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Abstract The effect of H2O2 supplement on cell growth

and b-carotene productions in recombinant Saccharomyces

cerevisiae CFW-01 and CFW-01 ctt1 deficiency in cyto-

solic catalase were investigated in shaking flasks. The

results showed that supplement of H2O2 (0.5 and 1.0 mM)

can significantly stimulate the b-carotene production.

However, b-carotene levels of CFW-01 ctt1D under 0.5

and 1 mM H2O2 were 16.7 and 36.7% lower than those of

CFW-01, respectively. Although lacking cytosolic catalase,

no significant differences in cell growth were observed

between CFW-01 ctt1D and CFW-01 under the same level

of H2O2 stress. These results suggest that b-carotene can

act as an antioxidant to protect the recombinant yeast from

H2O2 oxidative damage in the absence of cytosolic cata-

lase. However, catalase still plays an important role in the

production of b-carotene under H2O2 stress. If catalase can

not timely decompose H2O2, the free radicals such as OH�
derived from H2O2 can result in decrease of b-carotene

concentration. Therefore, in the production of b-carotene

by H2O2 stress, not only the level of oxidative stress, but

also the activities of catalase in cells should be considered.

Introduction

b-Carotene, a tetraterpenoid contains eight isoprene units is

a known precursor of vitamin A and has been used in food

and feed products [10]. It was proved that b-carotene as an

antioxidant can reduce cellular or tissue damage initiated

by reactive oxygen species (ROS) both in vitro and in vivo

[12, 21]. Therefore, the methods that can induce oxidative

stress were used to enhance the b-carotene production such

as light-illumination [3], high O2 gas [6], supplement of

hydrogen peroxide (H2O2) [9] and butylated hydroxytolu-

ene [16].

It is well known that antioxidative enzymes such as

superoxide dismutases (SOD, EC 1.11.1.6) and catalases

(EC 1.15.1.1) play important roles in preventing oxidative

damage in aerobic organisms. Their activity levels are

associated with the resistant ability of cell to oxidative

stress [8, 22]. Therefore, it is interesting to investigate the

relationship of b-carotene and antioxidative enzymes in

response to oxidative stress. However, until now, few

reports on it are available [16, 17]. In addition, considering

the protective role of b-carotene in oxidative stress, it is

inferred that decrease of antioxidative enzyme activity in

cells might increase b-carotene production in oxidative

stress. Up to now, the strains used to produce b-carotene

were all wild-type strains. Therefore, it is difficult to

evaluate the effect of discrepancy in antioxidative enzymes

activities on b-carotene production under oxidative stress.

Genetic engineering of non-carotenogenic organisms for

the production of existing carotenoids has been intensively

explored [13, 23]. The food yeast S. cerevisiae is generally

recognized as safe and has been used for the production of

b-carotene [20]. It is known that the genes in S. cerevisiae

are easily manipulated such as gene integration and dele-

tion. Therefore, in this study, the recombinant S. cerevisiae
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producing b-carotene was constructed. In order to investi-

gate the effect of discrepancy in antioxidative enzymes

level on b-carotene production under oxidative stress, the

CTT1 gene encoding cytosolic catalase, the main catalase

in S. cerevisiae was further deleted in the recombinant

yeast. The effects of exogenous H2O2, a typical ROS, on

cell growth and b-carotene productions in both recombi-

nant yeasts were examined.

Materials and Methods

Yeast Strain and Culture Conditions

The wild-type strain FY1679-01B (MATa; ura3-52),

obtained from EUROSCARF, Frankfurt, Germany, was

used to construct the b-carotene producing strain CFW-01,

CFW-01 ctt1D, and FY1679-01B ctt1D deficiency in CTT1

gene. Yeast cells were cultured in 100 ml of YPD medium

(2% glucose, 2% peptone, and 1% yeast extract) at 30�C

with reciprocal shaking (200 rpm) in 300-ml shaking flask.

For selection of yeast transformants, minimal synthetic

defined medium was used [19].

Yeast Genetic Manipulations

The integration vectors YIplac211 carrying the carotenoid

biosynthesis genes including the gene crtYB (which encodes

a bifunctional phytoene synthase and lycopene cyclase),

crtI (phytoene desaturase) and crtE (heterologous GGPP

synthase) from Xanthophyllomyces dendrorhous was kindly

provided by Verwaal [20]. The vector was transformed into

the FY1679-01B using the lithium acetate method [2], and

the recombinant yeast CFW-01 was obtained. CTT1 dele-

tion mutants CFW-01 ctt1D and FY1679-01B ctt1D were

derived from CFW-01 and FY1679-01B, respectively. The

deletion procedure was based on the method developed by

Guldener et al. [4]. The specific primers contain the

sequences homologous to the CTT1 genes (the forward

primer: TCTCATGCCAATAAGATCAATCAGCTCAGC

TTCACAAATGCAGCTGAAGCTTCGTACGC and the

reverse primer: ATAGTGCTGCCTTAATTGGCACTTGC

AATGGACCA AGTCTGCATAGGCCACTAGTGGAT).

After transformation with plasmids, cells were plated on

synthetic media containing G418 (200 lg/ml). Confirma-

tion of successful integration was performed by diagnostic

PCR and catalase activity determination.

Fermentation Conditions

Yeast strains were pre-cultured aerobically in YPD med-

ium at 200 rpm for about 15 h to late-exponential-phase.

The initial yeast inoculum of 5 9 105 CFU/ml was inoc-

ulated in 300 ml flasks containing 100 ml medium and

continuously agitated (200 rpm) at 30�C. Samples of 4 ml

each were taken at the indicated time points and analyzed

for catalase activity and b-carotene concentration.

Analytical Methods

Yeast growth was determined by the absorbance of OD660

and dry weight of biomass. Production of b-carotene was

quantified by measuring the absorption of the acetone-

extracted b-carotene at 450 nm [24]. Catalase activities

were determined according to our previous study [22]. One

unit of catalase activity is defined as the amount that

decomposes 1 lmol H2O2/min. The amount of protein in

the cell extract was measured using the Coomassie blue

method [1].

Results

Comparison of Cell Growth and b-Carotene Production

in Both Recombinant Strains

Figure 1 shows that the catalase activities of the four

strains in YPD medium. The activities of CFW-01 ctt1D
were only 42.8 and 62.4% of CFW-01 after cultured for 12

and 16 h, respectively. In the case of FY1679-01B ctt1D,

the values were 47.8 and 59.5% of those of FY1679-01B,

respectively. These results confirm that the CTT1 gene was

successfully deleted in CFW-01 ctt1D and FY1679-01B

ctt1D. The remained activities come from the peroxi-

somal catalase encoded by CTA1 gene [11]. There were

not significant differences in catalase activities in FY1679-

01B and CFW-01, suggesting that the introduction of
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Fig. 1 Catalase activities of the four strains after 12 h (open square)

and 16 h (square with upper right to lower left fill) cultivation in the

batch culture. Values are the mean ± standard error of three

experiments
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b-carotene genes into yeast has little effect on catalase

synthesis under normal condition.

The cell growths of four strains and b-carotene con-

centration in CFW-01 and CFW-01 ctt1D are showed in

Fig. 2. The growths of wild-type strain FY1679-01B and

FY1679-01B ctt1D were slower than those of CFW-01 and

CFW-01 ctt1D. This could be due to the fact that the

FY1679-01B and FY1679-01B ctt1D are uracil auxotroph.

No significant differences in cell growth were found

between CFW-01 and CFW-01 ctt1D, implying that the

deletion of cytosolic catalase in recombinant S. cerevisiae

has little effect on cell growth under non-oxidative condi-

tion. This is in agreement with the results of previous study

[7]. All the four strains reached the late-exponential phase

and stationary phase after 12 and 16 h cultivation,

respectively.

The b-carotene concentrations increased with the culti-

vation time, and the maximum values of CFW-01

(2.57 mg/g dry weight) and CFW-01 ctt1D (2.16 mg/g dry

weight) were obtained at 14 h, respectively. This suggests

that the deletion of cytosolic catalase gene slightly decrease

the b-carotene production.

Effects of H2O2 Addition on Cell Growth, b-Carotene

Production, and Catalase Activities in Recombinant

Yeasts

The effect of H2O2 addition on cell growth of the four

strains and b-carotene productions and catalase activities in

CFW-01 and CFW-01 ctt1D were further investigated.

Considering the fact that initial addition of H2O2 can sig-

nificantly inhibit cell growth, H2O2 (0.5, 1.0, and 2 mM)

was added into the medium after 12 h cultivation.

As shown in Fig. 3, the addition of H2O2 inhibits the

cell growth of four yeasts when compared to those of un-

treated cells (Fig. 2). The inhibitions degrees increased

with the enhancement of H2O2 level. It should be noted that

the inhibition degree in FY1679-01B ctt1D was evidently

higher than those of FY1679-01B, confirming the result

that the deletion of cytosolic catalase in S. cerevisiae can

negatively influence the cell growth under H2O2 stress

compared to that of wild-type strain [7]. However, no

significant differences in cell growth were observed

between CFW-01 and CFW-01 ctt1D. This suggests that

b-carotene can substitute the cytosolic catalase as an
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A B Fig. 2 Cell growth (a) and

b-carotene concentration (b) in

FY1679-01B (filled square),

FY1679-01B ctt1D (open
square), CFW-01 (filled
triangle) and CFW-01 ctt1D
(open triangle) in the batch

culture. Values are the

mean ± standard error of three

experiments. In the case of cell

growth, error bars are omitted in

order to be clear
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Fig. 3 Cell growth of FY1679-01B (filled square), FY1679-01B

ctt1D (open square), CFW-01 (filled triangle) and CFW-01 ctt1D
(open triangle) under different concentrations of H2O2, which were

added into the medium at 12 h cultivation, respectively. a: 0.5 mM;

b: 1 mM, and c: 2 mM. Values are the mean ± standard error of

three experiments. The error bars were omitted in order to be clear
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antioxidant to protect the cells from the H2O2 oxidative

damage.

The productions of b-carotene were significantly stim-

ulated by H2O2 addition (Fig. 4a, b). The pigment con-

centration of CFW-01 and CFW-01 ctt1D gradually

increased after adding 1 mM H2O2 and reached the max-

imum values after 6 and 4 h of addition, which were 108.9

and 71.7% higher than those of un-treated cells, respec-

tively. Different from the result of cell growth, the b-car-

otene levels of CFW-01 ctt1D under 0.5 and 1 mM H2O2

were 16.7 and 36.7% lower than those of CFW-01,

respectively. When H2O2 concentration was further

increased to 2 mM, remarkable decrease of b-carotene

concentration in both recombinant yeasts were observed,

and the values were even lower than those of un-treated

cells, respectively.

Similar to b-carotene production, catalase activities

were increased by H2O2 addition (Fig. 4c, d). The highest

activities of both recombinant yeasts were found at 1 mM

H2O2 after 2 h of addition. Due to the loss of cytosolic

catalase, the activities in CFW-01 ctt1D were all lower than

those of CFW-01. Further increment of H2O2 level to

2 mM also led to significant decrease of catalase activities,

implying that the oxidative stress already overwhelm the

protection by catalase and thus inactivate the antioxidative

enzyme [18].

Discussion

It is well accepted that b-carotene can act as an antioxidant

to protect the microorganism from the oxidative damage.

These results showed that the introduction of b-carotene

gene into the yeast deficiency in cytosolic catalase can

increase the resistance of cell to H2O2 stress (Fig. 3),

suggesting that b-carotene can substitute catalase to protect

the yeast from H2O2 oxidative damage. Similar results

were reported by Moore et al. [15], who found that

although lacking Cu/ZnSOD, Rhodotorula mucilaginosa

still show higher resistant to the growth-inhibitory effect

of duroquinone (induce O2
- stress) when compared to

S. cerevisiae. It was also found that the addition of 10 lM

b-carotene to medium with R. mucilaginosa treated by

diphenylamine (an inhibitor of carotenoid) completely

prevent the growth inhibition caused by duroquinone and

hyperoxia.

It is reasonable to believe that the improving resistance

of cells to oxidative stress by introduction of b-carotene

genes has a good potential in yeast fermentation processes,

because yeast cells are usually exposed to various stresses

during fermentation including oxidative stress, ethanol

stress, and high sugar concentration. High sugar concen-

tration, ethanol stress, and high temperature are proved to

be associated with the oxidative damage [8]. In view of the
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Fig. 4 b-Carotene

concentration and catalase

activities in CFW-01 (a, c) and

CFW-01 ctt1D (b, d) under

different concentrations of

H2O2, which were added into

the medium at 12 h cultivation,

respectively. Filled diamond
0 mM; filled square 0.5 mM;

filled triangle 1 mM, and open
square 2 mM. Values are the

mean ± standard error of three

experiments
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high tolerance of S. cerevisiae to ethanol toxicity and high

osmotic pressure, the recombinant S. cerevisiae is a good

choice to produce carotenoid in large-scale production, in

which some byproduct such as molasses and grape pomace

could be used as substrates.

Considering the protective role of b-carotene in oxida-

tive stress, it is inferred that decrease of antioxidative

enzyme activity might increase b-carotene production

under oxidative stress. Unexpected, our results showed that

b-carotene concentration in CFW-01 ctt1D were all notably

lower than those of CFW-01 under the same level of H2O2

stress (Fig. 4). Previous studies showed that the high oxi-

dative stress induced by supplying H2O2 [5] and heavy

metal (Ni) [14] indicated by the reduction of catalase

activities, can cause significant decrease of b-carotene

concentration. This was attributed to the conclusion that

b-carotene is consumed or degraded by free radicals such

as hydroxyl radical (OH�). Therefore, Nanou et al. [16]

proposed that in the production of b-carotene by oxidative

stress, the applied level of oxidative stress is very impor-

tant. It is well known that the resistant ability of cells to

oxidative stress is well associated with the level of anti-

oxidative enzymes. Therefore, the levels of antioxidative

enzymes in cells are also important for the production of

b-carotene by oxidative stress. Based on these results, the

low b-carotene concentration in CFW-01 ctt1D under H2O2

stress can be explained by the conclusion that due to loss of

cytosolic catalase, H2O2 stress easily exceeds the protec-

tive ability of cells and thus more OH� are generated

through the Fenton reaction, which result in decrease of

b-carotene concentration. The further increment of H2O2

level to 2 mM resulting in fall of b-carotene concentration

and catalase activities in both recombinant yeasts can also

partly prove this conclusion.

Based on these results, it can be concluded that b-car-

otene can act as an antioxidant to protect the recombinant

yeast from H2O2 oxidative damage in the absence of

cytosolic catalase. However, catalase still plays an impor-

tant role in the production of b-carotene under H2O2 stress.

If catalase can not timely decompose the H2O2, the free

radicals such as OH� derived from H2O2 can result in

decrease of b-carotene concentration. Therefore, in the

production of b-carotene by H2O2 stress, not only the level

of oxidative stress, but also the activities of catalase in cells

should be considered.
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