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Abstract—Zymomonas mobilis is an ethanol producer that 

has the highest ethanol yield on sugar complex-containing 

glucose and the potential microorganism to replace yeast for 

ethanol production (ethanol yields up to 97%). The 

lignocellulosic pretreatment is needed to increase the ethanol 

production. However, pretreatment methods will create some 

inhibitor compounds such as acetic acid that reduces ethanol 

production. The aims of this study were to know the effect of 

sodium acetate as a form of acetic acid in medium fermentation 

that contain higher glucose consentration at pH 5 and no 

control pH. As reported in this study, the effect of the increasing 

NaAc level related to the pH. The growth of AcR/2-12 and 

ZM481 for 24 h at pH 5 were inhibited by NaAc concentration 

above 100 mM. However, the mutant strain AcR/2-12 on 

fermentation medium contained 100 g/l glucose and 

supplemented with 195 mM NaAc at pH 5 was still able to grow 

well and produced 60 g/l ethanol with the ethanol yield of 0.62 

g/g (Yproduct/substrate) in 148 h. Whereas, without no control 

pH, AcR/2-12 was able to tolerate NaAc up to 250 mM and 

ZM481 was significantly inhibited at 195 mM NaAc. Under the 

same condition with no control pH, the glucose was completely 

consumed in 24 h by AcR/2-12 and 57 g/l ethanol was produced 

with the ethanol yield of 0.58 g/g (Yp/s). 

 
Index Terms—Zymomonas mobilis, ethanol, lignocellulosic, 

sodium acetate. 

 

I. INTRODUCTION 

The continuous depletion of the fossil fuels reserves and 

consequent escalation in their prices have stimulated an 

extensive evaluation of alternative technologies and 

substrates to meet the global energy demand. As a result, 

alternative sources of energy such as methane, hydrogen and 

ethanol are increasingly being considered as potential 

substitutes for fossil fuels. Ethanol is considered to be the 

most promising as an alternative liquid fuel, since it can be 

produced from a variety of agriculture-based renewable 

materials such as sugarcane bagasse, corn stover, barley 

straw, almond shells, wheat straw, potatoes and other 

agricultural products [1].  

Ethanol could be produced by metabolisms of 
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microorganisms. Production of ethanol by microorganisms 

can reduce the production cost and give high yield of ethanol. 

Microorganisms such as Saccharomyces cerevisiae, Pichia 

stipitis, Zymomonas mobilis and Escherichia coli have been 

used for ethanol production. Currently, S. cerevisiae is world 

widely used as the major ethanol-producing microorganism. 

Despite its extensive use, it has some disadvantages, such as 

high aeration cost, high biomass production, low temperature 

and ethanol tolerance [2] 

Zymomonas mobilis is a facultatively anaerobic 

gram-negative. Z. mobilis also exhibits a high uptake rate of 

sugars, fermenting sugars to ethanol at specific rates [3]. 

Furthermore, the production of ethanol approaches 

theoretical maximum yields (97%), while S. cerevisiae only 

achieved 90-93% [4]. These are advantages of Z. mobilis 

utilization for generating higher ethanol production. Thus, Z. 

mobilis is a promising alternative microorganism to replace S. 

cerevisiae as an ethanol fuel producer.  

  The utilization of materials unsuitable for human 

consumption are considered as ideal substrates for 

bio-ethanol production, e.g. lignocellulosic. Lignocellulosic 

materials such as agriculture residues, softwoods, and 

hardwoods are an abundant and renewable source for ethanol 

production by fermentation. However, this materials contain 

lignin in the plant cell wall, and pretreatment process using 

chemical is necessary to make them available for enzymatic 

hydrolysis and fermentation [5]. From this pretreatment 

process often create toxic compounds which inhibit 

subsequent microbial fermentation. The dilute acid 

pretreatment process increases organic acids, primarily acetic 

acid, sugar degradation products such as furfural and 

hydroxylmethylfurfural (HMF), phenolics from lignin 

degradation as well as inorganic salts mainly arising from the 

pretreatment process [6]. 

Acetic acid is an important inhibitor produced by the 

deacetylation of hemicelluloses during biomass pretreatment, 

because in the uncharged and un-dissociated forms able to 

permeate the bacterial plasma membrane leading to 

un-coupling and anion accumulation causing cytoplasmic 

acidification [7]. If acetate is not removed, it may reach 

inhibitory levels when hydrolysates are concentrated to 

provide high final ethanol concentration. Therefore, this 

inhibitor must be removed or alternatively, candidate Z. 

mobilis strain for metabolic engineering needs to be resistant 

to this substance. The inhibition effect of acetic acid is 

dependent on the concentration of the un-dissociated species 

(HAc). The un-dissociated form of acetic acid (HAc) freely 

penetrates from outside of cell to inside. After the HAc 

penetrates, it would dissociate to ionic forms and generate 

protons, which lead to the reduction of pH value inside the 
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cell. At low pH, free acetic acid denominates, whereas at high 

pH, the ion form dominates. The concentration of the toxic 

species, HAc, decreases exponentially as the pH increases.  

The extensive reviews were conducted on inhibitors 

formed by pretreatment of lignocellulosic materials and their 

inhibition levels on ethanol production in yeast and bacteria 

[8]-[11]. One approach to overcome the issue of inhibition 

caused by pretreatment methods is to physically or 

chemically remove the inhibitor after pretreatment from the 

biomass, which requires extra equipment and time leading to 

increase costs. A second approach utilizes inhibitor-tolerant 

microorganisms for efficient fermentation of lignocellulosic 

material to ethanol and their utility is considered an industrial 

requirement [12], [13]. 

Currently, Z. mobilis ZM4/AcR mutant has been 

discovered to accomplish the problem due to the existence of 

acetic acid. This mutant was isolated from chemical 

mutagenesis with N-methyl N-nitro-N-nitrosoguanidine 

(NTG) treatment, and its characterization has been reported 

[13]. This acetate tolerant mutant was capable to produce 

ethanol efficiently on 100 g/l glucose in the presence of 20 g/l 

NaAc at pH 5, 30 ◦C while the parent ZM4 was inhibited 

significantly at 12 g/l sodium acetate under the same 

conditions.  

Originally, Z. mobilis only produce ethanol by uptake 

glucose as a source carbon. However the recombinant strain 

of Zymomonas mobilis ZM4 (pZB5) has been found and it is 

capable of converting both glucose and xylose to ethanol. 

According to the previous study, the new mutant of Z. 

mobilis strain had been successfully isolated through NTG 

treatment from our laboratory, the name of that strain was Z. 

mobilis mutant AcR/2-12. AcR/2-12 in RM medium (20 g/l 

glucose) could survive in the presence of 16 g/l NaAc (195 

mM) at pH 5, while the parent ZM481 (ATCC 31823) [14] 

was significantly inhibited under the same conditions. This 

mutant had been proven as Na+ tolerance, but not Ac- 

tolerance. However, the ability of this strain to produce 

ethanol in higher concentration of glucose, such as 100 g/l 

and 200 g/l containing different forms of acetate (NaAc, 

KoAc, HAc) has not been studied yet.  

We assumed higher glucose concentration could provide 

more source carbon for Z. mobilis to grow and produce 

ethanol. Even though the increasing of glucose concentration 

can also stimulate the increasing in proportions of acetic acid 

and causes inhibition of ethanol production [14]. Thus, in this 

study we examined the effect of sodium acetate in higher 

glucose concentration containing the increasing NaAc level 

on the growth, ethanol production and glucose consumption 

and also to further understanding the effect of sodium acetate 

on the growth of AcR/2-12 at pH 5 and with no control pH. 

 

II. PROCEDURE  

A. Microorganisms 

Zymomonas mobilis ZM481 (ATCC 31823) and a mutant 

derived from ZM481 (AcR/2-12) used in this work were 

obtained from Microbiology Laboratory of National Chiayi 

University. The mutant strain AcR/2-12 was generated by 

N-methyl-N’-nitro-N-nitrosoguanidine (NTG) [12]. For use 

in this experiments, the cultures were maintained on agar 

containing 20 g glucose/l, 5 g yeast extract/l, 1.5 g/l 

Amonium sulphate, 2 g/l KH2PO4, 1 g/l MgSO4.7H2O, 15 g/l 

agar.. Colonies were grown on this medium for 3 days at 

30°C then stored at 4°C for no longer than 1 week before use 

as inocula in liquid media. 

B. Media 

Inoculum Media. Inoculum media was used in this study 

was rich rich medium (RM) consisted of (g/l) 20 g glucose/l, 

5 g yeast extract/l, 1.5 g/l Amonium sulphate, 2 g/l KH2PO4, 1 

g/l MgSO4.7H2O. The components of these media were 

autoclaved at 121oC for 15 mins separately into three parts 

(dextrose, yeast extract and others chemical). 

Fermentation media (FM). FM were identical in 

composition to the RM except the concentration of glucose 

up to 100 g/l were added, and contained NaAc as a inhibitor. 

These experiments were carried out at pH 5 and no control 

pH. 

C. The Growth Performance of Z. Mobilis Mutant 

AcR/2-12 and Wild-Type ZM481 in Medium Containing 

the Increasing Concentration of Sodium Acetate (NaAc) 

Colonies of Z. mobilis taken from plates were grown for 16 

h without shaking at 30oC in RM medium to mid growth 

phase. The 10% inoculums cells were inoculated into 

fermentation medium at pH 5 and with no control pH that 

contained various concentration of sodium acetate 0, 50, 100, 

150, 195, 250 mM. Fermentation process was conducted 

without shaking at 30oC and the growth was determined by 

measuring the optical density at 600 nm by 

spectrophotometer (BIO-RAD, Smart Spec TM 3000) for 36 h. 

The ethanol and glucose concentration were measured by 

HPLC (Chrom Tech CH-300) analysis.  

D. Analytical Methods 

Viable cells were determined by plate count. Colonies of Z. 

mobilis could be known on the solid medium after 2-3 days 

incubation 

The ethanol and glucose concentration in the fermentation 

and culture experiments were analyzed using 

high-performance liquid chromatography (HPLC) (Chrom 

Tech, CH-300) with a Shodex SUGAR SH1011, 8.0 x 300 

mm column. The column temperature was maintained at 

60oC and the mobile phase (5 mM H2SO4) was kept at 0.6 

ml/min flow rate. 

Ethanol measurement. Ethanol standards were prepared 

by mixing ddH2O with various concentration of ethanol. The 

concentration of ethanol were 0.25, 0.5, 0.75, 1, 2, 3, 4, 5 (%), 

and total amount of solution was 1 ml were transferred to the 

eppendorf 1.5 ml for HPLC analysis. The injection volume 

was 50 μl. The calibration line was then plotted. Calibration 

line is a relationship between ethanol concentration and the 

area (nRIU*s). Samples from fermentation medium were 

prepared as follows. After O.D. measurement, 1 ml sample 

was centrifuged by a microcentrifuge for 10 minutes at 13000 

rpm. Supernatants were collected. 100 μl supernatants were 

mixed with 300 μl ddH2O in a vial. The mixture sample was 

passed through a 0.45 µm membrane filter and injected into 

the column. Area (nRIU*s) of each sample was obtained. 

Ethanol concentration was then calculated from the 
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calibration line. Ethanol concentration will be calculated into 

Y p/s = product yield (g ethanol produced / g substrate 

consumed). 

Glucose measurement. HPLC analysis allows 

simultaneous measurement for ethanol, and glucose. 

Calibration lines for glucose were prepared with ddH2O also. 

Concentrations of glucose in fermentation samples were 

calculated from calibration curves. 

 

III. RESULTS AND DISCUSSION 

A. The Ethanol Production on Fermentation Medium 

Containing 100 g/l and 200 g/l  of Glucose in the Absence 

of Inhibitor Compounds  

Results of the growth performance Z. mobilis mutant and 

wild-type are shown in Fig. 1. The growth of Z. mobilis 

mutant and wild-type on FM medium containing 100 g/l was 

similar to each other (Fig. 1). Glucose was completely 

utilized by AcR/2-12 and produced 61.45 g/l ethanol with the 

ethanol yield (Y product/substrate) of 0.63 g/g within 28 h. 

Meanwhile, the wild-type was completely utilized glucose 

within 24 h and produced 55.71 g/l ethanol with the ethanol 

yield (Yp/s) of 0.58 g/g. The performances in medium 

containing 200 g/l glucose were better than those 

performances in 100 g/l glucose by those two strains (Fig. 2).  

According to the graphs were showed in Fig. 1 and Fig. 2, 

the fermentation obtained 111.5 g/l ethanol with the ethanol 

yield of 0.63 g/g and 108.4 g/l ethanol with the ethanol yield 

of 0.68 g/g by AcR/2-12 and ZM481, respectively. Therefore, 

the fermentation in higher glucose concentration showed a 

linear relation to ethanol production. Thus, utilization higher 

glucose concentration would produce higher ethanol 

concentration.  

A comparison of these two fermentation conditions 

showed that glucose consumption in 100 g/l glucose more 

efficient than in 200 g/l glucose. Fermentation in 100 g/l 

glucose showed that the glucose was completely utilized 

within 36 hours and no remaining glucose in the medium feed. 

Contrarily, the remaining glucose in the medium feed was 

observed in the fermentation of ethanol using 200 g/l 

glucose. 

In those graphs below showed that using the higher 

glucose could produce the higher ethanol, however in 

another experiment proved that using higher glucose 

concentration will reduce the ethanol production. Another 

study reported on batch fermentation sugar (wheat starch) 

concentration as high as 223 g/l could be fermented to 105 g/l 

ethanol in seventy hours [15]. Another study by Allais et al. 

found that the volumetric productivity was 67.2 g/l/h with 

final ethanol concentration of 42 g/l from 100 g/l initial 

sugars from Jerusalem artichoke Juice using ZM4F of Z. 

mobilis [16]. 

The utilization of higher glucose concentration should be 

considered, because sometimes using higher glucose 

concentration can reduce ethanol production. Some studies 

have discovered the effect of higher glucose concentration. 

Kesava et al. mentioned that Z. mobilis has revealed that a 

higher glucose concentration at levels between 100 and 250 

g/l can be efficiently and rapidly converted to ethanol. 

However, an increase in glucose concentration from 100 g/l 

to 200 g/l results in a significant decrease in the specific 

growth rate, cell yield, and ethanol yield [17]. Higher glucose 

concentrations also increase the total time of fermentation 

and lead to incomplete utilization of glucose. The effect of 

these high glucose concentrations on glucose utilization is 

found to be due to a limitation of metabolic activity under 

specified sets of conditions [18].  Panesar et al. suggested 50 

– 150 g/l as the best glucose concentration for high ethanol 

yield efficiency [19]. Acording to this study, concentation 

100 g/l glucose is the best concentration.  

 

 
Fig. 1. Kinetic fermentation of Z. mobilis mutant AcR/2-12 and wild-type 

ZM481 in 100 g/l glucose for 36 h fermentation time at 30oC, with no control 

pH.  : AcR/2-12 (Growth) ;  : ZM481 (Growth) ;  : AcR/2-12 

(Glucose ) ;  : ZM481 (Glucose) ;  : AcR/2-12 (Ethanol) ;  : ZM481 

(Ethanol). 

 

 
Fig. 2. Kinetic fermentation of Z. mobilis mutant AcR/2-12 and wild-type 

ZM481 in 200 g/l glucose for 36 h fermentation time at 30oC, with no control 

pH.  : AcR/2-12 (Growth) ;  : ZM481 (Growth) ;  : AcR/2-12 

(Glucose ) ;  : ZM481 (Glucose) ;  : AcR/2-12 (Ethanol) ;  : ZM481 

(Ethanol).  

 

B. The Effect of Sodium Acetate (NaAc) on the Growth and 

Ethanol Production with No Control pH 

The growth performances in higher glucose concentration 

showed ethanol production was increased. Since, there was 

no inhibitor compound in the fermentation medium, Z. 

mobilis could metabolize substrate efficiently. In this study, Z. 

mobilis AcR/2-12 performed under stress condition to further 

understanding the ability of this mutant as an 

acetate-tolerance mutant to resist to NaAc. This experiments 

were carried out in 100 g/l glucose concentrations with 

supplemented the increasing NaAc (0, 50, 100, 150, 195, 250) 

mM level with no control pH and pH 5.  
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Fig. 3. The effect of the increasing NaAc level (0 – 250 mM) on the growth of 

AcR/2-12 and ZM481 in 100 g/l glucose for 24h fermentation time with no 

control pH.  : AcR/2-12 (Growth) ;  : ZM481 (Growth). 

 

Ethanol fermentation with no control pH with 

supplemented the increasing NaAc levels in 100 g/l glucose 

exhibited effect of sodium acetate on the growth of ZM481 

and AcR/2-12. The increasing initial NaAc level was 

significantly reduced the cell density (O.D values) and 

significantly inhibited the cell growth when NaAc level 

reached 250 mM. As showed in Fig. 3, AcR/2-12 was able to 

grow in the presence of NaAc up to 250 mM, while the 

growth of wild-type ZM481 was inhibited above 150 mM 

(12.5 g/l). The effect of NaAc also affected ethanol 

production and glucose consumption (Fig. 4).  

The increasing NaAc level caused glucose consumption 

was inhibited thus occurred reduction of ethanol production. 

AcR/2-12 showed better performances than ZM481, 

indicated by the glucose consumption and ethanol 

production.  

The glucose was consumed completely within 24 hours by 

AcR/2-12 under high concentration of NaAc. Whereas in 

ZM481, the glucose consumption was inhibited by NaAc 

concentration above 150 mM, thus no significant ethanol 

accumulation was observed within 24 hours fermentation 

time.  

Fig. 4 B shows that in the presence of 195 mM NaAc, the 

mutant could produce ethanol as well as that in the absence of 

NaAc in 24 hours, whereas at the same NaAc concentration, 

ZM481 was strongly inhibited. 
 

 

 
Fig. 4. The effect of the increasing NaAc level (0 – 250 mM) on ethanol 

production and glucose consumption in 100 g/l glucose with no control pH at 

24 h fermentation time. A, B: Glucose and ethanol concentrations, 

respectively.             : AcR/2-12 ;             : ATCC 31823. 

TABLE I: FERMENTATION
 RESULTS FOR Z. MOBILIS MUTANT ACR/2-12 AND WILD-TYPE ZM481 AT DIFFERENT NAAC CONCENTRATIONS WITH NO CONTROL 

PH (24 H INCUBATION TIME) 

Strain Fermentation conditions Performance results 

[NaAc] 

mM 

Temp (oC) Final pH Ethanol 

Production 

(%) 

Ethanol process 

yield a (%) w/w 

Glucose in 

the flask 

(%) 

Glucose 

consumedb (%) 

w/w 

O.D 

600 nm 

 

 

AcR/2-12 

0 30 4.6 6,32 63,8 0,10 99 5,6489 

50 30 5.4 4,7 47,3 0,06 99 3,3684 

100 30 5.6 4,6 46,5 0,10 99 2,7112 

150 30 5.6 4,6 46,3 0,06 99 2,4583 

195 30 5.6 5,7 58,2 0,22 98 2,1784 

250 30 5.8 4,4 44 0,10 99 1,9917 

 

 

ZM 481 

0 30 4.5 5.9 64.7 0,89 91.12 3,5983 

50 30 5.3 4.7 47.5 0,10 99 2,3500 

100 30 5.5 4.6 46.5 0,10 99 1,9517 

150 30 5.6 4.4 45.9 0,42 95.8 1,7850 

195 30 5.6 1.05 43.2 7,57 24.3 0,5005 

250 30 5.7 0.22 6.14 6,42 35.8 0,1258 

a Ethanol produced divided by glucose consumed 
b Glucose consumed divided by initial glucose present 
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The summary about fermentation process on 100 g/l 

glucose containing the increasing NaAc level at 24 hours by 

Z. mobilis mutant AcR/2-12 and the wild-type ZM481 are 

shown in Table I. The highest ethanol yield was obtained by 

AcR/2-12 in the absence of NaAc, because there was no 

inhibitor compound in the fermentation medium. Differently, 

the growth of ZM481 was significantly inhibited in the 

presence of 195 mM and only 2.2 g/l ethanol was produced, 

while AcR/2-12 was able obtained 57 g/l of ethanol with the 

ethanol yield (Yp/s) of 58.8 g/g within 24 h fermentation time.  

During fermentation, the pH will be shifted to lower pH due 

to the releasing CO2 as a side product of ethanol fermentation. 

More interestingly, in the presence of 195 mM NaAc, Z. 

mobilis mutant AcR/2-12 produced ethanol as high as in the 

absence of NaAc. 

The effect of NaAc also affected ethanol production and 

glucose consumption (Fig. 6). The increasing NaAc level 

reduced ethanol production and inhibited the glucose 

consumption. As showed in Fig. 5, the cell concentration 

decreased as NaAc increased, and 100 mM (8.2 g/l) NaAc 

was the limited concentration which might allow these two 

strains to survive and produce ethanol efficiently. Meanwhile, 

above that concentration (100 mM) the inhibition of NaAc 

was increased, thus it was difficult for AcR/2-12 and ZM481 

to adapt in high concentration of NaAc.  

 

 
Fig. 5. The effect of the increasing NaAc level (0 – 250 mM) on Z. mobilis 

growth in 100 g/l glucose ( pH 5 and 24 h fermentation time).  : AcR/2-12 

(Growth) ;  : ZM481 (Growth). 

 
Fig. 6. The effect of the increasing NaAc level (0 – 250 mM) on ethanol 

production and glucose consumption in 100 g/l glucose ( pH 5 and 24 h 

fermentation time).  : AcR/2-12 (Glucose) ;  : ZM481 (Glucose) ;  : 

AcR/2-12 (Ethanol ) ;  : ZM481 (Ethanol). 

 

Generally, the increasing NaAc level in fermentation 

medium reduced ethanol production and inhibited glucose 

consumption. However, the effect of the increasing NaAc 

level was different at pH 5 and with no control pH. At pH 5, 

the inhibition level of sodium acetate was higher than with no 

control pH. Here, AcR/2-12 and ZM481 were inhibited by 

similar concentration of NaAc, above 100 mM NaAc. 

Whereas, above pH 5 (with no control pH), AcR/2-12 and  

ZM481 showed tolerance ability differently. AcR/2-12 was 

able to tolerate up to 250 mM NaAc, while ZM481 was 

inhibited significantly at 195 mM NaAc.  

C. The Effect of 195 mM NaAc on the Growth and Ethanol 

Production at pH 5 

According to previous results, 195 mM NaAc exhibited 

the strongest inhibition for ZM 481 but not to AcR/2-12 with 

no control pH. In the presence of NaAc at pH 5, the AcR/2-12 

produced higher concentration of ethanol after the glucose 

was completely utilized in 126 h with an ethanol yield of 0,62 

g/g (Fig. 7).  

 

 

 
Fig. 7. (A) The growth and pH (B) Ethanol and glucose concentration from 

fermentation of Z. mobilis mutant AcR/2-12 and wild-type ZM481 in 100 g/l 

glucose containing 195 mM or 12 g/l NaAc at pH 5 and 30 oC.  : AcR/2-12 

(Growth) ;  : ZM481 (Growth) ;  : AcR/2-12 and ZM481 (pH) ;  : 

AcR/2-12 (Glucose ) ;  : ZM481 (Glucose) ;  : AcR/2-12 (Ethanol) ;  : 

ZM481 (Ethanol). 

 

In the wild-type ZM481, there were neither growth nor 

ethanol were observed in this condition. ZM AcR/2-12 took 

longer a log phase and reached stationary phase was about 

132 or 148 h in the presence of 195 mM NaAc. The possible 

reason for this condition was at pH 5 the concentration of 

un-dissociated (HAc) form increases and penetrates easier 

into the cell membrane led to increase acidification of cell 

membrane. Wang also mentioned in his study, that 

concentrations of acetic acid greater than 10 g/l were 

tolerated if the pH was above 5.0. At pH 6.0, the specific 

growth rate with 12 g/l acetic acid was quite similar to that in 
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the absence of acetic acid, although the growth yield was 

decreased by about 40. In another study also mentioned that 

if the concentration of acetic acid was too low, the effect of 

pH on the growth inhibition would be small, but if the 

concentration was too high, the effect would be too severe for 

cells to overcome [7], [20], [21]. 
 

IV. CONCLUSION 

This study reported that the effect of sodium acetate was 

related with pH. The growth of AcR/2-12 and ZM481 at pH 5 

was inhibited by NaAc concentration above 100 mM. 

Whereas, with no control pH, AcR/2-12 was able to tolerate 

sodium acetate up to 250 mM, while wild-type was 

significantly inhibited. The mutant strain 2-12 in 

fermentation medium contained 10% glucose and 

supplemented with 195 mM NaAc at pH 5 was able to grow 

well and ethanol concentration reached 60 g/l with the 

ethanol yield approached 0.62 g/g (Yp/s) in 148 h, whereas 

ZM481 was unable to grow. Concurrently, with no control 

pH, the glucose was completely consumed in 24 h by 

AcR/2-12 and ethanol concentration reached 57 g/l ethanol 

with the ethanol yield of 0.58 g/g in the presence of 195 mM 

NaAc.  
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