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It’s really fascinating for exploring the biotechnological properties of both yeast and 

lactic acid bacteria. I now understood why Louis Pasteur (1822-1895) said: “A bottle 

of wine contains more philosophy than all the books in the world”. 
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The traditional African sorghum beers are a sour-alcoholic drink obtained by 

spontaneous fermentation where a deposit of the previous drink is used as a starter. 

The cyanide-containing compounds (dhurrin) in sprouted grain of Sorghum bicolor, the 

instability of the beer’s organoleptic quality and short shelf life hinders the 

competitiveness of traditional sorghum beers. The knowledge about the microbial 

population of the starter, biological mash acidification with selected aryl-β-D-

glucosidase producer lactic acid bacteria (LAB) as well as an increase of the beer’s 

aroma-active compounds were the focus to improve traditional African beers’ 

organoleptic quality and solve the safety problem due to sorghum cyanogenic 

glucoside (dhurrin). To attain  this goal, yeast and LAB were isolated from the starter 

and characterized using a polyphasic approach, the influence of sorghum malting on 

dhurrin metabolism was evaluated, and the mashing and fermentation processes were 

improved for significant dhurrin hydrolysis and beer flavour improvement. Our results 

show that the microbial population of Beninese African beer is very diverse where 

different yeasts including Saccharomyces (S. cerevisiae) and non-Saccharomyces 

(Pichia kudriavzevii, Candida ethanolica and Debaryomyces hansenii) co-operate with 

different species of Lactobacillus: L. plantarum, L. fermentum, L. helveticus, L brevis, 

L. acidophilus and L. paracasei. We also observed that the high amount of dhurrin (244 

-180 ppm) is sequestrated in sorghum malts after sprouting and the normal mashing 

procedure is limited in terms of significant, let alone complete, dhurrin removal. 

Sorghum bio-acidification with L. paracasei ND-34, the highest aryl-β-D-glucosidase 

producer LAB strain, completely removed dhurrin in the brown sorghum wort. 

Furthermore, an improvement of saccharification characterized by an increase of free 

amino nitrogen, amino acids and sugars was also observed after this biological 

acidification. The ale yeast S81 is stressed during sorghum wort fermentation and the 

uptake of diacetyl and 2,3-pentanedione (vicinal diketones) is limited compared to the 

strain TO-37 isolated from the traditional starter as S. cerevisiae. The latter is able to 

syntheze important aroma-active components such as isoamyl alcohol, isoamyl 

acetate and acetyl acetate up to 116 mg/L, 1.8 mg/L and 22.1 mg/L, respectively, from 

13 Plato sorghum wort after 72 hours of fermentation at 27 °C. We are confident that 

our approach based on multi-stage fermentation will help improve sorghum beers 

qualities. 

ZUSAMENFASSUNG 
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Die traditionellen afrikanischen Sorghumbiere sind saueralkoholische Getränke, die 

durch spontane Fermentation erhalten werden, wobei ein Überrest des vorherigen 

Getränks als Starter verwendet wird. Die cyanidhaltigen Verbindungen (Dhurrin) im 

gekeimten Korn von Sorghum bicolor, die Instabilität der organoleptischen Qualität und 

die kurze Haltbarkeit des Bieres behindern die Verbreitung traditioneller 

Sorghumbiere. Das Wissen um die mikrobielle Population des Starters, die biologische 

Maische-Ansäuerung mit ausgewählten Aryl-β-D-Glucosidase-produzierenden 

Milchsäurebakterien (LAB) sowie eine Erhöhung der bieraromatischen Wirkstoffe 

standen im Vordergrund, um die organoleptische Qualität der traditionellen 

afrikanischen Biere zu verbessern und das Sicherheitsproblem durch cyanogenes 

Glucosid des Sorghum (Dhurrin) zu lösen. Um dieses Ziel zu erreichen, wurden Hefe 

und LAB aus dem Starter isoliert und unter Verwendung eines polyphasischen 

Ansatzes charakterisiert, der Einfluss von Sorghum-Mälzen auf den Dhurrin-

Stoffwechsel wurde bewertet und die Maisch- und Fermentationsprozesse wurden 

verbessert für eine signifikante Dhurrin-Hydrolyse und Verbesserung des Bieraromas. 

Unsere Ergebnisse zeigen, dass die mikrobielle Population des afrikanischen Bieres 

sehr divers ist, wo verschiedene Hefen einschließlich Saccharomyces (S. cerevisiae) 

und Nicht-Saccharomyces (Pichia kudriavzevii, Candida ethanolica und 

Debaryomyces hansenii) mit verschiedenen Arten von Lactobacillus 

zusammenarbeiten: L. plantarum, L. fermentum, L. helveticus, L brevis, L. acidophilus 

und L. paracasei. Wir beobachteten auch, dass die hohe Menge an Dhurrin (244-180 

ppm) in Sorghummalz nach der Keimung gebunden wird und das normale 

Maischenverfahren für eine signifikante oder gar vollständige Entfernung von Dhurrin 

nicht ausreicht. Sorghum-Bio-Ansäuerung mit L. paracasei ND-34, dem höchsten Aryl-

β-D-Glucosidase-produzierenden LAB-Stamm, entfernte Dhurrin vollständig aus der 

braunen Sorghumwürze. Darüber hinaus wurde nach dieser biologischen Ansäuerung 

auch eine Verbesserung der Verzuckerung beobachtet, die durch einen Anstieg von 

freiem Aminostickstoff, Aminosäuren und Zuckern gekennzeichnet ist. Die Ale-Hefe 

S81 wird während der Sorghum-Würze-Fermentation gestresst und die Aufnahme von 

Diacetyl und 2,3-Pentandion (vicinalen Diketonen) ist im Vergleich zu dem vom 

traditionellen Starter isolierten Stamm TO-37 als S. cerevisiae begrenzt. Dieser ist 

fähig, wichtige  aromaaktive Komponenten zu synthetisieren, wie Isoamylalkohol, 

Isoamylacetat und Acetylacetat, nach einer 72-stündigen Fermentation bei 27 °C bis 

zu 116 mg/L, 1,8 mg/L bzw. 22,1 mg/L aus 13 Plato-Sorghumwürze. Wir sind 
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zuversichtlich, dass unsere Ergebnisse helfen werden, traditionelle Biere zu 

verbessern 



 

 

1 

 

1. INTRODUCTION 

1.1 African fermented beverages: functionality and safety problems 

Fermentation is one of the oldest and most economical methods of producing and 

preserving foods. It is also a natural way to destroy undesirable components, to 

enhance the nutritive value and organoleptic quality of the food, to reduce energy 

required for cooking and to make a safer product (Simango, 1997). The preparation of 

fermented foods and beverages first occurred in an artisan way without any knowledge 

of the role of microorganisms involved before the industrial revolution by the middle of 

the nineteenth century. Whatever the scientific and technological revolutions, several 

fermented foods and beverages are still produced based on ancestral knowledge, 

which is transmitted from one generation to another, especially in developing countries. 

In all African countries, cereal grains such as sorghum (Sorghum bicolor (L) Moench), 

millets (Pennisetum glaucum, Eleusine coracana) and maize (Zea mays) are common 

raw materials used to produce traditional non-alcoholic and alcoholic beverages. The 

traditional fermented foods are very diverse, which results from the multitude of 

different used raw materials, the processing technology and the composition of the 

food substrate. The latter is an important intrinsic factor of selection of microorganisms, 

which thereby determine the type of fermentation: alcoholic, lactic acid, acetic acid and 

alkali fermentation. Spontaneous fermentation is the key characteristic of African 

traditional fermented foods and beverages, and the biodiversity of the occurring 

microorganisms during this step is the main factor responsible for the different bouquet 

of traditional fermented foods and beverages. Gowe is a popular non-alcoholic 

Beninese beverage obtained by spontaneous lactic acid fermentation, sold as a paste 

product, and consumed as an energy drink after adding water, sugar, ice and milk 

(Adinsi et al., 2017; Michodjehoun-Mestres, Hounhouigan, Dossou, & Mestres, 2005; 

Vieira-Dalodé, Jespersen, Hounhouigan, Moller, Nago, & Jakobsen, 2007). Similar 

cereal-based non-alcoholic beverages obtained by lactic acid fermentation are also 

present in other African countries and known as Bushera in Uganda (Muyanja, 

Narvhus, Treimo, & Langsrud, 2003), Borde in Ethiopia (Kebede, 2007), Kunu-zaki in 

Nigeria (Obadina, Oyewole, and Awojobi, 2008) and Mahewu or Maphulo in South 

Africa (Blandino et al., 2003; Gadaga, Mutukumira, Narvhus & Feresu, 1999). Besides 

African non-alcoholic beverages, the most widespread traditional beverage produced 

in all African countries is the traditional alcoholic beverage. The processing technique 
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is different from one locality to another but always involves malting, mashing and 

spontaneous fermentations (Kayodé, Hounhouigan, & Nout, 2007; Osseyi, Tagba, 

Karou, Ketevi & Lamboni, 2011). After sorghum malting and mashing, the deposit of 

previous beer is used as a starter to initiate the fermentation during production of 

Tchoukoutou and other traditional African beers. This traditional starter used by 

Beninese sorghum beer producers contains different lactic acid bacteria and yeasts 

which produce lactic acid and alcohol as main metabolites, respectively. The occurring 

yeast and lactic acid bacteria probably cooperate for the taste and flavor which 

characterizes Tchoukoutou. Outside the desirable organoleptic quality, African 

sorghum beers have also been positively indexed for their functional qualities due to 

the health-promoting properties of sorghum: prevention and reduction of oxidative 

stress and cardio-vascular diseases as well as anti-cancer, anti-diabetic, anti-

inflammatory, and anti-hypertensive effects (Althwab, Carr, Weller, Dweikat, & 

Schlegel, 2015; Taylor, Schober, & Bean, 2006). The brown and red varieties of 

sorghum are a source of phenolic compounds with a high concentration of 

anthocyanins, especially luteolinidin and apigenidin (Awika & Rooney, 2004). Another 

nutritional importance of African sorghum beer is its health benefit due to some specific 

occurring microorganisms. Besides the use of the beer deposit as a starter to initiate 

fermentation, it is also used for the treatment of some human diseases. N’tcha et al. 

(2015) interviewed 90 producers of Beninese sorghum beer (Tchoukoutou) of which 

80 % reported that the deposit of Tchoukoutou is also used for the treatment of 

diarrhea. African sorghum beer is drunk while the fermentation is ongoing, and 

consumers also claim that this traditional fermented beer promotes health such as 

curing diarrhea (Kayodé, Deh, Baba-moussa, Kotchoni, & Hounhouigan, 2012; 

Schoustra, Kasase, Toarta, Kassen, & Poulain, 2013). Sanni, Franz, Schillinger, Huch, 

Guigas, & Holzapfel (2013) isolated many lactic acid bacteria from ogi and fufu, West 

African traditional fermented foods and observed that many strains were able to 

produce H2O2, and were tolerant towards bile and low pH with a good adherence 

capacity to mucus-secreting epithelial cells. Whatever these potential probiotic 

properties of African sorghum beer microbiota, there is still a lack of scientific works 

regarding the reengineering of the traditional fermented food and beverage processing 

techniques and the domestication of these microorganisms with a potential probiotic 

properties.  
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Regardless of the desirable organoleptic quality of African sorghum beers and its 

health benefits, several potential consumers are waiting for the improvement of its 

hygienic quality in order to include these lower-cost beverages into their food habits. 

The materials used for African sorghum beer processing are rudimentary and 

composed of large jars for mashing, cooking pots, and basket and cloth for filtration 

(Osseyi, Tagba, Karou, Ketevi, & Lamboni, 2011). The processing techniques are 

unstandardized and metabolites resulting from conversion are not monitored during 

fermentation. The sensory characteristics are unstable, and the beer has a short shelf 

life and cannot be conserved more than 3 days. The contaminants of African sorghum 

beer can be classified into two different groups: exogenous contaminants 

(enterotoxins, mycotoxins) and the sprouted sorghum’s endogenous cyanogenic 

glucoside (dhurrin). Even though it is true that below pH 4.5, most pathogenic 

microorganisms are not able to grow, acid-resistant pathogenic microorganisms exist, 

which can survive the fermentation process. Nout & Motarjemi (1997) reported that 

foodborne viruses such as rotavirus responsible for diarrhea have been shown to be 

relatively acid resistant. Concomitant research work shows the acid resistance of 

strains belonging to Escherichia coli (E. coli 0157:H7). Another exogenous 

contaminant which compromises the safety of African traditional beers is the presence 

of mycotoxins. Mycotoxins are toxic secondary metabolites produced by fungi and 

contaminate various agricultural commodities either before harvest or under post-

harvest conditions. The climatic conditions, poor harvesting practices, improper 

storage, poor transportation conditions and poor control during processing, especially 

during germination, contribute to fungal growth and therefore increase the risk of 

mycotoxin production. Aflatoxin produced by Aspergillus flavus is particularly dire in 

Africa and other tropical countries (Bankole & Adebanjo, 2003; Lewis et al., 2005; 

Muthomi, Erke, Ehne, & Utitu, 2002; Wagacha & Muthomi, 2008). Several cases of 

death were reported from India (more than 106 cases) in 1974, in Nigeria (more than 

100 cases) in 2005 and especially in Kenya (215 cases) in 2004 by Azziz-baumgartner 

et al., (2005) and Krishnamachari, Nagaarajan, Bhat & Tilak, (1975). Ezekiel et al., 

(2015), Matumba et al., (2014) and Odhav & Naiker (2002) also reported several cases 

of traditional cereal-derived fermented foods and beverages contaminated by aflatoxin 

B1, fumonisin (B1, B2, B3) and ochratoxin A. In European countries, Fusarium Head 

Blight (FHB) is an important disease of barley (Hordeum vulgare). F. graminearum and 

F. culmorum are the most damaging from the FHB complex, followed by F. poae and 
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F. avenaceum, impacting several malting and brewing quality parameters (Schwarz, 

Schwarz, Zhou, Prom & Steffenson, 2001). Concomitant research works demonstrate 

that cereal contamination by fungi induces premature yeast flocculation (PYF) during 

fermentation (Axcell, Van Nierop & Vundla, 2000; Herrera & Axcell, 1991; Lake & 

Speers, 2016; Nierop, Axcell, Cantrell, & Rautenbach, 2008; Panteloglou, Smart & 

David, 2012; Shang, Li, Cai, Lu, & Chen, 2014; Verstrepen, Derdelinckx, Verachtert & 

Delvaux, 2003) as well as beer gushing problems (Beattle, Schwarz, Horsley, Barr & 

Casper, 1998; Lowe, Ulmer, Sinderen, & Arendt, 2004; Schwarz, Beattle, & Casper, 

1996; Wolf-hall, 2007). To limit death caused by food contamination and malnutrition, 

the FAO/WHO workshop held in Pretoria (South Africa) suggested cereal germination 

and fermentation to improve the safety and nutritional value of traditional food and 

beverages (Nout & Motarjemi, 1997). Unfortunately, the toxigenic hydrogen cyanide 

precursor (dhurrin) is synthetized during sorghum germination (Ahmed, Mahgoub & 

Babiker, 1996; Haque & Bradbury, 2002; Ikediobi, 1988; Møller, 2010; Panasiuk & Bills, 

1984; Traoré, Mouquet, Icard-Vernière, Traoré & Trèche, 2004; Uvere, Adenuga & 

Mordi, 2000).  

1.2 Diversity of cyanide containing foods and cyanogenic glucoside metabolism 

Cyanogenic glucosides, plant secondary metabolites, account for approximately 90 % 

of the wide group of plant toxins. The major edible plants in which cyanogenic 

glucosides occur are bitter almonds (Prunus dulcis), sorghum (Sorghum bicolor), 

cassava (Manihot esculenta), lima beans (Phaseolus lunatus), apricot (Prunus 

armeniace) kernel, peach (Prunus persica) kernel and bamboo shoots (Bambusa 

arundinacea) (Haque & Bradbury, 2002). There are approximately 25 cyanogenic 

glucosides known with the major cyanogenic glucosides found in the edible parts of 

plants being: amygdalin (almonds); linamarin (cassava, lima beans); lotaustralin 

(cassava, lima beans); prunasin (stone fruit); taxiphyllin (bamboo shoots); and dhurrin 

(sorghum). The relation between amino acids and cyanogenic glucosides was clearly 

demonstrated with incorporation of 14C-labelled amino acids. The biosynthesis 

precursors of the cyanogenic glucosides are therefore amino acids such as L-valine 

for linamarin, L-isoleucine for lotaustralin, L-leucine for osmaronin, L-phenylalanine for 

prunasin or amygdalin and L-tyrosine for dhurrin (Fig. 1). The non-protein amino acid 

cyclopentenyl-glycine has been also reported.  
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Figure 1: Structure of aromatic (A) and aliphatic (B) cyanogenic glucosides and the 

corresponding precursor amino acids.  

The general pathway of biosynthesis of cyanogenic glucosides is given after Tapper & 

Reay, (1973): the  α-amino acids are hydroxylated to form an N-hydroxylamino acid, 

which is then converted to an aldoxime, this in turn to a nitrile. The nitrile is hydroxylated 

to form an α-hydroxynitrile, which is glucosylated to form the corresponding cyanogenic 

glucoside (McFarlane, Lees & Conn, 1975). All known cyanogenic glucosides are β-

linked, mostly with D-glucose. Formation of metabolons (macromolecular enzyme 

complexes) facilitating the channelling of substrates in biosynthetic pathways have 

been reported by Gnanasekaran et al. (2016); Jensen, Anne, Hamann, Naur, & 

Lindberg (2011) and Vazquez-albacete et al. (2017) and several cytochrome-P450 

enzymes from plants associated with distinct cyanogenic glucosides have been 

isolated and characterized. After the two-step hydroxylation mediated by cytochrome-

P450 of cyanogenic glucoside synthesis, UDP-Glc-Glucosyltransferase catalyses the 

third step characterized by the transfer of sugar moieties from activated donor 



 

 

6 

 

molecules to specific acceptor molecules, forming glucosidic bonds. The term 

“cyanogenesis” means not only the synthesis or presence of the cyanogenic 

glucosides but also the enzymatic hydrolysis producing the free hydrogen cyanide and 

other compounds such as aglycone and sugar. Upon tissue disruption, caused by 

chewing insect or livestock, the cyanogenic glucosides are brought in contact with 

specific β-glucosidases, resulting in the formation of sugar and a cyanohydrin (α-

hydroxynitrile) which then decomposes spontaneously or in an enzymatic reaction 

catalysed by hydroxynitrile lyase, resulting in the formation of a ketone or aldehyde 

(aglycone) and hydrogen cyanide (Fig. 2). 

     

      

Figure 2: Cyanogenesis: General metabolism pathway of cyanogenic glucoside 

synthesis and its hydrolysis by β-D-glucosidase to hydrogen cyanide and aglycone 

(ketone or aldehyde) via α-hydroxynitrile. See Table 1 for R1 and R2. 

Cyanide-containing foods are responsible for several intoxications linked to the high 

prevalence of toxico-nutritional neurogical diseases, especially konzo, characterized 

by a distinct neurogical entity with selective upper motor neuron damage, and death in 

developing countries (Banea, Bradbury, Mandombi, Nahimana, Denton, Foster & 

Katumbay, 2015; Nzwalo & Cliff, 2011) because of the nutritional status which plays 

an important role for the detoxification by the organism.  

 

 

 

 



 

 

7 

 

 

 

 

Table 1: Diversity of cyanogenic glucosides occurring in foods, feeds, and the 

precursor L-amino acids.  

Names Precursor R1 R2 Sugar Occurrence 

Dhurrin L-tyrosine p-Hydroxyphenyl Hydrogen glucose Sorghum 

Taxiphyllin L-tyrosine p-hydroxyphenyl Hydrogen glucose Bamboo shoot 

Amygdalin L-phenylalanine Phenyl Hydrogen Gentiobiose Amonds, apricot, 

Linamarin L-valine Methyl Methyl Glucose Cassava, lima bean 

Prunasin L-phenylalanine Phenyl Hydrogen Glucose Ferns (bracken fern) 

Linustatin L-valine Methyl Methyl Gentiobiose Flax seed, cassava 

Lotaustralin L-isoleucine Methyl Ethyl Glucose Cassava, lima bean 

Neolinustatin L-isoleucine Methyl Ethyl Gentiobiose Flax seed 

Sambunigrin L-phenylalanine Phenyl Hydrogen Glucose Elderberries 

Dhurrin and taxiphyllin are different by the configurations S and R, respectively. The prunasin and sambunigrin also differ by the 

configurations R and S, respectively. (Lechtenberg & Nahrstedt, 1999). 

 

1.3 Biotechnological properties of lactic acid bacteria occurring in cereal-based 

products 

1.3.1 Lactic acid bacteria metabolism pathways and food bio-preservation 

The contemporary consensus definition considers a typical lactic acid bacteria as 

Gram-positive, non-spore forming, catalase-negative, devoid of cytochromes, non-

aerobic but aerotolerant, nutritionally fastidious, acid-tolerant and strictly fermentative, 

with lactic acid as the major end-product of sugar fermentation (Franz & Holzapfel, 

2011; Klein, Pack, Bonaparte, & Reuter, 1998). Lactic acid bacteria have been 

intimately associated with human culture and well-being throughout history. In our time, 

the industrialization of food bio-transformations and the positive contributions of 
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particular microbes to sensory, quality and safety features of fermented foods have 

become synonymous with the positive image of lactic acid bacteria. Improved 

microbiological safety through competitive antagonistic microorganisms or their 

metabolic products is the main goal of biological food preservation. The biological 

significance is thought to be that of amensalism, a means of one bacterium gaining 

advantage over another competing microbe. This can be achieved by changing the 

environment by acidification or production of “toxins” against competitors (Walter P 

Hammes & Tichaczek, 1994; Wilhelm H Holzapfel & Wood, 2014; Tannock, 1981). 

Upon fermentation of hexoses, lactic acid is produced by homofermentation or 

equimolar amounts of lactic acid, acetic acid/ethanol and CO2 are produced by 

heterofermentative lactic acid bacteria (Fig.3). It has long been observed that weak 

acids (lactic acid, acetic acid) have a more powerful antimicrobial activity at low pH 

than neutral pH (Simon & Blackman, 1949). Between the two acids, acetic acid is the 

strongest inhibitor and has a wide range of inhibitory activity against yeast, molds and 

bacteria. This stronger antimicrobial activity of acetic acid is due to its higher pKa (4.87) 

compared to that of lactic acid (3.08). A mixture of lactic acid and acetic acid has been 

observed to reduce the growth rate of Salmonella enterica ser.var. typhimurium more 

than either acid alone, suggesting a strong synergistic activity between lactic acid and 

acetic acid (Rubin, 1978) when heterofermentative lactic acid bacteria are used for 

food preservation. The stronger  inhibition effect of propionic acid has also been proven 

by researchers and is comparable to that of acetic acid (Eklund, 1983). In the presence 

of oxygen, lactic acid bacteria are able to generate hydrogen peroxide. The bactericidal 

effect of hydrogen peroxide has been attributed to its strong oxidizing effect on the 

bacterial cell (Lindgren & Dobrogosz, 1990; Morris, 1976). When Lemoigne (1927) 

described the antimicrobial properties of diacetyl, Jay (1982) observed that diacetyl is 

more active against gram-negative lactic acid bacteria and demonstrated that diacetyl 

reacts with the arginine-binding protein of gram-negative bacteria, thereby interfering 

with the utilization of this amino acid. There are also several reports on the production 

of low molecular weight anti-microbial components (reuterin, reutericyclin, 2-

pyrrolidone-5-carboxylic acid) by lactic acid bacteria (Dobrogosz, Casas, Pagano, 

Talarico, Sjöberg & Karlsson, 1989; Gänzle & Vogel, 2003) 
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Figure 3: Major fermentative pathways of glucose: (A) homolactic fermentation, 

(Glycolysis-Meyerhof-Parnas pathway), (B) heterolactic fermentation (6-

phosphogluconate/phosphoketolase pathway). The enzymes catalysing the reactions 

are numbered: 1. Glucokinase, 2. Fructose-1,6-diphosphate aldolase, 3. 

Glyceraldehyde 3-phosphate dehydrogenase, 4. Pyruvate kinase, 5. Lactate 

dehydrogenase, 7. 6-phosphogluconate dehydrogenase, 8. Phosphoketolase, 9. 

Acetaldehyde dehydrogenase, 10. Alcohol dehydrogenase, 11. Acetate kinase. 

Among these varieties of antimicrobial substances produced by lactic acid bacteria, 

bacteriocins are one of the most promising natural food preservatives. Bacteriocins are 

extracellularly released, ribosomally synthesized, bioactive, small or complex peptides 

that have a bactericidal or bacteriostatic effect on other species, generally inhibiting 

the microorganisms that are closely related to the producing strain (Bearso, Bearson 

& Forster, 1997; Cherrington, Hinton, Mead & Chopra, 1991; Shortt, 1999). All 

bacteriocins are synthesized as a biologically inactive prepeptide carrying an N-

terminal leader peptide attached to the C-terminal propeptide (Hoover & Chen, 2005). 

The immunity protein provides total protection to the producer of the bacteriocin (Fig. 

4). The mode of action against food pathogenic flora occurs through several steps of 
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recognition involving different domains and structures of this antimicrobial peptide that 

end by killing the target cell after pore formation. The initial binding is characterized by 

electrostatic interactions with negatively charged phosphate groups on the target cell 

membranes.  

 

                                  

                                                                      

 Figure 4: Biosynthesis of bacteriocin with immunity of producer and regulation 

mechanism. Formation of prebacteriocin and prepeptide of induction factor (IF). The 

processing of the prebacteriocin and pre-IF and translocation by the ABC-transporter 

result in the release of mature bacteriocin and IF. Histidine protein kinase senses the 

presence of IF and autophosphorylates. The transfer of the phosphoryl group to the 

response regulator activates transcription of the regulated genes and the immunity of 

the producer. 

Nisin is the best-known and characterized bacteriocin, the only one with a commercial 

use. It has been reported that Nisin is effective against more than 90 % of gram-positive 

beer spoilage microorganisms (Müller-Auffermann, Grijalva & Jacob, 2015). Nisin 

interferes with the cytoplasmic membrane of the susceptible species by binding to the 

anionic phospholipids, especially lipid II, which is an essential element in cell wall 

formation (Fig. 5).  Subsequently, nisin permeates and inserts itself into the membrane, 
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forming an ion channel or a pore. This allows the efflux of intracellular components, 

such as ATP, potassium, protons and amino acids (Abee, 1995; Gert, Konings, & 

Driessen, 1999; Montville & Bruno, 1994). Bacteriocins therefore generate great 

interest in the food industry owing to their properties: they inhibit food spoilage and 

pathogenic bacteria, are non-toxic, do not interfere with the product taste and are 

naturally produced. 

                       

Figure 5: Mode of action of nisin. Reported from Müller-Auffermann, Grijalva & Jacob, 

(2015) 

1.3.2 Food and beverage functionality due to the probiotic LAB and prebiotic 

substances 

African fermented food and beverage microbiota is not very well characterized. 

However, the central role of lactic acid bacteria in fermentation is widely acknowledged, 

and it is accepted that these microorganisms exert beneficial effects through two 

mechanisms: direct effects of the live microbial cells, known as the “probiotic effect”, 

or indirect effects during fermentation where these microbes act as cell factories for 

the generation of secondary metabolites with health-promoting properties (Hayes, 

Stanton, Fitzgerald, & Ross, 2007), as partially described in section 1.3.1. As reported 

by Vaughan & Vos (2005), Rastall et al. (2005) defined probiotics as “live 

microorganisms which when administered in adequate amounts confer a health benefit 

on the host”.  At the beginning of the 20th century, potential health-promoting effects 

associated with several lactic acid bacteria were highlighted by Metchnikoff (1908). 

Since then, numerous commercial products with such postulated claims abound in the 

dairy-based food and beverage markets. The health benefit of probiotic 

microorganisms have been related to inhibiting gut pathogens by interference or 

antagonism, immune-modulation, anticarcinogenic activities, alleviating lactose 



 

 

12 

 

intolerance symptoms, reducing serum cholesterol levels, reducing blood pressure, 

preventing and decreasing incidence and duration of diarrhea, maintaining mucosal 

integrity, and being involved in protection against gut cancer (Parvez, Malik, Kang, & 

Kim, 2006; Reid, 1999)  

The consumption of live bacteria is not the only strategy to increase the size of the 

health-beneficial cell population in the intestinal tract. An alternative approach has 

been investigated where the commensal bifidobacteria or lactobacilli are selectively 

promoted by intake of certain nonviable substances, known as prebiotics. Gibson & 

Roberfroid, (1995) first described a prebiotic as a “non-digestible food ingredient that 

beneficially affects the host by selectively stimulating the growth and / or activity of one 

or a limited number of bacteria in a colon, and thus improves host health”. For a dietary 

substrate to be classed as a prebiotic, three criteria are therefore required: The 

substrate must not be hydrolyzed or absorbed in the stomach or small intestine, it must 

be selective for beneficial commensal bacteria in the colon such as bifidobacteria, and 

finally the substrate should induce beneficial luminal / systemic effects within the host. 

Through diet, resistant starch is the quantitatively most important (Cummings & 

Macfarlane, 1991). Non-starch polysaccharides form the next largest contribution and 

include plant-derived substrates such as pectin, cellulose, hemicellulose, guar and 

xylan. The premise behind prebiotics is therefore to stimulate certain indigenous 

bacteria in the gut rather than introducing exogenous species, as is the case with 

probiotics. 

1.3.3 Proteolytic and amylolytic lactic acid bacteria and cereal-based food 

saccharification 

It is a general belief that lactic acid bacteria have a very limited capacity to synthesize 

amino acids using inorganic nitrogen sources. The growth on chemically defined 

minimal media is then slow and lactic acid bacteria have adapted by developing 

systems to efficiently exploit the nitrogen source present. One of the most extensively 

studied systems in this regard is the proteolytic system. Proteolysis in dairy lactic acid 

bacteria has been studied in detail and from these studies, the picture emerges that 

the proteolytic systems of lactococci and lactobacilli are remarkably similar in their 

components and mode of action. The structural components of proteolytic systems of 

lactic acid bacteria can be divided into three groups on the basis of their function: 
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proteinases that break down casein to peptides, peptidases that degrade peptides, and 

transport systems that translocate the breakdown products across the cytoplasmic 

membrane. Proteinase is excellularly located and various researchers attempting to 

define the substrate binding pocket for protein degradation have concluded that 

proteinase has a broad substrate specificity (Juillard, Le Bars, Kunji, Konings, Gripon 

& Richard, 1995). To use the amino acids for biosynthesis, products derived from 

protein degradation traverse the membrane. Transport studies in peptidase-free 

membrane vesicles of Lactococcus lactis have shown that relatively hydrophilic di- and 

tripeptides are transported by a proton motive force-driven transport mechanism 

(Smid, Driessen & Konings, 1989). Kunji, Mierau, Hagting, Poolman & Konings (1996) 

also show that Lactococcus lactis possesses a transporter that is specific for 

oligopeptides (Opp) as well and these oligopeptide transporters are driven by ATP 

rather than proton motive force. Following the breakdown by PrtP and transport, the 

protein-derived peptides are further hydrolyzed by peptidase (Fig. 6).  
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Figure 6: Model of the proteolytic pathway in lactic acid bacteria including membrane-

anchored proteinase system (PrtP), oligopeptide transport system (Opp), di- and 

tripeptide transport system (D) and amino acid transport system (A). 

Outside of protein, some lactic acid bacteria are also able to decompose starchy 

material through synthesizing amylases and pullulanase (starch debranching 

enzymes) during fermentation. Lactic acid, the main metabolite resulting from that 

fermentation, has a wide range of beneficial uses in the sectors relating to food 

industries where it is used as acidulant as well as flavouring, emulsifying, and pH 

buffering agent, or inhibitor of bacterial spoilage (Datta, Tsai, Bonsignor & Moon,1995; 

Litchfield, 1996). It is also used in other large-scale industrial products. As reported by 

Reddy, Naveena, Venkateshwar, & Kumar (2008), conventional biotechnological 

production of lactic acid from starchy materials requires pre-treatment for gelatinization 

and liquefaction followed by enzymatic saccharification to glucose and subsequent 

conversion of glucose to lactic acid by fermentation (Anuradha & Suresh, 1999). This 

two-step process involving consecutive enzymatic hydrolysis and fermentation makes 
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lactic acid economically unattractive. The direct bio-convection of carbohydrate 

materials to lactic acid coupling the enzymatic hydrolysis of carbohydrate substrates 

and microbial fermentation of the derived glucose to lactic acid has been made 

effective by application of amylolytic lactic acid bacteria, most belonging to the 

Lactobacillus genus (Cheng, Muller, Jaeger & Bajpai, 1991; Naveena, Vishnu & Altaf, 

2003; Vishnu & Seenayya, 2002). Because of these high-potential industrial amylase 

applications and the high world starch availability, amylolytic lactic acid bacteria still 

receive attention. Several amylolytic lactic acid bacteria have been isolated from 

different traditional starch fermented foods produced from root cassava, maize, millet, 

rice and sorghum grain. Amylolytic lactic acid bacteria strains of Lactobacillus 

fermentum were isolated in Benin from Beninese maize sourdough (Ogi and mawe) by 

Agati, Guyot, Morlon-Guyot, Talamond, & Hounhouigan (1998).  Bohak et al., (1998) 

described a new lactic acid bacteria (Lactobacillus amylolyticus) isolated from beer 

malt and wort with amylase activity. Sanni & Morlon-Guyot (2002) also identified 

amylolytic lactic acid bacteria such as Lactobacillus plantarum and Lactobacillus 

fermentum from various Nigerian traditional amyloceous fermented foods. Petrova, 

Emanuilova, & Petrov, (2010) identified from Boza, a Bulgarian alcoholic maize- and 

wheat-based beverage, two strains of lactic acid bacteria with amylolytic activity 

belonging to Lactobacillus plantarum and Lactobacillus pentosus species. These 

different research works therefore show the high presence of amylolytic lactic acid 

bacteria in traditional starchy (cassava and cereal) foods where the occurring lactic 

acid bacteria lower the pH under 4.5 by organic acid production, thereby inhibiting the 

food pathogenic microflora. Another importance of amylolytic and proteolytic lactic acid 

bacteria in developing countries is the reduction of viscosity of highly concentrated 

starchy cereal gruels, which give them semi-fluid consistency by partial starch and 

protein hydrolysis. The high viscosity of complementary foods significantly reduce its 

energy density and is the main factor of an etiological protein energy malnutrition in 

young children. Koko, Gowe, Mawe and Ogi are typical Beninese starchy cereal gruels 

made from spontaneous lactic acid fermentation, which are used as complementary 

foods by children or breakfast by adults. Seeing an interest in and the importance of 

these traditional foods, the reengineering of the processing and the domestication of 

the occurring potential proteolytic, amylolytic lactic acid bacteria are strongly necessary 

to increase the nutritional value and solve the traditional foods’ safety problems. 
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1.4 Potential biotic and abiotic factors influencing beer organoleptic qualities 

Beer, like any fermented food, is a microbial product whose final sensory 

characteristics strongly depend on the occurring microorganism and the wort 

composition. The main yeasts strains employed for worldwide beer production are 

classified into the categories of ale and lager yeasts. Ale yeast (Saccharomyces 

cerevisiae) strains referred to as top-fermenting are more diverse, haploid or polyploid 

with 3 or 4 copies of each chromosome (Codon, Benitez & Korhola, 1998) whereas the 

lager yeasts (Saccharomyces pastorianus) referred to as bottom-fermenting are the 

more complex organisms as they result from S. cerevisiae and S. bayanus 

hybridization (Turakainen, Kristo & Korhola, 1994). Different other yeasts belonging to 

non-Saccharomyces yeasts have also been used as pur starter or in combination with 

S. cerevisiae to produce some specific beers. With the advances in the production of 

beer worldwide, more challenges therefore arise each year in the search for new 

approaches to the development of distinctive beverages. Attempts to obtain products 

with more complex sensory characteristics have led experts and brewers to prospect 

for non-conventional yeasts. Besides the widespread use of Dekkera/Brettanomyces 

for the production of sour beers, other species are emerging for presenting unusual 

metabolic features that include the production of fruity esters. Wickerhamomyces 

anomalus and Torulaspora delbruekii stand out as the most promising yeasts in 

brewing processes. Such new tendencies in the use of non-Saccharomyces yeasts 

extend to the production of low-alcohol beers, functional beers, and bioflavoring 

approaches (Basso & Alcarde, 2016). It has been shown, for example, that Dekkera 

bruxellensis and Hanseniaspora uvarum (anamorph, Kloeckera apiculata) have the 

ability to produce many esters with a fruity character. Lately, other wild yeast species 

such as D. anomala, Hanseniaspora uvarum and Debaryomyces spp have been 

mentioned as interesting alternatives in brewing. Whatever this diversity of yeast use 

in brewing, microbiologists and brewers most appreciate their performance on the 

based on specific beer components. Indeed, all brewing yeasts produce glycerol, 

vicinal diketones (VDKs), alcohols, esters, short-chain fatty acids, organic acids and 

diverse sulfur-containing substances (Bokulich & Bamforth, 2013; Dzialo, Park, 

Steensels, Lievens, & Verstrepen, 2017) (Fig. 7). 
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Figure 7: Metabolism pathways of aroma component synthesis during fermentation by 

S. cerevisiae. 

Among these aroma components, aroma-active higher alcohol and esters are of major 

interest because of their contribution to the aroma in fermented beverages. The levels 

of each of these components found in beer depends on the fermentation conditions, 

the wort C: N ratio, time of fermentation and maturation, and the yeast strain.  Since 

Felix Ehrlich, (1907) proposed that higher alcohols are derived from amino acid 

catabolism, much research has been carried out to understand the key reaction 

involved in the Ehrlich pathway. Indeed, Sentheshanmuganathan (1960) 

demonstrated that the formation of higher alcohols from amino acids is mediated by 

sequential enzymatic reactions, which involve transaminase, decarboxylase and 

alcohol dehydrogenase. Indeed, amino acid uptake is performed by several amino acid 

transporters located in the cell membrane of yeast (Jauniaux & Grenson, 1990). The 

assimilated amino acids are further transaminated to α-keto acids (Hazelwood, Daran, 

Van Maris, Pronk, & Dickinson, 2008a), which requires four enzymes encoded by the 

genes BAT1, BAT2, ARO8 and ARO9 (Kispal, Steiner, Court, Rolinski, & Lill, 1996; 

Pires, Teixeira, Brányik, & Vicente, 2014). Yeast cells then decarboxylate α-keto into 
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fusel aldehydes followed by a reduction to form fusel/higher alcohols or by oxidation to 

form fusel acid (Hazelwood, Daran, Van Maris, Pronk & Dickinson, 2008). In S. 

cerevisiae, there are five genes encoding decarboxylases ARO10 and TH13 and three 

pyruvate decarboxylases (PDC1, PDC5 and PDC6) (Bolat, Romagnoli, Zhu, Pronk, & 

Daran, 2013; J R Dickinson et al., 1997). The last step of the Ehrlich pathway, in which 

the aldehydes are converted into their respective alcohol, involves the action of alcohol 

dehydrogenases encoded by the genes ADH1-5 and the formaldehyde 

dehydrogenase Sfa1 able to catalyse the conversion of fusel aldehydes into higher 

alcohols (Dickinson, Salgado, & Hewlins, 2003). Higher alcohols are also formed 

during upstream biosynthesis of amino acids (Fig. 8). Besides the flavor-active higher 

alcohols, aroma-active acetate ester and ethyl ester are important as well for the fruity, 

candy and perfume flavor. Esters are formed intracellularly mainly during primary 

fermentation by yeast in an enzyme-catalyzed condensation reaction of organic acids 

and alcohols. 

Regardless of the monitoring of fermentation by automatic measurement of wort 

gravity, CO2 evolution, the pH decrease, ethanol formation, as well as camera based 

observation of events in fermenter in pursuit of constant fermentation performance, 

obtaining beer with a stable organoleptic quality (taste and flavor) is still a big brewer’s 

challenge. To achieve this goal, all variable parameters have to be understood. 

Outside of the housekeeping genes, other genes including those involved in aroma 

flavor synthesis as well as their regulation are affected by several brewing abiotic 

factors. Bamforth, (2003) observed that one major variable that receives less detailed 

analysis and control than others parameters in fermenter is the wort composition. The 

recent works carried out by Procopio, Sprung, & Becker (2015) help to further 

understand the impact of wort amino acid composition on beer flavor. The authors 

observed that an increase of wort leucine, isoleucine, valine, glutamine, cysteine and 

proline content positively affect the beer’s flavor-active ester and higher alcohol 

content. Lack of amino acids in the wort will therefore induce the synthesis of amino 

acids, especially the branched amino acids (valine, leucine and isoleucine), which will 

unfortunately lead to the high presence of diacetyl and pentanedione (vicinal 

diketones) in beer (Fig. 8). Since valine has a feedback inhibition of enzymes 

controlling the formation of diacetyl precursors, an increase of wort valine seems to be 

an approach for diacetyl reduction. An improvement of sorghum protein hydrolysis to 
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increase the wort amino acids will undoubtedly improve sorghum beer flavor-active 

components. 

                        

Figure 8: Metabolism of relatively undesirable vicinal dicketones (VDKs) formation 

during branched amine acid (valine, leucine and isoleucine) synthesis. The process 

involves several enzymes such as: A. Threonine deaminase (IVL1), B: Synthase 

(ILV2, ILV6), C: Reductoisomerase (ILV4, ILV5), D: Dehydratase (ILV3) and E: 

Transaminase (BAT1, BAT2). 

Another approach for beer flavor improvement, which has not yet received a large 

scientific explanation, is the hydrolysis of glucosidic compounds by β-D-glucosidase. 

Glucosides are non-volatile compounds composed by one aromatic molecule 

(aglycone) and one β-D-glucose (glycone). The enzymatic hydrolysis of glucosides 

releases the sugar molecules, which are further metabolized, and the aglycone, which 

can express aromatic activity (Winterhalter & Skouroumounis, 1997).  
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1.5 Motivation 

African sorghum beer is produced on the basis on unstandardized traditional 

processing techniques, and the instability of the resulting sorghum beer as well as the 

presence of high amounts of undigested starch and proteins hinder the marketability. 

Furthermore, sorghum sprouting induces a tremendous dhurrin synthesis and an 

inappropriate sorghum mashing program may lead to dhurrin and its toxigenic residue 

in sorghum beers. Identifying yeast and lactic acid bacteria content in the starter, 

standardizing the malting and mashing process, and selecting β-D-glucosidase 

producer lactic acid bacteria and performance yeast for dhurrin removal and sorghum 

beer flavor improvement are our challenges. To achieve these objectives, we propose:  

1. Review the impact of sorghum germination on dhurrin synthesis, the associated 

toxico-nutritional diseases and the importance of specific β-D-glucosidases on the 

detoxification process. 

2. Identify different yeasts and lactic acid bacteria contained in the traditional starter 

used for traditional beer production. 

3. Optimize sorghum malting conditions and appreciate the impact of sprouting on 

sorghum cyanogenic glucoside (dhurrin) metabolism 

4. Design a standardized mashing program in order to remove toxigenic hydrogen 

cyanide precursor (dhurrin) and select a proteolytic lactic acid bacteria which 

expresses β-D-glucosidase for dhurrin and protein hydrolysis improvement 

5. Domesticate the isolated Saccharomyces yeasts based on flavor-active higher 

alcohols and esters as well as undesirable aroma components vicinal diketones 

(VDKs)  
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2. RESULTS (PAPER PUBLICATIONS) 

2.1 Summary of results 

PART 1: β-D-glucosidase as “key enzyme” for sorghum cyanogenic glucoside 

(dhurrin) removal and beer bioflavouring 

 

Sorghum malt used during African beer processing contains a high level of cyanogenic 

glucoside (dhurrin), up to 1375 ppm. In traditional sorghum malting and mashing, 

dhurrin is not sufficiently hydrolyzed due to uncontrolled germination and a high 

gelatinization temperature. The cyanide content of traditional African beers (11 ppm) 

is higher than the minimum dose (1 ppm) required to form carcinogenic ethyl 

carbamate during alcoholic fermentation. In the detoxification process, Aryl-β-D-

glucosidase (dhurrinase) is the “key component”. For significant dhurrin hydrolysis 

during mashing, optimizing dhurrinase synthesis during malting is a good solution to 

reduce dhurrin completely to below the harmful dose in the sorghum wort. Lactic acid 

bacteria which exhibit aryl-β-D-glucosidase prior to alcoholic fermentation may help to 

reduce ethyl carbamate content in alcoholic beverages. Moreover, some specific β-D-

glucosidases have a dual property, being able  to cleave and synthetize glucosides 

bonds and thereby generating a good precursors for beer bio-flavouring. 
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PART 2: Phenotypical and molecular characterization of yeast content in the starter of 

Tchoukoutou, a Beninese African sorghum beer 

 

Tchoukoutou is a Beninese African sorghum beer obtained by mixed-fermentation in-

cluding different yeast and lactic acid bacteria (LAB). Until now, the make-up whole 

microbial communities of the starter and the main reason for the diversity of this special 

beer’s organoleptic quality (taste and flavor) had remained unknown. A total of 240 

yeasts isolated from a Tchoukoutou starter have been characterized following the pol-

yphasic approach and using yeast phenotype (morphology and physiology), proteins 

(MALDI-TOF MS), ITS1-5.8S-ITS4 and D1/D2 of large subunit (LSU) rRNA gene as 

biomarkers. The microbial ecology of the starter used to produce Tchoukoutou is very 

diverse and belongs to different strains of four species, including Saccharomyces cere-

visiae (75.17 %) as the dominant yeast, followed by Pichia kudriavzevii (17.24 %), 

Candida ethanolica (4.14 %) and Debaryomyces hansenii complex (3.45 %). D. han-

senii complex and C. ethanolica are two yeast species which have never yet been 

isolated from Tchoukoutou. Some S. cerevisiae with an interesting fermentative profile 

are able to metabolize lactic acid (lactic acid bacteria metabolite) and therefore may 

increase the beer pH thereby allowing the growth of LAB for further beer maturation 

and flavor enhancement during Yeast-LAB mixed-fermentation. 
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PART 3: Polyphasic characterization of lactic acid bacteria isolated from Beninese 

sorghum beer starter 

 

Tchoukoutou is a Beninese traditional sorghum beer obtained by mixed fermentation 

including yeast and lactic acid bacteria (LAB). The starter’s LAB communities as well 

as their biotechnological importance remain unknown. Furthermore, the sprouted grain 

of sorghum bicolor, which is used during the beer processing, contains a cyanogenic 

glucoside (dhurrin). In order to elucidate Beninese sorghum beer starter LAB 

microbiota, 69 LAB isolated from traditional starters were characterized using a 

polyphasic approach including phenotypical characterization (physiology and MALDI-

TOF MS) and 16S rRNA gene comparison. Based on the enzymes substrate 

specificity, LAB expressing aryl-β-D-glucosidase and amylase was indexed as 

potential candidate for dhurrin removal and saccharification improvement. All isolated 

bacteria belong to the same genus Lactobacillus with different strains of the five 

species L. fermentum, L. plantarum, L. helveticus, L. paracasei and L. brevis and 

diverse metabolic pathways. MALDI-TOF MS is a good method for accurate and high-

throughput LAB identification. Several facultative hetero-fermentative LAB such as L. 

plantarum and L. paracasei express β-D-glucosidase and amylase. These β-D-

glucosidase producers LAB will likely cleave the conjugated glucose of dhurrin, thereby 

contributing to detoxification if used for controlled sorghum mash bio-acidification. 
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PART 4: Assessment of malting and mash bio-acidification on the turnover of sorghum 

cyanogenic glucoside and protein hydrolysis improvement. 

 

Sorghum germination induces the synthesis of a toxigenic hydrogen cyanide (HCN) 

precursor, dhurrin, and the normal sorghum mashing program is limited in dhurrin 

removal. Furthermore, the lack of proteases in sorghum malt and a protein aggregate 

forming during cooking limit protein hydrolysis. To detoxify the wort, a new mashing 

program was designed to optimize dhurrin hydrolysis. To improve dhurrin and protein 

hydrolysis, three strains of lactic acid bacteria were applied for mash acidification. The 

results show that the degradation of the synthesized dhurrin occurs only in the shoots 

and rootlets when the larger amount of this cyanogenic glucoside is still accumulated 

in malt seed tissues. Pre-heating the mash to 40°C prior to decantation significantly 

reduces dhurrin content of the wort and improves the proteolytic activity. The mash 

bio-acidification with L. paracasei (ND-34) which removes dhurrin completely in brown 

wort considerably reduces it to 2.34 ± 0.08 mg/L in white wort and significantly improve 

protein hydrolysis. 
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3. Discussion 

The production of African sorghum beer still occurs on the basis of ancestral 

knowledge and several safety problems compromise this special African sorghum 

beer’s marketability. The re-engineering of the processing techniques is strongly 

necessary to improve the traditional beer’s safety, nutritional value, stability and 

organoleptic quality. Isolation, characterization and selection of the performant yeasts 

and lactic acid bacteria with interesting properties from the traditional starter used to 

initiate fermentation were our first challenge. Yeasts and lactic acid bacteria were 

therefore characterized using different biomarkers: phenotype (morphology, 

physiology), cell proteome (MALDI-TOF) and sequence comparison. The sugar 

spectrum helped to separate the Saccharomyces yeast from the non-Saccharomyces 

yeasts. After applying these phenotypical tests, the different lactic acid bacteria were 

also very distinct by their metabolic pathways: obligate homofermentative, obligate 

hetero-fermentative and facultative hetero-fermentative lactic acid bacteria. However, 

the phenotypical characteristics (metabolic profiles) are limited in meaningfully 

discriminating yeasts and lactic acid bacteria for a reliable identification. The results 

are redundant, and it is a limiting factor that sugar spectra of strains belonging to the 

same species L. helveticus are highly diverse. Moreover, Hammes & Vogel (1995) 

observed that several taxa classified by phenotypical characteristics were 

phylogenetically not coherent. Some obligate homo-fermentative lactic acid bacteria 

(NA-172, DJ-224) ferment ribose, showing a typical hetero-fermentative lactic acid 

bacteria characteristic. Biddle & Warner (1993) also found that some strains of 

Lactobacillus acidophilus, normally considered to be strictly homofermentative, are 

able to ferment ribose. Therefore, the sugar spectrum alone does not allow to 

meaningfully distinguish and thus reliably identify lactic acid bacteria, since some 

obligate homofermentative lactic acid bacteria ferment pentose and the metabolic 

profiles of strains of the same species can be very different. Yeast and lactic acid 

bacteria identification based only on phenotype therefore led to inconclusive results 

with mis-identification. To improve the result of yeast and lactic acid bacteria 

identification, Matrix Assisted Laser Desorption/Ionization Time of Flight Mass 

Spectrometry (MALDI-TOF MS) was applied for proteome analysis and specific gene 

sequences were compared for better differentiation. The application of MALDI-TOF 

MS helps to group the isolated yeasts in different clusters with a successful 
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identification of Saccharomyces cerevisiae and Pichia krudriavzevii to species level 

and Debaryomyces to genus level. Comparing the D1/D2 of the 26S rDNA sequence 

does not enhance the result obtained with yeast identification on the basis of the 

protein patterns. The limits of differentiating yeast belonging to D. hansenii complex 

due to the high similarity among their D1/D2 domain of the 26S rRNA gene was also 

observed by Groenewald, Daniel, Robert, Poot, & Smith, (2008) and Kurtzman & 

Robnett, (1997). Sequence analysis of the D1/D2 domain also indicated that C. 

ethanolica and P. deserticola are closely related, and they were both identified with a 

similarity of 100 and 99%, respectively. The 5.8S-ITS region seems to be more 

discriminative and, contrary to the D1/D2 domain of 26 LSU, allows the differentiation 

of C. ethanolica from P. deserticola. However, the RFLP analysis of the 5.8S-ITS 

sequence is limited and does not allow the differentiation of some closely related 

Debaryomyces yeasts. Martorell, Fernández-Espinar, & Querol (2005) show the limits 

of RFLP analysis of the 5.8S-ITS gene to differentiate to species level several 

Debaryomyces yeast such as D. castellii, D. courdertii, D. nepalensis, D. polymorphus, 

D. pseudopolymorphus, D. robertsiae, D. udenii and D. vanrifiae. The work of Wrent, 

Rivas, Gil de Prado, Peinado, & de Silóniz (2015) made a similar observation 

pertaining to the D. hansenii complex such as D. hansenii, D. fabryi, and D. 

subglobosus.  

Concerning lactic acid bacteria, we successfully identified L. fermentum, L. brevis and 

L. plantarum by molecular characterization via comparison of the 16S rDNA sequence. 

However, differentiating L. paracasei from the closely related L. casei and L. helveticus  

from thermophile obligate homofermentative lactic acid bacteria such as L. gallinarum, 

L. acidophilus, L. amylovorus, L. crispatus, L. ultunensus is not possible with this 16S 

ribosomal encoding gene. In our work, several isolated lactic acid bacteria were very 

close to L. helveticus according to their 16S rRNA gene, but Holzapfel & Wood (2014) 

point out that since many lactic acid bacteria share more than 97% of their 16S rRNA 

gene sequences, no similarity threshold value to distinguish between species has been 

assigned. In contrast to the comparison of metabolic profiles (sugar spectrum) and 16S 

rRNA-encoding genes, the proteome obtained from the whole cell by MALDI-TOF MS 

analysis appears to be a suitable biomarker enabling discrimination and identification 

of such closely LAB. Based on this chemotaxonomy (LAB whole proteome), we 

successfully identified L. fermentum, L. Brevis, L. plantarum as well as L. paracasei 
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and L. helveticus. An improvement of the Bruker database used helped to later identify 

L. acidophilus. It is therefore evident that MALDI-TOF MS is a good method for 

accurate, high-throughput, and inexpensive identification of yeasts and lactic acid 

bacteria. However, the comparison of the DNA sequences of the isolated yeasts and 

lactic acid bacteria to an existing entry in the National Center for Biotechnology 

Information (NCBI) is important as well and helps to confirm the result generated by 

yeast and lactic acid bacteria identification based on their proteome. The polyphasic 

characterization using the microorganism’s metabolic profile, proteome and specific 

DNA sequences as biomarkers is therefore a good approach which brings into 

consensus the different results and helps to solve the specific limit of each method in 

order to reliably discriminate, classify and identify yeasts and lactic acid bacteria. 

Based on this polyphasic characterization, we can assert that the microbiota of the 

starter used for Tchoukoutou production is diverse with S. cerevisiae the dominant 

yeast species followed by P. kudriavzevii, D. hansenii and C. ethanolica. These 

Saccharomyces and non-Saccharomyces yeasts cooperate with different species of 

lactic acid bacteria belonging to the Lactobacillus genus such as L. fermentum, L. 

brevis, L. plantarum, L. paracasei and several thermophile homofermentative lactic 

acid bacteria strains belonging to L. helveticus and L. acidophilus species. That non-

Saccharomyces are dominated by the Saccharomyces yeasts shows that S. cerevisiae 

yeast strains are probably more flexible to the stress conditions, which allows these 

potent yeasts to better adapt to the continuously changing environment during 

fermentation. Muyanja et al., (2003) also show that Lactobacillus compared to other 

lactic acid bacteria tolerate more acidic conditions. The substrate composition and the 

metabolites resulting from fermentation are therefore intrinsic factors which determine 

the microbiota of traditional fermented foods. 

The isolated yeasts identified as S. cerevisiae have different metabolic profiles 

showing the diversity at strain level. Several strains of this yeast species are able to 

ferment glucose, maltose, maltotriose, sucrose and fructose. Due to their diversity, 

these S. cerevisiae could be domesticated for different types of beer production. After 

S. cerevisiae yeasts, the high presence of P. kudriavzevii in the traditional starter used 

for Tchoukoutou production has also been observed. Greppi et al. (2015) isolated P. 

kudriavzevii (known as Candida krusei) from a traditional Beninese non-alcoholic 

beverage and observed that this yeast species expresses phytase. Phytate is the anti-
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nutritional compound contained in sorghum and its hydrolysis by the occurring phytase 

producer yeast P. kudriavzevii will enhance mineral availability.  Annan, Poll, Sefa-

Dedeh, Plahar, & Jakobsen (2003) also used this non-conventional yeast P. 

kudriavzevii in combination with S. cerevisiae to enhance the flavor and taste of koko, 

a West-African porridge. Regarding possible probiotic effects, consumers and 

producers of African sorghum beer claim that the beer offers a health benefit and helps 

to cure diarrhea. Indeed, the probiotic effect of P. kudriavzevii isolated from Beninese 

and Nigerian fermented non-alcoholic beverages has been proven by Greppi et al., 

(2017) and Ogunremi, Sanni, & Agrawal, (2015). Among the occurring lactic acid 

bacteria, Lactobacillus plantarum, L. paracasei, L. helveticus and L. acidophilus have 

been positively indexed for several biotechnological properties such as probiotic (Klein 

et al., 1998), bacteriocin (Klaenhammer, 1993; Leroy & De Vuyst, 2004), and phytase 

production (De Angelis et al., 2003; Sreeramulu, Srinivasa, Nand, & Joseph, 1996) as 

well as the capacity of synthetizing several oligosaccharides of nutritional importance. 

Additional to these properties, our results show that the lactic acid bacteria isolated as 

L. plantarum (ND-32, ND-130) and L. paracasei (ND-34) exhibit interesting enzyme 

activities such as amylase, protease and especially β-D-glucosidase. The latter is 

highly expressed by L. paracasei (ND-34) compared to other isolated strains. However 

the presence of these β-D-glucosidase producers’ lactic acid bacteria in the traditional 

starter use for African sorghum beer production and the heat treatment occurring 

during sorghum malt mashing, it has been shown the presence of dhurrin (sorghum 

cyanogenic glucoside) in traditional sorghum beer (Ikediobi, 1988). To contribute of 

solving this safety problem, the sorghum malting conditions were optimized and the 

influence of the optimal malting conditions on dhurrin synthesis were appreciated. The 

variation of malting conditions strongly influenced the malt hydrolases (α-amylase and 

β-amylase) content (Fig. 9). 
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Figure 9: Response surface methodology (RSM) showing the influence of malting 

conditions on white sorghum malt α-amylase content. 

Brown and white sorghum  steeping to 42 % and 43 %, respectively, followed by  

germination for a total of 5 days at 27 °C are the appropriate malting conditions 

promoting high synthesis of β-amylase. At the optimal malting conditions, the β-

amylase activities of the used white and brown sorghum malts are 240 U/g and 261 

U/g, respectively (Table 2). The particularity of these two West-African sorghum are 

their high β-amylase content which differe from that reported by Beta, Rooney, & 

Waniska, (1995) and Hassani et al., (2013) who reported the maximum of β-amylase 

corresponding to 41 U/g and 60 U/g, respectively, in South African sorghum grains. 

This observation is likely due to the difference agroecological zones, the diversity of 

sorghum varieties and the difference malting conditions. Whatever this high β-amylase, 

it is still very lower compared to β-amylase activities (1024 U/g) of barley malt (Wrent 

et al., 2015). In addition to enzymes synthesis during sorghum malting, the germination 

of sorghum also induced cyanogenic glucoside (dhurrin) synthesis. Cyanogenic 

glucosides are however secondary metabolite. This early dhurrin synthesis have been 

explained by important functions attributed to this secondary metabolite: Sugar and 

nitrogen transport, organization of chemical plant defense (Ganjewala, Kumar & 

Ambika, 2010). Concomitant to our result, Ahmed et al. (1996); Traoré et al. (2004) 

and Uvere et al. (2000) also observed dhurrin biosynthesis during sorghum sprouting. 

After biosynthesis, dhurrin is unequally distributed among the sprouted sorghum 

organs rootlets, shoot and seeds, with highest levels observed in shoots and rootlets. 
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Table 2: Influence of different malting conditions on amylase activities of two different 

West-African landraces of sorghum seeds. 

Sorghum malting conditions α-amylase U/g (CU) β-amylase U/g (BU) 

Steeping (%) Temperature (°C) Times (days) Brown White Brown White 

40 24 3 52 7 123 69 

45 24 3 46 26 118 79 

42 24 5 77 35 156 80 

40 24 7 102 75 129 91 

45 24 7 96 61 177 84 

42 27 3 61 31 130 168 

42 27 4 24 28 108 120 

41 27 5 81 51 188 97 

42 27 5 74 62 261 191 

43 27 5 85 53 146 93 

44 27 5 84 54 125 147 

41 27 6 94 49 154 240 

40 30 3 56 29 114 121 

41 30 5 76 31 80 121 

45 30 6 76 28 177 179 

40 30 7 62 23 123 116 

45 30 7 81 28 155 59 

 

Based on this observation, deculming (shoots and rootlets removal) should be adopted 

by sorghum brewers to reduce the beer dhurrin content. Furthermore, sorghum malt 

rootlets removal is beneficial for the overall brewing process and help limiting the 

development of mould during storage and the presence of undigested high-molecular-

weight proteins in wort. Sorghum germination also induces dhurrinase (β-D-

glucosidase) synthesis and the degradation of dhurrin to it hydrolysate p-

hydroxybenzaldehyde (pHB) was observed. The high amount of pHB in sorghum 

shoots and rootlets and its quasi-absence in sorghum malt shows that the degradation 

of dhurrin by dhurrinase during sorghum sprouting is located in shoots and rootlet when 

high amount of undigested dhurrin (180-244 µg/g) is accumulated in sorghum malt 

seeds tissues. Yet despite the malt‘s high dhurrin content, detoxification of sorghum-

derived foods has not received specific attention. Sorghum mashing, because of the 

occurring heat treatments and the presence of dhurrinase, is a potential process to 

reduce sorghum wort dhurrin. Sorghum malts were mashed using decantation 

procedure, and the brown and white sorghum worts‘ dhurrin contents were 4.38 ± 0.64 
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mg/L and 11.045 ± 0.417 mg/L, respectively. These results clearly show that the 

application of the normal decantation procedure is limited in terms of dhurrin hydrolysis. 

Since the β-D-glucosidase is also present in malted sorghum, it is therefore important 

to optimize the conditions for significant dhurrin hydrolysis. Sorghum mash pre-heating 

to 40 °C for 30 min before decanting the enzymatic supernatant induces significant 

reduction (p <0.05) of the brown and white sorghum wort dhurrin content to 1.35 ± 0.03 

mg/L and 5.20 ± 0.65 mg/L, respectively.  Since Umoh, Maduagwu, & Amole (1986) 

observed that the long-term consumption of cyanide-containing food could 

compromise the health of the population, especially of those suffering from chronic 

protein malnutrition; care should be taken with the sorghum wort because of the 

remaining dhurrin content. The application of β-D-glucosidase during fermentation is a 

good alternative to improve dhurrin hydrolysis. However, it must be ensured that no 

spurious reaction would occur because cyanate resulting from dhurrin hydrolysis can 

react with ethanol for ethyl carbamate formation. Furthermore, no Saccharomyces 

yeasts isolated from the traditional starter expressed β-D-glucosidase. Dhurrin 

hydrolysis during alcoholic fermentation seems not to be a good option. To further 

improve dhurrin degradation during the mashing process for significant sorghum wort 

detoxification, lactic acid bacteria expressing β-D-glucosidase have been applied for 

mash acidification. The application of L. paracasei (ND-34) completely removes 

dhurrin in the brown sorghum wort and significantly reduces it (p<0.05) in white 

sorghum wort to 2.34 ± 0.08 mg/L. Considering the efficiency of sorghum wort 

detoxification by significant dhurrin removal, Lactobacillus paracasei ND-34 is the 

performant lactic acid bacteria strain. The significant dhurrin reduction in white 

sorghum wort and its complete removal in brown sorghum wort by pre-heating to 40 

°C prior to decantation followed by biological acidification is due to dhurrinase and β-

D-glucosidase contained in sorghum malt and produced by lactic acid bacteria, 

respectively. The catalytic mechanism of β-glucosidases has been reported by Vinther 

et al. (2008) and has been shown to involve two-conserved glutamic acid residues 

which serve as catalytic nucleophile and a general acid/base catalyst. At the initial step 

in catalysis, the nucleophile performs a nucleophilic attack at the anomeric carbon (c1 

of glucose), which results in formation of glucose-enzyme intermediate. In this process, 

aglucone departure is facilitated by protonation of the glucosidic by the acid catalysts. 

During this second catalytic step (deglucosylation), a water molecule is activated by 

the catalytic base to serve as a nucleophile for hydrolysis of the glucosidic bond and 
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release of the glucose (Davies & Henrissat, 1995). In additional to dhurrin hydrolysis 

for sorghum wort detoxification, β-D-glucosidase has biotechnological and industrial 

importance where the aglucone resulting from cereal and hops glucosidic hydrolysis 

could act as aroma precursor for beer bioflavoring. The monophenolic compound, p-

hydroxybenzaldehyde, resulting from dhurrin hydrolysis is present in sorghum wort 

after enzymatic dhurrin hydrolysis. The fate of this aglucone during fermentation and 

the impact of the derived compounds on the beer flavor and taste still need scientific 

explanation. Even if the influence of the aglucone resulting from glucosidic compounds 

hydrolysis on beer sensory quality is not known, it is very well known that amino acids 

are precursors for several relevant aroma-active higher alcohols and esters (Bolat et 

al. 2013; Felix Ehrlich, 1907; Hazelwood et al. 2008; Kispal et al. 1996; Pires et al. 

2014; Sentheshanmuganathan, 1960), and the expression and regulation of different 

genes encoding for enzymes catalyzing their synthesis are influenced by amino acids 

(Hazelwood et al. 2008b; Procopio et al. 2015). Unfortunately, protein digestion during 

saccharification is limited when mashing with sorghum malt (Duodu et al. 2003). The 

low malt protease content combined with intermolecular disulfide bonds (Ng’Andwe & 

Hall, 2008) in the poly- and oligomers of kafirin – prolamins that comprise 93% of 

sorghum protein (Espinosa-ramírez & Serna-saldívar, 2016); indigestible tannin-

protein crosslink (Chibber & Mertz, 1980); phytate-protein complexes (Elkhalil et al. 

2001); or polypeptide-carbohydrate linkage (Fry, 1982) that forms during mashing 

limits protein hydrolysis, thereby compromising the wort’s amino acid content.  In 

addition to dhurrin hydrolysis, the pre-heating of sorghum mash prior to decantation 

increased the worts FAN content. This increase of the FAN after mash pre-heating 

shows that pre-heating helps improve enzyme extraction to avoid their degradation 

during gelatinization, and their addition during saccharification helps ameliorate the 

process, especially protein digestion. After sorghum mash pre-heating followed by bio-

acidification help increase the wort FAN and branched amino acids (valine, leucine, 

isoleucine) by up to 27 % and 50 %, respectively (Table 3).  
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Table 3: Influence of sorghum mash pre-heating and biological acidification on wort 

FAN and branched amino acid composition 

Amino 

acids 
Standard wort Pre-heated wort Acidified (ND-32) Acidified (ND-34)    Acidified (ND-130) 

Brown sorghum wort 

FAN 195.14 ± 5.62a 214.33 ± 4.04b 237.45 ± 2.52c 248.24 ± 2.04c 231.91 ± 4.46c 

Val 79.07 ± 0.42a 101.47 ± 5.15b 124.18 ± 0.99c 131.41 ± 2.70c 128.97 ± 2.86c 

Leu 86.93 ± 0.45a 54.47 ± 0.83b 110.16 ± 12.99c 110.12 ± 4.07c 114.84 ± 0.09c 

Ile 56.69 ± 0.91a 70.61 ± 0.18b 82.5 ± 0.40c 83.93 ± 2.11c 87.94 ± 0.98c 

Total 

BAA 
222.69 ± 1.78a 226.55 ± 6.17a 316.84 ± 14.39b 325.46 ± 8.87b 331.75 ± 3.92b 

White sorghum wort 

FAN 206.02 ± 8.62a’ 242.09 ± 11.08b’ 230.29 ±4.08c’ 261.75 ± 1.63d’ 179.46 ± 2.02e’ 

Val 90.01 ± 13.36a’ 120.82 ± 0.39b’ 117.52 ± 1.68b’ 132.10 ± 2.91c’ 143.39 ± 0.00c’ 

Leu 98.42 ± 9.62a’ 112.15 ± 0.47b’ 109.98 ± 079b’ 125.61 ± 5.50c’ 128.72 ± 5.07c’ 

Ile 59.35 ± 9.61a’ 84.01 ± 1.30b’ 78.69 ± 1.34b’ 90.28 ± 0.59c’ 97.78 ± 1.50c’ 

Total 

BAA 
247.78 ± 32.59a’ 316.99 ± 2.16b’ 306.19 ± 3.81b’ 347.99 ± 9.00b’ 369.89 ± 6.58c’ 

FAN: free amino nitrogen; Val: Valine; Leu: Leucine; Ile: Isoleucine; BAA: branched amino acids. The 

wort free amino nitrogen and amino acid values affected with different letters a, b, c, d and e or a’, b’, 

c’, d’ and e’ in the same row indicate a significant difference (p < .05).  

The screened lactic acid bacteria L. plantarum ND-32, ND-160 and especially L. 

paracasei ND-34 are therefore proteolytic lactic acid bacteria which induce both dhurrin 

hydrolysis and protein digestion improvement. Even if proteolytic is a typical lactococci 

property where it express this proteolytic property for casein (milk protein) degradation, 

this important property has been extended to lactobacilli. Therefore, the mash 

acidification to pH=5 with proteolytic lactic acid bacteria has two positive effects: Firstly, 

the optimal mashing pH=5 boosts sorghum malt enzyme activities during mashing, and 

secondly, this biological acidification prior to saccharification allowed the proteolytic 

lactic acid bacteria to produce protease for protein digestion due to the lack of amino 

acids. In addition to this lower-cost approach, several others alternatives were 

proposed by researchers to improve sorghum protein digestion. In order to achieve 
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level of FAN considered adequate for a good fermentation, Taylor & Boyd, (1986) 

added proteolytic enzymes during sorghum mashing and improve protein hydrolysis. 

Ng’Andwe & Hall, (2008) suggested the addition of potassium metabisulphite and 

protease during sorghum mashing for the reduction of intermolecular disulphide bonds 

in the kafirins polymers and oligomers to increase protease accessibility for protein 

hydrolysis improvement. However all these challenges make to improve sorghum 

mash protein digestion, the wort amino acid content is still less than the known 12 °P 

barley wort amino acid composition. It is thus evident that low sorghum wort amino 

acid content will compromise aromagenesis by yeast during fermentation. The wort of 

our West African sorghum, by virtue of its high proline content (Fig. 10), possesses an 

amino acid profile different from that reported by Taylor (1982) from South African 

sorghum wort, where asparagine and glutamine are the two most abundant amino 

acids. This prevalence of proline in sorghum wort is quite intriguing. Note that, though 

proline itself is not converted to higher alcohols following the Ehrlich pathway, it can 

be transformed into the highly assimilable amino acid glutamate. As such, Procopio et 

al. (2013) also elevated higher alcohols and esters by increasing the wort proline 

content.  

 

Fig.10: Composition of 13 °P brown sorghum wort regarding amino acids (a) and 

fermentable sugars (b). 

The relevant aroma-active higher alcohols isoamyl alcohol, amyl alcohol, and 

isobutanol result from the metabolism of leucine, isoleucine, and valine, respectively 
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(Ehrlich, 1907). The isolated yeast strains produced high amounts of amyl alcohol, 

isoamyl alcohol, isoamyl acetate, and ethyl acetate when the fermentation was 

conducted at 27 °C as opposed to industrial ale yeast S81 (Table 4). These new S. 

cerevisiae yeasts are therefore well adapted to West-African tropical temperature and 

the lower amino acid content of sorghum wort. By contrast, the TUM68 yeast S81 

generally requires higher amounts of leucine, isoleucine, valine, histidine, glutamine 

and proline to effectively synthesize aroma-active compounds (Procopio et al., 2013).  

This limited synthesis of isoamyl alcohol and amyl alcohol by industrial ale yeast is 

probably due to sorghum wort’s typically low content of branched amino acids, 

particularly leucine and isoleucine. The high peak value of VDKs obtained during the 

fermentation of sorghum wort with industrial ale yeast TUM68 (Fig. 11) supports this 

hypothesis and shows that the ale yeast is more sensitive to low amino acid content 

than the isolated Saccharomyces yeasts; the lack of branched amino acids thus 

exacerbates VDK synthesis which unfortunately leads to high concentrations of 

diacetyl and pentanedione in beer. However, this is manageable as the VDK content 

is not only yeast strain dependent, but also reduced by an increase of wort gravity from 

11 °P to 13 °P and of the fermentation temperature from 20 °C to 27 °C  (Fig. 12).  

 

 

 

 

 

 

 

 

 

 

 



 

 

72 

 

Table 4: Influence of temperature on aroma-active components acetaldehyde, higher 

alcohols and esters of the young sorghum beers obtained by different Saccharomyces 

cerevisiae yeasts from 11 °P sorghum wort. 

Aroma 

components 

(mg/L) 

FT 

(°C) 
TO-37 BE-98 DA-132 GL-198 PA-286 TUM 68 

Acetaldehyde 
20 51.353±0.488 50.301±4.384 45.067±0.118 29.345±0.031 18.732±0.214 21.522±2.260 

27 106.345±5.721 39.045±2.603 79.753±1.525 25.991±4.001 15.350±1.205 17.191±2.892 

Higher alcohol         

Isoamyl alcohol 
20 30.741±0.380 37.311±2.125 32.921±0.752 57.721±1.749 33.444±0.691 43.473±1,243 

27 51.996±6.297 44.282±2.803 53.765±4.251 63.181±2.561 30.288±3.184 41.137±0.293 

        

2-methyl 

propanol 

20 14.183±0.093 14.136±0.355 11.691±0.058 21.664±0.266 13.121±0.151 42.111±4.967 

27 28.933±1.155 21.478±1.022 26.341±0.159 33.189±6.061 17.714±1.198 29.713±3.641 

        

2-methylbutanol 
20 10.967±0.091 11.819±0.226 10.339±0.096 21.839±0.065 11.144±0.057 17.131±0.921 

27 21.322±1.111 16.840±0.466 19.475±0.972 25.975±0.315 18.622±0.586 9.996±1.886 

        

Propanol 
20 11.132±0.101 10.145±0.014 9.371±0.023 20.334±0.025 13.811±0.100 17.121±0.031 

27 19.939±1.539 15.320±0.055 19.168±0.162 27.637±1.377 20.584±0.917 8.511±0.884 

        

Total HA 
20 67.023±0.665 73.411±2.72 64.322±0.93 121.558±2.105 71.52±0.999 119.836±7.162 

27 122.19±10.102 97.92±4.346 118,759±5.544 149.982±10.314 87.208±5.885 89.357±6.704 

        

Esters        

Isoamyl acetate 
20 0.1850±4x10-3 0.1715±2x10-4 0.1868±2x10-3 0.2430±4x10-4 0.2450±2x10-4 0.9640±6x10-2 

27 0.1681±3x10-4 0.2525±2.10-3 0.3700±7x10-4 0.1693±9x10-4 0.2155±3.10-3 0.1470±2.10-3 

        

Ethyl acetate 
20 7.224±0.051 7.658±0.329 7.375±0.185 8.940±0.267 11.233±0.442 17.121±0.031 

27 18.230±1.872 12.970±1.948 16.557±0.388 8.799±2.196 13.739±1.54 7.584±1.055 

        

2-methyl propyl 

acetate 

20 0.0224±10-5 0.0182±4x10-6 0.0153±10-5 0.0218±4x10-6 0.0265±2x10-5 0.0273±10-6 

27 0.0547±10-4 0.0315±7x10-5 0.0387±10-5 0.0215±10-5 0.0236±4x10-5 0.0251±2.10-5 

        

2-methyl butyl 

acetate 

20 0.0550±10-3 0.0314±3x10-5 0.0366±2x10-4 0.0467±10-5 0.0400±3x10-6 0.0727±2x10-3 

27 0.0749±3x10-4 0.0405±10-4 0.0533±4.10-5 0.0241±4x10-5 0.0473±8x10-4 0.0291±3x10-4 

        

Ethyl hexanoate 
20 0.1102±10-3 0.0675±3x10-5 0.0810±10-4 0.0646±2x10-5 0.0972±2x10-4 0.0571±6x10-5 

27 0.0925±5x10-4 0.0800±3x10-4 0.0840±4x10-4 0.0700±4x10-6 0.0915±2x10-4 0.0878±10-3 

        

Ethyl butanoate 
20 0.0710±9x10-4 0.0374±10-5 0.0428±7x10-5 0.0343±10-5 0.0422±3x10-6 0.0280±10-5 

27 0.0247±3x10-5 0.0500±10-4 0.0492±2x10-5 0.0215±10-5 0.0416±10-5 0.0232±10-5 

        

Total esters 
20 7.6676±0.0579 7.984±0.3292 7.7375±0.1874 9.3504±0.2674 11.6839±0.4424 18.2701±0.093 

27 18.6449±1.8732 13.4245±1.951 16.7822±0.3888 9.1054±2.1969 14.1585±1.544 7.8962±1.0583 

FT= Fermentation temperature. The fermentation was conducted in duplicate 
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Table 5: Young sorghum beer flavour components acetaldehyde, higher alcohols and 

esters from 13 °P sorghum wort. 

Aroma components TO-37 DA-132 GL-198 TUM 68 

Acetaldehyde (mg/L) 8.1764±0.6921 11.9626±0.0973 7.3136±1.0815 9.1912±2.4782 

Higher alcohol (mg/L)     

Isoamyl alcohol 116.2590 ± 0.3852 105.0576 ± 2.1234 109,4419 ± 0.7118 74.6816 ± 1.2427 

2-methyl propanol 37.1285 ± 0.0910 33.8276 ± 0.3508 30.6498 ± 0.0602 59.7284 ± 1.2090 

2-methylbutanol 30.7633 ± 0.3284 26.4097 ± 0.7100 32.2739 ± 0.2873 25.4179 ± 1.0771 

Propanol 19,8221 ± 0.1071 19.4428 ± 0.0174 18.6998 ± 0.0269 25.0941 ± 0.0301 

Total 203.9729 ± 0.9117 184.7377 ± 3.2016 191.0654 ± 1.0862 184.922 ± 3.5589 

Esters (mg/L)     

Isoamyl acetate 1.8368± 0.0283 1.4056 ± 0.0210 1.3228 ± 0.0174 1.2388± 0.0535 

Ethyl acetate 22.0679 ± 0.7468 20.3508 ± 0.3605 18.0123 ± 0.2399 15.6713 ± 0.4405 

2-methyl propyl acetate 0.1005 ± 0.0016 0.1322 ± 0.0037 0.0633 ± 0.0400 0.1444 ± 0.0017 

2-methyl butyl acetate 0.1906 ± 0.0034 0.1419± 0.0012 0. 8336 ± 0.0031 0.1582 ± 0.0036 

Ethyl hexanoate 0.1403± 0.0047 0. 1447± 0.0028 0.1200 ± 0.0015 0.0514 ± 0.0070 

Ethyl butanoate 0.1403± 0.0015 0.1134 ± 0.0045 0.0707 ± 0.0028 0.0719 ± 0.0082 

Total 24.3361 ± 0.7816 22.2886 ± 0,3937 20.4227 ± 0.3062 17.336 ± 0.5145 

The fermentation was conducted in duplicate. 

 

 

F 

Fig. 11: Decrease of extract and an increase of alcohol (a) as well as diacetyl and 

pentanedione production and their uptake during fermentation of sorghum wort by 

different S. cerevisiae yeast strains. 
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Fig.12: Influence of fermentation temperature and wort gravity on the young beer’s 

vicinal diketone content. Red and blue graphs correspond to VDKs obtained at 20 °C 

and 27 °C, respectively, for a1 and a2, and for 11 °P and 13 °P sorghum wort, 

respectively, for b1 and b2.    

The influence of strain may arise from varying levels of enzyme expression implicated 

in catalyzing conversion of 2,3-butanedione and 2,3-pentanedione to the 

corresponding alcohols. The high fermentation temperature and an increase of wort 

gravity likely increased the yeast population, thereby improving uptake of excreted 

VDKs. Elevated wort gravity increases the amino acid content, including that of 

branched amino acids, thus further limiting VDK synthesis. It is also well known that 

an improved valine content inhibits enzymes controlling the formation of diacetyl 

precursor α-acetolactate; for instance, Krogerus & Gibson, (2013) increased the valine 

content and observed a decrease of beer VDK content. Even though TUM68 

scavenges much of the accumulated VDKs during fermentation, the VDKs in young 

beer obtained from this ale yeast still exceeds the lower threshold value of diacetyl and 

pentanedione and the recommended level in beer. While an increase of fermentation 

temperature helps reduce VDKs, it negatively affected aromagenesis by industrial S. 

cerevisiae yeast. Therefore, industrial Saccharomyces yeast is suboptimal for sorghum 

wort fermentation overall, seeming to be well adapted to barley wort and being exigent 

regarding amino acids for efficient growth and aroma component synthesis. By 
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contrast, the Saccharomyces yeasts isolated from African sorghum beer starter seem 

well adapted to sorghum wort composition. Applied to sorghum wort fermentation, they 

may help generate beer with high amounts of higher alcohols and esters. Furthermore, 

an increase of fermentation temperature from 20 °C to the tropical West-African agro-

ecological temperature (27 °C) improves the synthesis of aroma components and 

reduces VDK content. Altogether, while the beer’s sensory characteristics result from 

the entire aroma bouquet – not only synthesized by yeast but also generated by 

hopping – and aromagenesis by yeast during fermentation could be affected by serial 

repitching, the high expression of higher alcohols and esters is an exciting prospect for 

designing appropriate yeasts for sorghum wort fermentation. 

In definitive, our new approach based on sorghum mash biological acidification (lactic 

acid fermentation) to improve sorghum cyanogenic glucoside (dhurrin) and protein 

hydrolysis followed by sorghum wort fermentation (alcoholic fermentation) with the 

selected potent new yeast able to produce from sorghum wort high amount of aroma 

active components higher alcohols and esters is a new approach. We are confident 

that sorghum beer brewers will adopt our new approach and the selected L. paracasei 

ND-34 and S. cerevisiae TO-37 will be used for multi-stage fermentation during 

industrial sorghum beers production to improve sorghum beer safety and sensory 

characteristics.  
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