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The effect of ethanol concentration on cloned gene ex-
pression in recombinant Saccharomyces cerevisiae
strain 20B-12 containing one of two plasmids, pNA3 and
pNA7, was investigated in batch cultures. Plasmids pNA3
and pNA7 contain the a-amylase gene under the control
of the SUC2 or PGK promater, respectively. When the
ethanol concentration was controlled at 2 to 5 g/L, the
gene expressions were two times higher than those at 20
g/L. ethanol. To increase the gene expression by main-
taining both the ethanol and glucose concentrations at
low levels, a fuzzy controller was developed. The con-
centrations of glucose and ethanol were controlled si-
multaneously at 0.15 and 2 g/L, respectively, in the pro-
duction phase using the fuzzy controller in fed-batch cul-
ture. The synthesis of a-amylase was induced by the low
glucose concentration and maintained at a high level of
activity by regulating the ethanol concentration at 2 g/L.
The secretory a-amylase activities of cells harboring
plasmids pNA3 and pNA7 in fed-batch culture were 175
and 392 U/mL, and their maximal specific activities 7.7
and 12.4 U/mg dry cells, respectively. These values are
two to three times higher in activity and three to four
times higher in specific activity than those obtained
when glucose only was controlled. © 1994 John Wiley &
Sons, Inc.
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INTRODUCTION

Widely used in fermentation, Saccharomyces cerevisiae has
also been employed in a number of instances for the pro-
duction of heterologous proteins, and there is a comprehen-
sive body of knowledge on its genetic and biological attri-
butes. Furthermore, this microorganism is very suitable as a
host because of the absence of pyrogenic toxins. For these
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reasons, S. cerevisiae is an attractive host organism for the
production of useful commercial proteins.

Among the factors that influence the production rate of a
gene product in a recombinant yeast system is the interac-
tion between the host cell and the plasmid. At the cellular
level, an important consideration is the influence of gene
expression on host growth. High expression is desired;
however, the synthesis of a cloned gene product places
additional stress on the cells. This can result in a lower
growth rate, lower cellular yield, and plasmid instability.
The combined effect is that the overall production rate of
the gene product is sometimes reduced.?® To lessen these
negative effects of cloned gene expression, plasmids with
inducible promoters may be effective in maximizing gene
production, because the timing and level of cloned gene
product synthesis can be controlled.® Inducible promoters
such as trp,'? pho, p;,”’ pg, tac,® lac,’ and a runaway
plasmid®® are well known for Escherichia coli, whereas in
S. cerevisiae systems, SUC2,! PHO5,'® ADH1,*? GAL1?
GAL7,” and GAL10" have been developed.

To maximize gene expression with some of these induc-
ible promoters, several processes have been proposed—the
use of a fermentor equipped with a crossflow filtration sys-
tem,'° an on-line glucose monitoring and controlling sys-
tem,'” and exchange of the carbon source.!*** From an
industrial viewpoint, selection of the most suitable induc-
ible promoter for a particular host vector system is very
important in the production of useful gene products by re-
combinant yeast: A strong promoter, efficient gene tran-
scription, and good secretion of the gene product in the host
vector system are required. We have investigated the effect
of the promoter on the production of a heterologous protein
in this yeast,'”'*?* as well as making a comparative study
of the use of three promoters, SUC2, PGK, and GAL7, in
the production of mouse salivary a-amylase with the same
signal sequence for secretion and terminator.

Research'”'9-2%%6 op cloned gene products from recom-
binant yeasts has revealed that an inhibitory metabolite,
ethanol, accumulates in the culture broth during the aerobic
fermentation of yeast. Production of the metabolite is due to
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the Crabtree effect* and it inhibits both cell growth and
product formation. It is therefore necessary to keep the con-
centration of the inhibitory metabolite at a low level by
feeding glucose at the optimal value to restrict metabolite
formation, while maintaining a relatively high growth rate.
Using this strategy, with the aid of a glucose analyzer we
controlled the glucose concentration at 0.15 g/L. during the
fermentation of recombinant S. cerevisiae cells, and ob-
tained a 20-fold increase in the gene product compared with
that when the glucose concentration was maintained at 10
g/L."” However, even when the glucose concentration was
restricted at a low level in fed-batch culture, about 20 g/L of
ethanol was found to accumulate in the culture broth,%®
indicating the difficulty of maintaining ethanol at a low
concentration.

In recombinant S. cerevisiae culture, a high ethanol con-
centration may severely affect gene expression. However,
until now there has been no control strategy available that
can maintain both the ethanol and glucose concentrations at
defined values simultaneously in fermentation processes,
due to the fact that in many cases there are numerous dif-
ficulties in constructing an accurate mathematical model as
well as to the time variation inherent in the nonlinear char-
acteristics of a computer-controlled fermentation process.
In these bioprocesses, because it is very difficult to describe
simple relationships between fermentation state variables
and control variables, the operation usually is successful
only with experienced experts.

Under such circumstances, these kinds of processes seem
to be most appropriate for the application of fuzzy control
theory. Recently, fuzzy reasoning has been applied to the
control of certain bioprocesses: the production of glutamic
acid,'*' and a precursor of pravastatin sodium.® Also, in a
previous study, we measured culture parameters such as the
cell, dissolved oxygen, ethanol and glucose concentrations
on-line during baker’s yeast culture,”’ and using the data
obtained, constructed a fuzzy controller to regulate the con-
centrations of both ethanol and glucose, simultaneously.?®
However, because the control performance did not come up
to our expectations, we have worked on making improve-
ments in the fuzzy controller.

This fuzzy controller was used to express a cloned gene
efficiently in the cultivation of a recombinant yeast by reg-
ulating the concentrations of both glucose and ethanol at
low levels. Cell growth, gene expression, and secretion of
the cloned gene under the control of both the glucose and
ethanol concentrations are compared with those under the
control of only the glucose concentration.

MATERIALS AND METHODS

Computer-Controlled Fermentation System

The computer-controlled fermentation system was fully de-
scribed in our previous article.?® Concentrations of cells and
dissolved oxygen in the culture broth were measured on-line

by a turbidimeter (SSB-50, DKK Co., Tokyo)'! and a dis-
solved oxygen meter (ABLE Co., Tokyo), which were in-
terfaced with an A/D converter [AD 12-4(98), Contec Co.,
Tokyo] to transmit signals to a personal computer (PC9801,
NEC Co., Tokyo). The time intervals for measurement of
the cell and DO concentrations were 2.5 and 1.25 min,
respectively (i.e., two cell and four DO measurements ever
5 min). The glucose and ethanol concentrations in the broth
were measured on-line every 5 min by a glucose—ethanol
analyzer (dual-cell type, PM-1000DC, Asahi Kasei Co.,
Tokyo), as reported previously.” For the simultaneous
measurement of glucose and ethanol concentrations, immo-
bilized enzymes (glucose oxidase for glucose and alcohol
oxidase for ethanol) were used as biosensors. The operation
of the glucose—ethanol analyzer was controlled by the per-
sonal computer interfaced with PIO 16/16(98), with signals
transmitted between them through a RS232C cabie. The
on-line data were passed to the controller, where the feed
rate of the concentrated glucose solution (200 g/L) was
calculated every 1.25 min. The concentrated glucose solu-
tion was provided by a programmable peristaltic pump (AC-
2120, Atto Co., Tokyo) interfaced with a D/A converter
[DA 12-4(98), Contec Co., Tokyo].

Fuzzy Control Strategy

In recombinant S. cerevisiae cultivations, because it is very
difficult to describe the simple relationship between fermen-
tation state and control variables, the operations usually
depended only upon experience. From these points of view,
these cultivations seem to be the most appropriate process
for applying fuzzy control theory. The control strategy,
which consisted of feedforward and feedback control, is
illustrated in Figure 1 and described as follows.

Feedforward Control of Glucose Feed Rate

From the mass balance equation between the feeding and
consumption of glucose, the feedforward glucose feed rate
(normal glucose feed rate, F*) can be determined in accor-
dance with the increase in the cell concentration as follows,

pXV
Yx/ sS ]

where p, X, Sy, V, and Y,,, denote the specific growth rate,
cell and feed glucose concentrations, culture volume, and
cellular yield from glucose, respectively. To obtain a pre-
cise feedforward glucose feed rate, the specific growth rate
was calculated from on-line data from the turbidimeter. The
turbidity values measured by the turbidimeter were con-
verted to ODgg values. The cell concentration, X (dry cell
weight, in grams per liter), was calculated from the ODgg,
value by multiplying it by a conversion factor. p and Y,
were calculated from the data of a serial cell concentration
and glucose consumption within 20 min. The initial cellular
yield from glucose was assumed to be 0.5.

* =
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1056 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 44, NO. 9, NOVEMBER 5, 1994



Feedforward

controller
F’
Setpoints  + Fuzzy AF ¥+
P feedback Bioreactor

. controller *TF DO
Glucose,
Ethanol,
M, Is

Figure 1. Schematic representation of the fuzzy control strategy: F*, normal glucose feed rate; F, real glucose

feed rate; AF, corrected glucose feed rate; X, cell biomass; p, specific growth rate; r,, specific glucose
consumption rate; Y, cellular yield: DO, dissolved oxygen concentration.

Feedback Control of Glucose Feed Rate Using
Fuzzy Control Algorithm

The previous determination of the normal glucose feed rate,
F*, is only a rough approximation. Because of changes in
cell activity and environmental conditions, the feed rate has
to be recalculated. This correction, AF, was determined by
the fuzzy control algorithm. As a result, the real glucose
feed rate was adjusted thus:

F = F* + AF 2)

The environmental conditions obtained from on-line data
are converted to linguistic data. For example, 0.1, 0.2, and
0.3 g/L for glucose and 1, 2, and 3 g/L for ethanol were set
as ‘‘small,”” ‘‘medium,”’ and ‘‘big’’ concentrations, re-
spectively. Here, AF was decided from the production
rules®® judged by the environmental conditions written by
the linguistic data. For example, if DO concentration is
“‘big’” and concentrations of glucose and ethanol are both
“*small,”’ then AF is ‘‘positive big.’” To make an inference
for the linguistic data like ‘‘big,”” ‘‘small,”’ and ‘‘positive
big’’ membership functions for inputs and outputs of on-
line data are required. The minimum and maximum AF
were fixed as — F* and 3F*, respectively, of which bound-
aries were based on experiences. From previous experimen-
tal results with our feedforward and feedback fuzzy con-
troller, we found that the lower the ethanol control level, the
greater the fluctuation of glucose concentration,” the rea-
son being that, because the maximum AF is fixed, the fuzzy
controller has no minor adjustment function with respect to
the glucose feed rate. Because the measuring interval of our
on-line analyzer could not be shortened to less than 5 min,
we tried to substitute a flexible maximum (oF*) for a fixed
one AF (3F*).

To correct the cell activity in addition to the environmen-
tal conditions rates of growth and glucose consumption ac-
cording to growth phase were considered. For example,
when cultures are in the late growth phase, the specific
growth and glucose consumption rates usually decrease.
Therefore, a high glucose feed rate resulted in an increase in
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the ethanol control level and a consequent fluctuation of the
glucose concentration in the late phase of baker’s yeast
culture.?® Because the glucose feed rate is affected by the
cell growth and glucose consumption rates, we constructed
membership functions for the rates of specific growth ()
and glucose consumption (r,), as shown in Figure 2. The «
value in AF is varied from a to b by the production ruie for
the determination of a (Table I). The range of the a was
selected as being from 0.5 to 1.0, while the value of b was
fixed at 3. For example, although the glucose and ethanol
concentrations are both at level *‘S,”” if both w and r; are at
level “‘S,”’ then « is determined as ‘“NS’° (see Table I).
Fuzzy inferencing is carried out in the following manner (as
an example):

If: {W/ Py 18 ¢S and r/rg,. is S’}

Then: o is “‘NS”’
4 S M B OF S M B (a)
- [}
2 g
3 G
O]
060105 1 0001025 05
,U/#max rs/ Fsmax
b
: NS ZE S M B )

Grade (-)

2.125 b
o)

a 1.0 1.25

Figure 2. Membership functions of relative specific rates of growth and
glucose consumption (a), and output (b). Simplified characters: B, big; M,
medium; S, small; ZE, zero, NS, negative small.
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Table I. Production rules for determination of a.

rS/ rsmax
S M B
W/ Memax
S NS ZE S
M ZE S M
B S M B

B, big; M, medium; S, small, ZE, zero; NS, negative small.

The inference procedure is taken from Mamdani’s min—max
algorithm.?® The grade of output’s fuzzy set is determined
as the minimum value among the grades of input’s fuzzy set
by each selected rule. Using production rules, the corre-
sponding fuzzy set and grades are determined. Defuzzifi-
cation of each variable is accomplished using a simplified
center-of-gravity method.*>

Microorganism

Baker’s yeast (Oriental Yeast Co., Tokyo) was used to de-
velop the fuzzy control system. For application of the sys-
tem to recombinant yeast culture, S. cerevisiae strain 20B-
12 (a, trp-1, pep4-3) containing either of two different plas-
mids was used. These plasmids, pNA3 and pNA7, contain
the a-amylase gene under the control of the SUC2 and PGK
promoters, respectively. SUC2 is a regulatory gene switch-
ing over the synthesis of invertase, and PGK is a constitu-
tive gene under the control of the yeast phosphoglycerate
kinase. These promoters are repressed by a high glucose
concentration in the growth medium and derepressed by a
low glucose level. The KIL28 signal sequence encoded in
the plasmids is the sequence from the 28-kDa killer toxin of
Klebsiella lactis and secretes a cloned gene product into the
culture medium.®' The detailed structure was reported pre-
viously.2®

Culture Media

The composition of the medium for baker’s yeast was 10 g
KH,PO,, 2 g MgSO, * 7H,0, and 2 g yeast extract (Difco,
Detroit, MI). The glucose concentration in the medium was
varied.

Three kinds of media were used for the cultivation of
recombinant S. cerevisiae strain 20B-12 harboring the two
plasmids. SD minimal medium (20 g glucose and 6.7 g
yeast nitrogen base without amino acids [Difco] per liter)
and YPD medium (10 g yeast extract, 20 g bacto-peptone,
and 20 g glucose per liter) were used for test-tube culture
and the measurement of plasmid stability, respectively.
Synthetic medium contained 2 g KH,PO,, 2 g KCl, 1 g
K,HPOQ,, 100 mg NaCl, 10 mg MnSO, - 4 to 6H,0, 10 mg
vitamin B;, 10 mg calcium pantothenate, 5 mg inositol, 2
mg ZnSO, - 7H,0, 2 mg Na,MoO, - 2H,0, 1 mg vitamin
B, 0.5 mg H;BO;, 1 mg CuSO, + 5H,0, 0.1 mg biotin, 50
mg CaCl,, 1 g MgSO, + TH,0, 50 mg FeSO, * 7TH,0, and

glucose. CaCl,, MgSO, - TH,0, FeSQ, - 7H,0, and glu-
cose were added after being sterilized separately. The glu-
cose concentration in the synthetic medium was varied.
Two kinds of semisynthetic media were used for cloned
gene production: the synthetic medium containing S g/L
casamino acids (SSC medium), and the synthetic medium
containing 10 g/L. yeast extract (SSY medium).

Flask Cultivation

Test-tube cultures containing 10 mL. SD minimal medium
were inoculated from glycerol stock (1.0% v/v) and incu-
bated in a reciprocal shaker for 20 h. The reciprocation
speed was controlled at 60 strokes/min and the temperature
at 30°C. Because SD minimal medium does not contain
tryptophan, and the host microorganism requires this amino
acid for growth, only plasmid-bearing cells can grow in
the medium. A T-shaped flask containing 100 mL SSC
medium was inoculated from the test tube cultures (1%
v/v), and the cells were cultivated for 18 h. Batch culture
was carried out in a T-shaped flask containing 100 mL SSY
medium by inoculation from the cells (1% v/v) grown in
SSC medium. The initial glucose concentration in the SSY
medium was 10 g/L.

The effect of the ethanol concentration on the synthesis of
the cloned gene product was investigated in T-shaped flask
cultures in SSY medium. The culture was performed until
the glucose concentration was lower than 0.5 g/L (after
about 12 h). All cultures were centrifuged aseptically, and
then recovered cells were suspended in 100 mL SSY me-
dium containing ethanol at 0, 2, 5, 10, and 20 or 30 g/L.
The ethanol concentrations in the T-shaped flasks were
measured every 5 h, and adjusted to the desired concentra-
tion by adding 95% ethanol solution manually. All these
operations were carried out on a clean bench.

Fed-Batch Culture

Two kinds of fed-batch culture were carried out: one to
investigate the control performance and the other for the
application of the fuzzy controller. For the fed-batch culture
of baker’s yeast, the initial cell concentration was adjusted
to an optical density of 10 at 660 nm (ODg4,) by adding
concentrated yeast solution (an ODgg, of 100) to the me-
dium. The initial glucose concentration in the medium was
2 g/L.. The working volume of the fermentor was 1.2 L.

Fed-batch cultures of the recombinant S. cerevisiae strain
20B-12 harboring either of the two plasmids were also car-
ried out to improve the expression of the cloned gene prod-
uct by means of the fuzzy controller. Cell grown in 200-mL
T-shaped flask cultures with SSC medium were transferred
to a jar fermentor (Iwashiya Bioscience Co., Tokyo) con-
taining 700 mL of SSY medium. The initial glucose con-
centration in the culture broth was 5 g/L.

In the cultures of baker’s yeast and recombinant S. ce-
revisiae strains, the dissolved oxygen concentration was
measured with a dissolved oxygen concentration meter
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(ABLE, Co., Tokyo) and was maintained at 2 to 5 ppm by
adjusting the agitation and aeration rates. The culture tem-
perature was maintained at 30°C and the pH at 6.0 with 3 M
sodium hydroxide solution and 1 M hydrochloric acid so-
lution by means of a pH controller (Oriental Electric Co.,
Tokyo). Glucose and ethanol concentrations in culture broth
were monitored automatically every 5 min by the glucose-
ethanol analyzer and controlled at 0.15 g/L and 2 g/L, re-
spectively, by the fuzzy control system as described as
above. After the cloned gene was induced, concentrated
yeast extract solution (200 g/L) was added at a constant feed
rate of 3.5 mL/h to avoid depletion of the nitrogen source in
the culture broth.

Analysis

The biomass concentration (dry cell weight, g/L) was
determined from the OD¢q, with a spectrophotometer
(UVIDEC-310, Jasco Co., Tokyo) and by multiplying by a
conversion factor of 0.21 with baker’s yeast (g dry cells per
liter per unit of ODgg) or 0.22 with S. cerevisiae strain
20B-12. For off-line glucose measurement, a glucose ana-
lyzer (Model 2300 stat, Yellow Springs Instrument Co.,
Yellow Springs, OH) was used. Ethanol concentration was
measured by a gas chromatograph (GC-7A, Shimadzu Co.,
Kyoto) with a Chromosorb 101 column (Gasukuro Kogyo
Co., Tokyo).

The definition of an enzyme unit and the measurement of
mouse a-amylase have been reported previously.? One en-
zymatic unit corresponds to the amount of enzyme produc-
ing one micromole of glucose from soluble starch per
minute. The specific enzyme activity is calculated by di-
viding the enzyme activity by the dry cell concentration.
The stability of recombinant plasmids in the yeast cells was
defined as the ratio of the number of colonies (plasmid-
bearing celis) that could be assessed on SD minimal agar
plates to the total number of colonies (viable cells) on YPD
agar plates.

RESULTS

Performance of Glucose and Ethanol
Concentration Regulation by Fuzzy Controller

The improved fuzzy control system described in Materials
and Methods was applied to baker’s yeast culture. The
lower (a) and upper (b) bounds of the o value were set at
0.75 and 3.0, respectively; the results are shown in Figure
3. The « value varied according to the fuzzy rules in Table
I, and the glucose and ethanol concentrations were main-
tained at 0.03 = 0.07 g/L. and 2.39 * 0.29 g/L, respec-
tively. The maximum cell concentration was 31.8 g dry
cells/L. A total of 62.4 g glucose was consumed by the
yeast cells. The yield coefficients of cells and ethanol from
glucose (Y, and Y,,) were calculated as 0.51 g cells/g

/s p
glucose and 0.05 g ethanol/g glucose, respectively. The ¥,
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Figure 3. Cell growth (a), concentrations of glucose and ethanol (b), a
value (c), and glucose feed rate (d) in fed-batch culture of baker’s yeast
with control of both glucose and ethanol concentrations. The culture was
carried out using 0.75 as the lower bound of the a value. The dotted lines
in (b) and (c) indicate the average concentration of ethanol and lower
bound of the a value, respectively.

value decreased compared with the previous result.”> When
the lower bound of o (@) was set at 0.5 or 1.0, the ethanol
control level either decreased or increased, respectively (see
Table H). By virtue of the small standard deviation and high
cellular yield, the a and b values of « were determined to be
0.75 and 3.0, respectively, in the improved fuzzy control
system.

Effect of Ethanol Concentration on Cloned
Gene Expression

As previously reported, when the glucose concentration was
controlled at 0.15 g/L in fed-batch culture of recombinant S.
cerevisiae 20B-12, the ethanol concentration increased to
17 ~ 20 g/L through the culture period.?® Because this
value is very high compared with that of glucose, we in-
vestigated the effect of the ethanol concentration in the pro-
duction phase on cloned gene expression under the control
of the PGK and SUC2 promoter systems. The ethanol con-
centration was adjusted to 0, 2, 5, 10, and 20 g/L. by adding
95% ethanol solution every 5 h in T-shaped flask cultures.
In the case of the PGK promoter system, the cell growth,
enzyme activity, and specific enzyme activity were inves-
tigated. The results are shown in Figure 4. The ethanol
concentrations were relatively maintained at the desired lev-
els. When the ethanol concentration was adjusted to 0 g/L.,
cell growth and enzyme production were low at 2 g/L. and
18 U/mL, respectively, because of the limitation of the
carbon source. The highest levels of cell growth and the
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Table II. Comparison of control performance of fuzzy controller with various lower bounds of

a values.
Lower bound (a)

0.5 0.75 1.0
Cell concentration (g/L) 26.3 31.8 27.9
Consumed glucose (g) 62.4 62.4 62.4
Glucose control level (g/L) 0.10 £ 0.12 0.03 £ 0.07 0.03 = 0.06
Ethanol control level (g/L) 1.95 = 0.61 2.39 = 0.29 2.63 = 0.41
Y cetvgrucose 0.43 0.51 0.41
Y ethanolglucose 0.04 0.05 0.07

enzyme production, 9.5 g/L and 78 U/mL, respectively,
were obtained when the ethanol concentration was main-
tained at 2 or 5 g/L.

The effects of ethanol concentration on cell growth and
cloned gene expression in S. cerevisiae strain 20B-12 under
the control of the SUC2 promoter were also investigated,
and the results are shown in Figure 5. The decrease in cell
growth of S. cerevisiae 20B-12 at an ethanol concentration
of 20 g/L was about 10%. However, enzyme activity was
13 U/mL, which was two times lower than at an ethanol
concentration of 2 g/L.. These results indicate that both cell
growth and gene expression in the SUC2 and PGK promoter
systems are affected by high ethanol concentration in the
production phase.

Fed-Batch Culture with Fuzzy Controller

Fed-batch culture of recombinant S. cerevisiae 20B-12 was
carried out with the concentrations of glucose and ethanol
controlled at 0.1 and 2 g/L, respectively, by the fuzzy con-
troller. Figure 6 shows the results of the culture of recom-
binant yeast harboring plasmid pNA3. At a culture time of

4 h, 5 g/L of glucose was consumed, at which point the
control of both glucose and ethanol began. Cell growth
decreased at 5 h and was then maintained until 30 h. The
ethanol and glucose concentrations were controlled at av-
erage values of 2.0 and 0.4 g/L, respectively, throughout
the cultivation. The final cell concentration was 40 g/L. The
maximum activity of a-amylase and specific enzyme activ-
ity were 175 U/mL and 7.7 U/mg dry cells, respectively.

Fed-batch culture of the recombinant yeast containing the
PGK promoter was also performed and the results are
shown in Figure 7. The glucose and ethanol concentrations
were controlled at average values of 0.3 and 1.9 g/L, re-
spectively. The final cell concentration was 55 g/L.. The
maximum a-amylase activity was 392 U/mL, and the spe-
cific enzyme activity 12.4 U/mg dry cells.

Comparison of Cloned Gene Expression in
Fed-Batch Cultures with Contro! of both the
Glucose and Ethanol Concentrations and with
Control! of Only the Glucose Concentration

Cloned gene expression was compared between cultures
with both glucose and ethanol control and with only glucose
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Figure 4. Batch cultures of S. cerevisiae 20B-12 harboring plasmid pNA7 with varying ethanol
concentrations [0 in (a), 2 in (b), 5 in (c), 10 in (d), and 20 g/L in (e)]. Symbols: ({J), glucose
concentration (g/L.); (M), ethanol concentration (g/L); (@), cell concentration (g/L); (A), a-amylase
activity (U/mL); (A), specific a-amylase activity (U/mg dry cells). Dotted lines denote the control

levels.
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concentration (g/L); (A), a-amylase activity (U/mL); (A), specific a-amy-
lase activity (U/mg dry cells).

concentration control®® (Table III). With the SUC2 pro-
moter, the enzyme and specific enzyme activities using the
fuzzy controller increased 1.9 and 3.3 times compared with
those not controlling ethanol concentration, even though the
cell growth was similar, whereas with the PGK promoter
these activities were three and four times as high, respec-
tively. The difference in the results between the two meth-
ods of control lies in the ethanol concentration. The ethanol
concentration was controlled at 2 g/L in the culture using
the fuzzy controller, whereas it increased to 17 or 19.8 g/L.
when ethanol concentration was not controlled. The fuzzy
controller was thus shown to be very useful for controlling
the concentrations of both glucose and ethanol.

DISCUSSION

A number of heterologous proteins expressed in S. cerevi-
siae are under preclinical or clinical trial or are on the mar-
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Figure 6. Expression of a-amylase gene of S. cerevisiae 20B-12 har-
boring plasmid pNA3 by controlling both the glucose and ethanol concen-
trations using the fuzzy controller. Bold and fine lines indicate the on-line
concentrations of glucose and ethanol, respectively. Symbols: (@), cell
concentration (g/L); (A), a-amylase activity (U/mL); (A), specific a-amy-
lase activity (U/mg dry cells).
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Figure 7. Expression of a-amylase gene of S. cerevisiae 20B-12 har-
boring plasmid pNA7 by controlling both the glucose and ethanol concen-
trations using the fuzzy controller. Lines and symbols are the same as in
Figure 6.

ket. To express gene products more efficiently, strong in-
ducible promoters are employed, and the time over which
product synthesis occurs is regulated to achieve a partial
separation of growth and cloned gene expression. We pre-
viously compared the strength of three different promoters,
SUC2, PGK, and GAL7 with the same host strain.?® Be-
cause SUC2 and PGK are expressed at a low glucose con-
centration in the production phase, the glucose concentra-
tion must be controlled at a low level. However, in the
bioprocess, although the glucose concentration was con-
trolled at below 0.2 g/L, the ethanol concentration in fed-
batch culture accumulated to 17 ~ 20 g/L in the strain S.
cerevisiae 20B-12'7'8:?! and 25 g/L in the strain YNN27,°
indicating the difficulty of restraining ethanol production.
Wang et al.>® reported that yeast cells aerobically grown in
glucose-limiting medium began to produce ethanol at a glu-
cose concentration of 0.13 g/L.. On the other hand, Nanba et
al.?? found that both glucose and ethanol were metabolized
at glucose levels lower than 0.07 g/L. This difference in the
glucose concentration required for switching from respira-
tion to ethanol formation appears to be due to the different
strains or growth conditions used. Until now, there have
been few studies on the effect of ethanol produced in re-
combinant yeast cultures on cloned gene expression. Our
results clearly showed that a-amylase synthesis is affected
by the ethanol concentration (Figs 4 and 5). Although the
mechanism of the effect of ethanol has not yet been eluci-
dated, the results indicted that control of both the glucose
and ethanol concentrations at low levels is very important
for improving a-amylase synthesis in recombinant yeast
cultures.

As mentioned above, it was very difficult to control con-
centrations of both glucose and ethanol by means of control
of glucose concentration alone, for the purpose of an im-
provement of cloned gene expression in cultivation of re-
combinant S. cerevisiae with a regulatory expression sys-
tem. If it is possible to control the glucose concentration at
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Table III. Comparison of mouse a-amylase production in fed-batch cultures of recombinant S. cerevisiae 20B-12 with control of both glucose and

ethanol, and of glucose only.

Glucose in Ethanol in Activity Specific activity
Promotor Control culture (g/L)* culture (g/L) Cells (g/L)° (U/mL)® (U/mg cell)® Reference
SUC2 Adaptive 0.26 17.0° 42.9 90.7 2.3 26
Fuzzy 0.48 2.00* 40.0 175.0 7.7 This work
PGK Adaptive 0.58 19.8° 40.3 128.6 32 26
Fuzzy 0.30 1.89* 55.0 3924 12.4 This work

*Average value.
®Maximal value.

as low as 0.13 or 0.07 g/L reported elsewhere,?>* the

ethanol concentration will be maintained at a low level, but
its control level will fluctuate. The reason is the metabolic
time delay from glucose to ethanol, and the metabolic time
delay leads to greater and greater fluctuations of glucose
concentration. To overcome these problems, fuzzy reason-
ing was applied to control the concentrations of both glu-
cose and ethanol under the condition of glucose control
level being lower than ethanol. It is not necessary for eth-
anol concentration to be strictly controlled, since an ethanol
concentration of 2 or 3 g/L in the culture did not inhibit gene
expression (see Figs 4 and 5). The desired concentrations of
glucose and ethanol may be different from strain to strain.
Therefore, fuzzy reasoning appeared to be an appropriate
control strategy for improving cloned gene expression in
recombinant yeast cultures.

Our fuzzy controller was able to regulate the ethanol
concentration at the set value in the control levels for re-
combinant yeasts as well as baker’s yeast. In the case of
different optimum levels, its control performance was suc-
cessfully achieved only by setting ‘‘small,”” ‘‘medium,”’
and “‘big’’ levels, respectively. Therefore, it is a very sim-
ple method to apply a different strain in the system not
requiring tight control of each concentration. If it is neces-
sary to control several substrates, products, or metabolites,
a multicomponent control is available by this fuzzy reason-
ing with the aid of each biosensor. This fuzzy control sys-
tem was thus shown to be very useful in overcoming the
effect of glucose and ethanol on a-amylase synthesis in
recombinant S. cerevisiae culture. Furthermore, we con-
firmed that it is also a useful means of improving the cel-
lular yield from glucose in industrial yeast production by
virtue of its good performance and simplicity.

CONCLUSION

We developed a fuzzy controller for regulating the concen-
trations of both glucose and ethanol, and its performance
was investigated in the fed-batch culture of baker’s yeast.
This fuzzy controller satisfactorily controlled both the glu-
cose and ethanol concentrations at set values. The fuzzy
control strategy also was applied to the fed-batch culture of
the recombinant strain S. cerevisiae 20B-12 containing ei-
ther the SUC2 or PGK promoter. The ethanol concentration

was controlled at 2 g/L throughout the cultivation. Mouse
a-amylase production was improved two- or three-fold
compared with when only the glucose concentration was
controlled. We confirmed that this system is very useful for
improving cloned gene expression in recombinant S. cere-
visiae by controlling both the glucose and ethanol concen-
trations.

This research was supported in part by a Grant-in-Aid for Sci-
entific Research (No. 04453125) from the Ministry of Educa-
tion, Science and Culture of Japan.
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