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Abstract

The role of starch-degrading mycelial fungi, and the alcohol production and ethanol tolerance of the yeasts isolated from selected
Vietnamese traditional rice wine starters were examined, and optimum conditions for these essential steps in rice wine fermentation
were determined. Of pure isolates from Vietnamese rice wine starters, mould strains identified as Amylomyces rouxii, Amylomyces
aff. rouxii, Rhizopus oligosporus and Rhizopus oryzae, were superior in starch degradation, glucose production and amyloglucosidase
activity during the saccharification of purple glutinous rice. 4. rouxii was able to produce up to 25%w/w glucose with an
amyloglucosidase activity up to 0.6 U g~' of fermented moulded mass. Five yeast isolates identified as Saccharomyces cerevisiae were
selected for their superior alcohol productivity. They were able to deplete a relatively high initial percentage of glucose (20% w/v),
forming 8.8% w/v ethanol. The ethanol tolerance of S. cerevisiae in challenge tests was 9-10% w/v, and 13.4% w/v as measured in
fed-batch fermentations. Optimum conditions for the saccharification were: incubation for 2d at 34 °C, of steamed rice inoculated

with 5logcfug™!; for the alcoholic fermentation 4d at 28.3 °C, of saccharified rice liquid inoculated with 5.5logcfumL ™.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In Asian countries, rice wine is a popular alcoholic
beverage; e.g. wine from purple glutinous rice (Oryza
sativa var. glutinosa) is a well-known and popular
traditional product in Vietnam. This beverage has not
yet benefitted of scientific research and development
efforts; nevertheless, it is particularly interesting because
of its sherry-like taste and flavour, and its attractive
brown-red colour. Its production is a source of income
for farmer families. It is manufactured under non-sterile
conditions at home-scale, using traditional solid-state
starters in tablet form. This practice produces low yields
of wine of variable quality. Whereas wine producers are
aware that the choice of starter tablets influences the
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yield and quality of wine, there is very limited knowl-
edge about the relation between the way they are
prepared, their microbiological composition and their
performance as starters. It has been reported elsewhere
that moulds present in the starters produce starch-
degrading enzymes, whereas yeasts from the same
starters convert the sugars into alcohol (Nout and
Aidoo, 2002). In the present study, the fungi (moulds
and yeasts) from traditional Vietnamese starter tablets
receive major attention as they are considered crucial for
rice wine manufacture.

The liquefaction and saccharification of rice during
aerobic solid-state fermentation results from moulds
producing a-amylase and amyloglucosidase that degrade
rice starch into dextrins and maltose, but mainly into
glucose (Crabb, 1999). Zygomycetous moulds are
commonly found in Vietnamese rice wine starters
(Luong, 1998). The other major conversion involved in
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the preparation of this rice wine is the alcoholic
fermentation. Whereas some moulds can ferment sugar
into ethanol under anaerobic conditions, yeasts are
more efficient fermenters. On the other hand, some
yeasts can degrade starch but this trait is not widespread
(De Mot and Verachtert, 1987; Laluce et al., 1988). The
yeast Saccharomycopsis (Endomycopsis) fibuligera,
which is one of the common yeasts present in traditional
rice wine starters was reported to have amylolytic
activity and some ethanol producing capacity (Limtong
et al., 2002). However, the predominant yeasts in
alcoholic fermentation belong to the genus Saccharo-
myces, especially S. cerevisiae (Battcock and Ali, 1993).
Ethanol is the major product from this fermentation,
but at increasing levels it inhibits the yeast in various
ways (Jones, 1989; D’Amore et al., 1990), such as
inhibition of cell growth, viability and fermentation
activity. Therefore, ethanol tolerance is one of our
selection criterion for wine yeasts. Methods that could
be used to assay and define ethanol tolerance are, e.g. to
monitor the effects of accumulating ethanol in batch
culture growth, fermentative capacity, and cell viability.
Tolerance could also be defined as the maximum level of
ethanol produced.

With the ultimate aim to upgrade the traditional
starter tablet technology for wine-making in the
Mekong Delta area in Vietnam, preliminary screening
experiments of traditional starter tablets were carried
out (Dung et al., unpubl. data). These resulted in a
selection of rice wine starters showing strong starch
degradation, alcohol production or both. The objectives
of the present study were to examine the properties of
moulds and yeasts isolated from these selected starters,
and to optimize the conditions for starch degradation
and alcoholic fermentation.

2. Materials and methods
2.1. Cultures

A total of 104 isolates, comprising 53 moulds and 51
yeasts, had been isolated from six Vietnamese tradi-
tional rice wine fermentation starters. These starters had
been selected from a collection of 29 traditional starters,
using the following criteria: ability to liquefy cooked
rice, production of high ethanol levels, and of attractive
flavour and colour in rice wine. Yeast cultures were
grown at 30°C for 2d on Malt Extract Agar (MEA,
Oxoid, CM59); mould cultures were grown for 5d at
30°C on the same medium. Grown cultures were
maintained at 4 °C.

Some of the highly performing moulds and yeasts
were identified (Yarrow, 1998). These included Amylo-
myces rouxii (strains no. 6.9, 20.3, 20.7; deposited as
CBS strains no. 111759, 111757, 111758, respectively);

Amylomyces aff. rouxii (an atypical form of A. rouxii,
strain no. 20.2, deposited as CBS strain no. 111760);
Rhizopus oligosporus (strain no. 6.5); and Rhizopus
oryzae (including strains no. 15.2, 15.4, 15.5). The best
yeasts were identified as Saccharomyces cerevisiae
(strains no. 2.1, 15.7 (deposited as LU strains no.
1250, 1252 respectively), 20.4, 23.9, 29.2). CBS = Cen-
traalBureau voor Schimmelcultures, Utrecht, The Neth-
erlands; LU = Wageningen University, Wageningen,
The Netherlands.

2.2. Preparation of inoculum

A suspension of the growing microbial cells or spores
was made by adding SmL of sterile physiological salt
solution (0.85% w/v NaCl) onto each slant. The fungal
spores and the yeast cells were scraped off the agar by
means of an inoculation loop.

2.3. Preparation of saccharified purple glutinous rice
liquid

Saccharified purple glutinous rice liquid was prepared
as follows: 50 g of purple glutinous rice and 60 mL of
distilled water in a 250 mL conical flask covered by a
cotton plug, were soaked for 4 h at 22 °C. After soaking,
the mixture was steamed in an autoclave for 1h at
100 °C. The steamed rice was cooled to 35-40 °C, then
inoculated with A. rouxii (strain 20.3) (5logcfug™" rice)
and mixed well. After incubation for 3d at 30°C, the
saccharified mass was centrifuged and the supernatant
collected. The saccharified liquid was standardized to
20°Brix (%w/w of dissolved solids) using a refract-
ometer (FG102/112, Euromex-Holland) by adding
sterile water.

2.4. Screening test for starch degradation

The starch agar medium contained 0.5% w/v of
glutinous rice flour, 0.1% w/v of peptone (Oxoid, L34)
and 1.5% w/v of agar (Oxoid, L13). A piece of
mould pure culture was transferred onto the centre of
a plate of starch agar medium by means of an
inoculating needle and incubated at 30°C for 48h.
Visualization of starch degradation was done by flood-
ing with a 0.25% iodine solution. Clearing of the
typically blue coloration of the starch with iodine
indicated starch degradation.

2.5. Procedure of saccharification test

Steamed rice (see Section 2.3) was cooled to 3540 °C,
then inoculated and mixed well with pure mould
cultures, which had been grown for 5d at 30°C on a
slant of MEA and suspended in a certain volume of
sterile physiological salt solution to obtain a final level
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of 10° sporesg™' of steamed rice. The inoculated rice

was incubated for 4d at 30 °C and then harvested for
further analysis.

2.6. Screening for alcoholic fermentation and
fermentation rate

The procedure for screening was as follows: 50 mL of
saccharified purple glutinous rice liquid at 20 °Brix in a
250mL conical flask covered by a cotton plug was
sterilized at 115°C for 10min. The sterile liquid was
inoculated (10° yeast cellsmL™" rice liquid) and mixed
well. The inoculated liquid was incubated at 30 °C for
5d under a water lock. At the end of the fermentation,
ethanol content, residual glucose and pH were mea-
sured.

The fermentation rate was monitored by measuring
the rate of gas discharges from a water lock, and glucose
consumption and ethanol production were measured in
samples taken at 6 h intervals during the incubation.

2.7. Tolerance to gradual accumulation of ethanol in a
fed-batch fermentation

The ability of yeasts to produce ethanol under
conditions of unlimited but not excessive glucose supply
was tested in a fed-batch fermentation. As soon as the
gas production rate decreased, sterile glucose solution
was supplemented by adding 5mL of filter-sterilized
stock glucose solution 50% w/v to 50 mL of fermenting
saccharified liquid. Supplementation was continued
until the yeasts failed to resume gas production. To
determine the levels of glucose and ethanol, for each
treatment 0.2mL of sample was taken aseptically and
immediately after inoculation, just before adding
glucose, and further at time intervals of 5d up till 1
month of fermentation. Because of the gradually
increasing volume of medium, all analyses (glucose
supplied, remaining glucose and ethanol formed) were
expressed in absolute quantities (g). The amount of
0.2mL for sampling was negligibly small, therefore the
total volume reduction due to sampling was not
considered in the calculation. The gas production
(discharge rate) was recorded daily.

2.8. Challenge tests with ethanol-supplemented rice liquid

Pure ethanol was added to saccharified rice liquid at
levels of 0%, 5%, 10%, 15% and 20% w/v, and this was
inoculated with 10* yeast cellsmL™' (microscopic
count). Numbers of viable yeast cells at start and after
3d of fermentation at 30°C were measured, by plate
counting on MEA.

2.9. Analytical methods

The pH was measured with a digital pH meter WTW
pH 525. Glucose and ethanol were determined by
HPLC, using an Aminex HPX-87H Ion Exclusion
Column 300 mm x 7.8 mm (BIO-RAD, Thermo Separa-
tion Products Inc. USA). Amyloglucosidase was assayed
by using a Megazyme (RAMGR3) test kit of p-
nitrophenyl-f-maltoside (McCleary et al., 1991).

2.10. Statistical analysis

Experimental data were statistically analysed using
Statgraphics Plus Version 5, Manugistics, Inc., Rock-
ville, USA and the software of the General Algebraic
Modeling System (GAMS), Washington, DC, USA.

2.11. Mould growth and starch degrading activity

A factorial design (3 factors at 3 levels) was used:
spore inoculum (using a spore suspension of 10°
sporesmL ™! by microscopic count, three levels of spore
inoculation were made at 4, 5, and 6logcfug™' of
steamed rice), incubation time (2, 3 and 4d) and
incubation temperature (20, 30 and 40°C). Each
treatment had duplicates.

2.12. Fermentation capacity

A factorial design (3 factors at 3 levels) was used:
inoculum rate (using a yeast suspension of 10°
cellsmL~" by microscopic count, three levels of yeast
inoculation were made at 4, 5, and 6 logcfu mL~" of
saccharified liquid, incubation time (2, 3 and 4d) and
incubation temperature (20, 30 and 40°C). Each
treatment had duplicates.

3. Results and discussion

3.1. Liquefaction of gelatinized purple glutinous rice
starch by mycelial fungi

The hydrolysis of gelatinized rice starch was evaluated
by measuring diameters of clearing zones in rice-starch
agar. These are presented in Table 1 for the 53 mould
isolates tested, in which three categories (very good,
medium and poor) were distinguished significantly at the
95% confidence level. It was observed that although
most strains grew very well on glutinous rice-starch
agar, this did not imply that they are equally good at
starch degradation. However, it could be concluded that
all strains that actively degraded starch, always grew
well.

From the screening test of the starch degrada-
tion, group 1 consisting of eight mould strains (see
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Table 1
Starch degradation by moulds isolated from traditional Vietnamese
rice wine starters

Group of isolates Number of isolates Diameter of clearing

zone (cm)
Group 1 8 7.1-9.0 ¢
Group 2 21 5.0-6.3
Group 3 24 2.1-4.7

Moulds were inoculated on glutinous rice starch plates, incubated at
30°C for 48 h, and the plates were subsequently flooded with 0.25%
iodine solution.

“values are means of duplicates

Section 2.1) that had been isolated from four different
traditional rice wine starters, all having strong starch
degrading ability; these strains were studied in more
detail for their saccharification.

3.2. Saccharification of purple glutinous rice starch by
mycelial fungi

Starch saccharification, shown in Table 2, was tested
by inoculating pure mould strains into a previously
gelatinized glutinous rice mass followed by incubation at
30°C. All strains except 6.5 (Rhizopus oligosporus),
caused a release of free liquid after 1d of incubation,
which increased with time of incubation. Samples of
liquid and solid mass were taken daily and pH, glucose
and amyloglucosidase activity were measured.

During the incubation, the pH rapidly decreased to a
range of 4.0-4.7, as compared to a pH of 6.2 of the
uninoculated control. This pH range is also indicative of
the purity of the mould cultures, since in cultures
contaminated with (acidifying) bacteria, the pH usually
becomes considerably lower, in the range of pH 3.0-3.5.

Production of glucose levels and of amyloglucosidase
activity are also shown. All strains produced the highest
glucose levels after 3d of incubation. Three groups of
moulds, with different levels of glucose production
could be distinguished; in the order from high to low
levels as follows: group 1 including strains 6.9, 20.3, 20.7
(A. rouxii) and 20.2 (Amylomyces aff. rouxii); group 2
including 15.2, 15.4 and 15.5 (R. oryzae); and group 3
including 6.5 (R. oligosporus). The differences between
these three levels were statistically significant at the 95%
confidence level. The highest measured glucose level was
25% w/w of moulded rice mass. There was a good
correlation between glucose levels and amyloglucosidase
activities. Strains producing high glucose levels also had
significantly higher enzyme activities. Thus, as with
glucose accumulation, the same three groups can be
distinguished by different amyloglucosidase activity.
The highest amyloglucosidase activity found was
0.6 Ug™" of moulded rice mass. Strains that gave the

Table 2

Glucose production and amyloglucosidase activities of moulds isolated from Vietnamese rice wine starters during solid-state fermentation of steamed purple glutinous rice

Result of solid-state fermentation

Mould strain number

Incubation time 2d Incubation time 3d Incubation time 4d

Incubation time 1d

Amyloglucosidase Glucose Amyloglucosidase Glucose Amyloglucosidase Glucose Amyloglucosidase

Glucose

@)
n

%w/w  SD Ug!

SD

Y%w/w  SD Ug™!

SD

%w/w SD Ug™!

SD

SD! Ug!

% w/w

0.01
0.06

0.

0.04 d
049 b
0.16 ¢
0.18 ¢
0.17 ¢
049 b
0.56 a

0.17
0.2

44c

1

0.0
0.03

0.06 ¢

0.17
0.53
0.17

0.3

4.4 ¢

0.01
0.02
0.01
0.01
0.02
0.01
0.03
0.02

0.3 0.02 e

3.le

0

0.02d
0.07 b
0.03 cd
0.03 cd
0.04 ¢

0.36
0.17

262 d°
156 b
58 ¢

6.5

154 a
122 b
11.7b

041 a

249 a

0.29 ab
0.13 cd
0.11d
0.14 ¢

0.36
0.35
0.26

21.3a
0.3

0.02
0

6.9

05
02
03

0.56
0.36
0.17
0.44
0.17
0.36

0.02

0.16 b
0.17b
0.16 b
04 a

16.1 b
16.5b
164 b

24.7 a

11.6d
122 ¢
11.7d
20.5b

0.44
0.26
0.1

15.2

0.

0.03
0

1

0.0

6.0 c
6.1c

154

0.

120 b
155a
159 a
155a

0.26

0.01
0.02
0.01

0.0

15.5

0.04

0.04
0.

0.56
0.35
0.17

0.29 ab
0.31 a

0.1

0.08 ab
0.1a

0.17

153 b
16.1 a

20.2

1

0.0
04

043 a 02

24.8 a

0.26

20.9 ab

0.17

20.3

0.

0.55a

0.01

042 a

25.1a

209ab 0.17 027b

1

0.17 0.09 a

16.3 a

20.7

Amylomyces rouxii (strains 6.9, 20.3, 20.7), Amylomyces aff. rouxii (strain 20.2), Rhizopus oligosporus (strain 6.5), Rhizopus oryzae (strains 15.2, 15.4, 15.5).

'Standard deviation.

3Means with different subscripts within a column are statistically different at the 95% confidence level.

2Values are means of triplicates.
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same superior performance in starch degradation and
saccharification belonged to the same species, A. rouxii.

However, after 4d of incubation, glucose levels
decreased whereas amyloglucosidase still continued to
increase. This apparent discrepancy can be explained by
the consumption of glucose by the moulds.

3.3. Optimization of glucose accumulation by
Amylomyces rouxii

Because of its powerful glucose production and
enzymatic activity, A. rouxii strain 20.3 was selected
for the study of factors affecting saccharification
performance. According to the statistical design, we
used 27 treatments as presented in Table 3 together with
the pH, glucose levels and amyloglucosidase activities
resulting from the experiment. Combinations producing
high glucose levels were in a range of pH 4.3—4.8 and less
favourable conditions for glucose accumulation resulted
in a pH range of 5.5-6.2. It was reported earlier (Ellis

Table 3

et al., 1976) that 4. rouxii is favoured by temperatures
around 30 °C but still shows good growth and enzyme
activity at 37 and 40 °C. The final pH range of approx.
4.0 would also create optimum conditions for its
amylolytic enzymes (Underkofler, 1976).

Liquefaction of rice was temperature dependent;
whereas at 20 °C no liquid was formed due to the poor
growth during solid-state fermentation, much liquid was
produced at 30 and 40°C in all cases after 2d of
incubation. Both glucose and amyloglucosidase levels in
liquid (when present) were much higher (even twice in
some cases) than those in solid moulded rice mass. This
can be explained by the difference in water content of
liquid and solid mass. Again, combinations with high
glucose levels also had high amyloglucosidase activity.
However, at the same favourable incubation tempera-
ture, glucose accumulation was significantly influenced
by both the incubation time and inoculation Ievel,
whereas amyloglucosidase activity was not influenced by
inoculation level.

Effect of inoculation level and incubation conditions on glucose accumulation by Amylomyces rouxii strain 20.3 during solid-state fermentation

No. Testing factors Result of Solid-State Fermentation
Incubation Incubation Inoculation Glucose Amyloglucosidase
temperature time (d) levels (log
°O) sporesg™ ')

pH Solid (%w/w) Liquid (%ow/v) Solid (Ug™")  Liquid (UmL™Y)
1 20 2 4 6.2 0.07 No liquid formed 0 No liquid formed
2 20 2 5 6.1 0.09 0
3 20 2 6 5.9 0.16 0
4 20 3 4 6.0 0.23 0.05
5 20 3 5 5.8 0.24 0.05
6 20 3 6 5.7 0.7 0.06
7 20 4 4 5.8 0.8 0.06
8 20 4 5 5.6 2.5 0.06
9 20 4 6 5.5 2.8 0.06

10 30 2 4 4.6 15.1 28.3 0.34 0.55

11 30 2 5 4.5 21.9 34.8 0.36 0.55

12 30 2 6 4.5 14.4 28 0.32 0.54

13 30 3 4 4.6 15.9 27.5 0.35 0.54

14 30 3 5 43 20 33 0.37 0.59

15 30 3 6 44 14.6 26.1 0.32 0.54

16 30 4 4 4.4 13.9 24.2 0.34 0.68

17 30 4 5 4.6 14.5 30.6 0.36 0.67

18 30 4 6 4.7 12.1 25.7 0.34 0.65

19 40 2 4 4.7 134 23.4 0.17 0.37

20 40 2 5 4.6 16.2 30.9 0.18 0.38

21 40 2 6 4.6 12.1 26.6 0.18 0.35

22 40 3 4 4.6 13 28 0.28 0.58

23 40 3 5 4.6 14.1 30.3 0.27 0.57

24 40 3 6 4.7 13.9 27.2 0.27 0.56

25 40 4 4 4.8 13.2 25 0.24 0.49

26 40 4 5 4.8 15.5 27.4 0.23 0.44

27 40 4 6 4.8 14.2 25.6 0.24 0.5

The mould spore suspensions were inoculated at the indicated levels into gelatinized purple glutinous rice in conical flasks with a cotton plug, and
incubated at the indicated time—temperature combinations, after which samples of saccharified rice (solid moulded mass including liquid and only
liquid when present) were analysed for pH, glucose contents and amyloglucosidase activity. In each treatment values are means of duplicates.
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Fig. 1 presents a surface plot based on the statistical
analysis of the data presented in Table 3. Optimum
conditions are a combination of incubation temperature
of 34 °C, incubation time of 2d and inoculation level of
5log cfug™' of steamed rice. The statistical analysis of
the variability of glucose production distinguishing the
contributions due to the three above-mentioned factors
showed that because of p-values less than 0.05,
incubation temperature and inoculation level had a
statistically significant effect on glucose accumulation
(95% confidence level).

3.4. Screening of yeasts for alcoholic fermentation

The fermentative capacity of the 51 yeast isolates
studied, is summarized in Table 4. Three groups of
yeasts, producing different levels of ethanol could be
distinguished at a statistical significance of 95%
confidence. Six isolates, belonging to groups 1 and 2
originated from the same rice wine starter whereas the
remainder of 45 isolates in group 3 came from five other
starters.

After 1d of fermentation, group 3 showed clear signs
(gas, foam) of fermentation, and after 4d the fermenta-
tion had stopped so the final analysis was done after 5d.
In groups 1 and 2, the lesser extent of fermentation left
approx. 6-8% w/v residual glucose with relatively low

—
=)}

—_
[\

o]

Glucose (% w/w)

~

[«

28 32 36
Temperature (°C)

Fig. 1. Effect of incubation temperature and inoculation level on
concentration of glucose accumulated by Amylomyces rouxii strain
20.3 (at the optimum incubation period of 2d).

ethanol contents of 4-59% w/v in comparison to
8.2-8.8% w/v in group 3. The final products of group
3 had a strong alcoholic and weak fruity flavour whereas
the flavours of samples in groups 1 and 2 were weakly
alcoholic and slightly sour, which might correspond
with their lower pH values. Possibly, isolates of groups 1
and 2 are more sensitive to alcohol, or might have
oxidized some sugar into, e.g. gluconic or acetic acid
resulting in low pH; on the other hand, isolates of group
3 are strongly fermentative yeasts.

Five randomly selected isolates from group 3 were all
identified as S. cerevisiae (see Section 2.1). Ecological
studies described several other yeast species in rice wine
starters, but apparently our selection of strong ferment-
ing yeasts resulted in S. cerevisiae only. This species is
predominant in most alcoholic fermented beverages.
The five S. cerevisiae strains were examined further
separately, since they had been isolated from different
rice wine starters. Fig. 2 shows the fermentation curve of
S. cerevisiae strain 2.1. A strong increase of gas
production rate was observed after 24 h of fermentation
followed by a significant decrease after 60h and the
depletion of a relatively high initial concentration of
glucose.

3.5. Tolerance to ethanol accumulation in a fed-batch
fermentation

The ethanol and substrate (sugar) concentrations
interact to determine the inhibitory effect of ethanol.
This effect has been explained in terms of osmolality.

20 550
—=— glucose 500

—— e;l;anol 450
kS 400

350
300
250
200
150
100

.1)

Gas production
(number of gas discharges h

(=)
(=]

Glucose and ethanol concentration

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96
Time (hours)

Fig. 2. Glucose consumption, ethanol and gas production by
Saccharomyces cerevisiae (strain no. 2.1) incubated at 30°C

Table 4

Fermentation of saccharified rice liquid by yeasts isolated from traditional Vietnamese rice wine starters *

Group of strains (number of isolates) Alcohol content (%w/v) Residual glucose content (%ow/v) pH
Group 1 (1 isolate) 43 8 3.0
Group 2 (5 isolates) 5.2-5.9 6-8 3.0-3.2
Group 3 (45 isolates) 8.2-8.8 0 3.7-3.9

“Fermentation tests were carried out on saccharified purple glutinous rice liquid, standardized at 20°Brix, in conical flasks with water locks.

Analysis was done after 5d of incubation at 30 °C.
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With an increase in the ethanol content of the medium,
yeast viability and fermentative ability decrease due to,
among other factors, the increase of intracellular
ethanol to toxic levels (D’Amore et al., 1990). In order
to maintain cell viability and continued ethanol produc-
tion from maximum amounts of sugar, and simulta-
neously keep the osmotic effect of the substrate as low as
possible, fed-batch or infusion-feeding conditions dur-
ing fermentation can be used.

In the present experiment, the ethanol tolerance of
yeasts was evaluated in a fed-batch experiment under
conditions where glucose was not limiting. The time
points at which glucose was added were after 2, 4, 6, 9
and 11d of fermentation as indicated in Fig. 3. The last
supplement of glucose was at 11d of fermentation, after
which no increase of gas production rate was observed
anymore. This indicated that beyond 11 d of fermenta-
tion, newly added glucose did not result in renewed
fermentation activity, and that the fermentation rate
was now limited by other factors than glucose,
hypothetically by the high concentration of accumulated
ethanol.

The changes of gas production that were observed up
to 15d of fermentation are shown in Fig. 3. Until 11d,
the increased gas production after each glucose addition
was statistically significant at 95% confidence level.
Although glucose supplementation was stopped after
11d, the fermentation was allowed to continue and
samples for glucose and ethanol determination were
taken at time intervals of 5d up till 1 month of
fermentation. Similar as for gas production, glucose
and ethanol analyses (Fig. 4) showed that all five yeast
isolates again performed very similar. Yeasts consumed
the supplemented glucose for ethanol production very
well up to 11d of fermentation time, thereby gradually
increasing extracellular ethanol levels. However, after
this period some small variations of glucose and ethanol
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levels were observed. Compared with 11d, the glucose
consumed was significantly higher (95% confidence
level) after 14d of fermentation but the ethanol levels
did not change. But later at 19d of fermentation, the
ethanol level was again significantly (95% confidence
level) higher and remained stable until the end (29 d).
The ethanol yield was used as an indicator to express
the capacity to consume glucose and produce ethanol,
and was calculated as (mol ethanol produced/mol
glucose consumed) x 50 (%), with a theoretical max-
imum of 100%. Fig. 4 shows the similar performance of
the five S. cerevisiae strains during the fed-batch
fermentation. In 50 mL of saccharified liquid at 20°Brix,
the initial glucose level was 10.5g. The samplings for
analysis were done at 0, 4, 6,9, 11, 14, 19, 24 and 29d of
fermentation. The glucose supplementation yielded
detectable fermentation response up to the fourth
addition (Fig. 3, 11d). During the fed-batch fermenta-
tion the yield of fermentation of the five yeast isolates
was very similar and varied with time between 84% and
98%. The last (fifth) supplement of glucose did not
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Fig. 4. The performance of five Saccharomyces cerevisiae strains in
fed-batch fermentation.
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Fig. 3. Gas production rate of five strains (2.1, 15.7, 20.4, 23.9, 29.2) of Saccharomyces cerevisiae in a fed-batch fermentation.
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immediately result in increasing fermentation activity,
until after 1 week later, a delay presumably needed to
restore their fermentation capacity. The fermentation
yield then slightly decreased until the last sampling.
Glucose supplementation, by five consecutive doses of
SmL stock glucose solution (50%w/v), increased the
original volume of saccharified liquid from 50 to 75mL.
The maximum ethanol level found was 10.1g (corre-
sponding to 13.4% w/v) whereas a small amount of
residual glucose remained (2.3 g). From this approach
we estimate the ethanol tolerance at 13.4% w/v.

3.6. Tolerance to ethanol present in liquid medium
(challenge test)

In this challenge test (see materials and methods),
numbers of viable yeast cells at the start and after 3d of
fermentation at 30 °C were determined by plate counting
and were reported as log cfumL ™" (Fig. 5). Yeasts grew
well in medium containing 0% or 5% w/v ethanol,
resulting in higher levels of viable yeast cells compared
with the non-incubated control. However, levels of
yeasts lower than the inoculation level were found from
10% w/v up to 20% w/v ethanol. When we would define
the ethanol tolerance as the level where yeast levels are
static, it could be concluded from Fig. 5 that the ethanol
tolerance of the yeasts tested was approximately 9-10%
w/v. This is considerably lower than observed in the fed-
batch experiment (approx. 13.4% w/v). This difference
might be explained by the different way of exposure to
ethanol: either gradually in the fed-batch fermentation,
or instantaneously in the challenge test. Moreover, in
the challenge test the yeasts will also produce some
ethanol which will increase their stress.

3.7. Effect of inoculation and incubation conditions on
ethanol production by Saccharomyces cerevisiae

Strain 2.1, one of the five strains of S. cerevisiae that
showed identical high alcohol production and ethanol
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Fig. 5. Growth and decline of five strains of Saccharomyces cerevisiae
exposed to various concentrations of ethanol.

tolerance, was selected as representative for this experi-
ment. The statistical design involved 27 treatments as
outlined in Table 5.

Table 5 shows that the major factors affecting the
alcoholic fermentation were the incubation temperature
and time. Only at 30°C, the fermentation could be
completed within 4 d with a depletion of glucose and the
attainment of pH within the range 3.7-3.9. These pH
changes were not accidental, i.e. caused by bacterial
contaminations but should be attributed to the forma-
tion of acidic co-metabolites. As a result, the highest
ethanol levels were reached at this temperature, and this
was achieved slightly faster with higher inoculation
levels. At 20°C as well as 40 °C, the fermentation was
considerably slower as demonstrated by the rates of
glucose consumption and ethanol production. Interest-
ingly at 20°C, higher inoculum rates result in faster
glucose consumption whereas the opposite was observed
at 40 °C. Judging from this opposite effect of inoculation
rate at these temperatures, it is probable that combined
effects of temperature-dependent growth rate and
ethanol stress have different outcomes at temperatures
higher or lower than T, This may also be related to
the variable outcome of pH, reflecting different results
of metabolic regulation.

Fig. 6 shows a surface plot based on the statistical
analysis of the data presented in Table 5. Optimum
conditions for ethanol production were a combination
of incubation temperature of 28.3 °C, incubation time of
4d and inoculation level of 5.5log cfumL™' of
saccharified liquid. Incubation temperature and time
had a statistically significant effect on ethanol produc-
tion (95% confidence level). Provided that the tempera-
ture is favourable, the effect of the inoculation level on
ethanol production was not significant (< 95%
confidence).

4. Concluding remarks

This study addresses the essential role of fungi for the
performance of starters for rice wine fermentation. The
objective was not an ecological study looking for the
occurrence and distribution of all fungi present, but
instead it was aimed at maximizing productivity and
finding highly productive strains. Therefore, only a
limited selection of fungi that showed significant abilities
for rice wine production were studied. Significantly
different levels of glucose produced and of amylogluco-
sidase activity were observed among pure isolates of
moulds. Isolates identified as A. rouxii, Amylomyces aff.
rouxii, R. oligosporus and R. oryzae were selected
because of their strong starch degradation in rice
starch agar medium. However, in subsequent starch
saccharification trials, four Amylomyces spp. strains
produced significantly higher levels of glucose and
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Table 5

Effect of inoculation and incubation conditions on the ethanol production by Saccharomyces cerevisiae (strain 2.1)

No. Variables Result of alcoholic fermentation
Incubation Incubation time (d) Inoculation levels Final pH Ethanol (%w/v) Glucose (Y%ow/v)
temperature (°C) (log cellsmL ™)

1 20 2 4 4.5 0.6 20.7
2 1 1 1 1 1 1

3 20 2 6 4.2 2.7 16.4
4 20 3 4 4.2 2.7 16.7
5 20 3 5 4.1 5.3 12.2
6 20 3 6 4.1 4.7 11.0
7 20 4 4 4.2 4.0 12.2
8 20 4 5 4.1 6.6 7.3
9 20 4 6 4.1 7.2 6.7

10 30 2 4 3.8 4.7 10.8

11 30 2 5 3.7 5.9 9.8

12 30 2 6 3.8 5.3 8.7

13 30 3 4 3.7 7.8 35

14 30 3 5 3.7 8.5 2.1

15 30 3 6 3.8 8.5 1.7

16 30 4 4 3.8 9.7 0.1

17 30 4 5 3.9 9.7 0

18 30 4 6 3.8 9.9 0.1

19 40 2 4 3.7 2.8 15.5

20 40 2 5 4.2 2.2 18.1

21 40 2 6 4.4 1.9 18.8

22 40 3 4 3.6 5.3 10.2

23 40 3 5 4.0 3.4 134

24 40 3 6 4.2 2.7 15.0

25 40 4 4 3.6 5.9 8.3

26 40 4 5 3.8 4.6 10.5

27 40 4 6 4.3 4.0 139

Yeast cells were inoculated at the indicated levels in 100 mL of saccharified purple glutinous rice liquid at 20°Brix (approx. at 21.5% w/v of glucose
analysed by HPLC) in conical flasks with water locks, incubated at the indicated time—temperature combinations. Samples were analysed for pH,
ethanol, and residual glucose contents. In each treatment, values are means of duplicates.

Ethanol (% w/v)

28 32 36 0 2
Temperature (°C)

Fig. 6. Effect of incubation temperature and incubation period on
concentration of ethanol produced by Saccharomyces cerevisiae strain
2.1 (at the optimum inoculation level of 5.5log cellsmL™'of
saccharified liquid).

amyloglucosidase than Rhizopus spp. strains. This
difference can be explained by (a) lower amyloglucosi-
dase activity of Rhizopus spp., and/or (b) higher

consumption of glucose by Rhizopus for mycelium
production. It should also be noted that successful
starch degradation in starch agar is not necessarily a
guarantee for good saccharification (Araujo et al.,
2004), as the efficiency of saccharification is correlated
closely with the glucogenic enzyme system rather than
with the activity of a-amylase (Underkofler, 1976).

Several categories of yeasts with different ethanol
production were distinguished. Five S. cerevisiae
strains were found to be superior fermenters. It was
observed that the pure cultures of moulds and yeasts
isolated from selected superior traditional rice wine
starters, some even originating from the same starter
(such as mould strains 6.5 and 6.9) performed very
differently in starch saccharification or in alcoholic
fermentation. This confirms that original rice wine
starters contain a mix of sometimes excellent but also
of less functional strains. The interactions among
these micro-organisms, especially between yeasts and
moulds, in starch-based starters are of importance
for their predominance and performance in wine
fermentation.
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We also defined optimum combinations of incubation
temperature, incubation time and inoculation level for
the glucose-accumulating mould A. rouxii and for the
superior fermentative and ethanol-tolerant yeast S.
cerevisiae. Optimum time and temperature conditions
for the mould and for the yeast were not the same,
indicating that there may be scope to optimize the wine-
making process by carrying out subsequent, rather than
simultaneous mould and yeast fermentations.

However, in spite of their successive actions of starch
degradation and alcoholic fermentation, the mould and
yeast strains should also combine well in mixed cultures.
It will therefore be necessary to examine the mutual
compatibility of moulds and yeasts in order to formulate
defined mixed-culture starters. This aspect will require
further research.
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