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Fermentation of worts with high concentrations of fermentable sugars has become common practice in
large clear beer breweries that use high gravity worts containing 16-18% (w/v) dissolved solids to obtain
high alcohol contents. Normal and high gravity worts, ranging from 12 to 20% (w/v) initial dissolved
solid contents were used in industrial opaque beer brewing and the biochemical characteristics of the
brews were determined. Characteristics of the beers varied according to wort gravity. Decreases in
dissolved solids and maltose contents were recorded during fermentation for all the brews. Higher
residual dissolved solids, ranging from 6.5 to 11% (w/v), were recorded for the high gravity brews as
compared to the normal brews, which had 3.5% (w/v) residual dissolved solids. An increase in ethanol
levels was recorded during alcoholic fermentation for all the brews and the maximum ethanol levels,
recorded after 72 h of fermentation for all the brews, were 3.5 and 6.0% (v/v) for the normal and high
gravity beers, respectively. The optimal wort dissolved solids content recorded with regard to ethanol
productivity was 18% (w/v). Increases in lactic acid and acetic acid levels were recorded for the brews,
reaching maximum levels of 2.25 and 0.48 g/L, respectively, after 96 h of fermentation. No propionic acid
was detected in any of the brews. Considering the quality of the beer, there was no settling observed for
all the beers at 48 h of aging. Viscosity values, ranging from 100 to 190 mPa.s were higher than the
expected levels for the industrial opaque beer (60-80 mPa.s) and values recorded for head were within
the expected range for the industrial opaque beer (3 to 4).
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INTRODUCTION

Beer is a product of alcoholic fermentation of worts obtained
from malted cereals, unmalted cereals and sugar sources
(adjuncts) (Mathias et al.,, 2014). The production of
opaque beer on an industrial scale in Southern African
countries such as South Africa and Zimbabwe is well

described and documented (Steinkraus, 1996; Togo et
al., 2002). Chibuku is a popular industrialised opaque
beer in Zimbabwe (Kutyauripo et al., 2009). The process
of brewing of Zimbabwean industrial opaque beer begins
with the cooking of the unmalted cereal adjunct, together
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with commercial lactic acid for souring. Mashing is carried
out by incubating the cooked adjunct with malt, then
straining is carried out. The mixture is then heated for
pasteurisation, cooled and more malt is added for the
second conversion to produce the final brewing wort. The
mixture is left to cool, after which active dried yeast is
added to commence the alcoholic fermentation. The beer
is left to cool to between 26 and 28°C and at this stage it
is ready for consumption. The industrial process makes
use of Saccharomyces cerevisiae yeast for alcoholic
fermentation (Kutyauripo et al., 2009).

Wort composition is extremely important in determining
microbial activity and final beer quality (Mathias et al.,
2014). Traditional brewing of clear beer results in the
production of beers of 4-5% (v/v) ethanol from worts of 11
to 12% (w/v) (Casey et al., 1984; Puligundla et al., 2011).
High gravity (HG) fermentation technology, which involves
the fermentation of media containing normally 16 to 18%
(w/v) initial dissolved solids, has been adopted in many
clear beer breweries nationwide (Younis and Stewart,
1999; Patkova et al., 2000; Dragone et al., 2007; Mathias
et al., 2014). Ethanol levels in the range of 9 to 11% (v/v)
can be achieved when HG technology is applied to the
brewing of clear beer. The high gravity beers are then
diluted to equivalent ethanol levels to the normal beers
(Patkova et al., 2000). The advantages of high gravity
brewing are well-documented for clear beer production
and include considerable saving of process water,
efficient utilisation of fermenter space and production of
more alcohol per given plant capacity and labour costs
(Erten et al., 2007; Dragone et al., 2007; Puligundla et al.,
2011). Inthe brewing of clear beer, high gravity fermentation
technology has proved to be a technique that allows for
high utilisation of raw materials and equipment while
maintaining the quality of the beer. Disadvantages of HG
technology reported for clear beer brewing include longer
fermentation times to allow efficient fermentable substrate
use, decreased foam stability and possible different
flavour characteristics from normal gravity fermentations
(Fernandez et al., 1985; Younis and Stewart, 1999; Erten
et al., 2007; Dragone et al., 2007). While HG technology
has many advantages, most research has mainly been
directed to its application in clear beer. Our previous work
reported the application of HG technology to opaque beer
following the traditional procedure used in rural homes
(Bvochora and Zvauya, 2001). Results of our previous
studies showed that the application of HG fermentation
technology to the brewing of traditional opaque beer
resulted in the production of 4.74% (v/v) ethanol, higher
than the 2.66% (v/v) recorded under normal fermentation
conditions (Bvochora and Zvauya, 2001). To the best of
our knowledge, there are no published reports on the
application of HG technology to the brewing of industrial
opaque beer. Potentially, the technique can be applied to
industrial opaque beer brewing and improve the productivity
of fermentation. The aim of this study therefore was to
determine the biochemical characteristics of industrial

opaque beer brewed using high gravity fermentation
technology.

MATERIALS AND METHODS

The work was carried out at an opaque beer brewery in Harare,
Zimbabwe. The yeast used in this study was S. cerevisiae, strain
Y2/49, obtained from an opaque beer brewery in Harare, Zimbabwe.
The sucrose used in the study was household sucrose obtained
from a sugar refinery in Harare, Zimbabwe. The wort used in the
study was obtained from an industrial fermentation process at an
opaque beer factory.

Preparation of high gravity wort

Samples of wort (4 L) were collected from a 75 000 L brewing tank
at 50°C, just before the addition of yeast. The wort samples were
left to cool to 35°C. The wort samples were inoculated with dry S.
cerevisiae yeast (1.2 g), and varying amounts of sucrose were
added, with stirring, to obtain a range of initial dissolved solid
contents of 12 (w/v) to 20% (w/v). An Agato N1 Brix sugar refractometer
was used to determine the initial dissolved solids contents.

Fermentation and opaque beer sample collection

Fermentations were carried out in 5 L plastic buckets covered with
aluminium foil at room temperature (approximately 27°C). After
thorough mixing, samples (250 ml) were collected at intervals,
filtered through Whatman 1 filter paper and kept at -20°C until
required for analysis. All fermentations were carried out in duplicate.

Analysis of opaque beer samples

pH was measured immediately after sample collection, at room
temperature (approximately 27°C), using a Mettler Delta pH meter.
Dissolved solids contents were measured on the opaque beer
supernatant using an Agato N1 Brix sugar refractometer. Opaque
beer supernatant was used for analysis to determine sugar, ethanol
and organic acid levels with fermentation time by HPLC analysis.
HPLC analysis was carried out on a Shimadzu HPLC using an
Aminex HPX 87H column, with column temperature 65°C, flow rate
0.6 ml/min and a sample injection volume of 5 pl. H,SO4 (4 mM)
was used as the mobile phase. A refractive index detector was
used at a wavelength of 215 nm. Samples were filtered through
0.45 um syringe filters before HPLC analysis. A standard mixture
was prepared from 0.1% v/v concentrations of formic acid, lactic
acid, propionic acid and butyric acid and was run together with the
beer samples to determine organic acid concentrations in the
beers.

Beer quality determinants such as viscosity, head and settling
were determined. A sample of opaque beer (250 ml) was placed in
a plastic container and the viscosity of the beer was measured
using a Brookfield Dial Viscometer at room temperature
(approximately 27°C), according to the instructions of the
manufacturer. The head of the beer was measured by placing 200
ml of opaque beer in a 500 ml glass measuring cylinder and
recording the volume occupied by the head, which is the foam of
the beer. Head was expressed as a percentage of the beer volume.
To determine the settling of the solids in the beer, an opaque beer
sample (200 ml) was placed in a 500 ml glass measuring cylinder
and left to stand for 30 min. The amount of liquid above the settled
solids of the opaque beer was noted and expressed as a
percentage of the beer volume. The higher the amount of liquid
recorded, the higher the settling value of the beer.
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Figure 1. Changes in pH during the alcoholic fermentation stage of
industrial opaque beer at various dissolved solid contents. Initial

dissolved solid contents:

wh), —— 16 % i), —Lx—

% (Wiv).

RESULTS AND DISCUSSION

The results presented in this section refer to biochemical
changes occurring during the alcoholic fermentation
stage of industrial opaque beer brewing. All results are
means of duplicate determinations. Where no error bars
are visible, standard deviation = 0.

Changes in pH

A general decrease in pH was recorded with fermentation
time for the brews at all the initial dissolved solid contents
used (Figure 1). pH values dropped from an initial
maximum of 5.25 to a final minimum of 3.50. There was
apparently no relationship between the rate of pH
decrease and the initial dissolved solids contents of the
wort for the range studied. Thomas and co-workers
(2002) reported poor growth of S. cerevisiae as a result
of a very rapid decrease of pH to values below 2.5 and
that the inhibitory effect of low pH on yeast growth was
compounded by the presence of organic acids such as
acetic and lactic acid in the medium. Low pH values,
below 4.5, may have had inhibitory effects on yeast
growth as no buffering system was present in the beers.
Raising the external pH places less stress on yeast cells

12 % (whv), —O—14 %
18 % (wiv) — I 20

(Thomas et al., 2002).

Changes in dissolved solid contents

A decrease in dissolved solid contents was recorded
during fermentation for all the brews due to the use of
sugars during fermentation (Figure 2). For all the
fermentations, there were residual dissolved solids when
fermentation was terminated. Fermentable sugars
remained in the wort as a result of incomplete fermen-
tation. Dragone and co-workers (2007) reported similar
results when determining the effect of wort original gravity
on fermentation performance. Residual dissolved solid
contents were higher for the HG brews as compared to
the normal brew where an initial dissolved solids content
of 12% (w/v) was used. The residual dissolved solids
content in the normal Zimbabwean industrial opaque beer
is about 3.6% (w/v) (Bvochora and Zvauya, 2001), which
is lower than levels obtained in the HG beers, ranging
from 6.5 to 11% (w/v). There is therefore, a need to
optimize fermentation conditions to allow for maximal use
of dissolved solids during fermentation to result in a
product of acceptable quality as high levels of residual
dissolved solids may result in an unacceptably sweet beer.
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Figure 2. Levels of dissolved solids during the alcoholic fermentation
stage of industrial opaque beer at various dissolved solid contents. Initial

dissolved solid contents:
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Changes in ethanol

Anincrease in ethanol levels was recorded during alcoholic
fermentation for all the brews and the maximum ethanol
level recorded was 6% (v/v) after 96 h of fermentation
when an initial dissolved solids content of 18% w/v was
used (Figure 3). Under normal fermentation conditions
(12% wiv dissolved solids), the maximum ethanol level
obtained was 3.5% (v/v) after 72 h. A maximum ethanol
level of 4.74% (w/v) was obtained in our previous studies
where we applied HG technology to the brewing of
traditional opaque beer, at an initial dissolved solids
content of 16.89% (w/v) (Bvochora and Zvauya, 2001).
Patkova and co-workers (2000) reported ethanol levels of
about 9% (v/v) at an initial dissolved solids content of
20°Plato, after about 8 days of fermentation when HG
technology was applied to clear beer brewing. There may
be a need to increase yeast pitching levels proportionally
to the increase in wort gravity and to optimize
temperature conditions, as well as increase nutritional
conditions if higher levels of ethanol are to be attained.
Increased levels of new yeast cell mass synthesis have
been reported when a nitrogen source is added to very
high gravity worts (Casey et al., 1984, Betite et al., 2012;
Mathias et al., 2014).

Changes in organic acid contents

Anincrease in lactic acid was recorded during the alcoholic

12 % (wiv), ——O—— 14 % (wiv),
18 % (wiv) — B 20 % (wiv).

fermentation for all the brews as proliferation of lactic acid
bacteria occurred (Figure 4). Despite the addition of
commercially prepared lactic acid during wort preparation,
spontaneous lactic acid fermentation has been demon-
strated to occur during the later stages of Chibuku
brewing (Togo et al.,, 2002). There were no apparent
differences in the rate of increase of the lactic acid for the
brews at varying initial dissolved solid contents. An
increase in acetic acid was also recorded, reaching a
maximum level of 0.48 g/L after 96 h of fermentation at
an initial dissolved solids content of 18% (w/v) (Figure 5).
There was no acetic acid detected in the first 20 h for the
brews with initial dissolved solid contents of 18 and 20 %
(w/v). Thomas and co-workers (2002) reported that acetic
acid (167 mM) and lactic acid (548 mM) completely
inhibited growth of S. cerevisiae both in minimal medium
and nutritionally supplemented media. However, the
yeast grew when the pH of the medium containing acetic
acid or lactic acid was adjusted to 4.5. Based on the
report by Thomas et al. (2002), acetic and lactic acid
levels may have been inhibitory to yeast growth in the
beers in this study. Lactic acid levels above 0.5% (v/v)
have been reported to be undesirable in Chibuku
(Kutyauripo et al., 2009). No propionic acid was detected
by HPLC analysis. Propionic acid imparts off flavours in
beers. Organic acid contents are useful as an indicator of
spoilage and acceptability of opaque beer (Kutyauripo et
al., 2009).

S cerevisiae yeasts, under aerobic conditions, can use
ethanol and short-chain organic acids, such as acetic
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Figure 3. Levels of ethanol during the alcoholic fermentation stage of
industrial opaque beer at various dissolved solid contents. Initial dissolved

solid contents: ——@—— 12 % (w/v), —O—— 14 % (w/v),
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Figure 4. Levels of lactic acid during the alcoholic fermentation stage of
industrial opaque beer at various dissolved solid contents. Initial dissolved

solid contents: — @12 % (wiv), —O— 1% (wWhv),
16 % (Wiv), ——15% (wiv) — 3 20 % (wiv).
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Figure 5. Levels of acetic acid during the alcoholic fermentation stage of
industrial opaque beer at various dissolved solid contents. Initial dissolved

solid contents: ——@—— 12 % (wiv), —O— 1% (wWhv),

16 % (wiv),

acid and lactic acid, as carbon sources, which may explain
the slight decreases in ethanol and lactic acids in some
beers after 72 h fermentation (Thomas et al., 2002).

Changes in maltose

A general decrease in maltose was recorded during the
alcoholic fermentation for all the brews due to the use of
the sugars by fermenting microbes (Figure 6). Constant
levels of maltose were recorded during the first 24 and 48
h of fermentation for brews with initial dissolved solids
contents of 18 (w/v) and 20% (w/v), respectively. This
may have been due to either the high levels of sugars
initially present inhibiting yeast fermentation or the need
to induce maltase enzyme under the conditions. Maltose
levels were negligible for brews with initial dissolved solid
levels of 12and 14 % (w/v) at 96 h of fermentation.

Determination of beer quality parameters

Considering the quality of the beer, there was no settling
observed for all the beers. Settling is an undesirable
characteristic in opaque beer brewing. Viscosity values
were higher than the expected levels for the industrial

18 % (wiv) — I 20 % (wiv).

beer and values recorded for head were within the
expected range (Table 1). While our values for head were
within the expected range, other workers have reported
that HG fermentation results in a reduction in the formation
and stability of head in beer due to greater losses of
hydrophobic proteins in the beers (Cooper et al., 1998;
Patkova et al., 2000). Different brews of opaque beer will
vary in product quality depending on the ratio and quality
of raw materials used and initial wort gravity. The need
arises to employ a taste panel to determine the quality
and acceptability of the beer. To reduce the adverse
effects of HG fermentation on the behaviour of yeast, it
may be necessary to modify the medium by adding
various nutrients such as amino acids, unsaturated fatty
acids and sterols (Fernandez et al., 1985).

Conclusion

The study showed that higher ethanol levels can be
achieved when HG technology is applied to the brewing
of industrial opaque beer. However, further research
would be necessary to determine suitable substrates for
attaining the desired gravities and suitable diluents to
produce beers with acceptable qualities and similar
ethanol levels with the normal opaque beers. The study



Misihairabgwi et al. 7

Maltose concentration (g/100ml)

O 1 1 1 1 J
0 20 40 60 80 100

Fermentation time (h)

Figure 6. Levels of maltose during the alcoholic fermentation stage of
industrial opaque beer at various dissolved solid contents. Initial dissolved
solid contents: — @12 % (whv), —O—14 % (wiv),
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Table 1. Viscosity and head values of beers at 48 h of beer aging.

Initial dissolved Expected

solids (% w/v) 12 14 18 20 values

Viscosity (mPa.s) 110 100 118 112 60-80

Head (%) 2.5 2.5 4 5 3-4
forms a basis for further investigation, which includes REFERENCES

scaling up the process, carrying out a sensory evaluation
of the beers and aiming to produce beers with acceptable
properties.
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