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SORGHUM: DESCRIPTION, POTENTIAL PROPERTIES AND USES 

Cereals represent the most important food crops and occupy more than 55% of the arable land 

of the world (Simoni, 2009). Sorghum bicolor (L.) Moench is a well domesticated cereal used 

in Africa and Asia for animal feeding or as staple food (Ritter et al., 2007). The classification 

of sorghum is usually based on the agronomic traits or composition of a compound of interest 

(e.g. sugar or anthocyanins in the tissue) (Ritter et al., 2007). The morphology of the 

inflorescence is used to distinguish five races (i.e. bicolor, caudatum, durra, guinea and kafir) 

in the subspecies bicolor while the sugar composition in the stalks is used to distinguish grain 

sorghum and sweet sorghum (Ritter et al., 2007). In Benin, some varieties are specifically 

grown for their red pigments in the leaf sheaths (Figure 1). This allows to differentiate dye 

sorghum and non-dye sorghum (Kayodé et al., 2011). The polyphyletic origin of Sorghum 

bicolor spp. bicolor, the self-management and exchange of seed by farmers and the open-

pollination contributed to keep the sorghum varietal diversity alive in Africa (Ritter et al., 

2007; Bezançon et al., 2009). 

 

Figure 1. Sorghum plants grown for their pigmented leaf sheaths 

 

Grain sorghum and sweet sorghum are mostly used as (a) staple food crops and (b) biofuel 

and feedstock, respectively (Vanamal et al., 2017). Valorisation of bioactive compounds from 

sorghum grain and biomass could bring added value to sorghum (Vanamal et al., 2017). In 

West Africa, for example, the leaf sheaths of dye sorghum are locally used as natural colorant 

(Kayodé et al., 2011). It is used to paint leather and calabashes or as food colorant (e.g. for 
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porridge and local cheese) (Kayodé et al., 2011). Furthermore the extract from the leaf sheaths 

is rich in bioactive compounds (e.g. flavonoids, phenolic acids) (Kayodé et al., 2011). In 

general, sorghum bioactive compounds (phenolic acids, flavonoids, stilbenoids) possess 

antioxidant, anti-inflammatory, anti-proliferative (on cancer cells) activities and anti-cancer 

properties on human cells (Vanamal et al., 2017). The description of the leaf sheaths of the 

dye sorghum plant by Kayodé et al. (2011) indicate that dye sorghum leaf sheaths are the most 

promising part of the plant for the extraction of natural colorants with antioxidant properties 

as compared to the glume, the grain and the stem (Vanamal et al., 2017).  

 

FOOD APPLICATIONS OF SORGHUM BIOCOLORANT AND THEIR 

CONSUMPTION IN BENIN 

The most predominant cereal-based foods in Benin include thick porridge (called dibou), 

fermented porridge (koko), fermented malted beverage (sifanou), and slightly alcoholic 

beverages (tchoukoutou and tchapkalo) (Kayodé et al., 2005). Cowpea boiled alone (known as 

doungouri) or mixed with rice (named wake) are the main food uses of legumes (Madodé, 

2012). In general, staple foods prepared with red varieties of cereals or legumes are well 

appreciated in West Africa for their sensorial attributes as well as the beliefs about the health-

supporting properties associated to their use (Kayodé et al., 2005; Madodé, 2012). For several 

reasons -e.g. scarcity of red sorghum during a certain period of the year, long cooking times 

and unsuitability of red cowpea to dehulling- food processors tend to switch from red 

sorghum and red cowpea to white maize and white cowpea, respectively (Kayodé et al., 2011; 

Madodé, 2012). In that case, it has been reported that apart from being used as an infusion to 

treat anaemia, the red colorant from dye sorghum leaf sheaths is commonly used as food 

colorant to obtain red foods when unpigmented varieties of cereals and legumes are used 

(Kayodé et al., 2011).  

Sorghum bicolor is grown in the sudano-guinean and sudanian climate corresponding to the 

centre and the north of Benin (Fassinou Hotegni, 2014). An exploratory investigation in 

various communities of Benin (i.e. Dassa-Zoumè, Parakou and Natitingou) (Figure 2) 

provided an overview of the food applications of the extracts of the dye sorghum leaf sheaths 

in the growing areas of Sorghum bicolor in Benin. The foods dyed in Benin with dye sorghum 

extract are cereal, legume, tuber and milk-based foods (Table 1). Table 1 shows that sorghum 

biocolorant is traditionally used in food processing when a heat treatment and biological 

treatment (fermentation) are applied. Although the use of dye sorghum leaf sheaths for dyeing 
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is a tradition that might be attributed to the habit and preference to consume red cereals and 

red legumes, its application has extended to other groups of foods such as tubers, soft cheese 

and soya bean curd. In addition to the sensorial quality changes, the application of the dye in 

tuber-based foods (chôkorou) and foods rich in protein (soft cheese and soya bean curd) are 

motivated by its ability (a) to facilitate digestion and prevent stomach-ache complaints after 

consuming chôkorou and (b) to prolong the shelf-life of soft cheese (wagashi) and soya bean 

curd (wagashisoja), respectively. Nevertheless, none of those beliefs are supported by 

scientific data. 

Figure 3 presents the consumption of different groups of dyed foods in Benin. It reveals that 

koko and wagashi are the most dominant foods dyed in Benin. Koko and wagashi could hence 

be used as model foods to explore (a) the extraction of sorghum biocolorant and its stability 

during food processing and (b) the bioactive properties that sorghum biocolorant confers to 

fermented cereal foods and soft cheese. 
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Figure 2. Map of Benin showing the communities probed for their food uses of dye sorghum 

leaf sheaths
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Table 1. Foods dyed with biocolorant extracted from dye sorghum leaf sheaths in Benin 

Food categories Food name Description Main unit operations  Way of colorant application 

Non fermented 

cereal-based foods 

Gbèdibou Maize thick porridge Milling and cooking Addition of colorant during 

cooking 

Mon Cooked rice Cooking Addition of colorant during 

cooking 

Fermented cereal-

based foods 

Koko Fermented porridge Soaking, milling, fermentation 

and cooking 

Milling with leaf sheaths or 

addition of colorant after 

fermentation  

Sifannou Fermented beverage Germination, fermentation and 

cooking 

Addition of colorant after 

fermentation  

Tchoukoutou Fermented and 

alcoholic beverage 

Soaking, germination, milling, 

cooking, fermentation 

Addition of colorant after 

fermentation 

Tchakpalo Fermented sweet 

alcoholic beverage 

Soaking, germination, cooking, 

filtration, fermentation 

Addition of colorant after 

fermentation 
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Table 1. Continued 

Food categories Food name Description Main unit operations  Way of colorant application 

Legume-based foods Doungouri Cooked cowpea Cooking Addition of colorant during 

cooking 

Wagashisoja Soya bean curd Soaking, wet-milling, sieving, 

coagulation and moulding 

Soaking in colorant after 

moulding 

Cereal- and legume- 

based foods 

Waké Prepared with 

doungouri and mon. 

Cooking Addition of colorant during 

cooking 

Tuber-based foods Chôkourou Pounded cooked yam Cooking and pounding Addition of colorant during 

cooking 

Milk-based food 

product 

Wagashi Traditional soft 

cheese from cow 

milk 

Heating, coagulation and 

moulding 

Addition of colorant after 

moulding 
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*Number of respondents 180 

Figure 3. Frequency of consumption of foods dyed with sorghum biocolorant in Benin. 
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COLORANTS IN THE FOOD INDUSTRY AND THEIR STABILITY TO 

PROCESSING CONDITIONS 

The hue, the saturation and the lightness are colour attributes that contribute to the 

appealingness of food (Moore et al., 2005; Spence, 2016). Colour is a sensorial attribute that 

influences 62-90% of the product perception by consumers (Singh, 2006). It potentially 

impacts consumer expectation, the threshold of taste detection, flavour perception and 

consumer acceptance or liking (Moore et al., 2005; Spence, 2016). In general, food colorants 

are characterised by a chromophore, a group of atoms responsible for the colour and the 

auxochromes, the substituents lowering or intensifying the colour (Popli & Patel, 2015). Food 

colorants can be classified according to their origin into synthetic and natural colorants 

(Burrows, 2009). Colorants derived from a chemical process are considered to be synthetic 

while natural ones are obtained from an extraction procedure (Burrows, 2009). Red synthetic 

colorants are classified in the categories of synthetic organic colorant (i.e. azo and non-azo 

colorant) and synthetic mineral colorant (iron oxide) (Wrolstad & Culver, 2012; Feketea & 

Tsabouri, 2017; Sigurdson et al., 2017). The red azo colorants are characterised by a 

chromophore with one or more azo bonds (−N=N−) (e.g. Allura red, Ponceau 4R and 

Amaranth) (Popli & Patel, 2015; Feketea & Tsabouri, 2017). On the contrary, the most known 

red non-azo colorant in food industry (Erythrosine) has a chromophore characterised by a 

carbonyl bond (−C=O) (Carmen Apostol et al., 2016; Feketea & Tsabouri, 2017). Nowadays, 

consumer concerns about the potential risks of synthetic colorants on human health have 

increased the interest of the food industry in natural colorants (McCann et al., 2007; Stevens 

et al., 2014; Masone & Chanforan, 2015). Most natural colorants are obtained from a watery 

extraction (Bechtold, 2014). The watery extract of a natural colorant consists of a mixture of 

compounds having a good affinity with water. The classification of natural colorants is 

commonly based on the properties of the most dominant compounds in the extract (Bechtold, 

2014). Generally, red natural colorants are pigments extracted from insects (e.g. carmine), 

fungi (e.g. monascus pigment), algae (phycoerythrin) and plants (e.g. lycopene, betalains, 

carthamin and anthocyanins). These colorants have different applications in the food industry, 

depending on their chemical and functional properties (Wrolstad & Culver, 2012; Bechtold, 

2014; Anneville et al., 2015; Sigurdson et al., 2017).  

Carminic acid is an anthraquinone extracted from the cochineal Dactylopius coccus Costa 

(Wrolstad & Culver, 2012; Feketea & Tsabouri, 2017). Its purple red colour and its stability to 

light and heat as well as its resistance to oxidation and SO2 are factors that support its use as 
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colorant in food industry (Wrolstad & Culver, 2012). Nevertheless, its use is still constrained 

by its insect-based origin (Tan et al., 2015) and its allergic concerns (Feketea & Tsabouri, 

2017). The red monascus pigment is produced by the fungal Monascus strains. Its instability 

to low pH (<5) and light are constraints limiting its application (Wrolstad & Culver, 2012; 

Vendruscolo et al., 2016). Phycoerythrin is a red pigment extracted from red algae and marine 

unicellular cyanobacteria (Munier et al., 2014). Its low stability to heat (i.e. temperatures 

higher than 60 °C) and to light restrict its food applications (Munier et al., 2014).  

Plant-based pigments are the most diverse group of red pigments. They comprise lycopene, 

the betalains, the carotenoids and the flavonoids (i.e. carthamin, anthocyanins). Lycopene is a 

red pigment extracted from fruits (orange, mango, pomegranate, papaya, watermelon, 

grapefruit, guava and tomato) and vegetables (carrot) (Kong et al., 2010). Although lycopene 

is recognized in the food industry as a food colorant with good antioxidant properties (Kong 

et al., 2010), its sensitivity to light, oxygen, high temperature, pH, metal ions and catalysts 

limit its applications. Betalains are nitrogen-containing pigments with a pink colour (Sakuta, 

2014). They are characterised by a chromophore (i.e. betalamic acid) conjugated with imino 

compounds or amino acids (Strack et al., 2003; Khan, 2016). Betalains are stable from acid to 

neutral pH. However, sensitivity to heat and oxygen limits their application to products with a 

short shelf life (i.e. yoghurt, soft drinks and frozen desserts) (Obón et al., 2009; Wrolstad & 

Culver, 2012; Khan, 2016). Carthamin belongs to the chalcone group of flavonoids commonly 

used as a food colorant in Japan (Wrolstad & Culver, 2012). However, its watery extract is 

unstable to heat treatment, to acid and neutral pH as well as to light exposure (Fatahi et al., 

2009; Dai et al., 2014). The anthocyanins are the main group of plant-based food colorants. 

The anthocyanin chromophore is composed by a chromane ring (Wallace & Giusti, 2015). 

The auxochrome is an aromatic ring bound to the chromane ring by a carbon-carbon bond 

(Wallace & Giusti, 2015). Hydroxylation or methoxylation of the auxochrome and the 

presence of sugar bound to the chromophore contribute to the diversity of the structure, colour 

and stability of anthocyanins to processing (Wrolstad & Culver, 2012). In general, the 

majority of anthocyanins are (a) stable in acid conditions but degrade at neutral pH (Mojica et 

al., 2017) and (b) sensitive to temperature and light (Wrolstad & Culver, 2012). Although the 

stability of anthocyanins is improved by glycosylation and acylation of the chromophore 

(Mojica et al., 2017), interest for groups of anthocyanins with increased stability in their non-

glycosylated and non-acylated forms is increasing. Deoxyanthocyanidins are red anthocyanins 

without hydroxyl groups in their chromophore. Their good resistance to temperature, pH and 

SO2 are some properties that make them stand out (Awika et al., 2004; Ojwang & Awika, 
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2008; Yang et al., 2014). Contrary to the other anthocyanins that are meant to attract 

pollinators and seed disseminators (Stintzing & Carle, 2004), 3-deoxyanthocyanidins are 

phytoalexins against the plant pathogens (Malathi et al., 2008). Their natural antimicrobial 

properties as phytoalexins might be used to inactive foodborne pathogens (Schutt & Netzly, 

1991; Stonecipher et al., 1993). These properties have been extended to anticarcinogenesis 

(Shih et al., 2007; Yang et al., 2009). Although 3-deoxyanthocyanidins have a narrow 

distribution as plant pigments in nature (Clifford, 2000), they are reported as abundant in dye 

sorghum leaf sheaths (Kayodé et al., 2011). 

 

THESIS OBJECTIVES 

The change of farming systems from a diverse cropping system towards an intense cultivation 

of cash crops (e.g. cotton) has led to a low prevalence of some cereals (i.e. sorghum and 

millet) as dietary staples in African sub-Saharan countries (Vom Brocke et al., 2014). In 

Benin, Sorghum bicolor is considered as a neglected and underutilised plant food (Dansi et 

al., 2012). The remarkable drought resistance of Sorghum bicolor in the context of climate 

change (Chivenge et al., 2015; Hadebe et al., 2017), the use of dye sorghum grain for food 

consumption (Kayodé et al., 2005) and the valorisation of its leaf sheaths as natural food 

colouring ingredients (Kayodé et al., 2011) rise the need to promote this neglected and 

underutilised crop to improve food security and provide an alternative source of income for 

households (Dansi et al., 2012). The main objective of this thesis is to study the extraction 

conditions of biocolorant from dye sorghum leaf sheaths, to evaluate its bioactive properties 

and its nutritional and sensorial impact on food products. 

The specific objectives are: 

- To evaluate the traditional extraction methods of sorghum biocolorant with emphasis 

on the technological and chemical considerations 

- To assess the food preservative and antimicrobial properties of sorghum biocolorant  

using West African soft cheese (wagashi) as a food model 

- To evaluate the stability of the sorghum biocolorant in relation to various food 

processing conditions  

- To investigate the nutritional and sensorial effects of the sorghum biocolorant in a 

food product, in particular fermented maize dough. 
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THESIS OUTLINE 

A general introduction provides an overview of red food colorants, their importance in the 

food industry and the potential of dye sorghum as a food colorant. Chapter 2 presents (a) the 

traditional methods used in Benin to extract sorghum biocolorant from dye sorghum leaf 

sheaths, (b) the pigment composition according to the methods used, and (c) an illustration of 

the pigment in a food application. Chapter 3 (a) focuses on the current use of the sorghum 

biocolorant for soft cheese dyeing and (b) evaluates the preservative and antimicrobial 

activities of the pigments on the product. Chapter 4 presents the stability of apigeninidin, the 

main sorghum biocolorant pigment, to storage conditions (temperature and light) and to the 

most common food processing conditions (i.e. heat treatment, pH changes) in a watery extract 

as well as in maize porridge as an example of a food matrix. Chapter 5 (a) presents the 

influence of the addition of apigeninidin to maize dough on the nutritional and sensorial 

characteristics of the product and (b) elaborates on the interest to apply sorghum biocolorant 

to fermented foods. Chapter 6 discusses the main results of this thesis and their implications 

for the food industry. Recommendations are given for further research on sorghum 

biocolorant. 
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ABSTRACT 

Background: The interest in stable natural colorants for food applications continues to grow. A 

red pigment extracted from the leaf sheaths of a sorghum variety (Sorghum bicolor) with a 

high content of apigeninidin is widely used as a biocolorant in processed foods in West-

Africa. This study compared the colour and the anthocyanin composition from traditional 

extraction methods to determine options for improvement and use of the red biocolorant from 

dye sorghum in the food sector. 

Results: Sorghum biocolorant was commonly applied in fermented and heated foods. 

Traditional extraction methods predominantly differed in two aspects, namely the use of an 

alkaline rock salt (locally known as kanwu) and the temperature of the extraction water. Cool 

extraction using the alkaline ingredient was more efficient than hot alkaline and hot aqueous 

extractions in extracting anthocyanins. The apigeninidin content was three times higher in the 

cool and hot alkaline extracts than in the aqueous extract. 

Conclusion: Cool and hot alkaline extraction at a pH of 8-9 were the most efficient methods 

for extracting apigeninidin from dye sorghum leaf sheaths. Broader use of the sorghum 

biocolorant in foods requires further research on its effects on the nutrient bioavailability and 

antioxidant activity. 

Keywords: dye sorghum, extraction, 3-deoxyanthocyanidins, anthocyanins, apigeninidin, 

porridge. 
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INTRODUCTION 

Colour is important in consumer acceptance of food products (Chattopadhyay et al., 2008). 

Consumers are sensitive to food colour because it gives information on freshness, safety and 

sensory characteristics (Downham & Collins, 2000; Chattopadhyay et al., 2008). Many 

consumers prefer natural colorants because of growing concerns about synthetic colorants 

(Chattopadhyay et al., 2008). Unfortunately, many natural colorants are not stable in their 

applications in food products (Wissgott & Bortlik, 1996), for instance because they are 

sensitive to heat treatment. Therefore the dyeing industry is continuously looking for 

underutilised pigmented plants as new sources of stable colorants (Balole & Legwaila, 2005). 

In West Africa, mature leaf sheaths harvested from dye sorghum (Sorghum bicolor) plants are 

used fresh or dried for food colouring purposes (Balole & Legwaila, 2005). The red pigment 

extracted from dye sorghum leaf sheaths is a rich source of 3-deoxyanthocyanidins (Kayodé 

et al., 2011), a rare class of natural pigments (Awika & Rooney, 2004). As most anthocyanins, 

the 3-deoxyanthocyanidins have an aglycon as base structure, which is bound to sugar 

moieties, or hydroxyl and methoxyl groups (Wallace & Giusti, 2015). The absence of a 

hydroxyl group at the C-3 position of the aglycon is the main structural difference between 3-

deoxyanthocyanidins and common anthocyanins (Awika, 2008). Extracts of 3-

deoxyanthocyanidins are characterised by (a) a good stability to acidulants and pH changes 

(Awika et al., 2004; Ojwang & Awika, 2008), (b) resistance of their dimeric forms (i.e. the 

apigeninidin-flavene dimer and the apigenin-7-O-methylflavene dimer) to nucleophilic and 

hydrophilic attacks by sulphite (Geera et al., 2012), (c) improved colour stability in the 

presence of co-pigments (Awika, 2008), (d) slow chalcone formation and ring opening when 

exposed to heat treatments (Yang et al., 2014), and (e) their antioxidant activity (Kayodé et 

al., 2011). Consequently, extracts from dye sorghum leaf sheaths could be a potentially 

interesting source of a red colorant for food applications when the use of anthocyanins is 

restricted due to their instability in certain food processing conditions (e.g. with respect pH, 

bleaching agents and temperature) (Sims & Morris, 1984; Cevallos-Casals & Cisneros-

Zevallos, 2004; Geera et al., 2012).  

The red watery extract from the sorghum leaf sheaths is obtained by trituration or boiling, 

with or without using an alkaline rock salt named kanwu, kanwa or trona in West Africa 

(Kayodé et al., 2012b). However, the specific conditions of the different extraction methods 

and the impact of these conditions on the characteristics of the obtained extracts have not been 

studied. Kanwu is a mixture of carbonate and bicarbonate salts with sodium and potassium as 
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monovalent ions and calcium, magnesium and iron as divalent ions (Madodé, 2012). In Benin, 

the applications of the watery extract of sorghum leaf sheaths include their use for decorative 

purposes (Downham & Collins, 2000). Food applications of the biocolorant encompass its use 

in liquid foods like koko, a fermented cereal-based porridge, as well as in solid foods like 

wagashi, a West African soft cheese obtained by coagulating cow’s milk with juice from 

Calotropis procera leaves (Aïssi et al., 2009; Kayodé et al., 2011; Kayodé et al., 2012a). 

To date, no comparative data are available on how the biocolorant is traditionally extracted 

and how it is used for colouring foods. This study therefore evaluates local knowledge on the 

extraction methods of the colorant and its application in a model food that undergoes a 

sequence of processing steps, namely koko, followed by an analysis in the laboratory of the 

pigment profiles that result from different traditional extraction methods. The aim is to 

determine the extraction methods that are currently being used and compare the anthocyanin 

profile and colour characteristics of the dye extracts obtained by these methods with a view to 

improve the extraction and to assess the potential applications of sorghum biocolorant in the 

industrial food sector in developed countries. 

 

 

MATERIALS AND METHODS 

Field survey 

Study area 

The study was carried out in three towns of Benin, i.e. Parakou (latitude 9⁰15’N-9⁰29’N, 

longitude 2⁰26’E-2⁰44’E) and Natitingou (latitude 10⁰10’N-10⁰26’N, longitude 1⁰12’E-

1⁰31’E), both in the northern part of Benin, and in Dassa-Zoumè (latitude 7⁰44’N-7⁰52’N, 

longitude 2⁰3’E-2⁰15’E), in the centre of the country. These communities were selected 

because dye sorghum is grown there and commonly used for food applications. 

 

Survey 

From the three communities (Parakou, Natitingou and Dassa-Zoumè), data on the extraction 

of dye sorghum biocolorants were collected from 180 processors of dyed foods. For the 

application of dye sorghum colorant in fermented foods, data were collected from 90 

processors of dyed koko using a questionnaire including the unit processes and the ingredients 

needed to extract and apply the colorant in koko. The questionnaires were in the local 
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languages and conducted by two experienced interviewers in each community. The 

interviewers were trained during a one-day session and test interviews were held to assure that 

the questionnaire was well understood and administered correctly. The processors were 

randomly chosen. They aged from 16 to 67 years and were only women, since in Benin 

women are the main actors in the food processing sector (Quisumbing et al., 1995). 

 

Physico-chemical analysis 

Samples from the field and their pre-treatment 

Samples of dye sorghum leaf sheaths and dyed koko were bought on local markets of 

Parakou, Natitingou and Dassa-Zoumè, packed in an ice box and transported to the laboratory. 

The samples of dyed koko were dried at 50 ºC for 24 h and ground into powder. Dried 

porridge powder was used to extract the phenolic compounds. The sample of dye sorghum 

leaf sheaths were ground using a miller (Coffee Bean and Spice Mill Grinder Model #843, 

Moulinex) and the derived powder was used to extract the phenolic compounds. 

 

Experimental design 

The traditional methods to extract biocolorants from the leaf sheaths of dye sorghum were 

assessed for the total phenolic and anthocyanin contents, as well as for their colour 

parameters. All three extraction methods resulting from the survey were studied. These were 

cool alkaline extraction, hot alkaline extraction and hot aqueous extraction. Processors were 

chosen according to the method they used to extract the colorant from sorghum leaf sheaths. 

Another batch of dye sorghum leaf sheaths and one batch of kanwu were bought from a local 

market in Dassa-Zoumè. The mean values of the total phenol content (TPC) and the 

anthocyanin content (ACY) of this sample of dye sorghum leaf sheaths were 130.7 mg g-1 and 

28.7 mg g-1, respectively. A quantity of 50 g of dye sorghum leaf sheaths was extracted by 

triplicate processors for each extraction scenario. Samples of watery extracts and residues of 

leaf sheaths after extraction were taken at different process steps and transported to the 

laboratory. The residues of leaf sheaths collected after extraction were dried at 50 ºC for 24 h, 

ground into powder. The TPC non-extracted (TPCne) and the ACY non-extracted (ACYne) by 

the traditional extraction methods were determined by measuring the TPC and ACY contents 

of the residues of the leaf sheaths. The percentage of TPCne (% TPCne) and ACYne (% ACYne) 

were calculated with formula’s (1) and (2). 

 % TPCne =
TPCresidues 

130.7
× 100    (1) 
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Where: % TPCne: the percentage of TPC non-extracted using the traditional method, 

TPCresidues (mg g-1): the TPC of the residues of dye sorghum leaf sheaths, 130.7 (mg g-1): the 

TPC of the dye sorghum leaf sheaths. 

% ACYne =
ACYresidues 

28.7
× 100    (2) 

Where: % ACYne: the percentage of ACY non-extracted using the traditional method, 

ACYresidues (mg g-1): the ACY of the residues of dye sorghum leaf sheaths, 28.7 (mg g-1): the 

ACY of the dye sorghum leaf sheaths. 

The traditional extraction methods were reproduced in duplicate in the laboratory. The watery 

extracts were analysed for their apigeninidin and phenolic acids (4-hydroxybenzoic acid and 

p-coumaric acid) contents as well as for their total colour density (TCD). A control was used 

to evaluate the efficiency of pigment extraction when kanwu and a heating treatment were not 

applied. 

 

Determination of total phenolic, anthocyanin, apigeninidin contents and TCD 

The phenolic compounds were extracted from dried samples of leaf sheaths and dyed koko 

using the acidified methanolic (HCl/methanol) (1% v/v) extraction procedure as described by 

Kayodé et al.(2011). All extracts were directly used to determine the TPC, ACY, apigeninidin 

and phenolic acid contents.  

The TPC was measured by the modified Folin-Ciocalteu method of Singleton & Rossi (1965) 

as described by Kayodé et al.(2012b). Gallic acid was used as standard. The results were 

expressed as milligrams of gallic acid equivalent per gram of sample dry matter (DM) for 

samples of leaf sheaths or milligrams of gallic acid equivalent per millilitre for the sorghum 

biocolorant. 

The ACY was measured at 525 nm using the method described by Abdel-Aal and 

Hucl.(1999). The results were expressed as milligrams of cyanidin-3-glucoside equivalent per 

gram of sample dry matter (DM) for samples of leaf sheaths or micrograms of cyanidin-3-

glucoside equivalent per millilitre for the sorghum biocolorant. 

The anthocyanin and phenolic acid composition were analysed by an Ultimate 3000 RS High 

Performance Liquid Chromatography (HPLC) system equipped with a Diode Array Detector 

DAD-3000 RS (Thermo Scientific Dionex) and a quaternary pump LPG- 3000 RS (Thermo 

Scientific Dionex). The extracts were mixed with formic acid (10%) (1:1 v/v) and filtered 

through 0.2 µm RC filter. A Polaris 5 C18-A column (150 × 4.6 mm, Varian) was used at 25 

°C. The flow rate was 1 mL min-1. The mobile phase consisted of (A) 10% formic acid in 
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Milli-Q water and (B) methanol. The elution programme was 0-20 min from 5% B to 60% B; 

20-35 min, from 60% B to 100% B; 25-30 min, 100% B; 30-31 min, 100% B to 5% B; 31-35 

min, 5% B. UV-Vis spectra were recorded from 220-700 nm. Apigeninidin, 4-hydroxybenzoic 

acid and p-coumaric acid were monitored at 480, 260 and 280 nm, respectively. Standards of 

apigeninidin (Extrasynthese, France), 4-hydroxybenzoic acid (Sigma Aldrich, Netherlands) 

and p-coumaric acid (Sigma Aldrich, Netherlands) allowed identification and quantification. 

The watery extracts of dye sorghum leaf sheaths (1 mL) were diluted by addition of demi 

water (14 mL) and used to measure TCD according to Turfan et al. (2011). 

 

Determination of the colour parameters and image of the extracts 

A volume of 12 mL of sorghum colorant was poured in a cylindrical glass cuvette with a 3.3 

cm inner-diameter and 2.2 cm inner-height. The colour was measured on an extract of 1.4 cm 

height with a spectrocolorimeter (ColorFlex, HunterLab) (illuminant D 65) in reflective mode 

against a white background (Tanoue et al., 2004). The values of the lightness (L*), the redness 

index (a*) and the yellowness index (b*) were recorded. The hue angle (h°) and the chroma 

(C*) were calculated using the following formulas described by Castellar et al. (2006). 

 

𝐶∗ = √[(𝑎∗)2 + (𝑏∗)2] (3) 

ℎ𝑜 = 𝑡𝑎𝑛−1 (
𝑏∗

𝑎∗
) (4) 

 

In addition, the watery extracts and their dilutions were poured in 1 cm pathway cuvettes and 

their images were taken with a Olympus Stylus camera (SP-820UZ) in a cabin lightened by 4 

lamps of 36 watt. 

 

Statistical analysis 

The data collected on the characterization of dye sorghum leaf sheaths, on the monitoring of 

the extraction method, on the TPC, the ACY, the TCD and the colour parameters (L*, a*, b*, 

C* and h°) were analysed using SPSS 16.0. The difference between the extraction methods 

was analysed with (i) the one-way analysis (ANOVA) followed by post-hoc tests or, when 

then the normality tests failed, by (ii) Kruskal-Wallis and Mann-Whitney pair-wise tests. The 

survey data collected on the extraction methods and the applications of sorghum colorant 

were compiled using Sphinx Plus2 v.4.5 (Le Sphinx Développement, Chavanod, France) 

software for survey management. 
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RESULTS  

Traditional extraction of pigments from dye sorghum leaf sheaths 

The dye sorghum pigments are traditionally extracted from the plant leaf sheaths using three 

methods, i.e. cool alkaline extraction, hot alkaline extraction and hot aqueous extraction 

(Figure 1). In all extraction scenarios, the dye extraction technique started by a manual 

trituration of the leaf sheaths in water at room temperature. The trituration time applied for 1 

kg of leaf sheaths during a cool alkaline extraction was 2 hours, which was at least three times 

longer than the time needed for the hot extraction methods. In the alkaline extraction method, 

kanwu (an alkaline rock salt) was used during the trituration of the leaf sheaths. The role of 

the kanwu was to facilitate the extraction of the pigment from the sheaths. For 1 kg of leaf 

sheaths, 100 to 180 g of kanwu was used for cool alkaline extraction while 40 to 140 g of 

kanwu was used for hot alkaline extraction (Figure 1). During hot extraction, the mixture of 

water and triturated leaf sheaths was heated gradually on a wood fire to reach a temperature of 

86 °C at a heating speed of 0.05 °C s-1. When the processor considered the colour of the water 

red enough, the heating was stopped. The watery dye extract was then filtered with a sieve 

(250 μm) to remove the plant residues and was ready for use. 

 

Characteristics of the dye sorghum leaf sheaths and their extracts 

The mean TPC and ACY in dye sorghum leaf sheaths from the local markets of the study 

areas were 82.6 mg g-1 DM and 28.6 mg g-1 DM, respectively. Table 1 presents the TPC and 

the ACY in the watery extracts using different extraction methods as well as the TPCne and 

ACYne, which were recovered from the leaf sheaths after extraction. Although TPC were 

similar in watery extracts (0.2 mg mL-1), the ACY was highest in cool alkaline extracts with 

228.5 µg mL-1 (Table 1). The lowest ACY (43.9 µg mL-1) was measured in hot aqueous 

extracts. This quantity was 4 to 6 times higher than the concentration of anthocyanins in the 

extracts from the other extraction methods. After extraction, no differences between methods 

was observed on the TPCne and ACYne in the residues. Significant amounts of pigments 

(71.9% of the TPC and 82.6% of ACY) remained in the leaf sheath residues.  
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Unit 

operations 

 Extraction method 

Cool alkaline 

extraction 

(n =3) 

Hot alkaline 

extraction 

(n =3) 

Hot aqueous 

extraction  

(n =3) 

 Quantity of leaf 

sheaths 

1 kg 1 kg 1 kg 

     

     

Addition of water [quantity in 

L] 

x1 

[85.9±43.9]2 

 

x 

[85.4±46.3] 

 

 

x 

[79.5±42.8] 

 

 

Addition of kanwu [quantity in 

g] 

 

 

x 

[146.6±41.6] 

x 

[93.2±50.4] 

 

Trituration [duration in min] 

 

 

 

x 

[118±0.0] 

x 

[26±29] 

x 

[36±21] 

Heating [speed (°C s-1 ) / 

temperature reached (°C)] 

 

 

 

 

x 

[0.05±0.01 / 

86±22] 

 

x 

[0.05±0.02 / 

86±18] 

Filtration 

 

 

 x x x 

Watery dye extract [yield in L] x 

[84.6±44.2] 

x 

[81.3±40] 

x 

[75.3±42.1] 

1 Mean ± Standard deviation; 2 Crosses (x) indicate that the unit operation is applied in the particular method. 

Figure 1. Process diagrams of three commonly used traditional extraction methods for 

biocolorants from dye sorghum leaf sheaths.   



 

36 

 

Table 1. The phenolic content and anthocyanins in watery extracts and residues according to 

the three extraction method 

Samples Parameters1 Extraction method 

Cool alkaline 

extraction 

(n=3) 

Hot alkaline 

extraction 

(n=3) 

Hot aqueous 

extraction 

(n=3) 

Extract 
TPC (mg mL-1) 0.3±0.2 a2 0.2±0.1a 0.2±0.0 a 

ACY (µg mL-1) 228.5±93.6 a 50.9±5.0 b 43.9±8.3 b 

Residues of 

leaf sheaths 

TPCne (mg g-1 DM) 99.8±12.0 a 89.8±21.6 a 94.4±21.9 a 

% TPCne 76.3±9.2 a 68.7±16.5 a 72.2±16.8 a 

ACYne (mg g-1 DM) 22.6±1.84 a 20.3±4.0 a 22.6±1.8 a 

% ACYne 85.9±6.9 a 77.7±15.3 a 84.2±6.6 a 

1 TPC: Total phenolic content; ACY: Anthocyanins content. 

2 Mean ± Standard deviation; values with the same letter in the same line are not significantly different at 5%.  

 

As can be seen in Table 2, the alkaline extraction methods were the best performing methods 

for apigeninidin extraction because up to 152 µg mL-1 of apigeninidin was found in the cool 

and hot alkaline extracts against 46.6 µg mL-1 in the hot aqueous extract. The pH of the 

alkaline extract was around 8-9 whereas it remained 7 in the non-alkaline extract and in the 

control. The heat treatment led to a significant reduction in the ACY in the hot alkaline extract 

(Table 1) while the apigeninidin content was not affected. A higher content of 4-

hydroxybenzoic acid was measured with hot alkaline extraction. The extraction methods did 

not affect the p-coumaric acid content.  
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Table 2. Apigeninidin and phenolic acid contents of dye sorghum leaf sheath extracts 

obtained by traditional methods 

Parameters Extraction method 

Control1 

(n=2) 

Cool alkaline 

extraction 

(n=2) 

Hot alkaline 

extraction 

(n=2) 

Hot aqueous 

extraction 

(n=2) 

Apigeninidin  

(µg mL-1) 

12.1±1.3 c2 152.0±21.7 a  131.0±7.5 a 46.6±0.9 b 

4-hydroxybenzoic 

acid (µg mL-1) 

4.9±0.2 b 5.1±0.1 b 6.0±0.3 a 5.3±0.3 b 

p-coumaric acid 

(µg mL-1) 

3.6±0.3 a 3.5±0.3 a 4.1±0.6 a 3.8±0.6 a 

1 Control = ratio leaf sheaths / water of 1:90 (w/v) without alkaline ingredient or heating. This ratio was the ratio 

leaf sheaths / water used by processors in Benin. 

2 Mean ± Standard deviation; values with the same letter in the line express significant difference at 5%. 

 

Table 3 presents the TCD and the colour of the watery extracts. The alkaline methods (cool 

alkaline and hot alkaline) had a higher TCD. This suggests that alkaline extraction results in a 

more intense colour. In addition, the application of a heat treatment did not affect the intensity 

of the colour of the hot alkaline extract. The hot aqueous extraction was the method with the 

lowest TCD. Nevertheless, this TCD was still better than the control. A thermal treatment 

provided better colouring properties than a non-thermal treatment when no extraction aid (like 

kanwu) was used. In addition, Figure 2 illustrates (i) the higher colour intensity of the alkaline 

extraction methods and (ii) the lower colour intensity of the aqueous method compared to the 

control. The values recorded for L*, a* and b* for the extraction methods were all lower than 

for the control. This revealed that the watery extracts were too concentrated for colour 

measurement. Figure 3 presents the chromaticity diagram of the diluted watery extracts.  
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Figure 2. The images of the control, the hot aqueous extract, the hot alkaline extract and the 

cool alkaline extract (from the left to the right) (A) and their diluted samples (B) (dilution 

factor 0.07).  

 

To compare the watery extracts in a chroma range of 42-48, dilution factors of 0.25 and 0.07 

were applied to (i) the hot aqueous extract and (ii) the hot alkaline and cool alkaline extracts, 

respectively. The dilution of the hot aqueous extract with a factor of 0.07 also increased the 

hue value. Furthermore, the colour parameters of the watery extracts from the hot and cool 

alkaline methods that were diluted with a factor of 0.07 were close on the chromaticity graph. 

Therefore, the heat treatment did not affect the colour of the alkaline watery extract. In 

general, the diluted watery extract from dye sorghum leaf sheaths had an orange-red colour. 

Cool alkaline extraction was preferred by the majority of the processors because of its good 

colouring properties and the ease of its application. The yield of extract from cool alkaline 

extraction was 84.6 L kg-1 of leaf sheaths (Figure 1). Indeed, the need of a heat treatment 

required for hot alkaline and hot aqueous extractions discouraged their use. Consequently, hot 

extractions are common in processing where a heat treatment of the food and dyeing need to 

be carried out simultaneously. 

A 

B 
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Application of sorghum biocolorant in starchy fermented foods: the case of 

koko 

Maize-based koko is a porridge prepared from ogi, a fermented cereal slurry (Nago et al., 

1998; Blandino et al., 2003). It is commonly dyed with sorghum biocolorant to give it a red 

colour (Kayodé et al., 2011). The dyeing could be performed before or after the fermentation 

step. Dyeing is applied after the fermentation step by 71% of the processors. 

 

Table 3. The total colour density and the colour parameters of dye sorghum leaf sheaths 

extracts obtained by traditional methods  

Parameters1 Extraction method 

Control 

(n=2) 

Cool alkaline 

extraction 

(n=2) 

Hot alkaline 

extraction 

(n=2) 

Hot aqueous 

extraction (n=2) 

TCD 4.6±0.0 c2 48.9±0.4 a  50.6±0.0 a 15.5±0.1 b 

L* 12.0±0.8 a 0.5±0.2 c 0.7±0.1 c 10.2±0.6 b 

a* 28.8±0.2 a 1.5±0.1 c 1.8± 0.1 c 19.8±0.5 b 

b* 17.8±0.3 a -0.1±0.1 c 0.3±0.4 c 13.4±0.2 b 

1 TCD: Total colour density; L*: Lightness index; a*: Redness index; b*: Yellowness index 

2 Mean ± Standard deviation; values with the same letter in the line express significant difference at 5%. 

 

Two methods were used by processors to produce dyed maize-based koko: one based on the 

use of the whole dye sorghum leaf sheaths and one based on the use of the watery extract of 

dye sorghum leaf sheaths. The use of the whole dye sorghum leaf sheaths in the processing of 

dyed koko was described by 29% of the processors. This method consisted of wet-grinding of 

maize with dye sorghum leaf sheaths. The wet flour thereby obtained had a colour similar to 

the red sorghum. This red flour was sieved and allowed to ferment spontaneously during 1 to 

3 days at room temperature. The starchy sediment was then cooked to obtain dyed maize-

based koko. This method was the only one in which the dye sorghum leaf sheaths underwent 

fermentation. This unit operation is efficient in depolymerisation of phenolic compounds, 

including anthocyanins, in the processing of koko (Kayodé et al., 2012a; Wiczkowski et al., 

2015). Instead of using the whole leaf sheaths, the watery extract could also be used. In that 

case, maize grains were processed from the soaking to the fermentation step without adding 
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dye sorghum leaf sheaths. When the fermentation was completed and the starchy sediment 

ready for cooking, a watery extract from dye sorghum leaf sheaths was produced using hot 

aqueous extraction (33% of the processors) or cool alkaline extraction (38% of the 

processors). This watery dye extract was added during cooking to obtain dyed koko.  

The mean TPC of the samples of dyed koko varied from 0.26 to 1.23 mg g-1 DM with a mean 

value of 0.64 mg g-1 DM while the ACY varied from 0.1 to 1.0 mg g-1 DM with a mean value 

of 0.23 mg g-1 DM.  

 

DISCUSSION 

The pigment profile of dye sorghum leaf sheaths found on the local market of the study areas 

resembled the data reported by Kayodé et al. (2011) who found a TPC of 95.5 mg g-1 DM and 

an ACY of 27.1 mg g-1 DM. The results imply similar pigment profiles from samples from 

different study areas and from different seasons. Such stability of natural pigment profiles is 

not common because natural sources of food colorants are commonly characterised by 

substantial variations (Mapari et al., 2005). 

The merit of the watery extraction methods is their selectivity for water soluble pigments like 

anthocyanins. However, overall the extraction of sorghum colorant using traditional methods 

resulted in low extraction rates, leaving the discarded plant residues still rich in pigments. 

Improvement and optimisation of the watery extraction methods are needed to increase the 

yield of this natural colorant. The use of leaf sheath powder could be the first improvement to 

the traditional methods. Indeed, particle size is crucial for a good extractability and could 

result in a lower amount of leaf sheaths needed (Brewer et al., 2014). In addition, low-cost 

and energy saving methods for sorghum biocolorant extraction could be designed by 

optimising pH, temperature and time (Rajha et al., 2013). This could launch rural 

communities in Benin in an eco-friendly production of sorghum biocolorant for food 

industries.  
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Figure 3. The chromaticity diagram of watery extract from hot aqueous (black), hot alkaline 

(tiled) and cool alkaline (white) with a dilution of factor 0.07 (circle), 0.25 (diamond) and 0.5 

(triangle). 

 

The application of a heat treatment temperature and a high pH affected the anthocyanin 

recovery during the hot aqueous and hot alkaline extraction process and could therefore 

explain the lower amount of anthocyanins measured in hot alkaline and aqueous extracts 

(Underhill & Critchley, 1994; Kirca et al., 2007; Kayodé et al., 2012b). Alkaline extraction 

methods were efficient for obtaining apigeninidin because alkaline treatments promoted the 

release of bound phenolics present in the leaf sheaths (White et al., 2010). Significant 
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amounts of apigeninidin were recovered in both cool and hot alkaline extracts at comparable 

levels. This finding provided additional information on the thermal stability of apigeninidin in 

the pH range 7-9 (Yang et al., 2014). The higher apigeninidin content in alkaline extracts 

(cool and hot) compared to the aqueous extract supports an uncommon response of 

apigeninidin to the alkaline treatment. In general, alkaline treatments cause degradation of 

anthocyanins with a loss of 25 to 35% of anthocyanin at pH 8 (Rodriguez-Saona et al., 1999), 

but in our study a higher apigeninidin content was measured in the alkaline extracts of dye 

sorghum as compared to the aqueous extract, indicating the stability of apigeninidin in a 

watery extract at alkaline conditions. The absence of hydroxyl on the third position of 3-

deoxyanthocyanidins (e.g. apigeninidin) could confer resistance to ring fission when a high 

pH and/or heat treatment are applied (Ojwang & Awika, 2008; Yang et al., 2014). The stability 

of apigeninidin from alkaline extracts to food acidulants and to common food processing heat 

treatments (i.e. pasteurisation, cooking and sterilisation) still needs to be investigated further 

for its potential usability in foods. 

The shade of the diluted watery extract of dye sorghum (h° value between 30-50) was less red 

than for commercial natural colorants such as elderberry (h° = 17.2), red carrot concentrate 

(h° = 15.5), red grape skin extract (h° = 17.2) and hibiscus (h° = 13.9) (Castellar et al., 2006). 

Nevertheless, few natural colorants are known to possess an orange-red colour at high pH at 

high dilution factors (like the 0.07 in this research). This indicates a low dose response for the 

watery extract from dye sorghum leaf sheaths compared to other natural extracts (Castellar et 

al., 2006). In addition, the diluted watery extract of dye sorghum leaf sheaths had a hue value 

comparable to some synthetic food colorants (e.g. red allura, carmoisine, and ponceau 4R) 

that have a hue range value between 30-50 (Arocas et al., 2013). Sorghum biocolorant could 

therefore potentially replace those artificial colorants.  

The data on the 4-hydroxybenzoic and p-coumaric acids provided information on the effect of 

the extraction method on two main groups of phenolic acids present in cereals (i.e. the 

hydroxybenzoic acids and hydroxycinnamic acids) (Wang et al., 2014). Our findings suggest 

that the amount of hydroxycinnamic acids (e.g. p-coumaric acid) in the extracts is comparable 

for the three extraction methods whereas the amount of hydroxybenzoic acids (e.g. 4-

hydroxybenzoic acid) could be increased by hot alkaline extraction. The effect of alkaline and 

non-alkaline extractions on the hydroxybenzoic acid and hydroxycinnamic acid contents still 

needs to be investigated further. 
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Koko is a popular cereal-based food described as of low nutritional value for children 

(Kayodé et al., 2012a). It was selected as a model food because its processing involves 

fermentation and cooking. Fermentation potentially induces changes in the amount of 

phenolics, the antioxidant activity, the bioavailability of nutrients and the product pH (Katina 

et al., 2007; Kayodé et al., 2013; Wiczkowski et al., 2015). The mean TPC of sorghum-based 

koko found by Kayodé et al.(2012a) in Benin was 2.12 mg g-1 DM. Apparently the TPC of 

dyed maize-based koko was lower than the TPC of sorghum-based koko. A high amount of 

total reactive hydroxyls is measured in fermented foods using the method of Singleton and 

Rossi,(Singleton & Rossi, 1965) possibly because of the hydrolysis of condensed phenols 

during the fermentation (Kayodé et al., 2007). The limited bioavailability of micronutrients 

such as iron and zinc in cereal-based infant foods is a major concern in transition countries 

like Benin (Mitchikpè et al., 2008; Tufts et al., 2015). In this respect, attention for the effects 

of sorghum colorant on the micronutrient bioavailability in infant foods is relevant. 

Consequently, future research is recommended on the bioavailability of micronutrients (e.g. 

the minerals iron and zinc) and antioxidant activity in dyed foods. 

 

CONCLUSION 

The natural colorant from dye sorghum leaf sheaths is rich in apigeninidin, which confers an 

orange-red colour to this extract. The extraction of this pigment is best in alkaline conditions. 

Future research on sorghum biocolorant should focus on the improvement of the traditional 

methods of pigment extraction, the stability of apigeninidin from alkaline extracts, the 

bioavailability of micronutrients like minerals (iron and zinc) and antioxidant activity in dyed 

foods. 
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ABBREVIATIONS USED 

ACY: anthocyanin;  

DM: dry matter;  

TPC: total phenolic content. 

TCD: total colour density 

 

REFERENCES 

Abdel-Aal, E. S. M., & Hucl, P. (1999). A rapid method for quantifying total anthocyanins in 

blue aleurone and purple pericarp wheats. Cereal Chemistry, 76 (3), 350-354. 

Aïssi, V. M., Soumanou, M. M., Bankolè, H., Toukourou, F., & de Souza, C. A. (2009). 

Evaluation of hygienic and mycological quality of local cheese marketed in Benin. Australian 

Journal of Basic Applied Sciences, 3 (3), 2397-2404. 

Arocas, A., Varela, P., González-Miret, M. L., Salvador, A., Heredia, F., & Fiszman, S. (2013). 

Differences in colour gamut obtained with three synthetic red food colourants compared with 

three natural ones: pH and heat stability. International Journal of Food Properties, 16 (4), 

766-777. 

Awika, J. M. (2008). Behavior of 3-deoxyanthocyanidins in the presence of phenolic 

copigments. Food Research International, 41 (5), 532-538. 

Awika, J. M., & Rooney, L. W. (2004). Sorghum phytochemicals and their potential impact on 

human health. Phytochemistry, 65, 1199–1221. 

Awika, J. M., Rooney, L. W., & Waniska, R. D. (2004). Properties of 3-deoxyanthocyanins 

from sorghum. Journal of Agricultural and Food Chemistry, 52 (14), 4388-4394. 

Balole, T. V., & Legwaila, G. M., (2005). Sorghum bicolor. In: Plant Resources of Tropical 

Africa 3. Dyes and tannins, P. C. M. Jansen and Cardon, D., (Eds.). PROTA Foundation, 

Wageningen, Netherlands/Backhuys Publishers, Leiden, Netherlands/CTA, Wageningen, 

Netherlands, Wageningen, Netherlands: pp: 146-155. 

Blandino, A., Al-Aseeri, M. E., Pandiella, S. S., Cantero, D., & Webb, C. (2003). Cereal-

based fermented foods and beverages. Food Research International, 36 (6), 527-543. 

Brewer, L. R., Kubola, J., Siriamornpun, S., Herald, T. J., & Shi, Y. C. (2014). Wheat bran 

particle size influence on phytochemical extractability and antioxidant properties. Food 

Chemistry, 152, 483-490. 



 

45 

 

Castellar, M. R., Obón, J. M., & Fernández-López, J. A. (2006). The isolation and properties 

of a concentrated red-purple betacyanin food colourant from Opuntia stricta fruits. Journal of 

the Science of Food and Agriculture, 86 (1), 122-128. DOI 10.1002/jsfa.2285. 

Cevallos-Casals, B. A., & Cisneros-Zevallos, L. (2004). Stability of anthocyanin-based 

aqueous extracts of Andean purple corn and red-fleshed sweet potato compared to synthetic 

and natural colorants. Food Chemistry, 86 (1), 69-77. 

Chattopadhyay, P., Chatterjee, S., & Sen, S. K. (2008). Biotechnological potential of natural 

food grade biocolorants. African Journal of Biotechnology, 7 (17), 2972-2985. 

Downham, A., & Collins, P. (2000). Colouring our foods in the last and next millennium. 

International Journal of Food Science and Technology, 35 (1), 5-22. 

Geera, B., Ojwang, L. O., & Awika, J. M. (2012). New highly stable dimeric 3-

deoxyanthocyanidin pigments from Sorghum bicolor leaf sheath. Journal of Food Science, 77 

(5), C566-C572. 

Katina, K., Liukkonen, K.-H., Kaukovirta-Norja, A., Adlercreutz, H., Heinonen, S.-M., 

Lampi, A.-M., Pihlava, J.-M., & Poutanen, K. (2007). Fermentation-induced changes in the 

nutritional value of native or germinated rye. Journal of Cereal Science, 46 (3), 348-355. 

Kayodé, A. P. P., Akogou, F. U. G., Hounkpatin, W. A., & Hounhouigan, J. D. (2012a). Effets 

des procédés de transformation sur la valeur nutritionnelle des formulations de bouillies de 

complément à base de sorgho. International Journal of Biological and Chemical Sciences, 6 

(5), 2192-2201. 

Kayodé, A. P. P., Bara, C. A., Dalodé-Vieira, G., Linnemann, A. R., & Nout, M. J. R. (2012b). 

Extraction of antioxidant pigments from dye sorghum leaf sheaths. LWT-Food Science and 

Technology, 46 (1), 49-55. 

Kayodé, A. P. P., Hounhouigan, J. D., & Nout, M. J. R. (2007). Impact of brewing process 

operations on phytate, phenolic compounds and in vitro solubility of iron and zinc in opaque 

sorghum beer. LWT-Food Science and Technology, 40 (5), 834-841. 

Kayodé, A. P. P., Mertz, C., Guyot, J. P., Brat, P., & Mouquet-Rivier, C. (2013). Fate of 

phytochemicals during malting and fermentation of type III tannin sorghum and impact on 

product biofunctionality. Journal of Agricultural and Food Chemistry, 61 (8), 1935-1942. 

Kayodé, A. P. P., Nout, M. J. R., Linnemann, A. R., Hounhouigan, J. D., Berghofer, E., & 

Siebenhandl-Ehn, S. (2011). Uncommonly high levels of 3-deoxyanthocyanidins and 

antioxidant capacity in the leaf sheaths of dye sorghum. Journal of Agricultural and Food 

Chemistry, 59 (4), 1178-1184. 



 

46 

 

Kirca, A., Özkan, M., & Cemeroğlu, B. (2007). Effects of temperature, solid content and pH 

on the stability of black carrot anthocyanins. Food Chemistry, 101 (1), 212-218. 

Madodé, Y. E. E., 2012. Keeping local foods on the menu: a study on the small-scale 

processing of cowpea. Wageningen, The Netherlands: Wageningen University. 

Mapari, S. A. S., Nielsen, K. F., Larsen, T. O., Frisvad, J. C., Meyer, A. S., & Thrane, U. 

(2005). Exploring fungal biodiversity for the production of water-soluble pigments as 

potential natural food colorants. Current Opinion in Biotechnology, 16 (2), 231-238. 

Mitchikpè, E. C. S., Dossa, R. A. M., Ategbo, E.-A. D., van Raaij, J. M. A., Hulshof, P. J. M., 

& Kok, F. J. (2008). The supply of bioavailable iron and zinc may be affected by phytate in 

Beninese children. Journal of Food Composition and Analysis, 21 (1), 17-25. 

Nago, M. C., Hounhouigan, J. D., Akissoé, N., Zanou, E., & Mestres, C. (1998). 

Characterization of the Beninese traditional ogi, a fermented maize slurry: physicochemical 

and microbiological aspects. International Journal of Food Science and Technology, 33 (3), 

307-315. 

Ojwang, L., & Awika, J. M. (2008). Effect of pyruvic acid and ascorbic acid on stability of 3‐

deoxyanthocyanidins. Journal of the Science of Food and Agriculture, 88 (11), 1987-1996. 

Quisumbing, A. R., Brown, L. R., Feldstein, H. S., Haddad, L., & Peña, C., 1995. Women: 

The key to food security. International Food Policy Research Institute Washington, DC. 

Rajha, H. N., El Darra, N., Vorobiev, E., Louka, N., & Maroun, R. G. (2013). An environment 

friendly, low-cost extraction process of phenolic compounds from grape byproducts. 

Optimization by multi-response surface methodology. Food and Nutrition Sciences, 4, 650-

659. 

Rodriguez-Saona, L. E., Wrolstad, R. E., & Pereira, C. (1999). Glycoalkaloid content and 

anthocyanin stability of alkaline treatment of red-fleshed potato extracts. Journal of Food 

Science, 64 (3), 445-450. 

Sims, C. A., & Morris, J. R. (1984). Effects of pH, sulfur dioxide, storage time, and 

temperature on the color and stability of red muscadine grape wine. American Journal of 

Enology and Viticulture, 35 (1), 35-39. 

Singleton, V. L., & Rossi, J. A. (1965). Colorimetry of total phenolics with phosphomolybdic-

phosphotungstic acid reagents. American Journal of Enology and Viticulture, 16 (3), 144-158. 

Tanoue, N., Soeno, K., Kawasaki, K., & Atsuta, M. (2004). Influence of acidulated phosphate 

fluoride solution on the color stability of indirect composites. Journal of Prosthetic Dentistry, 

92 (4), 343-347. 



 

47 

 

Tufts, H. R., Harris, C. S., Bukania, Z. N., & Johns, T. (2015). Antioxidant and anti-

Inflammatory activities of kenyan leafy green vegetables, wild fruits, and medicinal plants 

with potential relevance for kwashiorkor. Evidence-Based Complementary and Alternative 

Medicine, 2015, 1-9. 

Turfan, Ö., Türkyılmaz, M., Yemiş, O., & Özkan, M. (2011). Anthocyanin and colour changes 

during processing of pomegranate (Punica granatum L., cv. Hicaznar) juice from sacs and 

whole fruit. Food Chemistry, 129 (4), 1644-1651. 

Underhill, S., & Critchley, C. (1994). Anthocyanin decolorisation and its role in lychee 

pericarp browning. Animal Production Science, 34 (1), 115-122. 

Wallace, T. C., & Giusti, M. M. (2015). Anthocyanins. Advances in Nutrition, 6 (5), 620-622. 

Wang, T., He, F., & Chen, G. (2014). Improving bioaccessibility and bioavailability of 

phenolic compounds in cereal grains through processing technologies: a concise review. 

Journal of Functional Foods, 7, 101-111. 

White, B. L., Howard, L. R., & Prior, R. L. (2010). Release of bound procyanidins from 

cranberry pomace by alkaline hydrolysis. Journal of Agricultural and Food Chemistry, 58 

(13), 7572-7579. 

Wiczkowski, W., Szawara-Nowak, D., & Topolska, J. (2015). Changes in the content and 

composition of anthocyanins in red cabbage and its antioxidant capacity during fermentation, 

storage and stewing. Food Chemistry, 167, 115-123. 

Wissgott, U., & Bortlik, K. (1996). Prospects for new natural food colorants. Trends in Food 

Science & Technology, 7 (9), 298-302. 

Yang, L., Dykes, L., & Awika, J. M. (2014). Thermal stability of 3-deoxyanthocyanidin 

pigments. Food Chemistry, 160, 246-254. 

  



 

48 

 

 

 



*Published as: Akogou, F. U. G., den Besten, H. M. W., Kayodé, A. P. P., Fogliano, V., & 

Linnemann, A. R. (2018). Antimicrobial evaluation of red, phytoalexin-rich sorghum food 

biocolorant. PloS ONE, 13 (3), e0194657. 

 

 

 

 

Chapter 3 
Antimicrobial evaluation of red, phytoalexin-rich sorghum food 

biocolorant* 

F. U. G. Akogou, H. M. W. den Besten, A. P. P. Kayodé, V. Fogliano, A. R. Linnemann 

 

 



 

50 

 

ABSTRACT 

Sorghum (Sorghum bicolor) extract is traditionally used as red biocolorant in West Africa to 

colour foods, among which wagashi, a soft cheese. This biocolorant is a source of the 

phytoalexin apigeninidin and phenolic acids, and users claim that it has preservative effects 

next to its colouring properties. If such a claim can be scientifically substantiated, it adds a 

valuable functional property to this natural red colorant, thereby increasing its potential 

applications in the food industry. Hence, the present study evaluated the antimicrobial 

properties of dye sorghum extracts using challenge tests in broth and wagashi as a model of a 

popular food application. The alkaline extract and hot aqueous extract were used for dyeing 

wagashi by 87.7% and 12.3% of the traders, respectively. The dyeing procedure is perceived 

as a preservation strategy, and is also a means to maximise the revenues. However, results 

demonstrated that the application of sorghum biocolorant on wagashi had no inhibitory effect 

on the growth of fungi (Penicillium chrysogenum, Cladosporium macrocarpum) and 

Escherichia coli O157:H7. Furthermore, sorghum biocolorant in broth had no effect on 

growth of Listeria monocytogenes and Escherichia coli O157:H7. Consequently, the 

commonly used extracts for colouring soft West-African cheese did not show a preservative 

effect. In addition, dyeing did not affect the physico-chemical properties of wagashi. Still, the 

red colour hampered visual detection of microbial growth, thus clarifying the preservative 

effect reported by users.  

 

Keywords: apigeninidin, wagashi, Penicillium chrysogenum, Cladosporium macrocarpum, 

Escherichia coli O157:H7, Listeria monocytogenes.   
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INTRODUCTION 

Nowadays consumers prefer natural food colorants because of potential adverse effects of 

artificial colorants, like hyperactivity in children (McCann et al., 2007; Stevens et al., 2014; 

Martins et al., 2016). However, the use of natural colorants is more challenging since they are 

usually less stable and more sensitive to processing conditions such as low pH, high 

temperature and the characteristics of the food matrix in which they are applied (Wrolstad & 

Culver, 2012). This is especially an issue for industrial applications because of the 

requirement to have a guaranteed shelf life during which the colour does not change in 

intensity or shade (Vegara et al., 2013). 

Dye sorghum is a variety of sorghum (Sorghum bicolor) with characteristic dark red leaf 

sheaths, which is usually grown on the borders of crop fields in West Africa. These leaf 

sheaths are highly appreciated to extract a colouring agent as its application confers a stable 

bright red colour to foods (Akogou et al., 2018a; Akogou et al., 2018b). Extracts from dye 

sorghum leaf sheaths contain significant amounts of 3-deoxyanthocyanidins, namely 

apigeninidin and luteolinidin, as well as phenolic acids, i.e. 4-hydroxybenzoic acid and p-

coumaric acid (Kayodé et al., 2011). Apigeninidin is a phenolic phytoalexin that plays a role 

in the defence mechanism of plants against pathogens and reportedly has preventive and 

antiproliferative properties against cancer (Shih et al., 2007; Yang et al., 2009; Poloni & 

Schirawski, 2014). Phenolic acids (like 4-hydroxybenzoic acid and p-coumaric acid) are 

common weak acids used as preservative in the food industry (Stojković et al., 2013; Ling et 

al., 2015). Thus, the natural extract from dye sorghum leaf sheaths holds promise for wider 

food and pharmaceutical applications (Kil et al., 2009; Yang et al., 2009; Petti et al., 2014; 

Sousa et al., 2016). 

Traditionally, dye sorghum extract has various applications in the West African region 

(Kayodé et al., 2011). It is used to colour soft cheese, locally known as wagashi, and 

porridges, which are a major staple food for its consumers. Wagashi is a traditional unripened 

soft cheese produced in Benin and Nigeria from cow’s milk (Aworh & Egounlety, 1985). 

Basically, the preparation of wagashi involves separation of the curd from the whey by the 

proteolytic activity of a watery extract of cysteine peptidases (i.e. procerain, procerain B, 

CpCP-1, CpCP-2 and CpCP-3) from Calotropis procera (Dubey & Jagannadham, 2003; 

Singh & Dubey, 2011; Ramos et al., 2013). C. procera is the plant commonly used to provide 

the coagulant for making this type of soft cheese (Raheem et al., 2007; Cadmus et al., 2013). 
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The curd of the cheese contains all the fat, and three quarters of the protein from the whole 

milk (Alalade & Adeneye, 2006). 

Wagashi has a short shelf-life of about three days in the Sudanian and Sudano-Guinean 

climatic zones, where it is mostly produced in Benin (Assogbadjo et al., 2005; Adetunji, 

2008). Fungi (e.g. Penicillium and Cladosporium genera) and pathogens (e.g. Escherichia coli 

O157) contribute to spoilage and give rise to safety issues related to wagashi consumption 

(Aïssi et al., 2009). Soaking in whey or dyeing with sorghum colorant are some endogenous 

practices used, presumably also to increase shelf life (Alalade & Adeneye, 2006; Cadmus et 

al., 2013). The inhibitory effect of apigeninidin on fungi and bacteria (Schutt & Netzly, 1991; 

Stonecipher et al., 1993) suggests its potential as a food antimicrobial ingredient and as such 

could underpin the perception of users of its preservative effect. Nevertheless, data to 

substantiate the contribution of sorghum biocolorant to the presentation of African soft cheese 

are lacking. This study first evaluated the antimicrobial properties of the sorghum biocolorant 

in the laboratory, after which the current practices with respect to the production of wagashi 

in Benin were assessed. 

 

MATERIALS AND METHODS 

Extraction of sorghum biocolorant 

Twenty five gram of dye sorghum leaf sheaths was weighed and washed with 0.5 L of demi 

water. Two litre of demi water was transferred into a bowl and heated to 90 ºC. The washed 

leaf sheaths were then added to the hot water and extracted for 10 min. Next, the mixture was 

allowed to cool, after which the watery extract was obtained by centrifugation at 5000×g 

during 15 min using a Heraeus instrument (Thermo Fisher Scientific, UK). The supernatant 

was filter-sterilised using a 0.2 μm AcroVac Filter Unit (VWR, Netherlands) to obtain a sterile 

cool watery extract of sorghum biocolorant. 

 

Determination of the anthocyanin composition 

The apigeninidin, 4-hydroxybenzoic acid and p-coumaric acid contents of the sorghum 

biocolorant solutions were measured with an Ultimate 3000 RS High Performance Liquid 

Chromatography (HPLC) system equipped with a Diode Array Detector DAD-3000 RS 

(Thermo Scientific Dionex) and a quaternary pump LPG- 3000 RS (Thermo Scientific 
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Dionex). The anthocyanins were separated with a Polaris C18-A column (150×4.6 mm, 

Varian) at a flow rate of 1 mL min-1. The mobile phase consisted of formic acid (10%) in 

milli-Q water (A) and methanol (100%) (B). The total running time was 35 min and the 

elution gradient of B was planned as follows: 0 to 20 min, from 5% to 60% B; 20 to 25 min, 

from 60% to 100% B; 25 to 30 min with 100% B; 30 to 31 min from 100% to 5% B; 31 to 35 

min with 5% B. The UV-spectra were recorded at 190-610 nm. The apigeninidin, 4-

hydroxybenzoic acid and p-coumaric acid were measured at 480, 260 and 280 nm, 

respectively. Compounds were identified using the UV-spectra and the retention time of their 

corresponding standards. The following standards were used: apigeninidin (Extrasynthese, 

France), 4-hydroxybenzoic acid (Sigma Aldrich, Netherlands) and p-coumaric acid (Sigma 

Aldrich, Netherlands). 

 

Wagashi making in the laboratory 

Wagashi was made using a thermomixer (Vorwerk, Germany) in accordance to the common 

cheese making practices in Benin (Figure 1). Two litres of fresh full milk were transferred into 

the bowl of the thermomixer and heated at 60 ºC for 30 min. Meanwhile, 35 g of Calotropis 

procera leaves, which were naturally grown in Benin and kept frozen at -20 ºC until needed, 

was crushed using a mortar. A volume of 50 mL of fresh milk was added to the crushed leaves 

to extract the coagulating cysteine peptidases. This extract was then filtered with a sieve 

(0.355 mm) to remove the C. procera residues, and added to the warm milk and stirred at 40 

rpm. Next the temperature was raised to 80 ºC. When the clotting started after 20 to 25 min, 

the temperature was increased further to 90 ºC for 3 min to facilitate the expulsion of the 

whey. Next the curd was poured in sterilised stainless steel rings with a 44 mm inner-diameter 

and placed on a sterilised flame-tamer. The curd was left for one hour to allow the whey to 

drain. Finally the rings were removed, giving a cylindrical wagashi shape with a diameter of 

44 mm and a height of 13 mm.  
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Figure 1. Flow chart of the coagulant extraction (A), the pre-treatment of the milk (B) and the 

clotting (C) in wagashi processing.  
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Application of sorghum biocolorant on wagashi 

The wagashi was dyed by soaking three cheese samples for 15 min either in sterile cool 

watery extract or in sterile hot watery extract of 60 ºC, obtained by warming sterile cool 

watery extract using a microwave (Panasonic 1670). Control samples were prepared by 

soaking cheese samples in demi water (negative control) or in a 0.1% solution of benzoic acid 

(positive control), based on the recommendation of the U.S Food and Drug Administration 

(FDA) to use benzoic acid as a food preservative at a maximum concentration of 0.1% (FDA, 

2016). The experiments for wagashi making and biocolorant extraction were performed in 

duplicate on different days. The Figure S1. presents samples of non-dyed and dyed wagashi. 

 

Extraction of sorghum biocolorant for the challenge tests in broth 

For the microbiological challenge tests in broth, concentrated extracts were used. These were 

prepared by adding 48 g of powder of dye sorghum leaf sheaths to either 0.5 L of demi water 

or 0.5 L of aqueous solution of kanwu, an alkaline rock salt that is often used in West Africa 

for food preparation, at 1.5 mg mL-1. The extraction was performed at room temperature 

during 30 min under magnetic agitation. The watery extract of sorghum dye was collected by 

filtration using Whatman quantitative filter paper, ashless, Grade 42 (2.5µm) and was then 

filter-sterilized using a 0.2 μm AcroVac Filter Unit (VWR, Netherlands). The resulting sterile 

watery extracts were mixed in equal volumes with two times concentrated sterile Brain Heart 

Infusion (BHI) (Oxoid LTD, England) broth to obtain dyed BHI (50%). The control was 

prepared by mixing, again in equal volumes, two times concentrated sterile BHI broth and 

sterile demi-water. 
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Inoculum preparation  

All the microbial strains used were provided by the Laboratory of Food Microbiology 

(Wageningen University, Netherlands). The fungal strains (i.e. Penicillium chrysogenum, 

Cladosporium macrocarpum) were received in 1988 from the Centraalbureau voor 

Schimmelcultures (CBS, Utrecht, the Netherlands). Only the strain code of Cladosporium 

macrocarpum (i.e. 175.62) was available. One loop-full from a 3-day old culture of 

Penicillium chrysogenum as well as from a Cladosporium macrocarpum culture were 

inoculated on Malt Extract Agar slant tubes and incubated at 28 ºC (at 64% of humidity) for 

seven days. The spores were harvested by adding 9 mL of sterile peptone physiological salt 

solution (Tritium microbiologie, Netherlands) to the slant tubes and mixed with a vortex. The 

spore suspensions were collected and stored in cryovials with 30% of glycerol at -80 ºC. 

Cryovials were thawed at 4 ºC overnight before use. To determine the spore concentrations, a 

volume of 100 μL of the spore inoculum was transferred to 0.9 mL of peptone physiological 

salt solution (Tritium microbiologie, Netherlands). From this first dilution, series of 10-fold 

dilutions were made. From the dilutions, 100 μL of spore inoculum was spread on Dichloran-

Glucose (DG 18) Agar Base (Oxoid LTD, England) plates and incubated at 25 ºC. The plate 

counts were determined after 24 and 48 h. The concentration of the inocula of P. chrysogenum 

and of C. macrocarpum were 6.3 log spores mL-1 and 5.6 log spores mL-1, respectively. Serial 

decimal dilutions of the inocula in peptone physiological salt solution (Tritium microbiologie, 

Netherlands) were made to prepare 4.3 log spores mL-1 and 4.6 log spores mL-1 of P. 

chrysogenum and C. macrocarpum, respectively. These inocula and their dilutions were used 

for the challenge tests on wagashi. 

Strains of Escherichia coli O157:H7 and Listeria monocytogenes were available in cryovials 

with 30% of glycerol at -80 ºC. Before use, they were streaked on BHI agar plates and 

incubated overnight at 30 ºC to obtain single colonies. One bacterial colony was transferred in 

BHI broth and incubated at 37 ºC for 24 h to obtain an inoculum of 9 log CFU mL-1. Equal 

volumes of the inocula of five pathogenic E. coli O157:H7 strains isolated from sheep (1), 

bovine (1), human (2) and a reference strain (ATCC 43895) were mixed to obtain a cocktail of 

pathogenic E. coli O157:H7 to be used in the challenge tests on wagashi. Inocula of 

pathogenic E. coli O157:H7 (from bovine origin) and L. monocytogenes (isolated from 

Mexican soft cheese) were also used for the growth tests in BHI broth. 
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Microbiological challenge tests  

Challenge test in broth 

For the challenge tests in media, inocula of E. coli O157:H7 and L. monocytogenes were 

diluted in test tubes of BHI (dyed and plain) in order to achieve an initial concentration of 5 

log CFU mL-1. Inoculated tubes were incubated at 37 oC. Samples were taken at 0, 1, 2, 4, 6, 8 

and 24 h for monitoring bacterial growth. The bacterial counts were determined by making 

decimal dilutions in peptone physiological salt solution (Tritium microbiologie, Netherlands) 

and plating on BHI agar plates. The experiment was performed in duplicate and reproduced 

on a different day using freshly prepared materials.  

 

Challenge test with wagashi 

The challenge tests with wagashi were performed in a climate chamber (Weiss Enet 

environmental simulation, Weiss Technik) at a temperature of 28 ºC and relative humidity of 

64%. These conditions correspond to those in the north of Benin (Assogbadjo et al., 2005), 

where wagashi is mostly produced. Samples of wagashi were surface-inoculated with 2 µL of 

4.3 log spores mL-1 and 6.3 log spores mL-1 of P. chrysogenum, 2 µl of 4.6 log spores mL-1 

and 5.6 log spores mL-1 of C. macrocarpum and 5 µL of 7.6 log CFU mL-1 of the E. coli 

O157:H7 cocktail.  Previous studies investigating the quality and the safety of West African 

soft cheese, highlighted that E. coli and L. monocytogenes are the most relevant foodborne 

pathogens of this dairy product (Aïssi et al., 2009; Adetunji & Arigbede, 2011), with a lower 

prevalence for L. monocytogenes as compared to E. coli (Omemu et al., 2014; Saliu et al., 

2014; Adeyeye & Adeyeye, 2017). Therefore we focussed on E. coli 157:H7 in the application 

study on wagashi. The growing area on the wagashi was a circle with a diameter of 44 mm 

corresponding to a surface of 1519 mm2. Samples were incubated during 3 days. Three 

samples of wagashi inoculated with the E. coli cocktail were analysed at 0, 5, and 24 h, 

respectively. At 72 h, three samples inoculated with P. chrysogenum and C. macrocarpum 

were analysed. The growth of E. coli O157:H7 on wagashi was monitored by making a 

primary decimal dilution of each whole sample in peptone physiological salt solution (Tritium 

microbiologie, Netherlands) and homogenizing the sample using the stomacher, followed by a 

series of decimal dilutions in peptone physiological salt solution (Tritium microbiologie, 

Netherlands) and plate counting on Sorbital McConkey agar (Oxoid LTD, England). The 

growth of the fungal strains on wagashi was determined from pictures of the samples. The 

growth was assessed using ImageJ 1.46r, an open source Java-written program. The 
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experiment was performed in triplicate and reproduced on a different day using freshly 

prepared wagashi, colorant extract, and freshly prepared microbial cultures.  

 

Physico-chemical parameters of wagashi  

The pH, the dry matter and the acid value of wagashi were measured of two samples at 0 and 

72 h for each replication. The pH of wagashi was measured using a pH meter (Phenomenal, 

Type pH100L, VWR). The dry matter was determined by drying samples at 100 ºC during 24 

h with a drying oven (VENTI-Line VL 115, VWR). The acid value was determined using the 

AFNOR norms as described by Bup et al. (2012). Briefly, a sample of wagashi (2 g) was 

weighted, crushed and dissolved in 50 mL of ethanol / diethyl ether (1/1). This mixture was 

homogenised during 5 min. Three drops of indicator (1% of phenolphthalein in ethanol) was 

added to the mixture and then titrated with 0.1 M KOH in ethanol until the end point of the 

indicator. The pH at the indicator end point in our samples was 9.5 ± 0.2. Data were expressed 

as mg KOH g-1 of sample dry matter (DM). 

The acid value was calculated using the following formula (1): 

 Acid Value =
56.1×N×V

M
    (1) 

in which 

56.1: Molecular mass in g of KOH 

N: Normality of KOH 

V: Volume in mL of KOH 

M: mass in g of sample in dry matter. 

 

Survey on the application of sorghum biocolorant on wagashi 

A study was carried out to assess the traditional application methods of sorghum biocolorant 

and the perceptions associated to its use in three towns with a rich tradition in the production 

of dyed wagashi in Benin, Africa, i.e. Parakou (in Borgou department), Natitingou (in Atacora 

department) and in Dassa-Zoumè (in Collines department). In each town, 30 traders were 

interviewed. Data were collected using a questionnaire, which was administered in the local 

language after an one-day training. It contained questions about ethnicity, unit operations and 

ingredients used to produce dyed wagashi, the revenues generated from dyed and non-dyed 

wagashi and the reasons for dyeing wagashi. The increase in revenues (Ri) due to dyeing of 

wagashi were calculated using formula (2). The respondents were selected from the main 

cheese market in each locality. The protocols used for data collection were approved by the 
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Faculty of Agricultural Sciences of the University of Abomey-Calavi, Benin. Informed 

consent was obtained from all respondents. 

 Ri(%) =
Rdyed−Rnon−dyed

Rnon−dyed
× 100    (2) 

where: 

Ri= increase in revenues 

Rdyed= revenues from dyed wagashi 

Rnon-dyed= revenues from non-dyed wagashi 

 

Data analysis 

The field survey data were compiled using Sphinx Plus2 v.4.5 (Le Sphinx Développement, 

Chavanod, France) software for survey management. The mean values of the areas of fungal 

growth, the bacterial counts, the dry matter, the pH and the acid values were calculated and 

the difference between dyed samples and the controls were evaluated by (a) one-way analysis 

(ANOVA) followed by Turkey’s post-hoc tests or (b) by Kruskal-Wallis and Mann-Whitney 

pair-wise tests if normality tests failed.  

 

RESULTS  

Effects of sorghum biocolorant on the microbial and physico-chemical quality of 

wagashi 

Figure 2 presents the growth of E. coli O157:H7 and L. monocytogenes in dyed and non-dyed 

BHI. A dyed BHI with a final concentration of apigeninidin, 4-hydroxybenzoic acid and p-

coumaric acid of 23.5, 6.8 and 3.95 µg mL-1, respectively, did not affect the growth of 

pathogens (i.e. L. monocytogenes and E. coli O157:H7) in suspension (Figs 2a and 2b). Figure 

3 presents the growth of L. monocytogenes at a 3.2 times higher concentration of apigeninidin. 

As most phenolic plant extracts usually have a less pronounced activity against Gram positive 

bacteria (e.g. L. monocytogenes) as compared to Gram negative bacteria (e.g. E. coli) (Nostro 

et al., 2000; Butkhup et al., 2016), the test focused only on L. monocytogenes. The use of 

dyed BHI with a higher apigeninidin content (namely 75 µg mL-1), as obtained by the 

extraction of sorghum biocolorant in a solution of kanwu, did still not affect the growth of L. 

monocytogenes in suspension (Figure 3). 

Dyeing wagashi using an alkaline extract would, next to the colouring effect, also increase the 

pH. Therefore, aqueous extracts were used to test the antimicrobial activity and potential 
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physico-chemical changes. The growth of P. chrysogenum and C. macrocarpum was not 

inhibited on wagashi dyed with sorghum biocolorant (Tables 1 and Figure 4). The sorghum 

biocolorant extract used for the test contained apigeninidin, 4-hydroxybenzoic acid and p-

coumaric acid at 26.8, 3.3 and 2.3 µg mL-1, respectively.  

 

Figure 2. Growth of Listeria monocytogenes (a) and Escherichia coli O157:H7 (b) in dyed  

( ) and non-dyed ( ) broth. Error bars represent standard deviations. 

 

In table 1, two levels of contamination were tested for P. chrysogenum (i.e. 1.6 and 3.6 log 

spores) and for C. macrocarpum (i.e. 1.9 and 2.9 log spores). Apparently, fungi like P. 

chrysogenum and C. macrocarpum spread easily on dyed wagashi, even at a low spore 

contamination (Table 1). There was also no significant difference in the E. coli O157:H7 

count on the dyed and the non-dyed wagashi samples (Table 2). This absence of an inhibitory 

effect indicates that the application of sorghum biocolorant, as done by traders in Benin, does 

not preserve wagashi from the proliferation of the fungi and pathogenic bacteria tested.   
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Figure 3. Growth of Listeria monocytogenes in broth with increasing apigeninidin 

concentration after incubation for 24 h at 37 °C (starting concentration 6.5 log CFU mL-1). 

Error bars represent standard deviations. 

 

Table 1. Growth of fungi on wagashi 

 Spores spot-

inoculated in 

the centre of 

wagashi 

(log spores) 

Growth of fungi on wagashi (mm2) after storage at 28 o C 

for 72 h 

Positive 

control 

(n=6) 

Negative 

control 

(n=6) 

Cool-dyed 

samples 

(n=6) 

Hot-dyed 

samples 

(n=6) 

Penicillium 

chrysogenum 

1.6±0.0 1.0±0.1 a 1.0±0.4 a 2.0±1.0 a 1.8±0.7 a 

3.6±0.0 1.3± 0.4 a 1.0± 0.3 a 2.2± 0.1 b 2.5± 0.5 b 

Cladosporium 

macrocarpum 

1.9±0.0 0.80±0.1 a 0.7±0.2 a 0.6±0.2 a 0.6±0.1 a 

2.9±0.0 1.1±0.6 a 1.1±0.9 a 1.2±0.3 a 1.6±0.6 a 

Mean ± Standard deviation; values with the same letter in the same row are not significantly different at 5%. 

 

Although the application of natural biocolorant could have caused changes in the product 

properties of the soft cheese (Han et al., 2011), the dyeing of wagashi with the aqueous 

extract did not affect the physico-chemical characteristics, namely the pH, dry matter, acid 

value, during the 3 days of storage (Table 3).  
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Figure 4. Analysis of the spreading area of fungi after growth on dyed (a) and control (b) 

wagashi with ImageJ 1.46r (c and d).  

 

Table 2. Growth of Escherichia coli O157:H7 on wagashi 

Storage time 

(h) 

Escherichia coli O157:H7 count (log CFU g-1) 

Control (n=6) Dyed wagashi (n=6) 

0 5.0±0.2 a 5.0±0.2 a 

5 6.1±0.2 a 5.7±0.5 a 

24 7.9±0.2 a 7.8±0.3 a 

Mean ± Standard deviation; values with the same letter in the same row are not significantly different at 5%. 
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Table 3. Physicochemical characteristics of dyed wagashi over time 

 Storage time (h) Control (n=4) Dyed wagashi (n=4) 

pH 0 6.7±0.1 a 6.7±0.1a 

72 6.4±0.9 a 6.5±0.4 a 

Acid value  

(mg KOH g-1 DM) 

0 4.9±2.7 a 4.2±2.1 a 

72 12.0±3.5 b 13.9±4.3 b 

Dry matter (%) 0 31.1±3.0 a 32.8±2.7 a 

72 48.4±3.0 b 52.3±9.2 b 

Mean ± Standard deviation; values with the same letter in the same row and sub-column are not significantly 

different at 5%. 

 

Survey on the application of sorghum biocolorant on wagashi 

Traders usually buy non-dyed wagashi on a production site and transport it to the towns for 

sale after additional processing. The treatments traders apply to wagashi before selling the 

cheese are a heat treatment (97.8% of the traders) and dyeing (100% of the traders). As traders 

might have to keep wagashi several days at ambient temperature before sale, dyeing consists 

of a daily bath of wagashi in sorghum biocolorant and this practice is perceived as a way to 

prolong the product’s shelf-life. White wagashi is preferably sold before the fourth day or 

otherwise kept until the next market day, corresponding to a shelf life of 8-10 days (Figure 5). 

On the contrary, dyed wagashi may intentionally be kept for more than 8-10 days to speculate 

and maximize its revenues (Figure 5). Indeed, a mean revenue increase of 11.5% was 

recorded when wagashi was dyed.  
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Figure 5. Percentage of traders willing to sell their wagashi when it is dyed ( ) and non-dyed 

( ). 

 

Two methods are used to extract sorghum biocolorant, i.e. alkaline and hot aqueous 

extraction. Alkaline extraction is reported by 87.7% of the traders, although its use varies 

among traders. Indeed, wagashi could be cooked in the alkaline extract (24.4% of the traders) 

or let to soak in the cool alkaline extract (43.3% of the traders). Some traders (20%) suggest 

that the addition of warm water to the cool alkaline extract speeds up the dyeing process. The 

use of the hot aqueous extract (12.3% of the traders) is always associated to cooking of the 

extract with wagashi.  

The dyeing of the wagashi by soaking it in an extract of sorghum biocolorant may last for up 

to two hours, although 52% of the traders apply a maximum soaking time of 30 min. The 

reasons to apply dye sorghum on wagashi are defined by traders as a way to enhance the 

sensorial quality (all traders), to keep the products looking fresh (mentioned by 49% of the 

traders), and to contribute to product preservation because its delays spoiling and increases 

the acidity (31% of the traders). 

 

DISCUSSION 

Bright colours are key factors in the perception of the sensorial quality of food products and 

therefore impact consumer choice and preference (Koch & Koch, 2003; Resurreccion, 2004) 

Traders in Benin use the natural red sorghum colorant to make wagashi attractive for 

consumers. Adding a colouring agent to a food may affect consumers’ food preferences 

(Clydesdale, 1993). Hence, the colouring of wagashi could be considered as a value-adding 

unit operation by traders. The alkaline and hot aqueous extracts are commonly used extracts 
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from dye sorghum to impact food colour in Benin (Akogou et al., 2018a). These extracts 

differ in apigeninidin content, colour density and pH. The apigeninidin content and the colour 

density of the alkaline extract can be three times higher than that of the aqueous extract. In 

addition, the pH of the alkaline extract is around 8-9 whereas it is 7 for the hot aqueous 

extract (Akogou et al., 2018a). An extract of 50 µM apigeninidin, equivalent to 13 µg mL-1, 

was reported to inhibit the growth of fungi and bacteria (particularly Gram positive) (Schutt & 

Netzly, 1991; Stonecipher et al., 1993). However, the results of the challenge tests on wagashi 

and in broth with apigeninidin at levels of 23.5 µg mL-1 and 75 µg mL-1, respectively, did not 

corroborate those findings. Although the antiproliferative activity of phenolic phytoalexins 

has been largely proven and is even proposed as a natural preservative to fungal pathogens 

(Kil et al., 2009; Klančnik et al., 2009; Hasegawa et al., 2014; Sanzani et al., 2014), 

detoxification of phytoalexins by microorganisms could change their effectiveness as natural 

preservatives (Jeandet, 2015). Naturally occurring weak acids, e.g. benzoic acid and p-

coumaric, are widely used as food preservatives (Brul & Coote, 1999; Stojković et al., 2013), 

and it has been reported that concentrations of 7 and 1.87 mg mL-1 of benzoic acid and p-

coumaric, respectively, are required for an effective inhibition of pathogen growth in food 

matrices (Cruz-Romero et al., 2013; Stojković et al., 2013). Conversely, the benzoic acid and 

p-coumaric acid contents in sorghum biocolorant apparently are not sufficient for preservative 

purposes. With total counts of 4.6 and 6.7 log CFU g-1 for E. coli, and moulds and yeasts, 

respectively, reported in samples of wagashi (Aïssi et al., 2009), use of sorghum biocolorant 

could not be acclaimed to function as a natural preservative in wagashi. As processors also 

use alkaline colorant extracts, it is recommended to also test the antimicrobial effects of these 

extracts in wagashi, though non-antibacterial activity was observed in the current study for 

the tested pathogens in broth. Although only 31% of traders clearly mention the use of 

sorghum extract as a food preservative in wagashi, this mistaken notion could present a risk 

for consumers when no heat treatment is applied to the cheese within 3 days of storage. 

Moreover, since microbial growth is better visible on wagashi that has not received a 

colouring treatment, it is possible that the red colorant masks microbial contamination, thus 

causing a food safety risk. Since the colorant is not sterilised, possible fungal and bacterial 

contaminants could be introduced via the leaf sheaths (Gadgil, 1998; Johnson et al., 2014; 

Dekker et al., 2015). Washing of the sorghum leaf sheaths in potable water could be a first 

step to reduce microbial contaminants via the leaf sheaths (Ameyapoh et al., 2008). Next, a 

hot extraction method at 86 °C during 15 min could be recommended to inactivate most of the 

pathogenic cells (Nazarowec-White & Farber, 1997; Ameyapoh et al., 2008). 
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The use of sorghum biocolorant could be of interest to the food industry, in particular the 

dairy and meat industries, looking for a stable natural colorant with a high colour density and 

potential health-supporting attributes (e.g. antioxidant properties) (Kayodé et al., 2011; 

Hidalgo et al., 2012; Boto-Ordóñez et al., 2014; Kumar et al., 2015a; Kumar et al., 2015b; 

Gallego & Salminen, 2016; Akogou et al., 2018a; Akogou et al., 2018b). However, this 

potential impact has to be investigated further. 

 

CONCLUSION 

The anti-fungal and anti-bacterial properties of dye sorghum extracts could not be confirmed 

in nutrient-rich broth and on wagashi, a traditional West African soft cheese, as a model for a 

popular food application. Hence, it is likely that the most important attribute of the brightly 

red biocolorant from dye sorghum in Benin is its eye-catching property. This might open 

avenues for application as natural colorant in a variety of (dairy and meat-based) industrially 

produced foods, in particular when colour stability and potential health-supporting properties 

can be supported in further research.  

 

SUPPORTING INFORMATION 

Figure S1. Non-dyed (A) and dyed (B) wagashi (with 44 mm diameter) used for the 

challenge tests. 

Appendix S1. Questionnaire des transformatrices de fromage local (wagashi). The original 

survey questionnaire in French as used in the study. 

Appendix S2. Questionnaire for processors of local soft cheese (wagashi). The survey 

questionnaire translated in English. 
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SUPPORTING INFORMATION 

 

 

Figure S1. Non-dyed (A) and dyed (B) wagashi (with 44 mm diameter) used for the 

challenge tests 

 

  

A B 
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Appendix S1. Questionnaire des transformatrices de fromage local (wagashi) 

(Questionnaire individuel destiné aux transformatrices de fromage local utilisant la gaine de 

sorgho colorant) 

Fiche N°: ………….    Date de l’enquête:……/………/……… 

Nom de l’enquêteur: …………………………………………………… 

Généralités 

Caractéristiques Modalités (à pré-remplir avant l’enquête) 

Département  

Commune  

Arrondissement  

Village  

Hameau ou quartier  

 

Identification de l’enquêté 

1-Nom:…………………………………………………………………. 

2-Prénom:……………………………………………………………………… 

3-Age:…………   4-Sexe : masculin  féminin 

5-Ethnie : bariba ;peuhl   ;somba  ;otamari ;natimba ;pila-pila

 lokpa  ;yandé  ;berba  ;lama  ;mahi  ;nago 

 autres (à préciser)…………………………………………………………….. 

6-Religion : musulman ; chrétien ; religion traditionnelle sans religion 

  Autres religions (à préciser) ………………………………. 

7-Niveau d’éducation : non lettré    lettré niveau primaire 

lettré niveau secondaire     lettré niveau universitaire 

9-Profession/occupation : 
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1- Comment colorez-vous le wagashi? 

Opérations unitaires Réponse Ingrédients Réponse 

Oui Non Oui Non 

Cuisson du wagashi   Kanmou ou kanwanboguo   

  Bicarbonate   

  Sel   

Extraction du colorant : 

 

à froid                                 à chaud 

Kanmou   

Cendres   

Bicarbonate   

 

Opérations unitaires Durée de l’opération unitaire Réponse 

Oui Non 

Coloration du wagashi : 

 

 

dans de l’eau à température ambiante 

 

dans de l’eau tiède 

 

au cours du chauffage du wagashi 

Moins de 15 minutes   

15 minutes à 30 minutes   

30 minutes à 45 minutes   

45 minutes à 1 heure   

1 heure à 1 heure 30 minutes   

1 heure 30 minutes à 2 heures   

Autres durée (à préciser)   

 

2- Est-ce qu’un colorant de couleur plus intense permet de réduire la durée de la 

coloration de wagashi? 

    Oui     Non 

3- Quelles sont les raisons de la coloration du wagashi ? 

Raisons Oui Non 

Rendre le wagashi attrayant   

Masquer les tâches du wagashi  et uniformiser la couleur   

Retarde la pourriture du wagashi   

Retarde la fermentation du produit   

Autres : (à préciser) 
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4- Quelle est la durée de conservation des wagashi suivant? 

 

5- En période de mévente quelle est la durée de conservation maximale que vous avez 

déjà enregistrée pour le wagashi rouge? 

 Durée de conservation maximale 

Wagashi rouge 1 jour              2 jours              3 jours 

4 jours             5jours               6 jours  

7 jours             8 jours              9 jours  

10 jours           11 jours            12 jours  

Plus de 12 jours  

  

6- Et si c’était du wagashi blanc pourrait on atteindre une telle durée de conservation? 

 Durée de conservation maximale 

Wagashi blanc 1 jour              2 jours              3 jours 

4 jours             5jours               6 jours  

7 jours             8 jours              9 jours  

10 jours           11 jours            12 jours  

Plus de 12 jours  

 

 Indication de la durée de conservation 

Wagashi blanc acheté directement 

chez les peulhs Faible              moyenne                longue 

Wagashi cuit avec sel et kanmou Faible              moyenne                longue 

Wagashi cuit avec sel et kanmou et 

coloré en rouge avec les gaines de 

sorgho colorant Faible              moyenne                longue 
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7- En cas de mévente, préciser la fréquence de recuisson et de recoloration du wagashi. 

 Fréquence de nouvelles cuissons et de 

recolorations 

Nouvelle cuisson avec du sel et kanmou 1 jour              2 jours              3 jours 

4 jours            5 jours               6 jours 

Recoloration 1 jour             2 jours               3 jours 

4 jours            5 jours               6 jours 

 

8- Quelle taille de wagashi vendez-vous? 

Petite taille     Taille moyenne    Grande taille 

 

9- Pourquoi avez-vous choisi les wagashi de cette taille? 

…………………………………………………………………………………………………

…………………………………………………………………………………………………

………………………………………………………………………………………………… 

10- Est-ce que la quantité de gaines utilisée est différente selon la taille du wagashi? 

   Oui     Non 

Si oui expliquez votre réponse :…………………………………………………….................... 

…………………………………………………………………………………………………... 

…………………………………………………………………………………………………... 

………………………………………………………………………………………………….. 

 

11- Est-ce que la durée de séjour dans l’eau de coloration est différente selon la taille du 

wagashi? 

   Oui     Non 

Si oui expliquez votre réponse :…………………………………………………….................... 

…………………………………………………………………………………………………... 

…………………………………………………………………………………………………... 
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………………………………………………………………………………………………….. 

12- Veuillez préciser les coûts des matières utilisées 

Etapes Matières premières Quantité Prix Coût 

Cuisson du 

wagashi 

Wagashi    

Eau    

Kanmou    

Sel    

Sachets    

Bois/Charbon    

Autres  

 

  

Total 1    

Coloration du 

wagashi 

Gaines de sorgho 

(Nombre de botte) 

   

Eau    

Kanmou /Cendres    

Autres  

 

  

Total 2    

 

13- Quel est le prix de votre wagashi rouge? 

……………………………………………………………………………………………….. 

14- Quel est le prix de votre wagashi blanc sans la coloration? 

……………………………………………………………………………………………….. 

15- Quel est le temps alloué à chaque tâche ? 

Tâche Temps alloué (minutes) 

Cuisson du wagashi  

Coloration du wagashi  

Total  
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Appendix S2. Questionnaire for processors of local soft cheese (wagashi) 

 

Sheet N°: ………….    Date of the interview:……/………/……… 

Name of the investigator: …………………………………………………… 

General information 

Characteristics Modalities (fill before the interview) 

Department  

Town  

Borough  

Village  

Hamlet or neighbourhood  

 

Identification of the respondent 

1-Name :…………………………………………………………………. 

2-First name :……………………………………………………………………… 

3-Age :…………   4-Sex : male `  female 

5-Ethnic group : bariba ;peuhl   ;somba  ;otamari ;natimba ;pila-

pila ;lokpa  ;yandé  ;berba  ;lama  ;mahi  ;nago 

 Others (specify)… …………………………………………………………………… 

6-Religion : Muslim ; Christian ; Endogenous religion  Atheist   

Other  religions (specify) …………………………….……………………………………… 

7- Education : No academic education    Primary school 

Secondary School      University school 

9-Profession :……………………………………………………………………………… 
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1- How the wagashi dyeing is done? 

Unit operations Response Ingredient Response 

Yes  No Yes No 

Wagashi cooking   Kanwu    

  Bicarbonate   

  Salt   

Colorant extraction  : 

 

cool                                        hot 

Kanwu   

Ash   

Bicarbonate   

 

Unit operations Time allocated Response 

Yes No 

Wagashi dyeing: 

 

 

in cool watery extact  

 

in warm watery extract  

 

in hot watery extract during wagashi 

cooking 

Less than 15 minutes   

15 minutes to 30 minutes   

30 minutes to 45 minutes   

45 minutes to 1 hour   

1 hour to 1 hour 30 minutes   

1 hour 30 minutes to 2 hours   

Other time (specify)   

 

 

2- Does the intensity of the redness of the colorant help to reduce the time allocated to 

the dyeing? 

    Yes     No 

 

3- What are the reasons that motivate the wagashi dyeing? 

Reasons Yes No 

Keep wagashi attractive   

Hamper visual detection of spoiling of  wagashi and standardise the colour   

Delays the wagashi spoiling   

Delay the fermentation of wagashi   

Others : (specify) 
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4- How do you appreciate the shelf-life of the following wagashi? 

 

5- In slum times, what is the longest shelf-life have you experienced for dyed wagashi ? 

 Longest shelf-life 

Dyed wagashi  1 day               2 days              3 days 

4 days             5 days               6 days  

7 days             8 days               9 days  

10 days           11 days             12 days  

More than 12 days  

  

6- In slum times, what is the longest shelf-life have you experienced for non-dyed 

wagashi? 

 Longest shelf-life 

Non-dyed wagashi  1 day               2 days              3 days 

4 days             5 days               6 days  

7 days             8 days               9 days  

10 days           11 days             12 days  

More than 12 days  

 

 Indication of the shelf-life 

Non-dyed wagashi bought from the 

Fulani low                moderate                    long 

Non-dyed wagashi cooked with salt 

and kanwu  low                moderate                    long 

Wagashi cooked with salt, kanwu 

and dyed with sorghum biocolorant  low                moderate                    long 
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7- In slum times, what is the frequency of a repetitive cooking and dyeing 

 Frequency  

Repetitive cooking with salt and dyeing 1 day                2 days                3 days 

4 days              5 days                 6 days 

Repetitive dyeing 1 day                2 days                3 days 

4 days              5 days                 6 days 

 

8- What size of wagashi do you sell? 

small     medium    large 

 

9- Why do you choose to sell this (or these) size (s) of wagashi? 

…………………………………………………………………………………………………

…………………………………………………………………………………………………

………………………………………………………………………………………………… 

10- Is the quantity of leaf sheaths differ according to the size of wagashi? 

   Yes     No 

If Yes, explain:………………………….………………………………………….................... 

…………………………………………………………………………………………………... 

…………………………………………………………………………………………………... 

………………………………………………………………………………………………….. 

 

11- Does the time allocate to the dyeing depend on the size of the wagashi?  

 Yes     No 

If Yes, explain:……………………………………………………............................................. 

…………………………………………………………………………………………………... 

…………………………………………………………………………………………………... 
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………………………………………………………………………………………………….. 

12- Could you provide information on the inputs for wagashi dyeing and their price?  

Step Inputs Quantity Price Cost 

Cuisson du 

wagashi 

wagashi    

water    

kanwu    

Salt    

Plastic bags    

wood    

Others (Specify)  

 

  

Total 1    

Wagashi 

dyeing 

Sorghum leaf 

sheaths  

   

water    

kanwu    

Others (Specify)  

 

  

Total 2    

 

13- How much is dyed wagashi ? 

……………………………………………………………………………………………….. 

14- How much is non-dyed wagashi? 

……………………………………………………………………………………………….. 

15- How much time is allocated to the following tasks? 

Tasks Time allocated (minutes) 

Wagashi cooking   

Wagashi dyeing  

Total  

 



*Published as: Akogou, F. U. G., Kayodé, A. P. P., den Besten, H. M. W., Linnemann, A. R., 

& Fogliano, V. (2018). Effects of processing and storage on the stability of the red biocolorant 

apigeninidin from sorghum. LWT-Food Science and Technology, 90, 592-597. 
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ABSTRACT 

A major drawback to the industrial application of many biocolorants is their instability to 

processing conditions, thereby limiting their use to replace artificial colorants. 3-

deoxyanthocyanidins have promising features to ensure colour stability in food processing 

conditions. This study evaluated the stability of apigeninidin, the main 3-deoxyanthocyanidin 

from sorghum leaf sheaths, to food processing conditions in watery extracts and in a maize 

porridge. Apigeninidin was not soluble at pH 5.04±0.02. However, apigeninidin was soluble and 

stable at pH 6-10 with increased colour density and resistance to bleaching at alkaline pH. A heat 

treatment of 121 °C / 30 min degraded 61% of the anthocyanins. At 65 °C, degradation rate of 

apigeninidin was four times lower at pH 9.03±0.04 than 6.08±0.02. Storage at room temperature 

promoted endothermic degradation reactions. Nevertheless, photodegradation of apigeninidin 

was not observed during storage. In the maize porridge, thermal stability of apigeninidin and 

redness were similar at pH 4-6 whereas they were higher at pH 9.03±0.04. In summary, the 

watery extract of apigeninidin from sorghum leaf sheaths showed good stability regarding 

common industrial processes. Nevertheless, the biocolorant’s precipitation at pH 5.04±0.02 and 

degradation at pH 6.08±0.02 and 9.03±0.04 need further investigation to optimise its industrial 

applications. 

 

Keywords: Apigeninidin, heat treatment, pH, colour density, biocolorant   
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INTRODUCTION 

Anthocyanins (ACY) are plant pigments with colours that range from scarlet to blue (Wallace & 

Giusti, 2015). In solution, ACY are a mixture of the coloured (i.e. the flavylium cation and 

quinoidal base) and colourless forms (i.e. the carbinol pseudobase and the chalcone) (Brouillard, 

1982). The proportion of flavylium cation, quinoidal base, carbinol pseudobase and chalcone at 

equilibrium in an ACY solution are a function of ACY structures and processing conditions (viz. 

pH, light exposure and temperature) (Mazza & Brouillard, 1987). In general, an increasing pH 

leads to (a) an increasing hydration of the flavylium cation into carbinol pseudobase and (b) 

increasing tautomerisation of carbinol pseudobase into chalcone (Brouillard, 1982). 

Consequently, the proportion of chalcone would be higher than that of the flavylium cation for 

pH values above 3 (Brouillard, 1982). However, the pH limit for a dominant proportion of 

chalcone is higher for ACY with a methoxylation or a glycosylation (Brouillard, 1982). In 

addition, a high temperature during processing or storage increases the rate of endothermic 

reactions (e.g. hydration of the flavylium cation and tautomerisation of the carbinol pseudobase) 

(Brouillard, 1982). Furthermore, light exposition of ACY leads to photodegradation of flavylium 

cations into colourless forms (i.e. the carbinol pseudobase and chalcone) (Dyrby et al., 2001).  

The 3-deoxyanthocyanidins are a particular class of ACY because the deprotonation constant of 

its flavylium cation is higher than for the hydration. Consequently, a solution of 3-

deoxyanthocyanidins stays coloured at high pH. The 3-deoxyanthocyanidins have the interest of 

the food industry for their resistance to (a) pH changes (Ojwang & Awika, 2008), (b) bleaching 

additives (e.g. sulphites) (Ojwang & Awika, 2010), and (c) ring fission during heat treatment 

(Yang et al., 2014). Moreover, they show a better colouring efficiency than the majority of the 

anthocyanins (Awika et al., 2004) and their colour stability improves in the presence of phenolic 

acids (Ojwang & Awika, 2008). Most experiments on the stability of 3-deoxyanthocyanidins were 

with non-food grade solvents such as ethanol, methanol, hydroalcoholic solutions, water acidified 

with HCl or 70% aqueous acetone (Awika et al., 2004; Ojwang & Awika, 2008; Kayodé et al., 

2012). Limited data exist on the stability of apigeninidin in watery extracts as commonly applied 

by traditional users of sorghum biocolorant in West Africa. This study evaluated (a) the 

degradation of sorghum total ACY in relation to heat treatments and storage conditions (light 

exposure, storage temperature), (b) the effect of a food acidulant (viz. citric acid) and alkaline 

conditions (NaOH) on apigeninidin solubility and degradation, (c) the thermal degradation 
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kinetics and the resistance to bleaching of apigeninidin in relation to the pH of the watery extract 

and (d) the apigeninidin degradation and colour properties at different pH values in a food matrix, 

namely maize porridge. 

 

MATERIAL AND METHODS 

Materials 

Dried dye sorghum (Sorghum bicolor) leaf sheaths and kanwu, an alkaline rock containing 

carbonate and bicarbonate salts (Madodé, 2012) used by local users as an extraction aid, were 

bought at the market of Dassa-zoumè in Benin and ground into powder using a miller (Coffee 

Bean and Spice Mill Grinder Model #843, Moulinex). Maize grains (Zea mays) were purchased 

from the market of Abomey-Calavi in Benin, cleaned and milled into flour using a miller 

(RotorMill Pulvrisette-14, Idar-Oberstein, Germany) equiped with a 0.2 mm sieve as an 

ingredient for making maize porridge. Solutions of 1 N of citric acid (Sigma-Aldrich, 

Netherlands) and 1 N hydroxide sodium (Merck, Germany) were used as acidic and alkaline 

solutions, respectively. 

Apigeninidin extraction procedures 

Sorghum alkaline watery extract (SAWE) and sorghum hot aqueous extract (SHAE) were 

produced by cool alkaline and hot aqueous extraction, respectively (Akogou et al., 2018). These 

two watery extraction methods are the most common traditional extraction procedures in Benin. 

Alkaline extraction was conducted by mixing 11.1 g of sorghum leaf sheath powder, 1.5 g of 

kanwu and 1000 mL of water and strirring for 20 min at room temperature. For hot aqueous 

extraction, 11.1 g of sorghum leaf sheath powder and 1000 mL of water were mixed and heated 

with a magnetic heating plate (model FB 15010, Fischer Scientific) from 21.5 °C to 86 °C and 

then cooled down in an ice bucket. Both watery extracts were filtered with 2.5 μm filter paper 

(Whatman, GE Healthcare UK Limited, UK) to remove sorghum residues. The pH of the SAWE 

and the SHAE were 8.67±0.14 and 7.07±0.04, respectively. 
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Thermal treatment and storage of the watery extracts  

Volumes of 6 mL of SAWE and SHAE were transferred in glass tubes and subjected to various 

heat treatments, i.e. 65 °C / 30 min, 95 °C / 30 min and 121 °C / 30 min. A water bath (Memmert 

WNE 14, Schwabach, Germany) and an autoclave (Timo, Pbi International, Italy) were used to 

apply (a) 65 °C / 30 min and 95 °C / 30 min and (b) 121 °C / 30 min, respectively. The water bath 

was preheated to 65 °C and 95 °C before applying the heat treatments. After the heat treatments, 

the tubes were cooled down in a cold water bath. Two independent duplicates of SAWE and 

SHAE were subjected to heat treatments. Next the stability of ACY to various storage conditions 

was evaluated by keeping independent duplicate extracts for 18 days (i) in the dark at room 

temperature (26-35 °C) (Adinsi et al., 2014), (ii) in the dark under refrigeration at 4 °C, and (iii) 

in ambient light at room temperature (26-35 °C) (Adinsi et al., 2014). Two tubes of SAWE and 

SHAE were taken (a) before and after treatment and (b) during storage for measurement of the 

total ACY content and the total colour density (TCD). 

The total ACY content was measured using the pH differential method by Cao et al. (2008). The 

total ACY was measured only in the pH 1 buffer because the main ACY in sorghum extract (i.e. 

apigeninidin) is not colourless in a pH 4.5 buffer (Awika et al., 2004). Wavelengths of 470 and 

700 nm were used for apigeninidin and haze correction, respectively. The total ACY content was 

calculated using the following Equation (1): 

Total ACY content (apigeninidin equivalent mg L−1) =  
A × 290.69 × DF × 103

𝜀𝑎 × l
    (1) 

where A = (A470 nm − A700 nm  )𝑝𝐻1.0; 290.69: molecular weight of apigeninidin chloride (g 

mol-1); DF: dilution factor; 103: conversion factor from g to mg; εa : molar absorptivity of 

apigeninidin chloride (L mol-1 cm-1); l: path length (which is 1 cm). The molar absorptivity of 

apigeninidin chloride was determined by the method of Cao et al. (2008) with an apigeninidin 

chloride standard (Extrasynthese, Genay, France). 

The TCD was determined according to Turfan et al. (2011). Wavelengths of 420, 470 and 700 nm 

were used for brown pigments, apigeninidin and haze correction, respectively.  

The TCD was calculated using Equation (2): 

TCD = [(A420 − A700) + (A470 − A700)]non−treated sample × DF    (2) 
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where DF: dilution factor. 

The apigeninidin content and the TCD were measured using a Spectrophotometer (SmartSpec 

Plus spectrophotometer, Bio Rad, USA). 

pH adjustment of the watery extract 

Acidic (citric acid 1 N) and alkaline (hydroxide sodium 1 N) solutions were used to adjust the pH 

of independent duplicate samples of SAWE (50 mL, pH 8.67) to 5.04±0.02, 6.08±0.02, 

10.03±0.03, 11.04±0.03 and 12.07±0.04. Samples were poured in 50 mL polypropylene tubes 

(Cellstar, Greiner Bio-One, Frickenhausen, Germany), kept at room temperature for 30 min and 

centrifuged at 3000 rpm at 4 °C for 30 min with a centrifuge (Heraeus Multifuge X3R, Thermo 

Fisher Scientific, UK). Next, the supernatant was collected and the pellet was suspended in 

methanol. The plain extract was used when no pellet had been formed. The apigeninidin content, 

its molar adsorptivity and the formation of phenolic acids as degradation products in the 

supernatants, the in methanol suspended pellets and the plain extracts were determined by HPLC.  

An ultimate 3000 RS High Performance Liquid Chromatography (HPLC) system equipped with a 

Diode Array Detector DAD-3000 RS (Thermo Scientific Dionex, Amsterdam, the Netherlands) 

and a quaternary pump LPG- 3000 RS (Thermo Scientific Dionex) was used. Standards of 

apigeninidin (Extrasynthese, France), 4-hydroxybenzoic acid (Sigma Aldrich, Netherlands) and 

p-coumaric acid (Sigma Aldrich, Netherlands) were used for identification and quantification. 

Compounds were separated with a Polaris C18-A column (150×4.6 mm, Varian, CA, USA) at a 

volumetric flow rate of 1 mL min-1 with two mobile phases, i.e. formic acid (10%) in milli-Q 

water (A) and methanol (100%) (B). The elution gradient of B was: 0 to 20 min, from 5% to 60% 

B; 20 to 25 min, from 60% to 100% B; 25 to 30 min with 100% B; 30 to 31 min from 100% to 

5% B; 31 to 35 min with 5% B. Apigeninidin, 4-hydroxybenzoic acid and p-coumaric acid were 

measured at 480, 260 and 280 nm, respectively.  

The molar absorptivity of apigeninidin was calculated using Equation (3) (Locatelli et al., 2011): 

εb =
A × f × 255.24

l × c × v × 10−6
    (3) 

where εb: molar absorptivity (L mol-1 cm-1); A: peak area recorded by HPLC (AU min); f: 

volumetric flow rate (L min-1); 255.24: molecular weight of apigeninidin (g mol-1); l: optical path 
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length of the flow cell (which is 1 cm); c: concentration of apigeninidin (mg L-1); 10-6: 

conversion factor from mg L-1 to g mL-1; v: volume injected (mL).  

 

Degradation of apigenindin in watery extracts at different pH 

Four independent replicates of SAWE were prepared. The pH was adjusted to 6.08±0.02 and 

9.03±0.04 as described above, after which 6 mL samples were transferred to glass tubes and 

stored at 4 °C overnight (16 hours). Next, the kinetic degradation of the extracts was performed at 

65 °C using a block heater (Labtherm Liebisch, Bielefeld, Germany). Two tubes of SAWE at pH 

6.08±0.02 and 9.03±0.04 were withdrawn at time intervals from 0 to 60 min to measure the 

apigeninidin content and the TCD as described above. In addition the polymeric colour (PC) and 

the % PC were determined on the watery extracts treated with bisulphite, see Equations (4) and 

(5) (Turfan et al., 2011). Wavelengths of 420, 470 and 700 nm were used for brown pigments, 

apigeninidin and haze correction, respectively. The experiment was performed four times with 

independent samples. The thermal degradation of apigeninidin was described with the natural 

logarithm scale using the Weibull model, see Equation (6).  

PC = [(A420 − A700) + (A470 − A700)]treated sample × DF    (4) 

%PC =
PC

TCD
× 100    (5) 

ln Ct = ln C0 − (
t

δ
)

β

    (6) 

where, Ct : concentration of degraded apigeninidin (mg L-1); C0: initial apigeninidin content (mg 

L-1); δ: the inverse of the kinetic rate constant (min-1); β: shape constant, which defines the degree 

of concavity of the curve and t: time (min).  

 

Combined effect of heat treatment and pH adjustment in a food matrix 

Two independent replicates of SAWE and solution of kanwu (SK) (1.5 g L-1 in milli-Q water) 

were prepared and adjusted to pH 4.09±0.19, 5.04±0.02, 6.08±0.02 and 9.03±0.04 as described 

above. Maize flour (81 g) was added to 810 mL of the pH adjusted SAWE and SK. The mix was 

cooked using a thermomixer (Vorwerk, Wuppertal, Germany). The samples of maize porridge 
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cooked with pH adjusted SK were used as control. The temperature of the cooking programme 

was set as follows: from 23 to 95 °C during the first 10 min and cooking at 95 °C during the next 

10 min. Next, the samples were cooled down (i) at room temperature to measure colour and dry 

matter and (ii) with liquid nitrogen, freeze-dried at -55 °C / 0.72 mbar (using an Alpha 1-4 LD 

plus freeze-dryer, Marin Christ, Germany) and milled by impact and friction (mixer mill MM400, 

Retsch, Haan, Germany) for extraction and quantification of apigeninidin. Colour parameters (L*, 

a*, b*) were measured with a HunterLab Colorflex EZ spectrophotometer (Reston, VA, USA) 

(illuminant D 65 and 10° observer) and the chroma (C*) and the hue (h°) were calculated.  

 

Statistical analysis 

Data on the total ACY, apigeninidin and phenolic acids (4-hydroxybenzoic acid and p-coumaric 

acid), TCD, PC, %PC, colour parameters (L*, C*, h°) were analysed with SPSS 23.0 (SPSS Inc, 

Chicago, IL, USA). One way variance analysis (ANOVA) on the means (or on the mean ranks 

when the normality or homogeneity of variance failed) followed by post hocs (Duncan or Mann-

Whitney pairwise tests) were applied to detect differences between treatments (pH, heat treatment 

and time exposure). 

The parameters of the Weibull model (ln C0, δ and β) and their standard errors were estimated 

with the macro Solver Aid in Excel 2010. The f-value of the model was determined with 

Equation (7) (den Besten et al., 2006). The f-value was compared to the F-value table for α=0.05 

as shown in Equation (8) (den Besten et al., 2006). 

f − value =
MSEmodel

MSEdata
    (7) 

where, MSEmodel: mean square error of the model; MSEdata: mean square error of the data  

FDFdata

DFmodel = Fn−m
n−s     (8) 

where DFmodel: degrees of freedom of the model; DFdata: degrees of freedom of the data; n: 

number of data points, m: the number of time points; s: number of parameters of the model. 
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RESULTS AND DISCUSSION 

Stability of total ACY in dye sorghum extract to heat treatment and storage conditions 

Total ACY losses of 17-18%, 59-66% and 60-61% were measured after 65 °C / 30 min , 95 °C / 

30 min and 121 °C / 30 min heat treatments, respectively (Figure 1). The percentage of total ACY 

that degraded due to the heat treatments was comparable for both types of watery extracts, 

although the total ACY differed (323.5±11.8 mg L-1 and 181.0±42.0 mg L-1 for SAWE and 

SHAE, respectively) as well as the pH values (8.67±0.14 and 7.07±0.04 for SAWE and SHAE, 

respectively). According to Brouillard et al. (1982), the quinoidal bases are the dominant 

coloured forms of 3-deoxyanthocyanidins at pH 6. The pH of the SAWE and SHAE also 

suggested the quinoidal bases as the major forms of ACY at high pH (7.07 to 8.67). Apparently, 

the initial total ACY content and the shift from neutral to alkaline pH did not affect (p=0.4 for 65 

°C / 30 min and p=0.1 for 95 °C / 30 min and 121 °C / 30 min) the stability of ACY in relation to 

heat treatment. A previous study showed a loss of 80% of the anthocyanins at 100 °C / 30 min  

(Hiemori et al., 2009). In this respect, the ACY from sorghum extract performed much better at a 

neutral and alkaline pH. Data showed that sorghum extract can successfully be used in foods that 

require sterilisation treatments at pH 7.07±0.04 and 8.67±0.14, confirming the good thermal 

stability of apigeninidin (Yang et al., 2014) and providing additional information on thermal 

stability at alkaline pH.  

 
*Bars with the same letters are not significantly different at 5% 

Figure 1. Stability of sorghum extracts to the most common heat treatments.  
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Figure 2 shows the stability of total ACY during storage. A general decrease of the apigeninidin 

content was observed during storage under ambient light and in the dark at room temperature (25-

36 °C), as well as in the dark under refrigerated conditions (4 °C). After 18 days of storage, the 

decreases of total ACY in SAWE and SHAE were (a) 71.9% and 50.6% under ambient light, 

respectively, (b) 71.4% and 48.5% in the dark at room temperature, respectively and (c) 44.8% 

and 24.9% in the dark under refrigerated conditions, respectively. At room temperature, light 

conditions apparently had no influence on the apigeninidin decrease in SAWE or SHAE. 

Photodegradation of ACY could occur through the hydration of the flavylium cation into carbinol 

pseudobase (Dyrby et al., 2001). On the contrary, the high pH of SAWE and SHAE (8.67±0.14 

and 7.07±0.04) promoted the formation of quinoidal base, which might not be involved in the 

photodegradation of ACY. Ojwang & Awika (2008) also reported good stability of flavylium 

cation of apigeninidin with only 25% loss after 15 days of storage under fluorescent light at 25 

°C. The absence of increased degradation in extracts exposed to ambient light is advantageous 

since it implies that dye sorghum can be applied to foods and non-food products commonly 

exposed to light because common anthocyanins (i.e. glycosides of cyanidin and delphinidin) 

could lose more than 90% of the initial concentration of colorant after 15 days under light 

conditions (Baublis et al., 1994). The alkaline extract appeared to be particularly sensitive to 

storage at room temperature. Storage at room temperature (26-35 °C) increased the degradation 

of ACY due to its higher reactivity at high temperature (Kırca & Cemeroğlu, 2003; Alighourchi 

& Barzegar, 2009). Refrigerated storage slowed down the degradation of ACY. The reactions 

leading to the formation of the carbinol pseudobase and chalcone are known as endothermic 

(Brouillard, 1982). Therefore, storage at refrigeration temperature (4 °C) would retard the 

endothermic reactions leading to ACY degradation. 
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*Bars with the same letters are not significantly different at 5% 

Figure 2. Stability of pasteurised extracts to light and temperature during storage. 
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Effect of pH adjustment  

The apigeninidin content of dye extracts was constant at pH 6-10 (Figure 3), whereas its 

molar absorptivity did not change (p=0.06) at pH 5-12 (27629.5±85.7 L mol-1 cm-1). 

Nevertheless, data reported in Table 1 shows that the use of an acidulant resulted in a lower 

TCD at pH 6.08±0.02 than at pH 9.03±0.04, implying that pH might affect the colour density 

of the watery extract of apigeninidin. A stable ACY molar absorptivity suggests a stable 

colour intensity (Torskangerpoll & Andersen, 2005). However, despite its stable molar 

absorptivity, the colour density of apigeninidin extract was not stable over the pH range 

tested. The phenolic acid content might affect the colour density of the apigeninidin watery 

extract as they could enhance the colour, contributing to a high TCD at high pH (Ojwang & 

Awika, 2008). Conversely, the oxidation of organic acids (e.g. citric acid) and their 

condensation with other phenolic compounds may occur at low pH values, contributing to a 

low colour intensity at pH 6.08±0.02 (Kokkaew et al., 2015). 

 

 
*Bars with the same letters are not significantly different at 5% 

Figure 3. Effect of the pH adjustment on apigeninidin measured in solution at room 

temperature.  
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The use of an acidulant at pH 5.04±0.02 resulted in an apigeninidin precipitation with the 

formation of two phases: (i) a supernatant containing only 5% of the initial apigeninidin and 

(ii) a pellet rich in apigeninidin. HPLC analysis showed that the pellet contained apigeninidin 

with a purity of 100%. In addition, phenolic acids (viz., 4-hydroxybenzoic and p-coumaric 

acid) were absent at a detection limit of 1.95 μg mL-1. Instead of the bleaching of apigeninidin 

in the presence of acidulants like acid ascorbic at pH 5 reported by Ojwang & Awika (2008), a 

loss of net charge leading to an apigeninidin precipitation in watery extract at pH 5 provided 

additional information on the effect of acid pH on apigeninidin extract. Precipitation of 

apigeninidin at pH 5.04±0.02 might limit its application in acidic drinks (pH ≤ 5). On the 

contrary, an alkaline pH resulted in the degradation of apigeninidin. At pH 11.04±0.03 and 

12.07±0.04, the apigeninidin concentration decreased by 44.1% and 81.4%, respectively, 

compared with the extract at pH 6.08±0.02 (Figure 3). According to literature, apigeninidin 

could be converted into phenolic acids at alkaline pH (Yang et al., 2014). Therefore alkaline 

extracts were analysed by HPLC. Parallel to the decrease of apigeninidin, an increase in the 

phenolic acid content of the extract was found. From pH 6.08±0.02 to 12.07±0.04, the 

concentrations of 4-hydroxybenzoic acid and p-coumaric acid increased 3.7 and 1.7 fold, 

respectively. Nevertheless, only 3.9 and 0.53% of the degraded apigeninidin were converted 

in 4-hydroxybenzoic acid and p-coumaric acid, respectively. This suggests that other phenolic 

acids might have been formed too.  

The stability of apigeninidin and colour to heat treatment in a semisolid food matrix (i.e. a 

maize porridge) at different pH is reported in Table 2. The apigeninidin content of the 

porridge did not differ at pH 4-6 (p=0.2), whereas it was higher at pH 9.03±0.04. 

Furthermore, the colour of the porridge was comparable at pH 4-6 whereas hue (h°) and 

lightness (L*) were smaller at pH 9.03±0.04. In other words, the porridge looked more red at 

pH 9.03±0.04 than at pH 4-6. Consequently, the increased redness of the porridge and the 

higher concentration of apigeninidin at high pH might have resulted from (a) the higher TCD 

of the quinoidal forms of apigeninidin and (b) its higher resistance to heat treatment, 

respectively.  

  



 

96 

 

Table 1. Effect of heat treatment (65 °C) on total colour density and polymeric colour of 

sorghum biocolorant at pH 6.08 and 9.03 

Time 

(min) 

pH 6.08 pH 9.03 

TCD* PC %PC TCD PC %PC 

0 12.5±1.6 a 3.9±0.5 a 31.0±0.2 a 45.4±1.7 a 7.7±0.4 a 17.0±0.5 a 

 

2.5 13.0±1.7 a 4.2±0.7 

ab 

32.4±1.6 ab 44.8±1.3 ab 7.9±0.5 a 17.7±0.7 ab 

5 13.1±2.2 a 4.2±0.7 

ab 

31.8±1.6 ab 44.5±1.0 ab 8.1±0.5 

ab 

18.2±0.8 ab 

10 12.9±1.9 a 4.3±0.6 

ab 

33.0±0.9 b 44.2±1.5 ab 8.2±0.5 

abc 

18.5±0.8 bc 

20 13.6±1.3 a 4.5±0.5 

ab 

32.8±1.1 b 43.0±1.5 bc 8.4±0.5 

abc 

19.6±0.8 cd 

30 12.9±1.1 a 4.5±0.3 

ab 

34.6±0.8 c 42.6±1.3 bc 8.5±0.6 

abc 

20.0±0.9 d 

40 13.4±1.6 a 4.7±0.5 

ab 

34.9±0.5 c 42.4±1.6 bc 8.7±0.7 

bc 

20.4±1.0 de 

50 12.6±1.2 a 4.6±0.4 

ab 

36.9±0.1 d 42.0±1.5 c 8.8±0.6 

abc 

21.0±0.9 de 

60 12.6±1.1 a 4.9±0.4 b 38.7±0.9 e 41.5±1.7 c 9.0±0.6 c 21.7±0.9 e 

*mean±standard deviation; values with the same value in the same column are not significantly different at 5%. 

TCD, total colour density; PC, polymeric colour; %PC, percentage of polymeric colour 
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*Bars with the same colour and the same letters are not significantly different at 5%. 

Figure 4. Effect of pH on the concentration of 4-hydroxydenzoic acid ( ) and p-coumaric 

acid ( ) in sorghum colorant. 

 

Table 2. Apigeninidin content and colour in cooked maize porridge 

pH Apigeninidin 

content (mg g-1 DM) 

L* C* h° 

4.09 (n=2) 1.3±0.0 a 23.7±0.3 b 33.3±0.5 a 38.0±0.8 b 

5.04 (n=2) 0.8±0.0 a 24.2±0.1 b 30.5±0.1 a 34.8±0.0 b 

6.08 (n=2) 0.8±0.0 a 23±0.3 b 28.8±0.1 a 33.7±0.3 b 

9.03 (n=2) 1.9±0.2 b 13.6±0.6 a 30.6±0.3 a 27.9±0.3 a 

*mean±standard deviation; values with the same value in the column are not significantly different at 5%. 
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Kinetic degradation of sorghum biocolorant as related to pH  

Figure 5 shows the kinetic degradation of sorghum biocolorant at 65 °C and the fitted data. 

The degradation is lower at pH 9.03±0.04 than at pH 6.08±0.02. Table 3 summarizes the 

model parameters and their fitting performance (f-value). An f-value lower than the F-value 

table of the degrees of freedom of the model and the data support the proper fitting 

performance of the model. The stability of apigeninidin could adequately be described by 

three parameters, i.e. the natural logarithm of the initial concentration (ln C0), the inverse of 

the kinetic rate constant (δ) and the shape parameter (β). The natural logarithm of the initial 

concentration (ln C0) is higher at pH 6.08±0.02 (5.12) than at pH 9.03±0.04 (4.96). Moreover, 

the inverse of the kinetic rate constant (δ) is lower at pH 6.08±0.02 (41.2) than at pH 

9.03±0.04 (164.2). Nevertheless, the shape parameter (β) was not different at pH 6.08±0.02 

(0.62) and pH 9.03±0.04 (0.63). The pH change and the heat treatment affected the initial 

concentration and the kinetic rate constant. Although apigeninidin is stable at pH 6-9, its 

stability can apparently be affected by the time of exposure at alkaline pH. Indeed, storage at 

4 °C overnight (i.e. for 18h) affected ln C0 at pH 9.03±0.04. The lower degradation rate of 

apigeninidin at pH 9.03±0.04 is in contrast to the degradation of most anthocyanins during 

heat treatment (Matsufuji et al., 2007). Few aglycone anthocyanins like apigeninidin showed 

such stability at high pH (Matsufuji et al., 2007).  

Table 1 shows the TCD, PC and %PC stability of the watery extract of sorghum biocolorant 

during a heat treatment (65 °C) at pH 6.08±0.02 and 9.03±0.04. The higher TCD and PC of 

quinoidal apigeninidin at pH 9.03±0.04 compared to pH 6.08±0.02 suggest (i) a higher colour 

intensity and (ii) a better resistance to bleaching, respectively. The higher colour density of the 

SAWE is used by processors to efficiently colour the surface of wagashi, a soft cheese of 

West Africa, at room temperature. During the heat treatment, the TCD was stable at pH 

6.08±0.02 whereas it decreased at pH 9.03±0.04. In addition, the PC and the %PC of the 

extracts (at pH 6.08 and 9.03) increased during heating. Therefore, heat treatment (i) affected 

the density of the colour at pH 9.03±0.04 and (ii) increased the amount of compounds 

resistant to bleaching at pH 6.08±0.02 and 9.03±0.04. The increased PC suggests the 

formation of new compounds reacting with sulphite. In addition, the chemical oxidation in 

heat treated polyphenol-containing foods could enhance the antioxidant activity (Nicoli et al., 

1999). Consequently, the increase of newly formed antioxidant reactive fragments might 

protect apigeninidin from the oxidizing activity of sulphite, leading to the increasing PC. 

More research is needed to identify the reactive fragments formed during heat treatment of 

apigeninidin extracts and how they enhance the resistance to bleaching. 
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Figure 5. Kinetic degradation at 65 °C of apigeninidin in dye sorghum extract at pH 6.08 (□) 

and 9.03 (▲) and the fitted data with using the Weibull model. 

 

Table 3. Values of parameters estimated with the Weibull model 

Extract 

pH 

Estimated 

parameters 

Mean  Standard 

error 

f-value of 

the 

model* 

6.08 ln C0 5.12 0.02 1.0** 

δ 41.19 1.60 

β 0.62 0.03 

9.03 ln C0 4.96 0.01 0.9** 

δ 164.2 10.02 

β 0.63 0.04 

*f-value= MSE model/MSE data 

**f-value < F-value table of the degrees of freedom of the model and the data (1.87) means Weibull model 

described the observed values well  
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Perspectives for the food industry 

The alkaline treatment of sorghum leaf sheaths increased the release of the apigeninidin from 

the raw material and could thus be considered as an alternative and selective extraction 

method for 3-deoxyanthocyanidins (Akogou et al., 2018). The effect of the high pH on the 

apigeninidin concentration confirms extraction at pH around 8.7-9 to be the optimum to 

extract apigeninidin without the risk of degradation into phenolic acids. Considering the 

increased loss of apigeninidin at a decreasing pH using a heat treatment for food processing 

(Geera et al., 2012), severe heat treatments should be applied in the pH range 7-9 to minimise 

loss of apigeninidin. The SAWE was more resistant to nucleophilic attack due to blanching.  

 

CONCLUSION 

Watery extracts from dye sorghum leaf sheaths demonstrated good stability (i) to processing 

conditions, including severe heat treatments, (ii) at pH 6-10 and (iii) to light exposure. Storage 

temperature affects stability; refrigerated conditions are to be preferred. Furthermore, the 

quinoidal base of apigeninidin (at pH 9) had a higher colour intensity and a better resistance 

to heat treatment. The loss of the net charge caused loss of solubility, leading to apigeninidin 

precipitation. Controlled acidification of alkaline extracts can be used to precipitate 

apigeninidin from watery extracts. Further research is needed to investigate (a) the control of 

the loss of net charge in acidic watery extracts of apigeninidin, (b) the identification of new 

antioxidant reactive fragments from apigeninidin degradation.  
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ABSTRACT 

Background: The “clean label” trend is pushing the food industry to replace synthetic 

colorants by plant-based colorants. However, technological efficacy and undesirable side 

effects restrict the use of plant-based colorants in industrial applications. This research studied 

the production of fermented maize dough coloured by apigeninidin-rich red sorghum 

biocolorant, as practiced for centuries in West Africa, as a model to assess the impact of the 

biocolorant on nutritional and sensorial quality of foods. 

Results: A 3-day fermentation of a dyed maize dough (containing 327 μg g-1 DM of 

apigeninidin) by Pichia kudriavzevii and Lactobacillus fermentum led to a degradation of 

69% of the apigeninidin content, causing a clearly visible colour difference (∆E*
00 17.4). The 

antioxidant activity of fermented dyed dough increased by 51% compared to fermented non-

dyed dough. However, the phytate dephosphorylation and volatile compound concentrations 

were lower in dyed dough than in non-dyed dough. This suggests a lower mineral solubility 

and change in the sensory quality of fermented dyed dough.  

Conclusion: Apigeninidin extract from sorghum leaf sheaths proved to be a bioactive red 

biocolorant with potential in fermented foods. The formation of new antioxidant compounds 

needs further investigation as does the impact on the development of volatile compounds. 

Keywords: apigeninidin, maize dough, fermentation, antioxidant activity, nutritional quality, 

volatile compounds.  
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INTRODUCTION 

Colour has been added to food for centuries (Downham & Collins, 2000). Synthetic and 

natural colorants share 40 and 31% of the colorant market, respectively (Mapari et al., 2010). 

However, the demand for natural colorants is predicted to increase with an annual rate of 5-

10% (Downham & Collins, 2000). This increasing interest for natural colorants is supported 

by (a) legislation in favour of replacement of synthetic colorants because of increasing 

concerns about their safety and (b) consumer awareness of the safety risks associated to 

synthetic colorants (Mapari et al., 2010). The anthocyanins represent the most diverse group 

of plant-based colorants with more than 600 molecular structures identified to date (Konczak 

& Zhang, 2004). In addition to their colouring properties, anthocyanins are of interest to the 

food industry because of their health-supporting properties (i.e. their activity as antioxidants) 

(Konczak & Zhang, 2004). However, their low stability to processing conditions (e.g. 

conditions of middle acid and neutral pH, high temperature, light and oxygen) generally limits 

their use as food colorants (Markakis, 1982).  

In West Africa, breakfast usually consists of fermented, cereal-based porridges that are 

prepared from maize or sorghum sourdough (Nout, 2009). The fermentation of the sourdough 

involves lactic bacteria such as Lactobacillus fermentum and yeasts including Saccharomyces 

cerevisiae and Pichia kudriavzevii (Nout, 2009). The sourdough fermentation increases the 

amounts of fermentable carbohydrates, amino acids, small peptides and soluble minerals. 

Furthermore, several groups of volatile compounds (i.e. hydrocarbons, esters, carbonyls, 

alcohols and acids) are produced by the microbial conversion of amino acids and polyphenols, 

providing a characteristic contribution to the sensory profile of the final product (Nout, 2009; 

Ferri et al., 2016).  

Despite these positive aspects, the nutritional profile of cereal-based products is far from 

complete and the combination with ingredients rich in proteins, essential fats and/or 

phytochemicals is common practice (Nout, 2009; Sui et al., 2016). In West Africa, a red sour 

maize porridge, obtained by incorporation of a red extract from dye sorghum leaf sheaths, is 

produced and consumed by both infants and adults (Akogou et al., 2018b). Red cereal 

porridges are preferred by consumers in Benin because of their sensorial and alleged 

nutritional properties (Kayodé et al., 2005). The dye sorghum extract contains apigeninidin, 

which is a 3-deoxyanthocyanidin with potential applications in the food industry because of 

its good stability to pH, heat treatment and bleaching (Ojwang & Awika, 2010; Yang et al., 

2014). In addition, the antioxidant activity of the apigeninidin-rich extract suggests health 
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benefits for consumers (Kayodé et al., 2011). Bai et al. (2014) and Izquierdo-Cañas et al. 

(2016) suggested that the fermentation of an anthocyanin-rich food matrix with only lactic 

acid bacteria (e.g. L. fermentum) leads to (a) decarboxylation of phenolic acids and (b) 

conversion of anthocyanins into pyrano-anthocyanins and vinylphenol adducts. The use of 

yeasts (e.g. P. kudriavzevii) is recommended for efficient anthocyanin degradation (Ho et al., 

2014). The Beninese sourdough process involving both yeast (e.g. P. kudriavzevii) and lactic 

acid bacteria (L. fermentum) provides a food model suitable to investigate the stability of 

apigeninidin and its potential added value to fermented starchy foods. This study investigated 

apigeninidin stability, antioxidant activity, sugar content, phytate, oxalate, phosphate and 

volatile organic compounds (VOCs) during fermentation of maize dough enriched with red 

apigeninidin-rich extract from sorghum leaf sheaths as a contribution to the potential use of 

this biocolorant in industrial applications. 

MATERIAL AND METHODS 

Maize processing 

White maize grains were bought from the local market of Abomey-Calavi, Benin. The maize 

grains were cleaned to remove stones, washed in demi-water and dried in an oven (Venticell 

55, MMM Medcenter Einrichtungen, Germany) at 60 °C during 24 h. A mill (RotorMill 

Pulvrisette-14) equipped with a 0.2 mm sieve was used to mill the grain into flour.  

Extraction of biocolorant from sorghum leaf sheaths  

The alkaline extraction method reported by Akogou et al. (2018b) was used to obtain a 

sorghum watery extract. Briefly, dry sorghum leaf sheaths (11.1 g) were suspended in demi-

water (1000 mL) alkalinised by kanwu (1.5 g), an alkaline rock salt. The mixture was stirred 

for 20 min at room temperature to obtain sorghum watery extract. The liquid and solid 

particles were separated using a 0.3 mm sieve. The watery extract was centrifuged at 3000 

rpm at 4 ºC during 30 min to obtain the supernatant. The control was a solution of kanwu (1.5 

g L-1) of which the pH was adjusted to 8.7 with citric acid (1 M) to match the pH of the 

sorghum watery extract. A 0.2 μm AcroVac Filter Unit (VWR, Netherlands) was used to filter-

sterilise both the sorghum watery extract and the control solution of kanwu.  

Inoculum preparation 

The lactobacilli (i.e. L. fermentum) and yeast (i.e. Candida krusei also known as P. 

kudriavzevii) with the highest distribution frequency during maize dough fermentation were 
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selected to prepare the incocula (Hounhouigan et al., 1993; Greppi et al., 2013). The strains of 

P. kudriavzevii and L. fermentum were provided by the Laboratory of Food Microbiology, 

Wageningen University, the Netherlands. One loop-full of P. kudriavzevii and L. fermentum 

kept at -80 ºC were inoculated on Malt Extract (ME) and Man Rogosa Sharpe (MRS) agar 

plates, respectively. The inoculated ME and MRS agar plates were incubated at 30 °C in an 

incubator (VENTI-Line VL 115, VWR) under (a) aerobic conditions for 24 h and (b) 

microaerophilic conditions for 48 h, respectively. One colony of each P. kudriavzevii and L. 

fermentum was transferred to 9 mL of ME broth and MRS broth, respectively. The tubes were 

incubated at 37 °C for 18 h. Next the concentrations of the inocula were determined by plate 

counting, resulting in 6.8 log cfu mL-1 and 8.6 log cfu mL-1 for P. kudriavzevii and L. 

fermentum, respectively.  

Inoculation and fermentation  

The dyed dough (DD) containing 6 and 4 log cfu g-1 of L. fermentum and P. kudriavzevii, 

respectively, was prepared by mixing 112 mL of sterile sorghum biocolorant, 0.56 mL of L. 

fermentum inoculum, 0.36 mL of P. kudriavzevii inoculum and 112 g of maize flour. The same 

procedure was used to prepare the non-dyed dough (NDD), except that the sterile sorghum 

biocolorant was replaced by the sterile control solution of kanwu. The initial concentrations of 

L. fermentum and P. kudriavzevii in maize dough corresponded to the initial concentration of 

lactobacilli and yeast in homemade maize dough in Benin (Hounhouigan et al., 1994). The 

samples of DD and NDD were transferred to sterile boxes. Five samples of DD and NDD 

were prepared for sampling at 0, 5, 24, 48 and 72 h of fermentation, and placed at 30 °C in an 

incubator (VENTI-Line VL 115, VWR). pH, colour and volatile organic compounds (VOCs) 

were measured on the fresh DD and NDD at each time point. Contents of apigeninidin, sugar, 

phytate, oxalate and phosphate as well as antioxidant activity were measured on freeze-dried 

DD and NDD. All experiments (including inoculum preparation, inoculation and 

fermentation) were performed in duplicate. 

Analyses 

pH and colour 

The pH values of 30 g of fresh DD and NDD were measured with a pH meter (pHenomenal 

pH 1100L,VWR International), calibrated with two buffers of pH 7 and pH 4 (Merck, 

Germany). Colour (L*, a*, b*) of the fresh DD and NDD was measured with a 

spectrocolorimeter (ColorFlex, HunterLab) (illuminant D65). The L*, a* and b* values were 
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used to calculate the chroma (C*) and the hue (h°). In addition, the total colour difference 

(∆E*
00) of DD and NDD was calculated using the time zero colour as reference for DD and 

NDD, respectively (Sharma et al., 2005). 

Phenolics and apigeninidin  

Extraction of phenolic compounds was according to the method of Kayodé et al. (2011). 

Freeze-dried samples (100 mg) were added to HCl/methanol (1 % v/v) (3 mL) and stirred for 

one hour at room temperature, followed by centrifugation at 5,000 × g during 10 min and 

collection of the supernatant. The pellet was extracted again using the same conditions. 

Apigeninidin was measured in the resulting 6 mL extract. Before HPLC injection, each 

extract was mixed with an equal volume of formic acid (10 %) in milli-Q water and filtered 

with 0.2 μm RC filters. Apigeninidin was measured with an Ultimate 3000 RS High 

Performance Liquid Chromatography (HPLC) system, equipped with a Diode Array Detector 

DAD-3000 RS (Thermo Scientific Dionex), a quaternary pump LPG- 3000 RS (Thermo 

Scientific Dionex) and a Polaris C18-A column (150 × 4.6 mm, Varian). Formic acid (10%) in 

milli-Q water (A) and methanol (100 %) (B) were used as eluents. The flow rate was 1 mL 

min-1 with a total elution programme of 35 min, as follows: 0-20 min from 5 % B to 60 % B; 

20-25 min from 60 % B to 100 % B; 25-30 min 100 % B; 30-31 min from 100 % B to 5 % B; 

31-35 min 5 % B. The UV-spectra were recorded from 220-700 nm. Apigeninidin 

(Extrasynthese, France) was used as standard for identification and quantification at 480 nm.  

Sugars 

Freeze-dried DD and NDD samples (100 mg) were added to ethanol/milli-Q water (50/50 v/v) 

(40 mL) and vortexed during 1 min. After incubation at 50 °C during 1 h in a water bath, the 

mixture was centrifuged for 10 min at 3000 rpm and the supernatant collected. The 

supernatant was filtered with a 0.2 RC filter before identification and quantification of sugars 

using HPLC with D-glucose (Merck, Germany) as standard. The HLPC system was equipped 

with an Evaporative Light Scattering (ELS) detector PL-ELS 2100 (Polymer Laboratories), a 

pump and a Grace prevail carbohydrate ES 5 μm, 250 × 4.6 mm column (Grace, Columbia, 

MD, USA). The elution programme was isocratic with acetonitrile (A) (75 %) and milli-Q 

water (B) (25 %) and a total running time of 30 min. The flow rate was 0.8 mL min-1. 

Phytate, phosphate and oxalate 

Concentrations of phytate, phosphate and oxalate were analysed by HPLC with a conductivity 

detection according to Bentsink et al. (2003) with some modifications. To 20 mg of freeze-
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dried DD and NDD, 1 mL of 0.5 mol L-1 HCl containing 50 mg L-1 trans-aconitate (Fluka) 

was added. The mixture was extracted at 100 °C for 15 min. After centrifugation at 13,300 

rpm for 5 min, the supernatant was collected and diluted 5 times with milli-Q water. The 

diluted supernatant was injected into a Dionex ICS2500 system with an AS11-HC column and 

AG11-HC guard column, set at a flow time of 5 mL min-1. The following eluent and elution 

times were used: 25-100 mM NaOH from 0-15 min; 500 mM NaOH from 15-20 min to rinse 

the column and 25 mM NaOH from 20-35 min to equilibrate the column. Data were collected 

from the HPLC as amounts of anions in mg L-1. Trans-aconitic acid (Fulka), citric acid 

monohydrate (BDH), sodium phosphate dibasic (Merck, Germany) and phytic acid sodium 

salt hydrate (Sigma, Germany) were used as standards for identification and quantification.  

Antioxidant activity 

The QUENCHER method was used to determine the total antioxidant activity of the solid 

material without extraction (Serpen et al., 2008). A stock solution of DPPH was prepared by 

dissolving 10 mg DPPH (Sigma, Germany) in 250 mL of ethanol (Merck, Germany) (50 %). 

The solution was incubated for 23 h and its absorbance at 525 nm was 0.5-0.8 before use. 

Freeze-dried samples of DD and NDD were diluted with cellulose at 1:1 ratio. In 5 mL 

Eppendorf tubes, 5, 10, 20 and 40 mg of the diluted freeze-dried DD and NDD were prepared.  

Trolox (Sigma Aldrich, The Netherlands) was used as standard. Standard solutions of 4, 10, 

20 and 30 mM of Trolox in ethanol (100 %) were made. The tubes for the calibration curve 

were prepared by adding 10 μL of 4, 10, 20 and 30 mM of Trolox to 10 mg of cellulose. The 

blank was prepared by adding 10 μL of ethanol (100 %) to 10 mg of cellulose. Four tubes of 

blank were prepared. 

A volume of 5 mL of DPPH solution was added to the tubes containing samples, calibration 

points, and blank. The tubes were incubated for 100 min at room temperature and stirred with 

a shaker (Heidolph Multi Reax, Germany). Subsequently, the tubes were centrifuged for 5 

min at 9,000 × g and the absorbance was measured at 525 nm with an UV-VIS 

spectrophotometer (Cary WinUV 50 Varian, USA). The antioxidant activity in freeze-dried 

DD and NDD was expressed in mmol g-1 Trolox equivalent using formula (1).  

Antioxidant activity (mmol g−1) =  
Trolox50 (mmol)

Sample50 (mg)
× 103    (1) 

where: 
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Trolox 50 = concentration of Trolox (mmol) at which the initial blank absorbance is reduced by 

half 

Sample 50= amount of sample (mg) at which the initial blank absorbance is reduced by half 

103= conversion factor from mmol mg-1 to mmol g-1 

Volatile compounds  

Volatile compounds of DD and NDD at 0 h and 72 h of fermentation were determined by 

headspace measurements. DD and NDD samples (0.5 g) were transferred to 500 mL bottles. 

The volatile profile was analysed with a PTR-ToF-MS 8000 instrument (Ionicon Analytik 

GmbH, Innsbruck, Austria) with the following instrumental conditions for the proton transfer 

reaction: drift voltage 999.0 V, drift temperature 59.9 °C, and pressure drift 3.8 mbar 

affording an E/N value of 134 Td. Sampling was performed with a flow of 52 mL min-1. The 

mass (m/z) was recorded from 20 to 300. The acquisition rate was 1 spectrum s-1. A total run 

of 60 s was applied to each sample as follows: 0-10 s to collect the spectrum of the room and 

10-60 s to collect the spectrum of the samples by connecting the bottle containing the samples 

to the inlet. The dead time correction, the internal calibration of the mass spectra, the peak 

extraction, and the calculations of the volatile compounds from the peaks were according to 

Cappellin et al. (2011) and Lindinger & Jordan (1998). The concentrations are reported in 

ppbv (parts per billion by volume). The averages of the cycles 0-10 and 40-50 were calculated 

and used as the VOCs of the blank and the samples, respectively. For each sample, the blank 

was subtracted. 

Data analysis 

Data are expressed as mean ± standard deviation. Data were analysed with SPSS Statistical 

software version 23. One way analysis of variance (ANOVA) with Tukey’s HSD post-hoc 

was used for normally distributed data with homogeneity of variance (i.e. for phosphate, 

phytate and citrate). When the conditions for the application of ANOVA were not fulfilled (i.e. 

for pH, L*, C*, h°, apigeninidin, oxalate, antioxidant activity and sugars), the non-parametric, 

Kruskal-Wallis and Mann-Whitney pair-wise comparison were used. Analysis of variance was 

performed to select the masses that explain the differences in the aroma profiles of the DD 

and the NDD before and after fermentation.  
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RESULTS AND DISCUSSION 

Figure 1 presents the apigeninidin content of DD during fermentation. After 3 days of 

fermentation, 69 % of the apigeninidin content was degraded. Apigeninidin is usually 

described as stable to most common processing conditions (pH, temperature and bleaching) 

(Ojwang & Awika, 2010; Yang et al., 2014). Therefore, the pH drop cannot explain the 

extensive decrease in apigeninidin observed during dough fermentation in the present study. 

The action of microorganisms (L. fermentum and P. kudriavzevii) used as inoculum apparently 

affected the apigeninidin content (Gänzle, 2014). Indeed, yeast and lactic acid bacteria can 

affect the anthocyanin concentration. Anthocyanin could be absorbed by yeast, based on the 

hydrophobic interaction between the anthocyanins and the yeast cell walls (Morata et al., 

2003). The less hydroxylated anthocyanins, such as the 3-deoxyanthocyanidins from sorghum 

(e.g. apigeninidin), could be then absorbed and degraded. In addition, the enzymatic activity 

of lactic acid bacteria (e.g. decarboxylase and reductase) on anthocyanins could have 

contributed to the degradation of apigeninidin into phenolic acids and volatile organic 

compounds (VOCs) (Svensson et al., 2010; Gänzle, 2014).  

 
*Bars with the same letters are not significantly different at 5% 

Figure 1. The apigeninidin content during fermentation of dyed maize dough.  

 

Table 1 presents the total colour difference (∆E*
00), the Lightness (L*), the chroma (C*) and 

the hue (h°) of the DD and NDD during fermentation. The ∆E*
00 of DD and NDD increased 

during fermentation. The ∆E*
00 is commonly classified as small (when ∆E*

00 <1.5), distinct 

(1.5 <∆E*
00< 3) or large (∆E*
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∆E*
00 of NDD was small, but >3 at 48 and 72 h of fermentation. Indeed, the difference in the 

colour of the NDD could visually be perceived from 48 h of fermentation onwards. On the 

contrary, ∆E*
00 of DD was >3 already after 5 h of fermentation and increased to 17.4 at 72 h 

of fermentation. The L* values increased during the fermentation of the NDD whereas the C* 

and h° values remained stable. On the contrary, the L* and h° values of the DD increased 

during fermentation whereas the C* values remained stable. From the above data, the colour 

change of DD and NDD after fermentation can be described as a visible change from red to 

orange-red and from yellow to light yellow, respectively. The decrease in apigeninidin content 

and the production of organic acids (e.g. lactic acid) affecting the pH and the colour intensity 

both contributed to the loss of total colour density during the fermentation (Akogou et al., 

2018a). 

Table 1. Colour of dyed and non-dyed maize dough during fermentation.  

Samples Time (h) ∆E*
00 L* C* h° 

Non-dyed dough 0 0±0 75.0 ± 0.7 b 15.4 ± 0.6 b 86.9 ± 0.2 c 

5 0.8±0.6 74.6 ± 0.4 b 14.8 ± 0.5 b 87.9 ± 0.0 c 

24 0.9±0.4 74.2 ± 0.0 b 15.0 ± 0.0 b 88.8 ± 0.1 c 

48 4.5±1.1 81.3 ± 0.9 a 15.3 ± 0.4 b 87.9 ± 0.5 c 

72 5.3±0.4 82.5 ± 0.2 a 16.1 ± 0.0 b 88.0 ± 0.1 c 

Dyed dough 0 0±0 44.0 ± 1.0 d 35.3 ± 0.2 a 32.5 ± 0.2 a 

5 5.0±2.0 48.4 ± 1.2 d 32.6 ± 0.8 a 37.7 ± 0.6 a 

24 7.9±0.8 49.8 ± 0.2 d 34.9 ± 0.3 a 45.0 ± 0.3 b 

48 15.1±0.1 57.8 ± 0.9 c 36.7 ± 0.5 a 46.3 ± 0.6 b 

72 17.1±1.5 59.7 ± 0.5 c 35.4 ± 0.3 a 48.4 ± 0.4 b 

Mean ±standard deviation; Total colour difference compared to colour at 0 h: small (∆E*00 <1.5), distinct 

(1.5<∆E*00<3) or large (∆E*00>3); values in a column with the same letter are not significantly different at 5%. 

 

Figure 2 shows the antioxidant activity during fermentation. Fermentation of DD from 24 to 

72 h increased the antioxidant activity by 20% to 51%, respectively, compared to NDD. In 

cereal foods, up to 70 % of the antioxidant components are insoluble and cannot be measured 

in a solvent extract (Serpen et al., 2008). The QUENCHER method allows a direct antioxidant 

measurement of the food matrix and provides more accurate data on the antioxidant activity 

of a food matrix (Serpen et al., 2008).  
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*Bars with the same letters are not significantly different at 5% 

Figure 2. Antioxidant activity of dyed ( ) and non-dyed ( ) maize dough during 

fermentation.  

 

Clearly, the incorporation of apigeninidin-rich sorghum extract in the maize dough followed 

by fermentation improved this functional product quality aspect. Apigeninidin is reported to 

possess significant antioxidant activity (Kayodé et al., 2011). However, no difference in 

antioxidant activity was observed between DD and NDD at time zero nor during the first 5 h 

of fermentation. Boveris et al. (2001) suggested a minimum dose-response of 200 μg mL-1 of 

apigeninidin for scavenger activity towards hydroxyl radicals, quinones and/or nitric oxide. 

The application of apigeninidin at a concentration up to 327 μg g-1 DM in dough might be 

below the minimum dose-response for scavenger activity in solid foods (e.g. dough). 

Furthermore, the decrease of the apigeninidin content and the simultaneous increase in 

antioxidant activity after a minimum fermentation of 24 h suggest the formation of new 

antioxidant compounds.  

Table 2 presents the changes in the pH, sugar content, mineral chelating compounds (phytate 

and oxalate) and phosphate contents in the DD and NDD during fermentation. The highest pH 

drop and sugar increase were recorded between 5 and 24 h of fermentation in both doughs 

(Weaver & Kannan, 2002; Israr et al., 2017). The oxalate content remained stable in both 

doughs. On the contrary, the phytate content (IP6) was higher in DD (8.4 mg g-1) than in NDD 

(7.5 mg g-1) at 0 h (Weaver & Kannan, 2002). This suggests that the application of sorghum 

biocolorant increased the phytate content of the dough. Nevertheless, fermentation efficiently 
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lowered the phytate content from 7.5-8.4 mg g-1 to 6.1-6.3 mg g-1 in both doughs after 72 h of 

fermentation. The phosphate content increased accordingly from 0.3-0.4 mg g-1 to 0.9 mg g-1 

after 72 h of fermentation as a result of phytate degradation into its lower polymers. 

Furthermore, the Pearson correlation (r2=0.87) between phytate degradation and phosphate 

formation during the fermentation was significant at 0.01 level. Phytate and oxalate are 

common mineral chelating compounds of importance in cereals and affect the solubility of 

essential minerals in the human gut (Weaver & Kannan, 2002; Israr et al., 2017). However, 

the complexation of oxalate with cations reduces the solubility of oxalate in the gut and is 

therefore considered as a strategy to reduce the absorption of oxalate, thereby preventing the 

formation of kidney stones (Israr et al., 2017). The decrease of the molar concentration of 

phytate and the increase of the molar concentration of phosphate were 0.003 and 0.006 mmol 

g-1, respectively, in DD and 0.002 and 0.007 mmol g-1, respectively, in the NDD. For a one 

unit decrease of the phosphorylation level, the molar concentration of degraded phytate 

should be equal to the molar concentration of formed phosphate. A higher ratio of the molar 

concentration of degraded phytate to the molar concentration of formed phosphate suggests a 

higher level of dephosphorylation. The ratios of the molar concentration of degraded phytate 

to the molar concentration of formed phosphate were 2 and 3.5 in DD and NDD, respectively. 

A minimum phytate dephosphorylation level of 2 (from IP6 to IP4) could increase mineral 

solubility (Weaver & Kannan, 2002). However, the mineral solubility in DD might be lower 

than in NDD. Phytate dephosphorylation would increase the cation availability, which in turn 

could bind oxalate, reducing its solubility (Weaver & Kannan, 2002; Israr et al., 2017). 

However, the lower dephosphorylation of phytate in DD suggested (a) less soluble minerals 

and (b) more soluble oxalate, increasing the risk of kidney stones in comparison to NDD. 

Figure 3 presents the clustering of the volatiles in the doughs as determined by PTR-MS at 0 

and 72 h of fermentation. A clear distinction is visible between the volatile profiles of DD and 

NDD and their fermented doughs. This demonstrates the development of volatile compounds 

during fermentation of DD and NDD. However, volatile concentrations differed in DD and 

NDD after fermentation as the two groups (i.e. fermented DD and fermented NDD) are 

separate. 
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Table 2. Physico-chemical characteristics of dyed and non-dyed maize dough during fermentation 

Samples Time (h) pH Sugars  

(mg g-1 DM) 

Phytate  

(mg g-1 DM) 

Phosphate 

(mg g-1 DM) 

Oxalate  

(mg g-1 DM) 

Non-dyed dough 0 6.3± 0.1 a nd 7.5 ± 0.2 b 0.3 ± 0.01 e 0.3± 0.02 a 

5 6.3 ± 0.1 a nd 7.6 ± 0.4 b  0.5 ± 0.03 d 0.3± 0.01 a 

24 4.3 ± 0.1 b 58.7±0.7 a 6.7 ± 0.5 cd  0.7 ± 0.01 c 0.3± 0.01 a 

48 4.3 ± 0.0 b 61.7±1.5 a 6.5 ± 0.1 cd 0.8 ± 0.00 a 0.3± 0.00 a 

72 4.3 ± 0.0 b 50.4±2.4 b 6.3 ± 0.4 d 0.9 ± 0.00 a 0.4± 0.00 a 

Dyed dough 0 6.3 ± 0.1 a nd 8.4 ± 0.5 a 0.4± 0.01 e 0.3± 0.00 a 

5 6.3 ± 0.1 a nd 7.8 ± 0.2 ab 0.4 ± 0.03 d 0.3± 0.01 a 

24 4.3 ± 0.1 b 57.1±1.0 a 7.2 ± 0.1 b 0.6 ± 0.00 c 0.3± 0.01 a 

48 4.2 ± 0.1 b 58.3±2.0 a 6.2 ± 0.1 d 0.73 ± 0.01 b 0.3± 0.00 a 

72 4.1 ± 0.0 b 53.4±2.2 b 6.1 ± 0.01 d 0.9 ± 0.03 a  0.3± 0.01 a 

nd: not detected 

mean ±standard deviation; values in a column with the same letter are not significantly different at 5%.
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Figure 3. Normalised biplot of non-fermented doughs (A: dyed dough, B: non-dyed dough) 

and fermented doughs (C: non-dyed dough, D: dyed dough) on the masses (1): m/z 29.039, 

(2): m/z 31.017, (3) m/z 33.036, (4): m/z 37.092, (5): m/z 43.019, (6): m/z 47.05, (7): m/z 

51.044,(8): m/z 71.048, (9) m/z 89.06,, (10): m/z 107.076, (11): m/z 117.091, (12): m/z 

117.132, (13): m/z 121.07, (14): m/z 135.106, (15): m/z 135.147, (16): m/z 136.138,(17): m/z 

163.136, (18): m/z 177.139,(19): m/z 225.267. 

 

Table 3 presents the profile of volatile compounds contributing to the differences between the 

doughs, their tentative identification by exact mass and their concentration (in ppbv). Five 

groups of compounds (i.e. alkenes, alcohols, esters, aldehydes and acids) were tentatively 

identified. The application of sorghum biocolorant appears to increase the concentration of 

aldehyde (methyl aldehyde), alcohol (methanol) and esters in DD at 0 h of fermentation. The 

reaction of methyl radicals with the alkaline solvent could lead to the formation of methanol 
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in sorghum biocolorant and subsequently to methyl aldehyde and esters (Jasper et al., 2007). 

However, the fermentation of DD appears to lower the amounts of the alkene (ethylene), 

alcohol (ethanol), aldehyde (methyl aldehyde, butenal, methyl-propanate), acid (hexanoic 

acid) and esters. Anthocyanins are able to affect the activity of microbiological enzymes (e.g. 

carbohydrate-utilising enzymes) and may contribute to the differences in the VOCs between 

fermented DD and fermented NDD (Johnson et al., 2013; Li et al., 2014). A difference in the 

food substrate (such as the concentration of anthocyanidins) could generate stress-induced 

damage in the microorganisms and therefore require a high amount energy (e.g. ATP) from 

the microorganisms (Li et al., 2014). Without an increase in the ATP, the intracellular 

metabolism of the microorganisms (e.g. involved in the formation of the VOCs) could be 

lower (Li et al., 2014). Adaptation of the intracellular metabolism by anthocyanins might be 

possible after a 3-day transition and under a continuous supplementation of anthocyanins (Li 

et al., 2014). However, the fermentation time was too short for microorganisms to complete 

their adaptation; hence insufficient energy is presumably the main factor leading to a lower 

amount of VOCs (alcohol, aldehyde, acids and esters). 

CONCLUSION 

The application of apigeninidin-rich sorghum extract in maize dough fermented for 3 days led 

to the production of an orange red fermented dough with an enhanced antioxidant activity and 

a stable production of sugars. However, phytate dephosphorylation and the production of 

VOCs in the dough were affected. Further investigations are recommended on (a) the 

characterisation of newly formed antioxidant compounds from enzymatic degradation of 

apigeninidin and (b) the effect of apigeninidin on glycolytic enzyme activity and phytate 

dephosphorylation in relation to the applied fermentation process.  
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Table 3. Tentatively identified volatile organic compounds (ppbv) of dyed and non-dyed maize dough as affected by fermentation  

m/z 

measured 

Formula Tentative 

identification 

Non- fermented  Fermented (72 h) 

Non-dyed dough  Dyed dough  Non-dyed dough  Dyed dough  

29.039 C2H5
+ Ethylene  264.3±28.8 c 574.9±168.2 c 6263.9±202.4 a 5468.8±382.9 b 

31.017 CH3O
+ Methyl aldehyde 21.1±7.3 c 259.5±109.2 b 1692.1±222.3 a 1574.7±294.7 a 

33.036 CH5O
+ Methanol (Yener et al., 

2016b) 

24702.7±3495.2 b 218209.6±54144 a 16.0±28.7 c 58.6±51.0 c 

37.092 n.a  n.i. 2195.4±306.9 b 73305.1±11531.7 a 2.2±2.5 c 0.8±1.7 c 

43.019 C2H3O
+ Fragment / ester 

(Farneti et al., 2015) 

55.7±27.5 d 983.6±203.1 c 74743.2±12411.5 a 41754.26±10602.4 b 

47.05 C2H7O
+ Ethanol (Capozzi et al., 

2016) 

2091.5±662.4 c 18232.6±9386 c 518851.6±33636.6 a 430576.3±48259.5 b 

51.044 n.a n.i. 1515.4±265.3 b 13084.1±3764 a 5.9±1.3 c 10.1±2.1 b 

71.048 C4H7O
+ Butenal / ester (Farneti 

et al., 2015; Yener et 

al., 2016b) 

1.8±0.5 c 42±37.1 c 8976.9±3719.7 a 2623.2±797.7 b 

89.060 C4H9O2
+ Methyl-propanate 

(Yener et al., 2016a)  

2.4±4.1 c 114.6±86.7 c 376885±95119.2 a 190002.1±42048.1 b 
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Table 3. Continued 

m/z 

measured 

Formula Tentative 

identification 

Non- fermented  Fermented (72 h) 

Non-dyed dough  Dyed dough  Non-dyed dough  Dyed dough  

107.076 n.a n.i. 1.1±0.5 c 27.7±14.3 c 5498.0±1536.9 a 2682.6±472.8 b 

117.091 C6H13O2
+ Hexanoic acid / ester 

(Capozzi et al., 2016) 

0±0 c 10.5±5.5 c  423179±143625.4 a 123807.8±40128.1 b 

117.132 n.a n.i. 0±0 c 13.5±6.9 c 131458.2±51278.1 a 44387.3±19957.3 b 

121.07 C8H9O
+ Methylbenzyaldehyde-

coumaran (Yener et al., 

2016b) 

0.1±0.1 c 4.8±1.9 c 115.0±40.1 b 223.3±84.0 a 

135.106 C6H15O3
+ n.i. 0.2±0.2 d 7.8±1.9 c 29082.0±8806.0 a 11155.9±3471.7 b 

135.147 n.a n.i. 0.4±0.4 d 12.1±3.7 c 16261.4±3439.7 a 10657.4±3384.0 b 

136.138 n.a n.i. 0.0±0.0 d 0.6±0.2 c 1331.5±331.8 a 779.8±247.5 b 

163.136 n.a n.i. 1.0±1.0 c 26.3±18.3 c 23031.1±10269.4 a 6287.6±2163.1 b 

177.139 n.a n.i. 0.0±0.1 c 0.8±0.3 c 2819.3±1306.1 a 665.3±300.3 b 

225.267 n.a n.i. 0±0 d 0.9±0.2 c 6033.2±3921 a 697.6±169.7 b 

n.a.: not available; n.i.: not identified 

mean ±standard deviation; values in a line with the same letter are not significantly different at 5%. 
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INTRODUCTION 

This thesis is about a natural red colorant that is obtained from the leaf sheaths of a tropical 

cereal crop, namely Sorghum bicolor. This red colorant has been used for centuries in West 

Africa for various purposes, among which the coloration of foods. Food colour has always 

been important in food choice because it impacts food perception and can even be more 

important than flavour and texture (Burrows, 2009). Early humans commonly associated the 

colours blue, black and purple to inedible food and/or less appetizing food (Burrows, 2009). 

The importance of colour in food selection had passed through generations and established 

colour as a key sensorial attribute of food products (Burrows, 2009). Furthermore, in the early 

renaissance in Europe food colouring -in the sense of using food additives- was practised by 

the upper social classes and hence a sign of distinction (Burrows, 2009). This led to the belief 

that dark red and golden colouring provided rich blood and promoted divine solar healing, 

respectively (Burrows, 2009). In addition, the ancient Egyptians promoted the healing 

properties of colours; red colour was believed to have a positive impact on the liver and blood 

pressure (Singh, 2006). Nowadays, the application of colour to foods has extended largely, 

including the foods offered in restaurants. In fast food restaurants, for example, red is the 

most popular colour because of its ability to stimulate the appetite (Singh, 2006).  

The global food colour market is shared by caramel (11%), synthetic (42%), nature identical 

(20%) and natural (27%) pigments (Downham & Collins, 2000). The increased demand for 

natural colorants stimulates the growth of the global food colour market (Dabas et al., 2011). 

From 2000 to 2018, the global market value of natural colorants is expected to increase from 

250 to 980 million of USD (Figure 1). Consumers’ preference for natural ingredients in 

processed foods and the safety risks associated to synthetic colorants contribute to the natural 

trend in food colouring (Lakshmi, 2014). Nevertheless, high production costs, low tinctorial 

strength and low stability of natural colorants are constraining the industrial transition from 

synthetic to natural colorants (Sigurdson et al., 2017). Most commercial natural colorants (i.e. 

carotenoids, anthocyanins, betalains and chlorophylls) are extracted from plant biomass 

(Rodriguez-Amaya, 2016; Sigurdson et al., 2017). The production of plant biomass for 

colorants is costly because it needs crop management and quality assurance chains (Gebhardt, 

2015). In addition, the extraction and concentration of pigments from plant biomass that 

usually has a low pigment content (usually less than 2%) further increase the production costs 

of natural colorants (Gebhardt, 2015). Solutions explored by the food industry are (a) 

exploration of new botanical sources with increased pigment contents, (b) natural selection 
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and breeding programmes for increased pigment contents in the raw materials and (c) 

innovative technologies for extraction, processing and enhanced stability (Gebhardt, 2015).  

 

Data for 2000 (Downham & Collins, 2000), 2004 (Mapari et al., 2010), 2007 (Mapari et al., 2010), 2013 (Pino et 

al., 2015) and 2018 (Pino et al., 2015). 

Figure 1. Global market value of natural colorants (□) and its prognosis (■) (in millions USD) 

 

This thesis explored the use of a new botanical source of pigments, i.e. dye sorghum leaf 

sheaths, alternative extraction techniques (i.e. an alkaline extraction method, hot aqueous 

extraction methods) and their efficiency, the stability of the sorghum biocolorant under food 

processing conditions and its bioactive properties in processed food. The specific objectives 

of this thesis were: 

- To evaluate the traditional extraction methods of sorghum biocolorant with emphasis 

on technological and chemical considerations 

- To assess the food preservative and antimicrobial properties of sorghum biocolorant  

using West African soft cheese (wagashi) as a food model 

- To evaluate the stability of the sorghum biocolorant in relation to various food 

processing conditions  

- To investigate the nutritional and sensorial effects of the sorghum biocolorant in a 

food product, namely fermented maize dough. 

The dye sorghum value chain is a traditional value chain, which is not structured by formal or 

documented contracts (Gómez & Ricketts, 2013). The main actors involved in the dye 
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sorghum value chain are farmers, traders, retailers and users (processors and consumers). The 

farmers, as the first actors of the sorghum value chain, are responsible for the seed material 

and also for all aspects of cultivation. Commonly, part of the harvested grains, obtained from 

open pollination, is used as seeds for the next campaign. Once produced, the users buy the dye 

sorghum leaf sheaths (a) in small market places from the farmers or (b) from a network of 

traditional retailers (including street vendors and roadside stands) (Gómez & Ricketts, 2013). 

The traditional value chain of dye sorghum suffers from limited scientific knowledge on (a) 

good agronomic practices to obtain high amounts of pigments in the leaf sheaths, (b) proper 

quality management in the supply chain, (c) optimal extraction methods and potential food 

applications of the biocolorants. The outcomes from this thesis that concern the extraction 

methods and the colour quality of the extracts, the stability to processing conditions, the 

bioactive properties and the potential food applications converge to strengthen the scientific 

basis needed to interest the food industry for using dye sorghum and to improve the value 

chain of dye sorghum. In addition, the evaluation of the antimicrobial properties of the 

sorghum biocolorant and the spectrophotometric method used to quantify anthocyanins raised 

some relevant discussion points on the evaluation of the antimicrobial activity of phenolic 

extracts and the assessment of 3-deoxyanthocyanidins by spectrophotometry, respectively.  

 

IMPLICATIONS FOR THE FARMERS AND THE SORGHUM VALUE 

CHAIN 

The current traditional dye sorghum value chain is characterised by the seasonal availability 

of dye sorghum leaf sheaths. A coordinated partnership between a relatively small number of 

actors (i.e. farmers, processors and food manufacturers) or a complete set of actors (including 

farmers, commercial agribusiness, wholesalers, local and multinational food manufacturers) 

could help to develop a traditional-to-modern or a modern value chain, respectively (Gómez 

& Ricketts, 2013). The improvement of the dye sorghum value chain from traditional to 

traditional-to-modern or modern will allow farmers to work in a supply chain characterised by 

(a) formal or documented contracts with companies involved in ingredient and/or food 

production, and (b) clearly defined quality standards for the raw and processed materials, as, 

for instance, used by the globally operating company (Gómez & Ricketts, 2013).  

In the perspective of an improved dye sorghum value chain, the outcomes of this PhD 

research (in particular concerning the extraction methods of the biocolorant, colour stability, 
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potential food applications and their functional properties) encouraged a consortium of 

partners consisting of farmers, a local company, Beninese and Dutch scientists to join forces 

for the valorisation of leaf sheaths and grains from dye sorghum to improve livelihoods in 

Benin with financial support of the Netherlands Organisation for Scientific Research (NWO-

WOTRO) (project number W 08.270.341). This project aims to (a) select elite varieties, (b) 

define appropriate fertilisation and cultivation techniques to guarantee maximum biocolorant 

concentrations and grain yield in dye sorghum, (c) optimise the extraction of the biocolorant 

and grain processing, and (d) assure the quality in the supply chain. This could be considered 

as the first step to change the dye value chain from traditional to at least traditional-modern. 

Furthermore, existing partnership between food ingredient manufacturers (e.g. Naturex, 

France) and farmers should focus on sustainability (Concibido, 2018). Sustainable agronomic 

practices, e.g., intercropping of dye sorghum with other crops, should be preferred to dye 

sorghum monoculture. Indeed, an adequate selection of crops in an intercropping system 

allows a better control of pests and diseases as well as prevention of soil erosion. Such 

practices also ensure crop diversity, thereby spreading the risk of crop failure. 

 

RELEVANCE OF THIS RESEARCH FOR A TRANSITION TO 

NATURAL COLORANTS IN THE FOOD INDUSTRY 

Allura red (E129 / FD&C Red No 40), amaranth (E123 / FD&C Red No2), Ponceau 4R 

(E124), erythrosine (E127 / FD&C Red No3), carmine (E120) and paprika (E160c) are the 

most popular red colorants used in the food industry (Wrolstad & Culver, 2012; Feketea & 

Tsabouri, 2017). The large pH range of possible applications, heat and light stability support 

their use in large categories of products (meat, dairy, drinks, bakery, confectionary and ice 

products) (Feketea & Tsabouri, 2017). This explains the reliance on synthetic colorants 

(Allura red, amaranth, Ponceau 4R, erythrosine) and insect-based colorants (carmine). In the 

context of a growing demand for natural, plant-based colorants for foods, the food industry 

needs to prepare an effective transition to stable natural colorants.  

The content of the main pigment (i.e. apigeninidin) of the sorghum leaf sheaths ranged from 

1.5-4.6% with an average of 3.1% (Kayodé et al., 2011). With an average pigment content 

above 2% in the raw material, dye sorghum leaf sheaths represent a competitive source of red 

pigments with a good cost-in-use for extraction. Pigment extraction is a solid-liquid leaching 

process in which the rupture of cell walls, the release of the pigment and its transport to the 
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external medium are the main mechanisms (Sivakumar et al., 2011). The rupture of the cell 

walls leading to the release of anthocyanins can be obtained with mechanical forces (stirring 

or ultrasound), enzymes and solvents (Sivakumar et al., 2011; Puri et al., 2012; Shirsath et al., 

2012). Solvent extraction is usually by organic solvents and suffers from long extraction times 

and low quality extracts due to traces of the solvents in the product (Puri et al., 2012). This 

thesis provides the potential use of a non-organic solvent for the selective extraction of 3-

deoxyanthocyanidins (e.g. apigeninidin). In addition, (a) the red colour of apigeninidin extract 

when diluted 15 times (Chapter 2) and (b) its stability to processing conditions (pH and 

temperature) (Chapter 4) suggest a good tinctorial strength and stability as a natural red 

colorant. However, the leaf sheaths/solvent ratio, which was 1:90 (w/w), still needs to be 

improved because more than 80% of the colorant remained in the leaf sheaths after extraction 

(Chapter 2). Furthermore, the extraction method still needs to evolve into an environment-

friendly extraction method based on the composition of a hydrophilic solvent and a 

conventional alkaline salt. Efficient use of the dye leaf sheaths could lead to a lower amount 

of leaf sheaths in the extraction and multiple extractions on the same batch to obtain the 

maximum amount of pigment. In addition, the rock salt kanwu needs to be replaced by a food-

grade alkaline salt (e.g. sodium bicarbonate or sodium hydroxide) to allow its use at industrial 

scale.  

The precipitation yield of 95% obtained from the alkaline sorghum extract and the absence of 

others phenolic compounds like benzoic acid and p-coumaric acid in the precipitate suggest a 

selective precipitation of anthocyanins based on loss of net charge. The precipitation of 

apigeninidin based on the loss of net charge is an easy, low cost and safer purification 

approach compared to the purification on a column, with an ionic liquid solution, an ion 

exchange resin, reverse osmosis and absorption (Castañeda-Ovando et al., 2009). However, 

the effect of a structural change (e.g. methoxylation, methylation, hydroxylation, acylation or 

glycosylation) of the apigeninidin on its ability to precipitate due to loss of charge at pH 5 still 

needs to be investigated. 

Successful substitution of a red synthetic colorant by sorghum biocolorant has to consider (a) 

the desired shade of red, (b) the processing conditions at stake and the colorant’s interactions 

with other ingredients and (c) the sensorial difference perceived by consumers. The 

appropriate shade of red is usually related to the food matrix, the targeted market as well as 

the legal requirements (Downham & Collins, 2000). For instance, food ingredients that have 

not been consumed by humans in the EU before 15 May 1997 are considered as novel foods 
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and have to go through a safety assessment procedure (van Putten et al., 2011). The authority 

for Food Standards Australia New Zealand  (FSANZ) is even more strict and considers non-

traditional foods to Australia and New Zealand as novel foods that require safety assessment 

(van Putten et al., 2011). The US Food and Drug Administration (FDA) is more flexible on 

the issue of novel foods and considers a novel food (or substance) as generally recognised as 

safe (GRAS) when (a) it was consumed in the USA before 1 January 1958, or (b) scientific 

data or a history of consumption for food use by significant numbers of consumers can be 

provided (van Putten et al., 2011). The Canadian legislation considers a food as novel that 

should be assessed for safety only when it (a) is obtained from a process not considered as 

food grade, (b) has no history as safe food or (c) is derived from genetic modification 

technology. For new colorants like sorghum biocolorant, relevant data on (a) the food 

consumption of foods dyed with sorghum biocolorant in a country like Benin (General 

introduction) and (b) the scientific data provided in this thesis (Chapter 2-5) could support an 

application for quick access to the Canadian and US markets. Access to the EU and 

particularly to the Australian markets might require a safety assessment.  

Hot processing conditions can cause the formation of an undesired brown colour in the 

sorghum biocolorant (Chapter 4), thus negatively affecting the colour under certain food 

processing conditions (i.e. certain combinations of heat treatment and pH). In addition, the 

application of sorghum biocolorant in a fermented sourdough can affect the volatile organic 

compounds in the product and the dephosphorylation of phytate (Chapter 5). However, 

sorghum biocolorant did not affect the growth of food pathogens in broth and a model food 

(Chapter 3). As the colorant did not affect the growth of microorganisms, the co-use of 

sorghum biocolorant (as a colouring ingredient) with other functional ingredients (prebiotics 

and probiotics) appears to be a possibility. However, the dose effect of the sorghum 

biocolorant on the functional properties of probiotics needs to be explored to assess the 

benefits from both categories of ingredients (i.e. the antioxidant-containing colorant and the 

prebiotics and probiotics). 

 

RETHINKING THE CONTROL OF MICROBIAL GROWTH BY 

PHENOLIC COMPOUNDS  

This thesis evaluated the ability of sorghum biocolorant to hamper the growth and survival of 

microorganisms (bacteria and fungi) (Chapter 3). The phenolic extract contains diverse groups 
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of plant extracts used for dyeing and antimicrobial purposes (Joshi et al., 2009). The 

antimicrobial activity of natural plant extracts usually results from the synergy of several 

phenolic compounds (Miyague et al., 2015), acting in different ways including (a) substrate 

deprivation, (b) pathogen cell wall disruption, (c) binding to cell walls (or to adhesins), (d) 

inactivation of essential enzymes or (e) complexation of ions to interrupt cell growth (Joshi et 

al., 2009). In relation to the extraction procedure used, differences were observed in the 

phenolic composition and the antimicrobial activities of extracts (Efstratiou et al., 2012; El 

Ksibi et al., 2015). In the present work, the absence of any antimicrobial activity as observed 

in the aqueous and alkaline extracts of sorghum biocolorant showed that high levels of 

apigeninidin (up to 75 μg mL-1) did not affect the total cell count. Small phenolic compounds 

(e.g. phenolic acids) could easily cross cell membranes and exert their antimicrobial activity 

(Cueva et al., 2010). Hydroxybenzoic acids (e.g. 4-hydroxybenzoic acid) and 

hydroxycinnamic acid (p-coumaric acid) were used as antibiotics against Gram-negative 

(Escherichia coli) and Gram positive bacteria (Listeria monocytogenes) at minimum 

inhibitory concentrations higher than 1 mg mL-1 (Alves et al., 2013). The 4-hydroxybenzoic 

acid and p-coumaric acid contents in the watery extract of sorghum colorant (alkaline and hot 

aqueous extract) were 5.1-6.0 and 3.5-4.1 μg mL-1, respectively (Chapter 2 and 3). Therefore 

it appears that the phenolic acid content in the watery extracts were too low for an 

antimicrobial activity. Hence, food grade extractions, other than aqueous and alkaline, should 

be explored to increase the extraction of phenolic acids from dye sorghum leaf sheaths. The 

application of less selective extraction methods (e.g. by organic solvents) could be tested to 

investigate the main compounds that might be co-extracted for an antimicrobial activity of 

sorghum biocolorant. 

The control of microbial growth by ever increasing concentrations of antimicrobial 

compounds has thus far been the main strategy applied against food pathogens but 

unfortunately it also leads to increasing resistance of microorganism to antimicrobial 

compounds (Silva et al., 2016). The use of food phytochemicals as a means to control a 

variety of physiological processes of microorganisms (e.g. secretion of virulence factors and 

biofilm formation) is an alternative to circumvent the antimicrobial resistance of food 

pathogens (Truchado et al., 2012; Silva et al., 2016). As a phytochemical of Sorghum bicolor, 

apigeninidin should be explored for its potential action on the physiological processes of food 

pathogens (Truchado et al., 2012; Silva et al., 2016). The application of apigeninidin in 

fermented maize dough caused a lower dephosphorylation of phytate and a lower production 

of volatile metabolites while the glucose content remained the same as in non-dyed maize 
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dough (Chapter 5). A similar ability of anthocyanins for suppressing specific gene expression 

(e.g. virulence) without affecting the growth and survival of the microorganism Xanthomonas 

oryzae has been reported by Fan et al. (2017). This property of phenolic compounds (e.g. 

anthocyanins) as specific gene suppressors is relevant for suppressing or attenuating 

physiological processes (e.g. secretion of virulence factors or biofilm formation) of Gram 

positive and negative food pathogens (Silva et al., 2016; Fan et al., 2017). Further work is 

therefore strongly recommended on the effect of apigeninidin on physiological processes of 

food pathogens. 

 

CONTRIBUTION OF THIS RESEARCH TO THE MEASUREMENT OF 

PIGMENTS BASED ON SPECTROPHOTOMETRY 

The determination of the total phenol content of different watery extracts based on their Folin-

Ciocalteu reduction capacity appeared to be limited by the differences between the pH of the 

extracts (Chapter 2). The interference of alkaline conditions with the Folin-Ciocalteu reagent 

restricts the application of the total phenol assay for alkaline sorghum extracts (Blackwell et 

al., 2012). The use of the method to determine total phenol based on the Folin-Ciocalteu 

reduction assay needs to be modified to improve its efficiency. The adjustment to pH 6 before 

measurement of the Folin-Ciocalteu reduction capacity of the watery extracts (alkaline, hot 

alkaline and hot aqueous) is suggested for determining the total phenolic content in different 

watery extracts.  

The pH differential method is not suited to the monomeric content of apigeninidin-rich 

extracts (Chapter 4). Because of a deprotonation constant higher than the hydration constant, 

apigeninidin will not become colourless at any pH. However, it precipitates at pH 5. This 

property could be used to develop an improved pH differential method suitable to measure 

apigeninidin in watery extracts. In apigeninidin-rich watery extracts, the total anthocyanins 

(monomeric and polymerised anthocyanins) can be measured at pH 1.0 in a buffer as 

explained by Lee et al. (2005) (Chapter 4). The loss of charge at pH 5 can be applied to first 

precipitate the apigeninidin and the collect of the supernatant, which is free from apigeninidin. 

The absorbance of the apigeninidin-free supernatant in a buffer at pH 4.5 can thus be used for 

the polymerised anthocyanins. The total monomeric anthocyanins (as apigeninidin equivalent) 

can subsequently be obtained by formula (1): 
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Momomeric ACY (apigeninidin equivalent) =
(Absα−Absβ)×290.69×DF×103

ε×l
     (1) 

where Absα: is the absorbance of the watery extract in the buffer at pH 1.0; Absβ; the 

absorbance of the supernatant of the watery extract in a buffer at pH 4.5 after precipitation of 

apigeninidin at pH 5; 290.69: molecular weight of apigeninidin chloride (g mol-1); DF: 

dilution factor; 103 : conversion factor from g to mg; ε : molar absorptivity of apigeninidin 

chloride (L mol-1 cm-1); l: path length. 

To guarantee the success of this improved pH differential method, it is essential to precipitate 

all the apigeninidin in solution by loss of charge. The data of Chapter 4 showed a precipitation 

yield of 95%. This indicates a pathway for an efficient pH differential method to measure 

apigeninidin in extract with spectrophotometry. 

 

CONCLUSION AND RECOMMENDATIONS 

The objective of this thesis was to investigate indigenous extraction methods of sorghum 

biocolorant from dye sorghum leaf sheaths, the colour properties of the biocolorant, its food 

applications and its bioactive properties. Alkaline extraction appeared an efficient and 

selective method for extracting sorghum biocolorant. Sorghum biocolorant has a sensorial 

function and possesses antioxidant properties but could not be associated to any antimicrobial 

activity. In addition, its use in food fermentation showed its ability to inhibit the metabolite 

production by microorganisms and the dephosphorylation of phytate. The stability of sorghum 

biocolorant to severe heat treatment and its good colouring properties at low concentrations 

contribute to its suitability as a plant-based colouring ingredient for the food industry. For 

successful adoption of sorghum biocolorant as a natural food colorant further research should 

focus on: 

- substitution of the traditional rock salt (kanwu) by a conventional alkaline salt (e.g. 

sodium bicarbonate or sodium hydroxide)  

- occurrence of structural changes (methoxylation, methylation, hydroxylation, 

acylation or glycosylation) of apigeninidin precipitated by loss of charge 

- the effect of apigeninidin on properties of bioactive ingredients (e.g. probiotics)  

- the effect of apigeninidin on physiological processes of food pathogens 

- validation of a new pH differential method suitable for apigeninidin quantification 

- safety assessment for an introduction on the European market.  
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Cereals are mainly used as staple foods as well as for animal feed and biofuel. In addition, 

certain cereals are of interest to the food industry for more specific reasons. This is the case 

for dye sorghum (Sorghum bicolor), due to its ability to produce significant amounts of 

pigment that potentially can be used as a food colorant. The red leaf sheaths formed by dye 

sorghum are used in Benin to produce a red biocolorant, which is also used in for foods. The 

red biocolorant is a rich source of 3-deoxyanthocyanidins (i.e. apigeninidin and luteolinidin). 

The 3-deoxyanthocyanidins are natural pigments with (a) a narrow distribution in nature, (b) a 

high antioxidant activity, (c) resistance to bleaching agents, (d) resistance to ring openings 

during thermal treatments, (e) a better stability to pH-induced colour changes as compared to 

common anthocyanins and (f) properties that inhibit the growth of cancer cells. These 

properties of 3-deoxyanthocyanidins contribute to colour stability during food processing. 

Currently, the red sorghum biocolorant is applied in Benin in cereal-, legume-, tuber- and 

milk-based foods. Dyed fermented cereal porridge (koko) and dyed soft cheese (wagashi) are 

the most popular food applications of this red biocolorant in Benin and illustrate the potential 

as a new stable natural colorant from sorghum that can be used in food industry. The growing 

interest of consumers for natural food ingredients leads to a growing demand of the food 

industry for natural food colorants. However, to date limited data are available on the optimal 

extraction conditions for sorghum biocolorant and its properties in a wider range of food 

products. This thesis studies the extraction conditions of biocolorant from dye sorghum leaf 

sheaths, evaluates its bioactive properties, as well as its nutritional and sensorial impact on 

food products. 

The chapter 2 compares the colour and anthocyanin composition from various traditional 

extraction methods to determine options for improvement and use of the red biocolorant from 

dye sorghum in the food sector. After interviewing processors of dyed foods on the procedures 

of the biocolorant extraction, data were collected on the biocolorant yield and the pigment 

profile of the extraction methods. In addition, potential food applications were illustrated by a 

popular fermented porridge. Sorghum biocolorant was extracted from a batch of dye sorghum 

leaf sheaths with different extraction methods. The use of an alkaline rock salt (locally known 

as kanwu) and the temperature of the extraction water were found to be the two main 

parameters that differentiate the traditional extraction methods. Water, dye sorghum leaf 

sheaths and kanwu were mixed at the ratio 900:10.4:1.5 (w/w/w), 900:10.5:0.9 (w/w/w) and 

900:11.3:0 (w/w/w) to obtain sorghum biocolorant by cool alkaline, hot alkaline and hot 

aqueous extraction. While the cool alkaline extraction was performed at room temperature, a 

gradual heating at the speed of 0.05 °C s-1 was applied to hot (alkaline and aqueous) 
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extractions until 86 ºC was reached. Cool extraction was more efficient than hot alkaline and 

hot aqueous extractions in taking out anthocyanins. The total anthocyanin content of the cool 

alkaline extract was 228.5 µg mL-1. However, the alkaline extractions (hot and cool) at pH 8-9 

were the most efficient methods because their apigeninidin content (131-152 µg mL-1) was 

three times higher than in the aqueous extract. Nevertheless, improvement of the extraction 

method is necessary since the residues still contained 82.6% of anthocyanins. In Benin, 

sorghum biocolorant is used to colour maize-based koko, a fermented and cooked porridge. 

This demonstrates the ability of sorghum biocolorant to colour foods produced by 

fermentation and elevated temperatures.  

Sorghum biocolorant is perceived by local processors of a soft cheese (called wagashi) as a 

means to extend the shelf-life of wagashi. If such a claim could be substantiated, it adds a 

valuable functional property to this natural red colorant. Hence, Chapter 3 evaluates the 

antimicrobial properties of dye sorghum extracts using challenge tests in broth and wagashi as 

a model of a popular food application. The challenge tests (a) in dyed broth with Listeria 

monocytogenes and Escherichia coli O157:H7 and (b) on dyed wagashi with fungi (i.e. 

Penicillium chrysogenum, Cladosporium macrocarpum) and Escherichia coli O157:H7 were 

used to evaluate the antimicrobial activity of the sorghum biocolorant. Additional data on the 

physico-chemical parameters of the dyed wagashi (pH, dry matter and the acid value) were 

monitored as well. Data on the current practices of wagashi dyeing were collected as well 

from 90 processors. The application of sorghum biocolorant on wagashi had no inhibitory 

effect on the growth of fungi (Penicillium chrysogenum, Cladosporium macrocarpum) and 

Escherichia coli O157:H7 on wagashi. Furthermore, sorghum biocolorant in broth had no 

effect on growth of Listeria monocytogenes and Escherichia coli O157:H7. Consequently, the 

commonly used extracts for colouring soft West-African cheese did not show a preservative 

effect for the species tested. In addition, dyeing did not affect the physico-chemical properties 

of wagashi. Still, the red colour hampered visual detection of microbial growth, and this 

might clarify the preservative effect reported by users. Furthermore, the dyeing of wagashi is 

a means for the processors to maximise their revenues. Indeed, an increase of 11.5% of the 

revenues was recorded for dyed wagashi. The majority of the processors usually used a 

dyeing procedure with no heat treatment. This urges to raise the users’ attention on the 

absence of a preservative effect and to also apply a heat treatment to the colorant to minimise 

the risk of wagashi contamination when a conservation for several days is needed. 
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Chapter 4 evaluates the stability of apigeninidin, the main 3-deoxyanthocyanidin from 

sorghum leaf sheaths, to food processing conditions in watery extracts (alkaline and hot 

aqueous extracts) and in a maize porridge. The stability of apigeninidin in sorghum 

biocolorant extract was evaluated in (a) a pH range of 5-12, (b) heat treatments (65 °C, 95 °C 

and 121 °C) and (c) storage conditions (light exposure, protected from light exposure and 

temperature). The total anthocyanins before, after the heat treatments and during storage were 

used to evaluate the thermal stability of sorghum biocolorant. In addition, kinetic degradation 

of apigeninidin at pH 6 and 9 was compared. Apigeninidin was not soluble at pH 5.04 ± 0.02. 

At pH 5.04, the loss of net charge led to apigeninidin precipitation in the watery extract. This 

limits the solubility and the application of apigeninidin in acidic drinks (pH ≤ 5). At pH values 

higher than 6, apigeninidin was soluble with the quinoidal base as major form in solution. 

Apigeninidin was soluble and stable at pH 6–10 with increased colour density and resistance 

to bleaching at alkaline pH. At pH 11 and 12, 44.1% and 81.4% of the apigeninidin degraded. 

Apigeninidin has a remarkable resistance to high pH and can therefore be subjected to neutral 

and alkaline (e.g. alkaline fermented food condiments in West Africa) treatments, contrary to 

most anthocyanins, which are stable in acid and middle acid conditions. The stability of 

apigeninidin to the heat treatments (i.e. 65 °C / 30 min, 95 °C / 30 min and 121 °C / 30 min) 

was similar at pH 7 and 8.7 with a degradation of 17-18%, 59-66% and 60-61% of the 

anthocyanins at 65 °C / 30 min, 95 °C / 30 min and 121 °C / 30 min, respectively. The 

comparable percentage of degraded anthocyanins at 95 °C and 121 °C suggests the good 

resistance of apigeninidin to severe heat treatments. However, the resistance of apigeninidin 

might be affected by the pH of the extract. At 65 °C, the degradation rate of apigeninidin was 

four times lower at pH 9.03 ± 0.04 than at 6.08 ± 0.02. Storage at room temperature promoted 

endothermic degradation of apigeninidin. Nevertheless, photodegradation of apigeninidin was 

not observed during storage. In the maize porridge, thermal stability of apigeninidin and 

redness were similar at pH 4–6 whereas they were higher at pH 9.03 ± 0.04.  

Chapter 5 assesses the impact of the apigeninidin-rich sorghum biocolorant on the nutritional 

and sensorial quality in a fermented food. Maize dough was enriched with apigeninidin 

extract and fermented with Pichia kudriavzevii and Lactobacillus fermentum for 3 days at 30 

°C. The colour, glucose content, pH, phytate dephosphorylation, oxalate degradation and 

formation of volatile organic compounds (VOCs) were monitored. The 3-day fermentation of 

the dyed maize dough (containing 327 μg g-1 DM of apigeninidin) led to a degradation of 

69% of the apigeninidin content. The colour of the dyed dough evolved from red to orange 

red with increasing lightness. The antioxidant activity of the fermented dyed dough increased 
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by 51% compared to the fermented non-dyed dough. New compounds (e.g. phenolic acids) 

with high antioxidant activity are apparently formed during fermentation. However, phytate 

dephosphorylation and volatile compound concentrations (alcohol, esters, aldehydes and 

alkene) were lower in dyed dough than in non-dyed dough. This suggests a lower mineral 

solubility and change in the sensory quality in fermented dyed dough.  

Chapter 6 discusses the findings of the present study and presents the contribution of this 

study to (a) motivate the building of a better dye sorghum value chain, (b) the transition by 

the food industry to natural colorants, (c) the control of microorganisms with phenolic 

extracts and (d) a more accurate measurement of 3-deoxyanthocyanidins by 

spectrophotometry. Improvement of the sorghum value chain from traditional to traditional-

to-modern or modern will allow farmers to work structured on a sustainable supply chain of 

dye sorghum leaf sheaths. A transition by the food industry to the use of natural colorants 

requires raw materials with a pigment content above 2% to be competitive. With an average 

pigment content of 3.1%, dye sorghum leaf sheaths are therefore a competitive natural 

biocolorant. However, successful substitution of artificial colorants by sorghum biocolorant 

does not solely depend on the stability of the natural colour regarding the processing 

condition but also on (a) regulations concerning the introduction of a new colorant on the 

market, (b) the colour difference due to the substitution, and (c) the consumer perception of 

the sensorial differences brought about by the substitution.  
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