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Glucose oxidase (

 

β

 

-D

 

-glucose:oxygen 1-oxi-
doreductase, EC 1.1.3.4) catalyzes the oxidation of

 

β

 

-D

 

-glucose to 

 

β

 

-D

 

-glucono-

 

δ

 

-lactone and hydrogen
peroxide. This enzyme is widely used in the food and
chemical industries, medicine, and scientific research
[1]. The main producers of glucose oxidase are myce-
lial fungi of the genera 

 

Aspergillus

 

 and 

 

Penicillium

 

.
Although the production and the properties of fungal
glucose oxidases are well described [1], the regulation
of glucose oxidase synthesis and its relationship to the
growth of the producers are as yet poorly studied.

Previously, we studied the spontaneous and induced
mutation of the glucose oxidase producer 

 

Penicillium
funiculosum

 

 BIM F-15 and obtained three mutant
strains (

 

P. funiculosum

 

 BIM F-15.3, NMM95.132, and
46.1) [2–4]. The aim of this work was to study the main
parameters of growth and glucose oxidase production
by these mutant strains.

MATERIALS AND METHODS

Experiments were carried out with the mutant
strains 

 

Penicillium funiculosum

 

 BIM F-15.3 [3],

 

P. funiculosum

 

 NMM95.132 [2], and 

 

P. funiculosum

 

46.1 [4]. The mutants were maintained on Czapek agar.
The growth dynamics of fungal colonies was stud-

ied in the course of 7-day cultivation on Czapek agar.
The radial growth rate of fungal colonies was calcu-

lated using the formula 

 

ä

 

r

 

 = 

 

, where 

 

dr

 

 is the radius

of a colony and 

 

dt

 

 is time [5].
Submerged fungal cultures were grown for 96 hours

at 

 

24–28°ë

 

 on a shaker (180–200 rpm) in 250-ml Erlen-

dr
dt
-----

 

meyer flasks with 50 ml of a medium containing (%)
KNO

 

3

 

, 0.8; KH

 

2

 

PO

 

4

 

, 0.1; 

 

MgSO

 

4 

 

·

 

 

 

7ç

 

2

 

é

 

, 0.05; KCl,
0.05; F

 

eSO

 

4 

 

·

 

 

 

7ç

 

2

 

é

 

, 0.00005; 

 

MnSO

 

4 

 

·

 

 

 

5ç

 

2

 

é

 

, 0.00026;
sucrose, 6.0; and malt extract, 1.0. The initial pH of the
medium was 5.0.

Aqueous suspensions containing (4–6) 

 

× 

 

10

 

4

 

 spores/ml
of the mutant fungi cultivated at 

 

24–26°ë

 

 on Czapek
agar for 7 days served as inocula. After cultivation, the
mycelium was separated from the culture liquid by fil-
tration, washed, dried at 

 

105°ë

 

 to a constant weight,
and weighed.

Enzymatic activities were determined both in the
culture filtrates and in cell homogenates. To obtain a
cell homogenate, an aliquot (1 g wet weight) of the
washed fungal mycelium was frozen in liquid nitrogen
and disintegrated. The homogenate was diluted with
10 ml of water. The mixture was incubated on a shaker
for 1.5 h and then centrifuged at 8000 

 

g

 

 for 15 min. The
supernatant was assayed for the activities of cell-asso-
ciated glucose oxidase and catalase, which were
expressed in U per milligram dry biomass.

The effect of carbon sources on the growth and glu-
cose oxidase production by the 

 

P. funiculosum

 

 mutants
was estimated using monosugars, disaccharides, and
sugar alcohols.

Glucose oxidase was assayed by the spectrophoto-
metric method based on the enzymatic conversion of
benzoquinone to hydroquinone [6].

Catalase was assayed titrometrically [7].
The activity of invertase was determined in a mix-

ture of 0.2 M sodium acetate buffer with pH 4.9 (2 ml),
0.5 M sucrose (1 ml), and an enzyme solution (0.8 ml).
The blank solution contained 1 ml of distilled water
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Table 1. 

 

 The effect of various carbon sources on the synthesis of glucose oxidase by the 

 

P. funiculosum

 

 mutants

Carbon 
source,

4%

 

P. funiculosum 

 

BIM F-15.3

 

P. funiculosum

 

 NMM95.132

 

P. funiculosum 

 

46.1

pH biomass,
mg/ml

glucose oxidase

pH biomass,
mg/ml

glucose oxidase

pH biomass,
mg/ml

glucose oxidase

U/ml U/mg U/ml U/mg U/ml U/mg

Glucose 3.5 3.5 3.34 0.95 3.5 2.9 4.4 1.53 3.7 5.6 2.88 0.52

Xylose 4.8 2.3 1.53 0.66 5.5 4.7 0.80 0.17 5.6 4.4 0.62 0.14

Fructose 4.3 2.4 4.10 1.74 4.8 3.2 6.25 1.94 5.2 5.3 1.57 0.29

Lactose 5.2 1.3 traces traces 6.4 1.9 traces traces 6.9 1.5 traces traces

Maltose 4.1 6.1 0.58 0.10 5.2 9.1 0.98 0.11 3.7 5.6 2.83 0.51

Sucrose 3.5 3.1 5.05 1.64 3.5 4.4 8.23 1.86 3.4 5.4 9.14 1.98

Glycerol 6.4 2.4 traces traces 7.0 2.5 traces traces 7.0 3.8 traces traces

Mannitol 5.2 3.1 1.63 0.52 4.3 5.1 2.36 0.39 5.5 3.2 1.15 0.36

 

Table 2. 

 

 The formation of hydrogen peroxide and the hydrolysis of sucrose by the 

 

P. funiculosum

 

 mutants

Cultivation 
time, h

 

P. funiculosum 

 

BIM F-15.3

 

P. funiculosum 

 

NMM95.132

 

P. funiculosum

 

 46.1

reducing 
sugars,
mg/ml

fructose, 
mg/ml

H

 

2

 

O

 

2

 

,

 

µ

 

M

reducing 
sugars,
mg/ml

fructose, 
mg/ml

H

 

2

 

O

 

2

 

,

 

µ

 

M

reducing 
sugars,
mg/ml

fructose, 
mg/ml

H

 

2

 

O

 

2

 

,

 

µ

 

M

18 1.40 1.09 0 5.14 6.00 0 5.76 4.30 0

22 6.50 6.15 0.02 9.47 0.93 0.03 10.60 6.97 0.03

30 14.70 14.20 2.12 14.50 7.90 2.40 18.83 13.02 2.56

38 23.50 19.80 4.60 20.65 15.49 4.80 24.50 14.90 5.10

48 41.50 20.80 6.30 31.50 24.60 6.13 35.75 22.90 9.87

52 59.00 23.00 10.37 58.70 27.24 11.62 57.60 25.70 12.50

66 34.40 16.12 3.20 34.10 16.12 4.78 33.25 15.8 4.12

72 35.50 11.80 3.12 30.53 11.78 4.22 22.40 11.02 2.88

96 16.80 9.70 2.80 21.00 9.86 2.54 11.50 6.08 2.66
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instead of the sucrose solution. The reaction mixture
was incubated at 

 

30°ë

 

 for 10–20 min. One unit of
invertase activity was defined as the amount of enzyme
that converts sucrose with the formation of 1 

 

µ

 

mol of
reducing substances in 1 min at 

 

30°ë

 

.

The activities of extracellular enzymes were calcu-
lated in units per milliliter of the culture liquid and, to
characterize the mycelium productivity, per milligram
dry weight of the mycelium.

Reducing substances were quantified with 3,5-dini-
trosalicylic acid [8].

Fructose was assessed by the cysteine–carbazole
method [9].

Hydrogen peroxide was determined in a mixture of
0.98 ml of 0.1 M citrate–phosphate buffer (pH 3.6),
0.04 ml of 0.1 M 

 

Ó

 

-phenylenediamine, 0.175 ml of dis-
tilled water, 0.005 ml of 

 

8.0 

 

× 

 

10

 

–7

 

 M peroxidase, and
0.8 ml of a culture liquid. The blank solution did not
contain peroxidase. After incubation for 1 min, the opti-
cal density of the reaction mixture was measured at
455 nm with an SF-46 spectrophotometer. The concen-
tration of hydrogen peroxide was determined by using
a calibration curve.

The specific rates of growth (

 

µ

 

) and glucose oxidase
synthesis (

 

ε

 

) were calculated by the formulas [10] 

 

µ

 

 =

, 

 

ε

 

 = 

 

, where 

 

x

 

 is the biomass and 

 

E

 

 is enzy-

matic activity.

The data presented here are the means of triplicate
measurements performed at least in three independent
experiments.

dx
dtx
--------

dE
dtx
--------

 

RESULTS AND DISCUSSION

It is known from the literature that the synthesis of
glucose oxidase by mycelial fungi depends on the com-
position of the nutrient medium, especially, on the car-
bon source used for growth. The maximum production
of glucose oxidase by the fungi 

 

Alternaria alternata

 

[11], 

 

Aspergillus niger

 

 [12], 

 

Penicillium variabile

 

 [13],

 

P. notatum

 

 [14], and 

 

Talaromyces flavus

 

 [15] was
observed when they were grown on glucose, whereas
some fungi actively synthesized glucose oxidase when
grown on sucrose, molasses, or starch [16, 17].

As can be seen from data presented in Table 1, the
three mutant 

 

P. funiculosum

 

 strains produced glucose
oxidase when grown on all the carbon sources tested,
which suggested a constitutive synthesis of this
enzyme. The maximum production of glucose oxidase
by all three mutants was observed when they were
grown on glucose, sucrose, or fructose. In addition,

 

P. funiculosum

 

 BIM F-15.3 actively produced glucose
oxidase when grown on xylose or mannitol, and

 

P. funiculosum

 

 46.1

 

 actively produced glucose oxidase
when grown on maltose. The growth and enzyme pro-
duction on lactose media were poor. The production of
glucose oxidase by the mutant strains grown on glyc-
erol was probably suppressed by a decrease in the pH
of the medium during cultivation, which is in agree-
ment with the data of Petruccioli and Federici [13] and
Kusai 

 

et al.

 

 [16], who showed that the optimal pH for
the synthesis of glucose oxidase by most fungi is
5.0

 

−

 

5.5.

Further studies into the production of glucose oxi-
dase by the 

 

P. funiculosum

 

 mutants were carried out
under the conditions of their submerged cultivation in
the medium with sucrose as the sole carbon source. It is
known that sucrose is metabolized by mycelial fungi
with the aid of invertase, which hydrolyzes the disac-
charide with the formation of glucose, fructose, and an
amount of fructose-containing oligosaccharides [18].
The mutants 

 

P. funiculosum

 

 BIM F-15.3 and
NMM95.132 actively synthesized invertase in the lag
phase, beginning from the 6th hour of cultivation
(Fig. 1). The proportion between the monosugars pro-
duced varied in the course of cultivation (Table 2). In
the first hours of cultivation, the mutants actively con-
sumed glucose. The maximum content of reducing sug-
ars (glucose and fructose) was observed after 52 h of
cultivation. By the end of the cultivation period (96 h),
the culture liquid of 

 

P. funiculosum

 

 BIM F-15.3 and
NMM95.132 contained, respectively, 16 and 21 mg
reducing sugars per milliliter, including 9.7–9.86 mg/ml
fructose.

The mutants 

 

P. funiculosum

 

 BIM F-15.3 and
NMM95.132 actively grew beginning from the 18th hour
of cultivation, whereas trace amounts of extracellular
glucose oxidase were detected only after 30 h of
growth. The maximum amounts of glucose oxidase in
the culture liquids of BIM F-15.3 and NMM95.132
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Fig. 1.

 

 The synthesis of invertase by the P. funiculosum
mutants (1) BIM F-15.3, (2) NMM95.132, and (3) 46.1.

Cultivation time, h
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(5.4 and 12.08 U/ml, respectively) were observed after
96 h of cultivation (Figs. 2a, 2b).

In the case of P. funiculosum BIM F-15.3, the spe-
cific rates of growth and glucose oxidase production
reached maxima (µmax = 0.145 h–1 and εmax =
0.127 U/(mg h)) by the 26th and 52nd hour of cultiva-
tion, respectively (Fig. 3a). Consequently, glucose
oxidase was synthesized by this mutant in the postex-
ponential growth phase. Such a dynamics of synthesis
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Fig. 2. The dynamics of growth and the synthesis of extracellular
glucose oxidase by the P. funiculosum mutants (a) BIM F-15.3,
(b) NMM95.132, and (c) 46.1: (1) pH; (2) biomass (mg/ml);
(3) glucose oxidase, U/mg; (4) glucose oxidase, U/ml.
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Fig. 3. The specific rates of growth (µ) and the synthesis of
extracellular glucose oxidase (ε) by the P. funiculosum
mutants (a) BIM F-15.3, (b) NMM95.132, and (c) 46.1.
µ and ε are expressed in h–1 and U/(mg h), respectively.
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is also typical of the hydrolytic enzymes of mycelial
fungi [10, 19].

In the case of P. funiculosum NMM95.132, the spe-
cific rates of growth and glucose oxidase synthesis
reached maximal values (µmax = 0.184 h–1 and εmax =
0.183 U/(mg hours)) by the 26th and 52nd hours of cul-
tivation, respectively (Fig. 3b), being 26.9 and 44%
greater than the corresponding parameters of P. funicu-
losum BIM F-15.3.

During the cultivation of the mutants, the initial
decrease in the pH of the medium was followed by its

increase. The increase in the pH coincided in time
with the appearance of glucose oxidase in the
medium (30 h of cultivation), which can be explained
by the formation of gluconic acid, one of the end
products of the reaction catalyzed by glucose oxi-
dase. The concentration of the second product of the
glucose oxidase reaction (hydrogen peroxide) in the
culture liquids of P. funiculosum BIM F-15.3 and
NMM95.132 initially increased but then (beginning
from the 52nd hour of cultivation) rapidly decreased.
According to the data available in the literature, many
micromycetes synthesize extracellular catalase to
decompose hydrogen peroxide [20]. Our studies showed
that the P. funiculosum mutants did not produce extracel-
lular catalase, but did produce cell-associated catalase and
glucose oxidase. By the 52nd hour of cultivation, P. funic-
ulosum BIM F-15.3 produced 1.34 U/mg cell-associated
catalase and 0.07 U/mg cell-associated glucose oxidase
and P. funiculosum NMM95.132 produced 2.04 U/mg
cell-associated catalase and 0.17 U/mg cell-associated
glucose oxidase (Fig. 4b).

The study of P. funiculosum 46.1 showed that this
mutant began to grow after 14 h and to synthesize extra-
cellular glucose oxidase after 26 h of cultivation
(Figs. 1, 2c, 4c). The lag phase of this mutant lasted 22–
26 h. The syntheses of invertase, extracellular glucose
oxidase, cell-associated catalase, and cell-associated
glucose oxidase by P. funiculosum 46.1 were 1.5, 1.7,
2.5, and 3 times more intense than those by P. funiculo-
sum BIM F-15.3 (Figs. 1, 2c, 4c). The mutant 46.1 also
consumed glucose and fructose more actively than did
the mutants BIM F-15.3 and NMM95.132, as is evident
from the low content of reducing sugars in the culture
liquid of P. funiculosum 46.1 by the end of the cultiva-
tion period (Table 2).

The kinetic characteristics of growth and glucose oxi-
dase production by P. funiculosum 46.1 (µmax = 0.2 h–1 and
εmax = 0.21 U/(mg h)) were 35 and 58% higher than in the
case of P. funiculosum BIM F-15.3 (Fig. 3c). The specific
rates of growth and glucose oxidase production by
P. funiculosum 46.1 reached maxima by the 22nd and
48th hours of cultivation, respectively.

It is known that the growth parameters of mycelial
fungi in liquid and on solid media are linearly corre-
lated [5]. The radial growth rate of fungal colonies is
a function of the width of the peripheral growth zone
on agar medium and the specific growth rate in liquid
medium. Our experiments showed that the diameters
of the 7-day-old colonies of P. funiculosum BIM
F-15.3, NMM95.132, and 46.1 were 22–24, 26–28,
and 29–32 mm, respectively (Fig. 5a). The mutants
also differed in the radial growth rate of their colonies,
which reached maxima by the fourth day of cultiva-
tion and then declined (Fig. 5b). The mutant P. funic-
ulosum 46.1 exhibited the maximum radial growth
rate of colonies.

Thus, the growth and the synthesis of glucose oxi-
dase by P. funiculosum BIM F-15.3, NMM95.132, and
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Fig. 4. The production of (1) cell-associated catalase and
(2) cell-associated glucose oxidase by the P. funiculosum
mutants (a) BIM F-15.3, (b) NMM95.132, and (c) 46.1.
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46.1 showed typical characteristics of the secondary
metabolite production of microorganisms. Among the
three mutants studied, P. funiculosum 46.1 had the
highest rates of growth and glucose oxidase synthesis.
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Fig. 5. (a) The diameter and (b) the radial growth rate of the colonies of (1) P. funiculosum BIM F-15.3, (2) NMM95.132, and
(3) 46.1 grown on Czapek agar.


