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We used commercial bakers' yeast (Saccharomyces cerevisiae) to study the
conversion of D-xylulose to ethanol in the presence of D-xylose. The rate of
ethanol production increased with an increase in yeast cell density. The optimal
temperature for D-xylulose fermentation was 35°C, and the optimal pH range was
4 to 6. The fermentation of D-xylulose by yeast resulted in the production of
ethanol as the major product; small amounts of xylitol and glycerol were also
produced. The production of xylitol was influenced by pH as well as temperature.
High pH values and low temperatures enhanced xylitol production. The rate of
D-xylulose fermentation decreased when the production of ethanol yielded con-
centrations of 4% or more. The slow conversion rate of D-xylulose to ethanol was
increased by increasing the yeast cell density. The overall production of ethanol
from D-xylulose by yeast cells under optimal conditions was 90% of the theoretical
yield.

Previously, we described the production of
ethanol from isomerized D-xylose (D-xylulose)
by Saccharomyces cerevisiae. We also demon-
strated that D-xylose isomerase is required for
the production of ethanol from D-xylose by
yeasts (5). In this report, we describe the char-
acteristics of D-xylulose fermentation to ethanol
by industrial bakers' yeast.

D-Xylose is the major product of the hydrol-
ysis of hemicellulose from many plant materials.
It often comprises more than 60% of the recover-
able sugars derived from hemicelluloses (9). To
maximize the conversion of biomass-derived
sugars to ethanol, it is important to ferment not
only six-carbon sugars, but also five-carbon
sugars.
Many efforts have been made to convert cel-

lulose to ethanol via saccharification and fer-
mentation steps. Attempts to convert D-xylose
to ethanol have not yielded satisfactory results.
Primarily, this is because yeast cannot ferment
D-xylose to ethanol (2). Several bacteria and
mycelial fungi are known to ferment D-xylose to
a mixture of fermentation products, including
ethanol. However, no yeasts have been reported
to ferment pentoses, although some are known
to metabolize D-xylose aerobically (2). Recently,
we have observed that many yeasts are able to
produce ethanol from D-xylose in the presence
of D-xylose-isomerizing enzyme. Similar obser-
vations have also been reported by Wang et al.
(19, 20). The conversion of D-xylose to ethanol
is thought to proceed by the enzyme-catalyzed

isomerization of D-xylose to D-xylulose and the
subsequent fermentation of D-xylulose to
ethanol (5).
These observations indicated that production

of ethanol from D-xylose can be accomplished
by using yeast and commercially available xylose
isomerase (glucose isomerase) in a simultaneous
isomerization and fermentation process. Since
D-xylose isomerization and sugar fermentation
have different optimal conditions (5, 15), it is
necessary to determine the compatible environ-
mental conditions for the isomerization and fer-
mentation of D-xylose by yeast and isomerase.
In addition to pH and temperature effects, fac-
tors such as yeast cell density and the effects of
various sugars present in the fermentation broth
must be investigated.
The objectives of this study were to determine

the optimal conditions for D-xylulose fermenta-
tion by bakers' yeast and to evaluate the ability
of yeast to ferment D-xylulose to ethanol in the
presence of other sugars.
We used commercial bakers' yeast rather than

pure cultures of S. cerevisiae because bakers'
yeast provides a large supply of yeast cells in an
active form that can be added easily to fermen-
tation substrates. We used a high density of
yeast for fermentations to overcome the slow
rate of ethanol production from D-xylulose (5).

MATERIALS AND METHODS
Organism. An industrial strain of bakers' yeast (S.

cerevisiae) was purchased in dried pellet form from
284
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Universal Food Co., Milwaukee, Wis. This yeast was
kept in a refrigerator and was added to a fermentor
directly as an inoculum without any pretreatment.

Substrate. A stock solution of pentose syrup (50%
D-xylulose and 50% D-xylose) was prepared by using
immobilized glucose isomerase (Sweetzyme; type Q;
lot no. BA-117-0298; 220 IU/g; Novo Industries, Inc.).
The isomerase was swollen in 0.05 M phosphate buffer
(pH 7.5) containing 0.5 g of sodium bisulfite per liter
and 3 x lo-, mM Mg2e and was packed in a 220-ml
glass jacket column (3.5 by 30 cm). A D-xylose solution
(500 g/liter) was pumped at a flow rate of 50 ml/h
through the column at constant temperature of 700C
and a pH of 7.5. At this flow rate the effluent had an
equilibrium conversion of total sugar to D-xylulose of
30%. A concentrated solution containing 50% D-xylu-
lose was then prepared by differential ethanol precip-
itation of D-xylose from the concentrated isomerized
D-xylose solution.
Fermentation. Fermentations were performed in

a 5-liter fermentor (New Brunswick Scientific Co.,
New Brunswick, N.J.) equipped with pH and temper-
ature controls. Agitation was fixed at 350 rpm, and
fermentation conditions (such as pH, temperature,
substrate composition, and inoculum size) were varied.
The substrate used for studying the effects of pH,
temperature, yeast cell density, and ethanol concen-
tration was pentose syrup at a concentration of 150 g/
liter. The substrate solution used for comparing sugar
utilization values contained 120 g of pentose syrup per
liter and 30 g of D-glucose or D-fructose per liter. The
effect of D-xylose on D-xylulose fermentation was in-
vestigated by using substrates containing 30 g of D-
xylulose per liter and different concentrations of D-
xylose. Yeast growth nutrients, such as yeast extract
and peptone, were not added to any of the substrates,
nor were the substrates autoclaved before fermenta-
tion.

Bacterial contamination. Slight bacterial con-
tamination (average, 35 cells per g of dry yeast) was
present in commercial bakers' yeast. During fermen-
tation experiments, samples were removed periodi-
cally from the fermentation broth and observed micro-
scopically for the presence of bacterial cells. No sig-
nificant bacterial growth was observed during fermen-
tations unless the pH was 7 or more and the incubation
time was 48 h or longer.

Analysis. During fermentation experiments, sam-
ples were withdrawn and centrifuged, and the super-
natants were collected, frozen, and later analyzed.
Ethanol concentration was measured by gas chroma-
tography, and sugar consumption was analyzed by
low-pressure liquid chromatography (10).

RESULTS AND DISCUSSION
The early steps of yeast metabolism of D-

xylose proceed through the oxidoreduction re-
action. In this reaction, D-xylose is reduced to
xylitol by reduced nicotinamide adenine dinucle-
otide phosphate-dependent aldoreductase, and
xylitol is then oxidized to D-xylulose by nicotin-
amide adenine dinucleotide phosphate-depend-
ent D-xylulose reductase. D-Xylose is then phos-
phorylated to D-xylulose 5-phosphate, which is

then converted to pyruvate through both the
pentose phosphate pathway and the Embden-
Myerhof pathway (1, 3, 4, 14).

In most bacteria, the direct isomerization of
D-xylose to D-xylulose by D-xylose isomerase is
the first step in D-xylose metabolism (11, 16, 21).
In certain yeasts, such as Candida utilis and
Rhodotorula gracilis, the presence of an induc-
ible enzyme, D-xylose isomerase, has been dem-
onstrated (6, 18). However, the oxidoreduction
pathway is believed to be the predominant path-
way for D-xylose metabolism in yeasts (1).

Previous observations of D-xylose metabolism
by yeasts in our laboratory indicated that many
yeasts convert D-xylose to xylitol readily, but
none of the yeasts tested was able to ferment
either D-xylose or xylitol to ethanol (5). Several
yeasts, such as S. cerevisiae, Candida utilis, and
Candida diddensii, readily ferment both D-glu-
cose and D-xylulose to ethanol; S. cerevisiae is
the most effective in producing ethanol from D-
xylulose.

In this study we used industrial bakers' yeast
to examine the effects of many environmental
factors on the production of ethanol from D-
xylulose.

Effect of cell density on ethanol produc-
tion. The rate of ethanol production from D-
xylulose was linear over a concentration range
from 50 to 150 mg of cells per ml. The ethanol
production rate reached its maximum at 150 mg
of cells per ml (Fig. 1). A high concentration of
yeast cells decreased the fermentation time, re-
sulting in a higher ethanol yield. At a lower
concentration of yeast cells (<100 g/liter), the
fermentation time increased significantly. This
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FIG. 1. Effect of yeast concentration on the pro-

duction of ethanol from D-xylulose by bakers' yeast.
The temperature was 37°C, and the pH was 6. Sym-
bols: ®), 50 glliter; A, 100 glliter; El, 150 g/liter; *
200 glliter; V, 250 glliter.
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resulted in a difference of 30% in ethanol yield
between yeast cells at concentrations of 250 and
50 g/liter after 24 h of incubation.
The initial rate of D-xylulose fermentation was

linear as a function of yeast cell density at low
cell concentrations. Figure 2 shows the effect of
yeast concentration on the specific ethanol pro-
duction rate (grams of ethanol produced per
hour per gram of yeast cells). The specific
ethanol production rate was approximately 0.03
g/liter per h when 75 g of yeast cells per liter
was used.
A decrease in specific ethanol production rate

with increasing cell density reportedly occurs in
S. cerevisiae during "rapid fermentation" of glu-
cose under high-cell density conditions (12).
This is due to the effect of accumulated ethanol
within yeast cells, which decreases alcohol de-
hydrogenase activity and cell viability.
To evaluate the effects of various fermenta-

tion conditions on D-xylulose fermentation, we
used a concentration of 75 g of active dried yeast
per liter as a standard inoculum. At this yeast
concentration, the fermentation of D-xylulose
was complete within 24 h, whereas the yeast
growth during this period of fermentation was
limited.
Effect of temperature. The initial fermen-

tation rate of D-xylulose was relatively constant
between 35 and 40°C, with an optimal temper-
ature around 35'C (Fig. 3). At temperatures of
more than 40°C, the rate of ethanol production
decreased faster than at lower temperatures.
Final ethanol concentrations varied slightly be-
tween 35 and 40°C. The ethanol yields from D-
xylulose at these temperatures remained high
(<90%).
The optimal temperature for fermentation is

usually higher than the optimal growth temper-
ature (17). However, it is more difficult to main-
tain the ability of a yeast to ferment at higher
temperatures (13). During glucose fermentation,
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FIG. 2. Effect of yeast concentration on ethanol

production rate and yeast activity. Symbols: 0,
ethanol production rate; A, specific ethanol produc-
tion rate.

yeasts lose the ability to ferment within 16 h at
39.6°C, whereas at lower temperatures they re-
tain this ability much longer. This is because
continuous yeast growth is required for fermen-
tation (8). We attempted to prolong yeast activ-
ity at high temperatures by supplementing me-
dia with yeast growth factors, but no significant
yeast growth was observed after 16 h of fermen-
tation, even when we used a relatively small
inoculum (40 g/liter).

Effect of pH. Figure 4 shows the effect of pH
on D-xylulose fermentation. We observed few
differences in the rates of ethanol production
and sugar consumption in the pH range from 4
to 6. At pH 7, the initial fermentation rate and
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FIG. 3. Effect of temperature on the production of
ethanol from D-xylulose by bakers'yeast. ThepH was
6, and the cell density was 75 g/liter. Symbols: (0,
300C; E], 350C; A, 37°C; A, 400C; 0, 450C.
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FIG. 4. Effect ofpH on the production of ethanol
from D-xylulose by bakers' yeast. The temperature
was 370C, and the cell density was 75 g/liter. Sym-
bols: (3, pH 4; *, pH 5; A, pH 6; El, pH 7.
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the final ethanol yield were 75 and 67% of the
values of pH 4, respectively. The effect of pH on
D-xylulose fermentation differed from the effect
on the D-xylose isomerization reaction. The op-
timal pH range was narrower and the optimal
pH was higher for the isomerization of D-xylose
to D-xylulose than for the D-xylulose fermenta-
tion (15; H. Y. Hsiao, L.-F. Chen, C.-S. Gong,
and G. T. Tsao, manuscript in preparation).
The reduced ethanol yield at pH 7 could have

been caused by bacterial contamination which
decreased the amount of D-xylulose available for
the yeast. By-product formation could also have
been an important factor contributing to the
reduced ethanol yield at the high pH. We meas-
ured the concentrations of some fermentation
by-products, such as xylitol and glycerol. The
formation of xylitol and the formation of glycerol
were greater at a higher pH and a lower temper-
ature.
Normally, during the fermentation of D-glu-

cose and D-xylulose the pH decreases to approx-
imately 4, and this decrease in pH coincides with
maximal ethanol production (5). Since a de-
crease in pH is detrimental to the rate of D-
xylose isomerization, the maintenance of a pH
of approximately 6 is important in a simultane-
ous isomerization and fermentation process.

Effect ofD-xylose. In the simultaneous isom-
erization and fermentation of D-xylose to
ethanol, the presence of some D-xylose is una-
voidable due to the equilibrium of the isomeri-
zation reaction catalyzed by the isomerase. At
high pentose concentrations, the effect of high
osmotic pressure, the hinderance of D-xylulose
transport, and the substrate inhibition exerted
by D-xylose on D-xylulose fermentation must be
considered. The total sugar concentration used
in this study was 150 g/liter or less. It is doubtful
that the osmotic pressure significantly affected
the fermentation.

Information concerning D-xylulose transport
is not available. In the red yeast Rhodotorula,
D-xylose is taken up and accumulates rapidly,
but the metabolism of D-xylose does not occur
until after a lag period (7). The effect of D-xylose
on D-xylulose uptake has not been reported in
yeasts. As Fig. 5 shows, the presence of different
concentrations of D-xylose had no significant
effect on D-xylulose fermentation. This indicted
that the uptake mechanism of D-xylulose is prob-
ably different from that of D-xylose. Since we
observed no lag period between the uptake and
utilization of D-xylulose, these results indicated
that D-xylulose was taken up and metabolized
by yeast cells readily and that the presence of
D-xylose had no inhibitory effect.
Effect of ethanol. The effect of ethanol on

D-xylulose fermentation was studied by adding

different amounts of ethanol to the fermentation
substrate before inoculating with yeast. Figure
6 shows that there was strong end product in-
hibition by ethanol. Increasing the ethanol con-
centration in the fermentation broth decreased
the rate of ethanol production over the 24-h
sampling period. The decrease in fermentation
rate due to the increasing concentrations of
ethanol produced could be avoided by using
ethanol-tolerant yeast strains.
Substrate specificity. We examined the

substrate specificity for yeast fermentation of
D-xylulose, D-glucose, and D-fructose in the pres-
ence of equal amounts of D-xylose. As Fig. 7
shows, there was little difference between the
rates of ethanol production when glucose and
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FIG. 5. Effect of D-xylose on the production of

ethanol from D-xylulose by bakers'yeast. The temper-
ature was 370C, the pH was 6, and the cell density
was 75 glliter. Symbols: (0, 30 g/liter; A, 45 glliter,
A, 60 g/liter; *, 75 glliter; E, 90 glliter.
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FIG. 6. Effect of initial ethanol concentration on
the production of ethanol from D-xylulose by bakers'
yeast. The temperature was 370C, thepH was 6, and
the cell density was 75g/liter. Symbols: 0D, 0.5 g/liter;
E, 15.6 g/liter; A, 29.6 glliter; 0, 42.3 glliter.
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fructose were used as substrates; a linear rela-
tionship between fermentation time and ethanol
yield was obtained. The ethanol production rate
was 20 g/liter per h for both glucose and fructose.
When D-xylulose was used as a substrate, a much
slower fermentation rate was observed. Since
more enzymes are involved in the fermentation
of pentose than in glycolysis, the steps of the
pentose phosphate pathway could be the possi-
ble rate-limiting steps for D-xylulose fermenta-
tion.

Effect of D-xylulose concentration. The
effect of D-xylulose concentration on the ethanol
production rate was studied by adding different
amounts of pentose syrup as the fermentation
substrate before adding yeast cells. Figure 8
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FIG. 7. Fermentation of D-glucose (0), D-fructose
(A), and D-xylulose (E) to ethanol by bakers' yeast.
The temperature was 370C, the pH was 6, and the
cell density was 75 glliter; the D-glucose and D-fruc-
tose concentrations were 30g/liter, and the D-xylulose
concentration was 60 glliter.

shows that the initial ethanol production rate
increased with increasing concentrations of D-
xylulose. Although the initial rate of ethanol
production varied with initial substrate concen-
tration, the rate of ethanol production after ap-
proximately 8 h of fermentation was reduced.
This resulted in the accumulation of ethanol at
a concentration of approximately 13 g/liter after
24 h of fermentation regardless of the initial
substrate concentration used.
By-product formation. The major by-prod-

uct formed when D-xylulose is fermented is xy-
litol, but small amounts of glycerol were also
produced. The final yields of xylitol and glycerol
at 35°C and pH 6 were 11 and 0.5 g/liter, re-
spectively. Low temperatures, high pH values,
and high D-xylose concentrations favored xylitol
production (Table 1). Xylitol could be derived
from D-xylose or D-xylulose or both (5).
Conclusion. Temperature, pH, isomerizing

enzyme activity, end product inhibition, cell den-
sity, and substrate concentration are the impor-
tant factors in determining the rate of ethanol
production from D-xylulose in simultaneous
isomerization and fermentation of D-xylose. For
the D-xylulose fermentation by yeast, a temper-
ature of 35 to 40°C and a pH of 4 to 6 are
optimal. Higher pH values and lower tempera-
tures reduce fermentation activity and increase
by-product formation. At lower pH values and
temperatures, isomerization activity is de-
creased. However, since the rate of fermentation
is slower than the rate of isomerization, the
slower rate of isomerization has no effect on the
rate of fermentation.
On the basis of the experimental results de-

scribed here, acceptable pH and temperature
conditions can be chosen for the simultaneous
isomerization and fermentation of D-xylose by
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TABLE 1. Xylitol production by bakers' yeast under
various fermentation conditions

Fermentation conditions

Concn of Concn of xylitol
pH Temp xylose (g/ produced (g/liter)(0C) liter)

4 30 120 11.0
4 35 120 8.0
4 37 120 7.7
4 40 120 7.6
4 45 120 4.2
5 35 120 9.6
6 35 120 11.4
7 35 120 12.0
4 35 30 2.1
4 35 45 2.5
4 35 60 2.8
4 35 75 4.0
4 35 90 5.5
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D-xylose isomerase and yeast. The optimal pH
is 6, and the optimal temperature is 37°C. Under
these optimal fermentation conditions, a typical
fermentation resulted in the production of 0.45
g of ethanol, 0.1 g of xylitol, and 0.02 g of glycerol
per g of D-xylulose consumed.
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