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a  b  s  t  r  a  c  t

A  diploid  yeast  strain  displaying  both  �-amylase  and  glucoamylase  was  developed  for  repeated  fermenta-
tion  from  raw  starch.  First,  the  construct  of  �-amylase  was  optimized  for  cell  surface  display,  as  there  have
been  no  reports  of  �-amylase-displaying  yeast.  The  modified  yeast  displaying  both  glucoamylase  and  �-
amylase  produced  46.5 g/l  of  ethanol  from  200  g/l  of raw  corn  starch  after  120  h of  fermentation,  and  this
eywords:
thanol
east
mylase
tarch

was 1.5-fold  higher  when  compared  to  native  �-amylase-displaying  yeast.  Using  the  glucoamylase  and
modified  �-amylase  co-displaying  diploid  strain,  we repeated  fermentation  from  100  g/l  of  raw  starch
for  23  cycles  without  the loss  of �-amylase  or glucoamylase  activity.  The  average  ethanol  productivity
and  yield  during  repeated  fermentation  were  1.61  g/l/h  and  76.6%  of  the  theoretical  yield,  respectively.
This  novel  yeast  may  be  useful  for  reducing  the  cost  of  bio-ethanol  production  and  may  be  suitable  for

ol  pr
epeated fermentation industrial-scale  bio-ethan

. Introduction

Bio-ethanol is an important agro-based fuel that can be pro-
uced from inexpensive, renewable, and abundantly available
iomass resources. These resources have advantages over limited
ossil fuel-based sources, as they do not result in any net carbon
ioxide release into the atmosphere [1].  However, to realize the
umerous environmental and social benefits resulting from the
eplacement of petroleum-based automotive fuels, it will be neces-
ary to produce bio-ethanol efficiently from starchy materials using
icroorganisms [2].
The yeast Saccharomyces cerevisiae has traditionally been used

or industrial-scale ethanol production. However, S. cerevisiae
annot utilize starchy materials without liquefaction and sacchar-
fication processes, which are both costly and time intensive. To
educe the cost of ethanol production from starch, researchers
ave developed direct ethanol-fermenting recombinant S. cere-
isiae capable of expressing amylolytic enzymes [3–5]. However,
he ethanol productivity has not been sufficiently improved and
roduction costs remain high. Therefore, the development of an
fficient and cost-effective process for ethanol production from
tarchy materials is still needed.
One of the promising strategies for reducing the cost of ethanol
roduction is repeated batch fermentation without the loss of amy-

olytic activity or fermentation ability. We  previously reported

∗ Corresponding author. Tel.: +81 0 78 803 6196.
E-mail address: akondo@kobe-u.ac.jp (A. Kondo).

141-0229/$ – see front matter ©  2012 Elsevier Inc. All rights reserved.
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oduction.
© 2012 Elsevier Inc. All rights reserved.

direct ethanol production from raw starch with Streptococcus
bovis �-amylase-secreting and Rhizopus oryzae glucoamylase/�-
agglutinin fusion protein-displaying diploid S. cerevisiae strain
[6]. Although ethanol productivity was significantly improved
by diploidization, �-amylase activity and ethanol productivity
decreased gradually on repeated batch fermentation. The additive
CaCl2, which has been reported to stabilize �-amylase and improve
�-amylase activity [7,8], was significantly useful for maintaining
�-amylase activity after 10-cycle repeated batch fermentation [9].
However, such additives increase ethanol production costs and
their activity is lost during repeated batch fermentation.

Cell surface display is another promising strategy to maintain
amylase activity during repeated fermentation, and this approach
is supported by the observation that glucoamylase activity on the
yeast cell surface is maintained after 10-cycle repeated fermen-
tation [6].  Previously, yeast strains displaying three cellulolytic
enzymes showed high cellulose degradation activity when com-
pared to secreting strains [10], while a lipase-displaying yeast strain
showed higher hydrolysis and esterification activity than commer-
cial enzyme [11]. However, there have been no reports on the
production of a yeast strain displaying both �-amylase and glu-
coamylase on the cell surface.

In present study, we aimed to develop an efficient and stable
repeated fermentation process from raw starch. First, �-amylase
was displayed on the cell surface and optimized to improve amy-

lase activity. Subsequently, a diploid yeast strain displaying both
glucoamylase and �-amylase was produced and 23-cylce repeated
fermentation from raw starch was performed without loss of
ethanol fermentation ability.

dx.doi.org/10.1016/j.enzmictec.2012.03.005
http://www.sciencedirect.com/science/journal/01410229
http://www.elsevier.com/locate/emt
mailto:akondo@kobe-u.ac.jp
dx.doi.org/10.1016/j.enzmictec.2012.03.005
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Table 1
Characteristics of strains and plasmids used in this study.

Strains of plasmids Relevant features Reference of
source

Bacterial strain
E. coli Novablue endA1 hsdR17(rK12

−mK12
+) supE44 thi-I gyrA96 relA1 lac recA1/F′ [proAB + lacI q

Z�M15::Tn10(Tetr)]
Novagen

S. cerevisiae yeast strain
MT8-1 MATa ade leu2 his3 ura3 trp1 [12]
NBRC1440�HUWL  MAT� leu2 his3 ura3 trp1
MT8-1/p�UPGGluRAG MATa ade leu2 his3 trp1 �-integration of glucoamylase gene [6]
MNII/�GS/405 MATa/� his3 �-integration of glucoamylase gene and �-amylase gene [6]
MNII/�GS/405/pIUPGAGT1 MATa/� �-integration of glucoamylase gene and �-amylase gene and integration of maltose

transporter gene AGT1
[9]

MT8-1/pIUPGSBAAG MATa ade leu2 his3 trp1 integration of �-amylase gene SBA This study
MT8-1/pIUPGSBAIAG MATa ade leu2 his3 trp1 integration of modified �-amylase gene SBAI This study
MT8-1/pIUPGSBAIIAG MATa  ade leu2 his3 trp1 integration of modified �-amylase gene SBAII This study
MT8-1/pIUPGSBAIIIAG MATa ade leu2 his3 trp1 integration of modified �-amylase gene SBAIII This study
MT8-1/�GSBAAG MATa ade leu2 his3 �-integration of glucoamylase gene and �-amylase gene SBA This study
MT8-1/�GSBAIAG MATa ade leu2 his3 �-integration of glucoamylase gene and modified �-amylase gene SBAI This study
MT8-1/�GSBAIIAG MATa ade leu2 his3 �-integration of glucoamylase gene and modified �-amylase gene SBAII This study
MT8-1/�GSBAIIIAG MATa ade leu2 his3 �-integration of glucoamylase gene and modified �-amylase gene SBAIII This study
1440/�GSBAIAG MAT� ade leu2 his3 �-integration of glucoamylase gene and modified �-amylase gene SBAI This study
MNII/�GSBAIAG/405 MATa/� his3 �-integration of glucoamylase gene and �-amylase gene SBAI This study
MNII/�GSBAIAG/405/pIHPGAGT1 MATa/� �-integration of glucoamylase gene and �-amylase gene SBAI and integration of

maltose transporter gene AGT1
This study

Plasmids
pIHPGAGT1 HIS3 Expression of S. cerevisiae maltose transporter gene AGT1 with PGK promoter and

terminator
[9]

pGK406AG URA3 Emzyme displaying vector on cell surface This study
pIUPGSBAAG URA3 Displaying of �-amylase gene SBA with PGK promoter and terminator This study
pIUPGSBAIAG URA3 Displaying of modified �-amylase gene SBAI with PGK promoter and terminator This study
pIUPGSBAIIAG URA3 Displaying of modified �-amylase gene SBAII with PGK promoter and terminator This study
pIUPGSBAIIIAG URA3 Displaying of modified �-amylase gene SBAIII with PGK promoter and terminator This study
p�WPGSBAAG TRP1 Displaying of �-amylase gene SBA by �-integration with PGK promoter and terminator This study
p�WPGSBAIAG TRP1 Displaying of modified �-amylase gene SBAI by �-integration with PGK promoter and

terminator
This study

p�WPGSBAIIAG TRP1 Displaying of modified �-amylase gene SBAII by �-integration with PGK promoter and
terminator

This study

p�WPGSBAIIIAG TRP1 Displaying of modified �-amylase gene SBAIII by �-integration with PGK promoter and This study
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plasmid was designated pIUPGSBAIAG. The DNA fragments encoding each cat-
alytic domain, linker domain or substrate-binding domain were amplified from
p�WGPSBA using CatFw-OLLink and CatRv-SphI, LinkFw-OLSBD and LinkRv-OLCat
or  SBDFw-EcoRI and SBDRv-OLLink primers, respectively. These fragments were
terminator
p�UPGGluRAG URA3 Displaying of glucoamylase g
p�WGPSBAAG TRP1 Secreting of �-amylase gene 

. Materials and methods

.1. Strains and medium

The genetic properties of all strains and plasmids used in this study are
ummarized in Table 1. Briefly, recombinant DNA was amplified in Escherichia
oli strain NovaBlue (Novagen, WI,  USA). E. coli transformants were grown in
uria–Bertani medium (10 g/l of tryptone (Nacalai Tesque, Inc., Kyoto, Japan), 5 g/l
f  yeast extract (Nacalai Tesque) and 5 g/l of sodium chloride (Nacalai Tesque)) con-
aining 100 �g/ml of ampicillin. �-Amylase from S. bovis and glucoamylase from
.  oryzae expressing yeast strains derived from haploid strains MT8-1 [12] and
BRC1440�HUWL [13], respectively, were used for ethanol fermentation. Recom-
inant yeast strains were screened with SD medium (6.7 g/l of yeast nitrogen base
ithout amino acids (Difco Laboratories, Detroit, MI)  and 20 g/l of glucose (Nacalai

esque)) containing appropriate amino acids.

.2. Construction of modified S. bovis ˛-amylase for cell surface expression

S.  bovis �-amylase (SBA) consists of three domains; a catalytic domain, a
ubstrate-binding domain and a linker domain [14]. Fig. 1 shows the three types
f  amylase constructed for cell surface display in this study. SBAI has an additional
ubstrate-binding domain at its N-terminus. In the case of SBAII, the C-terminus of
he catalytic domain of SBAI was deleted. SBAIII has an additional catalytic domain
nd  a substrate-binding domain at its N-terminus. All amylases were displayed on
he yeast cell surface using �-agglutinin anchor protein [15].

.3. Construction of plasmids

The primers used in this study are summarized in Table 2. The integrative

lasmid for cell surface expression was constructed as follows. The DNA fragment
ncoding S. cerevisiae PGK1 promoter and prepro-�-factor was  prepared by diges-
ion of pFGK426 [16] with XhoI/SalI sites, followed by ligation at the same sites
nto yeast integrating shuttle vector pRS406 (Stratagene, CA, USA). The resulting
lasmid was designated pRS406-PGK5′-prepro. The DNA fragment containing the
y �-integration with PGK promoter and terminator [13]
ntegration SBA with GAP promoter and terminator [13]

3′-half of the �-agglutinin region and the SAG1 terminator was also amplified
from BY4741 [17] genomic DNA using MCSFw-SalI and SAG1Rv-NotI primers. The
fragment was  digested with SalI/NotI, and was inserted into the plasmid pRS406-
PGK5′-prepro. The resultant plasmid was designated PGK406AG. The DNA fragment
encoding S. bovis �-amylase was amplified from p�WGPSBA [13] using CatFw-EcoRI
and  SBDRv-SphI primers. The amplified fragment was digested with EcoRI/SphI, and
was inserted into the plasmid PGK406AG. The resulting plasmid was  designated
pIUPGSBAAG. The DNA fragment encoding the catalytic domain was amplified from
p�WGPSBA using CatFw-OLLink and SBDRv-SphI primers. Similarly, the DNA frag-
ments encoding the substrate-binding domain or linker domain were amplified
using SBDFw-EcoRI and SBDRv-OLLink or LinkFw-OLSBD and LinkRv-OLCat primers,
respectively. These three types of fragment were fused using the overlapping PCR
method with SBDFw-EcoRI and SBDRv-SphI primers. The extended fragment was
digested with EcoRI/SphI, and was inserted into the plasmid PGK406AG. The resulting
Fig. 1. Construction of novel �-amylases derived from S. bovis �-amylase.
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Table 2
Polymerase chain reaction primers used in this study.

Primes Sequence

MCSFw-SalI aaaagtcgacgaattcgcatgcagatcttccggaggcggaggttccga
ctacaaggatgacgatgacaagagcgccaaaagctcttttatctcaaccact

SAG1Rv-NotI aaaagcggccgctttgattatgttctttctatttgaatgagatatgagagag
SBDFw-EcoRI atcggaattcatttacttccaaaacccagataattggtca
SBDFw-MluI atcgacgcgtatttacttccaaaacccagataattggtca
SBDRv-SphI tctggaaactataataaagatgggctaaaagcatgcatcg
SBDRv-OLLink ggctagcttgttttagcccatctttattatagtttccaga
CatFw-OLLink tgagactaacgatgaacaagtgtcaatgaaagatggtacg
CatFw-EcoRI atgcgaattcgatgaacaagtgtcaatgaaagatggtacg
CatRv-SphI tcacgctcagccgttgttttgtatgatgacgcatgcatcg
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Table 3
�-Amylase activity and ethanol productivity from 200 g/l of raw starch by �-amylase
displaying strains.

�-Amylase �-Amylase activity of 24 h
aerobic cultivated broth
(U/g-wet cells)

Anaerobic ethanol
production in 120 h
(g/l)

SBA 0.24 ± 0.02 30.9 ± 2.6
SBAI 0.26 ± 0.02 46.5 ± 2.1
SBAII 0.11 ± 0.03 36.8 ± 1.2
SBAIII 0.05 ± 0.00 44.6 ± 1.1
CatRv-MluI-Sph I tcacgctcagccgttgttttgtatgatgacacgcgtgcatgcatcg
LinkFw-OLSBD tgggctaaaagctagccaagcagctcaagt
LinkRv-OLCat ctttcattgaaatgttagtctcagcacttgggtctttcat

used by overlap PCR using SBDFw-EcoRI and CatRv-SphI primers. The extended
ragment was  digested with EcoRI/SphI and inserted into plasmid PGK406AG.
he  resulting plasmid was designated pIUPGSBAIIAG. The DNA fragment encod-
ng the catalytic domain was amplified from pIUPGSBAAG using CatFw-EcoRI and
atRv-MluI-SphI primers. The amplified fragment was digested with EcoRI/SphI and

nserted into plasmid PGK406AG. The resulting plasmid was designated pIUPG-
atAG. The DNA fragment encoding SBAI was  amplified from pIUPGSBAIAG using
BDFw-MluI and SBDRv-SphI primers. The amplified fragment was digested with
luI/SphI and inserted into plasmid pIUPGSLAG. The resulting plasmid was desig-

ated pIUPGSBAIIIAG.
The �-integrative plasmids for surface expression of native �-amylase, SBAI,

BAII, and SBAIII were constructed as follows. The DNA fragments encoding S. cere-
isiae PGK promoter, a secretion signal sequence, each �-amylase, the 3′-half of
-agglutinin and SAG1 terminator were obtained by NotI/XhoI digestion of plasmids
IUPGSBAAG, pIUPGSBAIAG, pIUPGSBAIIAG and pIUPGSBAIIIAG, respectively. These
NA fragments were inserted into plasmid p�W [13]. The resultant plasmids were
esignated p�WPGSBAAG, p�WPGSBAIAG, p�WPGSBAIIAG and p�WPGSBAIIIAG,
espectively.

.4. Yeast transformation

Yeast transformation was  performed by the lithium acetate method, using the
EASTMAKER transformation system (Clontech Laboratories Inc., CA, USA). All trans-

ormants and their features are summarized in Table 1.

.5. Mating

The diploid MNII/�GSBAIAG/405 strain was  constructed by mating the haploid
trains MT8-1/�GSBAIAG and 1440/�GSBAIAG. Both strains were grown on SD liquid
edium for 24 h, harvested, spread together on SD plates, and incubated for 72 h at

0 ◦C. The resulting diploid strain formed single colonies on SD plates.

.6. Analysis of amylase activities

�-Amylase and glucoamylase activities were determined using 24 h aerobic
ultivated broth or anaerobic fermentation medium with yeast cells. Analysis
f  �-amylase and glucoamylase activities was  carried out using �-amylase and
accharification assay kits (Kikkoman Corp., Chiba, Japan), respectively, with 2-
hloro-4-nitrophenyl 65-azide-65-deoxy-� -maltopentaoside and 4-nitrophenyl
-maltoside as the substrates. �-Amylase and glucoamylase activities were deter-
ined according to the manufacturer’s instruction by measuring the absorbance

f the liberated 2-chloro-4-nitrophenol (CNP) and 4-nitrophenol (PNP) at 400 nm
sing spectrophotometer (Model U-2000A, Hitachi, Tokyo, Japan). One unit (U) of
ctivity was  defined as the amount of enzyme required to release 1 �mol  of CNP
nd  PNP per minute at 37 ◦C.

.7. Ethanol fermentation from raw starch

For ethanol fermentation, yeast cells were aerobically grown in YPD medium
10 g/l of yeast extract, 20 g/l of bacto-peptone (Difco Laboratories) and 20 g/l of glu-
ose) (1000 ml flask with a working volume of 500 ml)  at 30 ◦C for 72 h, harvested
y centrifugation at 3000 × g for 5 min, washed twice with water and re-suspended

n fermentation medium (10 g/l of yeast extract, 20 g/l of bacto-peptone, and 200 g/l
f  raw corn starch (Wako Pure Chemical Industries, Ltd., Osaka, Japan)) contain-
ng 0.5 g/l of potassium pyrosulfite (Nacalai Tesque) to prevent contamination by
naerobic bacteria. Raw corn starch contained 10.0% water. The initial cell density

as  adjusted to 50 g-wet cells/l. Ethanol fermentation was  carried out at 30 ◦C with
ild agitation in 100 ml  bottles with a working volume of 50 ml equipped with a

ubbling CO2 outlet line.
Repeated batch fermentation from 100 g/l of raw corn starch was  carried out

s  follows. After 24 h of fermentation, fermentation medium was  centrifuged at
Average ± standard error
Data are averages of three independent experiments.

3000 × g for 5 min  in order to separate the soluble and insoluble fractions. The insol-
uble fraction contains yeast cells with immobilized amylases and undigested starch.
Fresh medium and new raw starch were added to the insoluble fraction, and the next
batch fermentation was carried out. Repeated batch fermentation was carried out
every 24 h for a total of 23 cycles.

2.8. Other analytical methods

Ethanol and glucose concentration were simultaneously measured using an
HPLC (Shimadzu, Kyoto, Japan) equipped with a Shim-pack SPR-Pb column (Shi-
madzu). Analysis was  carried out at 80 ◦C, with water as the mobile phase at a flow
rate  of 0.6 ml/min, and detection was performed with a refractive index detector
(Shimadzu RID-10A). Fermentation broth were withdrawn from fermentation bot-
tle every 24 h with mild agitation, and the supernatant after separating fermentation
broth by centrifugation at 14,000 × g for 10 min was applied for HPLC analysis.

3. Results and discussion

3.1. Alpha-amylase activity of ˛-amylase-displaying strains

In order to confirm the functional expression of the three types
of �-amylase, �-amylase integrative plasmids were introduced into
S. cerevisiae MT8-1, and the activity was measured after 24 h aero-
bic cultivation in YPD medium. The SBAI-displaying strain showed
slightly higher activity when compared with the SBA-displaying
strain, while SBAII-displaying strain and SBAIII-displaying strain
showed lower activity than the control strain (Table 3).

3.2. Batch fermentation from raw starch

In order to evaluate the ethanol productivity of mod-
ified �-amylase-displaying yeast, we  produced recombinant
starch-assimilating strains that displayed both glucoamylase and
�-amylase. Glucoamylase and �-amylase �-integrative plasmids
were introduced into MT8-1. Batch fermentation from 200 g/l of
raw starch was  carried out using these strains (Table 3). Modified
�-amylase-displaying strains produced ethanol more efficiently
than the native �-amylase-displaying strain, with ethanol produc-
tion of SBAI-displaying strain being 1.5-fold higher than that of
SBA-displaying strain after 120 h of fermentation. The theoretical
final ethanol concentration will be about 101 g/l (based on
200 g-raw starch/l × 0.90 g-starch/g-raw starch × 1.1 g-glucose/g-
starch × 0.51 g-ethanol/g-glucose) [18]. Thus the ethanol yield of
the SBAI-displaying strain in 120 h was approximately 46.0% of the
theoretical yield.

As shown in Table 3, �-amylase activity of SBAI was  improved
when compared to that of native S. bovis �-amylase. On  the other
hand, �-amylase activities of SBAII and SBAIII were considerably
lower than that of native �-amylase. However, ethanol productiv-
ity of native �-amylase-displaying strain was  lower than those of
SBAII-and SBAIII-displaying strains. These results indicate that sub-

strate binding to the N-terminus can result in effective degradation
of raw starch by surface displayed amylase. These results also sug-
gest that the substrate-binding domain of �-amylase is critically
important for degradation of non-soluble raw starch, as compared
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Table 4
Ethanol production from 200 g/l of raw starch by glucoamylase and modified �-amylase co-displaying strains.

Strain Ethanol production
in 120 h (g/l)

Ethanol yield of the
theoretical yield (%)

Maximum �-amylase
activity (U/l)

Maximum glucoamylase
activity (U/l)

MT8-1/�GSBAIAG 46.5 ± 2.1 46.0 624 ± 100 412 ± 9
MNII/�GSBAIAG/405 77.6 ± 4.1 76.8 1306 ± 30 790 ± 32
MNII/�GSBAIAG/405/pIHPHAGT1 88.9 ± 0.8 88.0 2486 ± 72 749 ± 18
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verage ± standard error
ata are averages of three independent experiments.

ith soluble substrate, which corresponds with previous reports
14,19].

In order to improve ethanol yield, the haploid strain
440/�GSBAIAG was produced, and the diploid strain
NII/�GSBAIAG/405 was produced from the resultant strain

nd MT8-1/�GSBAIAG. The AGT1 expression plasmid pIHPGAGT1
9] was then introduced into MNII/�GSBAIAG/405, and the result-
ng strain was designated MNII/�GSBAIAG/405/pIHPGAGT1. As
hown in Table 4, in batch fermentation, ethanol productiv-
ty was significantly enhanced by diploidization. In addition,
ntroduction of AGT1 transporter further improved ethanol
roductivity. Ethanol production, maximum �-amylase activ-

ty, and glucoamylase activity of the AGT1 expressing diploid
train were approximately 1.9-fold, 4.0-fold and 1.8-fold higher
han those of MT8-1/�GSBAIAG, respectively. After 120 h of
ermentation, ethanol production by MNII/�GSBAIAG/405 and

NII/�GBAIAG/405/pIHPGAGT1 was 77.6 g/l and 88.9 g/l. Ethanol
ields were 76.8% and 88.0% of the theoretical yield, respectively.
We produced an SBAI- and AGT1-expressing diploid strain. As
xpected, ethanol productivity and maximum �-amylase activ-
ty were improved significantly (Table 4), which agrees with a

ig. 2. Ethanol production (a), maximum �-amylase activity (b), maximum glucoamylase
sing  MNII/�GSBAIAG/405/pIHPGAGT1. Fermentation cycles were 24 h. Data are average
previous report [9].  �-Amylase activity is the rate-limiting step in
fermentation from raw starch [20]; therefore, in the case of cell
surface displayed �-amylase, improving �-amylase activity in the
diploid strain may  be responsible for the improvement in ethanol
productivity.

We succeeded in co-displaying both �-amylase and glucoamy-
lase at the same time. Co-cultivation of �-amylase displaying
strain and glucoamylase displaying strain is one of the strate-
gies to produce ethanol from starch. However, it would be
difficult to control the ratio of �-amylase displaying strain and
glucoamylase displaying strain in the fermentation broth. If one
strain washed out, the ethanol production would be stopped. More-
over, it has many advantages to display the enzymes which catalyze
sequential reaction on the cell surface at the same time. For exam-
ple, sequential reaction occurs in smooth because the enzymes
are located near each other on cell surface [10]. Besides, glucose
concentration is maintained low because the produced glucose at
cell surface is consumed immediately, and it will reduce the con-

tamination risk [21]. Thus, the strain displaying both �-amylase
and glucoamylase at the same time should be useful for long term
fermentation process.

 activity (c) through 23-cycle repeated batch fermentation of 100 g/l of raw starch
s of three independent experiments.
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.3. Repeated batch fermentation

Twenty three-times of repeated batch fermentations were car-
ied out using MNII/�GSBAIAG/405/pIHPGAGT1. As shown in Fig. 2,
-amylase and glucoamylase activity increased gradually and raw
tarch was efficiently converted to ethanol during repeated batch
ermentation. After 4-cycle batch fermentation, ethanol produc-
ivity and amylase activity were increased enough to be ferment
thanol efficiently. The average values of ethanol productivity
ethanol production in 24 h fermentation (g/l)/24 (h)) and yield
rom 4th to 23rd batch were 1.61 g/l/h and 76.6% of the theoret-
cal yield, respectively. The total yield of ethanol from input starch
or the whole batches was 69.6%.

We  succeeded in maintaining �-amylase and glucoamylase
ctivity and achieved an 23-cycle efficient ethanol fermentation,
hich is, to our knowledge, the most repeated cycles of fermen-

ation reported to date [22–24].  �-Amylase and glucoamylase
ctivity increased gradually during early batch of repeated fer-
entation. In previous study, the �-amylase and glucoamylase

ctivity expressed by yeast cells are increasing during fermentation
rom starch [6].  Besides, yeast S. cerevisiae can grow under oxygen
imited fermentation condition [25]. Thus amylase activities in fer-

entation broth would be enhanced due to both increasing the
mount of expressed amylase and increasing the number of yeast
ells. Because the displayed �-amylase and glucoamylase activities
ere highly maintained after 23-cycle repetition, the recombi-
ant strain may  be useful for greater numbers of fermentation
ycles.

. Conclusions

In conclusion, we produced a modified �-amylase
nd glucoamylase co-displaying recombinant yeast strain
NII/�GSBAIAG/405/pIHPGAGT1 suitable for repeated fermen-

ation of raw starch. In repeated batch fermentation, cell surface
isplayed amylase was easily collected and reused with yeast cells
ith no loss amylase activity during fermentation. Moreover we

ucceeded in producing ethanol from ground whole rice grains
ith same amylases expressing yeast in previous study [26]. Thus

his novel yeast may  be useful for reducing the cost of bio-ethanol
roduction, and may  be suitable for industrial-scale bio-ethanol
roduction from whole grains.
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