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Abstract 

     The ability of 13 strains of multi-stress-tolerant Issatchenkia orientalis yeast to 

produce ethanol was examined under different stress conditions, including conditions of 

elevated H2SO4 and Na2SO4 concentrations and increased heat. The MF-121 strain 

produced a significant amount of ethanol after the incubation in acidic media containing 

high concentrations of salt, e.g., 50 g/l Na2SO4 at pH 2.0, or at high temperatures, e.g., 

43°C, when compared with other strains. 

 

     Bioethanol is a fuel derived from renewable sources of feedstock. Many studies 

have investigated low-cost bioethanol production from biomass that does not compete 

with food production, e.g., virgin wood, energy crops, agricultural residues, food waste, 

and industrial waste. Bioethanol production using stress-tolerant microorganisms has 

certain advantages with respect to both cost and convenience. Thermotolerant 

microorganisms can help reduce the cost of cooling and aid in the simultaneous 

saccharification and fermentation process for converting cellulosic biomass to ethanol 

(1). Specific wild-type and mutant yeast strains, e.g., Saccharomyces cerevisiae and 

Kluyveromyces marxianus, have already been reported to produce ethanol at 

temperatures between 40 and 45°C (2, 3). Ethanol fermentation by acid-tolerant 

microorganisms under acidic conditions, i.e., with a pH below 4.0, minimizes the risk of 

bacterial contamination and reduces the cost of sterilization (1, 4). Ma et al. reported 

that a mutant strain of Zymomonas mobilis produced ethanol from kitchen garbage 

under non-sterilized conditions at pH 4.0 (5). Even at pH 2.0, an industrial strain of S. 

cerevisiae has also been shown to produce ethanol (6). Furthermore, the use of 

microorganisms tolerant to salts, such as Na2SO4, is of industrial importance for 



 3 

bioethanol production. Dilute H2SO4, e.g., 5–25 g/l, is often used for the pretreatment of 

lignocellulose or the hydrolysis of cellulose (4, 7), and Na2SO4 (e.g., 8–40 g/l) is 

formed when the product is adjusted to a weakly acidic or a neutral pH by adding 

NaOH for microbial fermentation. Ethanol fermentation under high salt concentrations 

using salt-tolerant microorganisms reduces desalting costs and decreases the possibility 

of contamination. Since the ethanol fermentation industry is considerably large, any 

small improvement in the efficiency of ethanol production could be economically 

significant. Therefore, microorganisms with tolerance for multiple types of stress are 

desirable for bioethanol production. Cakar et al. reported the evolutionary engineering 

of S. cerevisiae that exhibited an increased resistance to freeze–thaw stress and 

temperature, ethanol, and oxidative stresses (8). Recently, Benjaphokee et al. developed 

an S. cerevisiae strain exhibiting high ethanol productivity (more than 90%) under 

multiple stress conditions (41°C and pH 3.5) by breeding (9). 

     In a previous study, we isolated a yeast strain designated as MF-121 from a river 

of pH 3.0 flowing through the Manza hot spring area (10). Certain physiological and 

biochemical properties of the MF-121 strain and its rDNA sequences indicated that the 

strain belongs to Issatchenkia orientalis, also known as, Pichia kudriavzevii or Candida 

krusei. The MF-121 strain can ferment glucose to ethanol at high salt concentrations 

and low pH conditions, e.g., 50 g/l Na2SO4 at pH 2.0, which was adjusted with H2SO4. 

In addition, the MF-121 strain can grow at 42°C. We demonstrated that the MF-121 

strain produces ethanol from starch hydrolysates prepared using dilute H2SO4; the pH of 

the hydrolysates was adjusted to 2.5 by adding NaOH, and desalting procedures were 

omitted. In another study, we reported that the MF-121 strain produced ethanol from 

lignocellulose hydrolysates, ranging from pH 2.5 to 2.8, that were passed through an 
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ion-exchange column (11). Recently, we constructed a transformation system for the 

MF-121 strain of I. orientalis and demonstrated that a recombinant strain expressing a 

heterologous β-glucosidase gene can produce ethanol from cellobiose under multiple 

stress conditions (40°C and pH 3.0) (12). Thus, the MF-121 strain of I. orientalis has 

multi-stress-tolerant properties and appears to be useful for low-cost bioethanol 

production under high stress conditions. Also, I. orientalis has been isolated from food, 

liquor, and soil (13–16). In this study, we examined whether other I. orientalis strains 

exhibited similar multi-stress-tolerant characteristics to the MF-121 strain.  

     Twelve I. orientalis strains, NBRC 0011, 0012, 0013, 0155, 0201, 0584, 0841, 

1162, 1279, 1395, 1664, and 10737, were obtained from the NITE Biological Resource 

Center in Chiba, Japan, and their characteristics were compared with those of the 

MF-121 strain. A brewing yeast strain, S. cerevisiae K-7, was obtained from the 

Brewing Society of Japan in Tokyo, Japan, and its characteristics were compared with 

those of the I. orientalis strain. All yeast strains were pre-cultured at 30°C for 24 h with 

shaking at 160 rpm in 3 ml of YPD medium containing 10 g/l yeast extract from 

Nacalai Tesque, Kyoto, Japan, 20 g/l peptone from Nacalai Tesque, and 20 g/l glucose. 

Cells were later diluted to OD600 = 0.4 in YPD medium and used as seed cultures. 

     First, we studied the effects of pH and salt concentrations on the ethanol 

production of each strain in YPGS medium containing 5 g/l yeast extract, 10 g/l 

polypeptone from Nihon Pharmaceutical in Tokyo, Japan, 100 g/l glucose, and various 

concentrations of Na2SO4, including 0, 10, 25, and 50 g/l. Na2SO4 was used for saline 

stress in this study for the reason described above. The pH of the medium was adjusted 

to multiple values, including 2.0, 2.5, and 3.0, using H2SO4. Fifty microliters of the seed 

cultures were inoculated into 5 ml of YPGS medium. The yeast strains were cultivated 



 5 

using a rotary shaker under an aerobic condition of 160 rpm at 30°C. After 120 h of 

cultivation, OD600 and ethanol content were measured using a spectrophotometer 

(BioSpec-1600, Shimadzu, Kyoto, Japan) and an alcohol densitometer (Alcomate AL-2, 

Riken Keiki, Tokyo, Japan), respectively. All experiments were performed in duplicate, 

and the average values were reported. 

     Under all conditions, only a small change was observed in the pH of the medium 

before and after incubation (data not shown). A preliminary experiment demonstrated 

that aeration by shaking slightly accelerated or minimally affected the growth and 

ethanol production of these strains, which was probably because of the Crabtree effect, 

that is, stimulation of alcoholic fermentation under aerobic conditions (17). Nakayama 

et al. reported similar results for effects of aeration on ethanol fermentation in strains of 

I. orientalis (C. krusei) (18). In addition, mild aerobic or oxidative stress might improve 

tolerance to low pH and/or salt conditions because of a cross-tolerance acquisition as 

observed in S. cerevisiae (19). 

     Table 1 shows the ethanol content after incubation of each strain. The S. 

cerevisiae K-7 strain barely grew in the medium without salt at pH 2.0 and did not 

produce ethanol. In contrast, a high amount of ethanol was produced by individually 

culturing all of the I. orientalis strains in the same medium. No ethanol was detected 

after incubation of the K-7 strain in the medium containing 50 g/L Na2SO4 at pH 3.0; 

however, 10 of the 13 I. orientalis strains produced ethanol between 0.5 and 5.3% (v/v) 

under the same condition. Only 0.5% (v/v) ethanol was generated upon culturing the 

K-7 strain in the medium containing 25 g/l Na2SO4 at pH 2.5. However, all of the I. 

orientalis strains, excluding the NBRC 0011 strain, produced high amounts of ethanol, 

at concentrations between 4.9 and 5.3% (v/v), under the same condition. Thus, almost 
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all of the I. orientalis strains generated greater quantities of ethanol compared to the S. 

cerevisiae K-7 strain after incubation in acidic media containing high concentrations of 

Na2SO4. 

     We observed large differences in ethanol production among the I. orientalis 

strains cultured in media containing high concentrations of Na2SO4. The MF-121 strain 

produced a large amount of ethanol (5.3% (v/v)) when grown in a medium containing 

50 g/l of Na2SO4 at pH 3.0. In contrast, the maximum percentage of ethanol produced 

by the NBRC 10737 strain, an I. orientalis strain, was 3.3% (v/v). In the medium 

containing 50 g/l of Na2SO4 at pH 2.0, which was the most severe condition used in this 

study, the MF-121 strain fermented glucose to ethanol at 1.3% (v/v). However, little or 

no ethanol was detected after incubation of the other I. orientalis strains under the same 

condition. Thus, in this experiment, the MF-121 strain produced the highest amount of 

ethanol under the combined stress of a low pH between 2.0 and 3.0 and a high salt 

concentration of 50 g/l Na2SO4. The NBRC 0201 and 0841 strains also generated a 

relatively large amount of ethanol under combined stress conditions. In contrast, the 

NBRC 0011 strain, which did not produce ethanol in medium containing more than 25 

g/l of Na2SO4, was found to be the most susceptible to Na2SO4 among the I. orientalis 

strains. 

     Next, we examined the effect of temperature on ethanol production by each strain. 

Fifty microliters of the seed culture was inoculated into 5 ml of YPG medium 

containing 5 g/l yeast extract, 10 g/l polypeptone, and 100 g/l glucose. After incubation 

at various temperatures between 30 and 44°C for 48 h with shaking at 160 rpm, the 

OD600 and ethanol content were measured as described above. 

     Table 2 shows the results of ethanol fermentation at high temperatures. The K-7 
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strain did not grow at temperatures exceeding 40°C. In contrast, all of the I. orientalis 

strains produced high amounts of ethanol at 41°C, which indicated that they are more 

thermotolerant than were the S. cerevisiae K-7 strain. The MF-121, the NBRC 0011, 

and the NBRC 10737 strains produced particularly large amounts of ethanol (between 

4.0 and 4.1% (v/v)), even at 43°C. However, only a trace amount of ethanol was 

detected after their incubation at 44°C. 

     In conclusion, I. orientalis strains have a superior ability to ferment glucose to 

ethanol under high stress conditions, such as acid (H2SO4), salt (Na2SO4), or heat stress. 

The MF-121 strain produced a large amount of ethanol after incubation in acidic media 

containing high concentrations of Na2SO4 or at high temperatures compared to other 

strains investigated in this study. The NBRC 0011 strain, which is susceptible to high 

concentrations of Na2SO4, exhibited high thermotolerance. In contrast, the NBRC 1279 

strain exhibited a relatively low tolerance to high temperatures but produced ethanol 

under combined stress conditions of H2SO4 and Na2SO4. Compared to the tolerance of 

other I. orientalis strains, the NBRC 0155 strain was susceptible not only to combined 

stress conditions of H2SO4 and Na2SO4 but also to heat. Thus, the ability of each strain 

to produce ethanol at a low pH and a high Na2SO4 concentration did not correlate with 

its ability to produce ethanol at high temperatures. 
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Table 1. Ethanol production under combined stress conditions of low pH and Na2SO4 

Medium   Ethanol (%, v/v) d 

Na2SO4 
(g/l) pH 

 I. orientalis  S. cerevisiae 

  MF-121 0011 0012 0013 0155 0201 0584 0841 1162 1279 1395 1664 10737    K-7  

0 3.0  4.9a 5.1a 5.0a 5.3a 5.2a 5.1a 5.2a 5.1a 5.1a 5.1a 5.3a 5.4a 5.5a   5.4a  

0 2.5  5.4a 4.7a 5.1a 5.3a 5.4a 5.2a 5.3a 5.3a 5.2a 5.3a 5.2a 5.3a 5.4a   5.3a  

0 2.0  5.7a 5.1a 5.0a 5.3a 5.3a 5.3a 5.2a 5.0a 5.4a 5.7a 5.4a 5.7a 5.4a   0.0c  
                    
10 3.0  4.9a 5.0a 5.0a 5.1a 5.1a 5.1a 5.0a 5.0a 5.1a 5.0a 5.3a 5.2a 5.2a   5.3a  

10 2.5  5.1a 4.8a 5.1b 5.2a 5.2a 4.8a 5.2a 4.9a 5.2a 5.2a 5.4a 5.3a 5.3a   5.1a  

10 2.0  5.5a 4.4a 5.1a 5.1a 3.0a 5.2a 5.3a 5.2a 5.3a 5.5a 5.2b 5.5a 5.4a   0.0c  
                    
25 3.0  4.9a 0.0c 5.0a 5.0a 5.1a 5.1a 4.8a 4.6a 5.0a 4.9a 5.3a 5.3a 5.1a   3.5a  

25 2.5  5.1a 0.0c 5.0a 5.1a 5.1a 5.0a 4.9a 4.9a 5.3b 5.1a 4.9a 5.1a 5.0a   0.5c  

25 2.0  5.2a 0.0c 2.4b 4.6a 0.0c 5.2a 2.8a 4.9b 2.3a 5.3a 5.2b 5.3a 3.3a   0.0c  
                    
50 3.0  5.3a 0.0c 0.7b 3.1a 0.0c 2.6b 0.0c 3.0b 2.5b 1.9b 1.7b 0.5b 3.3b   0.0c  

50 2.5  3.7a 0.0c 0.0c 0.1b 0.0c 1.5b 0.0c 1.1b 0.3b 1.0b 0.6b 0.1c 0.1b   0.0c  

50 2.0   1.3b 0.0c 0.0c 0.0c 0.0c 0.0c 0.0c 0.0c 0.0c 0.1b 0.0c 0.0c 0.0c   0.0c   
 

a Final OD600 ≥ 5  
b 2 ≤ Final OD600 < 5 
c 0 ≤ Final OD600 < 2 
d The theoretical maximum of ethanol production from 100 g/l glucose is 6.4% (v/v). 



 

Table 2. Ethanol production at various temperatures  

Temperature 
(°C) 

 
  Ethanol (%, v/v) d 

 I. orientalis  S. cerevisiae 

  MF-121 0011 0012 0013 0155 0201 0584 0841 1162 1279 1395 1664 10737    K-7  

30  5.6a 5.6a 5.5a 5.5a 5.5a 5.3a 5.5a 5.4a 5.5a 5.5b 5.5a 5.5b 5.5a   4.3a  

35  5.5a 5.4a 5.5a 5.6a 5.5a 5.4a 5.6b 5.4a 5.5a 5.5b 5.6a 5.6a 5.4b   4.5a  

40  5.6a 5.6a 5.5a 5.6a 4.8a 5.5a 5.5b 5.5a 5.5b 5.6b 5.6b 5.5a 5.4b   0.0c  

41  5.5a 5.4a 5.5a 5.5a 3.8a 5.0b 5.4b 5.4a 5.5b 5.6a 5.3b 5.5a 5.3a   0.0c  

42  5.0a 4.3a 3.1a 3.5a 0.4b 2.2b 3.9b 5.5a 3.1b 1.5b 2.5b 5.6a 5.7a   0.0c  

43  4.0b 4.1a 1.8b 2.2b 0.0c 0.7c 0.9b 4.1b 1.1c 0.0c 0.1c 3.2a 4.1b   0.0c  

44  0.0c 0.0c 0.0c 0.0c 0.0c 0.0c 0.0c 0.2c 0.0c 0.0c 0.0c 0.0c 0.2c   0.0c  
 

a Final OD600 ≥ 5 
b 2 ≤ Final OD600 < 5 
c 0 ≤ Final OD600 < 2  
d The theoretical maximum of ethanol production from 100 g/l glucose is 6.4% (v/v). 
 


