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This study deals with investigation of the ethanol tolerance of yeast strains with respect to
fatty acid composition and intracelluar ethanol concentration during alcohol fermentation. The
cell viabilities and fermentation abilities of Saccharomyces cerevisiae and Kluyveromyces fragilis
were improved by aeration and addition of unsaturated fatty acids into growth medium. Aeration
decreases the accumulation of ethanol, while increases unsaturated fatty acid contents inside
yeast cells. Thus it was found that oxygen and unsaturated fatty acids play decisive roles in the

increase of ethanol tolerance of yeasts.

In the fuel alcohol production, it is favorable to pro-
duce high content of alcohol for high productivity. How-
ever the cell growth and ethanol production in alcohol
fermentation by yeasts are inhibited by ethanol produ-
ced, resulting in the decrease of the yeast cell viability
(4, 16). The inhibitions are partially induced by noncom-
petitive feedback inhibition by intracellular ethanol on
phosphoglycerate kinase, pyruvate decarboxylase and
hexokinase (13, 17). Moreover the increase in apparent
intracellular ethano! content was reflected in a fall in
alcohol dehydrogenase activity (16), and denaturation
of hexokinase was shown to correlate well with measured
intracellular ethanol coricentration (19).

The ethanol tolerance of yeasts depends on the fer-
mentation conditions and cellular characterization of the
organisms used. The fermentation conditions for obtain-
ing the ethanol tolerance are achieved by aeration, lowe-
ring the fermentation temperature, and adding unsatura-
ted fatty acids in the medium (10,11).

Oxygen is utilized by yeast for two purpose: as an
ultimate electron acceptor in aerobic respiration {1, 20)
and as a growth factor (5,22). In particular, oxygen is
participating in the synthesis of unsaturated fatty acids,
sterol and its precursors necessary for cellular membrane
(8,9,22). The ethanol tolerance of yeasts is increased
by the high content of unsaturated fatty acids due to
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higher ethanol diffusion rate into the medium (28). The-
refore, the cell growth rate, ethanol production rate and
cell viability are increased by aeration (10, 11). As a re-
sult aeration increases the ethanol tolerance of yeasts
6, 16).

The ethanol tolerance of yeasts is also increased by
medium supplements, such as ergosterol and unsatura-
ted fatty acids (2,3,5). The possibility that the well-
known ability of unsaturated fatty acids to moderate
ethanol toxicity might be due to enhanced rates of etha-
nol leakage from the cell (23). Especially, intracellular
ethanol concentration was consistently lower when lino-
leic acid was employed, suggesting that the rate of etha-
nol efflux might be higher in linoleyl-residue enriched
cells (23, 28).

Hence, this study was undertaken to investigate the
effect of oxygen and unsaturated fatty acids in a fermen-
tation medium on the ethanol tolerance of yeast strains
by measuring fatty acid composition and intracellular
ethanol concentration in batch alcohol fermentations.

MATERIALS AND METHODS

Organisms

Saccharomyces cerevisiae STV 89, reported to pro-
duce high content ethanol {24), and Kluyveromyces fra-
gilis CBS 397 obtained from Centraalbureau voor Schi-
mmel Culture (Netherland) were used. Strains were
maintained on slants containing 1% yeast extract, 1%
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peptone, 2% glucose and 1.5% agar at 47C.

Inocula were prepared by growing the organisms in
medium containing 10% glucose, 0.5% peptone and 0.5
% yeast extract for 16 hr with agitation at 30C.

Fermentation Medium

The fermentation medium consisted of 20% glucose,
0.5% vyeast extract, 0.5% peptone, 0.5% KH,PO,, 0.2%
{NH4),S0O4 and 0.04% MgSO,4-7H:0. pH was adjusted
to 5.0. The stock solution of lipid complex was prepared
by dissolving 12 g of ergosterol in 96 ml absolute etha-
nol and then adding 2 ml! linoleic acid and 2 m! oleic
acid. This mixture was flushed with nitrogen and added
into the medium at the ratio of 5 ml per one liter me-
dium.

Fermentation

Fermentations were carried out in 20 / jar fermentor
{Bioengineering Co., Swiss) by loading 16 I fermentation
medium with agitation of 300 rpm at 30C. Aerobic and
strictly anaerobic conditions were maintained by supply-
ing 0.16 vwm of air and 0.01 vvm of nitrogen gas without
air, respectively.

Analytical Methods

Glucose concentration was measured as reducing su-
gar using DNS methods (14). Cell mass concentration
was determined by measuring the optical density at 540
nm and was expressed in grams (dry weight) of cells
per liter by referring to a calibration curve showing a
linear correlation between optical density and dry cell
weight. Cell viability was determined by counting the
fraction of viable cells over the total cells (over 500
cells counted) using the methylene blue staining method
of McDonald (12).

Ethanol concentration was measured by gas chroma-
tography using G3800 (Yamaco, Japan) with a flame
ionization detector. A column (2.0 m by 2.0 mm) packed
with Chromosorb W/AW (60~80 mesh) impregnated
with 10% Carbowax 20 M. The temperatures of injector
and detector were 250T and the column oven was ope-
rated isothermally at 90C. The internal standard was
used with 2% (v/v) n-butanol.

For the determination of intracellular ethanol concen-
tration, the fermentation broth (500 m/) was immediately
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centrifuged at 4,000 rpm for 20 min in a refrigerated
centrifuge. The volume of supernatant was correctly
measured at 30C for determining packed cell volume
and retained for extracellular ethanol analysis. The sedi-
ment was resuspended in distilled water of three volumes
of packed cell. The ethanol analysis in supernatant and
cell suspension was carried out using the gas chromato-
graphy mentioned above. Intracellular ethanol concent-
ration (P) was determined from the formula, P,= (P.V.-
P.V.)/Vea where P.=ethanol concentration of cell sus-
pension, V.=volume of cell suspension, P, == extracellular
ethanol concentration, V.= extracellular volume in pac-
ked cell and V.=volume of cells in samples which was
assumed as 3 y per mg dry weight of intact viable cells
(18, 21).

Fatty Acid Analysis

Lipids were extracted from freeze-dried cells by the
method of Taylor and Parks (26) except that methanol
and 0.9% NaCl were used instead of methyl sulfoxide
and 2 M KC|, respectively. Fatty acids were analyzed
as their methyl ester derivatives. Methyl esters of fatty
acids were formed from the dry total lipids by refluxing
for 10 min with anhydrous methanol containing 14%
(w/v) of BF3 by method of Morrision and Smith {15).
Fatty acid methyl esters were then extracted with n-
hexane. The n-hexane extract was concentrated by a
stream of nitrogen. The fatty acid composition of methyl
esters was determined by a Hewlett-Packard G-5890
gas chromatography with a flame ionization detector and
a stainless steel column (3 mmX3 m) of 10% Silar-7CP
on 100~120 mesh Chromosorb W-HP. The injector
and detector temperatures were 260C and 2907, res-
pectively, and the column oven was operated at 185C
initial to 220C final at rate of 1.3C per minute. Peak
areas were determined by integrator.

RESULTS AND DISCUSSION

Alcohol fermentations were carried out to study the ef-
fect of oxygen and lipid complex {ergosterol, linoleic and
oleic acids) added on the ethanol tolerance of S. cerevi-
siae and K. fragilis. The various kinetic parameters in

Table 1. Various kinetic parameters in different fermentation conditions

Fermentation Saccharomyces cerevisiae Kluyveromyces fragilis
conditions Hemac(hr ") Xnla/l) P(g/I-hr) P.(g/) Memax(hr 1) Xala/h) P(g/I-hr) Pu.(g/h)
Aerobic 0.384 11.80(26) 3.24 97.1(30} 0347 9.97(38) 335 87.0(26)
Strictly anaerobic 0.226 6.69(72) 093 74.5(80) 0.054 1.23(56) 0.63 55.2(88)
Strictly anaerobic 0.300 8.26(48) 145 81.2(56) 0.309 4.65(40) 1.09 72.6{72)

with lipids

Mmae: Maximum specific growth rate,
X,: Maximum cell concentration;

P: Overall ethanol productivity.
P, Maximum ethanol concentration.

The numbers in parenthesis indicate the fermentation time (hr) at the maximum cell and ethanol concentration.



8 RYU AND JANG J. Microbiol. Biotechnol.

100 100
!
A
80 +
()

3 A 3

¥ el X

3 3

S 5

= 40 F =

] S

20
20 +
0 i L b 1
20 40 60 80 100 0 1 ) 1 L
20 40 60 80 100
Ethano! Concentration (g/l) Ethanol Concentration (g/l)

Fig. 1. Cell viability of S. cerevisiae STV 89 as function Fig. 2. Cell viability of K. fragilis CBS 397 as function
of ethanol concentration in medium under aerobic of ethanol concentration in medium under aerobic
(®), anaerobic (m) and lipid supplemented anaerobic (@), anaerobic (m) and lipid supplemented anaerobic
(a) conditions. (a) conditions.

Table 2. Fatty acid composition of S. cerevisiae STV 89 grown aerobically, anaerobically and anaerobically with
lipid supplements (ergosterol, oleic and linoleic adis)

Culture Culture Fatty acid composition(%) Sum(%)
conditions time(hr) Cio:o Ciz:o Cu:o Cisio Ci:1 Ciz:o Cisis Cis:2 Cis:z Co:p Saturated Unsaturated

Aerobic 9 - 0.1 08 160 110 54 274 254 139 - 223 77.7
22 - 02 04 86 94 81 351 192 169 21 194 80.6

30 - 03 06 102 149 82 411 247 -~ -~ 193 80.7

Anaerobic 16 05 - 22 162 130 114 188 203 127 49 352 64.8
24 - 04 37 232 124 119 132 142 136 74 46.6 534

) 56 0.2 06 61 209 110 123 149 147 126 6.7 46.8 532

Anaerobic with 16 0.2 03 19 146 79 76 294 381 - - 246 754
ergosterol, oleic 24 - 01 16 156 74 136 283 334 - -~ 309 691
and linoleic acids 56 - 0.2 16 167 64 135 302 314 - - 320 68.0

Table 3. Fatty acid composition of K. fragilis CBS 397 grown aerobically, anaerobically and anaerobically with
lipid supplements (ergosterol, oleic and linoleic acids)

Culture Culture Fatty acid composition{%) Sum(%)
conditions time(hr) Cio:0 Ciz:o Cu:o Cis:o Cisea Cis:o Cig:1 Cis:2 Cig:z Cap:o Saturated Unsaturated
Aerobic 9 - 12 20 165 404 44 312 28 - 15 256 744
22 05 07 08 144 203 101 305 227 - - 265 735
30 0.1 08 07 129 278 92 328 157 - - 237 763
Anaerobic 16 84 82 95 325 9.8 111 74 38 4.3 50 74.7 253
24 117 110 86 316 83 157 82 49 - - 786 214
56 84 15.7 107 346 6.7 176 6.3 — - - 87.0 13.0
Anaerobic with 16 - 32 95 251 75 107 250 190 — - 485 515
ergosterol, oleic 24 0.1 09 16 99 7.2 175 230 233 86 79 379 62.1
and linoleic acids 56 — 16 13 99 31 196 347 287 — L1 335 66.5
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Fig. 3. Accumulation of extracellular (®.M, 4) and intra-
cellular (0.0, 2) ethanol during the fermentation
time of S. cerevisiae STV 89 in aerobic (@.0), anae-
robic (&, 0) and lipid supplemented anaerobic (a, »)
conditions.

aerobic, anaerobic and lipid supplemented anaerobic
conditions were shown in Table 1.

The cell growth rate and ethanol production rate were
stimulated by aeration. The cell mass and ethanol produ-
ction were also substantially improved by aeration. With
respect to strains, the maximum specific growth rate and
overall ethanol productivity of K. fragilis under aerated
condition were 6.4 fold and 5.3 fold higher than those
under anaerobic condition, although those of S. cerevi-
siae were increased 1.7 times and 3.5 times by aeration.
Under aerobic condition, the maximum ethanol concent-
ration (P,) reached at 97.1 g/l and ethanol yield was
0.486 g-ethanol/g-glucose in S. cerevisiae, whereas in
K. fragilis, P,, reached at 87.0 g/! and ethanol vield was
0435 g-ethanol/g-glucose. These values slightly lower
than those in S. cerevisiae, because K. fragilis utilized
the ethanol for its growth at late stage of fermentation
as reported by Guiraud et al. (7). The addition of ergos-
terol, linoleic and oleic acids also improved the cell gro-
wth and ethanol production of S. cerevisiae and K fragi-
lis as reported by Janssens et al. (8) and Ryu et al.
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Fig. 4. Accumulation of extracellalar (@, B, a) and intra-
cellular (0,0,2) ethanol during the fermentation
time of K. fragilis CBS 397 in aerobic (O, ®), anaero-
bic (®,0) and lipid supplemented anaerobic (a, »)
conditions,

(25).

The cell viabilities of S. cerevisiae (Fig. 1) and K. fragi-
lis (Fig. 2) have been substantially improved by aeration
and addition of ergosterol, linoleic and oleic acids.

As a result, the cell growth and ethanol production
rate, cell viability were enhanced by aeration and supple-
mented lipids. It was suggested that the oxygen partici-
pates in the synthesis of sterol, unsaturated fatty acids
and its precursors necessary for cellular membranes (8, 9,
22). The ergosterol and unsaturated fatty acids also act
directly as precursors of the lipid synthesis of cellular
membranes (8, 27). Hence, the enrichment of unsaturat-
ed fatty acids of cell membrane improved cell viability
in yeasts (5, 8, 22).

To investigate the factors affecting ethanol tolerance,
qualitative fatty acid profiles were made from S, cerevi-
siae and K. fragilis cultures harvested after growth under
aerobic, anaerobic growth, and lipid supplemented an-
aerobic conditions.

In fatty acid composition of S. cerevisiae (Table 2)
grown under aerobic condition, the content of unsatura-
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ted fatty acid primarily linoleic acid (Cis:2) and oleic
acid (Cis:1) was about 4 times higher than that of satu-
rated fatty acid. The anaerobically grown cells contained
slightly higher level of unsaturated fatty acid, although
palmitic aicd (Cie: 0} was contained in the highest level.
In the lipid-supplemented anaerobic cultures containing
exogeneous linoleic and oleic acids represented 34%
and 29% in average of these fatty acids, respectively,
which are significant increases compared with the anae-
robic cultures.

In fatty acid composition of K. fragilis (Table 3), the
aerobically grown cells contained predominantly unsat-
urated fatty acids (74.7%), primarily palmitoleic acid
{Ci6:1), oleic acid and linoleic acid. Meanwhile, tne con-
tent of saturated fatty acid under anaerobically grown
cell was approximately 4 fold higher than that of unsatu-
rated fatty acid. Especially, palmitic aicd (Cis:0) was the
highest content. The content of unsaturated fatty acid
was also markedly increased by the supplement of oleic
and linoleic acids and ergosterol.

As a result, the content of unsaturated fatty acid of
S. cerevisiae and K. fragilis was increased 1.4 fold and
3.8 fold by aeration, respectively. The content unsatura-
ted fatty acids of S. cerevisiaze was slightly higher than
that of K. fragilis. Thus it was found that the stimulation
of cell growth and ethanol production is owing to the
increase of unsaturated fatty acid content by aeration.

The intracellular ethanol concentration of S, cerevisiae
during the fermentation was shown in Fig. 3. Under
aerobic condition, the intracellular ethanol was rapidly
accumulated due to higher ethanol production rate than
ethanol diffusion into the medium during an early fer-
mentation stage. After reaching up to a maximum intra-
cellular ethanol concentration, the accumulation of eth-
anol in cells was rapidly decreased up to extracellular
level in the late fermentation stage, resulting from the
higher rate of ethanol diffusion into medium than that
of ethanol prodution.

Under anaerobic condition, however, the accumulation
of ethanol in cells slowly increased up to about 190
g/l in 30 hr of fermentation and thereafter slowly de-
creased up to the extracellular level The intracellular
ethanol concentration of K. fragilis was shown in Fig.
4. The intracellular ethanol concentration of K fragilis
showed almost same profiles as S. cerevisiae regardless
of fermentation mode. The maximum intracellular etha-
nol concentration of K. fragilis was slightly higher than
that of S. cerevisiae under same fermentation conditions.

From these results, it was suggested that the cell grow-
th rate ethanol production rate, and cell viability were
increased by high content of unsaturated fatty acids, es-
pecially linoleic acid, showing moderate ethanol toxicity
due to enhanced rate of ethanol diffusion into medium

J. Microbiol. Biotechnol,

(23, 28) under aerobic condition. Thus, it was concluded
that oxygen and unsaturated fatty acids take decisive
roles in the increase of ethanol tolerance of yeast strains.
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