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Abstract Production of good quality beer is dependent largely on the fermentation temperature and 
yeast strains employed during the brewing process, among others. In this study, effects of fermentation 
temperatures and yeast strain type on beer quality and spent yeast density produced after wort 
fermentation by two commercial yeast strains were investigated. Beer samples were assessed for 
colour, clarity and foam head stability using standard methods, whilst the compositions and 
concentration of Beer Volatile Compounds (BVCs) produced were assessed using GC-MS. The spent 
yeast density, measured as dry cell weight, ranged between 1.84 - 3.157 mg/ml for both yeast strains 
with the highest yield obtained at room temperature fermentation. A peak viable population of 2.56 x 
107 cfu/ml was obtained for strain A, also during fermentation at room temperature. The foam head of 
the beers produced at 22.5ºC was most stable, with foam head ratings of 2.66 and 2.50 for yeast strain 
A and B, respectively. However, there was no significant (p = 0.242) difference in colour intensity 
between the beers produced at the different fermentation temperatures. Eight different BVCs were 
detected in all beer samples and were found to affect the organoleptic properties of the beer produced. 
Further optimizations are required to determine the effects of other parameters on beer quality. 

Keywords: beer volatile compounds, fermentation temperature, organoleptic quality, spent yeast 
density 
 
 
 
 
INTRODUCTION 

Beer brewing is an established ancient art from as far back as 6000 B.C., during the building of the 
ancient cities of Mesopotamia (Cortacero-Ramirez et al. 2003) and has been practised for thousands of 
years. The practice of producing beer in small micro-breweries has been replaced by magnificent 
industrial production plants that push out volumes of beer that early brew-masters could only dream 
about (Rojas and Peterson, 2008). To facilitate effective fermentation process, the yeast is often 
pitched at a specific population size and allowed to grow via an aerobic step in the fermentation 
process (Tanguler and Erten, 2008). Fermentation temperature is known to influence beer aroma 
composition (Bekatorou et al. 2002). Low temperature brewing; in particular, has been reported to 
result in the production of beer with improved taste and aroma as well as high ethanol and beer 
productivities (Bardi et al. 1996a; Bardi et al. 1997). Immobilized cell technology processes have been 
shown to shorten the production time of beer from 12-15 days to 1-3 days, however, the major difficulty 
is to achieve the correct balance of sensory compounds to create an acceptable flavour profile within 
the time frame (Willaert and Nedovic, 2006). Beer produced by fermentation of wort by cells 
immobilized on glutten pellets have been reported to have reduced higher alcohols and higher ethyl 
acetate (Bardi et al. 1996b). 

After the fermentation process, there is often a much greater amount of spent yeast present in the 
fermenter than that present at pitching (Shotipruk et al. 2005). The spent yeast generated during the 
fermentative process is often used as an inoculum for subsequent fermentations (Blieck et al. 2007). In 
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addition, yeast cell wall fractions contain a large percentage of β-glucans, which is highly 
advantageous in improving the physical and functional properties of foods, as a thickening and water-
holding agent (Thammakiti et al. 2004) and for the gelatinization and retrogradation of starch (Satrapai 
and Suphantharika, 2007). β-glucans isolated from the cell wall fractions of spent brewer’s yeast are 
good emulsifying stabilizer and are finding application as a form of fat replacement in the production of 
low-fat mayonnaise (Burkus and Temelli, 2000). The partial replacement of vegetable oil in 
mayonnaise using β-glucans derived from spent yeast extract has two distinct advantages; firstly, it 
decreases the calorie content of the emulsification and secondly, it results in the utilisation of industrial 
by-products (Worrasinchai et al. 2006). In addition, β-glucans have been reported to have been used 
as a form of immunomodulator in livestock (Eicher et al. 2006). 

The fermentation step in beer production is facilitated through the metabolic activities of yeast, resulting 
in the conversion of fermentable sugars to carbondioxide (CO2) and ethanol (Piškur et al. 2006). Whilst 
these metabolic activities produce the required ethanol from the fermentation, they also result in the 
production of large amounts of metabolic by-products, beer volatile compounds (BVCs), such as 
esters, ketones and higher alcohols which if present in high concentrations can influence the final 
aroma and flavour profile of the beer (Hansen, 1999; Šmogrovičoví and Dömény, 1999; Brown and 
Hammond, 2003; Vanbeneden et al. 2008). These compounds are derived from precursors of yeast 
metabolic pathways and some of them are essential for growth of the yeast (Brown and Hammond, 
2003). Whilst the presence of these compounds may be considered as detrimental to many (especially 
those in industry), there are a select few that regard these compounds as important flavour enhancers, 
especially those with an acquired taste for speciality beers. It is therefore important to determine the 
effects of these BVCs on beer quality as well as the mechanisms involved in their generation in order 
to develop methods to facilitate their control. 

Over the past three decades, research in brewing has focussed on the application of immobilized cells, 
mainly to facilitate continuous processing, shorten maturation time and consequently reduce production 
costs (Kopsahelis et al. 2007). However, there appears to be limited studies on the effects of 
fermentation parameters on the production of BVCs and the consequences on the organoleptic quality 
of the final product as well as on the spent yeast density produced. This study is therefore aimed at 
investigating the effects of fermentation temperatures and yeast strain type on the production of spent 
yeast and BVCs as well as on the overall quality of beer produced. This would have significant 
repercussions on the South African economy, especially because the beer industry is a considerable 
player in the country’s economy, and the continuous increase in demand by the consumer. 

MATERIALS AND METHODS  

Wort preparation and fermentation 

The wort used for the fermentation was made using canned-hopped malt extract purchased from 
National Food Products (Johannesburg, South Africa) and was prepared according to the 
manufacturer’s instructions. Fermentations were set-up to determine the effects of different 
fermentation temperatures and commercial yeast strains on beer quality using mini-fermenters (3.5 L) 
designed to facilitate the fermentation process on a small scale. Two litres of wort was dispensed into 
each sterile fermenter vessels after being allowed to cool and sterile standard rubber tubing (5 mm 
inner diameter) was attached to the outlets for sampling. The free end of the tubing was placed into a 2 
l flask containing sterile distilled water to form the air-lock. Two commercial yeast strains, National 
Food Product yeast and Anchor yeast (designated as “strain A” and “strain B”, respectively) were used 
to pitch the fermentation. The yeast strains were grown in malt extract broth for 24 hrs at 30ºC with 
shaking at 120 rpm and then pitched at an optical density of 0.4 at an absorbance of 600 nm, which 
corresponds to a cell density of 5 x 106 Colony forming units per millilitre (cfu/ml) according to the 
McFarland standard. The fermenters containing each type of yeast were then incubated at one of three 
fermentation temperatures viz., room temperature (RT) (± 18ºC), 22.5ºC and 30ºC for a period of one 
week. These temperatures were chosen to check the effects of the varying temperature ranges on the 
composition and concentrations of volatile compounds in the final beer. Gas evolution was monitored 
from the air-lock mechanism to ensure that fermentations were not stuck. 
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Bottling and bottle conditioning 

After a period of one week, the beer from each fermenter was aseptically transferred into sterile 500 ml 
sample bottles. To each bottle, a teaspoon of sugar was added prior to the addition of beer for bottle 
conditioning and the bottles were sealed and allowed to condition for a period of one week. After bottle 
conditioning, all bottles were stored at 4ºC to facilitate yeast settlement and the maturation process. 

Measurement of spent yeast density and viability 

Spent yeast density was measured by the method of Soley et al. (2005). Ten millilitre samples were 
removed from each fermenter after fermentation and centrifuged (6000 rpm for 10 min at 4ºC). The 
pellet was washed and resuspended in a normal saline solution (0.9% w/v NaCl), filtered through a 
previously dried and pre-weighed Whatman grade GF/A (Ø 47 mm) glass microfiber filter, and dried to 
a constant weight at 105ºC. Thereafter, weight of the filter was subtracted from the weight of the filter 
containing the dried cellular material to acquire the mass of spent yeast produced. Viable yeast cell 
population was determined by the method of Nagodawithana et al. (1974). Yeast cells present in 
fermentation reactor were first thoroughly dispersed to ensure equal distribution of cells. Thereafter, a 
1-ml sample was serially diluted before spread plating 0.1 ml of appropriate dilutions onto malt extract 
agar. The plates were incubated at 30ºC for 48 hrs, and the number of colonies on plates for the 
dilution containing 30 to 300 colonies were counted and expressed as colony forming units per millilitre 
(cfu/ml). 

Analysis of BVCs 

Analysis of BVCs present in the beer samples was measured using dynamic headspace extraction 
methods and analyzed by gas chromatography and mass spectrometry (GC-MS). The volatiles from 
100 ml of each sample was assessed by enclosing the sample bottle in a polyacetate bag and pumping 
air from the bag through a small cartridge filled with 1 mg of tenax® and 1 mg of carbotrap® activated 
charcoal at a flow rate of 50 ml/min for 30 min. A control was taken from an empty polyacetate bag 
sampled for the same duration. GC-MS analysis of the samples was carried out using a Varian CP-
3800 GC (Varian, Palo Alto, California) with a 30 m x 0.25 mm internal diameter (film thickness 0.25 
µm) Alltech EC-WAX column coupled to a Varian 1200 quadruple mass spectrometer in electron-
impact ionization mode. Cartridges were placed in a Varian 1079 injector equipped with a 
“Chromatoprobe” thermal desorbtion device. Helium was used as a carrier gas at a flow rate of 1 ml 
min-1. The injector was held at 40ºC for 2 min with a 20:1 split and then increased to 200ºC at 200ºC 
min-1 in splitless mode for thermal desorbtion. After a 3 min hold at 40ºC, the GC oven was ramped up 
to 240ºC at 10ºC min-1 and held there for 12 min. Compounds were identified using the Varian 
workstation software with the NIST05 mass spectral library and verified, where possible, using 
retention times of authentic standards and published Kovats indices. Compounds present at similar 
abundance in the control were considered to be contaminants and excluded from analysis. To ensure 
accuracy with quantification of emission rates, standards were injected into cartridges and thermally 
desorbed under identical conditions to the samples. 

Measurement of foam head stability 

The foam head stability was assessed according to the modified mini foam shake test developed by 
Van Nierop et al. (2004). A 20 ml sample of each beer (in triplicate) was dispensed into 50 ml glass 
measuring cylinders and all of the cylinders were sealed with parafilm. Each set of cylinders were 
shaken at the same time, vigorously up and down 10 times, after which the cylinders were set down on 
the counter, the parafilm pierced, and a timer set for 15 min. The foam was evaluated visually and the 
cylinders were arranged from best to worst. Ratings of 1 through 3 were given, where 3 was the 
greatest stability and 1 the worst.  

Analysis of beer clarity and colour 

The clarity of the beer was determined using a Hach P2100 Turbidimeter, while beer colour was 
measured spectrophotometrically at a wavelength of 430 nm as described elsewhere (Seaton and 
Cantrell, 1993). In both cases, distilled water served as a blank and a commercial beer was included in 
the analysis as positive control.  
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Organoleptic quality assessment 

The taste profile of beer produced was assessed by a survey conducted with 10 independent 
samplers, with no previous beer quality assessment skills. The survey consisted of questionnaires 
asking the samplers to rate beer from 1 to 10 (1 being very bad and 10 being excellent), for the 
presence of 10 different characteristics such as; banana aromas, sour apple taste, sweet “butterscotch” 
aroma, etc. Samplers were asked to give a rating of 0 if they felt a certain trait was absent. These 
values were assigned categories such that a rating from 0 - 3 was regarded as “low”, 4 - 6 as “medium” 
and 7 - 10 “high”. The data obtained was then used to determine the percentage of samplers which felt 
that the presence of the compounds was “low”, ”medium” or “high”. A commercial beer was also 
sampled to serve as the control. 

RESULTS AND DISCUSSION  

Spent yeast density and viable yeast population recovery after fermentation 

Effect of the different fermentation temperatures on the spent yeast density and viable yeast population 
was investigated. Spent yeast density decreases with increasing fermentation temperature (Figure 1a). 
Fermentation at room temperature produced the most spent yeast density with a yield of 2.47 mg/ml 
and 3.15 mg/ml obtained for strain A and strain B, respectively. Spent density of strain A produced at a 
fermentation temperature of 22.5ºC was almost equal to that produced at room temperature, with only 
1.215% reduction in the spent yeast density whilst only 8.25% less of strain B spent density was 
produced at 22.5ºC compared to that produced at the room temperature. It is possible that the 
available fermentable sugars present at these temperatures were converted into biomass at a similar 
rate as these temperatures are relatively close to 18ºC, which is the upper temperature limit that is 
commonly used for lager beer fermentations (Brown and Hammond, 2003). The 30ºC fermentation 
resulted in the lowest spent yeast density production of both strains with a 25.50% and 32.06% 
reduction in spent density produced compared to the room temperature fermentations for strain A and 
strain B, respectively. The reduction of spent yeast density and viable yeast population after 
fermentation at 30ºC could be attributed to increased metabolic rate at this higher temperature which 
could have led to faster utilization of sugars, and resulting in cell starvation, cell death and autolysis 
(Blieck et al. 2007). 

Similarly, an increase in fermentation temperature led to a steady decrease in the viability of yeast cells 
(Figure 1b). A peak density of 2.56 x 107 cfu/ml was obtained for strain A at room temperature, which is 
about 2-fold higher than those obtained for strain B at 22.5ºC fermentation. The least viable population 
of both strains was observed at 30ºC fermentation, with about 11-fold and 3-fold reduction in 
population of yeast strain A and B, respectively, obtained compared to the peak population. In this 
study, fermentations was conducted for a period of 7 days disregarding the specific gravity of the wort, 
which is generally used to determine the remaining fermentable sugar concentrations in the wort 
solution in order to know when to terminate the fermentation process. Thus, it is possible that all 
fermentable sugars have been utilised before termination of the fermentation. Previous studies have 
shown a decrease in cell density as a result of decrease in fermentable sugars present in the wort. The 
decrease in cell viability with time has also been attributed to nutrient depletion and early entry of the 
organisms into the death phase (Blieck et al. 2007). 

Beer colour, clarity and foam head stability 

There was no significant (p = 0.242) difference in colour developed between the experimental beers 
produced by the yeast strains under the different fermentation temperatures; however, the colour 
intensity of all experimental beers was significantly (p < 0.05) lower than that of the control beer. The 
control beer had the deepest colour intensity with an absorbance of 0.198, while the maximum 
absorbance for beer produced with strain A and B at room-temperature was 0.149 and 0.143, 
respectively, with a maximum absorbance of 0.144 obtained for beer produced with the two strains at 
22.5ºC (Figure 2a). Also, the absorbance of beer produced with strain A and B at 30ºC was 0.143 and 
0.135, respectively (Figure 2a). Colour development in beer has been mostly attributed to the malt 
extract used in the respective beers instead of the fermentation parameters (Kopsahelis et al. 2007). 
Generally, the malt extract used has been reported to have the greatest effect on beer colour as the 
degree of colour intensity of the malt extract depends on the degree of kilning or roasting of the malted 
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barley (Seaton and Cantrell, 1993; Kopsahelis et al. 2007). Thus, it is possible that the control beer 
may have been produced from a malt extract which was differentially roasted compared to the malt 
extract used in this study. 

There was no direct correlation between fermentation temperature and the clarity of beer produced 
with the two yeast strains. However, beers produced with strain B were generally clearer compared to 
those produced using strain A, with 56.13%, 21.46% and 57.58% reduction in turbidity at room 
temperature, 22.5ºC and 30ºC fermentation temperatures, respectively (Figure 2b). All the 
experimental beers produced were relatively turbid compared to the control. The extremely good clarity 
found in the control beer may be attributed to additional processing steps, such as centrifugation and 
microfiltration, that are used in the production of commercial beers (such as the control) to increase 
clarity (Seaton and Cantrell, 1993; Kuiper et al. 2002; Shotipruk et al. 2005). The beers produced in 
this experiment were bottle conditioned and were not subjected to further processing as the control 
beer. Also, it has been generally observed that bottle conditioned beers are more turbid than their 
commercial counterparts due to the presence of the residual yeast used for conditioning (Kuiper et al. 
2002). It was also noted that yeast strain A produced beer with higher turbidity than strain B and this 
could be that yeast strain A produced and released higher concentrations of haze active proteins since 
the presence of these proteins has been shown to increase turbidity in beer (Seaton and Cantrell, 
1993).  

The control beer used had the best foam head stability compared to the experimental beers. The foam 
head of the experimental beers produced at 22.5ºC was most stable, retaining as high as 88.67% foam 
head stability compared to the control beer, while those prepared at room temperature had the least 
foam head stability rating (Figure 3). This could be due to variations in climatic temperature and light 

 

Fig. 1 Spent yeast density (a) and Total yeast viable population (b) produced by different yeast strains at 
the different fermentation temperatures. Values are average from six values ± standard deviation 
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intensity at room temperature which could have stressed the yeast cells and hence led to alterations in 
the yeast cell membranes, resulting in the release of free fatty acids into the beer samples (Rodriguez-
Vargas et al. 2007). Also, at 30ºC fermentations, yeast cell density may have been lost due to autolysis 
and could have resulted in an increase in free fatty acid concentrations in the beer because of 
solubilisation of membrane lipids, thus resulting in lower foam head stability. It has been previously 
reported that the presence of lipids or free fatty acids in beer could lead to a decrease in beer foam 
head stability (Dickie et al. 2001; Van Nierop et al. 2004).  

 

Fig. 2 Colour profiles (a) and clarities (b) of beer produced by different yeast strains under varying 
fermentation conditions. Values are average from six values ± standard deviation. 

 

 

Fig. 3 Foam head stability of beer produced by the different strains at varying fermentation temperatures. 
Values are average from six values ± standard deviation. 
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Beer volatile compounds and organoleptic quality assessment 

The relative percentages of the important volatile compounds detected in the beer samples are 
indicated in Table 1. Higher alcohol, isoamyl alcohol, constituted a large percentage of the BVCs in 
most samples, constituting up to 49% of the total BVCs in beer samples produced with strain B at room 
temperature fermentation. Most of the other compounds constituted below 15% of the total BVCs, 
however, isoamyl acetate constituted approximately 30% of the BVCs in the control sample and 
between 8.345-17.712% and 8.382-10.247% of the total BVCs in beer produced with strain A and B, 
respectively, at the different temperatures. Furthermore, ethyl caproate constituted roughly 10% or 
more of the volatiles found in all samples, while 2-phenylethyl acetate constituted between 4% and 7% 
in most samples except for the control, and beer samples produced at 22.5ºC where it constituted 
greater than 10% of the total BVCs (Table 1). GC-MS chromatogram of beer samples showing the 
different peaks representing the BVCs detected is shown in Figure 4. The seven volatile compounds 
detected in the beer samples produced in this study have also been found in beer produced from a 
previous study (Kopsahelis et al. 2007). 

Assessment of the experimental and control beers by a group of samplers revealed the organoleptic 
quality of the different beer samples. As represented in Figure 5, about 35% of the samplers felt that 
the beers produced had a moderate sour apple taste. This taste profile is usually characteristic of the 
flavour, volatile esters; ethyl caprylate and ethyl caproate (Verstrepen et al. 2003). Also, roughly 65% 
of the samplers felt that all beers produced had a moderate warm mouth-feel and this characteristic is 
generally attributed to the presence of ethanol produced from fermentation as well as the presence of 
fusel alcohols (Ter Schure et al. 1998). Roughly 40% of samplers felt that a moderate medicinal aroma 
was present in beers produced at the 22.5ºC and 30ºC fermentations using strain A as well as the 
room-temperature fermentation for strain B. Generally, these characteristics are attributed to the 
presence of volatile phenolic compounds in beers (Vanbeneden et al. 2008), while the moderate 
solvent aroma felt by the samplers in some of the beers is usually attributed to the presence of ethyl 
acetate (Verstrepen et al. 2003). The non-detection of phenolic compounds could explain the general 
moderate medicinal smell feelings by most of the samplers. Perhaps, some of these compounds were 
not present in these beer samples since their generation depends on the activities of the yeast (Peddie, 
1990; Brown and Hammond, 2003) as well as the composition of the wort (Kobayashi et al. 2008). 
Alternatively, the lack of detection could be attributed to limitation of the methods used for the analysis. 
Previous studies by Saison et al. (2008) and Pinho et al. (2006) have shown that fibres used for 
headspace analysis are efficient for detection of different classes of volatiles in beer. Thus, it is 
possible that the Tenax and Carbotrap fibres used in this analysis lacked the affinity required to detect 
some of the volatiles in the beer. This is a subject of further investigation in our laboratory. 

Table 1. Relative percentages of volatile compounds detected in beers produced. 

  
Relative percentage in samples 

Volatile Compounds Control Strain A Strain B 

  
*RT 22.5ºC 30ºC RT 22.5ºC 30ºC 

Sulphur 
Compounds Methionol 0.115 0.222 0.318 0.158 0.216 0.229 0.167 

Esters 

Ethyl acetate 5.516 7.335 12.252 5.572 7.705 5.361 5.796 
Isoamyl acetate 30.017 8.345 15.469 17.712 8.382 9.162 10.247 
Ethyl caproate 16.044 10.768 12.813 11.178 12.497 15.211 11.211 
Ethyl caprylate 8.799 7.956 9.877 5.945 5.905 6.582 3.651 
2-phenylethyl 
acetate 15.040 5.306 13.244 6.211 5.442 10.857 5.102 

 
Higher Alcohols 

Isoamyl alcohol 14.098 44.716 13.903 43.215 49.028 44.502 40.307 

 Ethanol 7.354 13.6199 11.274 4.875 6.506 3.592 9.049 

*Room Temperature. 
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Fig. 4 GC-MS Chromatogram of beer samples showing the different peaks representing the beer volatile 
compounds. 

 

 

Fig. 5 The percentage of samplers that agreed that specfic flavour or aroma characteristics were present in 
moderate levels in beers produced by different yeast strains at different fermentation temperatures. 
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CONCLUDING REMARKS  

Results from this study have shown that different yeast strains and fermentation temperatures affects 
beer quality, especially turbidity, foam head stability, spent yeast density and yeast viability. However, 
these parameters had not much effect on the colour profiles of the beers produced and no effect on the 
qualitative properties of volatiles produced but rather on the relative quantities of the BVCs as evident 
in the headspace GC-MS analysis. However, in order to increase accuracy of volatile detection, it 
would be prudent to investigate the effect of the different headspace trapping fibres on detectable 
BVCs profile. The presence of varying concentrations of BVCs appeared to affect the organoleptic 
properties of the beer; however, the employment of qualified beer samplers is required to provide a 
more accurate view. Further optimization is required to determine the effects of other fermentation 
parameters on overall beer quality as well as investigate gene expression profiles by the different yeast 
strains under the different fermentation conditions.  

Financial support: This study was supported by the South African Breweries and Competitive Research Grant of 
the University of KwaZulu-Natal, Durban, South Africa. 
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[bookmark: abstract]Abstract Production of good quality beer is dependent largely on the fermentation temperature and yeast strains employed during the brewing process, among others. In this study, effects of fermentation temperatures and yeast strain type on beer quality and spent yeast density produced after wort fermentation by two commercial yeast strains were investigated. Beer samples were assessed for colour, clarity and foam head stability using standard methods, whilst the compositions and concentration of Beer Volatile Compounds (BVCs) produced were assessed using GC-MS. The spent yeast density, measured as dry cell weight, ranged between 1.84 - 3.157 mg/ml for both yeast strains with the highest yield obtained at room temperature fermentation. A peak viable population of 2.56 x 107 cfu/ml was obtained for strain A, also during fermentation at room temperature. The foam head of the beers produced at 22.5ºC was most stable, with foam head ratings of 2.66 and 2.50 for yeast strain A and B, respectively. However, there was no significant (p = 0.242) difference in colour intensity between the beers produced at the different fermentation temperatures. Eight different BVCs were detected in all beer samples and were found to affect the organoleptic properties of the beer produced. Further optimizations are required to determine the effects of other parameters on beer quality.
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INTRODUCTION

Beer brewing is an established ancient art from as far back as 6000 B.C., during the building of the ancient cities of Mesopotamia (Cortacero-Ramirez et al. 2003) and has been practised for thousands of years. The practice of producing beer in small micro-breweries has been replaced by magnificent industrial production plants that push out volumes of beer that early brew-masters could only dream about (Rojas and Peterson, 2008). To facilitate effective fermentation process, the yeast is often pitched at a specific population size and allowed to grow via an aerobic step in the fermentation process (Tanguler and Erten, 2008). Fermentation temperature is known to influence beer aroma composition (Bekatorou et al. 2002). Low temperature brewing; in particular, has been reported to result in the production of beer with improved taste and aroma as well as high ethanol and beer productivities (Bardi et al. 1996a; Bardi et al. 1997). Immobilized cell technology processes have been shown to shorten the production time of beer from 12-15 days to 1-3 days, however, the major difficulty is to achieve the correct balance of sensory compounds to create an acceptable flavour profile within the time frame (Willaert and Nedovic, 2006). Beer produced by fermentation of wort by cells immobilized on glutten pellets have been reported to have reduced higher alcohols and higher ethyl acetate (Bardi et al. 1996b).

After the fermentation process, there is often a much greater amount of spent yeast present in the fermenter than that present at pitching (Shotipruk et al. 2005). The spent yeast generated during the fermentative process is often used as an inoculum for subsequent fermentations (Blieck et al. 2007). In addition, yeast cell wall fractions contain a large percentage of β-glucans, which is highly advantageous in improving the physical and functional properties of foods, as a thickening and water-holding agent (Thammakiti et al. 2004) and for the gelatinization and retrogradation of starch (Satrapai and Suphantharika, 2007). β-glucans isolated from the cell wall fractions of spent brewer’s yeast are good emulsifying stabilizer and are finding application as a form of fat replacement in the production of low-fat mayonnaise (Burkus and Temelli, 2000). The partial replacement of vegetable oil in mayonnaise using β-glucans derived from spent yeast extract has two distinct advantages; firstly, it decreases the calorie content of the emulsification and secondly, it results in the utilisation of industrial by-products (Worrasinchai et al. 2006). In addition, β-glucans have been reported to have been used as a form of immunomodulator in livestock (Eicher et al. 2006).

The fermentation step in beer production is facilitated through the metabolic activities of yeast, resulting in the conversion of fermentable sugars to carbondioxide (CO2) and ethanol (Piškur et al. 2006). Whilst these metabolic activities produce the required ethanol from the fermentation, they also result in the production of large amounts of metabolic by-products, beer volatile compounds (BVCs), such as esters, ketones and higher alcohols which if present in high concentrations can influence the final aroma and flavour profile of the beer (Hansen, 1999; Šmogrovičoví and Dömény, 1999; Brown and Hammond, 2003; Vanbeneden et al. 2008). These compounds are derived from precursors of yeast metabolic pathways and some of them are essential for growth of the yeast (Brown and Hammond, 2003). Whilst the presence of these compounds may be considered as detrimental to many (especially those in industry), there are a select few that regard these compounds as important flavour enhancers, especially those with an acquired taste for speciality beers. It is therefore important to determine the effects of these BVCs on beer quality as well as the mechanisms involved in their generation in order to develop methods to facilitate their control.

Over the past three decades, research in brewing has focussed on the application of immobilized cells, mainly to facilitate continuous processing, shorten maturation time and consequently reduce production costs (Kopsahelis et al. 2007). However, there appears to be limited studies on the effects of fermentation parameters on the production of BVCs and the consequences on the organoleptic quality of the final product as well as on the spent yeast density produced. This study is therefore aimed at investigating the effects of fermentation temperatures and yeast strain type on the production of spent yeast and BVCs as well as on the overall quality of beer produced. This would have significant repercussions on the South African economy, especially because the beer industry is a considerable player in the country’s economy, and the continuous increase in demand by the consumer.

[bookmark: M_M][bookmark: m_1]MATERIALS AND METHODS 

Wort preparation and fermentation

The wort used for the fermentation was made using canned-hopped malt extract purchased from National Food Products (Johannesburg, South Africa) and was prepared according to the manufacturer’s instructions. Fermentations were set-up to determine the effects of different fermentation temperatures and commercial yeast strains on beer quality using mini-fermenters (3.5 L) designed to facilitate the fermentation process on a small scale. Two litres of wort was dispensed into each sterile fermenter vessels after being allowed to cool and sterile standard rubber tubing (5 mm inner diameter) was attached to the outlets for sampling. The free end of the tubing was placed into a 2 l flask containing sterile distilled water to form the air-lock. Two commercial yeast strains, National Food Product yeast and Anchor yeast (designated as “strain A” and “strain B”, respectively) were used to pitch the fermentation. The yeast strains were grown in malt extract broth for 24 hrs at 30ºC with shaking at 120 rpm and then pitched at an optical density of 0.4 at an absorbance of 600 nm, which corresponds to a cell density of 5 x 106 Colony forming units per millilitre (cfu/ml) according to the McFarland standard. The fermenters containing each type of yeast were then incubated at one of three fermentation temperatures viz., room temperature (RT) (± 18ºC), 22.5ºC and 30ºC for a period of one week. These temperatures were chosen to check the effects of the varying temperature ranges on the composition and concentrations of volatile compounds in the final beer. Gas evolution was monitored from the air-lock mechanism to ensure that fermentations were not stuck.



Bottling and bottle conditioning

After a period of one week, the beer from each fermenter was aseptically transferred into sterile 500 ml sample bottles. To each bottle, a teaspoon of sugar was added prior to the addition of beer for bottle conditioning and the bottles were sealed and allowed to condition for a period of one week. After bottle conditioning, all bottles were stored at 4ºC to facilitate yeast settlement and the maturation process.

Measurement of spent yeast density and viability

Spent yeast density was measured by the method of Soley et al. (2005). Ten millilitre samples were removed from each fermenter after fermentation and centrifuged (6000 rpm for 10 min at 4ºC). The pellet was washed and resuspended in a normal saline solution (0.9% w/v NaCl), filtered through a previously dried and pre-weighed Whatman grade GF/A (Ø 47 mm) glass microfiber filter, and dried to a constant weight at 105ºC. Thereafter, weight of the filter was subtracted from the weight of the filter containing the dried cellular material to acquire the mass of spent yeast produced. Viable yeast cell population was determined by the method of Nagodawithana et al. (1974). Yeast cells present in fermentation reactor were first thoroughly dispersed to ensure equal distribution of cells. Thereafter, a 1-ml sample was serially diluted before spread plating 0.1 ml of appropriate dilutions onto malt extract agar. The plates were incubated at 30ºC for 48 hrs, and the number of colonies on plates for the dilution containing 30 to 300 colonies were counted and expressed as colony forming units per millilitre (cfu/ml).

Analysis of BVCs

Analysis of BVCs present in the beer samples was measured using dynamic headspace extraction methods and analyzed by gas chromatography and mass spectrometry (GC-MS). The volatiles from 100 ml of each sample was assessed by enclosing the sample bottle in a polyacetate bag and pumping air from the bag through a small cartridge filled with 1 mg of tenax® and 1 mg of carbotrap® activated charcoal at a flow rate of 50 ml/min for 30 min. A control was taken from an empty polyacetate bag sampled for the same duration. GC-MS analysis of the samples was carried out using a Varian CP-3800 GC (Varian, Palo Alto, California) with a 30 m x 0.25 mm internal diameter (film thickness 0.25 µm) Alltech EC-WAX column coupled to a Varian 1200 quadruple mass spectrometer in electron-impact ionization mode. Cartridges were placed in a Varian 1079 injector equipped with a “Chromatoprobe” thermal desorbtion device. Helium was used as a carrier gas at a flow rate of 1 ml min-1. The injector was held at 40ºC for 2 min with a 20:1 split and then increased to 200ºC at 200ºC min-1 in splitless mode for thermal desorbtion. After a 3 min hold at 40ºC, the GC oven was ramped up to 240ºC at 10ºC min-1 and held there for 12 min. Compounds were identified using the Varian workstation software with the NIST05 mass spectral library and verified, where possible, using retention times of authentic standards and published Kovats indices. Compounds present at similar abundance in the control were considered to be contaminants and excluded from analysis. To ensure accuracy with quantification of emission rates, standards were injected into cartridges and thermally desorbed under identical conditions to the samples.

Measurement of foam head stability

The foam head stability was assessed according to the modified mini foam shake test developed by Van Nierop et al. (2004). A 20 ml sample of each beer (in triplicate) was dispensed into 50 ml glass measuring cylinders and all of the cylinders were sealed with parafilm. Each set of cylinders were shaken at the same time, vigorously up and down 10 times, after which the cylinders were set down on the counter, the parafilm pierced, and a timer set for 15 min. The foam was evaluated visually and the cylinders were arranged from best to worst. Ratings of 1 through 3 were given, where 3 was the greatest stability and 1 the worst. 

Analysis of beer clarity and colour

The clarity of the beer was determined using a Hach P2100 Turbidimeter, while beer colour was measured spectrophotometrically at a wavelength of 430 nm as described elsewhere (Seaton and Cantrell, 1993). In both cases, distilled water served as a blank and a commercial beer was included in the analysis as positive control. 

Organoleptic quality assessment

The taste profile of beer produced was assessed by a survey conducted with 10 independent samplers, with no previous beer quality assessment skills. The survey consisted of questionnaires asking the samplers to rate beer from 1 to 10 (1 being very bad and 10 being excellent), for the presence of 10 different characteristics such as; banana aromas, sour apple taste, sweet “butterscotch” aroma, etc. Samplers were asked to give a rating of 0 if they felt a certain trait was absent. These values were assigned categories such that a rating from 0 - 3 was regarded as “low”, 4 - 6 as “medium” and 7 - 10 “high”. The data obtained was then used to determine the percentage of samplers which felt that the presence of the compounds was “low”, ”medium” or “high”. A commercial beer was also sampled to serve as the control.

[bookmark: results]RESULTS AND DISCUSSION 

Spent yeast density and viable yeast population recovery after fermentation

Effect of the different fermentation temperatures on the spent yeast density and viable yeast population was investigated. Spent yeast density decreases with increasing fermentation temperature (Figure 1a). Fermentation at room temperature produced the most spent yeast density with a yield of 2.47 mg/ml and 3.15 mg/ml obtained for strain A and strain B, respectively. Spent density of strain A produced at a fermentation temperature of 22.5ºC was almost equal to that produced at room temperature, with only 1.215% reduction in the spent yeast density whilst only 8.25% less of strain B spent density was produced at 22.5ºC compared to that produced at the room temperature. It is possible that the available fermentable sugars present at these temperatures were converted into biomass at a similar rate as these temperatures are relatively close to 18ºC, which is the upper temperature limit that is commonly used for lager beer fermentations (Brown and Hammond, 2003). The 30ºC fermentation resulted in the lowest spent yeast density production of both strains with a 25.50% and 32.06% reduction in spent density produced compared to the room temperature fermentations for strain A and strain B, respectively. The reduction of spent yeast density and viable yeast population after fermentation at 30ºC could be attributed to increased metabolic rate at this higher temperature which could have led to faster utilization of sugars, and resulting in cell starvation, cell death and autolysis (Blieck et al. 2007).

Similarly, an increase in fermentation temperature led to a steady decrease in the viability of yeast cells (Figure 1b). A peak density of 2.56 x 107 cfu/ml was obtained for strain A at room temperature, which is about 2-fold higher than those obtained for strain B at 22.5ºC fermentation. The least viable population of both strains was observed at 30ºC fermentation, with about 11-fold and 3-fold reduction in population of yeast strain A and B, respectively, obtained compared to the peak population. In this study, fermentations was conducted for a period of 7 days disregarding the specific gravity of the wort, which is generally used to determine the remaining fermentable sugar concentrations in the wort solution in order to know when to terminate the fermentation process. Thus, it is possible that all fermentable sugars have been utilised before termination of the fermentation. Previous studies have shown a decrease in cell density as a result of decrease in fermentable sugars present in the wort. The decrease in cell viability with time has also been attributed to nutrient depletion and early entry of the organisms into the death phase (Blieck et al. 2007).

Beer colour, clarity and foam head stability

There was no significant (p = 0.242) difference in colour developed between the experimental beers produced by the yeast strains under the different fermentation temperatures; however, the colour intensity of all experimental beers was significantly (p < 0.05) lower than that of the control beer. The control beer had the deepest colour intensity with an absorbance of 0.198, while the maximum absorbance for beer produced with strain A and B at room-temperature was 0.149 and 0.143, respectively, with a maximum absorbance of 0.144 obtained for beer produced with the two strains at 22.5ºC (Figure 2a). Also, the absorbance of beer produced with strain A and B at 30ºC was 0.143 and 0.135, respectively (Figure 2a). Colour development in beer has been mostly attributed to the malt extract used in the respective beers instead of the fermentation parameters (Kopsahelis et al. 2007). Generally, the malt extract used has been reported to have the greatest effect on beer colour as the degree of colour intensity of the malt extract depends on the degree of kilning or roasting of the malted barley (Seaton and Cantrell, 1993; Kopsahelis et al. 2007). Thus, it is possible that the control beer may have been produced from a malt extract which was differentially roasted compared to the malt  (
Fig. 1
 
Spent yeast density (a) and Total yeast viable population (b) produced by different yeast strains at the different fermentation temperatures.
 Values are average from six values ± standard deviation
)[image: http://www.ejbiotechnology.cl/content/vol14/issue2/full/5/f1.jpg]extract used in this study.

There was no direct correlation between fermentation temperature and the clarity of beer produced with the two yeast strains. However, beers produced with strain B were generally clearer compared to those produced using strain A, with 56.13%, 21.46% and 57.58% reduction in turbidity at room temperature, 22.5ºC and 30ºC fermentation temperatures, respectively (Figure 2b). All the experimental beers produced were relatively turbid compared to the control. The extremely good clarity found in the control beer may be attributed to additional processing steps, such as centrifugation and microfiltration, that are used in the production of commercial beers (such as the control) to increase clarity (Seaton and Cantrell, 1993; Kuiper et al. 2002; Shotipruk et al. 2005). The beers produced in this experiment were bottle conditioned and were not subjected to further processing as the control beer. Also, it has been generally observed that bottle conditioned beers are more turbid than their commercial counterparts due to the presence of the residual yeast used for conditioning (Kuiper et al. 2002). It was also noted that yeast strain A produced beer with higher turbidity than strain B and this could be that yeast strain A produced and released higher concentrations of haze active proteins since the presence of these proteins has been shown to increase turbidity in beer (Seaton and Cantrell, 1993). 

The control beer used had the best foam head stability compared to the experimental beers. The foam head of the experimental beers produced at 22.5ºC was most stable, retaining as high as 88.67% foam head stability compared to the control beer, while those prepared at room temperature had the least foam head stability rating (Figure 3). This could be due to variations in climatic temperature and light intensity at room temperature which could have stressed the yeast cells and hence led to alterations in the yeast cell membranes, resulting in the release of free fatty acids into the beer samples (Rodriguez-Vargas et al. 2007). Also, at 30ºC fermentations, yeast cell density may have been lost due to autolysis and could have resulted in an increase in free fatty acid concentrations in the beer because of solubilisation of membrane lipids, thus resulting in lower foam head stability. It has been previously reported that the presence of lipids or free fatty acids in beer could lead to a decrease in beer foam  (
Fig. 2 Colour profiles (a) and clarities (b) of beer produced by different yeast strains under varying fermentation conditions.
 Values are average from six values ± standard deviation.
Fig. 3 Foam head stability of beer produced by the different strains at varying fermentation temperatures.
 Values are average from six values ± standard deviation.
)[image: http://www.ejbiotechnology.cl/content/vol14/issue2/full/5/f2.jpg][image: http://www.ejbiotechnology.cl/content/vol14/issue2/full/5/f3.jpg]head stability (Dickie et al. 2001; Van Nierop et al. 2004). 

Beer volatile compounds and organoleptic quality assessment

 (
Table 1. Relative percentages of volatile compounds detected in beers produced.
Relative percentage in samples
Volatile Compounds
Control
Strain A
Strain B
*RT
22.5ºC
30ºC
RT
22.5ºC
30ºC
Sulphur Compounds
Methionol
0.115
0.222
0.318
0.158
0.216
0.229
0.167
Esters
Ethyl acetate
5.516
7.335
12.252
5.572
7.705
5.361
5.796
Isoamyl acetate
30.017
8.345
15.469
17.712
8.382
9.162
10.247
Ethyl caproate
16.044
10.768
12.813
11.178
12.497
15.211
11.211
Ethyl caprylate
8.799
7.956
9.877
5.945
5.905
6.582
3.651
2-phenylethyl acetate
15.040
5.306
13.244
6.211
5.442
10.857
5.102
Higher Alcohols
Isoamyl alcohol
14.098
44.716
13.903
43.215
49.028
44.502
40.307
Ethanol
7.354
13.6199
11.274
4.875
6.506
3.592
9.049
*Room Temperature
.
)The relative percentages of the important volatile compounds detected in the beer samples are indicated in Table 1. Higher alcohol, isoamyl alcohol, constituted a large percentage of the BVCs in most samples, constituting up to 49% of the total BVCs in beer samples produced with strain B at room temperature fermentation. Most of the other compounds constituted below 15% of the total BVCs, however, isoamyl acetate constituted approximately 30% of the BVCs in the control sample and between 8.345-17.712% and 8.382-10.247% of the total BVCs in beer produced with strain A and B, respectively, at the different temperatures. Furthermore, ethyl caproate constituted roughly 10% or more of the volatiles found in all samples, while 2-phenylethyl acetate constituted between 4% and 7% in most samples except for the control, and beer samples produced at 22.5ºC where it constituted greater than 10% of the total BVCs (Table 1). GC-MS chromatogram of beer samples showing the different peaks representing the BVCs detected is shown in Figure 4. The seven volatile compounds detected in the beer samples produced in this study have also been found in beer produced from a previous study (Kopsahelis et al. 2007).

Assessment of the experimental and control beers by a group of samplers revealed the organoleptic quality of the different beer samples. As represented in Figure 5, about 35% of the samplers felt that the beers produced had a moderate sour apple taste. This taste profile is usually characteristic of the flavour, volatile esters; ethyl caprylate and ethyl caproate (Verstrepen et al. 2003). Also, roughly 65% of the samplers felt that all beers produced had a moderate warm mouth-feel and this characteristic is generally attributed to the presence of ethanol produced from fermentation as well as the presence of fusel alcohols (Ter Schure et al. 1998). Roughly 40% of samplers felt that a moderate medicinal aroma was present in beers produced at the 22.5ºC and 30ºC fermentations using strain A as well as the room-temperature fermentation for strain B. Generally, these characteristics are attributed to the presence of volatile phenolic compounds in beers (Vanbeneden et al. 2008), while the moderate solvent aroma felt by the samplers in some of the beers is usually attributed to the presence of ethyl acetate (Verstrepen et al. 2003). The non-detection of phenolic compounds could explain the general moderate medicinal smell feelings by most of the samplers. Perhaps, some of these compounds were not present in these beer samples since their generation depends on the activities of the yeast (Peddie, 1990; Brown and Hammond, 2003) as well as the composition of the wort (Kobayashi et al. 2008). Alternatively, the lack of detection could be attributed to limitation of the methods used for the analysis. Previous studies by Saison et al. (2008) and Pinho et al. (2006) have shown that fibres used for headspace analysis are efficient for detection of different classes of volatiles in beer. Thus, it is possible that the Tenax and Carbotrap fibres used in this analysis lacked the affinity required to detect some of the volatiles in the beer. This is a subject of further investigation in our laboratory.

[bookmark: remarks] (
Fig. 4
 
GC-MS Chromatogram of beer samples showing the different peaks representing the beer volatile compounds.
Fig. 5
 
The percentage of samplers that agreed that specfic flavour or aroma characteristics were present in moderate levels in beers produced by different yeast strains at different fermentation temperatures.
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CONCLUDING REMARKS 

Results from this study have shown that different yeast strains and fermentation temperatures affects beer quality, especially turbidity, foam head stability, spent yeast density and yeast viability. However, these parameters had not much effect on the colour profiles of the beers produced and no effect on the qualitative properties of volatiles produced but rather on the relative quantities of the BVCs as evident in the headspace GC-MS analysis. However, in order to increase accuracy of volatile detection, it would be prudent to investigate the effect of the different headspace trapping fibres on detectable BVCs profile. The presence of varying concentrations of BVCs appeared to affect the organoleptic properties of the beer; however, the employment of qualified beer samplers is required to provide a more accurate view. Further optimization is required to determine the effects of other fermentation parameters on overall beer quality as well as investigate gene expression profiles by the different yeast strains under the different fermentation conditions. 

[bookmark: references][bookmark: 1]Financial support: This study was supported by the South African Breweries and Competitive Research Grant of the University of KwaZulu-Natal, Durban, South Africa.

REFERENCES

BARDI, E.P.; KOUTINAS, A.A.; SOUPIONI, M.J. and KANELLAKI, M.E. (1996a). Immobilization of yeast on delignified cellulosic material for low temperature brewing. Journal of Agricultural and Food Chemistry, vol. 44, no. 2, p. 463-467. [CrossRef]

[bookmark: 2]BARDI, E.P.; SOUPIONI, M.; KOUTINAS, A.A. and KANELLAKI, M. (1996b). Effect of temperature on the formation of volatile by-products in brewing by immobilized cells. Food Biotechnology, vol. 10, no. 3, p. 203-217. [CrossRef]

[bookmark: 3]BARDI, E.; KOUTINAS, A.A. and KANELLAKI, M. (1997). Room and low temperature brewing with yeast immobilized on gluten pellets. Process Biochemistry, vol. 32, no. 8, p. 691-696. [CrossRef]

[bookmark: 4]BEKATOROU, A.; SARELLAS, A.; TERNAN, N.G.; MALLOUCHOS, A.; KOMAITIS, M.; KOUTINAS, A.A. and KANELLAKI, M. (2002). Low-temperature brewing using yeast immobilized on dried figs. Journal of Agricultural and Food Chemistry, vol. 50, no. 25, p. 7249-7257. [CrossRef]

[bookmark: 5]BLIECK, L.; TOYE, G.; DUMURTIER, F.; VERTSTREPEN, K.J.; DELVAUX, F.R.; THEVELEIN, J.M. and VAN DIJCK, P. (2007). Isolation and characterization of brewer's yeast variants with improved fermentation performance under high-gravity conditions. Applied and Environmental Microbiology, vol. 73, no. 3, p. 815-824. [CrossRef]

[bookmark: 6]BROWN, A.K. and HAMMOND, J.R.M. (2003). Flavour control in small-scale beer fermentations. Food and Bioproducts Processing, vol. 81, no. 1, p. 40-49. [CrossRef]

[bookmark: 27]BURKUS, Z. and TEMELLI, F. (2000). Stabilization of emulsions and foams using barley β-glucan. Food Research International, vol. 33, no. 1, p. 27-33. [CrossRef]

[bookmark: 7]CORTACERO-RAMIREZ, S.; DE CASTRO, M.H.B.; SEGURA-CARRETERO, A.; CRUCES-BLANCO, C. and FERNANDEZ-GUTIERREZ, A. (2003). Analysis of beer components by capillary electrophoretic methods. TrAC Trends in Analytical Chemistry, vol. 22, no. 7, p. 440-455. [CrossRef]

[bookmark: 8]DICKIE, K.H.; CANN, C.; NORMAN, E.C.; BAMFORTH, C.W. and MULLER, R.E. (2001). Foam negative materials. Journal of the American Society of Brewing Chemists, vol. 59, no. 1, p. 17-23. [CrossRef]

[bookmark: 9]EICHER, S.D.; McKEE, C.A.; CARROLL, J.A. and PAJOR, E.A. (2006). Supplemental vitamin C and yeast cell wall β-glucan as growth enhancers in newborn pigs and as immunomodulators after an endotoxin challenge after weaning. Journal of Animal Science, vol. 84, no. 9, p. 2352-2360. [CrossRef]

[bookmark: 10]HANSEN, J. (1999). Inactivation of MXR1 abolishes formation of dimethyl sulfide from dimethyl sulfoxide in Saccharomyces cerevisiae. Applied and Environmental Microbiology, vol. 65, no. 9, p. 3915-3919.

[bookmark: 11]KOBAYASHI, M.; SHIMIZU, H. and SHIOYA, S. (2008). Beer volatile compounds and their application to low-malt beer fermentation. Journal of Bioscience and Bioengineering, vol. 106, no. 4, p. 317-323. [CrossRef]

[bookmark: 12]KOPSAHELIS, N.; KANELLAKI, M. and BEKATOROU, A. (2007). Low temperature brewing using cells immobilized on brewer’s spent grains. Food Chemistry, vol. 104, no. 2, p. 480-488. [CrossRef]

[bookmark: 13]KUIPER, S.; VAN RIJN, C.; NIJDAM, W.; RASPE, O.; VAN WOLFEREN, H.; KRIJNEN, G. and ELWENSPOEK, M. (2002). Filtration of lager beer with microsieves: Flux, permeate haze and in-line microscope observations. Journal of Membrane Science, vol. 196, no. 2, p. 159-170. [CrossRef]

[bookmark: 14]NAGODAWITHANA, T.W.; CASTELLANO, C. and STEINKRAUS, K.H. (1974). Effect of dissolved oxygen, temperature, initial cell count and sugar concentration on the viability of Saccharomyces cerevisiae in rapid fermentations. Applied and Environmental Microbiology, vol. 28, no. 3, p. 383-391.

[bookmark: 15]PEDDIE, H.A.B. (1990). Ester formation in brewery fermentations. The Journal of the Institute of Brewing and Distilling, vol. 96, no. 5, p. 327-331.

[bookmark: 16]PINHO, O.; FERREIRA, I.M.P.L.V.O. and SANTOS, L.H.M.L.M. (2006). Method optimization by solid-phase microextraction in combination with gas chromatography with mass spectrometry for analysis of beer volatile fraction. Journal of Chromatography A, vol. 1121, no. 2, p. 145-153. [CrossRef]

[bookmark: 17]PIŠKUR, J.; ROZPĘDOWSKA, E.; POLAKOVA, S.; MERICO, A. and COMPAGNO, C. (2006). How did Saccharomyces evolve to become a good brewer? Trends in Genetics, vol. 22, no. 4, p. 183-186. [CrossRef]

[bookmark: 18]RODRIGUEZ-VARGAS, S.; SANCHEZ-GARCIA, A.; MARTINEZ-RIVAS, J.M.; PERITO, J.A. and RANDEZ-GIL, F. (2007). Fluidization of membrane lipids enhances the tolerance of Saccharomyces cerevisiae to freezing and salt stress. Applied and Environmental Microbiology, vol. 73, no. 1, p. 110-116. [CrossRef]

[bookmark: 19]ROJAS, C. and PETERSON, E.B. (2008). Demand for differentiated products: Price and advertising evidence from the U.S. beer market. International Journal of Industrial Organization, vol. 26, no. 1, p. 288-307. [CrossRef]

[bookmark: 20]SAISON, D.; De SCHUTTER, D.P.; DELVAUX, F. and DELVAUX, F.R. (2008). Optimisation of a complete method for the analysis of volatiles involved in the flavour stability of beer by solid-phase microextraction in combination with gas chromatography and mass spectrometry. Journal of Chromatography A, vol. 1190, no. 1-2, p. 342-349. [CrossRef]

[bookmark: 21]SATRAPAI, S. and SUPHANTHARIKA, M. (2007). Influence of spent brewer’s yeast β-glucan on gelatinization and retrogradation of rice starch. Carbohydrate Polymers, vol. 67, no. 4, p. 500-510. [CrossRef]

[bookmark: 22]SEATON, J.C. and CANTRELL, I.C. (1993). The determination of beer colour - collaborative trial. Journal of the Institute of Brewing, vol. 99, no. 2, p. 21-23.

[bookmark: 23]SHOTIPRUK, A.; KITTIANONG, P.; SUPHANTHARIKA, M. and MUANGNAPOH, C. (2005). Application of rotary microfiltration in debittering process of spent brewer’s yeast. Bioresource Technology, vol. 96, no. 17, p. 1851-1859. [CrossRef]

[bookmark: 24]ŠMOGROVIČOVÁ, D. and DÖMĖNY, Z. (1999). Beer volatile by-product formation at different fermentation temperature using immobilised yeasts. Process Biochemistry, vol. 34, no. 8, p. 785-794. [CrossRef]

[bookmark: 25]SOLEY, A.; LECINA, M.; GAMEZ, X.; CAIRO, J.J.; RIU, P.; ROSELL, X.; BRAGOS, R. and GODIA, F. (2005). On-line monitoring of yeast cell growth by impedance spectroscopy. Journal of Biotechnology, vol. 118, no. 4, p. 398-405. [CrossRef]

[bookmark: 26]TANGULER, H. and ERTEN, H. (2008). Utilisation of spent brewer's yeast for yeast extract production by autolysis: The effect of temperature. Food and Bioproducts Processing, vol. 86, no. 4, p. 317-321. [CrossRef]

[bookmark: 28]TER SCHURE, E.G.; FLIKWEERT, M.T.; VAN DIJKEN, J.P.; PRONK, J.T. and VERRIPS, C.T. (1998). Pyruvate decarboxylase catalyzes decarboxylation of branched-chain 2-oxo acids but is not essential for fusel alcohol production by Saccharomyces cerevisiae. Applied and Environmental Microbiology, vol. 64, no. 4, p. 1303-1307.

[bookmark: 29]THAMMAKITI, S.; SUPHANTHARIKA, M.; PHAESUWAN, T. and VERDUYN, C. (2004). Preparation of spent brewer's yeast β-glucans for potential applications in the food industry. International Journal of Food Science and Technology, vol. 39, no. 1, p. 21-29. [CrossRef]

[bookmark: 30]VANBENEDEN, N.; GILS, F.; DELVAUX, F. and DELVAUX, F.R. (2008). Formation of 4-vinyl and 4-ethyl derivatives from hydroxycinnamic acids: Occurrence of volatile phenolic flavour compounds in beer and distribution of Pad1-activity among brewing yeasts. Food Chemistry, vol. 107, no. 1, p. 221-230. [CrossRef]

[bookmark: 31]VAN NIEROP, S.N.E.; EVANS, D.E.; AXCELL, B.C.; CANTRELL, I.C. and RAUTENBACH, M. (2004). Impact of different wort boiling temperatures on the beer foam stabilizing properties of lipid transfer protein 1. Journal of Agricultural and Food Chemistry, vol. 52, no. 10, p. 3120-3129. [CrossRef]

[bookmark: 32]VERSTREPEN, K.J.; DERDELINCKX, G.; DUFOUR, J.-P.; WINDERICKX, J.; THEVELEIN, J.M.; PRETORIUS, I.S. and DELVAUX, F.R. (2003). Flavor-active esters: adding fruitiness to beer. Journal of Bioscience and Bioengineering, vol. 96, no. 2, p. 110-118. [CrossRef]

[bookmark: 33]WILLAERT, R. and NEDOVIC, V.A. (2006). Primary beer fermentation by immobilised yeast-a review on flavour formation and control strategies. Journal of Chemical Technology and Biotechnology, vol. 81, no. 8, p. 1353-1367. [CrossRef]

[bookmark: 34]WORRASINCHAI, S.; SUPHANTHARIKA, M.; PINJAI, S. and JAMNONG, P. (2006). β-Glucan prepared from spent brewer's yeast as a fat replacer in mayonnaise. Food Hydrocolloids, vol. 20, no. 1, p. 68-78. [CrossRef]



 (
How to cite this article
:
OLANIRAN
, A.O.; 
MAHARAJ
, Y.R. and 
PILLAY
, B. (2011). Effects of fermentation temperature on the composition of beer volatile compounds, organoleptic quality and spent yeast density. 
Electronic Journal of Biotechnology
, vol. 14, no. 2.
 
http://dx.doi.org/10.2225/vol14-issue2-fulltext-5
)





 (
Note: 
Electronic Journal of Biotechnology is not responsible if on-line references cited on manuscripts are not available any more after the date of publication.
 
Supported by UNESCO / MIRCEN network
.
)[image: ]





 (
Note: 
Electronic Journal of Biotechnology is not responsible if on-line references cited on manuscripts are not available any more after the date of publication.
 
Supported by UNESCO / MIRCEN network
.
)[image: ]



2

3

image4.jpeg

| I
Cortrol
=]
Contrat

i
13

Straing.
SRT 9225°C 8300
1
swang

Straina.
Swains

8§83 58 §g88888"°
anioep) oouegrosay aniemny







image5.jpeg

35

© e e ow oo w oo

Buney AiKEs RO

Straing.

StranA

SRT 8225C 830G







image6.wmf

5


10


15


20


25


30


minutes


0


100


200


300


400


500


600


700


MCounts


4 beer a30b.xms 


3-methyl-1-butanol


Ethyl Acetate


Isoamyl acetate


Ethyl hexanoate


Ethyl octanoate


2-Phenethyl Alcohol




image7.jpeg

WFloralaroma  @Plastictaste M Rotten egg smell O Sweet-com smell @ Sour apple taste
mWarmmouthfee @ Solvent aroma @ Bananaaroma M Medicinal arome W Butterscotch

80.00%

70.00%

g
H

SAnr;m-né
I

¥
H

10.00%

0.00%

StrainA  StrainA  StrainA  Control  StrainB  StrainB  Strain B
@25¢c)  @ro RT) @5c  @ro RT)







image8.emf

 




image2.jpeg







image3.jpeg

35
o 43
£ 25
z 2
£ s
a
3 1
= 05

0

25°C
Fermentation Temperature

@StaEinA_wStainB

w
&

h,

25°C
Fermentation Temperature

=StrainA_aStran B







