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The effects of two lignocellulose degradation by-products (furfural and acetic acid) on ethanol 
fermentations by six ethanologenic yeast strains were investigated. It was found that 1.5 g/l of furfural 
and 4.8 g/l of acetic acid, especially the latter, inhibited cell growth and increased ethanol yield, 
significantly. On the other hand, different yeast strains have different cell growth rate but very similar 
ethanol yield. This suggests that more attention should be put on finding strains with relatively high 
growth rate to enhance the bioethanol productivity. Among the tested yeast strains, 1300 exhibited the 
highest growth rate, thus can be a promising candidate for mass production of bioethanol. Three 
important operation parameters: temperature, pH value and inoculum size within investigated range 
(temperature 28 - 32°C; pH 4.5 - 6.5; and inoculum size 5 - 10%) did not significantly affect ethanol 
fermentation by strain 1300 with the existence of inhibitors furfural and acetic acid.  
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INTRODUCTION 
 
Bioethanol is one of the most promising sustainable fuels. 
As a cheap and widespread carbon resource for ethanol 
fermentation, lignocelluse material received increasing 
interest in recent years (Chen et al., 2009). A hindrance 
for further development of lignocelluse-based fermen-
tation, however, is that some inhibitive compounds will be 
produced during the degradation of lignocelluse material, 
among which acetic acid and furfural are two 
representative inhibitors (Chen et al., 2009; Alves et al., 
2002; Davis et al., 2005). A lot of efforts have been put 
on eliminating the negative effect of these inhibitions on 
fermentation, including removing the inhibitors from the 
lignocelluse  hydrolyzate  (de Mancilha and Karim, 2003),  
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screening inhibitor-tolerant strains (Chen et al., 2009), 
optimizing operation  parameters  for  lignocelluse  degra-
dation and fermentation (Carvalheiro et al., 2004). 

Furfural and acetic acid are not only two inhibitors, but 
can also be consumed by the yeast during fermentation 
(Carvalheiro et al., 2004). The ability of yeast to tolerate 
furfural was suggested to be directly coupled to the ability 
to convert furfural to less inhibitory compounds (Horvath 
et al., 2003). As for acetic acid, it can be utilized as a 
carbon resource and also leads the variation of pH value 
during the fermentation. These make the effect of the 
inhibitors rather complicated. Additionally, the effects of a 
certain lignocellulose degradation inhibitor for different 
strains are not always the same (Keating et al., 2006; 
Larsson et al., 1999), the mechanisms for which was 
attributed to the different influence on carbon metabolism 
(Hristozova et al., 2006; Gorsich et al., 2006; Lin et al., 
2009) and nitrogen  assimilation  (Hristozova et al., 2008) 
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Table 1. Factors and levels adopted in the L9 (3
4
) orthogonal test. 

 

 

Level 

Factor 

Temperature (°C) pH value Inoculum size (%) 

1 28 4.5 5 

2 30 5.5 8 

3 32 6.5 10 

 
 
 

by the inhibitor. Finding the difference of the response to 
the inhibitors by different strains is not only helpful for 
selecting excellent strains for ethanol industry, but also 
useful for further understanding the mechanisms of the 
yeasts under stress (Liu et al., 2005).   

The purpose of this study, therefore, is to compare the 
kinetics of ethanol fermentations by six ethanologenic 
yeast strains with the existence of furfural and aceticacid, 
find inhibitor-tolerance strain and then investigate the 
effect on ethanol fermentation by some important 
operation parameters with the existence of inhibitors.  
 
 
MATERIALS AND METHODS 

 
Strains 

 
Six yeast strains: Saccharomyces shochu LI-E12 (a protoplast fusion 
strain of Japanese Shochu-producing yeast S20E12 and Chinese 
liquor-producing yeast LI1-1), Saccharomyces Sake Q77 (a 
Japanese sake-producing yeast), Saccharomyces sp. K211 (a 
ethanolgenic yeast donated by Yalian Co. Ltd.), Saccharomyces sp. 
J-S1 (a Chinese liquor-producing yeast isolated from Daqu), 
Saccharomyces sp 1300 (an ethanolgenic yeast purchased) and 
Candida LI8 (a Chinese liquor-producing yeast isolated from a 
fermentation pit) were used in this study. All these strains exhibited 
high ethanol productivity in previous assessment. 

 
 
Cultivations 

 
The reserved yeast strains were first activated by cultivating them 
on 2% yeast extract peptone dextrose (YPD) medium slope at 28°C 
for two days. A loop of the activated seed for each strain was then 
inoculated into 250-ml flasks containing 50 ml of rice starter juice 
(sugar degree 10°Bx) and cultivated at 28°C and 150 rpm for 24 h. 

Fifty milliliters of the culture was then transferred to 450 ml 
sterilized 10% YPD medium supplemented with 1.5 g/l of furfural 
and 4.8 g/l of acetic acid, respectively, while the medium containing 
no furfural and acetic acid was used as the control. Furfural and 
acetic acid concentrations used in this study were determined 
referring to previous reported effective ranges of these inhibitors for 
Saccharomyces cerevisiae

 
(Klinke et al., 2003; Martin et al., 2002; 

Martin et al., 2002). The inoculated flasks was wrapped with fresh-
keeping film and cultivated at 28°C until stable stage of cell growth 
was attained. 

A L9 (3
4
) orthogonal test was used for investigating the effect of 

operation parameters. The factors and levels adopted for the 
orthogonal test are listed in Table 1. In this test, 10% YPD medium 
supplemented with 1.5 g/l of furfural and 4.8 g/l of acetic acid was 
used. Other cultivation parameters are the same as mentioned 
earlier. 

Analytical methods 

 
The cultivated flasks were weighted every day until their weight 
became almost stable. The gas production was calculated by the 
decrease of weight compared with the initial flask weight. 
After the cultivation, part of the fermented culture was distilled and 
subjected to ethanol measurement; the other part of the fermented 
liquor was used to measure the residual sugar and to count the 
number of cells. 

Reduced sugar was analyzed using the dinitrosalicylic acid 
(DNS) method. The cell number of yeast was counted by using 
hymetocyte plate method. The ethanol produced was determined 
directly using an alcoholometer (Liminju Glass Instrument Com-
pany, Hejian city, Hebei Province) after the residue was distilled. 
Ethanol yield was calculated as follows: 
 

Actual ethanol formed (g)
Ethanol yield (%) = 100

 Theoretical ethanol formed (g)
×  

                                                             (1) 
 
Mathematic model 
  
Considering the sigmoid shape of the gas production curves, 
logistic model (1) was used to fit the gas production data: 
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where X is the gas produced (g) at a certain fermentation time, t is 
the fermentation time (h), X0, Xf and µm are three kinetic 
parameters. 

Referring to the physical meaning of the logistic model (Goudar 
et al., 2005), X0 reflects the initial gas produced (g), Xf represents 
the final gas produced (g), while µm is the maximum (also the initial) 
specific rate of gas produced (h

-1
) which can be expressed by: 

 

max

1
( )m

dX

X dt
µ = ⋅                  (3) 

  
As the cell growth and gas production are almost in proportion at 
the initial stage of ethanol fermentation by yeast (Heitmann et al., 
1996), parameter µm can be roughly regarded as an equivalent of 
the maximum specific cell growth of the yeast (h

-1
). 

 
 
Statistical analysis 
 

Student Newman-Keuls test and factorial analysis were performed 
by using SAS 6.12 (SAS Institute Inc. USA). 
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Figure 1. Time courses of gas productions by different yeast strains in 10% YPD medium supplemented 
with 1.5 g/l furfural (a and b), 4.8 g/l acetic acid (c and d) and the control (e and f). □, LI-E12; �, LI8; ○; 
1300; *, Q77; +, JS1; ×, K211; curves are results calculated by model. 

 
 
 

RESULTS AND DISCUSSION 
 
Ethanol fermentations by different yeast strains in 
medium supplemented with furfural and acetic acid 
 

Figure 1 demonstrates the time courses of gas production 
by different yeast strains in medium supplemented with 
inhibitors and the control. On the whole, the gas 
produced increased with the extending of cultivation time, 
and tended to be level off finally. By fitting experimental 
data, parameters of logistic model (1) were estimated for 
each cultivation, respectively. All curves were fitted satis-
factorily by the model (Figure 1). 

The maximum specific growth rate, final gas produced, 
ethanol yield, cell number and residual sugar of different 

yeast strains in medium with and without inhibitors are 
summarized in Table 2. The first two indexes were 
obtained by model fitting as describe earlier, while the 
latter three indexes were directly assessed after the 
cultivations. For different strains and inhibitors, all these 
indexes varied in a rather complicated manner. 

A factorial analysis was performed to understand the 
effects on these indexes by inhibitor and strain (Table 3). 
The result shows that the maximum specific growth rate 
and final gas produced was significantly affected by both 
inhibitor and strain; while the ethanol yield and residual 
sugar were mainly influenced by inhibitor. The variation of 
cell number, however, can be attributed neither to the 
inhibitor nor the strain. 

According to Tables 2 and  3,  both  furfural  and  acetic  
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Table 2. The maximum specific growth rate, final gas produced, ethanol yield, cell number and residual sugar of different yeast 
strains in medium with inhibitors and the control. 
 

Inhibitor 
supplemented

 Strain 

Maximum 
specific 

growth rate 
(µm, h

-1
)
 

Final gas 
produced 

(Xf, g) 

Ethanol yield 

(%) 

Cell number 

(×10
8
) 

Residual 
sugar 

(g/100ml) 

Furfural 

(1.5 g/l) 

LI-E12 0.16 ± 0.02
abcde

 17.52 ± 0.12
e 

74.06 ± 0.21
f 

1.72 ± 0.04
n 

0.28 ± 0.01
abc 

LI8 0.18 ± 0.02
abcd 

17.30 ± 0.01
f 

77.86 ± 0.01
c 

1.84 ± 0.01
m 

0.27 ± 0.01
abc 

1300 0.22 ± 0.01
a 

17.71 ± 0.01
d 

73.43 ± 0.03
g 

4.44 ± 0.02
a 

0.26 ± 0.01
abc 

Q77 0.13 ± 0.01
cde 

18.19 ± 0.01
c 

69.63 ± 0.03
m 

3.44 ± 0.01
d 

0.25 ± 0.01
bc 

JS1 0.18 ± 0.03
abcd 

17.06 ± 0.01
h 

74.70 ± 0.05
e 

2.76 ± 0.01
h 

0.28 ± 0.01
abc 

K211 0.10 ± 0.01
ef 

17.78 ± 0.03
d 

74.70 ± 0.03
e 

1.74 ± 0.01
n 

0.27 ± 0.03
abc 

Acetic acid 

(4.8 g/l) 

LI-E12 0.13 ± 0.01
cde 

18.57 ± 0.05
b 

76.59 ± 0.01
d 

1.94 ± 0.01
l 

0.35 ± 0.01
a 

LI8 0.14 ± 0.01
cde 

18.11 ± 0.03
c 

74.70 ± 0.04
e 

3.04 ± 0.02
f 

0.30 ± 0.01
abc 

1300 0.17 ± 0.01
abcd 

18.17 ± 0.01
c 

79.76 ± 0.02
b 

1.26 ± 0.01
p 

0.32 ± 0.01
abc 

Q77 0.07 ± 0.01
f 

19.32 ± 0.03
a 

74.70 ± 0.03
e 

1.38 ± 0.03
o 

0.33 ± 0.03
ab 

JS1 0.12 ± 0.01
def 

18.14 ± 0.01
c 

81.03 ± 0.03
a 

3.78 ± 0.03
c 

0.31 ± 0.03
abc 

K211 0.12 ± 0.01
def 

17.55 ± 0.03
e 

72.80 ± 0.03
h 

2.32 ± 0.01
i 

0.34 ± 0.01
ab 

Control 

LI-E12 0.20 ± 0.01
abc 

17.38 ± 0.01
f
 70.90 ± 0.03

k 
3.14 ± 0.01

e 
0.25 ± 0.01

bc 

LI8 0.18 ± 0.01
abcd 

17.14 ± 0.01
gh 

68.37 ± 0.01
n 

2.16 ± 0.01
j 

0.22 ± 0.02
c 

1300 0.21 ± 0.01
ab 

17.25 ± 0.04
fg 

72.16 ± 0.01
i 

2.06 ± 0.03
k 

0.24 ± 0.01
bc 

Q77 0.19 ± 0.01
abcd 

18.07 ± 0.03
c 

70.90 ± 0.04
k 

2.90 ± 0.10
g 

0.24 ± 0.01
bc 

JS1 0.20 ± 0.01
abc 

17.10 ± 0.04
h 

70.58 ± 0.03
l 

3.88 ± 0.03
b 

0.22 ± 0.03
c 

K211 0.15 ± 0.01
bcde 

16.89 ± 0.06
i 

71.53 ± 0.03
j 

2.88 ± 0.04
g 

0.26 ± 0.03
abc 

 

For the same column, there are significant differences among values with different superscripts (p < 0.05). All experiments were carried out 
in triplicate. 

 
 
 

Table 3. Factorial analyses of the effects on the maximum specific growth rate, final gas produced, ethanol yield, cell 
number and residual sugar by inhibitor and strain. 
 

Factor 
Maximum specific 

growth rate 
Final gas 
produced 

Ethanol yield Cell number 
Residual 

sugar 

Inhibitor ++ ++ ++ - ++ 

Strain + ++ - - - 
 

++, p < 0.01; +, p < 0.05; -, p > 0.05. 
 
 
 

acid, especially the later, significantly decreased the 
specific cell growth rate and increased the final gas 
produced, the residual sugar and ethanol yield. The 
decrease of cell growth rate by these inhibitors has been 
reported by many researchers (Couallier et al., 2006; 
Gutierrez et al., 2002; Helle et al., 2003; Duarte et al., 
2005). However, the significant enhancement of ethanol 
yield by the inhibitors was seldom reported so far. A lot of 
researchers observed that ethanol yield were unaffected 
(Keating et al., 2006; Gutierrez et al., 2002; Diaz et al., 
2009) or even decreased (Larsson et al., 1999; Helle et 
al., 2003) by these inhibitors.  

Table 3 also indicates that for ethanol fermentation by 
different strains, the maximum specific growth rate and 
the final gas produced were significantly different; while 
their ethanol yields were rather similar. The latter might 
be explained by fact that the ethanol yield was deter-

mined more by the glucose concentration in the medium 
than by the strain applied. As the ethanol yields are 
similar for different strains, the ethanol productivity will 
then depend mainly on the cell growth rate (higher growth 
rate results in shorter fermentation period, Figure 1). 
Therefore, in screening yeast strain for bioethanol pro-
duction with the existence of inhibitors, it seems that 
more attention should be put on finding strains with 
relatively high growth rate to enhance the bioethanol 
productivity.  

Among the tested strains, 1300 demonstrated compa-
ratively high specific growth rate when different inhibitors 
existed. This character is useful for ethanol production 
based on cellulose material. Therefore, this strain was 
used in further investigating the effects on ethanol 
fermentation by three important operation parameters, 
namely temperature, pH value and inoculum size. 
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Table 4. The effects of temperature, pH value and inoculum size on ethanol fermentation by yeast strain 1300 using 
orthogonal test. 
 

Level of factor Maximum specific 
growth rate (µm, h

-1
) 

Final gas 
produced (Xf, g) 

Ethanol yield 
(%) Temperature pH Inoculum size 

1 1 1 0.13 17.13 70.90 

1 2 2 0.15 16.45 63.93 

1 3 3 0.17 16.15 68.37 

2 1 2 0.17 17.06 76.59 

2 2 3 0.16 17.05 69.00 

2 3 1 0.16 16.63 67.73 

3 1 3 0.18 17.30 72.16 

3 2 1 0.17 16.78 72.16 

3 3 2 0.16 16.67 71.53 
 
 
 

Table 5. The effect of maximum specific rate, final gas produced and ethanol yield on the fermentation 
of strain 1300 by adding furfural and acetic acid simultaneously when compared with those in the 
fermentations in which each inhibitor alone and the control is added. 
 

Treatment Maximum specific growth rate Final gas produced Ethanol yield 

Control ↓ - - 

Adding acetic acid - ↓ ↓ 

Adding furfural ↓ ↓ - 
 

↓, significantly decreased (p < 0.05); -, no significant difference (p > 0.05). 
 
 
 

Investigating the effects of temperature, pH value and 
inoculum size on ethanol fermentation by strain 1300 
using orthogonal experimental test 
 
An orthogonal test was performed to find out how tem-
perature, pH value and inoculum size affects ethanol 
fermentation by 1300 cultivated in medium with furfural 
and acetic acid. For all treatments, the gas production 
curves were similar to those shown in Figure 1 (details 
not shown). Table 4 summarized the treatments and 
corresponding maximum specific growth rate, final gas 
produced and the ethanol yield. These indexes were 
obtained using the same method as mentioned pre-
viously. Factorial analysis shows that none of the three 
operation parameters had significant effect on these 
indexes (p > 0.05) within the investigated range.  

We also tried to find whether there are any differences 
between the fermentation with the existence of the 
combined inhibitors and the fermentation with the exis-
tence of each inhibitor, respectively. Variation analyses of 
the maximum specific rate, final gas produced and 
ethanol yield for the fermentation by strain 1300 under 
different conditions were performed (Table 5). The result 
shows that the maximum specific growth rate is signifi-
cantly lower in treatment with the combined inhibitor than 
the control (treatment with neither furfural nor acetate 
acid) and the treatment with furfural; but was similar to 
the treatment with acetate acid. This again verified that in 
comparison with furfural, acetic acid has a more impor-

tant reason for the decrease of cell growth rate. The final 
gas produced in the treatment with the combined inhibitor 
was similar to the control but significantly lower than the 
treatment with either furfural or acetate acid alone. The 
ethanol yield of the treatment with the combined inhibitor 
is similar to the control and the treatment with furfural, but 
significantly lower than that with acetic acid. This implies 
that even acetate acid can significantly increase ethanol 
yield, the effect may be lessen by the existence of fur-
fural. Previous research (Hu et al., 2009) demonstrated 
that inhibition effects caused by many lignocellulose 
degradation inhibitors including acetate and furfural, 
generally were additive. Our result, however, suggests 
that interaction effects on ethanol fermentation by these 
two inhibitors may also need to be considered in some 
cases.  
 
 
Conclusion 
 
The results of this study revealed that the two lingo-
cellulose degradation by-products: furfural and acetic 
acid, especially the latter, inhibited cell growth and 
increased ethanol yield, significantly. On the other hand, 
different yeast strains have different cell growth rate, but 
very similar ethanol yield, suggesting that more attention 
should be put on finding strains with high growth rate to 
enhance the bioethanol productivity. Among the tested 
yeast strains, 1300 exhibited the highest  specific  growth  
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rate, thus can be a promising candidate for mass pro-
duction of bioethanol. The three important operation 
parameters: temperature, pH value and inoculum size 
within investigated range do not have significant effect on 
ethanol fermentation by strain 1300 with the existence of 
inhibitors: furfural and acetic acid.  
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