zn after 24 h of sprouting.
Except for the interaction of soaking and fermentation, none of the processing parameters
exerted a significant effect on the percentual IVS Fe. The viscosity of the porridge
prepared with the flour decreased significantly with the duration of germination making it
possible to produce a porridge with high energy and nutrient density. Maximum Fe and Zn
in vitro solubility can be achieved from sorghum, if the grains are processed using a
combination of long germination and fermentation times. The use of germination in
combination with fermentation is recommended in the processing of cereals for infant
feeding in developing countries.
Finally, in chapter 9 the different results are integrated, and the implications of the
findings for Fe and Zn availability for future improvements of sorghum-based diets in
Benin are discussed.
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Samenvatting

IJzer (Fe) en zink (Zn) zijn essentiële sporenelementen in de menselijke voeding. Van alle
tekorten aan micronutriënten die de mensheid bedreigen, zijn die van Fe en Zn van het
grootste belang vanwege hun ernstige gevolgen voor de gezondheid en het grote aantal
mensen dat hierbij wereldwijd is betrokken. Granen en groenten zijn de belangrijkste
voedingsbronnen van macro- en micronutriënten in ontwikkelingslanden waar armoede de
toegang tot voedsel met een hoge voedingswaarde belemmert. De beperking van granen
zoals sorghum ligt in het geringe mineralengehalte waarvan bovendien de biobeschikbaarheid wordt beperkt door de aanwezigheid van antinutritionele factoren, zoals
fytaat en polyfenolen, die bij fysiologische pH waarden onoplosbare verbindingen kunnen
vormen met essentiële mineralen zoals calcium, ijzer en zink. In het hier beschreven
onderzoek is de mogelijke bijdrage onderzocht van lokale sorghum variëteiten en
verwerkingstechnieken om Fe en Zn te leveren in het dieet van armen in Afrika, uitgaande
van de situatie in Benin. Ook is aandacht besteed aan de sociaal-economische betekenis
van dit gewas.
Hoofdstuk 2 beschrijft een kwalitatieve en kwantitatieve verkenning in noord Benin
m.b.t. de perceptie van sorghum en daarvan bereide voedselproducten. Drie
productgroepen konden worden onderscheiden, te weten gekookte degen, pappen en
dranken. De belangrijkste sensorische kwaliteitskenmerken betroffen textuur, kleur en
smaak. Bruin- of roodgekleurde sorghum wordt algemeen gebruikt uit gewoonte,
overtuiging, en hun aantrekkelijke uiterlijk. Er konden meer dan 100 "boerenvariëteiten"
worden onderscheiden al naar gelang hun geschiktheid voor de bereiding van diverse
sorghum voedselproducten.
In hoofdstuk 3 wordt de bijdrage van sorghum aan het gezinsinkomen en de sociale
betekenis daarvan beschouwd middels een studie van troebel bier. Tchoukoutou, het
troebele sorghumbier van Benin, vervult belangrijke sociale functies, zoals het handhaven
van een goede sfeer in het dorp, en als traditionele feestdrank. Het bereidingsproces omvat
het mouten (weken, ontkiemen en zondrogen), brouwen (maischen, koken, klaren) en
fermentatie. Het resulterende bier smaakt zuur, heeft een lage pH van 3,2 en bevat
wisselende hoeveelheden ruw eiwit en gesuspendeerde vaste stof. De meeste consumenten
willen een troebel, zuur, rozerood bier en beschouwen dit product als gezond. Tchoukoutou
brouwers konden deze kenmerken associëren met graaneigenschappen, waardoor het
mogelijk werd de "boerenvariëteiten" te onderscheiden in goede, middelmatige en slechte
brouwsoorten. De netto opbrengst van tchoukoutou varieert tussen 2.365 – 17.212 fcfa (1
euro = 656 fcfa) per maand, waarbij de winst afhangt van de productieomvang en de
bieropbrengst. De verkregen inkomsten komen ten goede aan de huishouding en het
schoolgeld voor de kinderen.
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Hoofdstuk
4
betreft
de
genetische
diversiteit,
culinaire
en
gewascultuureigenschappen van de "boerenvariëteiten" uit noord Benin. Sorghum
"boerenvariëteiten" vertonen grote onderlinge verschillen, qua uiterlijk, teelt en als
voedsel. De meeste variëteiten hadden lange (>200 cm) stengels (87 %), open pluimen (79
%), en een rode of roze kleur (52 %). De meeste waren gevoelig voor droogte (54 %) en
aantasting door striga (79 %), insecten (99 %) en vogels (77 %).
Volgens de boeren was 60 % van de "boerenvariëteiten" zeer geschikt voor de
bereiding van pappen, en 26 % waren geschikt voor het maken van dranken. Laat-rijpe
variëteiten met grote, rode of roze zaden werden geprefereerd voor pappen en dranken. De
genetische biodiversiteit van "boerenvariëteiten", zoals gemeten met neutrale merkers,
verschilde niet binnen drie productiegebieden. Echter, tussen gebieden werd een relatief
grote diversiteit van kort-stengelige (<150 cm) variëteiten waargenomen in vergelijking
met die van lang- of middel-stengeligen (0.378 vgl. 0,184 - 0,216 bij lang-stengelige
variëteiten). Genetische differentiatie (Fst) tussen gebieden en tussen stengellengten was
significant en lag tussen 0,086 en 0,135. Zaadkleur, stengellengte en vorm van de pluim
wisselden sterk per gebied en waren gerelateerd aan de genetische differentiatie tussen
gebieden. Er kon geen verband worden aangetoond tussen de genetische differentiatie van
de variëteiten en hun door boeren gepercipieerde culinaire kwaliteit. De betekenis van deze
resultaten voor gewasbehoud en veredeling wordt besproken.
Hoofdstuk 5 behandelt de invloed van genetische- en omgevingsfactoren op de
samenstelling van sorghumgraan gericht op het vinden van variëteiten met een maximale
beschikbaarheid van Fe en Zn. Het Fe gehalte bedroeg 30 tot 113 mg kg-1 , gemiddeld 58
mg kg-1. Voor Zn was dit 11 tot 44 mg kg-1 , gemiddeld 25 mg kg-1. Fytaatgehalten
varieerden tussen 0,4 en 3,5 g 100g-1 , gemiddeld 1,2 g 100g-1. Fe en Zn in graan konden
niet aan genetische variabiliteit worden toegeschreven, en lijken vooral omgevingsbepaald.
Fytaatgehalten konden echter aan zowel genetische als omgevingsfactoren worden
gerelateerd. Geen van de onderzochte variëteiten bevat voldoende Zn voor de menselijke
voeding. De variëteiten tokogbessenou, mahi swan, biodahu, saï maï, mare dobi,
sakarabokuru en chabicouma zijn de beste Fe leveranciers. Deze variëteiten kunnen goed
worden gebruikt voor de bereiding van dikke pappen zoals dibou, waarvan het
bereidingsproces zelf nauwelijks bijdraagt aan een verbetering van de voedingswaarde
door verlaging van het fytaatgehalte.
Hoofdstuk 6 gaat verder in op de invloed van procesbewerkingen op fytaat- en
polyfenolgehalten en de in vitro oplosbaarheid van Fe en Zn in sorghumpappen, die een
belangrijk hoofdvoedsel vormen in droge tropische streken. Het doel hierbij was
bereidingsmethoden te vinden die de beschikbaarheid van mineralen in pap verhogen. De
procesbewerkingen zijn het schoonmaken van de korrel, malen, zeven en koken met water.
Schoonmaken verminderde het fytaatgehalte met 24 - 39 %, maar malen, zeven en koken
hadden geen significante invloed. Fenolische stoffen - gemeten als reactieve
hydroxylgroepen - werden niet beïnvloed door schoonmaken, malen en zeven, maar
werden significant verminderd met 38 - 65 % door het koken. De oplosbaarheid van Fe en
Zn nam toe door schoonmaken, maar werd sterk verminderd door koken. Concentraties
fenolische groepen correleerden zeer goed met Fe (r2 = 0,73) en Zn (r2 = 0,82)
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oplosbaarheid. Reactieproducten die met fenolische stoffen tijdens het koken worden
gevormd, houden vermoedelijk verband met waargenomen bruinkleuring tijdens het koken
van dibou en met de gemeten afname van Fe en Zn oplosbaarheid.
Hoofdstuk 7 behandelt het troebele bier tchoukoutou en de invloed van
bereidingsstappen op fytaat, fenolische stoffen en in vitro oplosbaarheid van Fe en Zn. De
voornaamste micro-organismen betrokken bij de bierfermentatie zijn de gist
Saccharomyces cerevisiae en een aantal heterofermentatieve lactobacillen. Het
bereidingsproces - vooral de ontkieming, het maischen en koken, en de fermentatie - leidt
tot een bijna 95% verlaging van het fytaatgehalte. Het gehalte reactieve fenolische
hydroxylgroepen nam toe door ontkieming en fermentatie. Tegelijkertijd werd een
toename van Fe oplosbaarheid waargenomen die correleerde (r2=0,85) met de
fytaatverlaging. Er was geen duidelijk verband aantoonbaar tussen Zn oplosbaarheid en
fytaatgehalte van de tussenproducten en het bier. Tengevolge van het bierbereidingsproces
gaan veel mineralen verloren, vooral tijdens het weken en maischen-koken; de voor
bierdrinkers beschikbare absolute hoeveelheid mineralen is daarom beperkt. Het verdient
aanbeveling het bereidingsproces aan te passen teneinde deze verliezen te verminderen.
Hoofdstuk 8 beschrijft een aanpak om de gehalten en mineralenoplosbaarheid in
sorghummeel voor Afrikaanse kinderpap te optimaliseren het behulp van een statistisch
onderzoeksmodel (Response Surface Methodology). Hiermee werd de invloed van
combinatiebehandelingen van weken, ontkiemen en fermentatie op fytaat, fenolische
stoffen, pH, papviscositeit en Fe en Zn oplosbaarheid in kaart gebracht. De tijdsduur van
ontkieming en fermentatie en hun combinaties hadden een grote invloed op fytaat- en
polyfenolgehalten. Dit ging gepaard met een significante toename van de in vitro oplosbare
Zn fractie na 24 uur ontkiemen. De in vitro oplosbare Fe fractie nam vooral toe tijdens
combinaties van weken en fermenteren. De viscositeit van de pap nam significant af door
langere ontkiemingtijden; dit levert mogelijkheden voor de productie van pap met een
hoog nutriënten- en energiegehalte. De maximale Fe en Zn oplosbaarheid werd
waargenomen na combinaties van lange ontkieming en langdurige fermentatie. De
toepassing van ontkieming in dit soort combinatieprocessen wordt aanbevolen voor de
productie van meel bestemd voor kinderpap in ontwikkelingslanden.
Tenslotte worden in hoofdstuk 9 de resultaten geïntegreerd en de gevolgen hiervan
voor de beschikbaarheid van Fe en Zn in het Beninese sorghummenu van de toekomst
besproken.
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Résumé

Le fer (Fe) et le zinc (Zn) constituent deux micronutriments essentiels dans l’alimentation
humaine. Parmi les problèmes de malnutrition qui affectent l’humanité, les carences en Fe
et en Zn sont des plus préoccupants. Dans de nombreux pays en voie de développement,
les céréales et les légumineuses constituent la base de l’alimentation humaine. Dans ces
aliments d’origine végétale, la biodisponibilité des minéraux comme le calcium, le Fe et le
Zn est réduite par les facteurs antinutritionnels que sont les phytates et les composés
phénoliques qui peuvent former des complexes insolubles avec ces minéraux au pH
physiologique de l’organisme. La présente étude vise à améliorer la disponibilité du Fe et
du Zn dans les aliments à base de sorgho. L’étude a évalué l’impact de la diversité
génétique des variétés locales de sorgho (variétés paysannes) en usage au Bénin sur la biodisponibilité du Fe et du Zn. Ensuite, l’influence des procédés locaux de transformation du
sorgho sur la disponibilité in vitro de ces deux minéraux a été examinée. L’étude a
également pris en considération les aspects socio-économiques liés à la transformation et à
la consommation du sorgho. Les résultats obtenus et discutés dans les différents chapitres
de cette thèse sont résumés ci-dessous.
Après le chapitre 1 qui consiste en une introduction bibliographique, le chapitre 2 a
évalué la perception par les consommateurs de la qualité des variétés locales de sorgho et
des aliments dérivés au moyen d’enquêtes qualitative et quantitative dans le Nord-Bénin,
principale région de production et de consommation du sorgho. Trois catégories d’aliments
ont été identifiées: les pâtes, les bouillies et les boissons. Les critères de qualité qui
déterminent le choix et la consommation de ces aliments sont relatifs à la texture, la
couleur et le goût. Le sorgho rouge est généralement préféré pour diverses raisons dont
l’apparance, les habitudes alimentaires et les croyances. Plus de 100 variétés paysannes de
sorgho ont été identifiées et classées selon leur aptitude culinaire.
Dans le chapitre 3, la contribution du sorgho à la génération du revenu au niveau
des ménages de même que sa valeur sociale ont été examinées. Cette évaluation est faite
sur le tchoukoutou, une bière béninoise à base de sorgho. L’étude a révélé que le
tchoukoutou a une fonction sociale importante en ce sens qu’il renforce les liens sociaux et
reste une boisson largement utilisée pour des cérémonies traditionnelles. Le procédé de
production du tchoukoutou consiste en trois étapes à savoir: le maltage, le brassage et la
fermentation. Le tchoukoutou a un goût fermenté avec un pH de 3,2 et contient une
quantité significative de matière sèche et de protéines brutes. La majorité des
consommateurs préfèrent un produit opaque avec un goût fermenté et une couleur rose.
Certaines des qualités de la boisson ont pu être reliées aux propriétés fonctionnelles des
variétés et ont permis de classer ces variétés en variétés bonnes, moyennes ou
inappropriées pour la production du tchoukoutou. La production de tchoukoutou dégage
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une marge nette variant de 2300 à 17200 FCFA. Le revenu ainsi généré sert à subvenir aux
besoins du ménage et à la scolarisation des enfants.
Au niveau du chapitre 4, des informations sont fournies sur la diversité génétique et
les propriétés culinaires et agromorphologiques des variétés de sorgho en usage dans trois
régions du Nord-Bénin que sont: Djougou, Toucountouna et Banikoara. La majorité des
variétés étudiées ont de longues tiges (87 %), possèdent un panicule lâche (79 %) et
produisent des grains rouges ou roses (52 %). En majorité, ces variétés sont sensibles à la
sécheresse (54 %), aux attaques de striga (79 %), des insectes (79 %) et des oiseaux (77
%). D’après les paysans, 60 % des variétés sont appropriées pour la préparation des pâtes
et des bouillies alors que seulement 26 % d’entre elles sont aptes à la préparation de la
bière. Les variétés tardives, à gros grains ou de couleur rouge sont préférées pour la
confection des pâtes, des bouillies et des boissons. La diversité génétique au sein des
variétés est similaire dans les trois régions étudiées avec un indice de diversité génétique
variant de 0,211 à 0,240. Cependant il existe une différenciation génétique entre les
régions. Les variétés à tige longue ont montré une différenciation génétique nette par
rapport aux variétés à tige courte qui par ailleurs sont relativement plus génétiquement
diversifiées. La couleur des grains, la taille des tiges et la forme des panicules varient
significativement selon la région. Une corrélation significative entre ces trois paramètres et
la différenciation génétique entre régions a été établie. Aucune relation n’a pu être établie
entre la différenciation génétique des variétés et leurs caractéristiques culinaires.
L’implication des résultats pour la conservation phytogénétique et la sélection variétale a
été discutée.
La biodisponibilité du Fe et du Zn dans différentes variétés de sorgho a été étudiée
dans le chapitre 5. L’effet de la génétique et des conditions environnementales sur les
concentrations en Fe, en Zn et en phytates des grains de sorgho a été évalué. La
concentration du grain en Fe est en moyenne de 58 mg kg-1 et varie de 30 à 113 mg kg-1.
La concentration du grain en Zn est en moyenne de 25 mg kg-1 et varie de 11 à 44 mg kg-1.
La concentration en phytates du grain varie de 0,4 à 3,5 g pour 100 g avec une valeur
moyenne de 1,2 g pour 100 g de matière sèche. Aucune corrélation n’a pu être établie entre
les concentrations en Fe et en Zn des grains et la variabilité génétique des variétés. En
revanche, la concentration du grain en ces éléments semblent être affectées par
l’environnement dans lequel le grain est cultivé. La concentration en phytates du grain est
influencée aussi bien par la génétique que par l’environnement. Aucune des variétés ne
contient suffisamment de Zn pour assurer une biodisponibilité adéquate en Zn aux
consommateurs. Les variétés paysannes les plus prometteuses pour l’apport en Fe sont:
tokogbessenou, mahi swan, biodahu, saï maï, mare dobi, sakarabokuru et chabicouma.
Ces variétés sont recommandées pour la préparation des aliments comme le dibou, une
pâte non fermentée à base de sorgho, dont le procédé de fabrication n’a qu’un léger effet
sur la réduction des phytates.
L’effet des procédés de transformation du sorgho en dibou sur les phytates, les
composés phénoliques et la solubilité in vitro du Fe et du Zn a été examiné dans le chapitre
6. Les opérations unitaires qui favorisent la disponibilité des minéraux dans ce plat ont été
identifiées. Les procédés de tranformation du sorgho en dibou incluent le nettoyage à sec
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ou humide selon les régions, la mouture, le tamisage qui peut être omis dans certaines
régions et la cuisson. Le nettoyage du grain entraîne une réduction du taux de phytates de
24 à 39 % alors que la mouture, le tamisage et la cuisson n’affecte pas la teneur en phytates
des produits. Les composés phénoliques, mesurés par leur groupement hydroxyl, restent
invariables après les opérations de nettoyage, de mouture et de tamisage mais décroissent
significativement après cuisson dans une proportion de 38 à 65 %. La solubilité du Fe tend
à croître après nettoyage du grain mais décroît considérablement après cuisson. Il en est de
même pour la solubilité du Zn après cuisson. Des corrélations significatives ont été
observées entre les taux de composés phénoliques et la solubilité du Fe et du Zn avec des
coefficients de corrélation (r2) de 0,73 et 0,82 respectivement. Les composés phénoliques
condensés qui auraient été formés au cours de la cuisson sont vraissemblablement
responsables du phénomène de brunissement observé dans la pâte de sorgho et sont
certainement impliqués dans la réduction de la solubilité du Fe et du Zn.
Dans le chapitre 7, le tchoukoutou a été caractérisé au plan microbiologique et
l’impact des opérations unitaires de transformation sur les taux de phytates et de composés
phénoliques et la solubilité in vitro du Fe et du Zn a été évalué. Les principaux
microorganismes impliqués dans la fermentation du tchoukoutou sont: Saccharomyces
cerevisiae et plusieurs espèces de lactobacilli hétérofermentaires. Le procédé de fabrication
de la bière entraîne une réduction de la teneur en phytates de près de 95 %; les taux élevés
de réduction ayant été observés lors des opérations de germination, brassage-cuisson et de
fermentation. La teneur en composés phénoliques augmente après la germination et la
fermentation. Concomitamment à ces changements, on a observé une augmentation
progressive de la solubilité du Fe et une corrélation significative a été établie entre le taux
de phytates des produits et la solubilité de ce minéral (r2 = 0.85). Par ailleurs, des pertes
importantes en minéraux ont été enregistrées au cours du process, particulièrement lors du
trempage et du brassage/filtration. De ce fait, la quantité de minéraux disponibles pour le
consommateur reste limitée dans ce type de boisson.
Le chapitre 8 a traité de l’amélioration de la disponibilité en micronutriments de la
farine de sorgho destinée à l’alimentation infantile dans les pays africains. Un modèle
mathématique a été proposé pour identifier les valeurs des paramètres de transformation
permettant une solubilité optimale du Fe et du Zn. Un plan expérimental, le “Response
Surface Methodology”, a été utilisé pour évaluer l’effet de la durée de trempage, de
germination et de fermentation sur les phytates, les composés phénoliques, le pH, la
viscosité et la solubilité in vitro du Fe et du Zn. Les concentrations en phytates et en
composés phénoliques ont subi des modifications importantes dues à l’effet de la durée de
la germination et de la fermentation de même qu’à leur interaction mutuelle. Ces
modifications ont été suivies d’une augmentation significative de la solubilité du Zn après
24 h de germination. En dehors de l’interaction entre le trempage et la fermentation, aucun
des paramètres de transformation n’a affecté la solubilité du Fe. La viscosité de la bouillie
dérivée de la farine ainsi obtenue décroît significativement avec la durée de germination.
Cela permettrait la production de bouillies à forte densité énergétique et nutritionnelle.
L’application de longues durées de germination et de fermentation au cours de la
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transformation du grain de sorgho permettrait la libération du maximum de Fe et de Zn
contenus dans ce produit.
Enfin, dans le chapitre 9 les différents résultats obtenus ont été intégrés et leurs
implications pour la disponiblité du Fe et du Zn dans les aliments à base de sorgho ont été
discutées. Des recommandations ont été formulées pour des recherches ultérieures en vue
de la valorisation des résultats obtenus.
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The research for this thesis has been part of the programme From Natural Resources to
Healthy People: Food-based Interventions to Alleviate Micronutrient Deficiencies. This
is one of the programmes sponsored by the Interdisciplinary Research and Education Fund
(INREF) of Wageningen University. INREF aims to stimulate development-oriented
research and education through programmes designed and implemented in partnership with
research institutes in developing countries. The programmes aim to build relevant capacity
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The micronutrient malnutrition problem
Chronic micronutrient deficiencies, particularly of vitamin A, iron and zinc, lead to
impaired mental and physical development and decreased work output, and contribute to
morbidity from infections. Pregnant women and children are vulnerable groups. Animal
products are good sources of desired micronutrients, but most people in West Africa and
China depend largely on sorghum and rice, respectively, for their daily food. These plantbased foods contain limited amounts of micronutrients while they also contain antinutritional factors such as phytic acid and polyphenols that inhibit absorption of
micronutrients by humans.
Next to the nutritional quality, the production of enough food is an important problem as
population growth leads to higher demands for food and more permanent cropping, both
increasing pressure on natural resources. In West Africa, soil and water conservation
measures are being developed to prevent soil erosion, nutrient and water losses and to
maintain or even increase yields. In China, the introduction of aerobic rice systems aim to
reduce water use per kg of rice, maintaining yields similar to the current flooded rice
systems.
Programme strategies to improve the supply of micronutrients
The increasing demand for food stipulates that improvements in food quality cannot be
accepted when they are at the expense of food quantity. Any solution should be in line with
sustainable natural resource management.
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The programme applied a food chain approach (figure) in sorghum and (aerobic) rice to
explore synergies and trade-offs between different interventions along the chain.
Diagram of the food chain
The food chain approach is
indicated showing how external
conditions like the economic and
bio-physical environment set the
stage for decision making at the
household level. These decisions in
their turn determine practices
which have a direct impact on the
processes at different points in the
food chain. Research in the
programme has been done related
to each of the three types of
interventions.
Agronomic practices should aim to increase uptake and allocation of micronutrients from
soil to edible plant parts, while keeping accumulation of anti-nutritional factors low.
Research has focussed on effects of genotype, environment & management and their
interaction on micronutrient/phytic acid molar ratio in seed. This has led to
recommendations on choice of genotype, fertiliser and water use.
Food processing aims to concentrate desired micronutrients in end products and inactivate
anti-nutritional factors. Research focussed on effects of milling and processing on
micronutrient/phytic acid molar ratio in food, leading to recommendations on optimal
combinations of unit operations.
Nutrition studies aim to validate the results in humans. Research focussed on dietary
composition, determination of methods to measure impact and evaluation of effects of
some of the proposed changes upstream in the food chain on micronutrient uptake in
vulnerable groups. This has led to insight in sources of micronutrient and anti-nutritional
factors and in the potential contribution of an intervention in the staple food.
At the end of the programme an analysis will be made to determine the relative impact of
the different proposed measures along the chain for the final aim: improved micronutrient
nutrition of targeted vulnerable groups.
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