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ABSTRACT 

Although Yarrowia lipolytica is an important host strain, there have so far been few studies on the production of glu-
tathione by the strain. We therefore performed a study to obtain an improved strain of Y. lipolytica ATCC20688, which 
could produce a high yield of glutathione. First, the capability of glutathione production in the ATCC20688 strain was 
estimated. In comparison with other yeasts, the yield of this strain was higher than those in Pichia strains. Furthermore, 
this strain could produce glutathione by assimilating sodium oleate. We next performed mutation and gene cloning to 
improve the yield. After the yield of glutathione was improved in the isolated methylglyoxal-resistant mutant (MGR3), 
the glutathione synthetase gene was cloned into the MGR3 strain. By using this recombinant strain, we could reach the 
maximum yield and intracellular content of glutathione of 54 mg/L-medium and 30 mg/g-dry cell weight, respectively. 
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1. Introduction 

Glutathione, which is a tripeptide composed of glutamic 
acid, cysteine, and glycine, is present in most living or-
ganisms, and its biochemical characteristics have been 
investigated in detail [1,2]. Glutathione plays an impor-
tant role in the metabolism of toxic compounds, and 
therefore, it has been used as a drug for hepatic insuffi-
ciency in humans, dogs and fish. Increasing attention has 
also been paid to its use as an antiaging compound [3]. 
The oxidation of lipids and proteins by active oxygen is a 
major factor involved in the aging process. Glutathione 
peroxidase eliminates active oxygen, and thus, gluta- 
thione has antiaging activity [4]. Glutathione tablets and 
dried-yeast powder containing a high concentration of 
glutathione are widely used as supplements in many 
countries. 

Many studies have reported different processes for 
glutathione production. The process of glutathione ex-
traction from yeast cells is one of the inexpensive meth-
ods. Since the 1960s, glutathione has been industrially 
produced in Japan with waste water in pulp production 
by using Candida utilis, and with exhaust molasses by 
using S. cerevisiae. Several studies on the culture condi-
tions for S. cerevisiae and C. utilis have also been per-
formed to enhance their productivity. Glutathione pro-

ductivity could be increased by the addition of amino 
acids, especially cysteine [5]. Another study found that 
the control of the glucose and ethanol concentrations [6, 
7], high density culture [8] and optimal controls of oxy-
gen and pH values [9] resulted in high productivity.  

Genetic approaches have been also performed to im-
prove the strains. Glutathione is synthesized by way of a 
two-step reaction with γ-glutamyl cysteine ligase and 
glutathione synthetase. The GSH1 or GSH2 genes corre-
sponding to these enzymes were cloned into Escherichia 
coli, S. cerevisiae [10,11] and Hansenula polymorpha 
[12], and the productivity of the recombinant strains was 
investigated. A high expression of GSH1 and GSH2 in 
recombinant E. coli and S. cerevisiae strains resulted in 
high glutathione productivity [13]. 

The utilization of an inexpensive carbon source is im-
portant for the inexpensive production of glutathione. 
The glutathione production using methanol has been 
studied, as methanol can be used as a carbon source by 
Pichia pastoris and H. polymorphaare [14]. Both of these 
strains showed a high level of productivity, although 
methanol is not inexpensive. On the other hand, Y. 
lipolytica can consume inexpensive waste food oil and 
crude oil as a carbon source [15-17], and therefore it is 
considered to be useful for the production of glutathione 
from economic and environmental aspects. However, very 
few studies have utilized Y. lipolytica for glutathione *Corresponding author. 
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biosynthesis.  
Thus, we focused on the glutathione production by Y. 

lipolytica ATCC20688, and improved the strain by muta-
tion and gene manipuration. The improved strain showed 
both methylglyoxal resisance and a high activity of glu-
tathione synthetase, and the productivity in this strain 
was higher than that of glutathione producing yeast. 
Therefore, this strain may be useful for the production of 
glutathione. 

2. Materials and Methods 

2.1. Strains and Media 

We used the following yeast strains: Saccharomyces 
cerevisiae NBRC1661, Saccharomyces cerevisiae FMT1, 
Pichia pastoris GS115 (mut+, trp1), Pichia stupitis NBRC- 
10063, and Yarrowia lipolytica ATCC20460 and Yar-
rowia lipolytica ATCC20688 (leu2, ura3). These strains 
were obtained from the American type culture collection 
and NITE biological resource center, and from Kobe 
College. YPD medium (20 g/L glucose, 20 g/L bactopep- 
tone, 10 g/L yeast extract), YNB medium (yeast minimal 
medium: 20 g/L glucose, 7.0 g/L yeast nitrogen base w/o 
amino acids) and SOL medium (oleate minimal medium: 
0.761 g/L sodium oleate, 7.0 g/L yeast nitrogen base w/o 
amino acids) were used to culture the yeast. The initial 
concentration of sodium oleate in the SOL medium was 
determined to be 0.761 g/L (2.5 mM), because the con-
centration was approximately equal to the saturated solu-
bility of the medium. In the culture of P. pastoris GS115 
cells, 2.5 mM of tryptophan was supplied to the medium, 
and 2.5 mM of uracil and leucine were supplied in the 
culture of the Y. lipolytica ATCC20688 or its mutant 
strain, and 2.5 mM of uracil were supplied in the cul- 
ture of the recombinant strains. The competent E. coli 
DH5α strain was purchased from Takara Corp. (Shiga, 
Japan). Modified Luria-Bertani (LB) medium (10 g/L 
bactopeptone, 10 g/L yeast extract, 5 g/L NaCl, 1 g/L 
glucose, pH 7.2) was used for the culture of the E. coli 
DH5α cells. 

2.2. Mutation and Screening Methods for the  
Isolation of Methylglyoxal-Resistant  
Mutants 

Y. lipolytica ATCC20688 cells were precultured in 10 
mL of YPD medium for 3 days at 30˚C. The precultured 
cells were inoculated at a concentration of 0.1 OD (610 
nm) in 50 mL of YPD medium, and cultured at 30˚C 
with shaking at 120 rpm. After 1 day, the cells were har-
vested into a 2 mL microtube, washed 3 times with 10 
mL of 0.1 M citric buffer (pH 5.5), and suspended in 1 
mL of NTG solution (1.0 mg N-nitrosoguanidine dissolved 
in 1 mL of citric buffer). The cell suspension was in- 

cubated for 10 min at 30˚C for mutation, and was washed 
3 times with 1.0 mL of 0.1 M citric buffer (pH 5.5). The 
treated cells were spread on agar plates of YNB medium. 
Later, all colonies grown on the plates were collected and 
diluted, and 1000 cells were spread on each agar plate of 
YNB medium containing 0.20 M methylglyoxal. The 10 
plates were incubated at 30˚C for 5 days, and the colo- 
nies were isolated as methyl-glyoxal resistant mutants. 

2.3. Construction of the Plasmid to Express the  
GSH2 Gene 

The five DNA fragments, including the glutathione syn-
thetase (GSH2) gene of S. cerevisiae [11], URA3 [18], 
ARS68 [19], pyruvate kinase (PYK1) promoter and the 
lipase (LIP2) terminator genes in Y. lipolytica [20,21], 
were cloned using the following method. The sense and 
antisense primers and strains used as template DNA are 
listed in Table 1. The chromosomal DNA samples were 
digested with NotI, and the digested fragments were used 
as the template DNA. PCR was carried out using a Hot 
Start PCR kit (Takara Corp.) in the following manner: 50 
µL of the reaction mixture containing 0.5 µL of Hot Start 
DNA polymerase, 3 µL of template DNA, 4 µL of dNTP 
and 4µ Leach of the 10 µM forward and reverse primers 
were subjected to 35 cycles of treatment at 95˚C for 30 s, 
55˚C for 30 s, and 72˚C for 1 or 3 min. The amplified 
DNA fragments were separated by gel electrophoresis 
with 1% low-gelling agarose A-4018 (Sigma- Aldrich 
Japan, Tokyo, Japan), and the target DNA fragments 
were purified from the gel. The purified five DNA frag-
ments, the PYK1 promoter, LIP2 terminator, URA3, 
ARS68 and GSH2 genes, were respectively inserted into 
the EcoRV site of the pT7Blue(R) vector with the Liga-
tion Kit 2 (Takara Corp.). The constructed plasmids were 
respectively named pPK, pTER, pYL-URA, pYL-ARS, 
and pSC-GSH2. 

The plasmid for the expression of GSH2 gene was 
constructed using the following procedure: After the 
plasmid pPK was digested with both PshBI and NdeI, the 
0.42-kb fragment containing the PYK1 promoter was 
inserted into the NdeI and NotI sites of the plasmid, 
pTER. The constructed plasmid was named pPKLIP. The 
plasmids pYL-URA and pYL-ARS were digested with 
BamHI and Sse8731I, respectively. The 2.22 kb and 1.38 
kb fragments containing the URA3 and ARS68 genes 
were inserted at the BamHI and Sse8731I sites of the 
plasmid pPKLIP. The constructed plasmid was named 
pYL-ARS68. The 1.48 kb DNA fragment containing the 
GSH2 gene was inserted between the NdeI and NotI sites 
of the plasmid pYL-ARS68, after the plasmid pSC- 
GSH2 was digested with both NdeI and NotI. Finally, the 
completed plasmid (8.87 kb) for the expression of GSH2 
was named pYL-GSH2 (Figure 1). The transformation     
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Table 1. List of the primers and template DNA sources. 

Gene Sense and antisense primers Template DNA sources 

PK1 promoter 
5’-CTCATTAATGTAACATGACGTTGACCGTG-3’ 
5’-CTCGCGGCCGCAGAGAGCATATGTAACTGTGGTGTGAATTTCTC-3’ 

Y. lipolytica ATCC20460 

LIP2 terminator 
5’-CTCGCGGCCGCTATTTATCACTCTTTACAACT-3’ 
5’-CTCGTCGACTTCAACGCAGATGAACTTCAAA-3’ 

Y. lipolytica ATCC20460 

ARS58 
5’-CTCCTGCAGGGTCCGTGTCGGCAACTGTCGTA-3’ 
5’-CTCCTGCAGGGATGGCAATGACTCATGATCAC-3’ 

Y. lipolytica ATCC20688 

URA3 
5′-CTCGGATCCTCACATCACGCTCTCATCAAG-3’ 
5’-CTCGGATCCGTTTTCTACGTGTGTAGTTTCCA-3’ 

Y. lipolytica ATCC20460 

GSH2 
5’-CTCCATATGGCACACTATCCACCTTCCAA-3’ 
5’-CTCGCGGCCCGCCTAGTAAAGAATAATACT-3’ 

S. cerevisiae NBRC2376 

The digestion sites of the restriction enzyme are expressed in boldface type. 

 

 

Figure 1. A schematic diagram of the pYL-GSH2 plasmid. 
Pro, PYK1 promoter; GSH2, glutathione synthetase (GSH2); 
Ter, Lip2 terminator; URA3, URA3 gene; ori, origin of re- 
plication in E. coli; Amp, ampicillin resistance gene; ARS 
68, ARS68 gene. 
 
of the pYL-GSH2 plasmid into Y. lipolytica was carried 
out with the Yeast Maker Kit (CLONTECH Laboratories, 
Inc., CA, USA). 

2.4. Culture Conditions 

The yeast were precultured in 20 mL YPD medium at 
30°C for three days, and washed once with 20 mL of 
water, and then were suspended in 1 mL of the water. 
The pre-cultured cells were inoculated at optical densities 
(OD) of 0.1 at 610 nm into 100 mL of medium in a 300 
mL flask with 4 baffles (Hario glass corp., Tokyo, Japan) 
or 20 mL of medium in a 100 mL flask, and the cells 
were cultured for 3 days at 30˚C with periodic shaking at 
120 rpm. Four culture tests (three independent experi-
ments in each test) were performed to examine different 
combinations of yeasts and media.  

To test the effect of additives, the ATCC20688 strain 
was cultured in 100 mL of YNB medium, SOL medium, 
or YNB medium containing 2.5 mM glutamic acid, cys-

teine or glycine. To compare the glutathione productivity 
in various yeast strains, S. cerevisiae NBRC1661, S. ce- 
revisiae FMT1, P. pastoris GS115, P. stupitis NBRC- 
10063, Y. lipolytica ATCC20460 and Y. lipolytica 
ATCC20688 cells were cultured in 100 mL of YNB me-
dium. To examine the growth inhibition of methylgly-
oxal, the ATCC20688 or the isolated methylglyoxal- 
resistant mutant strain was cultured in 20 mL of YNB 
media with and without the addition of 0.32 M of me-
thylglyoxal. To examine the yield of glutathione, the Y. 
lipolytica ATCC20688, methylglyoxal-resistant mutant 
or recombinant strain was cultured in 100 mL of YNB 
medium. 

2.5. Assays 

In the glutathione assay, 20 mL of culture broth (con-
taining cells) were harvested by centrifugation and 
washed once with water. The cell pellet was suspended 
in 2 mL of distilled water, and the intracellular glu-
tathione was extracted from cells by incubation for 10 
min in boiling water. The concentration of the extracted 
glutathione was measured by the highly-sensitive method 
reported by Owens and Belcher [22]. Under this method, 
the sample (100 µL) was mixed with the reaction mixture 
[1.25 mL of 0.05 M sodium phosphate buffer pH 7.0, 
400 µL of 1 mM EDTA, 15 µL of 10 mM DTNB, 50 µL 
of 40 mg/L NADPH, 7 µL of glutathione reductase solu-
tion (300 unit)], and the increasing rate of absorbance 
was measured at 412 nm by the formation of 5-mercapto- 
2-nitrobenzenzoic acid (Δε412 = 1.55 × 104/mM·cm). The 
method has 2 merits: the sensitivity is much higher than 
that of the method without glutathione reductase, and the 
presence of other thiol compounds do not disturb the 
reaction. The yield and content of glutathione were de-
fined as mg of intracellular glutathione per 1 L of culture 
broth (mg/L) and as the mg of intracellular glutathione 
per 1 g of dry cell weight (mg/g). These two values were 
utilized as the indicators of productivity. 

Cell growth was measured by the optical density (OD) 
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of a 1 cm light passing at 610 nm. The dry cell weight 
(DCW) was calculated by weighing the cell masses after 
drying at 95˚C for 16 h. One OD corresponded to 412 
mg-DCW per 1 L of medium. The concentration of so-
dium oleate was measured using a free fatty acid meas-
urement kit (NEFC-Test Wako, Wako Pure. Chem. Ind., 
Osaka, Japan). The average values, standard deviation 
(SD) and p values (by the t-test) of the cell growth and 
glutathione productivity were calculated from the results 
of three independent culture tests. 

2.6. Enzymatic Activities 

The enzyme solution was prepared as follows: the four 
kinds of cells (Y. lipolytica ATCC20688, its mutant and 
those transformants carrying pYL-GSH2) cultured in 200 
mL of YNB medium for 2 days were harvested by cen-
trifugation and washed twice with water. The cells were 
suspended in 1 mL of 10 mM TE buffer (pH 7.5) and 
transferred to 2 mL microtubes containing 1mL of glass 
beads (0.25 - 0.3 mm in diameter). After the cells were 
disrupted with a cell disrupter (MINI-BEADBEATER, 
WAKENYAKU Co. Ltd., Kyoto, Japan) for 3 min, the 
whole solution was centrifuged at 12,000 × g for 15 min. 
Each supernatant was respectively put in seamless cellu-
lose tubing (Wako Chem. Ind., Osaka, Japan) and dia-
lyzed with 3 L of 10 mM TE buffer (pH 7.5) for 1 day. 
The resulting enzyme solution was used for the following 
enzyme assay. The protein concentration in the solution 
was measured with a protein assay kit (Bio-Rad Labora-
tories, Inc. Japan, Tokyo, Japan). 

The glyoxalase I activity was measured according to 
the method described by Inoue et al. [23]. The reaction 
mixture (1 mL) containing 5.0 mM methylglyoxal, 5.0 
mM glutathione, 100 mM potassium phosphate buffer 
(pH 7.5), and enzyme solution was incubated at 30˚C. 
The initial formation rate of S-lactoylglutathione (Δε240 = 
3.37/mM·cm) was measured at 240 nm. The activity of 
glyoxalase II was measured according to the method re-
ported by Allen et al. [24]. The reaction mixture con-
tained 50 mM Tris/HCl buffer (pH 7.4) and 300 µM 
S-D-lactoylglutathione. The initial rate of the hydrolysis 
of S-lactoylglutathione (Δε240 = −3.1/mM·cm) was mea- 
sured at 240 nm. 

The activity of glutamate cysteine ligase was measured 
according to the method developed by White et al. [25]. 
The reaction mixture contained 40 mM ATP, 2 mM 
L-cysteine, 20 mM L-glutamic acid, 2 mM EDTA, 20 
mM sodium borate, 2 mM serine, and 40 mM MgCl2. 
The activity of glutathione synthetase was measured by 
evaluating the glutathione levels. The reaction mixture 
(100 µL) containing 100 mM Tris/HCl buffer (pH 7.5), 
10 mM MgCl2, 20 mM KCl, 1 µM γ-glytamyl-cysteine, 1 
µM glycine, and 2 µM ATP was incubated for 5 min and 

heated for 10 min at 95˚C to inactivate the enzymes. The 
amount of glutathione produced was determined by the 
high-sensitive method (described previously). The spe-
cific activities of these enzymes, other than glutamate 
cysteine ligase, were expressed as µmol/min·mg-protein. 
The activity of glutamate cysteine ligase was expressed 
as the fluorescence density/min·mg-protein. The enzy-
matic activities were measured twice, and the mean value 
was presented. 

2.7. Stability and Copy Number of pYL-GSH2 

The stability of the plasmid was examined according to 
the previously described method [26]: The recombinant 
cells (the ATCC20688 strain having the pYL-GSH2 
plasmid) were cultured in YNB medium containing leu-
cine (without the supplementation of uracil) for 52 h. 
They were diluted with water and then spread on agar 
plates of YNB medium containing leucine and uracil. 
The auxotrophy of uracil for 300 colonies was evaluated 
using two kinds of agar plates (one contained both uracil 
and leucine and the other contained just leucine).  

The length and copy number of the plasmid present in 
the recombinant strain were estimated by the following 
manner: The recombinant cells cultured in 50 mL of 
YNB medium were collected in a 1.5 mL microtube, and 
200 µL of TE buffer (pH 7.8) containing 1% SDS, 200 
µL phenol-chloroform and 0.25 - 0.3 mm of glass beads 
were added to the cell pellet. The cells were disrupted by 
a cell disrupter (MINI-BEADBEATER) for 5 min. The 
all-aqueous phase was taken out, and the DNA was puri-
fied.  

After purified DNA solution was transformed into the 
E. coli DH5α cells for amplification, the presence of the 
plasmid in E. coli DH5α was confirmed by electrophore-
sis on 0.8% agarose gels. The rest of the purified DNA 
was digested with NotI, and the copy number was deter-
mined by a real-time PCR method. The primers for the 
PYK promoter sequence (target) which was present in 
both pYL-GSH2 and chromosomal DNA, and the LIP2 
promoter sequence (control) which were only present in 
chromosomal DNAs, were used. Real-time PCR was 
performed by using a Rotor-GeneTM device (Qiagen K. 
K., Tokyo, Japan). The reaction mixture was prepared 
with Roter-Gene SYBR Green PCR Kit (Qiagen K. K.), 
and performed for 70 cycles of treatment at 95˚C for 10 s 
and 65˚C for 30 s. The threshold line and Ct values were 
determined by using the Roter-Gene series software pro-
gram, and the relative amount of DNA in the PYK pro-
moter in comparison with the LIP2 terminator was de-
termined by the ΔΔCt method. Three independent ex-
periments were performed, and the average and SD were 
calculated.  
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3. Results 

3.1. The Glutathione Production Capacity of the  
Y. lipolytica ATCC20688 Strain 

The Y. lipolytica ATCC20688 strain is one of the most 
useful host strains for gene cloning. Thus, we examined 
the glutathione production using the Y. lipolytica ATCC- 
20688 strain. Figure 2 shows the cell growth and glu-
tathione productivity when the ATCC20688 cells were 
cultured in YNB medium. Glutathione was gradually 
produced in cells until 52 h (late-exponential phase), but 
the content at 28 h was higher than that at 52 h. Gener-
ally, glutathione is gradually secreted into the medium 
before and after the stationary phases after the decrease 
of the pH value in the broth, and it is not secreted during 
the exponential growth phase. We therefore compared 
the values of the yields at 28 h or 52 h and the content at 
28 h to determine the native capability for glutathione 
production.  

The amount of glutathione in the Y. lipolytica ATCC- 
20688 strain was compared to that of Y. lipolytica ATCC- 
20460, Saccharomyces cerevisiae NBRC1661, FMT1 
and Pichia pastoris GS115 and NBRC10063. Figure 3 
shows the glutathione productivity when yeast cells were 
cultured in YNB medium for 28 h. The content in the 
ATCC20688 cells was 2.1 times higher than that in the Y. 
lipolytica ATCC20460 cells, but the overall yield was 
similar. Furthermore, the average yield in the 
ATCC20688 cells was 1.3, 2.9 and 2.3 times higher than 
those in the S. cerevisiae FMT1, P. pastoris GS115 and 
NBRC10063 strains (p < 0.05), although the value was 
25% lower than that in the Saccharomyces strain NBRC- 
1661 (p = 0.14). In addition, the average content in the 
ATCC20688 cells was 1.3 5.4 and 6.3 times higher than 
those in the S. cerevisiae FMT1, P. pastoris GS115 and 
NBRC10063 strains (all p < 0.05), and the value was 
similar to that of the Saccharomyces strain NBRC1661. 

Figure 2 shows the cell growth and glutathione pro-
duction when the ATCC20688 cells were cultured in 
SOL medium (oleate was the sole carbon source). The 
ATCC20688 strain could efficiently assimilate sodium 
oleate as a carbon source, and the yield at 52 h and con-
tent of glutathione at 28 h were 11.2 mg/L and 7.6 mg/g. 
The concentration of sodium oleate at 52 h was de-
creased below 5 mg/L. Therefore, the ATCC20688 strain 
could produce glutathione by assimilating sodium oleate 
as a carbon source. Further, the effects of glutamic acid, 
cysteine and glycine (the components of glutathione) in 
the culture with the YNB medium were examined. As 
shown in Figure 2, the cell growth of the ATCC20688 
strain was inhibited in case of the supplementation with 
cysteine, and the content of glutathione at 28 h was lower 
than that of the control (without supplement). The sup-
plementation of glutamic acid or glycine caused no  

 

Figure 2. The glutathione productivity of the Y. lipolytica 
ATCC20688 strain. The ATCC20688 cells were grown in 
YNB medium without any supplement (control), SOL me-
dium (oleate), or in YNB media with 2.5 mM of amino acid 
(glutamic acid, cysteine or glycine). (a) Growth; (b) Yield of 
glutathione; (c) Content of glutathione. Bars: means ± SD of 
3 independent experiments. **p < 0.01, *p < 0.05 and #P > 
0.05 vs. control. The p-values were determined for the re-
sults of the content at 28 h. 
 
significant difference in the production compared with 
the control.  

3.2. Enhancement of Glutathione Production in a  
Methylglyoxal-Resistant Mutant 

Breeding by mutation was performed to enhance the glu-
tathione biosynthesis in the yeast. Methylglyoxal was 
utilized as an indicator for isolation. The ATCC20688 
cells were mutated with NTG solution, spread on agar 
plates of YNB medium containing 0.2 M methylglyoxal, 
and methylglyoxal-resistant mutants were isolated by 
selecting large colonies. Ten mutants were finally iso-
lated, and 4 of these mutants showed higher glutathione 
productivity than the ATCC20688 parent strain. One 
mutant used in further investigation was named MGR3. 
Figure 4 shows the typical cell growth curves (A) and 
the growth at 70 h (B) of the MGR3 mutant and the  
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(a) 

 
(b) 

Figure 3. A comparison of the glutathione production in the 
Yarrowia, Saccharomyces and Pichiastrains. Yeast were grown 
in YNB medium for 28 h, and the yield and content of glu-
tathione was determined to compare the glutathione pro-
duction capability among the Yarrowia, Saccharomyces and 
Pichia strains. (a) Yield of glutathione; (b) Content of glu-
tathione. Bars: means ± SD of 3 independent experiments. 
**p < 0.01, *p < 0.05 and #p > 0.05 vs. control (ATCC20688). 
The p-values were determined for the results of the content. 
 
ATCC20688 parent strains, when these cells were cul-
tured in YNB medium and YNB medium containing 0.32 
M of methylglyoxal. Both of the cell growth curves in 
the yeasts cultured with methylglyoxal supplementation 
were shifted to the right (Figure 4(a)) because of the 
toxicity of methylglyoxal. However, the increase of 
growth in the MGR3 mutant was earlier than that of the 
ATCC20688 parent strain in these curves. The average 
cell growth of the MGR3 strain at 70 h of culture was 6.0 
times higher, therefore, the ability of the MGR3 mutant 
strain to degrade methylglyoxal was much higher than 
that of the ATCC20688 strain.  

Figure 5 shows the growth and glutathione productiv-
ity of the MGR3 mutant and the ATCC20688 parent 
strain when the cells were cultured in YNB medium. The 
growth of Y. lipolytica MGR3 and ATCC20688 cells 
were almost the same, but the average yields of glu-
tathione in the MGR3 strains was 1.7 times higher than 
that of the ATCC20688 parent strain after 52 h of cul-
ture.The content at 28 h was also 2.0 times higher (p < 
0.05). The enzymatic activities in the MGR3 mutant and 
ATCC20688 parent strains were also determined (Table 
2). The activities of glyoxalase I and II in the MGR3 
mutant were 2.0 and 2.4 times higher than those in the 
ATCC20688 parent strain. On the other hand, the activity 
of glutathione synthetase was 1.23 times higher, and the  

 
(a) 

 
(b) 

Figure 4. Methylglyoxal resistance in the Y. lipolytica ATCC- 
20688 and MGR3 strains. The MGR3 mutant and ATCC- 
20688 parental strains were grown in YNB medium and 
YNB medium containing 0.32 M methylglyoxal. (a) Typical 
growth curves; (b) Growth at 70 h. Symbols: white and 
black triangles, ATCC20688 and MGR3 strains without 
supplementation; white and black circles, ATCC20688 and 
MGR3 strains cultured with 0.32 M methylglyoxal. Bars: 
means ± SD of 3 independent experiments. **p < 0.01 vs. con- 
trol (ATCC20688). 
 
increase of glutamate-cysteine ligase was a little (1.07 
times higher).  

3.3. Improvement in the Production of  
Glutathione by the Recombinant Strain  
Expressing the GSH2 Gene 

We newly constructed a plasmid (pYL-GSH2; Figure 1) 
that expressed the GSH2 gene of Saccharomyces cere-
visiae in Y. lipolytica ATCC20688. The pYL-GSH2 plas- 
mid was transformed into the Y. lipolytica ATCC20688 
parent and MGR3 mutant strains, and were named Y. 
lipolytica ATCC20688/pYL-GSH2 and MGR3/pYL- 
GSH2, respectively. Approximately 1000 colonies were 
obtained by the transformation operation with 1 µg of the 
plasmid. The transformation efficiency was approximately 
1000 times higher than that in the plasmid without  
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Figure 5. The growth and glutathione production in the 
methylglyoxal-resistant mutant and recombinant strains. 
Yeast were grown in YNB medium. (a) Growth; (b) Yield of 
glutathione; (c) Content of glutathione. Bars: means ± SD of 
3 independent experiments. **p < 0.01, *p < 0.05 and #p > 
0.05 vs. control. The p-values were determined for the re-
sults of the content at 28 h. 
 
ARS68 (when the plasmid without ARS68 was trans-
formed, approximately one colony per 1 µg of plasmid 
appeared).  

We then examined the effects of the pYL-GSH2 plas-
mid on the enzymatic activities. The activities of glu-
tathione synthetase and glutathione cysteine ligase in 
these strains are shown in Table 2. The activity of glu-
tathione synthetase in the ATCC20688/pYL-GSH2 re-
combinant strain was 1.46 times higher than that of the 
ATCC20688 host strain, but was almost the same as that 
of the MGR3/pYL-GSH2 recombinant strain. However, 
the activity of glutathione cysteine ligase of the MGR3/ 
pYL-GSH2 recombinant strain was 1.11 times higher 
than that of the ATCC20688/pYL-GSH2 recombinant 
strain.  

Figure 5 shows the cell growth and glutathione pro-
duction when the recombinant ATCC20688/pYL-GSH2 

and MGR3/pYL-GSH2 cells were cultured in YNB me-
dium. The cell growth of the recombinant strains were 
not significantly different compared to the host strains 
(all p > 0.1). The yield and content of the ATCC- 
20688/pYL-GSH2 recombinant strain at 52 h and 28 h 
were 3.5 and 3.2 times higher than those of the ATCC- 
20688 host strain, and those of the MGR3/pYL-GSH2 
strain were a little higher than those of the ATCC- 
20688/pYL-GSH2 strains. The maximum yield of glu-
tathione in the ATCC20688/pYL-GSH2 and MGR3/ 
pYL-GSH2 strains at 52 h reached 51 and 54 mg/L, and 
the maximum contents of these strains at 28 h were 29 
mg/g and 30 mg/g, respectively.  

3.4. Stability and Copy Number of the  
pYL-GSH2 Plasmid 

To examine the stability of the plasmid, the auxotrophy 
of uracil was checked using 300 recombinantcells cul-
tured in selective medium (YNB medium with leucine 
but without uracil). Only 4 colonies showed auxotrophy 
of uracil. Therefore, 1.3% of the cells lost the plasmid in 
every segmentation. Further, after the plasmid was ex-
tracted from the ATCC20688/pYL-GSH2 cells and am-
plified in the E. coli cells, the length of the plasmid was 
confirmed by agarose gel electrophoresis. The length of 
the extract plasmid was the same as the plasmid pYL- 
GSH2. These results suggest that the plasmid was stably 
amplified in the cytoplasm without insertion into chro-
mosomal DNA. Further, the copy number of the plasmid 
was estimated by a real-time PCR method. The promoter 
sequence of the pyruvate kinase gene, which was present 
in both the chromosome and plasmid, was amplified. The 
estimated amount of DNA in the ATCC-20688/pYL- 
GSH2 strain was 2.8 ± 0.5 times higher than that in the 
ATCC20688 strain, indicating that the average copy 
number is 1.8 ± 0.5.  

4. Discussion 

Glutathione is widely used as a drug and a supplement 
for health, and therefore, many studies have reported 
processes to increase glutathione production using yeast. 
However, the production of glutathione by Y. lipolytica 
has not been investigated, although Y. lipolytica, which 
can utilize inexpensive waste food oil or alkanes as a 
carbon source, is considered to be an important yeast 
strain for the production in terms of both economic and 
environmental aspects. We focused on the production of 
glutathione by the Y. lipolytica ATCC20688 strain, and 
improved the strain in three steps. 

As a first step, we estimated the possibility of utilizing 
the Y. lipolytica ATCC20688 strain for the glutathione 
production. In batch culture without pH control, the con-
tent of glutathione present in cells is almost constant  
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Table 2. The enzymatic activities of Y. lipolytica ATCC20688, MGR3, and their transformants. 

Enzymatic activities (U) 
Strains 

Glyoxalase I Glyoxalase II Glutamate cysteine ligase GSH synthetase 

ATCC20688 0.048 0.022 1.40 39 

MGR3 0.096 0.052 1.55 48 

ATCC20688/pYL-GSH2 N.D. N.D. 1.43 57 

MGR3/pYL-GSH2 N.D. N.D. 1.58 56 

The enzyme activity was analyzed twice, and the result are described as the mean value. N.D.: not determined; GSH: synthetase, glutathione synthetase. 

 
during the exponential phase, but glutathione is gradually 
secreted into the broth before and after the stationary 
phases due to the decrease of the pH value in the broth 
[9]. The content of glutathione in the ATCC20688 strain 
also decreased similarly during the stationary phases (52 
h and 76 h). Thus, we utilized the values of the yield at 
28 h or 52 h and the content at 28 h to represent the na-
tive capability. The yield and content of glutathione in 
the ATCC20688 strain cultured in the YNB medium at 
28 h were compared with those insome strains of S. cere-
visiae and P. pastoris, because S. cerevisiae and P. pas-
toris are also important strains that are frequently used 
for gene manipulation. As shown in Figure 3, the yield 
of glutathione in the Y. lipolytica strain was higher than 
the P. pastoris strains, although the values were a little 
lower than those of the S. cesrevisiae NBRC1661 strain. 
However, the content in the ATCC20688 strain was the 
highest (or similar) among these strains. Based on these 
results, we concluded that the ATCC20688 strain has 
sufficient potential for the production of glutathione. 

Furthermore, the effects of additions to the media were 
examined to clarify the characteristics of the ATCC- 
20688 strain. The utilization of waste food oil for glu-
tathione production is important to ensure inexpensive 
production. We used sodium oleate as a model com-
pound of waste food oil. As shown in Figure 2, the 
ATCC20688 strain could efficiently produce glutathione 
by assimilating sodium oleate, but the content of the glu-
tathione was a little lower than that of the cells cultured 
with glucose. Moreover, the effect of the supplementa-
tion of glycine, glutamine or cysteine on the productivity 
of glutathione was examined. Glutathione was formed by 
yeast cultured with these 3 amino acids, and it was re-
ported that the productivity was enhanced by the addition 
of cysteine to S. cerevisiae [5]. However, the supple-
mentation of cysteine caused the inhibition of cell growth 
and no significant enhancement of the yield of glu-
tathione in the present study (Figure 2). The increase of 
the yield and content were not significant even when 
glycine and glutamic acid were added as supplements. 
Therefore, these amino acids might already be present at 
sufficient quantities in the ATCC20688 strain. These 

results suggest that enhancement of the activities directly 
related to the glutathione synthesis is required to enhance 
the production. 

As a second step, genetic improvements by mutation 
were performed to enhance the productivity of the yeast.  
For the improvement by mutation, we utilized methyl-
glyoxal resistance to select cells. Methylglyoxal is de-
graded to lactic acid by glyoxalase I and II with the help 
of glutathione at a low concentration [27]. However, it 
works as an inhibitor of cell growth at high concentra-
tions. Interestingly, some mutants showing a marked 
ability to degrade methylglyoxal (a characteristic known 
as methylglyoxal resistance) can lead to high production 
of glutathione in S. cerevisiae (unpublished result). The 
isolated mutant in the present study, MGR3, showed 
higher methylglyoxal resistance (Figure 4) and glu-
tathione productivity (Figure 5) than the ATCC20688 
strain. To confirm the reason for this, the enzymatic ac-
tivities were examined (Table 2). The activities of gly-
oxalase I and II in the MGR3 mutant were much higher 
(2.0 and 2.4 times higher) than those in the ATCC20688 
parent strain, but the activities of glutathione synthetase 
and glutamate-cysteine ligase were just 1.23 and 1.07 
times higher. These results suggest that the mutation is 
related to a release of the repression of the glyoxalase I 
and II genes (GLO1 and GLO2), resulting in an increase 
in the degradation of methylglyoxal. As a result, these 
changes might induce the high glutathione synthesis.  

As a third step, we performed experiments to increase 
the glutathione synthetase activity by cloning the GSH2 
gene of S. cerevisiae into the Y. lipolytica strain, because 
a small increase in the glutathione synthetase activity in 
the MGR3 strain was effective for increasing the glu-
tathione biosynthesis. We made two additional changes 
to the newly-constructed pYL-GSH2 plasmid (Figure 1): 
the GSH2 gene was inserted downstream of the pyruvate 
kinase (PYK1) promoter to obtain high expression, and 
the autonomously replicating sequence, ARS68, was in-
serted to induce high stability and a high copy number.  

After the ATCC20688/pYL-GSH2 and MGR3/pYL- 
GSH2 recombinant strains were obtained, the capability 
of the plasmid was examined. We found that the pYL-  
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GSH2 plasmid was stably amplified in the cytoplasm, 
and that the average copy number of the plasmid was 1.8. 
As shown in Table 2, the glutathione synthetase activity 
of the ATCC20688/pYL-GSH2 recombinant strain was 
1.46 times higher than that of the ATCC20688 host strain, 
but the activity was almost the same as the MGR3/ 
pYL-GSH2 transformant. The copy number and the ac-
tivity were lower than we expected, although we de-
signed the plasmid to be highly expressed. Some studies 
have reported that a plasmid containing an ARS region in 
Y. lipolytica [28] generated 2 - 3 copies per generation 
and had high stability (97%), although it had low stabil-
ity in S. cerevisiae [29]. Our results are similar to those 
of other plasmids in Y. lipolytica, and therefore, the 
ARS68 gene may not lead to an increase in the copy 
number. Moreover, the enhancement of the activity of 
glutathione synthetase was not high (1.46 times), and the 
activities of the ATCC20688/pYL-GSH2 and MGR3/pYL- 
GSH2 strains were similar. Although the reason is not 
clear and further studies are required, these results may 
suggest that something (glutathione or an inhibitory gene) 
inhibits the expression, and that this leads to an upper 
limit for the production of glutathione.  

Finally, we estimated the capability of the MGR3/ 
pYL-GSH2 recombinant strain to produce glutathione. 
As shown in Figure 5, the yield and content of gluta- 
thione in the ATCC20688/pYL-GSH2 recombinant strain 
were much higher than those in the ATCC20688 host 
strain, because of the higher glutathione synthetase activ-
ity in the recombinant strain. In addition, the values in 
the MGR3/pYL-GSH2 recombinant strain were higher 
than those in the ATCC20688/pYL-GSH2 recombinant 
strain, because of the higher activity of glutamate cys-
teine ligase in the MGR3/pYL-GSH2 recombinant strain. 
Consequently, the maximum values of the glutathione 
yield and content in the MGR3/pYL-GSH2 recombinant 
strain were 54 mg/L and 30 mg/g. The glutathione pro-
ducing yeasts, C. utilis WSH-02-08 and S. cerevisiae FF- 
8 strains, were widely utilized in recent studies [7,9], and 
the contents of those strains cultured in batch process 
without pH control were below 30 mg/g, as calculated 
from the results in the reports. Therefore, the Y. lipolytica 
MGR3/pYL-GSH2 strain may be useful for the produc-
tion of glutathione.  

The glutathione production of the WSH-02-08 and 
FF-8 strains reached a much higher level under optimal 
controls of oxygen and pH value [7,9]. Therefore, further 
improvements in our strain are required before it can be 
used on an industrial scale. Higher productivity can be 
achieved by the additional expression of the glutamate- 
cysteine ligase gene, GSH1, and by the enhancement of 
the copy number by insertion of the ribosomal RNA gene 
[30,31], under optimal high density culture. Further stu- 
dies regarding these possibilities are now underway, and 
will be described in a subsequent manuscript. 

5. Conclusion 

The yield of glutathione in the Y. lipolytica ATCC20688 
strain was considered to be sufficiently high in com- 
parison to the other yeasts, and it could produce gluta- 
thione by assimilating sodium oleate. This strain was 
improved by both mutation and gene manipulation. In the 
methylglyoxal-resistant mutant (MGR3), the activity of 
glutathione synthetase and the glutathione contents were 
1.23 and 1.7 times higher than those in the parent strain. 
Additionally, the glutathione synthetase gene of S. cere- 
visiae was cloned into the mutant strain by using the 
newly constructed vector pYL-GSH2, and the activity of 
glutathione synthetase in the recombinant strain (MGR3/ 
pYL-GSH2) could thus be enhanced (1.4 times higher). 
Moreover, the maximum yield and intracellular content 
of glutathione in the recombinant strain were 54 mg/L- 
medium and 30 mg/g-dry cell weight, respectively. From 
these results, we concluded that the recombinant strain is 
therefore useful for the production of glutathione, alth- 
ough further improvements are required before it can be 
used on an industrial scale. 
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