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Abstract—The peroxidase and catalase activities in the mycelium of luminous basidiomycetes Armillaria
borealis and Neonothopanus nambi in normal conditions and under stress were compared. An increase in the
luminescence level was observed under stress, as well as an increase in peroxidase and catalase activities.
Moreover, the peroxidase activity in extracts of A. borealis mycelium was found to be almost one and a half
orders of magnitude lower, and the catalase activity more than two orders of magnitude higher in comparison
with the N. nambi mycelium. It can be suggested that the difference between the brightly luminescent and
dimly luminescent mycelium of N. nambi is due to the content of H,0O, or other peroxide compounds.
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INTRODUCTION

The luminescence systems of numerous live organ-
isms are currently well studied; the enzymes catalyzing
light-emitting reactions (luciferases) and their sub-
strates (luciferins) have been isolated and characterized
[1]. Nevertheless, the mechanisms of light emission by
higher fungi—basidiomycetes—have remained a mys-
tery for researchers working in this area for more than a
hundred years. Until now, neither the molecular orga-
nization of the luminescent system of higher fungi not
the mechanism of light-emitting reaction have been
elucidated. First, the enzyme (or enzymatic complex)
that plays the role of luciferase in fungi and the struc-
ture of the light-emitting reaction substrate—
luciferin—have not been identified. In the middle of
last century it was shown in experiments with fungi
extracts that two thermolabile protein components—
soluble NAD(P)H-dependent reductase and luciferase
present as insoluble particles—and thermostable
luciferin and NAD(P)H participated in the light-emit-
ting reaction [2—4]. This result was later confirmed by
two other groups of researchers [5—8]. However, until
now the structure and properties of luciferase,
NAD(P)H-dependent reductase, and luciferin of fungi
have been unknown, because these components have
not been isolated in their pure form.

It was suggested earlier that the reactive oxygen
species (ROS) and enzymes with oxidase functions
participated in the mechanism of luminescence in
higher fungi [1, 9, 10]. The results of the investigation
of the luminous basidiomycete Neonothopanus nambi
also indicate the participation of ROS and oxidase

enzymes in the mechanism of the fungal luminescence
[11—13]. It was shown in these studies that the addi-
tion of hydrogen peroxide to samples of the fungal
mycelium at millimolar concentrations stimulated
their luminescence. A similar effect of H,0, was dem-
onstrated in a work with luminous extracts that were
obtained from the N. nambi mycelium and contained
the luminescent system of this fungus [14]. On the
other hand, stimulation of the luminescence of the
Armillaria borealis basidiomycete under the action of
hydrogen peroxide was not demonstrated.

It is known that ROS, including H,0O,, are formed
in the cell continuously, but their level is quite low nor-
mally, and the cell inactivates them with the help of the
antioxidant system [15]. The higher fungi have a large
set of enzymes participating in the metabolism of
ROS, with superoxide dismutases, catalases, and per-
oxidases being the most prevalent [16—18]. The fungal
peroxidases can be secreted, cytosolic, microsomal, or
localized in the cell organelles. The majority of them
are heme-containing enzymes. Heme-containing per-
oxidases from basidiomycetes have been studied in
sufficient detail [19—26]. They play an important role
in fungi metabolism and are of interest for biotechno-
logical applications. Catalases from the lower fungi
and ascomycetes were the most characterized [27, 28].
It was shown that these enzymes function extracellu-
larly or intracellularly, demonstrating the highest cat-
alytic activity at high H,0, concentrations.

It is possible to stimulate ROS formation in biolog-
ical objects under the action of physical, chemical,
and biological factors [15]. It was established during
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the investigation of the N. nambi basidiomycete that
the action of such stress factors as mechanical damage
to the luminous mycelium or its incubation in deion-
ized water resulted in a manifold enhancement of the
fungal light emission [11—13]. If the water was
replaced regularly, the high level of light emission
lasted for several days or more. At the same time, sim-
ilar actions on the luminous mycelium of the A. bore-
alis fungus demonstrated a significantly smaller stim-
ulation effect of the emission [29]. Hence, the pro-
longed emission of the fungal mycelium could be used
as a basis for the development of a new class of biolu-
minescent sensors.

The facts presented above suggest an interaction
between the luminescence of higher fungi, in which
the ROS could participate, and the activity of enzymes
participating in their metabolism.

The objective of the study was an investigation of
the total peroxidase and catalase activities in the
mycelium of A. borealis and N. nambi basidiomycetes
in comparison with the changes in luminescence
under stress conditions.

METHODS

Cultures and Methods. Two species of luminous
higher fungi isolated from different regions were used
in this study. Their cultures are available in the
CCIBSO 836 collection of the Institute of Biophysics,
Siberian Branch of Russian Academy of Sciences. The
culture of N. nambi (IBSO 2307) was isolated in the
subtropical forests of Southern Vietnam and kindly
provided by BIO-LUMI Co., Ltd (Vietnam) [30]. The
culture of A. borealis (IBSO 2328) was isolated from
the fruiting body of Armillaria, which grows in the sur-
rounding forests in the suburbs of Krasnoyarsk (Rus-
sia). Submerged cultivation of the N. nambi mycelium
was conducted in a liquid potato-sucrose nutrient
medium (200 g potato, and 20 g of sucrose inl L of dis-
tilled water) in 250-mL conical flasks containing
100 mL of the medium. A commercial PDB medium
(HiMedia Laboratories, India) was used for cultiva-
tion of the A. borealis mycelium. Suspensions of the
ground mycelium of the investigated fungal species,
which were first cultivated for 8—10 days in Petri dishes
on the nutrient media indicated for each fungus sup-
plemented with 15 g of agar-agar per 1 L of distilled
water, were used as inoculum. The inoculum volume
was 2—5% of the volume of the nutrient medium. The
N. nambi mycelium was cultivated for 3—5 days at 26—
28°C, and the A. borealis — for 10—14 days at 22—
23°C. Cultivation was carried out with continuous
shaking at a speed of 180—200 rpm on an ES-20
shaker-incubator (Biosan, Latvia). This method of
cultivation made it possible to obtain mycelium in the
shape of separate spherical globules (pellets). The
globules were separated from the nutrient medium at
the end of cultivation and incubated in deionized
water for several days with continuous mixing.
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The level of globule luminescence was recorded
with a Glomax 20/20 luminometer (Promega, the
United States) calibrated with a Hastings-Weber
radioactive standard [31] (one relative light unit corre-
sponded to 2.7 x 10° photons per second). The glob-
ules were dried in a vacuum rotary Concentrator 5301
(Eppendorf, Germany) for 1.5 h at 30°C in order to
determine dry mass of a globule. The value of the spe-
cific luminescent activity of the mycelium was calcu-
lated as the ratio of the light-emission intensity to the
dry biomass.

Visualization of the globule luminescence was con-
ducted with the help of a ChemiDoc™ XRS+System
(Bio-Rad, the United States) in the dark in signal accu-
mulation mode. The exposure was selected experimen-
tally and was 100 or 300 s.

The peroxidase activity of the mycelium was evalu-
ated with the help of reaction of oxidative azo-coupling
[32]. To determine peroxidase activity in native glob-
ules, three globules of the same size were placed in tubes
with 1 mL of deionized water containing 0.56 mg/mL
of phenol and 0.1 mg/mL of 4-aminoantipyrine (4-AA)
and incubated for 1 h at room temperature. Aliquots of
the colored solution were taken and the optical density
of'the colored product formed as a result of the reaction
(quinoneimine) was recorded with an UV-1800 Shi-
madzu spectrophotometer (Japan) at 506 nm.

To determine the total peroxidase activity in a
mycelium extract, the globules were destroyed with
ultrasound by an UZTA 0.63/22-OM disintegrator
(OO0 Tsentr ultrazvukovykh tekhnologii, Russia).
The globules were placed into 10 mM of Na-phos-
phate buffer, pH 6.9, at a ratio 1 : 1.5 (weight of wet
biomass : volume of buffer). Treatment with ultra-
sound was conducted on ice at a power of 97 W several
times for 2—3 s each (with 1 min interval between
treatments). The destroyed biomass was centrifuged at
16000 g for 20 min at 4°C in a 5415 R centrifuge
(Eppendorf, Germany). Supernatants were collected
and frozen at —20°C. The frozen samples were thawed
at room temperature and centrifuged again under the
same conditions. Peroxidase activity was determined
in the obtained supernatants with the help of oxidative
azo-coupling reaction.

A reaction mixture contained 980 puL of superna-
tant, 10 pL of4-AA (0.1 mg/mL), and 10 pL of phenol
(0.56 mg/mL). The formation of colored reaction
product was assessed after 60 min of incubation from
an optical density at 506 nm with a UV-1800 spectro-
photometer. The specific peroxidase activity in super-
natants was calculated as the ratio of optical density at
506 nm to total protein content.

The protein content in supernatants was determined
with the Biuret reagent [33] with BSA as a standard.

The catalase activity in extracts obtained by the
methods described above was assessed with a direct
spectrophotometric method (www.sigmaaldrich.com),
which allowed the determination of an optical density
decrease at 240 nm following the addition of H,0, to
the extracts. One unit of activity was defined as the
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Fig. 1. Microscopic images of smooth and rough globules of N. nambi (a, b — edge of the rough globule), and A. borealis globule
with massive pigmented center and twisted hyphae bundles on the surface (c). Scale bar: 10 mm (a) and 100 pum (b, c).

Fig. 2. Luminescence of N. nambi globules (a), smooth and rough globules of 4. borealis with large hyphae bundles (b, ¢) obtained
using signal accumulation mode. Exposure time — 300 s, Scale bar — 10 mm.

amount of the enzyme required to decompose 1 pmol
of H,O, per 1 min at pH 7.0 and 25°C at the H,0, con-
centration of 10 mM. The catalase activity was normal-
ized to 1 mg of total protein per 1 mL of the extract.

Microscopic images of globules were produced
with bright field illumination using an Axiolmager M2
light microscope (Carl Zeiss, Germany).

RESULTS AND DISCUSSION

Morphology of N. nambi and A. borealis globules.
The cultivation of mycelium submerged in nutrient
medium with constant orbital shaking resulted in the
formation of spherical globules with a diameter of 2—
7 mm that have a smooth or rough surface (Fig. 1).
The globule roughness was due to the long (up to a few
mm) bundles of the mycelial hyphae. The surface of
smooth globules is represented by shorter hyphae
located perpendicularly to the globule surface with a
length of up to 300 um. The A. borealis globules were
often of irregular shape due to the presence on the sur-
face of twisted hyphae bundles larger than those for the
N. nambi. The central part of the A. borealis globules
became dense and pigmented (dark brown) as it devel-
oped, which was not observed for the N. nambi.

Visualization and evaluation of the globule lumines-
cence. Monitoring of the globule luminescence with
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the ChemiDoc™ XRS+System showed that the glob-
ules of both fungal species differed in the intensity of
emission and its distribution along the globule surface
(Fig. 2). The luminescence intensity of globules was
independent of their size. For example, both large and
small globules could demonstrate bright lumines-
cence. Heterogeneity in the distribution of emission
along the globule surface was also observed. As a rule,
the smooth globules demonstrated relatively uniform
luminescence along the entire globule surface or its
part. Bright spots of luminescence were observed at the
base of the bundles in globules with large protruding
bundles of the mycelial hyphae, which was especially
characteristic for the A. borealis.

The measurements of the luminescence levels
showed that the globules of N. nambi taken from the
nutrient medium emitted light at a level of 10°—
107 quanta/s. Such globules were considered to be
dim. The A. borealis globules taken from the nutrient
medium demonstrated significantly brighter lumines-
cence than those from N. nambi. The intensity of their
luminescence could reach up to 10° quanta/s. It must
be noted that the luminescence intensity of the
N. nambi globules increased significantly (three to
four orders of magnitude) upon the incubation of the
mycelium samples in deionized water but only by three
to four times in the case of the honey fungus. The
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Fig. 3. Formation of colored product in the reaction of oxi-
dative azo-coupling in native N. nambi globules with dif-
ferent levels of luminescence: I — bright, 2 — dim.

A. borealis globules reached maximum intensity after
1 day of incubation in water, and after that a relatively
fast decline of the emission level was observed. The
maximal luminescence of the N. nambi was observed
slightly later (after 2—4 d of incubation in deionized
water), and the luminescence level decreased gradu-
ally after that.

Investigation of peroxidase activity of native glob-
ules. The known reaction of oxidative azo-coupling
phenol — 4-AA [32], which is catalyzed by peroxidase
in the presence of H,0, and proceeds with the forma-
tion of colored product easily detected by spectral
methods, was used to evaluate peroxidase activity. The
reaction is widely used in medical diagnostics for
enzymatic determination of physiologically important
compounds (glucose, cholesterol, triglycerides). The
use of this reaction in this study was based on two main
issues. Firstly, as was mentioned before, the higher
fungi contain an extended set of peroxidases, includ-
ing the secreted enzymes of this group [20—26]. Sec-
ond, it was shown experimentally that the ROS (H,0,
in particular) generated by the fungus during its meta-
bolic development could participate in mechanisms of
the fungal bioluminescence [11—14]. It can be
expected, then, that the addition of only phenol and
4-AA to the globules (or their extracts) will be accom-
panied by formation of the colored product.

The rapid coloring (within 5—15 min) of fungal
mycelium in pink was observed following the intro-
duction of the brightly luminescent N. nambi globules
(pre-incubated in deionized water) into the reaction
mixture containing 4-AA and phenol. Moreover, glob-
ules with multiple long strands of hyphae on the sur-
face were colored most intensively. It must be noted
that the globules were colored uniformly, and there
was no heterogeneity observed in the chromogen dis-
tribution similar to the distribution of emission along
the globule surface. The colored product diffused into
the solution gradually with time, and the globules
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became colorless. The N. nambi globules demonstrat-
ing dim emission (at the level of 10°—107 quanta) pro-
duced only slight coloring in the similar experiments,
which was accompanied by significantly lower accu-
mulation of the chromogen in the reaction mixture
(Fig. 3). The entire set of obtained data indicated that
the brightly and dimly emitting globules of the
N. nambi differed significantly in the amount of H,0,
and/or amount of extracellular peroxidases.

Investigation of the N. nambi mycelium by light
microscopy did not reveal coloring of the intracellular
content. The colored solution could be found only
between the twisted hyphae (outside the cells). This
pattern of the hyphae coloring and the gradual transfer
of the chromogen into the reaction mixture indicated
that the reaction of oxidative azo-coupling with the
formation of the colored product occurred most prob-
ably in the space outside the hyphae, where the extra-
cellular fungal peroxidases were located.

Similar studies of peroxidase activity were con-
ducted with the A. borealis globules. It was found that
the A. borealis globules that demonstrated bright lumi-
nescence without preincubation in deionized water
did not form colored product on introduction into the
reaction mixture of phenol and 4-AA. The very insig-
nificant formation of chromogen was observed only
after prolonged incubation (1 h or more) in the reac-
tion mixture. The A. borealis globules preincubated in
deionized water that demonstrated a three- to fourfold
increase in the emission level did not form the colored
product even after 1—2 h incubation in the reaction
mixture.

The obtained data made it possible to propose two
suggestions. On the one hand, the lack of the colored
product could be related to the fact that the peroxi-
dases of A. borealis had low catalytic activity when the
mixture of phenol and 4-AA was used as substrates.
Such a suggestion does not contradict the notions of
the substrate specificity of enzymes. But it is more
likely that there is an insufficient amount of extracel-
lular peroxidases and/or of H,O, in the fungus glob-
ules, and because of it the formation of the colored
product does not occur.

Evaluation of total peroxidase and catalase activi-
ties in extracts of mycelium. Since a significant
increase in the luminescence intensity of the N. nambi
and A. borealis mycelia following incubation in deion-
ized water was shown during the previous steps of our
investigation, in this part of the study we investigated
the time course of the level of the globule lumines-
cence in comparison with changes in the total peroxi-
dase and catalase activities in their extracts. As can be
seen from the obtained data (Fig. 4), the changes in
the total peroxidase activity of the N. nambi fungus
were in close agreement with the changes in its light
emission during the investigated time period of incu-
bation of the globules in deionized water. The catalase
activity increased more than one order of magnitude
in the process within one day of incubation of the
globules in water and remained at the same level for al
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Fig. 4. Changes of luminescence (a, d), total peroxidase (b, e), and catalase (c, f) activities in extracts of N. nambi (a—c) and
A. borealis (d—f) globules on incubation in water for several days. Enzyme activity in globule extracts was calculated per 1 mg of

protein per 1 mL of extract.

least two more days. A similar dynamics of changes in
the total peroxidase and catalase activities in compar-
ison with the changes in the level of light emission was
observed for the A. borealis mycelium (Fig. 4). The
changes in the total peroxidase and catalase activities
in the A. borealis globules occurred almost concur-
rently with the changes in its emission upon incuba-
tion in water. A slower dynamics of reaching the max-
imum level of catalase activity (within 2 days) was
observed; it was maintained for a long period, as in the
case of N. nambi. At the same time, the specific values
of the peroxidase and catalase activities indicated sig-
nificant differences in the amount of these enzymes in
the investigated basidiomycetes. It follows from the
data obtained for different time points of the experi-
ment that the level of peroxidase activity in the A. bore-
alis extracts was almost one and a half orders of mag-
nitude lower than in the N. nambi extracts. On the
contrary, the level of catalase activity in the A. borealis
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extracts was higher than a similar indicator for
N. nambi by more than two orders of magnitude.

The analysis of the data obtained in the study
makes it possible to suggest several general comments
and to draw the following conclusions. It is possible
that the differences in formation of the colored prod-
uct during the reaction of oxidative azo-coupling with
native globules of the fungal species is due to the per-
oxidases to catalases ratio in them. The high catalase
activity in the A. borealis and, as a consequence, low
H,0, content was the reason for the total absence or
formation or only minimal amount of the product in
the globules of this species. Contrary to the A. borealis
globules, the levels of total peroxidase and catalase
activities in the N. nambi globules showed an approxi-
mately twofold difference (Fig. 4). It is likely at this
ratio of enzymes that the H,0O, content even in the
samples of the N. nambi mycelium not under the
action of stress factors was sufficient for the reaction of
oxidative azo-coupling to proceed.
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It must be noted that the results of the conducted
investigations do not provide sufficient grounds for
making an unambiguous conclusion on the direct rela-
tion between the luminescence intensity of the
N. nambi and A. borealis basidiomycetes and the activ-
ity of antioxidant enzymes—peroxidases and cata-
lases. However, the fact that the changes in these
parameters were unidirectional for different species of
basidiomycetes support the hypothesis that the light
emission of higher fungi originated and survived during
evolution as a supplementary mechanism for neutral-
ization of ROS (H,0, in particular and, probably, other
peroxide compounds). A similar hypothesis stating that
luminescence could provide a protective function from
damages occurring from active oxygen radicals was
suggested in the middle of the last century [34, 35].
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