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In order to develop a method of economical production and to reduce energy-consumption in fuel alcohol
production, we investigated the fermentation characters of two newly selected thermotolerant yeasts. The
RA-74-2 showed stable and superior fermentability between 30 and 40°C in 20% glucose media in comparison
to the industrial strains. The optimum concentration of glucose for economical fermentation at 40°C was
15~18%, and organic nitrogen was necessary for a satisfactory fermentation. The optimum pH was 4.0 and
aeration was adversed for high temperature fermentation. Agitation was an important factor at 40°C and
the addition of magnesium ion 0.2% was required in this experiment. When the inoculum was increased,
ethanol productivity as well as the speed of fermentation increased. On the other hand RA-912, which
can grow at 48°C, showed similar fermentability between 30~45°C in 20% glucose media. As the concentra-
tion of substrate decreased, fermentation ratio increased at 45°C (45%, 65%, 95% fermentation ratio in 20%,
15%, 10% glucose media, respectively). Also, requirement of organic nitrogen and magnesium ion in RA-912
was similar in RA-74-2. The optimum pH for fermentation was 5.0, and the effects of agjtation were enhanced
at 37°C than at 45°C. As the inoculum was increased, fermentation speed became more enhanced but
the ethanol productivity was less affected. RA-912 showed fermentability with various substrates. Among
the substrates used, inulin was the most promising substrate for the high-temperature fermentation. When
14.5% inulin was used as the substrate, 93% and 55% fermentation ratios were shown at 37°C and 45°C,

respectively.

The research for altemative clean energy has been
actively caried out because of increase in air pollution
and the shortage of fossil resources (1.2). Ethanol,up
to 20%, can be blended with gasoline to achieve octane
enhancement and be used without engine modification.
In practice, some countries have used it as fuel for a
long time (3). Also researches of fuel alcohol have been
continuously caried out domestically and many techni-
cal problems in alcohol fermentation have been mostly
solved. However, considering its economical importa-
nce,there are surprisingly few publications on the high-
temperature fermentation by yeasts. Fermentation at
37~40°C or above has advantages such as recovery
of ethanol and significant saving on operational costs
of refrigeration controls in distilleries for fuel alcohol
production (4). In addition, prevent of contamination,
more simple operation, increasement of productivity
along with highly metabolic ratio can be expected from
thermotolerant yeast in high temperature fermentation.
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But,thermotolerant fermentation yeasts reported in Sac-
charomyces cerevisiae, S. fermentati, 5. thermoantitonum,
S. anomaluus, Kluyveromyces marxianus, Hansenula sp.,
Brettanomyces sp., have not been applied in industrially
(5, 6). We previously reported that thermotolerant fer-
mentation yeasts, S. cerevisiae RA-74-2 and K. marxianus
RA-912, were the most promising strains for industrial
use in high-temperature fermentation (7). Therefore, in
this research, we studied the effects of chemical and
physical factors on the high-temperature fermentation
using the two selected strains of thermotolelant yeasts
isolated in our laboratory.

MATERIALS AND METHODS

Strains

The used strains were S. cerevisiae RA-74-2 and K
marxianus RA-912; the most promising strains at high
temperature fermentation, isolated in our laboratory (7).
The strain of B company, which has the best thermosta-
bility and fermentability among the strains from 9 diffe-
rent alcohol industry Co., was used compared with the
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isolated strains.

Media and Substrates

For seed culture, yeast strains were grown in a YPD
medium containing 0.5% yeast extract, 0.5% polypep-
tone and 1% glucose (pH 6.0). Media for the fermenta-
tion consisted of various concentrations of glucose,yeast
extract 5 g/L, (NH)SO, 3 g/L, KH.PO, 1 g/L, Mg50.
7H,0 2 g/L. A potato dextrose agar (PDA) medium was
used for preserving strain at 4°C. Glucose was purcha-
sed from Sun-il Co. Lactose, xylose, and inulin were
purchased from Sigma Co. The starting pH of the ferme-
ntation media was 5.2~5.4 after sterilization.

Ethanol Fermentation.

Ethano! fermentation was caried out in a 250 m/
flask with 50 m! fermentation medium. The flask was
equipped with an air restrictor containing sulfuric acids.
To quantitate the ethanol fermentation, the flask was
inoculated with one loopful of cells and incubated at
30~45°C waterbath for 3~5 days. The loss in weight
resulting from carbon dioxide was measured and the
result was expressed fermentation ratio (7). In case of
the jar fermentor tests with a working volume of 3 liters,
inoculation was made at 3% (v/v) level. The cultures
were stirred at 200 rpm and the pH was not controlled.
The cooling water from Handy cooler was used to ent-
rap the volatiles for high temperature and to evolve
carbon dioxide. The broth samples were obtained asep-
tically through the sample port and each sample was
tested for sugar contents, ethanol contents, cell growth
and pH. The fermentation temperature was controlled
at 30~45°C by a fermentation controller (Mituwa Co.).

Analytical Methods '

Ethanol in the fermentation broth was determined
after single distillation by alcohol hydrometer (8). The
residual sugar was measured by Somogyi-Nelson me-
thods using glucose as the standard (9). Cell growth
was measured either by Spectrophotometer (Beckman
DU-40) at 660 nm or by the D.CW after washing it
with sterilized water three times.

RESULTS

In order to investigate the fermentation characteristics
at high temperature, 20% glucose was used as the subs-
trate in flask scale.

Effects of Temperature

The fermentability of nine industrial strains was tested
at various temperatures for 96 hours in a 20% glucose
fermentation medium. As the result, strains of A, B ,D
companies showed superior fermentation at 30°C and
the strain of B company was more actively fermented
than any other strains at above 37°C (Fig. 1A). Therefore
the effect of fermentation temperature on the isolated
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Fig. 1. (A) Effect of temperature on fermentation of industrial
strains.
The fermentation was conducted in 250 mf flask with 50 m/ of fermen-
tation broth containing Glucose 200 g/L,Yeast extract 2 g/L, Polypep-
tone 2 g/b, (NH,S0, 3 g/L, KHPO, 1 /L, MgS0, 7H,0 2 g/L. To
quantitate the ethanol fermentation, the flask was inoculated with
one loopful of cells and incubated at various temperatures for 96
hours. The loss in weight resulting from carbon dioxide production
was measured and the result was expressed the relative fermentation
ratio (%). Used industrial strains, S. cerevisiae A-l strains, were kindly
supplied by RaCER.
(B) Comparision of fermentation ability at various temperatures
of industrial and isolated strains.
The fermentation condition and alcohol quantitative analysis methods
were the same as Fig. 1A

strains, S. cerevisiae RA-74-2 and K marxianus RA-912,
were investigated in comparison to that on the strain
of B company. The RA-74-2 showed 93%, 50% fermen-
tation ratio at 30°C, 41°C respectively. The RA-912 sho-
wed stable fermentability at a high temperature within
the limits of 37~45°C (Fig. 1B).

Effects of Initial pH

Cell growth and fermentation were affected by the
initial pH (10), and so we investigated the optimum
initial pH for high temperature ethanol fermentation (40
or 45°C). As the result is shown in Table 1, the optimum
initial pH was 6.0. However, more efficient fermentation
was carried out at pH 4.0 and pH 5.0 for RA-74-2 and
RA-912 respectively. The initial pH was controlled by
2N HCL

Effects of Agitation

To examine the effects of agitation,standing and sha-
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Table 1. Effect of initial pH on alcohol fermentation of
RA-74-2 and RA-912.

pH  Total sugar Alc concen- Fermen- Remaining Yo*

(mg/m)  tration % tation ratioc Sugars
v/v) %) (mg/m)
RA-74-2
30 200 25 195 140 033
40 200 5.1 39.7 112 0.46
5.0 200 5.9 459 94 0.44
6.0 200 6.7 52.2 76 0.43
RA-912
3.0 200 2.1 163 148 0.32
4.0 200 5.5 428 91 0.40
50 200 59 46.0 89 0.422
6.0 200 6.1 47.5 80 0.403

Yori*: g Ethanol/Consumed g Glucose. The fermentation was conduc-
ted in 250 mi flask with 50 m/ of fermentation broth containing Glu-
cose 200 g/L Yeast extract 2 g/L, Polypeptone 2 g/L, (NH,504 3
g/L, KH,POs 1 g/L, MgSO, 7H,O 2 g/L . Fermentation was caried
out in standing waterbath for 72 hours at 40°C for RA-74-2 and 45°C
for RA-912.
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Fig. 2. Effect of agitation on the ethanol fermentation of RA-
74-2 and RA-912.

Cells were cultured at various temperatures for 96 hours in 20% glucose
medium. Agitation speed was adjusted to 100 pm.

king cultures were carried out for 96 hours. As the result
is shown in Fig. 2, effects of agitation on RA-74-2 increa-
sed more at 40°C than at 30°C, and that on RA-912
increased more at 37°C than at 45°C. This suggested
that agitation is a key factor in the high-temperature
fermentation of isolated strains.

Effects of Substrate Concentration

In order to achieve the optimum concentration of
sugar for high- temperature fermentation (40 or 45°C),
10~20% glucose media was used. As the result is
shown in Fig. 3, the strains used decreased the fermen-
tation ratio as the sugar concentration increased. These
results show that the fermentation ability was affected
by complex surrounding factors such as temperature,
sugar concentration,ethanol concentration etc (10~12).
The optimum sugar concentration .for economical fer-
mentation at above 40°C were 15~18%, 10~15% for
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Fig. 3. Effect of initial glucose concentration on the ethanol
fermentation of RA-74-2 and RA-912.
The fermentation was conducted at 40°C to RA-74-2 and at 45°C

to RA-912 for 96 hours in 20% glucose medium. Agitation speed was
adjusted to 100 mpm and the initial pH was 5.2 after sterlization.

RA-74-2, RA-912, respectively.

Effects of Nitrogen Sources

Since growth and ethanol productivity of yeast can
be affected by the nitrogen sources in fermentation
broth, the effects of nitrogen sources on fermentation
were investigated. As the result show in Fig. 4A, organic
nitrogens,such as yeast extract or com steep liquor (CS.
L), were better than inorganic nitrogens in high tempera-
ture fermentation. As the amount of organic nitrogens
were increased in the culture broth, fermentability was
enhanced (Fig. 4B). This fact with coincide the previous
reports (13). In our study, a substrate was used to punfy
glucose, and possibly because of for that reason, ferme-
ntation may have been affected by vitamin, trace ele-
ments and nitrogen sources.

Effects of Metal lons

Since the glycolytic enzymes requires the metal ions
for activity, effect of metal ions on high temperature
fermentation were examined. Concentrations of metal
ion above 2% enhanced ethanol productivity and gro-
wth rate in the bacteria (14). Among the metal ions
used,magnesium was required in the high-temperature
fermentation and only 0.2% magnesium was sufficient
in this experiment (Fig. 5). According to other previous
reports (15), ethanol productivity increased when cal-
cium or alumina was added. The effect of magnesium
ion on RA-912 was replaced by that of calcium ion,
and the addition of both metal ions did not increased
ethanol productivity. The effect of magnesium ion on
RA-74-2 was not replaced by that of calcium ion, but
the ethanol fermentation increased a little when those
ions were added (data not shown).

Effects of Antifoam

To investigate effect of antifoam on the high-tempe-
rature fermentation, various antifoam agents were added
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Fig. 4. Effect of nitrogen sources (A) and yeast extract (B} on
ethanol fermentation of RA-74-2 and RA-912,
The fermentation was conducted at 40°C to RA-74-2 and at 45°C

to RA-912 for 96 hours in 20% glucose medium, Agitation speed was
adjusted to 100 rpm and the initial pH was 5 after steilization.
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to the fermentation media.ln general, ethanol resistance
was enhanced by the addition of antifoam agent (16,
17). The antifoams used were Dowcoming DB-110A
(Lucky Silicon Co.), silicagate glycerin ester, Tween-20,
FL-70 (Fisher scientific Co.). But the yeasts used in high-
temperature fermentation were not affected by the ad-
dition of antifoams in regard to the fermentation vyields
and fermentation speed (Table 2).

Effects of Inoculum

The seed volume in the conventional process of
ethanol fermentation is 10% {v/v) to fresh broth regard-
less of the substrate for the purpose of less contamina-
tion and rapid fermentation. Therefore, we examined
the effect of seed volume on the high-temperature
ethanol fermentation of 20% glucose media. The culture
conditions were maintained at 40°C, 100 ppm for RA-
74-2 and 45°C, 100 pm for RA-912. As shown in Fig,
6, when the seed volume was 10% (v/v), the ethanol
productivity was enhanced and the period of fermenta-
tion was shortened compared with that of 1% (v/v) (18).
As seed volume was 10% (v/v), the RA-74-2 showed
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Fig. 5. Effect of magnesium ion on ethanol fermentation of
RA-74-2 and RA-912.

The fermentation was conducted at 30, 40°C to RA-74-2 and at 37,
45°C to RA-912 for 96 hours in 20% glucose medium. Agitation speed
was adjusted to 100 rom and the initial pH was 5 after sterilization.

Table 2. Effect of antifoam agents on ethanol fermentation
of RA-74-2 and RA-912.

Antifoams 0 01% 02% 05%
RA-74-2  Dawcoming DB-110A 700 700 695 645
FL-70 700 675 670 653
Tween-20 700 641 625 587
Silicagate-glycerin 700 665 657 585

ester
RA-912  Dawcoming DB-110A 390 411 450 344
FL-70 390 380 354 356
Tween-20 390 369 390 402
Silicagate-glycerin 390 303 293 225

ester

The fermentation was conducted at 40°C to RA-74-2 and at 45°C
to RA-912 for 72 hours in 20% glucose medium. Agitation speed was
adjusted to 100 pm and the initial pH was 5 as not adjusted, Units:
Theoretical fermentation ratio (%)

88% fermentation ratio during the 24 hours at 40°C
and the RA-912 showed 53% fermentation ratio for 48
hours at 45°C.

Fermentability with Various Substrates of RA-912

Since the thermotolerant yeast RA-912 has fermenta-
bility with various substrate, we used lactose, xylose
and inulin as substrate. Inulin and xylose in hemicellu-
lose is attracting attention as a possible carbohydrate
resources (20, 21), and lactose is the major carbohydrate
of whey {22). Therefore these substrates could contri-
bute to economic fermentation by cutting down the
substrates costs. As shown in Table 3, when 14.5% inulin
was used as the substrate, 93% and 55% fermentation
ratios were marked at 37°C and 45°C respectively.

In order to investigate the fermentation characteristics
at high temperature, 20% glucose was used the substrate
in jar-fermentor scale.

Effects of Aeration

To investigate the effect of aeration on high-tempera-
ture fermentation thermotolerant yeast RA-74-2 was cul-
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tured in the jar fermentor scale with an air compressor
(lwaki AP-115N). In general, the dissolved oxygen is
required for yeast cell growth and maintainance, and
oxygen solubility to water is limited at atmospheric pre-
ssure, and more restricted at high temperature (17, 19).
Therefore we aerated 16 hours at 0.5 vvm after inocula-
tion in this experiment in comparison to the 8~10
hours aeration in the industrial scale. Fermentation tem-
perature was maintained at 40°C. As shown in Fig. 7,
ethanol productivity and cell growth with aeration was
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Fig. 6. Effect of amount of inoculum on ethanol fermentation
of RA-74-2 and RA-912 .

The fermentation was conducted at 40°C to RA-74-2 and at 45°C
to RA-912 in 20% glucose medium. Agitation speed was adjusted
to 100 pm and the initial pH was 5 after sterilization A~ 1%,
O—00: 5%, O—O: 10%.
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Table 3. Comparision of ethanol fermentation with various
substrates of RA-912.

Fermentation ratio (%)

RA912
37°C 45°C
Xylose  (6%) 10 32
Lactose  (11%) 38 30
(15.6%) 22 13
(19.2%) 17 8
inulin (14.5%) 93 55

The fermentation was conducted at 37 or 45°C to RA-912 for 48
hours in various substrates. Agitation speed was adjusted to 100 rpm.
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Fig. 7. Effect of aeration on ethanol fermentation of RA-74-2.
The fermentation was conducted in a jar-fermentor with 3 liters of
fermentation broth containing Clucose 200 g/L, Yeast extract 5 g/L,
{NH.)2804 3 g/L, KHPO4 1 g/1, MgSO4 7H,0 2 g/L. The seed volume
was 2% and pH was not controlled. The fermentation was canied
out at 40°C, 200 pm.

Black: 16 hours aeration, White: No aeration, O—O: Alcohol concent-
ration, a—a: cell number.
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Fig. 8. Effect of pH during the ethanol fermentation of RA-74-2.

The fermentation was conducted in a jar-fermentor with 3 liters of fermentation broth containing Glucose 200 g/L, Yeast extract 5 g/L, (NH,),50;4
3 g/l, KH,PO, 1 g/t, MgSOs 7H,0O 2 g/L. The seed volume was 2% and pH was controlled to 5.0 and 4.0 with 2N NaOH. In case of pH
4.0, pH was controlled after 24 hours. The fermentation was canied out at 40°C, 200 mpm. O—0O: Cell number, —: pH.
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better than those of not-aerated fermentation during
the 24 hours. However, after 48 hours, aerated fermen-
tation was inferior to not-aerated fermentation in etha-
nol productivity and cell growth. Also, final fermentation
ratios and Yp/s (g ethanol/g utilized sugar) were 77%,
88% and 0.4765, 0.4876 in aerated and not-aerated fer-
mentation, respectively.

Effects of Fermentation pH

To investigate the effect of fermentation pH on the
high-temperature fermentation, RA-74-2 was cultured
in jar fermentor scale with a pH controller (Mituwa Co.).
The pH 4.0 was maintained with 2N NaOH after 24
hours. The culture conditions were maintained at 40°C,
200 rpm, not-aerated. As shown in Fig. 8, 9.4% and
9.74% {(v/v) alcohol was produced at pH 5.0 and pH
4.0 during the 72 hours, respectively (while, the fermen-
tation pH was maintained to 3.95~4.05 with 5N NaOH
for 0~72 hours, 11.2% (v/v) alcohol was produced; data
not shown). In pH 5.0, cell number was sharply increasd
to 4.2X10° cell/m/ at 24 hours and slowly decreasd
as time passed. In pH 4.0, cell number slowly increased
to 3X10° cell/ml during the 72 hours.

Effects of Agitation Speed

To investigate the effect of agitation speed on the
high-temperature fermentation, RA-74-2 was cultured
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Fig. 9. Effect of agitation speed on ethanol fermentation of
RA-74-2,

The fermentation was conducted in a jar-fermentor with 2 liters of
fermentation broth. The impeller was an open turbine type (fermentor
diameter, 15 cm; impeller diameter, 5 cm; impeller height, 0.5 c¢m;
fiquid height, 14 cm). The fermentation was caried out at 40°C and
pH was not controlled.

-1 50 pm, @—@: 100 rpm, O—CO: 200 pm, W—M: 300 pm.
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in a jar fermentor with 2L fermentation broth. The impe-
ller was an open turbine type (fermentor diameter, 15
cm; impeller diameter, 5 ¢cm; impeller height, 0.5 cm;
liquid height, 14 cm) and the agitation speed was adjus-
ted to 50, 100, 200, 300 rpm respectively. The fermen-
tation was performed for 96 hours at 40°C. As shown
in Fig. 9, efficient agitation speed was 100~200 rpm.
The fermentation was inhibited at below 100 rpm and
above 200 rpm.

DISCUSSION

We investigated the fermentation characteristics of
newly selected thermotolelant yeasts (RA-912, RA-74-2)
for hyperproductivity and economical process. In case
of RA-74-2, it showed stable fermentability between
30 and 40°C, in comparison to the industrial strains
(Fig. 1B). Agitation was an important fermentation factor
at 40°C but it was less affective at 30°C. On the other
hand, RA-912 showed similar fermentability between
30~45°C and the effects of agitation were more affec-
ted at 37°C than at 45°C (Fig. 2). Therefore it is sugges-
ted that agitation affected thermophilic yeast more affe-
cted at a low temperature than at a high temperature,
and that agitation affected thermotolerant yeast more
at a high temperature than at a low temperature, Among
the nitrogen sources, CSL {com steep liquor), which is
inferior to the yeast extract at 30°C, was an excellent
source at a 42°C-fermentation with RA-912, RA-74-2,
The strain of B company was not affected by CSL. Poly-
peptone,in particular, was of no use at a 45°C fermenta-
tion for RA-912 (Fig. 4A, Fig. 10). This result suggested
that amino acids were not essential molecule on high
temperature fermentation. The optimum substrate con-
centration was 15~18% for RA-74-2 and 10~15% glu-
cose for RA-912 and 0.2% MgSO, was sufficient for a
satisfactory fermentation. In RA-74-2 with 16-hour aera-
tion (The reason for 16-hour aeration was to prevent
alcohol loss by aeration at 40°C) after inoculation, cell
growth and ethanol productivity was better than those
of not-aerated fermentation at 40°C during the initial
24 hours. Howeverthe fermentation stopped and cell
growth decreased after 48 hours of aerated fermentation
(Fig. 7). The results were relative to the byproducts from
aerated hightemperature fermentation {(data not
shown). Then inulin, xylose and lactose were ready to
be as used substrate for RA-912. Especially inulin was
the most promising one among the substrates used in
the high-temperature fermentation. When 14.5% inulin
was used, 93% and 55% fermentation ratios were mar-
ked at 37°C and 45°C respectively, Considering the
inulinase (optimum pH 4.5~5.0, optimum temperature
45~50°C: data not shown) secreated by RA-912, these
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Fig. 10. Comparision of nitrogen sources on the ethanol fer-
mentation at various temperatures of S, cerevisiae B (Industrial
strain), RA-74-2 and RA-912.

The fermentation was conducted at 30 or 42°C for strain of B alcohol
factory. Agitation speed was adjusted to 100 ppm and the initial pH
was 5 after sterilization, ¥ —V: 1% (NH.SO,, O—(: 1% Yeast extract,
O—~0: 1% CS.L A—A: 0.3% Yeast extract, 0.3% Polypeptone, 0.4%
(NHY,S0..

results suggested that RA-912 could be applied to SSF
with inulin at above 37°C and that an economical pro-
duction of the fuel ethanol was possible.
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