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Summary 

Interest in teff has been increased noticeably due to its attractive nutritional profile 

and gluten-free characteristics. Fermentation further improves the health benefits of 

its final products. This project was aimed to develop kilning and mashing programs 

for teff malt, and investigate fermentation condition for teff malt wort in order to utilize 

it as a raw material for gluten-free lactic acid fermented beverages. The first phase of 

the project was aimed to study the influence of kilning on the enzyme activities and 

DMS level, and develop a kilning program that yields teff malt with low DMS 

(< 7 mg/kg) with no or little damage on its enzyme activities. The teff malt samples 

were dried using isothermal kilning at temperatures ranging between 30 and 70 °C 

for 40 h with sampling at certain time interval. The results showed that enzyme 

activities, DMS, and moisture contents were significantly affected (P < 0.05) by 

kilning time and temperature. To set a kilning program, two temperature regimens 18 

h at 30 °C followed by 1 h at 60 °C and (3 or 5) h at 65 °C (R1), and 18 h at 30 °C 

followed by 1 h at 60 °C and (3 or 5) h at 80 °C (R2) were selected based on results 

from isothermal kilning and other trial experiments. The results from the two kilning 

programs showed that prolonged (5 h) curing in both kilning regimens caused an 

adverse effect on enzyme activities. The first kilning program (R1) with shorter curing 

time (3 h) was found to be the best condition in relation to preserving the enzyme 

activities, and it was considered as optimal kilning program for teff malt samples.  

The second phase of the project was designed to study thermal stabilities of 

amylolytic enzymes, and develop mashing program for 100% teff malt. The target in 

developing the mashing program was producing wort with highest possible extract 

that yields at least 40 g/L fermentable sugar, FAN values of higher than 100 mg/L, 

and pH in the range of 5 to 6, preferably the lowest pH in this range. Before 

proceeding to the mashing program, different malt to water ratios (1:3, 1:3.5, 1:4, 

1:4.5 and 1:5) were tested to identify suitable grist to liquor ratio that results in thicker 

wort with highest possible extract. Due to its high extract content and thicker mash, 

1:4 was selected as the optimal ratio. The thermal stability study of the enzymes in 

teff malt showed that alpha-amylase was relatively stable at higher temperatures 

when compared to beta-amylase and limit dextrinase. Hence, the temperature at 

which most of the alpha-amylases are deactivated (78 °C) was taken as mashing-off 

temperature for the teff malt mashing program. Temperatures between 65 and 74 °C 
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were tested for investigation of the conversion rest temperature. The highest extract 

content (86%) was observed at 71 °C. Low pH (5.69) and high FAN (98 mg/L) values 

were also recorded at this temperature when compared to most other tested 

temperatures. Inclusion of lower mashing-in temperature in the mashing program 

substantially improved the concentrations of FAN (128 mg/L) and fermentable sugar 

(58 g/L) in the final wort. The highest FAN content was observed at the mashing-in 

temperatures between 40 and 50 °C. But the extract content at 50 °C was low when 

compared to the values at 40 and 45 °C. Taking the advantage of lower pH and 

viscosity at 40 °C, this temperature was selected as mashing-in temperature. 

Therefore, 30 min rest at 40 °C followed by 60 min rest at 71 °C and 10 min rest at 

78 °C was selected as a suitable mashing program for teff malt.  

The third phase of the project was aimed to study the influences of fermentation 

factors such as temperature, fermentation time, initial pH and initial bacterial cell 

concentration on the change in lactic acid concentration, pH of the fermentation 

medium, lactic acid to sugar ratio, and extract content. In addition to that it was also 

designed to investigate fermentation condition for the teff malt-wort. The results from 

fermentation of the teff malt-wort by Lactobacillus amylolyticus showed that 

temperature was the main factor influencing formation of lactic acid, change in lactic 

acid to sugar ration, and pH of the fermentation medium. The optimum conditions of 

the factors such as temperature, initial pH, initial cell concentration, and fermentation 

time for fermenting teff malt-wort were found to be 42 °C, 5.4, 1.86×105 cells/ml, and 

52 h, respectively. The sensory quality assessment revealed that the beverage 

produced under the optimal fermentation condition had high acceptance of odour, 

taste and flavor, and its pH (3.5) was sufficiently low to suppress the growth of food 

spoilage microorganisms.  
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Zusammenfassung 

Das Interesse an Teff wuchs in den letzten Jahren deutlich, aufgrund seines attraktiven 
Nährwertprofils und den glutenfreien Eigenschaften. Die gesundheitlichen Vorteile der 
Endprodukte können durch Fermentation verbessert werden. Das Vergären mit 
Milchsäurebakterien kann mehrere zusätzliche Vorteile, einschließlich ihrer möglichen 
Verwendung als Probiotikum und antimikrobielle Wirkungen, einbringen. Das Projekt 
zielte darauf ab, Mälzung, Maischen und Gärbedingungen von Teff Malz als 
potenzieller alternativer Rohstoff für glutenfreie Milchsäure vergorene Getränken zu 
untersuchen. Die Sorten eines Getreides haben erheblichen Einfluss auf die 
Braugerstenqualität. Aus diesem Grund wurden fünf Teff Sorten wie DZ-Cr-387 
(Kuncho), Ivory, Brown, Dessie, und Sirgaynia analysiert, um eine Sorte mit niedriger 
Verkleisterungstemperatur auszuwählen. Die Verkleisterungstemperaturen der Sorten 
lagen in einem Bereich zwischen 69,7 bis 72,8 °C, wobei der niedrigste Wert für die 
Sorte Kuncho Teff ermittelt wurde. 

Die erste Phase des Projekts zielte darauf ab, den Einfluss des Darrens auf die 
Enzymaktivitäten und den DMS-Gehalt zu studieren, und die Entwicklung eines 
Programmes für das Darren von Teff Malz mit geringem DMS-Gehalt (<7 mg / kg) und 
keinem oder wenig Schaden der Enzymaktivitäten. Die Teff Malz Proben wurden mit 
isothermem Darren bei Temperaturen zwischen 30 und 70 °C für 40 h, mit einer 
Probenahme in bestimmten Zeitintervallen, getrocknet. Die Ergebnisse zeigten, dass 
Enzymaktivitäten, DMS-Gehalt und Feuchtigkeitsgehalt deutlich (P <0,05) von der 
Darrzeit und –temperatur betroffen waren. Als Darrprogramm basierend auf den 
Ergebnissen der isothermen Darrversuche und weiterer Experimente wurden zwei 
Temperatursequenzen ausgewählt: 18 h bei 30 °C, 1 h bei 60 °C und (3 oder 5) h bei 
65° C (R1) und 18 h bei 30 °C nach 1 h bei 60 °C und (3 oder 5) h bei 80 °C (R2). Die 
Ergebnisse der beiden Darrprogramme zeigten, dass längeres (5 h) Heizen bei beiden 
Sequenzen sich nachteilig auf die Enzymaktivität auswirken kann. Als bestes 
Programm wurde R1 festgestellt, aufgrund seiner kürzeren Heizzeit (3 h) und der damit 
einhergehenden Erhaltung der Enzymaktivitäten. Für weitere Versuche wurde dieses 
Darrprogramm als optimal für Teff Malz Proben betrachtet. 

Die zweite Phase des Projektes diente dazu, die thermische Stabilität der 
amylolytischen Enzyme zu studieren, und ein Maischprogramm für eine 100 % Teff 
Malz-Schüttung zu finden. Das Ziel bei der Entwicklung des Maischprogramm war die 
Erzeugung von Würze mit höchstmöglichem Extrakt, welche mindestens 40 g/l 
fermentierbaren Zucker, mehr als 100 mg/l freien Aminostickstoff (FAN) enthielten und 
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sich in einem pH-Bereich zwischen 5 bis 6 lagen, bevorzugt wurde der niedrigste pH-
Wert. Vor der Erstellung des Maischprogrammes wurden verschiedene Malz-Wasser-
Verhältnisse (1:3, 1:3,5, 1:4, 1:4,5 und 1:5) getestet, um das geeignete Schrot-
Flüssigkeitsverhältnis für weitere Experimente zu identifizieren. Aufgrund seines hohen 
Extraktgehaltes und der dickbreiigen Maischen wurde das 1:4 Verhältnis als bestes 
ausgewählt. Die Untersuchung der thermischen Stabilität der Teff Malz Enzyme zeigte, 
dass α-Amylase, verglichen mit β-Amylase und Grenzedextrinase, relativ stabil bei 
höheren Temperaturen war. Daher wurde die Temperatur (78 ° C), bei der alle α-
Amylasen deaktiviert wurden, als Abmaischtemperatur für die Teff Malz 
Maischprogramm ausgewählt. Temperaturen zwischen 65 und 74 °C wurden als 
Rasttemperaturen zur enzymatischen Umwandlung untersucht. Der höchste Gehalt an 
Extrakt (86%) wurde bei 71 °C beobachtet. Verglichen mit anderen Temperaturen, 
wurden bei dieser ebenfalls ein niedriger pH-Wert (5,69) und ein hoher FAN-Gehalt (98 
mg/l) gemessen. Unter Einbeziehung einer niedrigen Einmaischtemperatur im 
Maischprogramm verbesserten sich die Konzentrationen an FAN (128 mg/l) und 
vergärbaren Zucker (58 g/l) in der finalen Würze. Die höchste FAN-Konzentration 
wurde bei Einmaischtemperaturen zwischen 40 und 50 °C detektiert. Wohingegen der 
Extraktgehalt bei 50 °C geringer war als zwischen 40 und 45 °C. So wurde eine 
Einmaischtemperatur von 40 °C gewählt, aufgrund der Vorteile niedriger pH-Werte und 
Viskositäten. Das gewählte Maischprogramm sah folgende Parameter vor: 30 min Rest 
bei 40 °C, gefolgt von 60 min Pause bei 71 °C und 10 min 78 ° C.  

Die dritte Phase des Projekts zielte darauf ab, die Einflüsse der Fermentation, wie 
Temperatur, Fermentationszeit, pH-Wert und Bakterienzellkonzentration zu Beginn der 
Gärung auf die Änderungen in Milchsäurekonzentration, pH-Wert des 
Fermentationsmediums, Milchsäure-Zucker-Verhältnis und Extraktgehalt zu studieren. 
Zusätzlich dazu wurde auch darauf abgezielt, die optimalen Voraussetzungen für die 
Fermentation Teff Malz-Würze zu finden. Die Ergebnisse aus der Gärung der Malz-Teff 
Würze durch Lactobacillus amylolyticus zeigte, dass die Temperatur der dominierende 
Einflussfaktor für die meisten Zielgrößen war. Die optimalen Bedingungen für 
Temperatur, pH-Wert, Zellkonzentration und Fermentationszeit für die Vergärung von 
Teff Malz-Würze wurde gefunden als 42 ° C, 5,4, 1,86 × 105 Zellen/ml, und 52 h. Die 
sensorische Qualität hat ergeben, dass das unter optimalen Fermentationsbedingungen 
erzeugte Getränk eine hohe Intensität des harmonischen Geschmacks, eine hohe 
Akzeptanz in Geruch, Geschmack und Aroma, und einen ausreichend niedrigen pH-
Wert (3,5) hatte, um das Wachstum von lebensmittelverderbenden Mikroorganismen zu 
unterdrücken. 
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1 INTRODUCTION 

1.1 Background 

Fermentation is one of the oldest methods of food preparation and preservation. 

Cereals are globally major food crops as well as substrates for fermentation, and a 

large proportion of the world cereals production is processed by fermentation prior to 

consumption (Chavan and Kadam, 1989; Minamiyama et al., 2003). The 

enhancement of attractive flavour and texture, the improved shelf-life and formation 

of healthy ingredients as a result of the fermentation process are among the main 

reasons for fermenting the cereals before consumption. The beneficial effects 

associated with fermented foods and beverages also include reduced loss of raw 

materials, reduced cooking time, improvement of protein quality especially the level 

of available lysine, and carbohydrate digestibility, improved bioavailability of 

micronutrients, and elimination of toxic and anti-nutritional factors (Addo et al., 1996; 

Amoa-Awua et al., 1997; Chavan and Kadam, 1989; Kreisz et al., 2008; 

Minamiyama et al., 2003; Steinkraus, 1994). Cereal based drinks contain natural 

sugar and are excellent sources of antioxidants, vitamins and other health-promoting 

substances (Kreisz et al., 2008; Minamiyama et al., 2003). In addition to the 

aforesaid health benefits, cereals contain biologically active ingredients like dietary 

and functional fibres contributing to about 50% of the fibre intake in western 

countries (Lambo et al., 2005).  

Africa is the center of origin and still today the major producing area for several 

cereal crops, notably sorghum, pearl millet, finger millet, teff, fonio, and African rice. 

These traditional African cereals are sometimes called “Orphan Crops”, or even 

“Lost Crops” (National Research Council, 1996). This is despite the fact that they are 

staple foods for millions of people in the semi-arid regions of the world. African 

cereal grains are extremely versatile foodstuffs and are processed in to a very wide 

range of traditional food and beverage products.  However, large-scale commercial 
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production of these cereal grain food products is still rather limited. Among these 

cereals, teff is commonly used in Ethiopia. The preparation of many indigenous or 

traditional fermented foods and beverages remain today as a house art (FAO, 1995; 

Ketema et al. 1998).  

Teff (Eragrostis tef) is a low risk cereal that grows in a wider ecology and can 

tolerate harsh environmental conditions. It originated in Ethiopia where it is locally 

processed into different foods and beverages including porridge, kitta (unleavened 

bread), atmit (gruel), a pancake-like bread called injera, and local alcoholic 

beverages such as opaque beer called tela, a spirit called arake and shamit at 

household level (Selinus, 1971; Ketema, 1997). Processing of teff into different foods 

and beverages is usually done by traditional ways and is mostly limited to the 

household level. On the other hand, there is a high global demand of the cereal, and 

it is gaining popularity as a health food. Its flour is becoming the most preferred 

ingredient in gluten-free diets and sport foods (Dekking et al., 2005). Beverage 

industries are among the food industries in quest of alternative raw materials for 

gluten-free beverages. Although beverages are not major foods, they serve as 

source of energy and important nutrients for humans in several countries. It has 

been reported that nutrient absorption from cereal beverages is higher than that from 

the constituents, which are used to prepare the beverage (Ade-Omowaye et al., 

2006; Derman et al., 1980). The fermentations of cereal based beverages are 

usually performed using starter cultures (Josephsen and Jespersen, 2004). Health-

conscious consumers are in quest of natural foods without chemical preservatives 

that will fit in their healthy lifestyle. Hence, fermenting with lactic acid bacteria (LAB) 

could be a good solution to address the problems associated with use of chemical 

preservatives. Lactic acid fermentation is the simplest and often the safest way of 

preserving foods. LAB are used as ‘natural’ or ‘selected’ starters in food 

fermentations and exert antimicrobial effect as a result of different metabolic 
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processes (Corsetti et al., 2004; Zotta et al., 2009). Particularly, they have a key 

function in the development of the sensory and safety features of fermented food 

products (Franz and Holzapfel, 2011). Due to their potential use as probiotic and 

natural antimicrobial agents to enhance the safety of food products, lactic acid 

bacteria have got significant attention as novel approach to the control of pathogens 

in foods (Klaenhammer, 1993; Settani et al., 2005). They have strong inhibitory 

effects on the growth and toxin production of pathogenic bacteria (Kalantzopoulos, 

1997). In general, they are of particular interest as biopreservatives. The 

preservative effect of LAB relates to the formation of antimicrobial compounds such 

as lactic acid, acetic acid, hydrogen peroxide, and bacteriocins (Lowe and Arendt, 

2004). The formation of organic acids in the course of lactic acid fermentation 

reduces the pH of the product to a limit that prevents the growth of undesirable 

microorganisms. They also contribute to the development of the desired sensory 

qualities in the final product (Pederson, 1971; Steinkrause, 1986).   

LAB are Gram-positive, non-spore forming rods (or cocci), and facultative anaerobes 

that can ferment in the presence or absence of air, but prefer reduced oxygen levels 

(Axelsson, 2004). These days, LAB starter cultures are applied in the brewing 

industry for their ability to improve mash and wort characteristics while ultimately 

resulting in a better beer. The use of lactic acid starter culture has also led to 

significant effects in the mashing and brewing processes (Lowe and Arendt, 2004). 

Beta-glucans have been linked to slow lautering, poor beer filtration, and formation of 

haze during storage of packaged beer (Home, 1993). However, lactic acid starters 

solve these problems as they have the ability to improve mash filterability, lower 

viscosity of wort, and improve clarity of wort (Pittner and Back, 1995; Lowe and 

Arendt, 2004; Lowe et al., 2005). Lowe et al. (2005) found that the addition of all 

strains of LAB tested in their experiments resulted in higher volumes of filtrate (264–

300 ml) after 1 h and lower viscosities (1.53–1.54 mPa s) when compared with the 
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low filtrate volume (235 ml) and high viscosity (1.59 mPa s) of untreated malt. This 

could be attributed to the additional proteolytic and amylolytic activity of the strain, 

which may have aided in breaking down the larger starch and protein components of 

the mash. LAB may be classified into homofermentatives, which mainly produce 

lactic acid, and heterofermentatives, which, in addition to lactic acid, yield a large 

variety of fermentation products such as acetic acid, ethanol, carbon dioxide, and 

formic acid (Mayo et al., 2010). One of the homofermentative bacteria getting 

attention in brewing process is Lactobacillus amylolyticus. It is a Gram-positive, non-

spore-forming rod with rounded ends, occurring singly, in pairs or as short chains 

producing solely lactic acid from a range of sugars (Bohak et al., 1998; Vriesekoop et 

al., 2012). The positive attributes of L. amylolyticus include production of L-lactic 

acids, its high amylolytic activity (uptake of dextrins and starch), it originates from 

malt, can be grown at high temperatures (52 °C), and it is not a beer contaminating 

microorganism. It can also be grown in a medium with wide range of pH (3.5–6) even 

though the optimum growth is in pH range of 5–5.5 (Bohak et al., 1998). In this 

project, L.amylolyticus was used as a starter culture for fermenting the teff malt wort, 

which was our main focus as alternative raw material for gluten-free beverage.   

Gluten is a general term used to describe the protein fraction in wheat, and can be 

divided into two main fractions based on their solubility in aqueous alcohols: the 

soluble gliadins and the insoluble glutenins (Lewis, 2005; Phiarais and Arendt 2008). 

This type of protein, gliadins in wheat, hordein in barley, secalin in rye and possibly 

avenin in oats are toxic to people with celiac disease (Kasarda, 2001). Celiac 

disease (CD) is a syndrome characterised by damage to the mucosa of the small 

intestine caused by ingestion of gluten proteins (Fasano and Catassi, 2001). It is an 

immune-mediated response in the small intestine triggered by the ingestion of gluten 

in genetically susceptible individuals. The only successful treatment for CD is a strict 

gluten-free diet or avoidance of gluten-rich cereals in the diets (Fasano and Catassi, 
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2001; Fasano and Cureton, 2009; Gallagher et al., 2004; Vader et al., 2003). 

According to the European Union Regulations (EC, 2009), a food material to be 

labeled as gluten-free it must have no more than 20 mg gluten/kg, and foods 

containing less than 100 mg gluten/kg can be claimed to be very low gluten. The 

term gluten-free is used to indicate that the labeled amount is harmless level of 

gluten rather than a complete absence, and it is suitable for individuals with celiac 

disease. On the other hand, gluten sensitive people are not recommended to eat 

much amount of foods labeled with very low gluten on a daily basis (EC, 2009; FDA, 

2013).  

Research reports on the nutritional quality of gluten-free cereal based foods showed 

that many of these products are nutritionally inferior to wheat-based foods that they 

are intended to replace (Thompson, 2009). Studies on the nutritional adequacy of 

gluten-free diet suggest that adherence to a gluten-free diet may be a risk factor for 

inadequate intakes of certain nutrients, including fiber, folate and iron (Cotton et al., 

2004; Thompson, 2009). But teff has comparable nutritional value with wheat and 

barley, and in some nutritional components it is even better than wheat and barley 

(Bultosa, 2007; Bultosa and Taylor, 2004; Jansen et al. 1962; Mengesha 1966; 

Seyfu 1997). Due to its very minute size, the embryo of the teff kernel, which 

contains the main portion of protein and lipid, occupies a relatively large proportion of 

the total weight (Parker et al., 1989); this resulted in nutritious flour. Although many 

research reports indicated that teff has the potential to substitute other commonly 

used cereals in their food and beverage applications (Bultosa, 2007; Bultosa and 

Taylor, 2004; Zarnkow et al., 2008), it has not been extensively studied for its use in 

malt and beverage production and for its industrial scale processing into other food 

items. To the best of our knowledge, no such detail experimental research has been 

carried out on utilizing teff for malting and brewing except that Zarnkow et al. (2008) 

studied its steeping and germination conditions. They used four different teff varieties 
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namely Ivory, Dessie, Sirgaynia, and Brown teff to optimize the steeping and 

germination conditions using response surface methodology (RSM). They reported 

that steeping of the teff samples at 24 °C to 48 % degree of steeping and 

germinating for 4 days at 24 °C in a temperature controlled chamber with relative 

humidity of 95 % yields malt with optimal quality for brewing. They concluded based 

on the results that teff malt can be a suitable alternative raw material for gluten-free 

beverages.   

 Investigations on the kilning, mashing, and fermentation conditions of a cereal are 

also vital to utilize it for production of fermented beverages. The kilning and mashing 

conditions of malts from different sources, and the fermentation conditions of the 

wort samples may vary from one cereal to another (Taylor, 1992; Wijngaard and 

Arendt, 2006; Zarnkow et al., 2010).    

1.2 Malt kilning and its roles in beverage production 

Numerous studies revealed that malting conditions of a cereal influence the enzyme 

activities, extract content, protein content and other malt quality attributes (Bathgate, 

1973; Hough et al., 1977; Kiss et al., 2011; Zarnkow et al., 2008). Therefore, it is of 

great importance to identify suitable malting conditions that lead to have the required 

levels of malt quality attributes. The malting process comprises three unit operations 

namely steeping, germination and drying. During malting, germination is terminated 

by controlled drying of the seeds, which results in reduction of the water content from 

over 40% to less than 5% (Kunze, 2004). For this particular cereal grain, the 

moisture content at loading to the kiln is about 48% (Zarnkow et al., 2008). Having 

increased the moisture content of the grain from about 11% to 48%, it is then kiln 

dried to less than 5%. Kilning involves heat treatment which can have an adverse 

effect on enzyme activities. However, an increase in enzyme activity and 

modification of malt may continue during the first few hours of kilning when there is 

still free water in the kernels, and temperature is below the deactivation temperature 
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of the malt enzymes (Hämäläinen and Reinikainen, 2007; Bathgate, 1973; Uriyo and 

Eigel, 1999). Research findings revealed that kilned malt samples have lower 

enzyme activities when compared to their counterparts before kilning (Oyewole and 

Agboola, 2011). It is very important that maximum enzyme activity should be 

retained during malt preparation for industrial use. When heating the moist green 

malt during kilning, care must be taken not to destroy the enzymes by wet heat. To 

protect the enzymes, the malt must first be pre-dried before it is subjected to high 

temperatures (Kunze, 2004). Literatures on barley showed that at the end of kilning 

of barley-malt there could be about 15% more α-amylase activity than in the green 

malt, whereas the more temperature sensitive β-amylase activity is about 40% less 

than in the green malt (Kunze, 2004). The survival of enzymes in malt is greatly 

influenced by the temperature and time of the kilning regime (Briggs et al., 1981). 

Prolonged kilning may result in high consumption of energy, and possibly inactivation 

of high concentration of endogenous enzymes (Uriyo and Eigel, 1999). Hence, 

shorter heat treatment would be cost effective and may actually produce malt with 

high enzyme activity. Research reports showed that the levels of some enzymes 

including alpha-amylase, beta-amylase and endo-beta-glucanase increase in the 

early stages of drying at low initial kilning temperatures but showed substantial 

inactivation during the later stages of kilning (Lloyd, 1988). Other researchers 

(Bathgate, 1973; Uriyo and Eigel, 1999) also reported that low kilning temperature 

retains enzyme activities. According to these reports, germination may continue 

during kilning at temperatures lower than 60 °C, leading to an increase in the 

enzyme activities.  

In addition to removal of the moisture content of the malt, kilning stops the 

biochemical processes in the kernels and contributes to the formation of malt colour 

and flavour compounds. In the kilning process, Maillard reaction occurs between 

amino acids and sugars generating melanoid that gives colour and flavour to the 
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beverage (Samaras et al., 2005). Research reports indicated that the formation of 

malt flavour and colour as well as maintaining other malt quality attributes during 

drying can be controlled by the heating conditions (Runkel, 1975). Low initial drying 

temperature for long initial drying time has a favorable effect on the flavor stability of 

the final beverage (Kunze, 2004). Malt kilning also plays an important role in 

controlling the dimethyl sulfide (DMS) level of the malt and the final beverage. The 

DMS precursor, S-methyl methionine (SMM), is formed during germination of the 

malt and 60 – 83% of the SMM breaks down to DMS and homoserine during kilning 

process. Part of the DMS may be lost in the kiln exhaust, and some other portions 

will be oxidized to dimethyl sulfoxide (DSMO) (Lloyd, 1988; Yang et al., 1998).   

1.3 Thermal stability of amylolytic enzymes and factors affecting starch 

hydrolysis 

Amylolytic enzymes such as alpha-amylase, beta-amylase, and limit dextrinase are 

among the key enzymes responsible for the hydrolysis of starch into fermentable 

sugars in beverage industries. The activity of starch degrading enzymes in malt is 

considered to be an important quality attribute for malting and brewing (Delcour and 

Verschaeve, 1987). They play significant role in the complete degradation of starch 

to fermentable sugars during the malting and mashing of cereal grains. Alpha-

amylases are endoamylases which act randomly on the 1, 4-glycosidic linkages 

yielding dextrin, oligosaccharides, and monosaccharides. On the other hand, beta-

amylases are exoamylases acting on 1, 4-glycosidic linkages from the non-reducing 

ends producing maltose (Bernfeld, 1951). Involvement of limit dextrinase in the 

degradation of starch makes the process more complete as it hydrolyses α-1, 6-

linkages of amylopectin (Kunze, 2004; Stenholm and Home, 1999), which are 

resistant to attack by alpha- and beta-amylases. The hydrolysis of starch to 

fermentable sugars during mashing will be successful only if the malt has sufficient 

starch degrading enzyme activity (Delcour and Verschaeve, 1987; Hough et al., 
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1977). In general, high level of amylolytic enzyme activities in the malt is vital for the 

production of fermentable sugars during mashing. However, enzymes have a finite 

working life due to inherent physical instability and the action of 

antagonists/inhibitors. In food processing, physical instability can be brought about 

by pH and temperature effects (Whitehurst and Law, 2002). Other researchers also 

reported that temperature is one of the most important parameter affecting the 

effectiveness of the enzymes in hydrolysing the starch molecules (Muralikrishna and 

Nirmala, 2005). They reported that most of cereal amylases deactivate beyond 

certain temperature. But the temperatures at which the enzymes start to be 

deactivated, and the overall thermal stability profiles of starch degrading enzymes 

vary from one cereal to another (Lee et al., 1984; Phiarais et al., 2005), and their 

stabilities in commonly used cereals such as barley, sorghum and others as well as 

the mashing conditions of these cereals are reported in many literatures (Kumar et 

al., 2005; Taylor, 1992; Wijngaard and Arendt, 2006; Zarnkow et al., 2010). 

However, the thermal stabilities of starch degrading enzymes as well as mashing 

conditions of teff malt have not been studied yet. 

The enzymes taking part in starch hydrolysis differ in their thermal stability. 

Literatures indicate that beta-amylases are deactivated first on thermal applications 

such as kilning and mashing leaving the alpha-amylases. The alpha-amylases then 

act on the starch yielding dextrins, which are not hydrolysed further. However, limit 

dextrinase has the potential to convert the dextrins to fermentable sugars although it 

has less stability at higher temperatures when compared to alpha-amylases. Limit 

dextrinase has somehow more thermal stability when compared to beta-amylase. 

But it is readily inactivated at temperatures higher than 65°C. On the other hand, α-

amylase has high stability when compared to the others, and retains the major part 

of its activity at relatively higher temperatures (Evans et al., 2005; Li et al., 2008). 

One of the main problems associated with production of fermented beverages from 
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amylaceous raw materials is the inefficient conversion of starch into fermentable 

sugars either due to insufficient enzyme activity of the raw material or deactivation of 

the enzymes during killing and mashing processes (Kumar et al., 2005; Kunze, 

2004). Other research reports showed that the enzyme activities found in 

commercial malts are excess for degrading the starch (MacGregor et al., 1999). 

Hence, the incomplete conversion of the starch into fermentable sugars is mainly 

due to the deactivation of the enzymes before playing their roles in starch 

degradation. Incomplete starch gelatinization and inaccessibility of enzymes to the 

gelatinized starch may limit the formation of extracts and fermentable sugars during 

the mashing process, which in turn leads to limitation in the fermentation process. 

Temperature and time are among the most important mashing conditions that 

influence the amount of the extract yield during mashing, and fermentability of the 

wort (Delcour and Verschaeve, 1987). 

1.4 Purpose of this study 

Owing to the presence of gluten proteins, celiac disease patients and gluten 

sensitive people do not drink barley based beers. For the celiac disease patients, 

every meal is a matter of sickness or health. As more people are diagnosed with 

celiac disease and other types of gluten sensitivity, the demand for gluten-free 

products is certainly increasing (Ceppi and Brenna, 2010; Dekking et al., 2005; 

Hopman et al., 2008). Besides, research findings showed that gluten-free foods are 

much more expensive than their regular counterparts (Stevens and Rashid, 2008). 

Therefore, offering more alternative raw materials in the market may solve this 

problem. Utilization of teff as a pure component of the wort in brewing and/or 

beverage industries will address the group of gluten-intolerant people who are still 

excluded from the beer market. Beside the gluten-free property, teff provides high 

attractiveness for farmers because of its multifaceted usability and high tolerance to 



Teff as alternative raw material for gluten-free beverages Introduction 
 

20 
 

many diseases and pests as well as high nutritional values (Bultosa, 2007; 

Ketema, 1997).  

Unlike barley, sorghum, wheat, and other cereals, little is known about the 

technology of teff malting and its utilization for beverage production although some 

researchers reported that it has a promising brewing potential (Zarnkow et al., 2008). 

One of the targets of this project was also fermenting the teff malt into a non-

alcoholic beverage aiming to address all groups of the society. Abstaining from 

alcoholic beverages in pregnancy is the overwhelming recommendation of medical 

authorities (Goh et al., 2010) as it may have risk for the baby’s health. Besides, the 

Muslim population, children and some Christian groups who forbid the drinking of 

alcoholic beer may also be addressed by producing non-alcoholic beverages. 

Therefore, the general objective of this project was studying on teff malt as 

alternative raw material for gluten-free non-alcoholic beverage. In order to achieve 

this general objective, the project was structured in the following parts:   

- review on teff and its applications for production of gluten-free foods and 

beverages 

- studies on influence of kilning on enzyme activities and DMS level of teff malt 

- developing kilning program that yields teff malt with low DMS (<7 mg/kg) with 

no or little damage on its enzyme activities 

- investigation on thermal stabilities of its starch degrading enzymes  

- developing mashing program to produce wort with highest possible extract 

yielding ≥40 g/L fermentable sugar, ≥100 mg/L FAN, and pH in the range of 5 

to 6, preferably the lowest pH in this range 

- investigation of the optimal fermentation conditions for teff malt-wort to 

produce a beverage with highest possible lactic acid concentration that leads 

to have a pH between 3 and 4, and lactic acid to sugar ratio of lower than 0.6 
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2 RESULTS (PUBLICATIONS) 

2.1 Summary of papers 

Full copies of the publications are presented hereunder following short summaries of 

the papers.  

Part 1  Teff (Eragrostis tef) as a raw material for malting, brewing and 

manufacturing of gluten-free foods and beverages               24 

The demand for gluten-free foods is certainly increasing. On the other hand, studies 

on the nutritional adequacy of the gluten-free diets suggest that adherence to a 

gluten-free diet may be a risk factor for inadequate intakes of certain nutrients, 

including fiber, folate and iron. However, the nutrients of teff grain are promising and 

the grain is an excellent gluten-free alternative for people with celiac disease and 

other gluten allergy. Teff has attractive nutritional profile, and in some nutritional 

components it has even better nutritional value than commonly used cereals such as 

wheat, barley, and others. Thus, it has the potential to replace wheat, barley and 

other commonly used cereals in their food applications. The research on alternative 

gluten-free brewing materials is still in its infancy, and researchers in this field are 

continuously researching on utilization of different cereals, pseudo-cereals, and 

neglected cereals such as teff. The nutrient composition of teff grain, in general, 

indicates that it has a good potential to be used in foods and beverages worldwide. 

This review gives direction for further research on its applications for health foods 
and on improvement and standardization of traditional teff processing methods. 

 

Part 2  Effect of drying temperature and time on alpha-amylase, beta-amylase, 

and limit dextrinase activities, and dimethyl sulphide level of teff 
(Eragrostis  tef) malt                   39 

This research was aimed to study the influence of kilning on the enzyme activities, 

DMS level and moisture content of DZ-Cr-387 teff variety, and suggest a kilning 

condition that yields teff malt with low DMS and no or little damage on its enzyme 

activities. The results indicated that enzyme activities, DMS and moisture contents 

were significantly affected by kilning time and temperature, and it was concluded 



Teff as alternative raw material for gluten-free beverages Results (Publications) 
 

22 
 

from the results that most part of the drying process for teff malt should be achieved 

at lower temperatures. Hence, a kilning program involving drying of the teff malt in a 

step wise fashion from 30 to 65 °C for a total of 22 h that best preserves the 

amylolytic enzyme activities was developed. Following this study, other four varieties 

of teff namely Brown, Ivory, Dessie, and Sirgynia were considered to assess the 

influence of variety and storage on the malt quality attributes. It was found that the 

different teff varieties yield malts with significantly different malt quality attributes, 

and storage of teff sample for over a year may have negative impact on its malting 
qualities.  

 

Part 3  Thermal stability of starch degrading enzymes of teff (Eragrostis tef) 

malt during isothermal mashing                 57 

This part of the project was aimed to study thermal stability of amylolytic enzymes of 

teff malt. Knowledge of thermal stability of the enzymes would provide a basis for 

understanding the interaction between starch degradation and the working 

temperatures during mashing. The study showed that deactivation rate constants of 

alpha- and beta-amylases for temperatures ranging between 40 and 75 °C were in 

the range of 0.0003 to 0.0409 min-1, and 0.002 to 0.032 min-1, respectively. Rate of 

deactivation of limit dextrinase was not significant at temperatures lower than 60 °C 

but showed high deactivation at higher temperatures with rate constants ranging 

from 0.02 to 0.1 min-1. The present findings have significant applications in 

commercial processes where determination of the upper temperature limits for these 

enzymes is required. The Arrhenius type equations developed in this study are 

useful for estimating the activities of the enzymes at any mashing temperature, 
which intern helps in developing mashing program for production of teff malt-wort.  

 

Part 4  Investigation of fermentation conditions for teff (Eragrostis tef) malt-wort by 

Lactobacillus amylolyticus                     62 

This study was focusing on the influence of fermentation factors on the variation in 

lactic acid, pH, lactic acid to sugar ratio, and extract content during fermentation of 

teff malt-wort. Optimal fermentation conditions were also identified to produce a 
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beverage with highest possible lactic concentration that leads to a pH between 3 and 

4, and lactic acid to sugar ratio of lower than 0.6. These targets were set based on 

the results of sensory analysis of fermented teff malt-wort beverage in a preliminary 

experiment. The results of the study showed that temperature was the dominant 

factor influencing the three response variables viz. lactic acid to sugar ratio, lactic 

acid, and pH. However, the main factor influencing extract content was time followed 

by cell concentration. The feasibility of developing acceptable gluten-free fermented 

beverage from teff malt-wort has also been demonstrated. The optimum conditions 

of the factors such as temperature, initial pH, initial cell concentration, and 

fermentation time determined with RSM were found to be 42 °C, 5.4, 1.86×105 

cells/ml, and 52 h, respectively. With this set of condition, a beverage with pH of 3.5, 

lactic acid concentration of 9.5 g/L, and lactic acid to sugar ratio of 0.26 was 

predicted to be produced. The validation experimental runs demonstrated a good 

correlation between the predicted and experimental values. The teff malt beverage 

fermented under the optimum condition was further assessed for its sensory 

qualities, and the result revealed that the beverage was well liked by most of the 
panellists.  
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2.2 Teff (Eragrostis tef) as a raw material for malting, brewing and 
manufacturing of gluten-free foods and beverages
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2.3 Effect of drying temperature and time on alpha-amylase, beta-amylase, limit 
dextrinase activities and dimethyl sulphide level of teff (Eragrostis tef) malt
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2.4 Effect of teff (Eragrostis tef) variety and storage on malt quality attributes 
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2.5 Thermal stability of starch degrading enzymes of teff (Eragrostis tef) malt 
during isothermal mashing 
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2.6 Investigation of fermentation conditions for teff malt-wort by 
Lactobacillus amylolyticus  

Mekonnen M. Gebremariam, Ahmed Hassani, Martin Zarnkow* and Thomas Becker  

Institute of Brewing and Beverage Technology, Center of Life and Food Sciences, TU München. 

*Corresponding Author: Weihenstephaner Steig 20, 85354 Freising, Germany. E-mail: 

martin.zarnkow@wzw.tum.de, Tel.-+498161713263 

Abstract 

Lactic acid fermentation plays an important role in improving the sensory quality and shelf 

life of foods. This research was aimed to assess the influences of fermentation factors on 

some quality attributes of teff malt-wort, and investigate optimal fermentation condition for 

the teff malt-wort using response surface methodology. The experimental design and 

statistical analysis were performed using Design Expert statistical software. High lactic acid 

formation was observed between 42 and 48 °C. An increase and decrease in temperature 

beyond the stated range caused a decrease in the formation of lactic acid. Temperature was 

the dominant factor influencing the three response variables viz. lactic acid to sugar ratio, 

lactic acid, and pH. However, the main factor influencing extract was time followed by cell 

concentration. The optimum conditions of the factors such as temperature, initial pH, initial 

cell concentration, and fermentation time determined with RSM were found to be 42 °C, 5.4, 

1.86×105 cells/ml, and 52 h, respectively. With this set of condition, a beverage with pH of 

3.5, lactic acid concentration of 9.5 g/L, and lactic acid to sugar ratio of 0.26 was predicted to 

be produced. The validation experimental runs demonstrated a good correlation between the 

experimental and predicted values.   

Keywords: Fermentation, Lactobacillus amylolyticus, RSM, teff malt 
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1. Introduction 

Teff (Eragrostis tef) is a gluten-free cereal with attractive nutritional profile. Although it is a 

good source of health-benefit nutrients (Bultosa, 2007; Dekking et al., 2005; Gebremariam et 

al., 2012), further availability of the nutrients can be improved by fermentation (Campbell, 

1994). In addition to its many other functions, fermentation is known for improving 

digestibility and flavour of the final product (Minamiyama et al., 2003; Steinkraus, 1994; 

Zarnkow et al., 2007a). The use of lactic acid bacteria (LAB) is of great interest as many of 

these bacteria are generally recognized as safe organisms and play important role as 

biopreservatives (Klaenhammer, 1993; Settani et al., 2005). During fermentation process, 

LAB are exposed to various environmental stress conditions such as temperature, pH, acid, 

high osmotic pressure, and absence of available nutrients (Ahmed et al., 2006). The stress 

responses of the bacteria are of interest as they may have impact on the final quality of the 

fermented product. Hence, it is vital to investigate the influences of the main factors affecting 

the fermentation process, and identify the fermentation condition that leads to have a final 

product with the required levels of its quality attributes.  

The conventional ‘‘one-factor-at-a-time’’ way of optimizing a multivariable system is time 

consuming, and usually disregards the interactive effects of the process parameters. Besides, 

it requires carrying out a number of experiments to identify the optimal processing conditions 

(Bandaru et al., 2006). These drawbacks of single factor optimization technique can be solved 

by optimizing all the factors collectively by central composite design (CCD) using response 

surface methodology (RSM). RSM is one of the powerful tools used in bioprocess 

optimization to investigate the influences of individual process factors and their interactions 

on the response variables as well as for indentifying the optimal conditions for a 

multivariable system efficiently (SAS, 2009; Zarnkow et al., 2007b). Application of RSM 

helps to minimize time and resources for finding the optimal conditions of the different 
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factors, and allows better understanding of the interaction between the factors. In addition to 

its application to study the mathematical correlations between the process parameters and the 

response variables, RSM helps to plan/design the experiments using CCD or any other 

package of the statistical tool. The objective of this study was to investigate the influences of 

temperature, initial pH, bacterial cell concentration, and fermentation time on lactic acid 

formation, change in lactic acid to sugar ratio, pH, and extract during fermentation of teff 

malt-wort. We also identified the optimal fermentation conditions to produce a beverage with 

highest possible lactic concentration that leads to have a pH between 3 and 4, and lactic acid 

to sugar ratio of lower than 0.6. These targets were set based on the results of sensory 

analysis of fermented teff malt-wort beverage in a preliminary experiment, which has been 

performed before conducting this experiment. 

2. Materials and Methods 

2.1. Sample preparation and experimental procedures 

Teff malt-wort (Gebremariam et al., 2013a, 2013b) was used as a source of carbon, amino 

acids, minerals, vitamins and other nutrients for the bacteria during the fermentation process. 

Lactobacillus amylolyticus was obtained from microbiology laboratory of the Institute of 

Brewing and Beverage Technology, Technische Universität München. The bacterial cells 

were pre-cultured in a wort for about 16 h at 48 °C. The pre-cultured cells were then 

centrifuged at 4 °C for 10 min with relative centrifugal force (RCF) of 400×g, and washed 

with sterile Ringer’s solution (Charalampopoulos et al., 2003). The experiment was designed 

by RSM using central composite design (CCD) and all the fermentations were performed in a 

100 ml flask. The pH values were adjusted and the required concentrations of L. amylolyticus 

were inoculated to the wort samples as per the experimental design (Table 1). The samples 

were incubated at the corresponding temperatures ranging between 42–54 °C for certain 

period of time ranging between 24–56 h. All the samples fermented under these conditions 
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were analysed for lactic acid, sugar, pH, and extract content and all the measurements were 

carried out in triplicate. The lactic acid to sugar ratio was also estimated at each experimental 

point.   

2.2.  Experimental design using RSM 

In this part of the project, we studied the relationships between the experimental factors and 

the response variables. Besides, the optimal conditions of the factors affecting the 

fermentation process were identified using RSM. The experimental design and statistical 

analysis were performed using Design Expert statistical software (version 8.0.7.1, Stat-Ease, 

Inc, USA). The factors considered in this study such as temperature (X1), initial pH (X2), 

initial bacterial cell concentration (X3) and fermentation time (X4), and their levels are shown 

in Table 1. The selection of levels of the factors was based on literature on growth conditions 

of Lactobacillus amylolyticus (Bohak et al., 1998) and our prior experience gained in 

preliminary experiments. The response variables were the changes in lactic acid (Y1), lactic 

acid to sugar ratio (Y2), pH (Y3) and extract content (Y4) of the beverage. To evaluate the 

influences of the factors and their interactive effects on the response surface in the region of 

investigation, a four-factor three-level central composite experimental design was used. In 

other words, a 2k factorial points with 2k axial points and six replications at the center point 

(no = 6) leading to a total of thirty (2k+2k+n0) experiments was employed, where k is the 

number of independent variables. Hence, these thirty experiments with different combination 

of the independent variables as per the CCD were performed. The CCD matrix with four 

factors is presented in Table 2. RSM was employed to find the optimum conditions of the 

factors affecting the fermentation process. Further experiments were also conducted at the 

optimum values of the factors for confirmation of the predicted values. 
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2.3. Validation of experiments 

Once the optimum fermentation conditions were identified with RSM, fermentation of the 

teff malt-wort was carried out in triplicate using the optimum fermentation conditions in 

order to validate the accuracy of the model. The beverage was also further assessed for its 

sensory qualities. Fifteen trained sensory panels from the Chair of Brewing and Beverage 

Technology, Technische Universität München, participated in the sensory evaluation of the 

final fermented beverage. The beverage was assessed for its odor, taste, sourness, sweetness, 

mouthfeel and overall acceptability using a 5-point scale (Lawless and Heymann, 1999). The 

panellists were instructed to evaluate odor, taste, mouthfeel and overall acceptability of the 

product using the 5-point scale rated from 1 (dislike extremely) to 5 (like extremely). 
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Similarly the sourness and sweetness of the beverage were assessed from 1 (extremely 

sweet/sour) to 5 (not sweet/sour).   

2.4. Analytical procedures 

2.4.1. Determination of lactic acid 

The quantitative determination of lactic acid was carried out by Ion Chromatography System 

(ICS) with automated eluent generation (Dionex EGC III KOH, Eluent Generator Cartridge). 

The ICS was operated in external water mode with deionised water as regenerant at a flow 

rate of 0.5 mL/min. KOH was used as an eluent with a flow rate of 0.38 mL/min. A 

separation column (IonPac® AS15 analytical 2x250 mm) was employed. After proper 

dilution, 5 ml of the sample was transferred to sample-vial, and it was placed in AS40 auto 

sampler. The injection volume was 5µL (Wang et al. 2008). 

2.4.2. Change in cell concentration 

Cell growth was monitored by measuring the optical density (OD) of the medium at 600 nm 

wavelength in a 10 x 10 x 45 mm cuvette using Ultrospec 3100 UV/Visible 

Spectrophotometer (Amersham Biosciences). During growth, the samples were diluted with 

Ringer solution if the OD readings were higher than 1.0. Standard curves were used to relate 

OD and cell number (cells per millilitre) whenever required (Charalampopoulos et al. 2003). 

2.4.3. Sugar concentration 

Luff-Schoorl method was employed for the determination of total soluble sugar. The method 

involves the inversion of sugars present in the samples with hydrochloric acid. The sugars 

were extracted by adding 200 ml of 40% ethanol to accurately weighed 5 g of the sample in a 

volumetric flask, and using a mixer (tumbler) at a speed of 15 rpm for 1 h.  Then the solution 

was clarified with solutions of Carrez I and Carrez II. After eliminating the ethanol by 

evaporation, 15 ml of 0.1 N HCl was added. The test sample was then heated in the acidic 

solution to hydrolyse the starch, releasing the sugars. The resulting sugars were determined 
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by titration using the Luff-Schoorl method after neutralizing the sample with 15 ml of 0.1 N 

NaOH (ICUMSA, 2005).  

2.4.4. pH  

The pH of the samples was determined using a digital pH meter (Laboratory pH Meter CG 

843, SCHOTT Geräte GmbH, Germany) after calibrating with buffers at pH 4.0 and 7.0 

2.4.5. Extract content 

The extract level of the wort is the most important quality attribute as extract is an indicator 

of the level of fermentable sugars in the wort. The change in the extract contract during the 

fermentation process was determined using the procedure of European Brewery Convention 

(EBC, 2007).   

3. Results and Discussion 

The influences of temperature, initial pH, initial bacterial cell concentration, and fermentation 

time on lactic acid formation, changes in lactic acid to sugar ratio, pH and extract content 

were investigated using RSM. The model’s goodness of fit for all the response variables was 

checked by the coefficient of determination (R2). The experimental results for the response 

variables were well fitted to polynomial regressions. The R2 values indicated that quadratic 

model is highly statistically significant for the response variables when compared to the other 

tested models. The R2 values of the polynomial regression equations of lactic acid formation, 

lactic acid to sugar ratio, changes in pH and extract content were 0.975, 0.968, 0.967, and 

0.975, respectively, indicating that 97.5, 96.8, 96.7, and 97.5 % of the variations in the 

corresponding response variable could be explained by the model. A regression model with 

R2 higher than 0.9 is considered as a model having very high correlation (Abraham and 

Ledolter, 2006). The R2 values of the polynomial regressions for all response variables reflect 

very good fit between the observed and predicted responses, and imply that the models are 
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reliable for the response variables. The fitness of the models was further confirmed by high 

values of the adjusted determination coefficient (adj R2). The adjusted R2 values of the model 

for lactic acid, lactic acid to sugar ratio, pH, and extract were found to be 0.949, 0.937, 0.935, 

and 0.951, respectively. 

The effect of each factor and their interactions were analysed using the analysis of variance 

(ANOVA). The P-value was used as a tool for checking the significance of each factor as 

well as strengths of their interactions. The smaller the P-value the bigger the significance of 

the corresponding factor on the specific response variable (Rahman et al., 2004). The F-

statistics was also used to check how big the effect of each factor when compared to the other 

studied factors. 
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The Fisher’s F-test with very low probability values (Table 3) demonstrated that the models 

for all response variables were highly significant. The values of Fmodel, which is the ratio of 

mean square regression to mean square residual, for the changes in lactic acid, lactic acid to 

sugar ratio, pH, and extract content were found to be 38.4, 30.67, 29.51, and 39.52, 

respectively, with probability of seeing the observed F value (Prob > F) <0.0001 in all cases. 

Among the model terms, temperature, cell concentration, and fermentation time as well as 

their interactions were significant (P<0.05) for lactic acid formation. However, the other 

model terms didn’t show significant effect. A larger (insignificant) P-value suggests that 

changes in the predictor are not associated with changes in the response variables. Thus, the 

final model equation after cancelling model terms with P-values > 0.10 had three linear 

terms, one quadratic term, and three two-factorial interactions, and it is represented by eq. 1. 

2
14341

3
314311 02.001.0109.403.04.04.6253 XXXXXXXXXXY          eq. 1 

Temperature, initial cell concentration, fermentation time, and interactions between 

temperature and cell concentration as well as temperature and time were significant model 

terms for the change in lactic acid to sugar ratio. The final model equation for lactic acid to 

sugar ratio can be represented by eq. 2.     

41
4

31
3

4312 105.6102.304.048.012.014.2 XXXXXXXY               eq. 2 

All the four factors considered in this study were significant model terms (P<0.05) for the 

change in pH during the fermentation process. In addition to that the interaction between 

temperature and pH, temperature and cell concentration, temperature and time as well as cell 

concentration and time had significant effects on the model. The second-order polynomial 

model used to express the change in pH (Y3) during the fermentation process as a function of 

the independent variables (eq. 3) is shown below: 

2
14341312143213 02.001.01.303.01.03.04.31.56.266 XXXXXXXXXXXXXY       eq. 3 
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Temperature, cell concentration and fermentation time were significant model terms for the 

change in extract content during the fermentation. However, their interactions as well as other 

factors didn’t show significant influence on the change in the extract content. Thus, the 

second-order polynomial model for the change in the extract (Y4) is expressed by eq. 4. 

2
4

4
4314 1035.906.048.004.045.8 XXXXY                 eq. 4 

Regression coefficients in linear regression equations (both simple and multiple linear 

regressions) represent the change in a response variable for a unit change in predictor/factor 

when all other covariates remain constant. However, the model equations for all response 

variables in our investigation involve quadratic and/or interaction terms. Thus, for proper 

interpretation it is advisable to consider the equation in combination with the graphs. 

Otherwise, the interpretation would be a bit less intuitive because the effect of the 

predictor/factor on the response variable varies depending on the value of the predictor (the 

case of polynomial term) and the value of the other predictor (the case of interaction terms).   

The three-dimensional response surfaces were generated to study the interactions among the 

factors and visualize their combined effects on the response variables. The resulting response 

surfaces showing the effects of temperature, initial pH, initial bacterial cell concentration and 

fermentation time on lactic acid formation, changes in pH, lactic acid to sugar ratio, and 

extract are depicted in figures below. The interaction effects of the factors on the studied 

response variables were tested for all possible combinations of the factors by keeping two 

factors constant at a time. The F-value of each factor (Table 3) shows that temperature and 

time were found to be the factors with highest influence on most of the response variables. In 

the model equations, the interaction of X1 and X4 corresponding to temperature and time, 

respectively,  had negative coefficients in the first two model equations indicating that the 

combined effect of these two factors causes a decrease in the formation of lactic acid as well 

as lactic acid to sugar ratio. In addition to the linear and interaction effects, temperature had 

negative quadratic effect for the formation of lactic acid (eq.1) and positive quadratic effect 
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for the decrease in pH. On the other hand, fermentation time had positive quadratic effect on 

the change in extract content during fermentation.  

In this study, the dominant factor which controls lactic acid formation, change in lactic acid 

to sugar ratio, and pH was temperature followed by fermentation time. Whereas the change in 

the extract content was mainly influenced by fermentation time followed by bacterial cell 

concentration. As the number of RSM factors increases, it becomes difficult to visualize the 

response surface. In such cases it is helpful to view a special form of response plot called 

perturbation for RSM data (SAS, 2009). The perturbation plots show how the predicted 

responses are caused by changing only one factor at a time from the centre point of the 

experimental region. By default, the Design-Expert sets the reference point at the midpoint 

(coded 0) of all the factors in order to see how the response changes as each factor moves to 

the negative or positive direction from the reference point (Anderson and Whitcomb, 2005; 

SAS, 2009). 

It can be seen from Fig. 1(a) and (b) that the increase as well as an extreme decrease in 

temperature causes a decrease in the formation of lactic acid. High lactic acid formation was 

observed in between 42 and 48 °C. This was confirmed by the perturbation plot (Fig. 1c). On 

the other hand, lactic acid formation increased with cell concentration (Fig. 1b) and 

fermentation time (Fig. 1a). However, pH caused very small effect on the lactic acid 

concentration (Fig. 2) as it changed from the reference point (pH 5.3). Temperature was the 

dominant factor that controls the change in lactic acid concentration. The Fisher’s test 

(P=0.9042), also demonstrated that lactic acid formation was not significantly affected by the 

initial pH.  
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The lactic acid to sugar ratio increased with fermentation time (Fig 2a) and cell concentration 

(Fig. 2b). However, temperature had the opposite effect on the lactic acid to sugar ratio 

(Figs. 2a, 2b). Fisher’s test (Table 3) demonstrated that the influences of temperature 

(F=169.7) and time (F=100.6) on the change in lactic acid to sugar ratio were much more 

pronounced when compared to those of initial bacterial cell concentration (F=18.1) and pH 

(F=1.34). This was further confirmed by the perturbation plot (Fig. 2c). Temperature, 

fermentation time, and bacterial cell concentration showed significant effect, where as pH 

had no significant effect on the lactic acid to sugar ratio. 

 

 

 

 
Fig. 1 (a, b) Response surface plots showing the effects of temperature, initial bacterial cell concentration, and fermentation 

time on lactic acid formation; (c) Perturbation plot showing the change in lactic acid as each factor moves from the chosen 

reference point (the middle of the design space), where A=temperature, B=initial pH, C=initial cell concentration, and 

D=fermentation time 
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In contrast to the change in lactic acid and lactic acid to sugar ratio, the pH showed a constant 

increment with an increase in temperature (Figs. 3(a), (b)).  It was also increased with an 

increase in the initial pH of the wort (Fig. 3a). On the other hand, fermentation time (Fig. 3b) 

and bacterial cell concentration (Fig. 3c) had the opposite effect on the pH of the 

fermentation medium. Although the effect of temperature was much more pronounced 

(F=150) when compared to the other factors, all the factors tested in this study also showed 

significant effect (P<0.05) on the change in pH during the fermentation process. The 

perturbation plot (Fig. 3d) also clearly shows that temperature was the dominant factor 

influencing the change in pH.  

(c) 

 
 

 
Fig. 2 (a, b) Response surface plots showing the effects of temperature, cell concentration, and fermentation time on 

lactic acid to sugar ratio; (c) Perturbation plot showing the change in lactic acid to sugar ratio as each factor moves from 

the chosen reference point (the middle of the design space), where A=temperature, B=initial pH, C=initial cell 

concentration, and D=fermentation time 
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Fig. 3 (a–c) Response surface plots showing the effects of temperature, initial pH, cell concentration, and fermentation time on 

the change in pH; (d) Perturbation plot showing the change in pH as each factor moves from the chosen reference point (the 

middle of the design space), where A=temperature, B=initial pH, C=initial cell concentration, and D=fermentation time 
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The results on extract content showed that it decreased with increase in fermentation time and 

bacterial cell concentration. But it increased with an increase in temperature (Data not 

shown). In contrast to the other response variables, where temperature was the dominant 

influencing factor, the change in the extract content was highly influenced by fermentation 

time followed by bacterial cell concentration. Among the studied factors, pH didn’t show 

statistically significant effect (P>0.05) on the change in the extract content.   

We also investigated the optimum levels of the factors in order to attain the highest possible 

lactic acid concentration that leads to have a pH between 3 and 4, and lactic acid to sugar 

ratio of lower than 0.6. Numerical optimization performed by the statistical software 

pinpointed the most desirable combination of the tested factors based on their predictive 

models. The desired goals for the response variables were selected by adjusting the 

weight/importance of the respective response variable that might alter the characteristics of 

the final beverage. For fermentation of teff malt wort by L. amylolyticus, the final optimum 

fermentation conditions of the factors such as temperature, initial pH, initial cell 

concentration, and fermentation time determined with RSM were found to be 42 °C, 5.54, 

1.86×105 cells/ml, and 52 h, respectively. All the optimal points were located inside of the 

experimental region. With this set of fermentation condition, a beverage with pH of 3.5, lactic 

acid concentration of 9.5 g/L, lactic acid to sugar ratio of 0.26 and extract content of 

11.4 g/100 ml was predicted to be produced.     

   

3.1 Validation of the models 

The average values of lactic acid, lactic acid to sugar ratio, pH, and extract content for the teff 

malt beverage fermented under the optimum conditions were found to be 8.7±0.4 g/L, 

0.2±0.01, 3.58±0.03, and 11.43±0.04 g/100 ml, respectively. The confirmation experimental 

runs demonstrated that the average values from the actual experiment and the predicted 

values of the response variables were found to be comparable except that the lactic acid 
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concentration and the lactic acid to sugar ratio from the actual experiment were slightly lower 

than the predicted values. The deviations in the lactic acid concentration and lactic acid to 

sugar ratio could be due to experimental error, particularly due to inoculation of less bacterial 

concentration than the optimum initial cell concentration. But, in general, there was good 

agreement between the predicted and experimental values. The good correlations between the 

experimental values under the optimum fermentation conditions and the predicted values 

justified the validity of the models. Hence, the empirical models were reasonably accurate, 

and the RSM is indeed a useful tool for predicting and investigating the fermentation 

conditions.  

The teff malt beverage fermented under the optimum condition was further assessed for its 

sensory qualities and the mean values of the sensory scores for the beverage are summarized 

in Fig. 4.  

 

Fig. 4 Graphical chart representing the sensory profile of the product 

 

The sensory scores for odor, taste, mouthfeel and overall acceptability show that the product 

has mean values greater than 3, indicating that the beverage was well liked by most of the 

panellists. The sweetness of the beverage was also higher than 3, reflecting that the sugars in 

the wort were not fully fermented. However, continuation of the fermentation may lead to 

have negative impact on the sourness of the product. The sourness of the beverage under this 
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condition was rated to be 2.4 (below average) but the overall acceptability shows that this is 

not too sour to consume. In addition to its good acceptability by most of the assessors, two 

assessors clearly described that the sweetness and sourness of the product were well 

balanced.  

4. Conclusion 

The present study was focusing on the influence of fermentation factors on the variation in 

lactic acid, pH, lactic acid to sugar ratio, and extract during fermentation of teff malt-wort, 

and indentifying the optimum fermentation conditions for the wort by L. amylolyticus. 

Temperature was the dominant factor influencing the three response variables viz. lactic acid 

to sugar ratio, lactic acid, and pH. However, the main factor influencing the extract content 

was time followed by cell concentration. The optimal temperature, initial pH, bacterial cell 

concentration, and fermentation time for fermentation of teff malt-wort were found to be 

42 °C, 5.54, 1.86×105 cells/ml, and 52 h, respectively. The validation experimental runs 

demonstrated a good correlation between the experimental and predicted values. 
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3. DISCUSSION 

This project was designed to study the kilning, mashing, and fermentation conditions 

of teff malt to be used as a raw material for lactic acid fermented beverage. All 

experiments were carried out in triplicate unless otherwise stated. Ungerminated teff 

grain samples had very low activities of alpha-amylase (<3 U/g), and moderate 

activities of beta-amylase (<25 U/g) and limit dextrinase (<350 U/g). But their 

activities increased significantly (P < 0.05) with germination. The enzyme activities 

developed during the germination process may be affected by the kilning process, 

especially when high kilning temperature is applied to the malt with high moisture 

content (Kunze, 2004). In order to prevent the deactivation of the enzymes, the malt 

must first be pre-dried before it is subjected to high temperatures. Hence, we 

considered pre-drying of the teff malt samples at lower temperature for longer period 

of time before applying high temperatures in developing the kilning program.  

The enzyme activities in malted teff samples dried using the two different kilning 

regimens (R1 and R2) were compared with each other. Both kilning programs 

involve drying of the germinated samples by increasing the temperature of airflow in 

stepwise fashion. In the first kilning regimen (R1), the samples were dried for 18 h at 

30 °C followed by 1 h at 60 °C and 3 at 65 °C. The second kilning program (R2) 

involves drying the samples for 18 h at 30 °C followed by 1 h at 60 °C and 3 at 

80 °C. Prolonged curing (5 h) in both kilning regimens was also tested, and the 

results showed that prolonged curing causes an adverse effect on the enzyme 

activities. The first kilning program (R1) with shorter curing time (3 h) was found to 

be the best condition in relation to preserving the enzyme activities and it was 

considered as optimal kilning program for teff malt samples. With regard to alpha-

amylase, beta-amylase and limit dextrinase, higher activities were observed for the 

first kilning regimen (R1). Teff malt was found to have higher limit dextrinase activity 

(1072 U/kg) than barley malt (≤800 U/kg), and its beta-amylase activity (440 U/g) 
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was comparable with that of barley malt (225 – 627 U/g) (Narziss and Back, 2009). 

On the other hand, a significantly lower alpha-amylase activity (68 U/g) was 

observed for teff malt in comparison with its activity in barley malt (84 – 210 U/g) 

(Narziss and Back, 2009). However, the observed low level of alpha-amylase may 

not be a problem in relation to degrading the starch to fermentable sugars. 

MacGregor et al. (1999) reported that a deficiency in the level of one amylase 

enzyme (alpha- or beta-amylase) may not affect the amount of total fermentable 

sugar as far as the other enzyme is available in high concentration. Among the 

tested levels of alpha-amylase in their experiments, even the lowest level (4 U/g) in 

the presence of high levels of beta-amylase (e.g. 40 U/g) and no addition of limit 

dextrinase resulted in comparable levels of fermentable sugars with the other tested 

levels of alpha-amylase. According to their report, an increase in the level of limit 

dextrinase in the mash was clearly shown to increase the level of fermentable sugars 

substantially, particularly in mashes having high levels of beta-amylase. Their 

findings, in general, suggested that commercial malts contain excess levels of the 

amylolytic enzymes.  

Some increase in amylolytic enzyme activities were reported in the early stages of 

kilning barley malt due to continuation of the germination process, then a decrease in 

the enzyme activities was reported during the later stages of kilning (Kunze, 2004). 

Similarly, in kilning of the teff malt samples, both increment and decrease in the 

amylolytic enzyme activities were observed. Drying the teff malt samples at different 

isothermal temperatures showed that the rate of increase in the amylolytic enzyme 

activities at early stages of kilning and lower drying temperatures was dominating 

over the deactivation of the enzymes. But beta-amylase didn’t show any increase at 

all studied temperatures due to its thermolabile characteristics (Kunze, 2004). The 

increase in the activities of alpha-amylase and limit dextrinase could be attributed to 

the continuation of the germination process due to high moisture content (>15%) at 
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such low temperatures. All the amylolytic enzyme activities of teff malt decreased 

with an increase in the kilning temperature. For the teff malt samples dried using the 

optimal kilning program (R1), 11% increment in the alpha-amylase activity was 

observed at the end of the kilning process. However, beta-amylase and limit 

dextrinase activities decreased by about 12 and 17%, respectively. The significantly 

higher alpha-amylase activity of teff malt at the end of the kilning process suggests 

that the overall rate of alpha-amylase development was higher than that of its 

deactivation, leading to a net increase in the enzyme activity at the end of the kilning 

process.  

Removal of the moisture content during the first phase of the kilning regimen, which 

also comprises the free drying stage, was very fast. This could be due to the fact that 

the free drying phase of kilning involves removal of unbound water from the surface 

of the grain (EBC, 2000). In this part of the project we also studied the rate of drying 

of teff malt samples at different drying temperatures. The results revealed that the 

moisture content in teff malt, in general, decreased significantly (P < 0.05) in the first 

24 h of kilning at all studied temperatures. But no significant change was observed 

after 24 h of kilning. No DMS was detected for unmalted teff samples. But it 

increased during the germination process. Although the teff malt samples contained 

DMS content higher than 7 mg/kg at the end of the germination process, it was 

significantly decreased to lower than 5 mg/kg for all the samples dried using the 

different kilning programs.    

The amylolytic enzymes surviving the kilning process play great role in the 

degradation of starch during the mashing process. In the starch degradation, the 

actions of beta-amylase and limit dextrinase are dependent on the supply of their 

substrates, which come from the action of alpha-amylase on starch granules and the 

subsequent release of dextrins (Sun and Henson, 1991). The effective overall action 

of the enzymes is crucial in yielding high concentration of substrates for the 
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subsequent fermentation process. Lactic acid bacteria have complex nutritional 

requirements for growth due to their limited ability to synthesis their own growth 

factors from available nutrients (Manca de Nadra, 2007). High concentration of easily 

convertible nitrogen sources such as amino acids or proteins with small molecular 

weight in the complex medium may stimulate the bacteria to grow faster 

(Sriphochanart et al., 2011; van Niel and Hahn-Hägerdal, 1999). Research reports 

showed that a minimal medium containing at least 100 mg/L amino acids (Snell, 

1945; Ruiz-Barba and Jimenze-Diaz, 1994; Hebert et al., 2000; Manca de Narda et 

al., 2003; Sriphochanart et al., 2011) and 40 g/L sugar is required for healthy growth 

of the bacteria. The extract content of teff malt (68%) obtained by using a congress 

mashing procedure was lower than that of barley malt (76–85%) (Narziss and Back 

2009), and its fermentable sugar content was also lower than 40 g/L, indicating that 

the congress mashing procedure is unsuitable for mashing teff malt. Hence, we 

studied the thermal stabilities of amylolytic enzymes of teff malt, and based on the 

results we also investigated the suitable mashing program for teff malt samples to be 

used as raw materials for lactic acid fermentation. The target in developing the 

mashing program was producing teff malt-wort with high concentrations of 

fermentable sugar (≥40 g/L) and FAN (≥100 mg/L), and pH in the range of 5–6, 

preferably the lowest pH in this range. 

Firstly, the gelatinization temperature of teff malt samples was determined by 

measuring the rheological behavior of a flour-water suspension, using rapid visco-

analyser (RVA) (Keßler et al., 2005). The gelatinization temperature of starch is 

influenced not only by the type of starch but also by the size and structure of its 

starch granules. Smaller starch granules have higher gelatinization temperature as 

compared to higher granules (Whitehurst and Oort, 2010). The gelatinization 

temperature of kuncho teff malt was found to be about 69 °C. The results from 

thermal stability study of the enzymes in teff malt showed that alpha-amylase is 
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relatively stable at this temperature whereas the stabilities of beta-amylase and limit 

dextrinase are highly reduced once the mashing temperature reaches the 

gelatinization temperature. Thus, there is a very narrow window of time for the starch 

to be hydrolysed to fermentable sugars during mashing.  

Grist to liquor ratio also plays an important role in the contact between enzyme and 

substrate. The mashing-in concentration should not be too high to avoid lump 

formation and have suboptimal contact between the enzyme and substrate (Narziss, 

1992). High viscosity and lumping may also cause low extract volume due to low 

filterability (filtering requires overnight) (Wijngaard and Arendt, 2006). In order to 

identify the proper grist to liquor ratio for mashing teff malt, malt to water ratios of 

1:3, 1:3.5, 1:4, 1:4.5 and 1:5 were tested at a temperature (72 °C) slightly higher 

than the gelatinization temperature of teff malt sample for 90 min.    

 

Fig. 1 Extract contents and viscosities of teff wort samples produced using different grist to 

liquor ratios  

The highest grist to liquor ratio (1:3) caused high viscosity and lumping (Fig. 1) when 

compared to the other ratios, and it resulted in low extract. The extract contents 

observed for the grist to liquor ratios of 1:4, 1:4.5, and 1:5 were comparable but 1:4 

was selected as best ratio because this ratio resulted in thicker mash and slightly 
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higher extract content. Since heat transfer is inversely proportional to thickness of 

the material (Janna, 2000; Moran et al., 2003), thicker mash that resulted in the 

highest possible extract is preferable in relation to protecting the starch degrading 

enzymes from thermal deactivation. The starch degrading enzymes are more stable 

in thicker mashes due to the fact that flow of heat will be reduced as the thickness of 

the mash is increased. As a result the enzymes will be protected from being affected 

by rapid flow of heat. Briggs (1998) has also stated that enzymes are more protected 

from thermal deactivation by their substrates and other substances present in the 

mash. However, as the mashing proceeds the substrates are depleted and the 

enzymes become more subjected to the heat treatment. On the other hand, thicker 

mashes may inhibit the enzyme activities. But the highest extract content (>80%) at 

the 1:4 grist to liquor ratio is an indication that the enzyme activities at this condition 

were not inhibited when compared to the other thicker mashes (1:3 and 1:3.5 grist to 

liquor ratios), where lower extract contents were observed. Hence, 1:4 teff malt to 

water ratio was selected as the optimum ratio to be used in mashing teff malt.   

The enzymes surviving the kilning process may also be affected during mashing 

before they act on the starch molecules. Thus, it is very important to have knowledge 

about the thermal stability of the starch degrading enzymes of a cereal in order to 

investigate the optimal mashing program for the specific cereal malt. We studied the 

thermal stabilities of the three key enzymes namely alpha-amylase, beta-amylase, 

and limit dextrinase during isothermal mashing of teff malt in a 1:4 malt to water ratio 

at temperatures ranging from 40 to 75 °C with sampling in 15 min interval for a total 

of 90 min. Each experiment was conducted in duplicate. 
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Fig. 2 Thermal deactivation profile of alpha-amylase during mashing of teff malt at different 

isothermal mashing temperatures 

The statistical analysis showed that alpha-amylase activity was stable at lower 

temperatures (Fig. 2) but significantly decreased (P < 0.05) at higher temperatures 

(>55 °C).  On the other hand, beta-amylase activity was significantly affected at all 
studied temperatures during the 90 min thermal exposure (Fig. 3).    

 

Fig. 3 Thermal deactivation profile of beta-amylase during mashing of teff malt at different 

isothermal mashing temperatures 

In this study, no deactivation of limit dextrinase was observed at temperatures lower 

than 60 °C in the stated period of mashing time. But it was highly unstable at 

temperatures higher than 60 °C (Fig. 4). Similar observation was reported for limit 
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dextrinase in the malt extract of Pokko variety of barley (Stenholm and Home 1999). 

They noted that the limit dextrinase activity of the malt extract was stable at 

temperatures up to 62.5 °C, but 40% of the activity was lost in one hour for the 

sample mashed at 65 °C. 

 

Fig. 4 Thermal deactivation profile of limit dextrinase during mashing of teff malt at different 

isothermal mashing temperatures 

In our study, high activities were recorded for alpha-amylase at higher temperatures 

when compared to those of beta-amylase and limit dextrinase, indicating that alpha-

amylase is more stable than beta-amylase and limit dextrinase. Therefore, in 

identifying the mashing-off temperature it may be sufficient to find the temperature at 

which most part of the alpha-amylases are deactivated. The Arrhenius type equation 

developed in this study was used to estimate the temperature at which almost all the 

alpha-amylases can be deactivated, and it was found to be 78 °C. At the mashing-off 

temperature, all beta-amylases and limit dextrinase as well as most part of the alpha-

amylases are deactivated and the amount of fermentable sugars present in the wort 

is fixed (Rehberger and Luther, 1995; Whitehurst and Oort, 2010; Wijngaard and 

Arendt, 2006). 
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Isothermal mashing for 60 min at temperatures ranging between 60 and 84 °C with 

the objective of identifying the mashing-off temperature also led us to conclude that 

78 °C can be taken as the mashing-off temperature. The highest extract (85%) was 

observed for the wort samples produced at 76 °C and higher temperatures (Fig. 5). 

The extract content remained constant after 76 °C, indicating that the enzymes 

responsible for formation of fermentable sugars were deactivated.       

 

Fig. 5 Extract contents of teff wort samples produced during one hour stand at different 

isothermal mashing conditions   

Wort samples to be used for lactic acid fermentation should contain the highest 

possible extract and FAN because lactic acid bacteria require some elements such 

as carbon and nitrogen in the form of carbohydrates and amino acids for growth (van 

Niel and Hahn-Hägerdal, 1999; Wee et al., 2006). Based on the gelatinization 

temperature of the teff malt and results from thermal stability studies on the 

amylolytic enzymes, conversion rest temperatures ranging between 65 and 74 °C 

were tested to find out the conversion rest temperature that results the highest 

possible extract and FAN as well as pH in the range of 5 to 6 (Bohak et al., 1998; 

Muralikrishna and Nirmala, 2005). Hence, mashing trials of 60 min rest at 65 °C 
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(experiment I), 68 °C (experiment II), 71 °C (experiment III), and 74 °C (experiment 

IV) followed by 10 min rest at the mashing-off temperature were conducted.  

 

Table 1. Quality attributes of teff wort samples produced by mashing for 60 min at 

temperatures between 65 and 74 °C followed by 10 min rest at 78 °C  

Conversion rest 
temperature 
(°C)  

Extract 
(%, dm)  

FAN (mg/L)  pH  Viscosity 
(mPa.s)  

65  85±3.0  105±0.2  5.73±0.02  1.62±0.1  

68  85±0  96±1.0  5.75±0.01  1.64±0.11  

71  86±1.0  98±1.9  5.69±0.04  1.69±0.05  

74  84±1.5  72±0.8  5.65±0.07  1.65±0.01  

 

It can be seen from Table 1 that the highest extract content was recorded for the 

sample mashed at 71 °C conversion rest temperature. Although slightly higher FAN 

was observed at the conversion rest temperature of 65 °C when compared to other 

tested temperature, the acidity of the wort sample at this condition was lower. The 

highest FAN value was recorded at the lower temperature (65 °C), and it was highly 

decreased at higher temperatures. The slight increase in acidity with temperatures 

could be attributed to the hydrolysis of some complex organic molecules like lipids, 

phytin, and proteins to fatty acids, acid phosphates, and amino acids, respectively 

(Gernah et al., 2011). Once the starch is gelatinized, it is digested rapidly by the 

amylolytic enzymes present in the malt (Whitehurst and Oort, 2010). The conversion 

rest temperature represents a compromise between the need for higher temperature 

to obtain gelatinized starch and lower temperature to preserve enzyme activities. 

The combined effect of the enzyme activities result in formation of large 

concentration of fermentable sugars. Although high extract contents were observed 
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at 65 and 68 °C, the concentrations of the fermentable sugars at these conditions 

were lower when compared to the values at higher temperatures. This confirms that 

the FAN and other soluble components of the wort contributed to the high extract 

contents recorded at 65 and 68 °C. Our results showed that the highest total 

fermentable sugar was observed at the conversion rest temperature of 71 °C 

followed by 68 and 74 °C (Fig. 6). In general, glucose was the dominant fermentable 

sugar followed by maltose.  Hence, 71 °C was determined to be the conversion rest 

temperature for teff malt mashing program. Hence, 71 °C was determined to be the 

conversion rest temperature for teff malt mashing program.  

 

Fig. 6 Fermentable sugars of teff wort samples produced using isothermal mashing of the 

teff malt for 60 min at temperatures ranging between 65 and 74 °C 

Mashing usually starts with the degradation of malt proteins by means of proteases 

and peptidases. Therefore, lower temperatures are usually applied before applying 

the conversion rest temperature (Whitehurst and Law, 2002). Some protein 

degradation has already taken place during the malting process, but rest at low 
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temperature during the mashing process can also help to increase the free amino 

nitrogen (FAN), which is required during the fermentation stage as the nitrogen 

source for the bacteria (Whitehurst and Law, 2002; Sriphochanart et al., 2011). A low 

mashing-in temperature may also help to break down the starch structure of malts 

(Taylor and Boyd, 1986), thereby increases the concentration of fermentable sugars. 

This is particularly important when mashing with malts having low enzyme activities. 

The effects of different mashing-in temperatures were explored in our experiments. 

Mashing trials of 30 min rest at 35 °C (experiment I), 40 °C (experiment II), 45 °C 

(experiment III), 50 °C (experiment IV), and 55 °C (experiment V) followed by 60 min 

rest at the conversion rest temperature and 10 min rest at the mashing-off 

temperature were conducted to investigate the mashing-in temperature. 

 

Table 2. Quality attributes of samples produced by mashing for 30 min at temperatures 

ranging between 35 and 55 °C followed by 60 min rest at 71 °C and 10 min rest at 78 °C  

Mashing-in 
temperature 
(°C)  

Extract 
(%, dm)  

FAN 
(mg/L)  

pH  Viscosity 
(mPa.s)  

35  83±0.1  123±0.05  5.75±0.03  1.71±0.011  

40  85±1.0  128±0.1  5.73±0.02  1.70±0.03  

45  84±2.6  132±1  5.75±0.01  1.74±0.05  

50  79±2.4  130±0.04  5.69±0.04  1.68±0.01  

55  78±1.9  119±0.04  5.68±0.03  1.67±0.004  

The highest FAN concentration was observed at the mashing-in temperatures 

between 40 and 50 °C. But the extract content at 50 °C was low when compared to 

the values at 40 and 45 °C. Although the extract contents of the wort samples 

mashed at 40 and 45 °C were comparable, slightly higher pH and viscosity were 
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observed at 45 °C. Taking the advantage of lower pH and viscosity at 40 °C, it was 

selected as mashing-in temperature. It can be seen from the results (Table 2) that 30 

min rest at the mashing-in temperature leads to have higher FAN content when 

compared with the corresponding mashing program without inclusion of lower 

mashing-in temperature (Table 1). The large differences in the FAN content 

observed by adding an extra mashing-in step is due to the action of proteolytic 

enzymes on the protein structures at low temperatures. The proteolytic enzymes will 

be deactivated by thermal energy when the malt is subjected to high temperature 

without including the lower mashing-in temperature rest. Inclusion of the mashing-in 

temperature also improved the fermentable sugar content of the wort. Therefore, 30 

min rest at 40 °C followed by 60 min rest at 71 °C and 10 min rest at 78 °C was 

taken as a suitable mashing program for teff malt. A total sugar content of about 

58 g/L was recorded for the sample mashed with this program. Among the 

components contributed to the total fermentable sugar, the highest concentration 

was recorded for glucose (37.7±0.31 g/L) followed by maltose (11.1±1.9). The teff 

malt-wort prepared using this mashing program was used as a source of 

carbohydrate and other nutrients for fermentation by Lactobacillus amylolyticus.  

In beverage production, a well-balanced aroma and flavor of the final product are 

equally or even more important than the efficient fermentation (Lehnert et al., 2009). 

A preliminary fermentation experiment was conducted to assess the sensory 

qualities of the fermented teff malt-wort beverage with different pH, and lactic acid to 

sugar ratio before carrying out the main experiments. The results from the 

preliminary experiment showed that the beverage with pH ranging between 3 to 4, 

and lactic acid to sugar ratio of lower than 0.6 had better acceptability by the 

assessors. The results from the preliminary experiments showed that the pH 

decreased rapidly for the first 24 hours of fermentation. A rapid decrease in pH at the 

beginning of fermentation has great importance for the quality of the end product. A 
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rapid increase in acidity minimises the influence of spoilage bacteria 

(Viander et al., 2003). In the slowly acidified environments the lactic acid 

fermentation can be suppressed by butyric bacteria (Karovicova and 

Kohajdova, 2005), which may deteriorate the product and lead to have an off-flavour 

in the final beverage (Vissers et al., 2007).  

The optimal fermentation conditions for the factors such as temperature, initial pH, 

bacterial cell concentration and fermentation time for the fermentation of teff malt-

wort were found to be 42 °C, 5.54, 1.86×105 cells/ml, and 52 h, respectively. The 

sensory quality assessment of the beverage produced at this condition indicated that 

the overall acceptability of the beverage was above average. Another fermentation 

experiment with pineapple showed that further improvement of the sensory quality of 

the beverage can be achieved by fermenting with 25% or lower concentration of 

pineapple juice. The overall acceptability of the beverage fermented with 25% of 

pineapple was rated to be 4 on the scale of 5 (like extremely), indicating that 

fermenting with pineapple further improves the sensory quality of the beverage. In 

general, the beverage produced in our experiment had high acceptance of odour, 

taste and flavor, and its pH (3.5) was sufficiently low to suppress the growth of food 

spoilage microorganisms (Karovicova and Kohajdova, 2005; Viander et al., 2003). In 

this study, the feasibility of developing acceptable gluten-free fermented beverage 

from teff malt-wort has been demonstrated. The formulated beverage may add to the 

list of available gluten-free beverages, thus introducing an alternative gluten-free 

cereal to industries for formulating beverages for celiac disease patients and other 

people with gluten intolerance. 
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