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Abstract

Ethanol was produced in a considerably high yield by fermenting
hydrolyzates from cellulosic materials by means of a recombinantlaboratory
yeast expressing B-glucosidases. Tissue paper, cotton, and sawdust were
hydrolyzed by two-step sulfuric acid hydrolysis to give mixtures containing
glucose, cellobiose, and higher cello-oligosaccharides. After the cellulosic
material was partially hydrolyzed with 80% sulfuricacid, the hydrolysis was
continued with 5% sulfuric acid. Except for non-carbohydrate components,
all constituents in the hydrolyzates were fermented by the yeast that was
preincubated in the medium that the plasmid encoded by the -glucosidases
gene was kept in the multiplicated yeast. A solution containing 4% hydro-
lyzates from paper was fermented to give as high as 1.9% maximum ethanol
concentration and 70% ethanol conversion. Cotton also gave a similar result.

*Author to whom all correspondence and reprint requests should be addressed.
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Sawdust was converted into ethanol in approx 22% conversion. Accord-
ingly, it was revealed that the B-glucosidases-expressing yeast can ferment
the cello-oligosaccharides obtained by hydrolysis of cellulosic materials into
ethanol. In addition, a hydrolyzate containing a high glucose proportion
gave a high ethanol concentration in a short time.

Index Entries: Recombinant yeast; fuel ethanol fermentation; 3-glucosi-
dase; cellulose; two-step hydrolysis; paper; wood.

Introduction

Production of fuel ethanol by fermentation was started in Brazil in
1975, followed by United States in 1978, and by Canada in late 1990s (1).
In Brazil, ethanol was first produced by fermentation of sugar cane juice.
Recently, ethanol has also been produced from maize and corn as starting
material (2). These raw materials are composed of mainly o-1,4-linked
oligo- and polyglucoses. When the polyglucoses have high-molecular
weight, they are degraded by enzymes secreted from microorganisms into
glucose and low molecular weight malto-oligosaccharides, which the yeast
Saccharomyces cerevisiae can take into the body and ferment to ethanol, as in
production of the liquor alcohol.

Production of glucose and ethanol from cellulosic materials existing
as the most abundant natural organic materials has been investigated for
more than a few decades. Because cellulose is a 1,4-B-linked polyglucose
included in such structural materials as woods and grasses, its degrading
enzymes are not so abundant in nature.

Ingram and coworkers used a recombinant bacteria Klebsiella oxytoca
for fermenting mixed waste office papers into ethanol in high yield, after
the cellulosic material was hydrolyzed by enzymes into cellobiose and
cellotriose (3). Pretreatment was carried out by heating the waste paper
with 1% sulfuric acid at 140°C for 30 min to produce pulp. Although a
recombinant K. oxytoca expressing a cellobiose-degradating enzyme, a con-
siderable concentration of a cellulose-degradating enzyme cellulase was
addedin case of saccharification and fermentation. Recently, it was reported
that cellulose was pyrolyzed into levoglucosan, which was then hydro-
lyzed into glucose, and that the obtained glucose was fermented by yeasts
S. cerevisiae and P. sp. YZ-1 to produce ethanol in high yield (4).

Recombinant Escherichia coli were produced so that the genes encod-
ing the NADH-oxidizing system of Zymomonas mobilis (5) or a yeast exo--
1,3-glucanase (6) were inserted. It was found that during anaerobic growth,
the E. coli expressing the genes from Z. mobilis converted 10% (v/v) of
glucose into as high as 4.5% of ethanol (5).

Concerning the production of glucose from cellulose, in 1948 a pilot
plant was constructed in Japan, in which two-step sulfuric acid hydrolysis
of ground wood was used (7). After the ground wood was first treated with
9% sulfuric acid at 140°C and then with 1.2 to 1.5% sulfuric acid, concen-
trated sulfuric acid was added to the pressed-out wood powder to increase

Applied Biochemistry and Biotechnology Vol. 135, 2006



Chemo-Enzymatic Production of Fuel Ethanol 17

the acid concentration to 80%. With the concentrated sulfuric acid hydroly-
sis, the yield of glucose was as high as 96%. However, this process was not
industrialized, probably because the aim of the plant was to produce glucose.

Industrial production of fuel ethanol has been reported that wood
cellulose is hydrolyzed by dilute sulfuric acid into glucose, which is then
fermented with a normal yeast (8,9). Because a 1,4-B-linked disaccharide
cellobiose formed during hydrolysis is not fermented by the yeast, it must
be hydrolyzed into glucose (10).

We have investigated synthesis of an azidothymidine-releasing drug
as an AIDS drug, in which the azidothymidine bound to polysaccharide is
designed to be severed by an enzyme from the bound polysaccharide (11).
It was recognized that the enzymatic severance is difficult and slow for
high-molecular weight polymers such as polysaccharides. Therefore, a
proper combination of the chemical hydrolysis of cellulosic materials and
the enzymatic fermentation of the obtained 1,4-B-linked oligosaccharides
might efficiently produce fuel ethanol from the cellulosic material.

Iwashita and coworkers reported that 3-glucosidase genes in Aspergil-
lus kawachii were expressed in both extracellular and cell wall-bound forms
in the recombinant yeast S. cerevisiae (12).

In this article, we report that cellulosic materials, such as tissue paper,
adsorbent cotton, and sawdust, are hydrolyzed by a two-step sulfuric acid
hydrolysis to give a mixture of glucose and cello-oligosaccharides. In addi-
tion, the hydrolyzates are efficiently fermented by the recombinant -glu-
cosidases-expressing yeast to produce ethanol in high yields up to 70%.

Materials and Methods

A recombinant laboratory yeast pYBGA1 was produced by encoding
both bglA gene of A. kawachii IFO4308 and an uracil-encoding gene Ura3 in
S. cerevisiae YPH499 (MATa ura3 lys2 ade2 trpl his3 leu2) (12). IFO4308
encodes both extracellular and cell wall-bound B-glucosidases (13,14).

Two-Step Hydrolysis of Cellulosic Materials

In the first-step hydrolysis, tissue paper consisting of almost pure
cellulose was cut into small pieces, then it was put into 80% (w /w) sulfuric
acid and kept at a fixed temperature and time. The tissue paper readily
dissolved in concentrated sulfuric acid to form a cello-oligosaccharides
solution. In the second step, the solution was diluted with water to yield a
5-20% (w/w) sulfuric acid solution, and heated under stirring at 75-85°C
for 1-15 h. After cooling, the hydrolyzate solution was neutralized with
calcium hydroxide to form calcium sulfate. The calcium sulfate precipitate
was removed by filtration, and then the filtrate was concentrated by
evaporation. The concentrated solution was freeze-dried, followed by
drying in vacuo to afford hydrolyzates. The oligosaccharide composition of
the hydrolyzate was determined by liquid chromatography using a Toso
HPLC 8020 equipped with Toso Amido 80 packed columns. Ash tree
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sawdust was treated with sodium hydroxide solution to remove lignin,
followed by filtering and neutralizing with dilute sulfuric acid. The dry
treated sawdust was used as cellulose raw material for the two-step
hydrolysis.

Preincubation of Recombinant Yeast

Yeasts keptat4°C were incubated in four kinds of preincubation media
at pH 6.0. Compositions of the preincubation medium are summarized in
Table 1. Yeast peptone dextrose (YPD) and yeast peptone cellobiose (YPC)
media were composed of yeast extract and peptone as well as glucose or
cellobiose as carbon source, respectively. Synthetic dextrose or cellobiose
minus uracil medium (SD-Ura or SC-Ura) was the medium composed of the
minimum essential medium, a supplement containing nucleosides other
than uracil, and glucose or cellobiose, respectively. After preparing the
medium, it was sterilized in an autoclave. For YPC medium, preincubation
was performed for 11 d, while for other media it was 7 d to produce indi-
vidual yeasts.

Fermentation

Fermentation of cellobiose was carried out at 26°C in a medium con-
taining 4.0% (w/v) cellobiose, 1.0% yeast extract, 2.0% peptone with the
preincubated yeast in the concentration of 1 x 10® cells/mL for 2 wk.
The initial pH was adjusted to 6.0. For fermentation of cellulose hydro-
lyzates, 4.0-10.8% (w/v) hydrolyzates were fermented in a similar condi-
tion as that of cellobiose in the yeast concentration of 1 x 107 cells/mL.
During 2-wk fermentation, the ethanol concentration produced in the lig-
uid medium was measured at fixed intervals by use of a Shimazu gas chro-
matograph GC-14B, followed by calculating the ethanol conversion from
the starting cellulosic materials.

Results and Discussion

Effects of Preincubation Medium on Fermentation of Cellobiose

Because a laboratory yeast pYBGAT1 has the B-glucosidase gene in the
plasmid instead of the nucleus, it was examined using the fermentation of
a1,4-Blinked disaccharide cellobiose if the $-glucosidase is expressed from
the preincubated pYBGAL1. The result of fermentations is shown in Fig. 1.

Of the five kinds of media examined, yeasts preincubated in YPD
could not ferment cellobiose. On the other hand, other four media such as
YPC,SD,SD-Ura, and SC-Ura gave yeasts fermenting cellobiose. Especially,
yeasts preincubated in SC-Ura and SD-Ura fermented cellobiose to produce
ethanol in a maximum concentration of 1.7% in a short time. The decrease
in ethanol concentration with time might be as a result of proliferation of
yeasts by reversely using the produced ethanol as a carbon source in the
later stage.

Applied Biochemistry and Biotechnology Vol. 135, 2006



‘[ID'IN JNOYIIM 9SOIGO[[90 SUTUTEIUOD WNIPIW [LTUSSd WNWIUIW $9}eu3Isap v41)-DS,

“[I9BIN JNOYIIM IO LM 3SOI)XP SUIUTLIU0D WNIPIW [RUISSd WNWIUTW $93eudIsap v41)-dS 10 (ISs
*9s501q0[[22 pue ‘auoidad “oenxs 3seak Jo pasodwod wnrpawr e sayeudisap DA,

‘(9soon[3 =) asoxxap pue ‘ouoidad ‘1oerIxa 3seask jo pasoduwod wnipaw e sayeudisop (JA.
‘ueydoyd£n 10y 3deoxe sproe ourwre ururejuod jusweddng,

‘[oean 1oy 3daoxe saseq aprsoaponu Jururejuod juswarddng,

“WNTPIW [EHUISSD WNWIUTIA],

O@ \HIHQQ
2200 £9°0 0¢ W41-0S g
££0°0 £9°0 0¢ sPAN-AS i4
¥£0°0 2200 £9°0 0¢ sds €
0¢C 01 0¢C OdA [4
0¢ 01 0¢C adA 1
uowoddns (a/m) % (a/) % a/m)% (/M9 (/Mo (a/m)o  oweu N
dig- Auawarddns VVO/MINA auoydag JoeIXd 9s01q0[[2D asoon[o) WNIpan
vin- SEEY §

22.IN0Ss uoqire)

JIVOGAd 1seaf e Jo uorjeqnourai] 10y pasn wnipajy pmbry
1 o[qel

Vol. 135, 2006

19

Applied Biochemistry and Biotechnology



20 Uryu et al.

o -
-] - N
u T T

Ethanol concentration, %
o
o

0.4

0.2

0 50 100 150 200 250 300 350 400
Incubation time, h

Fig. 1. Effects of preincubation medium on ethanol concentration in fermentation of
4% (w/v) cellobiose. ®: YPD; [1:YPC; x: SD; A: SD-Ura; @: SC-Ura. YPD or YPC des-
ignates yeast (Y), peptone (P), and dextrose (D)(=glucose) or cellobiose (C), respec-
tively. SD and SD-Ura designate minimum essential medium containing dextrose with
and without uracil, respectively. SC-Ura designates minimum essential medium con-
taining cellobiose without uracil (in Table 1).

For YPC and SD, the maximum ethanol concentration was high in
1.6 and 1.5%, respectively. However, the rate of ethanol production was
low. Especially, for SD, the time until the maximum concentration was
310 h.

As a result, it was revealed that the yeast preincubated in the YPD
medium lacked in a B-glucosidase. The reason is assumed to be that the
yeast not containing the plasmid encoded by the B-glucosidase gene was
exclusively proliferated or that the plasmid encoded by the B-glucosidase
gene was removed during cell division.

On the other hand, the yeasts preincubated in SC-Ura and SD-Ura had
the plasmid containing the B-glucosidase gene, the selection of which
occurred by the —(minus) Ura supplement taking either cellobiose or glu-
cose as a carbon source. Accordingly, a recombinant yeast containing both
B-glucosidase gene and uracil-producing gene was selected by the preincu-
bation medium.
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Based on this result, the yeast preincubated in the SD-Ura medium
was chosen as the yeast to ferment cellulose hydrolyzates in the next step.

Two-Step Sulfuric Acid Hydrolysis of Tissue Paper and Its Composition

In the first place, in order to examine enzymatic properties of the yeast
expressing B-glucosidases, a hydrolysis method producing as much and
many as possible kinds of cello-oligosaccharides was sought. Although
tissue paper consisting of high-purity cellulose was hydrolyzed with 5 or
10% dilute sulfuricacid at 80°C for a couple of days, no soluble hydrolyzates
were obtained. In addition, when tissue paper was immersed in 80% con-
centrated sulfuric acid at room temperature, soluble hydrolyzates were
produced. However, after treatment, the hydrolyzate cannot be fermented
by the yeast preincubated in SD-Ura, probably because the terminal group
of the cellulose hydrolyzate was a nonglucosic compound, which was not
severed by the B-glucosidase into glucose.

Thus, tissue paper was hydrolyzed by a two-step hydrolysis with
concentrated and dilute sulfuric acids in the first and second steps, respec-
tively. Results of the hydrolysis of paper, as well as those of cotton and
wood powder, are summarized in Table 2. Oligosaccharide composition of
the hydrolyzates, which was determined by high-performance liquid chro-
matography (HPLC), is shown in Table 3.

Innos. 1and 2 of Table 2, in the first step, tissue paper was hydrolyzed
with 80% sulfuric acid at low temperature of 30 and 45°C for the short time
of 0.17 and 0.25 h, respectively. Then, the obtained light-brown solution
was diluted with water to form 3 and 5% sulfuric acid solutions, respec-
tively. The dilute sulfuric acid solution was heated at high temperatures of
75 and 50°C for 20 and 10 hinno. 1 and 2, respectively. Hydrolyzates were
obtained in more than 100% yields, which contained impurities (Table 2).
Asshownin Table 3, the hydrolyzate of no. 1is composed of 16.7% glucose,
14.3% cellobiose, 3.2% C3, 36.3% over C5, and 29.5% other (indicating
noncarbohydrates). Forno. 2, the oligosaccharide composition was similar,
except for a higher proportion of noncarbohydrates.

It was revealed that the second-step temperature up to 75°C produced
high proportions of non-carbohydrates (= other) (nos. 3-6). Because the
change in condition of the first-step hydrolysis did not affect much on the
oligosaccharide composition, the second-step temperature was raised to
80-85°C, fixing the first step temperature at 25°C (nos. 7- 11).

Under these conditions, the proportion of non-carbohydrates decreased
to 17.5-31.9%. Except for no. 7, which had a short second-step time, the
proportion of glucose to a large extent increased to 56.8-70.5%, indicating
thatthe second-step hydrolysis ata high temperature proceeded to produce
mainly glucose. Especially, the hydrolysis at 85°C for 10 h yielded as high
as 70.5% glucose (no. 11). In addition, the proportion of noncarbohydrates
was low in 17.7%.
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Two-Step Hydrolysis of Cotton and Wood Powder
and Their Compositions

In the first step, cotton was hydrolyzed at 30°C for 0.17 h, then in the
second step, the hydrolysis was continued at 75°C for 20 h (no. 12 in Tables 2
and 3). The hydrolyzate obtained in 94% yield was composed of 63% glu-
cose, 10.9% C2 (cellobiose), 5.8% C3 (cellotriose), and 17.5% other, which
was similar to that obtained from tissue paper under similar conditions (no. 11).

After wood powder was hydrolyzed at 40°C for 0.33 hin the first step,
itwas heated at 75°C for 24 h (no. 13) or at 85°C for 6 h (no. 14) in the second
step. In the former, the glucose proportion was high in 77.4%, whereas in
the latter the proportion of the useless others increased to 27.5%, indicating
that the second-step temperature of 85°C was too high. This result also
suggests that the wood powder was hydrolyzed more easily than the tissue
paper. Because the wood powder was only subjected to alkali treatment, its
cellulose structure might have consisted of high proportion of an amor-
phous region, which is known to be easily hydrolyzed. However, it is a
defectthatalarge amount of sulfuricacid (344 %) was used for the hydrolysis.

Ethanol Fermentation of Cellulose Hydrolyzates
as the Carbon Source

Hydrolyzates were fermented with a recombinant yeast. Effects of
fermentation time on ethanol concentration are shown in Fig. 2.

Hydrolyzates nos. 1 and 2 from tissue paper containing high propor-
tions of oligosaccharides were fermented in a liquid medium containing
6% of hydrolyzates. For nos. 1 and 2, ethanol was produced in low concen-
trations of 0.14 and 0.17% in 48 h, and of 0.15 and 0.21% in 118 h, respec-
tively. One of the reasons that the ethanol concentration was so low is
assumed to be the result of high proportions of noncarbohydrates desig-
nated as other, which might be decomposed compounds from glucose
because they appeared before glucose in HPLC. It has been reported that
furfural and its derivatives toxic to glucolytic enzymes are formed during
dilute-acid hydrolysis at high temperature (9). In addition, over C5 por-
tions might have a terminal group other than the glucose unit, which can-
not be fermented by the yeast.

Hydrolyzates no. 3 to 6, which contain 43-51% glucose as well as
considerably large amounts (8-30%) of oligosaccharides, were fermented.
In a short time, glucose and no. 4 (9% concentration) gave a maximum
ethanol concentration of 2.4 and 2.3%, respectively. Thereafter, the ethanol
concentration gradually decreased. In nos. 3, 5, and 6, the ethanol concen-
tration reached to 1-1.6% in a short time, followed by a gradual decrease.

Taking into account a relationship between the composition and the
ethanol concentration, the two-step hydrolysis might proceed in the mecha-
nism depicted in Scheme 1.

In the first step with concentrated sulfuric acid, it is assumed that
oligosaccharides having the non-glucosic terminal were produced.
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Fig. 2. Ethanol concentration in fermentation of 5% (w/v) paper hydrolyzates
containing large proportions of cello-oligosaccharides. ¢: No. 1; [0: No. 2; ¢: No. 3;
O: No. 4; A: No. 5; x: No. 6; @: Glucose. The number corresponds to that in Tables 2
and 3.

Then, in the second step with dilute sulfuric acid, the main chain of the
oligosaccharides was severed into glucose, cellobiose, larger cello-oligosac-
charides, and other including glycal, which is not confirmed. The last
component (other) cannot be used for fermentation.

In Fig. 3itis shown that a relationship exists between ethanol concen-
tration and incubation time for hydrolyzates containing high proportions
of glucose and considerable amounts of oligosaccharides. Except for nos. 7
and 9, all produced high concentrations of ethanol in a short time. Num-
ber 11, which had a high glucose concentration (70%) and produced
1.9% ethanol in 48 h, was especially high. Because nos. 7 and 9 included
high proportions of oligosaccharides, which have low rate of fermentation,
the ethanol concentration gradually increased with time.

For cotton and sawdust hydrolyzates in the 10% concentration, the
fermentation curve is shown in Fig. 4. All were fermented in a short time to
produce as high as 2.4-3.1% concentration of ethanol. The concentration
decreased with time, probably because the ethanol was reversely consumed
by the yeast as carbon source.

In Table 4, the maximum ethanol concentration and the ethanol con-
version, which is based on both the weight of the starting material and the
yield of the hydrolyzate shown in Table 3, are summarized. For nos. 1 and
2,the ethanol conversion was low as 4.5-6.3%. On the other hand, nos. 3 and
5 afforded the maximum ethanol concentration of 1-1.3%, which corre-

Applied Biochemistry and Biotechnology Vol. 135, 2006
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Ethanol concentration, %

0 48 96 144 192 240 288 336
Incubation time, h

Fig. 3. Ethanol concentration in fermentation of 4% (w/v) paper hydrolyzates con-
taining large proportions of glucose and small proportions of cello-oligosaccharides.
@: No. 7 (5% hydrolyzate); OJ: No. 8 (5% hydrolyzate); A: No. 9; x: No. 10; O: No. 11.
The number corresponds to that in Tables 2 and 3.

Ethanol concentration, %

0 48 96 144 192 240 288 336
Incubation time, h
Fig. 4. Ethanol concentration in fermentation of 10% (w/v) cotton and sawdust

hydrolyzates containing a large proportion of glucose. A: No. 12 (cotton); #: No. 13
(sawdust); O: No. 14 (sawdust). The number corresponds to that in Tables 2 and 3.
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Table 4
Maximum Ethanol Concentration and Ethanol Conversion
Obtained by Fermentation of Hydrolyzates

Concentration Maximum ethanol Incubation Ethanol
of hydrolyzate concentration time conversion”
No.* Y% (W/V) Y% (W/V) h Y%
1¢ 6.0 0.15 118.2 4.5
2¢ 6.0 0.21 118.2 6.3
3¢ 5.7 0.93 46.8 28.7
4c¢ 9.0 2.33 46.8 41.0
5¢ 5.4 1.26 21.7 41.1
6¢ 10.8 1.56 21.7 25.4
7¢ 5.0 1.20 213.0 33.8
8¢ 5.0 1.73 29.0 35.3
9¢ 4.0 1.08 93.0 39.0
10¢ 4.0 1.59 70.0 58.8
11¢ 4.0 1.90 46.0 70.3
124 10.0 3.06 46.8 50.6
13¢ 10.0 2.40 69.0 21.7
14¢ 10.0 2.53 69.0 21.8
Glucose 10.0 4.27 69.0 73.6

?Same as in Tables 1 and 2.

"Based on the weight of the starting material.
‘Tissue paper.

Cotton.

‘Sawdust.

sponds to the ethanol conversion of 29-41% based on the theoretical etha-
nol concentration of 2.82%. In nos. 4 and 6, where 9.0-10.8% hydrolyzate
concentration was used, the ethanol concentration and ethanol conversion
were 1.6-2.3 and 25-41%, respectively. Similarly, nos. 7-11 showed the
maximum ethanol concentration of 1.1-1.9% and the ethanol conversion
of 34-70%.

Because 10% cotton and sawdust hydrolyzates were fermented, they
gave high ethanol concentrations. The former afforded a high 51% conver-
sion. As the sawdust musthave contained approx40-45% lignin and xylan,
the cellulosic portion must have converted into ethanol in high yield.

Figures2—4and Table 3indicate thatin the fermentation of hydrolyzates
with high glucose proportion, a high concentration of ethanol was pro-
duced in a short time. Thus, an ethanol concentration at 48-h incubation
obtained from Fig.2—4 and the glucose proportion exhibited in Table 3 were
converted on the basis of 5% hydrolyzate concentration to give the con-
verted ethanol concentration at 48 h and the calculated glucose concentra-
tion, respectively, as summarized in Table 5 and plotted in Fig. 5.

As seen in Fig. 5, the converted ethanol concentration at 48 h is closely
related to the calculated glucose concentration, exhibiting a linear relation-
ship as follows.
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Fig. 5. Effects of the calculated glucose concentration (%) in the medium containing
5% hydrolyzate on the converted ethanol concentration at 48-h incubation (%).

Converted ethanol concentration at 48 h, % (w/v) =
0.74 x (calculated glucose concentration, % [w/v]) — 0.63

Asaresult,itwasrevealed that the B-glucosidase-expressing yeast can
ferment 1,4-B-linked cello-oligosaccharides to produce ethanol. However,
as the rate of degradation by the B-glucosidase was low, the fermentation
of cello-oligosaccharides took a long time.

In the present experiment, hydrolyzates containing a high proportion
of glucose gave a high ethanol concentration as well as a high ethanol
conversion. Accordingly, the use of yeast expressing B-glucosidases with
high degradationrate might give a high ethanol concentration. Alternately,
if a microorganism that can degrade solid-state cellulose directly into glu-
cose is discovered, an efficient ethanol production from cellulose can be
achieved by normal yeast. A search for conditions to decrease the quantity
of sulfuric acid is in progress.
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