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Alcohol fermentation of starch was investigated using a
direct starch fermenting yeast, Saccharomyces cerevi-
siae SR93, constructed by integrating a glucoamylase-
producing gene (STA1) into the chromosome of Saccha-
romyces cerevisiae SH1089. The glucoamylase was con-
stitutively produced by the recombinant yeast. The
ethanol concentration produced by the recombinant
yeast was 14.3 g/L which was about 1.5-fold higher than
by the conventional mixed culture using an amylolytic
microorganism and a fermenting microorganism. About
60% of the starch was converted into ethanol by the re-
combinant yeast, and the ethanol yield reached its maxi-
mum value of 0.48 at the initial starch concentration of 50
g/L. The fed-batch culture, which maintains the starch
concentration in the range of 30 to 50 g/L, was used to
produce a large amount of ethanol from starch. The
amount of ethanol produced in the fed-batch culture in-
creased about 20% compared to the batch culture. © 1997
John Wiley & Sons, Inc.
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INTRODUCTION

and Haggstrom, 1983; Han and Steinberg, 1987; Kurosawa
et al., 1989; Lee et al.,, 1983; Tanaka et al., 1986). The
advantages of the simultaneous saccharification and fer-
mentation are that a two-stage process for the conversion of
starch into ethanol is realized in one reactor and the glucose
produced is rapidly converted into ethanol (Beschkov et al.,
1984). However, in this system the ethanol yield decreased
because much starch was consumed by the growth of amy-
lolytic microorganisms. To increase the production of etha-
nol, it is necessary to breed a microorganism by a genetic
manipulation, which can directly ferment starch into etha-
nol. Recently, there has been much interest in genetic en-
gineering for expression of heterologous genes in a yeast as
well asEscherichia coli(Park et al., 1993; Patkar and Seo,
1992; Silva and Bailey, 1991; Walls and Gainer, 1991).
The genetic manipulation required to insert a recombi-
nant plasmid with a heterologous gene into a cell is a com-
paratively easy procedure. However, the loss of plasmid
with a heterologous gene has been observed during longel
incubation. Although Sardonini and DiBiasio (1987) at-
tempted to avoid the loss of plasmids $accharomyces
cerevisiaecontaining a recombinant plasmid, by using a

Starch is the most abundant utilizable resource in plant bioselective media, some of the plasmids leaked from the cells.
mass and can be hydrolyzed enzymatically into fermentabl&@herefore, to avoid the loss of the heterologous gene, it is
sugar available to microorganisms. Traditional conversiomecessary to insert a heterologous gene into the microbial
of starch into alcohol requires a two-stage process: hydroechromosome (Mochizuki et al., 1994; Scherer and Davis,
lysis of starch by acid or amylolytic enzyme and fermenta-1979).
tion by anaerobic bacterium or yeast. Research has been|n this work, the direct conversion of starch into ethanol
focused recently on the enzymatic hydrolysis by amylase oby a genetic recombinant yeast having glucoamylase activ-
amylolytic microorganism, on the alcohol fermentation byity was investigated. The effect of initial starch concentra-
immobilized yeast and on substrate-controlled fed-batchion on the production of glucoamylase by the recombinant
cultures using an automatic analyzer to increase the produgeast was evaluated experimentally. The amount of ethanol
tion rate and recover the cell mass in a continuous cultur@roduced by the recombinant yeast was compared to that
(Hoshino et al., 1990; Nakasaki et al., 1989; Park andoroduced by the conventional mixed culture using an amy-
Rivera, 1982; Shimizu et al., 1988; Wada et al., 1981). lolytic microorganism and a fermenting microorganism.
Simultaneous saccharification and fermentation withThe fed-batch culture using recombinant yeast was tested
mixed microorganisms such as an amylolytic microorgan{or the large-scale production of ethanol from starch.
ism and an ethanol-fermenting microorganism is an effec-
tive method for the direct fermentation of starch (DostalekMATERIALS AND METHODS

Host Strains and Plasmids

*To whom all correspondence should be addressed. Telephone: 81-768accharomyces cerevisig&H1089 (ura-3 leu-2), kindly
34-4819; fax: 81 762 34 4829 supplied by S. Harashima (Osaka University), dsth-
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erichia coli JIM109 were used as host strains. The glu-
coamylase geneSTAL, originating from Saccharomyces
diastaticus,was obtained by digesting pSTA1-7-18 plas-
mid, kindly provided by I. Yamashita (Hiroshima Univer-
sity) (Yamashita et al., 1985). A yeast plasmid, YIP5, and
an Escherichia coliplasmid, pUC19, were used for gene
manipulation.

Construction of Recombinant Yeast

Glucoamylase activity [U/ml]

The STAlgene was integrated into the chromosom&ac-
charomyces cerevisig®H1089 by the homologous recom-
bination method (Orr-Weaver et al., 1981). The first screen-
ing was done with minimal medium without uracil and the
second screening was done with optimized carbon-limited
minimal medium containing only starch as carbon source.
One clone expressing a glucoamylase activity was obtained
and namedsaccharomyces cerevisi&R93.

Ethanol concentration [g/1]

Culture Media and Cultivation

Time [h]

YPS medium was used for the incubation experiments of
recombinant yeast and contained 5 g/L of yeast extract, 1igyre 1. Time courses of glucoamylase activity and ethanol concentra-
g/L of polypeptone and various concentrations of solubleion under various initial starch concentrations. Symbal {0 g/L; @)
starch. All biochemicals of the medium were from Wako 50 g/L; (&) 100 g/L; (¢) 150 g/L; and {) 200 g/L.
Pure ChemicalSaccharomyces cerevisi&R93 was pre-
cultured in the L-test tube containing 10 mL of YPD me-
dium (5 g/L yeast extract, 10 g/L polypeptone, and 20 g/Lcentrations. The glucoamylase activity rose rapidly with the
glucose). When the cell concentration reached 1.0 g/L, 1 mlincrease of initial starch concentration and reached its maxi-
of the culture was poured into 100 mL of YPS medium andmum value at a relatively short incubation time. This value
shaken. The incubation was carried out at pH 5 and 30°C foat the initial starch concentration of 200 g/L was about
200 h by rotary shaker with 100-rpm agitation (BR-300L; 2.5-fold higher than that at the initial starch concentration of
Taiyo Kagaku Kogyo). 10 g/L. The reason why the maximum glucoamylase activ-
ity increased with the increase of initial starch concentration
Analysis is unknown in detail, but it seems thgt the sggretion of
glucoamylase was promoted by the high specific growth
The cell concentration was estimated by measuring the dryate at the higher initial starch concentration. The ethanol
cell weight. The glucose concentration was measured by theoncentration increased with the increase of incubation time
mutarotase GOD method (Glucose C-Test; Wako Purend the maximum ethanol concentration increased with the
Chemical). The starch concentration was determined byncrease of initial starch concentration. The glucoamylase
subtracting the amount of glucose from the total amount ofctivity decreased rapidly when ethanol concentration ex-
sugar as measured by the phenol—sulfuric acid method (Dweeded about 15 g/L. This suggests that an ethanol concen
bois et al., 1956). The ethanol concentration was measuregation above 15 g/L exhibits an inhibitory effect on glu-
by gas chromatography (Shimadzu, GC-8APF). Glucoamyeoamylase activity. No loss of tH8TAlgene inserted into
lase activity was assayed by measuring the glucose releastiie chromosome was observed during an incubation time of
from the soluble starch when 8QQ. of culture filtrate was 200 h.
mixed with 200u.L (final volume of 1000uL) of 2% (w/v) The experimental results of the direct fermentation of
soluble starch in 0.M acetate buffer at pH 5 and incubated starch using the recombinant yeast and of the simultaneous
at 50°C for 30 min (Lin et al., 1993; Yamashita and Fukui, saccharification and fermentation of starch using mixed mi-
1984). One unit of glucoamylase activity is defined as thecroorganisms Aspergillus awamoriand Saccharomyces
amount of enzyme required to produceutnol of glucose/ cerevisiaeare shown in Figure 2a and b, respectively. As
min at pH 5 and 50°C. shown in Figure 2a, the recombinant yeast converted the
glucose produced into ethanol by hydrolyzing the starch.
RESULTS AND DISCUSSION The glgcosg concentratiqn incre'ased with the increase of
incubation time reaching its maximum value at 48 h, after

Figure 1 shows the time courses of glucoamylase activityvhich it decreased.
and ethanol concentration under various initial starch con- The reason for the accumulation of glucose seemed to be

22 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 53, NO. 1, JANUARY 5, 1997



€ < E
S 60 1002 S 60
z | £ ro t®
z Z =
§4O g & 40 |
2 50 o s L
3 5 ]
= 20 & azo_
E < = L
3 | & g
g0 0 ©» %0 I
o ] =
200 50 ~ %2 50 5
=g 2 T
— _ E - N —
E R 02 £sS Mk
. N
S r
255 130 E 82 g 30 < 3
258810 g 4 £ Z -
g 2 = 3] s £ 5 = 8
g8 8 20 g = 8 39 20 £ §
g 8 £ g £ s 3
S3 3 S £ 5 8 £ S
% £ 8 5 g g £3
S £ 3 10 8 2¢g 8 1085
55 ? £ 22 §
0 ) 0 g8 © o
0 b 100 200 3 S Y U0 C
& 3 100 200
Time [h] Time [h}

Figure 2. Starch fementation by: (a) recombinant ye&dccharomyces cerevisi&R93; and (b) mixed microorganisms,
Aspergillus awamorand Saccharomyces cerevisiggymbols: ) cell concentration of. cerevisiacSR93; (D) cell concen-
tration of S. cerevisiae{®) cell concentration of. awamori;([]) starch concentrationzY) ethanol concentrationX) glucose
concentration; @) glucoamylase activity; andl) STAlgene stability.

that the hydrolysis rate of soluble starch into glucose wadreaking thea-1,6-glucoside bond of amylopectin in the
larger than the conversion rate of glucose into ethanol. Thetarch. However, because the starch was used mainly for the
cell concentration and the ethanol concentration increasegrowth of A. awamoriand not principally for the growth of
rapidly with the hydrolysis of starch and reached their maxi-the fermented yeast. cerevisiaethe amount of ethanol
mum values after an incubation time of 140 h. The maxi-produced by the mixed culture was about 60% compared
mum ethanol concentration was 14.3 g/L and the unhydrowith that produced by the recombinant yeast. This result
lyzed soluble starch was 20.1 g/L. Because the initial starcindicates that the direct fermentation of starch by the re-
concentration was 50 g/L, only 60% of the starch could becombinant yeast obtained a comparatively smaller amount
hydrolyzed by the recombinant yeast. This suggests that thef degraded starch but a significantly larger amount of etha-
glucoamylase secreted by the recombinant yeast could nobl in comparison to the mixed culture.

break thex-1,6-glucoside bond of amylopectin in the starch Table | shows a comparison of the amount of ethanol
(Nikuni, 1961), and thus some parts of the starch remainegroduced and the production rate of ethanol from the
undegraded. The comparison between the experimental reeluble starch under several incubation systems. Dostalek
sults of starch degradation by recombinant yeast and bgnd Haggstrom (1983) studied the conversion of starch into
conventional mixed culture shows that the starch was deethanol in a mixed culture of an amylolytic yeaStaccha-
graded to only about 20 g/L by the recombinant yeast, asomycopsis fibuligerand an anaerobic bacteriuZzymomo-
shown in Figure 2a, but the starch was efficiently degradedhas mobilisand they obtained a maximum ethanol concen-
to about 8 g/L by the mixed culture, as shown in Figure 2btration of 9.7 g/L and a production rate of ethanol of 0.54
It seems that the mixed culture could break the starch linkg/L - h in the fermentation of 30 g/L of starch. Tanaka et al.
age, which could be degraded with difficulty by the recom-(1986) investigated the production of ethanol from starch by
binant yeast, becauge awamoriproduced an amylase for a coimmobilized mixed culture system of aerobic and an-

Table I. Comparison of amount of ethanol produced and production rate of ethanol from soluble starch under several incubation systems.

Microorganism Initial soluble starch Amount of ethanol Production rate
concentration produced of ethanol
Saccharification Fermentation (g/L) (g/L) (g/L - h) References
S. fibuliger Z. mobilis 30 9.7 0.54 Dostalek and Haggstrom (1983)
A. awamori Z. mobilis 100 22.0 0.61 Tanaka et al. (1986)
S. cerevisia&SR93 100 249 0.66 This work
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06~ 60 120 cell concentration, the maximum ethanol concentration, the
ethanol yield and the initial starch concentration.

As the maximum ethanol concentration increased with
the increase of the maximum cell concentration, it was
found that the production of ethanol by the recombinant
yeast was growth associated. The ethanol yield increasec
with the increase of the initial starch concentration, reaching
the maximum value of 0.48 at the initial starch concentra-
tion of 50 g/L, and then decreased when the starch concen-
tration exceeded 50 g/L. The reason why the ethanol yield
was low at the lower initial starch concentration seems to be
that the glucose produced by the glucoamylase was used fol
ol A 0 cell growth before it was converted into ethanol. A large

0 100 200 amount of citric acid and isocitric acid were detected at the

Initial starch concentration [g/l] high initial soluble starch concentration (data not shown).

Thus, the reason why the ethanol yield was low at the higher

Fig”:]e féon'zzﬁt:gt’i‘os:iF;?hzt‘:;e?eﬂa’sr%“;‘itic;"Sf:r’;‘;]e:;fé?n”t'r;gifmS“rrT;initiaI starch concentration seems to be that the metabolite

EI)I?: (2)) maximum ce:II concen%rati(;nli() maximum ethanol concentra—y pathway of glucose WaS_Chan,ged by the glyqose accumu_

tion: and (\) ethanol yield. lated and a lot of organic acids such as citric acid were
produced as byproducts (Tabuchi et al., 1968).

Next, an incubation method for producing large amounts
aerobic microorganismsAspergillus awamoriand Zy-  of ethanol was examined. The incubation method to main-
momonas mobilisin Ca-alginate gel beads and they ob- tain the starch concentration in the liquid medium from 30
tained a maximum ethanol concentration of 22.0 g/L and do 50 g/L seems to be effective because the ethanol yield
production rate of ethanol of 0.61 g/lh in the fermentation reaches its maximum value at approx. 30 to 50 g/L, as
of 100 g/L of starch. In our experiment using the recombi-shown in Figure 3. Figure 4 shows the result of fed-batch
nant yeastSaccharomyces cerevisi&R93, the maximum culture. The concentrated starch was intermittently added to
ethanol concentration was 24.9 g/L and the production raténcrease the starch concentration from 30 to 50 g/L.
of ethanol was 0.66 g/Lh in the fermentation of 100 g/L of The cell concentration and the ethanol concentration in-
starch. From this result, it was found that the direct fermen<reased with each increase of starch, but the cell growth rate
tation of starch by the recombinant yeast was an effectivand the ethanol production rate gradually decreased. This
method because it used only one microorganism and banay depend on the fact that the ratio of undegradable starct
cause it obtained a maximum ethanol concentration and eoncentration to starch concentration increases with each
production rate of ethanol not less than those in mixed culincrease of starch. The cell concentration and the ethanol
tures. concentration at the final culture time were 25 and 28.2 g/L,

Figure 3 shows the relationship between the maximunrespectively, and no loss of ttf&TAlgene in the recombi-
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Figure 4. Fed-batch culture to maintain starch concentration in the range of 30 to 50 g/L. Symbols:
(O) cell concentration;[{J) starch concentrationyY) ethanol concentration; and>) glucose con-
centration.
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nant yeast was observed. Because 24.9 g/L of ethanol wase, J. H., Pagan, R. J., Rogers, P. L. 1983. Continuous simultaneous sac
produced from 100 g/L of starch in the batch culture, as charification gnd fermentation of starch usidgmomonas mobilis.
shown in Figure 1, and since 28.2 g/L of ethanol was pro-  Cotechnol. Bioeng25: 659-669.

duced from 94 g/L of starch in the fed-batch culture, ast™ W: L Feldberg, R. S., Clark, E. D. G. 1993 Kinetics of cell growth
shown in Figure 4, the amount of ethanol produced in the ,";‘ﬂ,‘f,[;?,f’g,'gf’e"c‘;sng:“‘;?j;ﬁjjeggf;%"” in recombiAapergillus
fed-batch culture increased by ajbOUt 20% compared _Wmﬂllochizuki, D., Miyahara, K., Hirata, D., Matsuzaki, H., Hatano, T., Fukui,
the batch culture. For the promotion of ethanol production, s wiyakawa, T. 1994. Overexpression and secretion of cellulolytic
it is necessary to maintain the starch concentration at an enzymes bys-sequence-mediated multicopy integration of heterolo-
optimal value, such as 50 g/L, with continuous addition of =~ gous DNA sequences into the chromosomesSatcharomyces ser-
concentrated starch. evisiae.J. Ferment. Bioeng( 7. 468-473.

In conclusion, the following findings were obtained: (1) Nakasaki, K., Muraki, T., Akiyama, T. 1989. Dynamic modeling of im-
that the genetic recombinant yeast having glucoamylase ac- ggzwzeg;el';rle?ﬁtg;;pp"Cat'on to ethanol fermentation. Biotechnol.
tivity could convert about 60% of the starch into ethanol = g-22 ' o
directly and provide a high ethanol yield (0.48); (2) that theN'kuhn;}]é'biiskl'AZgEEf; oh O'::ga.?z’ksg' 5-57. In: J. Nikuni (ed.), Denpun
alcohol fermentation by the genetic reco.mbmant yef"‘s.‘t pl’O_Orr-Weaver, T. L., Szostak, J. W., Rothstein, R. J. 1981. Yeast transfor-
duced ethanol from the starch more rap|dly and efﬂC'ently mation: a model system for the study of recombination. Proc. Natl.
than a conventional mixed culture using an amylolytic mi-  acad. Sci. USA78: 6354—6358.
croorganism and a fermenting microorganism; and (3) thapa v. k., Rivera, B. C. 1982. Alcohol production from various enzyme-
the recombinant yeast fed-batch culture enhanced ethanol converted starches with or without cooking. Biotechnol. Bioez¥y.
production. From these results, it is suggested that the ge- 495-500.
netic recombinant yeast can be effectively applied to thePark, Y. S., Shiba, S., lijima, S., Kobayashi, T., Hishinuma, F. 1993. Com-
conversion of pretreated raw starch into ethanol. Future parison of three different promoter systems for secretogmylase
study will be focused on constructing a mathematical model g\r/‘i’g:g;rc‘)tg‘cmtlb"’gic:eg;E‘ifesssgf_g‘éclomb'”m“haromyces cer-
of alcohol fermentation using genetic recombinant yeast angatkar A .Seo J 1952 Fern-we-ntation kin.etics of recombinant yeast in
on increasing the efficiency of ethanol production using the ™ ' " 0 1\ b cultures. Biotechnol. Bioe#@, 103-109. Y

frﬁg;jbe?mh culture system based on a process analysis of thésardonini, C. A, DiBiasio, D. 1987. A model for growth 8accharomy-

ces cerevisiagontaining a recombinant plasmid in selective media.
Biotechnol. Bioeng29: 469-475.
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