
 1 

 

行政院原子能委員會 

委託研究計畫研究報告 

 

 

 

 
新穎性酒精發酵菌株篩選與研發 

Screening and development of new ethanol fermenting 

microorganisms 

 

 

 

 

 

 

計畫編號：972001INER033 

受委託機關(構)：國立台灣海洋大學海洋生物研究所 

計畫主持人：劉秀美 

核研所參與人員：周聖炘、許登傑、郭家倫、黃文松 

聯絡電話：02-24622192#5307 

E-mail address：smliu@mail.ntou.edu.tw 

報告日期：97.12.02 

 



 2 

壹、目 錄 (catalogue) 

 

壹、目 錄 (catalogue)   ............................................................. 2

貳、中文摘要(Chinese abstract)  ............................................... 3

參、英文摘要(English abstract)   ............................................... 4

肆、計畫緣起與目的 (Introduction)   ....................................... 5

伍、研究方法與過程 (Methods and Procedures)   .................. 11

陸、主要發現與結論  (Results and Summary)   .................... 15

柒、參考文獻 (Reference)   .................................................... 19

捌、附件   ................................................................................. 23

 

 



 3 

貳、中文摘要(Chinese abstract) 

新穎性酒精發酵菌株篩選與研究  

*陳偉傑、*王簾涵、*劉秀美、周聖炘、許登傑、郭家倫、黃文松 

 

同步水解發酵 (即將纖維素及半纖維素用酵素水解生產糖類之作

用與發酵菌將產出的糖類發酵成酒精之作用同時進行)為當今被認為

最適合生產酒精之方法之一，也是被核能研究所採納之方法。本文除

了探討一株可在 70 ℃下分解五碳糖與六碳糖生產酒精之菌株

Thermoanaerobacterium NTOU2 單獨利用 starch、glucose、xylose、

arabinose、cellobiose 或是利用這些醣類的混合物時生產酒精之情

形，測試木質纖維素酸水解產物 furfural，5-hydroxymethyl furfural，

leuvlinic acid，acetic acid 對 NTOU2 利用 glucose 或 xylose 生產酒精

之影響，測試 NTOU2 對酒精之耐受濃度，我們也探討當使用最適溫

度為 50 ℃最適 pH 為 6.0 的纖維素分解酵素(cellulase) 於共發酵反應

槽，利用 CMC，Avicel，或是經弱酸處理之木質纖維素為原料來生產

酒精時之最佳操作條件與最高酒精之生產量。 

*海洋大學 海洋生物研究所 

原能會核能研究所 
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參、英文摘要(English abstract) 

Screening and development of new ethanol fermenting microorganisms 

*Chen Wei-Jie, *Wang Lien-Han, *Liu Shiu-Mei, Chou Sheng-Hsin, Hsu 
Tseng-Chieh, Guo Gia-Luen, Hwang Wen-Song 

 

Simultaneous saccharification and fermentation (SSF), which 

combines enzymatic hydrolysis of pre-treated lignocellulose by 

cellulases and hemicellulases with fermentation of the produced 

hexoses and pentoses to ethanol by microorganisms, is considered as 

one of the most efficient way to convert lignocellulose to ethanol. 

In this report a new thermophilic anaerobic bacterium strain 

NTOU2 which was capable of growth utilizing hexose and pentose at 

70 ℃ was used to investigate its ethanol production/yield from a single 

sugar and from a combination of sugars (e.g. glucose, xylose, arabinose, 

and cellobiose); the effects of inhibitors from the acid hydrolysate of 

lignocellulose (furfural,5-hydroxymethyl furfural, leuvlinic acid, acetic 

acid) on ethanol production; and ethanol tolerance of this strain. Since 

the optimum temperature and pH of the cellulase obtained from 

Novozyme were 50 ℃ and 6.0, respectively, the optimum conditions to 

operate simultaneous saccharification and fermentation (SSF) 

fermentor using CMC, Avicel, or the pre-treated lignicellulose 

materials were also investigated. 

*Institute of Marine Biology, National Taiwan Ocean University 
Institute of Nuclear Energy Research 
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肆、計畫緣起與目的 (Introduction) 
 

Cellulose is the most abundant biopolymer and renewable energy 

source on earth, it is also a major component of forest, agricultural and 

municipal waste (Himmel et al., 1999; Lynd et al., 1999; Lynd et al., 

2002). The decomposition of cellulose and other plant polysaccharides, 

which is carried out almost exclusively by microorganisms in anoxic 

environments, is a key step in the cycling of carbon in the biosphere 

(Tiedje et al., 1984; Schlesinger, 1991; Leschine, 1995; Küsel et al., 

1999). In recent years, microorganisms involved in decomposition of 

these bipolymers have received considerable attention because of their 

potential use in processes that could convert cellulosic biomass to fuels 

such as ethanol and hydrogen gas (Chum and Overend, 2001; Wyman, 

2001; Lynd et al., 2002). Use of biomass fuels is a promising option to 

decrease our dependence on foreign oil while reducing greenhouse 

emissions.  

To convert lignocellulose to ethanol, lignocellulose must be first 

broken down into its component sugars, and the sugars must then be 

fermented. The break down, or de-polymerization of lignocellulose can 

be achieved through enzymatic hydrolysis using cellulolytic enzymes. 

The cellulase enzyme system is a mixture of endoglucanase, 

exoglucanase (cellulases), and β glucosidase (Parisi, 1989). However, 

prior to enzymatic hydrolysis, the cellulose structure must be made 

available to the hydrolyzing enzymes by pre-treating the lignocellulosic 

materials (Parisi, 1989). Several pre-treatment methods had been 

described, but dilute acid hydrolysis is one of the most frequently used 
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methods. Normally, dilute acid hydrolysis is carried out using mineral 

acids such as H2SO4 or HCl, at temperatures between 120oC and 200oC 

(Torget and Hsu, 1994). Dilute-acid hydrolysis is fast and easy to 

perform, but a wide range of chemicals such as formic acid, acetic acid, 

furfural, 5-hydroxymethyl furfural, levulinic acid, and phenolic 

compounds, inhibitory to microorganisms are formed or released 

(Palmqvist and Hahn-Hägerdal, 2000) during the process. These 

inhibitory compounds could limit efficient utilization of the 

hydrolysates for ethanol production by fermentation. It had been 

reported that the ethanol yields obtained using dilute-acid hydrolysis 

and fermentation were only 50-60% of the theoretical values (Wyman, 

1994). 

Through pre-treatment and enzyme hydrolysis, a mixture of 

hexoses (e.g. glucose), and pentoses (e.g. xylose and arabinose) were 

generated. The hexose sugars can be easily fermented into ethanol using 

industrial strains of the yeast Saccharomyces cerevisiae. However, few 

yeast varieties of the genus Saccharomyces can ferment pentose sugars 

such as xylose into ethanol. Because about one-third of the sugars in 

biomass feedstocks are in hemicellulose, the rapid and efficient 

fermentation of xylose is essential for economical conversion of biomass 

to ethanol. Recent estimates suggest that fermentation of both xylose 

and glucose in a combined process can produce ethanol for substantially 

less than the previously projected cost. However, despite extensive 

searching, no other organisms have been found that combine all the 

industrially relevant characteristics required for cost-effective 
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fermentation of xylose into ethanol. One promising strategy has been to 

take a natural hexose ethanogen and add the pathways to convert other 

sugars. This strategy has been effective in using genetic engineering to 

develop strains of Saccharomyces cerevisiae that can ferment xylose 

into ethanol (Sedlak and Ho, 2004; Karhumaa et al., 2005; Kuyper et al., 

2005). The other primary strategy has been to modify a host capable of 

converting multiple sugars to produce only ethanol from glysolysis, such 

as recombinant Zymomonas mobilis (Wood and Ingram, 1992), 

Hansenula polymorpha (Ryabova et al., 2003), E. coli (Alterthum and 

Ingram, 1989; Qureshi et al., 2006), Klebsiella oxytoca (Wood and 

Ingram, 1992), Lactobacillus, and Clostridium to get a promising 

biocatalyst to produce ethanol from glucose/xylose efficiently.  

    It is considered that simultaneous saccharification and fermentation 

(SSF), which combines enzymatic hydrolysis of pre-treated 

lignocellulose by cellulases and hemicellulases with fermentation of the 

produced hexoses and pentoses to ethanol by microorganisms, would be 

the most efficient way to convert lignocellulose to ethanol (McMillan, 

1994; Banat et al., 1998). Sugars liberated during lignocellulose 

hydrolysis can cause strong product inhibition of the hydrolytic enzymes, 

but the presence of fermenting microorganisms together with the 

cellulolytic enzyme complex in the SSF process reduces the 

accumulation of sugars within the reactor, thereby increases yield and 

saccharification rate with respect to separate saccharification and 

fermentation (Wyman and Hinman, 1988).  

SSF requires compatible hydrolysis and fermentation conditions, 
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with a similar pH, temperature and optimum substrate concentration. 

However, most available commercial cellulases operate optimally at high 

temperatures (around 50oC and higher), whereas the most known 

organisms able to ferment lignicellulose sugars, and special 

pentose-fermenting natural and recombinant yeasts, are mesophilic 

organisms with optimal growth and fermentation temperatures around 

30oC (Leschine, 1995). Thus using thermophilic cellulolytic and 

saccharolytic microorganisms in SSF will be beneficial to this process.  

Other remaining microbiological challenge for SSF is the cessation of 

growth of fermenting microorganisms due to high ethanol concentrations. 

Microorganisms are thought to be inhibited by ethanol as a result of end 

product inhibition of glycolytic enzymes and damage to the cell 

membranes (Jones, 1989; Ingram, 1990). The ethanol tolerance of 

Clostridium thermocellum had been investigated most extensively among 

cellulolytic anaerobes. C. thermocellum exhibited rather low ethanol 

tolerance, however, development of increased tolerance in response to 

exposure to ethanol had been described for this organism (Herrero and 

Gomez, 1980; Taillez et al., 1989). Few data are available for other 

thermophilic celluloytic or saccharolytic anaerobes (Lee et al., 1993). 

A recent study by DOE/NREL also mentioned that the desired future 

biofuel producer would have several features that distinguish it from 

currently used microorganisms: (i) high yield and low product inhibition, 

(ii) simultaneous utilization of sugars (cellulose, hemicellulose, pectin), 

and (iii) growth at elevated temperatures: robust thermophilic organisms, 

with a decreased risk of contamination. 
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Recently we had isolated a new extremely thermophilic, anaerobic, 

gram-negative bacterium, strain NTOU2 from the acidic hydrothermal 

fluids off Gueishan Tao. It grew at 45-78oC, with an optimum around 

70oC. It was also capable of growth utilizing xylan, cellulose, pectin, 

glucose, fructose, maltose, mannose, trehalose, xylose, cellobiose, and 

arabinose. 16S rRNA gene sequence analysis (1240 bp) indicated that this 

strain belongs to the genus Thermoanaerobacterium.  

Strain NTOU2 is of particular interest for its ability to ferment both 

hexose and pentose at 70oC, and high concentration of ethanol and 

hydrogen production during fermentation of these sugars and polymers. 

At the early stage of fermentation, ethanol was the major metabolic 

products. This strain could also ferment at temperature in the range of 

55oC-65oC (Fig. 1) and pH in the range of 5.5-6.0 (Fig. 2), which are 

closer to the optimum temperature and pH for the activity of cellulases, 

e.g. 50oC and pH 5.0-6.0. These characteristics suggesting that strain 

NTOU2 may be suitable in application in the coupled SSF processes. 

Another interesting feature strain NTOU2 has is its ability to ferment 

cellobiose efficiently. Therefor β glucosidase might be omitted from the 

cellulase mixture in SSF process. 

In this project we are planning to work on: 

1. Ethanol production/yield from simultaneous bioconversion of hexose 

and pentose (e.g. glucose, xylose, arabinose, and cellobiose) by this 

strain. 
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2. Induction of ethanol tolerance of strain NTOU2. 

3. Determination of the effect of inhibitors from the acid hydrolysate 

(acetic acid, furfural, 5-hydroxymethyl furfural, levulinic acid) on 

cellulose hydrolysis by cellulase from Novozyme, and on ethanol 

production/yield from glucose/xylose by this strain. 

4. Determination of the effect of pH (5.0, 5.3, 5.6, 6.0, 6.5), temperature 

(50oC, 60oC, 70 oC), substrate concentration (1%, 2%, 3%, 4%, 5%), 

and ethanol concentration (1%, 2%, 3%, 4%, 5%), on ethanol 

production/yield from cellulose in SSF. 

5. Ethanol production/yield from acid-hydrolysate (supplied by 核研所) 

in SSF using cellulase mixture (with or without β glucosidase) from 

Novozyme and ethanol tolerant strain NTOU2 at the conditions 

determined in this study. 
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伍、研究方法與過程 (Methods and Procedures) 

5.1. Optimum condition to grow Thermoanaerobacterium sp. 

NTOU2 

1 mM KH2PO4-K2HPO4 (pH 6.5) buffer, 10 mM KH2PO4-K2HPO4 

(pH 6.5) buffer, NaHCO3 (0.9 g/L)-CO2 (pH 6.5) buffer, 50 mM PIPES 

(pH 6.5), a mixture of 1 mM KH2PO4-K2HPO4 buffer and NaHCO3 (0.9 

g/L) -CO2 buffer (pH 6.5), a mixture of 10 mM KH2PO4-K2HPO3 and 

NaHCO3 (0.9 g/L)-CO2 (pH 6.5), a mixture of 50 mM PIPES and 1 

mM KH2PO4-K2HPO4 (pH 6.5), a mixture of 50 mM PIPES and 10 

mM KH2PO4-K2HPO4 (pH 6.5), and a mixture of 50 mM PIPES,1mM 

KH2PO4-K2HPO4, and NaHCO3 (0.9 g/L) -CO2 (pH 6.5) were used to 

test the growth of Thermoanaerobacterium sp. NTOU2. 

5.2. Ethanol production/yield from bioconversion of single hexose 

or pentose or simultaneous bioconversion of a mixture of 

hexose and pentose by this strain.  

In addition to 0.5% starch, glucose, xylose, arabinose, or cellobiose 

was used as the single substrate, combination of 0.5% glucose and 0.5 

% pentose (xylose, arabinose, or cellobiose) were also used as the 

mixture of substrates to check the growth and ethanol production of this 

strain. 

5.3.The effect of glucose concentration and yeast extract 

concentration on the growth and ethanol production of 

Thermoanaerobacterium sp. NTOU2. 
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Growth of strain NTOU2 in the medium containing 0.5%-2.0 % of 

glucose and 0.5%-2.0 % of yeast extract were tested. Growth of strain 

NTOU2 in the medium containing 0.5%-1.0% of xylose (starch) and 

0.5%-1.0% of yeast extract were also tested. 

5.4. The effect of ethanol on the growth and ethanol production by 

this strain 

The effect of ethanol on the growth and ethanol production by this 

strain was first tested in the medium containing 0.5%, 0.7%, 0.8%, 

1.0%, 2.0% and 3.0% ethanol. After this strain was adapted in the 

medium containing 1.0% ethanol, ethanol tolerance of this strain was 

tested in the medium containing 1%, 1.5%, 2%, and 2.5% ethanol 

5.5. The effect of inhibitors from the acid hydrolysate of 

lignocellulose (acetic acid, furfural, 5-hydroxymethyl furfural, 

or levulinic acid) on ethanol production/yield from 

glucose/xylose by this strain. 

The effect of 5-hydroxymethyl furfural (0.5%-1.0%), levulinic acid 

(0.5% -1.0%), furfural (0.5%-1.0%), or acetic acid (0.1%-0.5%) on 

ethanol production from 0.5% glucose by this strain was tested. The 

effect of 5-hydroxymethyl furfural (0.5%-1.0%), levulinic acid (0.5% 

-0.75%), furfural (0.1%-0.5%) or acetic acid (0.1%-0.4%) on ethanol 

production from 0.5% xylose by this strain was also tested. 
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5.6. The effect of pH on the ethanol production from glucose or 

xylose by this strain  

   Ethanol production from 0.5% glucose or 0.5% xylose by this strain 

in the medium with different pH (6.0-7.8) was tested. 

5.7. Ethanol production when different concentration of Avicel or 

CMC and cellulase (Novozyme 1.5 and β-glucosidase 

(Novozyme 188) ) used in SSF at 70 ℃ 

Ethanol production was tested when Avicel or CMC (1-4%), Novozyme 

1.5 L/Novozyme 188 (3.75-15 FPU/ml) were added to the SSF reactor 

and incubated at 70 ℃. 

 

5.8. Ethanol production when different concentration of acid 

hydrolysate of lignocellulose and cellulase (Novozyme 1.5 and 

β-glucosidase (Novozyme 188) ) were used in SSF at 50-70 ℃. 

Ethanol production was tested when acid hydrolysate (1-4%), Novozyme 

1.5 L/Novozyme 188 (3.75-15 FPU/ml) were added to the SSF reactor  

and incubated at 50-70 ℃. 

5.9. Ethanol production when incubation of CMC or Avicel and 

cellulase (Novozyme 1.5) in SSF with and without addition ofβ

-glucosidase (Novozyme 188) 
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Ethanol production was tested when incubation of CMC or Avicel (1%), 

Novozyme 1.5 L (3.75 FPU/ml) in SSF with and without addition of β

-glucosidase (Novozyme 188) (3.75 FPU/ml) at 55 ℃. 
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陸、主要發現與結論  (Results and Summary) 

6.1. Optimum condition to grow Thermoanaerobacterium sp. 

NTOU2 

We found that when 0.5% glucose or 0.5% xylose was used as the 

substrate and the mixture of 50 mM PIPES,1mM KH2PO4-K2HPO4, and 

NaHCO3 (0.9g/L) -CO2 (pH 6.5) was used as the buffer to grow 

Thermoanaerobacterium sp. NTOU2 the OD600 could reached 2.5-2.9. 

Since in most cases the highest OD600 of the growth of other ethanogens 

such as Thermoanaerobacter, Thermoanaerobacterium or Clostridium 

species in anaerobic medium was 1.0-1.2 (Wiegel et al, 1979), thus this 

growth conditions for Thermoanaerobacterium sp. NTOU2 were much 

better than the other cases.   

6.2. Ethanol production/yield from simultaneous bioconversion of 

hexose and pentose (e.g. glucose, xylose, arabinose, and 

cellobiose) by this strain.  

As shown in Table 1, when 0.5% glucose was used as the substrate 

the growth and the ethanol production were highest (OD600 2.30, 73.0 

mM), while when 0.5% arabinose was used as the substrate the growth 

and the ethanol production were lowest (OD600 0.65, 6.3 mM) among the 

sugars. But when 0.5% glucose plus 0.5% xylose was used as the 

substrate, the OD600 could reach 2.30, but only 35 mM ethanol was 

produced (Fig. 1). And in this case lactic acid production could reach 25 

mM. When 0.5% glucose plus 0.5% cellobiose was used as the substrate, 
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the OD600 could reach 1.90, but only 48 mM ethanol was produced (Fig. 

2). And in this case lactic acid production could reached 20 mM. When 

0.5% xylose plus 0.5% cellobiose was used as the substrate, the OD600 

could reach 1.90, but only 48 mM ethanol was produced (Fig. 3). And in 

this case lactic acid production could reached to 20 mM.  

6.3. The effect of substrate and yeast extract concentration on the 

growth and ethanol production by this strain 

As shown in Table 2, the highest ethanol production (71.1 mM) was 

found in the medium containing 0.5% glucose and 0.5% yeast extract. 

Although increasing glucose concentration slightly increased the growth 

(OD600) of this strain, but it decreased ethanol production.   

  The highest ethanol production (73.2 mM) was also found in the 

medium containing 0.5% xylose and 0.5% yeast extract when xylose was 

used as the substrate.  

However, both the ethanol production (85.4 mM) and growth (OD600 

2.40) were higher in the medium containing 1.0% starch and 1.0% yeast 

extract than in the medium 1.0% starch and 1.0% yeast extract.  

6.4. The effect of ethanol on the growth and ethanol production by 

this strain 

The lag times for the growth of this strain were 8, 11, and 12 hrs 

when the medium containing 0.5%, 0.7%, and 0.8% ethanol and using 

0.5% glucose as the substrate, respectively. This strain could not grow in 
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the medium containing 1.0% or higher concentration of ethanol. 

However, after adaptation to the medium containing 1.0% ethanol, the 

growth (OD600) of this strain in the medium containing 1%, 1.5%, 2%, 

and 2.5% ethanol could reach 1.0~1.2, 0.6~0.8, 0.5~0.7, and no growth, 

respectively. Thus, the highest ethanol concentration this strain could 

tolerate to grow is 2%.  

6.5. The effect of inhibitors from the acid hydrolysate (acetic acid, 

furfural, 5-hydroxymethyl furfural, or levulinic acid) on 

ethanol production/yield from glucose/xylose by this strain. 

The presence of 0.75% or higher concentration of 5-HMF, 0.5% or 

higher concentration of levulinic acid, 0.05% or higher concentration of 

furfural (Table 4), and 0.3% or higher concentration of acetic acid (Table 

6) sharply inhibited the growth and ethanol production by this strain 

when 0.5% glucose was used as the substrate. 

The presence of 0.5% or higher concentration of 5-HMF, 0.5% or higher 

concentration of levulinic acid, 0.1% or higher concentration of furfural 

(Table 5), and 0.4% or higher concentration of acetic acid (Table 7) 

sharply inhibited the growth and ethanol production by this strain when 

0.5% xylose was used as the substrate. 

6.6. The effect of pH (6.0-7.8) on ethanol production by this strain 

   The highest ethanol production by this strain is at pH 6.5 (Table 8). 

6.7 Ethanol production when different concentration of Avicel or 
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CMC and cellulase (Novozyme 1.5 and β-glucosidase (Novozyme 

188) ) were used in SSF at 70 ℃. 

After 120 hr incubation, ethanol production was 43.6-59.0 mM when 

1-4% CMC was used as the substrate, 43-58 mM when 1-4% CMC was 

used as the substrate (Table 9).  

6.8 Ethanol production when different concentration of acid 

hydrolysate of lignocellulose and cellulase (Novozyme 1.5 and 

β-glucosidase (Novozyme 188) ) were used in SSF at 50-70 ℃. 

Ethanol production was 81.7-29.0 mM when 1 % hydrolysate was used as 

the substrate and incubated at 50-70 ℃. Ethanol production was 

81.0-88.0 mM when 2 % hydrolysate was used as the substrate and 

incubated at 50-60 ℃. Ethanol production was inhibited when 2 % 

hydrolysate was incubated at 70 ℃ (Table 10). 

6.9 Ethanol production when incubation of CMC or Avicel and 

cellulase (Novozyme 1.5) in SSF with and without addition ofβ

-glucosidase (Novozyme 188) 

Ethanol production was similar with and without addition ofβ

-glucosidase (Novozyme 188) in SSF when CMC or Avicel was used as 

the substrate (Table 11). 
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捌、附件 

附件 一 

Table 1. Growth and ethanol production of Thermoanaerobacterium sp. 

NTOU2 when starch, hexose or pentose was used as the substrate 

 
 

Substrate (0.5%) Growth (OD600) Ethanol concentration 
(mM) 

Starch 2.15 72.5 
Glucose  2.30 73.0 
Xylose 1.95 63.2 

Arabinose 0.65 6.3 
Cellobiose 2.05 16.5 
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附件 二 

Table 2. The effect of glucose and yeast extract concentration on the 

growth and ethanol production of Thermoanaerobacterium sp. NTOU2 
 

Substrate Highest OD600 Ethanol concentration 
(mM) 

0.5% glucose + 0.5% Yeast extract 2.05 71.1 
1.0% glucose + 0.5% Yeast extract 1.98 25.3 
1.0% glucose + 1.0% Yeast extract 2.31 34.1 
1.5% glucose + 0.5% Yeast extract 1.48 10.2 
1.5% glucose + 1.5% Yeast extract 1.72 19.6 
2.0% glucose + 0.5% Yeast extract 1.28 8.9 
2.0% glucose + 2.0% Yeast extract 1.66 9.9 
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附件 三 

 
Table 3. The effect of xylose and yeast extract concentration on the 

growth and ethanol production of Thermoanaerobacterium sp. NTOU2 
 

Substrate Highest OD600 Ethanol concentration 
(mM) 

0.5% xylose + 0.5% Yeast extract 1.95 73.2 
1.0% xylose + 1.0% Yeast extract 2.10 46.4 
0.5% starch + 0.5% Yeast extract 1.76 69.9 
1.0% starch + 1.0% Yeast extract 2.40 85.4 
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附件 四 

 
 Table 4. Effect of 5-HMF, levulinic acid, or furfural on the growth and 

ethanol production of Thermoanaerobacterium sp. NTOU2 when 0.5% 

glucose was used as the substrate  

 Growth 
(OD600) 

Ethanol concentration 
(mM) 

     

0.5％ glucose 
 

2.30 73  

0.5％ glucose + 
0.5％ 5-HMF 1.70 72  

0.5％ glucose + 
0.75％ 5-HMF 

0.20 Trace  

0.5％ glucose + 
1.0％ 5-HMF 

Inhibited   

0.5％glucose+ 
0.5％ levulinic acid 2.05 2.2 

Produced more 
lactic acid (3.9 mM) 

than ethanol 
0.5％ glucose + 
1.0％ levulinic acid 

1.60 Trace Only lactic acid was 
produced 

0.5％ glucose + 
0.05％ furfural  

1.38 24  

0.5％ glucose + 
0.10％ furfural 

1.35 18  

0.5％ glucose + 
0.5％ furfural 

Inhibited   

0.5％ glucose + 
1.0％ furfural  Inhibited   
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附件 五 

 
Table 5. Effect of 5-HMF, levulinic acid, or furfural on the growth and 

ethanol production by the Thermoanaerobacterium sp.NTOU2 when 0.5

％ xylose was used as the substrate 

 
 

 Growth 
(OD600) 

Ethanol 
product(mM) 

0.5％ xylose 
 

1.72 35  

0.5％ xylose +0.5％ 5-HMF 0.27 Trace 

0.5％ xylose +0.75％ 5-HMF 
0.30 Trace 

0.5％ xylose +1.0％ 5-HMF 0.27 Trace 

0.5％ xylose +0.5％ levulinic acid 0.24 Trace 

0.5％ xylose +0.75％levulinic acid 0.09 Trace 

0.5％ xylose +0.10％ furfural 0.11 Trace 

0.5％ xylose +0.3％ furfural  0.10 Trace 

0.5％ xylose +0.5％ furfural  0.10 Trace 
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附件 六 

 
Table 6. The effect of acetic acid on the growth and ethanol production 

of Thermoanaerobacterium sp. NTOU 2 when 0.5% glucose was used as 

the substrate 

 
 OD600 ethanol production(mM) 
Control 1.84 46  
0.1% acetic acid 1.68 31  
0.3% acetic acid 0.93 9.8  
0.4% acetic acid 0.30 - 
0.5% acetic acid 0.22 - 
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附件 七 

 
Table 7. The effect of acetic acid on the growth and ethanol production 

of Thermoanaerobacterium sp. NTOU 2 when 0.5% xylose was used as 

the substrate 

 
 OD600 ethanol production(mM) 
Control 2.05 47.5  
0.1% acetic acid 2.35 27.7  
0.2% acetic acid 2.16 32.0  
0.3% acetic acid 1.30 24.5  
0.4% acetic acid 0.16 - 
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附件 八 

 
Table 8. Effect of pH on the growth and ethanol production of 

Thermoanaerobacterium sp.NTOU2 when 0.5% glucose was used as the 

substrate 

  

 

pH Growth (OD660) Ethanol concentration 
(mM) 

6.0 1.50 35  
6.5 2.10 55  
6.8 1.95 55  
7.0 0.85 43  
7.3 0.65 32  
7.8 0.40 28  
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附件 九 
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Fig. 1  The growth and fermentation products of 

Thermoanaerobacterium sp. NTOU2 when it was grown in 

the presence of 0.5 % glucose and 0.5 % xylose. 
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附件 十 

 
 
 
 
 
 
 
 
 
 

Fig. 2  The growth and fermentation products of Thermoanaerobacterium sp. 
NTOU2 when it was grown in the presence of 0.5 % glucose and 0.5 % cellobiose. 
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附件十一 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 The growth and fermentation products of Thermoanaerobacterium sp. 
NTOU2 when 

 it was grown in the presence of  0.5 % xylose and 0.5 % cellobiose. 
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附件十二 

 
Table 9. Ethanol production after incubation of different concentration of 
Avicel and cellulase (Novozyme 1.5 and  β-glucosidase (Novozyme 188) 
in SSF for 120 hr at 70℃. 

 

CMC/ Avicel 
(%) 

Novozyme 1.5 L 
(FPU/ml) 

Novozyme 188 
(FPU/ml) 

Ethanol concentration (mM) 
CMC Avicel 

1 3.75 3.75 43.6 43 
2 7.5 7.5 53.8 46.6 
4 15 15 59 58 



 35 

附件十三 

Table10 .  Ethanol production when different concentration of acid 

hydrolysates and cellulase (Novozyme 1.5 L) and  β-glucosidase 

(Novozyme 188)  used in ethanol production in SSF at 50℃-70℃. 

 
Acid hydrolysates 

(%) 
Novozyme 1.5L 

(FPU/ml) 
Novozyme 188 

(FPU/ml) 
Ethanol concentration (mM) 

50℃ 55℃ 60℃ 70℃ 
1 3.75 3.75 81.7 74.2 54.3 29.0 
2 7.5 7.5 81.4 82.5 88 Inhibited 
4 15 15 - - - Inhibited 
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附件十四 

Table 11. Ethanol production when incubation of acid hydrolysate of 

lignocellulose and cellulase (Novozyme 1.5) in SSF with and without 

addition ofβ-glucosidase (Novozyme 188) 

treatment 
CMC/ 
Avicel 

Novozyme 
1.5 L 

Novozyme 
188 Ethanol concentration (mM) 

 (%) (FPU/ml) (FPU/ml) 
Control 0 0 0 49 
Avicel 4 15 0 43 
Avicel-188 4 15 15 46 
CMC 4 15 0 66 
CMC-188 4 15 15 67 

 

*After incubated 24 hrs at 55℃. 
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