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A carotenoid-less Phaffia rhodozyma mutant (MCP 325) exhibited significantly higher resistance to oxi
dative stressors such as menadione, H20 2 and K2Cr207 than its astaxanthin-producing parental strain 
(MCP 324). The absence of carotenoids in the mutant did not explain this phenomenon. The cause of the 
decreased superoxide, hydroxyl radical and glutathione contents, the increased peroxide concentration 
and the elevated specific activity of catalase under uninduced conditions may be a second mutation. 
Peroxide treatment induced specific catalase activity in the mutant but not in the parental strain. 
Regulation of these processes led to the result that, in spite of the mutations, the two strains exhibited the 
same multiplication rate and generation time. 
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INTRODUCTION 

The red-pigmented yeast Phaffia rhodozyma was isolated by Hermann Phaff and co

workers in the 1960s [28] and described by Miller et al. in 1976 [10-12, 16]. Its 

sexual cycle was discovered in certain isolates and the new teleomorphic form was 

named Xanthophyllomyces dendrorhous [10]. However, recent studies gave rise to 

the suggestion that the anamorphic P. rhodozyma and the teleomorphic X den
drorhous are different species [4, 16]. P. rhodozyma, the only carotenoid-containing, 

sugar-fermenting diploid, mating or mating and sporulation-deficient, petite-positive 

budding yeast, produces astaxanthin (3,3' -dihydroxy-~,W -carotene-4,4' -dione), 

which is an industrially important polar carotenoid used as a food supplement for 

aquacultured salmon [10-12, 24]. 

* Corresponding author; e-mail: pmp@gamma.ttk.pte.hu 
Abbreviations: Cr(Vl) - chromate, DHRl23 - dihydrorhodamine 123, ET - ethidium, EPR - electron 

paramagnetic resonance, GSH - glutathione, GSSG - oxidized glutathione, GR - glutathione reductase, 
H20 2 - hydrogen peroxide, MD - menadione, MIC - minimal inhibitory concentration, 'OH - hydroxyl 
radical, O2'- - superoxide radical, ROS - reactive oxygen species, SOD - superoxide dismutase, t-BOOH 
- tert-butylhydroperoxide, PBN - N-tert-butyl-phenyl nitron, P rhodozyma - Phaffia rhodozyma. 
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Carotenoids act as potential scavengers, protecting against the lethal effects of 
reactive oxygen species generated during oxidative and heavy metal stress [20]. 
Astaxanthin is one of the most effective antioxidants against peroxyl radicals [2, 14]. 
It is incorporated into the membranes and, as an electron scavenger, protects the cell 
membrane from lipid peroxidation [3, 27]. 

P. rhodozyma is particularly sensitive to ROS, since it possesses only MnSOD but 
not cytosolic Cu/ZnSOD, and it contains only low levels of certain antioxidant 
enzymes, e.g. catalase. Carotenoids may compensate for this sensitivity [10, 24], 
though the regulation of the antioxidant system of P. rhodozyma has not yet been 
investigated in detail. 

In this study, a P. rhodozyma parental strain and its stable white mutant were inves
tigated as regards their stress behaviour and its regulation. In our paper useful addi
tional information are published about the importance of modified charotenoid con
tent to the antioxidant system of this astaxanthin producing yeast. 

MATERIALS AND METHODS 

Strains, culture conditions and chemicals 

The parental astaxanthin-producing P. rhodozyma strain (ATCC 24202, MCP 324) 
was used to obtain a carotenoid-less mutant MCP 325 (Microbial Collection of Pecs) 
by induced mutagenesis [12]. The mutant produced white colonies and proved to be 
auxotrophic (arg-, leu-, Iys-). For the maintenance of cultures, YM agar (0.5% malt 
extract, 0.25% yeast extract, 1 % glucose, 0.25% peptone and I % agar, pH 5.3) or YM 
broth (without agar) with the addition of the necessary amino acids (150 flg/ml) was 
employed. Strains were cultivated at 20 QC. Generation times and minimal inhibitory 
concentrations (MICs) to the oxidative stressors menadione (MD), H20 b tert-butyl
hydroperoxide (t-BOOH) and K2Cr207 were determined as described by Lee [13]. 
Three to five independent experiments gave the same results (Table I). Unless other
wise indicated, analyses were carried out with mid-log phase cells. 

Carotenoid content and HPLC analysis 

The method described by Blask6 et al. [2] was applied. 

Detection of ROS 

The intracellular peroxide and superoxide concentrations were determined with the 
fluorescent probe molecules dihydrorhodamine 123 (DHR 123) and dihydroethidium, 
respectively. The conversion of DHR123 to fluorescent rhodamine by 5* 106 cells 
ml-1 in Na+ medium at 21 QC was monitored with a Perkin Elmer fluorimeter (A-ex = 488 
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and Aem =525 nm) [9]. BD FACS Calibur flow cytometer were used to quantify the 
formation of ethidium (ET) [25]. 

In order to study the in vivo generation of 'OH radicals and the reduction ofCr(VI) 
to Cr(V), an electron paramagnetic resonance (EPR) spectrometer was used. The 
measurement method was reported earlier by Pesti [17]. An ESP 300E spectrometer 
(Bruker, Biospin, Germany) was used to record spectra. 108 yeast cells were incu
bated in 200 flM K2Cr207 solution for 15 min. The amount ofCr(V) (g= 1.9554) was 
determined after the Cr(VJ) had been removed by centrifugation. The double integral 
of the Cr(V) signal was compared with that of a nitroxide free radical solution of 
known concentration (10 flM) in order to calculate the concentration of Cr(V). For 
'OH radical trapping, N-tert-butyl-phenyl nitron (PBN) was applied [5]. The mean 
values of the concentrations were calculated from the results of three independent 
experiments. 

Determination of enzyme activities and glutathione content 

The specific intracellular activities of glutathione reductase (GR), catalase and super
oxide dismutase (SOD) and the specific intracellular glutathione (GSH) and glutath
ione disulphide (GSSG) concentrations were determined by literature methods 
described [1,15,18,19,21]. For induced catalase activity measurements, cells were 
pretreated with 2 mM H20 2 for 1 h in YM broth, whereafter the same method was 
applied for enzyme activity measurements as in non-induced cells. 

Chemicals 

MD, H20z, t-BOOH, K2Cr207, dimethyl sulfoxide, Helix pomatia gastric juice 
enzyme preparation, Trichoderma lysing enzyme and all other chemicals used 
in this study were bought from Sigma-Aldrich, Hungary (Budapest). 

RESULTS AND DISCUSSION 

The astaxanthin-producing, red colony-forming P. rhodozyma parental strain MCP 
324 and its stable colourless white mutant MCP 325 were selected to investigate the 
importance of carotenoids in stress processes [12]. The parental strain contained 62% 
astaxanthin, 23% cis-astaxanthin, 12% ~-cryptoxanthin, 1 % ~-carotene and 2% 
unknown non-polar carotenoids, determined as described earlier [2], while the white 
mutant did not contain benzene-soluble carotenoid intermediates, which might be a 
consequence of a mutation in the phytoene synthesis [6]. The mutant strain exhibited 
moderately, but significantly altered resistance to oxidative stressors such as MD 
(a superoxide-generating agent) [7], t-BOOH (a lipid peroxidation generating agent) 
[22], K2Cr207 (a GSH-depleting agent) [26], and increased sensitivity to H20 2 
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Table 1 
Colour of colonies, generation times and MlCs against oxidative stressors of P rhodozyma parental 

strain MCP 324 and its mutant strain MCP 325 

Generation MIC (mM) 
Strains Colour 

time (h) MD H20 2 t-BOOH K2Cr20 7 

MCP 324 red 3.88 0.1 4 1.0 800 

MCP 325 white 3.94 0.2 3 1.2 1000 

(Table 1). The absence of carotenoids in this white mutant did not explain the altered 
of stress resistance/sensitivity observed. Sensitivity to oxidative stressors and heavy 
metals was earlier tested in parental strains and carotenoid mutants of Xanthophyllo
myces dendrorhous by Blask6 [2]. Some slight differences were found in the MICs 
of the examined strains against Cd2+ and H20 2 but no differences were detected 
against MD, t-BOOH, Cr(VI), Zn2+, KCI and NaCl. These data suggested that the 
carotenoids play a limited part in stress tolerance. Accordingly, the oxidative stress 
resistance detected may be a consequence of a second mutation in this mutant 
MCP 325 or the absence of carotenoids might induce antioxidant processes either 
directly or indirectly by causing moderate oxidative imbalance. Constitutively acti
vated antioxidant processes might cause changes in MIC values. Since the generation 
time of the parental strain and its mutant proved to be the same {3.88 vs. 3.94 h} 
(Table I), we were encouraged to look for the molecular background of the altered 
oxidative stress resistance of the mutant. 

The oxido-reduction status of cells is well characterized by the concentrations of 
ROS such as O2'-, H20 2 and the 'OH radicals [8]. In comparison with the parental 
strain, under uninduced conditions the mutant MCP 325 contained a significantly 
lower specific cellular O2'- concentration, measured spectrofluorimetrically via the 
oxidation of dihydroethidium to ET (Table 2). This result could be interpreted in 
terms of the significantly higher specific SOD activity of the mutant strain 
(Table 2). 

As regards the ROS metabolism of the strains, the peroxide levels were about 6 
times higher in the mutant strain, which oxidized the DHRI23 indicator stain much 
faster than did the parental strain (Table 2). These results can be explained by the 16 
times lower specific catalase activity in the mutant strain (Table 2). 

The reactive "OH-producing capacities and Cr(VI)-reducing abilities of disrupted 
parental and mutant cells were determined and compared by PBN spin trapping and 
by measuring the Cr(V) signal in the EPR spectra [17, 25]. Table 3 contains quantita
tive data on the 'OH and Cr(V) concentrations. The spectra were normalized to an 
identical double integral and compared on the assumption that the protein contents in 
the samples were the same. Comparison of the spectra revealed that the production of 
'OH, detected as the PBN-OH adduct 15 min after the addition of K2Cr207 was 61 % 
higher in the parental strain than in the mutant strain (Table 3). These results were 
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Table 2 
Specific ET, H20 b GSH and GSSG concentrations and specific activities of SOD, 
GR, and catalase of P. rhodozyma parental strain MCP 324 and its mutant strain 

MCP 325 

Parental strain Mutant 
MCP324 MCP 325 

ETa 0.10±0.010 0.01±0.002*** 

DHRI23b 0.24±0.09 1.00±0.16*** 

GSH" 1.27±0.16 0.87±0.15** 

GSSGa 0.1 07±0.0 16 0.135±0.005** 

GSSGIGSH 12.0± 1.85 6.41±0.93** 

SODe 0.0009±0.0002 0.003±0.00 10* * 

Catalased 16.48± 1.48 1.05±0.70*** 

Induced catalased 16.04± 1.78 12.25±0.90* * 

GRe 271.12±15.01 222.77±38.24 

Specific production values are expressed as means ± S.D., calculated from the data 
of three independent experiments. 

a Specific concentrations are given in lllllol (mg protein)-l 
bThe intensity ofDHRI23 after 60 min. 
e Specific activities are given in units (min mg protein)-l 
cl Specific activities are given in ~M (min mg protein)-l. Induced by 2 mM H20 2 

for I h 
e Specific activities are given in nM (min mg protein)-l 
* * p < 1%; * * * p < 0.1 %; p values were calculated via the Student t-test 

supported by a 4.8 times higher Cr(VT)-reducing capacity (Table 3) and significantly 
lowers intracellular H20 2 and higher GSH concentrations (Table 2) of the parental 
strain relative to the mutant strain. Tt is noteworthy that, GSH and the GRlNADPH 
system is the main antioxidant used to reduce Cr(VT) to Cr(V), and H20 2 is required 
for the reoxidation of Cr(V) to Cr(VT) in the parallel production of 'OH during the 
Fenton-type Haber-Weiss reaction [5, 17, 19,29]. 

Table 3 
Cr(V) and PBN-OH spin-adduct concentrations in disrupted parental strain MCP 324 and its mutant 

strain MCP 325 of P. rhodozyma 

Concentrations in ~M 
Strain Treatment of cells 

PBN-OH Cr(V) 

MCP 324 PBN +Cr(VI) 0.115 ± 0.018 6.019±0.577 

MCP 325 PBN +Cr(VI) 0.070 ± 0.028** 1.260±0.759*** 

MCP 324 PBN + Cr(VI) + NADPH 0.092±0.022 5.254 ± 1.424 

MCP 325 PBN + Cr(VI) + NADPH 0.166±0.030*** 4.047 ± 0.663 

**p< 1%; ***p<O.I%; p values were calculated via the Student t-test 
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The specific activity of GR proved to be the same in both strains (Table 2). The 
unbalanced, oxidized state of the mutant cells was indicated by the significant 
increases in the Cr(V) and 'OH concentrations after the addition ofNADPH (Table 3). 
Similar phenomena were observed in the case of Cr-tolerant mutant of Schizo
saccharomyces pombe, which exhibited a low GSH concentration [5]. 

The inducibility of catalase was examined by the treatment of cells with 2 mM 
H20 2 for 1 h. In these experiments, the parental strain possessed high catalase activ
ity which was not increased further after the H20 2 treatment, whereas H20 2 treatment 
resulted in an 11.6-fold increase in the specific activity of catalase of the mutant strain 
(Table 2). 

The high peroxide concentration detected in the mutant cells and their high cata
lase inducibility might seem to be contradictory. However, it was demonstrated by 
Wilkinson [30] that the regulation of the catalase gene via the MAP kinase cascade 
system in Schizosaccharomyces pombe depends strongly on the concentration of 
H20 2. Hence, it seems reasonable that the elevated H20 2 concentration in the mutant 
cells under uninduced conditions was not sufficient to induce upregulation of the 
catalase gene so as to restore the unbalanced oxidized state of the cells. All the above 
data suggested that the second mutation in the strain MCP 325 might influence the 
regulation of gene expression, though this mutation as an internal stress factor was 
tolerable by the cells at a physiological level (e.g. it did not influence the multiplica
tion rate and generation time). 
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