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Abstract Concentrations of Mg2+, glycine, yeast

extract, biotin, acetaldehyde and peptone were

optimized by a uniform design process for ethanol

production by Saccharomyces cerevisiae. Using

non-linear step-wise regression analysis, a predic-

tive mathematical model was established. Con-

centrations of Mg2+ and peptone were identified

as the critical factors: 50 mM Mg2+ and 1.5%

(w/v) peptone in the medium increased the final

ethanol titre from 14.2% (v/v) to 17% (v/v) in

48 h.
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Introduction

Very high gravity (VHG) fermentation technol-

ogy is now being used for industrial scale

production of ethanol as a biofuel. VHG tech-

nology is defined as ‘‘the preparation and fer-

mentation to completion of mashes containing

27 g or more dissolved solids per 100 g mash’’

(Thomas et al. 1993). Its benefits include a

decrease in process water requirements and

energy costs, increased productivity and ethanol

concentrations in the product. An important

consideration in VHG fermentation is that the

yeast is subjected to considerable osmotic stress

which decreases its growth and cell viability.

Several authors have observed that Mg2+

(Hu et al. 2003), yeast extract (Bafrncova et al.

1999), glycine (Thomas et al. 1994), biotin (Alfe-

nore et al. 2002) and peptone (Stewart et al. 1988)

have a protective effect on yeast growth and

viability and improve the final ethanol concen-

tration. Others have shown that acetaldehyde is

highly effective in shortening the lag phase of

Saccharomyces cerevisiae and the fermentation

time (Barber et al. 2002). However, all these

works used single-factor experiments. Little work

has been done to study the simultaneous effect of

these factors being added to fermentation med-

ium. Uniform design is one of the best statistical

design techniques, and requires the fewest multi-

level experiments (Zhang et al. 1993). The main

objective of uniform design is to sample a small

set of points from a given set of points, so that the

sampled points are uniformly scattered. In this

work, uniform design was applied to optimize the

concentrations of the above factors and build a

mathematical model for predicting the final eth-

anol production and the predictive capability of

this empirical model was also verified.
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Materials and methods

Materials

Active dry yeast was purchased from Angel Yeast

Co. (Hubei, P. R. China). It can grow at higher

temperature (40�C–42�C) and low pH (as low as

pH 2.5) and tolerate high concentrations of

glucose (60%, w/v) and ethanol (13%, v/v).

a-Amylase and glucoamylase were supplied by

Genencor (China) Ltd. Yeast extract and peptone

(biochemical grade) were obtained from Beijing

Abxing Biological Technology Company. All

other chemicals were of reagent grade and were

purchased from Sinopharm Chemical Reagent

Co. (Shanghai, P. R. China). Corn flour (starch

content about 68%, w/w) was obtained from a

local market. Chemicals required for the mea-

surement of ethanol were purchased from Sigma

Chemical Co.

Hydrolyzation of corn flour

Corn flour, 100 g, was dispersed into 170 ml water

containing 1 mM CaCl2 in a 500 ml flask. Five IU

a-amylase was added per gram corn flour. The

temperature was held at 96�C for 60 min and then

lowered to 60�C, when 500 IU glucoamylase per

gram corn flour was added to the gelatinized

starch. The mashes were incubated at 60�C for

30 min and then cooled to room temperature, and

ready for fermentation.

Uniform design and statistical analysis

Mg2+, yeast extract, glycine, biotin, peptone and

acetaldehyde were added to the fermentation

medium according to uniform design. The

detailed design will be described in Results and

discussion. The data from uniform design were

analyzed by a software package (Uniform Design

Version 1.0), which was provided by the Institute

of Special Economic Animal and Plant Sciences,

Chinese Academy of Agriculture Sciences. This

software package could generate a design digest

according to the number of factors and levels, and

build the mathematical model by non-linear step-

wise regression analysis. It could also give the

results of the F test for the mathematical model

and every factor in the model. Therefore, we

could know whether the mathematical model was

suitable or not, and which factor was statistically

significant to the results.

Preparation of inoculum

Active dry yeast, 5 g, was dispersed in 50 ml

prewarmed (38�C) 0.1% (w/v) sterile peptone

water. After holding at 38�C for 20 min, 3 ml

yeast solution was inoculated to each flask con-

taining about 250 ml corn flour hydrolyzate, and

the flasks were cultured at 30�C.

Cell number

Total cell counts and viable-cell counts were

determined by a direct microscopic method at a

magnification of 400. Samples from flasks were

diluted with modified Ringer solution containing

250 mg Methylene Blue per liter. Cells which

were stained blue were considered to be nonvi-

able (Thomas and Ingledew 1990).

Ethanol assay

The samples taken from flasks were centrifuged at

10,000 g for 10 min. Ethanol content of the super-

natants was then measured enzymatically with

alcohol dehydrogenase (Cornell and Veech 1983)

in microtitre wells. Each well contained 100 ll

0.6 M Tris/0.4 M lysine hydrochloride buffer, pH

9.7, 20 ll 32 mM NAD, 10 ll sample, 65 ll dis-

tilled water and 5 ll crystalline yeast alcohol

dehydrogenase (1,264 units/ml). After mixing,

the absorbance at 340 nm was measured using

microplate spectrophotometer at 37�C. Ten mi-

crolitre water in place of the ethanol sample was

also run as a control. Ethanol content of samples

was calculated from an ethanol standard curve.

Results and discussion

In this study, uniform design 0610 (UD0610) was

used to construct a mathematical model (Zhang

et al. 1993), which could quantitatively describe

how ethanol fermentation responds to the variation

of the factors including Mg2+, yeast extract,
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glycine, biotin, peptone, acetaldehyde and their

interactions. Each factor had five levels, and the

five levels were repeated once to form 10 levels.

These factors and their levels are given in

Table 1. The work sheet and the experimental

results for the design are shown in Table 2.

Using the software package Uniform Design

Version 1.0, the significant main effects and factor

interaction could be automatically selected for

incorporation into the statistical model by a step-

wise non-linear regression method based on the

confidence level. The model was established for

the prediction of ethanol yield as follows:

Ethanol %; v/vð Þ ¼ 7:11 � 10�15 þ 0:263X1

þ 0:0177X2 � 0:0388X3

� 0:185X4 þ 0:00564X5

þ 9:06X6 þ 4:86 � 10�6
� �

X3
1

þ 3:86 � 10�3
� �

X3X2
4

The predicted values are displayed in Table 2

along with the experimental values. Comparison

of these values indicated that there was an

excellent agreement between the experimental

and predicted data within the range of the

experimental values tested. The F analysis in

Table 3 shows that the statistical model is signif-

icant at the 1% level. The most significant factors

contributing to ethanol yield are the concentra-

tions of Mg2+ and peptone. From the empirical

model equation established and the significant

main factors determined, an optimal addition for

the corn flour hydrolyzate can be established as a

mixture of 50 mM Mg2+ and 1.5% (w/v) peptone.

The performance of the addition was conformed

in three identical flask fermentations, which gave

an over 20% increase in final ethanol concentra-

tion and more cells in 48 h (Table 4).

To investigate the relationship between the

concentrations of Mg2+, yeast extract, glycine,

biotin, peptone and acetaldehyde, a simple but

useful uniform design was used in flask culture to

optimize ethanol production. This study is prob-

ably the first of its kind to attempt to quantita-

tively describe how ethanol fermentation

responds to the variation of the above factors

and their interactions. The results presented here

showed that Mg2+ and peptone concentrations are

the most significant factors contributing to etha-

nol production among the six factors used in the

experiment. Although the application of the

mathematical model clearly demonstrated that

there was a significant effect on ethanol produc-

Table 1 Factors and levels in the uniform design

Factor Symbol Factor level

1 2 3 4 5

Mg2+ (mM) X1 10 20 30 40 50
Glycine (mM) X2 10 20 30 40 50
Yeast extract

(%, w/v)
X3 0.5 1.0 1.5 2.0 2.5

Biotin (lg/l) X4 2 4 6 8 10
Acetaldehyde

(mg/l)
X5 20 40 60 80 100

Peptone (%, w/v) X6 0.3 0.6 0.9 1.2 1.5

Table 2 Worksheet for
10 runs of a six-factor
uniform design (UD0610)
and response

a Exp.: experimental
value
b Mod.: model-predicted
value

Each datum is the mean
value of three identical
flask samples

Run Factor Response

X1 X2 X3 X4 X5 X6 Ethanol (%, v/v) Million cells/g mash

Level Exp.a Mod.b 24 h 48 h

1 1 2 3 5 2 5 15.8 ± 0.3 15.4 246 ± 150 236 ± 14
2 2 4 1 5 3 4 16.3 ± 0.1 15.3 156 ± 43 274 ± 20
3 3 1 4 4 5 3 15.9 ± 0.4 15.8 215 ± 81 62 ± 16
4 4 3 1 4 1 2 16.3 ± 0.6 15.4 91 ± 38 124 ± 110
5 5 5 4 3 2 1 16.5 ± 0.3 16.4 95 ± 42 290 ± 63
6 1 1 2 3 4 5 16.4 ± 0.2 15.8 204 ± 75 296 ± 185
7 2 3 5 2 5 4 16.4 ± 0.4 16.4 74 ± 15 392 ± 147
8 3 5 2 2 1 3 15.5 ± 1.0 16.2 239 ± 180 224 ± 30
9 4 2 5 1 2 2 15.6 ± 0.5 16.4 138 ± 62 185 ± 129
10 5 4 3 1 4 1 16.2 ± 0.3 17.0 119 ± 72 175 ± 73
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tion generated by altering the Mg2+ and peptone

concentrations in the medium for the combina-

tion of the medium and strain used in this work, it

did not mean that the mathematical model was

effective for other organisms or in other fermen-

tation media.

Conclusion

Using uniform design, a model could be devel-

oped for ethanol production, and Mg2+ and

peptone concentrations were considered as the

most significant factors contributing to ethanol

production among the six factors examined.

The corn flour hydrolyzate is commonly used

for ethanol production in China. According to

this study, the final ethanol concentration could

reach 17% (v/v) in 48 h by increasing the ratio of

corn flour and water to 1:1.7 and adding 50 mM

Mg2+ and 1.5% (w/v) peptone to the corn flour

hydrolyzate.
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Table 3 Analysis of
variance

Source of variation Degrees
of freedom

Sum of squares F value

Regression 8 235.0 118.26 > F(8, 2, 0.01) = 99.37
Residual 2 0.497

Table 4 Effect of Mg2+

and peptone on ethanol
production. Each datum is
the mean value of three
identical flask samples

Medium Million
cells/g mash
(24 h)

Million
cells/g mash
(48 h)

Ethanol
concentration
(%, v/v, 48 h)

Corn flour hydrolyzate 332 ± 156 156 ± 67 14.2 ± 0.1
Corn flour hydrolyzate + Mg2+ + peptone 368 ± 200 223 ± 110 17.0 ± 0.2
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