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Abstract—The effect of hydrogen peroxide (10~°-10~! M) on the mycelial growth of the fungi Alternaria
alternata, Cladosporium cladosporioides, Mucor hiemalis, and Paecilomyces lilacinus has been studied. The
growth of fungi isolated from habitats with a background level of radioactive contamination was stopped by

H,0, concentrations equal to 10~ and 102 M, whereas the growth of fungi that were isolated from habitats
with high levels of radioactive contamination was only arrested by 10~! M H,0,. The response of the different
fungi to hydrogen peroxide was of three types: (1) a constant growth rate of fungal hyphae at H,O, concentra-
tions between 10~ and 10 M and a decrease in this rate at 10> M H,0,, (2) a gradual decrease in the growth
rate as the H,O, concentration was increased, and (3) an increase in the growth rate as the H,O, concentration
was increased from 1076 to 10~ M. The melanin-containing species A. alternata and C. cladosporioides exhib-

ited all three types of growth response to hydrogen peroxide, whereas the light-pigmented species M. hiemalis
and P. lilacinus showed only the first type of growth response. A concentration of hydrogen peroxide equal to

10! M was found to be lethal to all of the fungi studied. The most resistant to hydrogen peroxide was found to

be the strain A. alternata 56, isolated from the exclusion zone of the Chernobyl Nuclear Power Plant.

Key words: microscopic fungi, growth, hydrogen peroxide.

It is well known that ionizing radiation induces the
formation of reactive oxygen species (ROS), which
provoke oxidative stress in cells and can eventually
cause their death [1, 2]. In cells with an aerobic type of
metabolism, hydrogen peroxide is the most long-lived
transformation product of ROS. It is always present in
such cells at low concentrations, being involved in
intra- and intercellular signal transduction [3]. In fungi,
hydrogen peroxide is a necessary component of the
intracellular signalling system in such processes as cell
differentiation and proliferation [4, 5].

Hydrogen peroxide is of great interest for simulat-
ing the effect of radiation on living objects, since up to
90% of the damage induced by ionizing radiation is due
to water radiolysis products [1].

The aim of this work was to study the effect of a
wide range of hydrogen peroxide concentrations on the

1 Corresponding author; e-mail: tab@inbi.ras.ru

growth of microscopic fungi isolated from habitats with
different levels of radioactive contamination.

MATERIALS AND METHODS

Fungal strains. Experiments were carried out with
four strains of microscopic fungi isolated from the
exclusion zone of the Chernobyl Nuclear Power Plant
(ChNPP), which has a high level of radioactive contam-
ination, and from habitats with a background level of
radioactive contamination (see Table 1). The strains dif-
fered in relation to the structure of their mycelium
(either septate or nonseptate), the presence of melanin
pigments in the cell wall (dark- and light-pigmented
strains), and in their growth rate (slow- and fast-grow-
ing strains).

Preparation of hyphal fragments. The strains
were grown for 48 h (to the exponential growth phase)
at 25°C in the dark on a cellophane film placed onto the
surface of Czapek agar [8]. The peripheral zone of the
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THE EFFECT OF HYDROGEN PEROXIDE

colonies was cut off, together with a piece of cello-
phane, using a microscalpel and a binocular magnify-
ing glass. The size of the cut-off zone of a colony was
such that the length of the cut-off apical fragments of
hyphae was sufficient for the growth of these fragments
at the original rate [9]. The sufficient width for the cut-
off piece of the colonies was determined experimen-
tally and comprised 1.5-2 mm for the slow-growing
species C. cladosporioides and P. lilacinus and 3—4 mm
for the fast-growing species A. alternata and M. hiema-
lis. The cut piece of cellophane with apical fragments
of fungal hyphae was put to a new place and kept for
15 min to allow the hyphal fragments to adapt to
mechanical damage and to restore their original growth
rate [9].

Preparation of hyphal specimens with certain
concentrations of H,0,. Two milliliters of a liquid
Czapek agar was poured onto the surface of a micro-
scope slide to form an agar layer of 1.6-1.8 mm in
thickness. Hydrogen peroxide solutions (107-10"' M
in concentration) were evenly spread onto the agar sur-
face. The solutions were prepared using 30% H,O,
(Sigma). The concentration of hydrogen peroxide in
these solutions was controlled by measuring their opti-
cal density at 240 nm with a Specord UV-VIS spectro-
photometer. The oxidation of H,0, in the Czapek
medium did not exceed 10% over 8 h [10]. After
spreading the H,O, solutions, the agar plates were kept
for 15 min to allow the H,0, to evenly diffuse over the
agar surface. Then, the cellophane pieces with apical
hyphal fragments, prepared as described above, were
placed onto the surface of the agar plates. In the case of
the control, the Czapek agar was used without adding
H,0,. It should, however, be noted that aqueous solutions
in equilibrium with the atmospheric air contain ~10~° M
H,0,, which is formed under the action of heat [11].

Observation of hyphal growth. The hyphal speci-
mens were placed in a humid chamber at 25°C. The
growth of the hyphal fragments was observed micro-
scopically under an objective 25 X 0.5 and recorded
with a CCD camera, initially, at 4-min intervals (during
the first 20 min of incubation) and, then, at 20-min
intervals (during the next 60 min of incubation). The
hypha images were transferred to a PC with the aid of a
Pixel View Station. The 0.788-mm- pixel images had a
size of 258 X 193 um.

Image processing. The digital images were pro-
cessed with Adobe Photoshop 5 (Fig. 1). The length of
the apical hyphal fragments was measured to the first
side branch, since its position does not change in the pro-
cess of growth [6]. The absolute value and the rate of
hypha elongation were determined at regular intervals.
The accuracy of the measurements was 10.25 pim/min.

Data processing. The data obtained were statisti-
cally processed with the aid of the STATISTICA soft-
ware package and variance analysis [12]. The effect of
hydrogen peroxide was evaluated from the mean elonga-
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tion rate of 20-30 hyphal fragments, which was deter-
mined for each of the H,O, concentrations studied.

RESULTS

A comparative study of the growth of the micro-
scopic fungi isolated from the radiocontaminated
exclusion zone of the ChNPP and those isolated from
habitats with a background level of radioactive contam-
ination showed that, unlike the background isolates of
A. alternata and P. lilacinus, exclusion-zone isolates
A. alternata 56 and P. lilacinus 1941 exhibited hyphae
aggregation (see Table 1 and Fig. 1). The growth rate of
hyphae in the isolates with an aggregated mycelium
was 1.5-2 higher than in the background isolates with
an unaggregated mycelium (Table 1).

It should be noted that both the background and the
exclusion-zone strains of C. cladosporioides had an
aggregated mycelium. However, the growth rate of
hyphae was lower in the case of strains 4 and 5, which
were isolated from the exclusion zone of the ChNPP,
than in the case of strain 396, which was isolated from
a background habitat.

The study of the effect of hydrogen peroxide on the
growth characteristics of the microscopic fungi isolated
from the exclusion zone of the ChNPP and habitats
with the background level of radioactive contamination
showed that H,O, influenced the growth of fungal
hyphae within a wide range of concentrations (from
1077 to 107! M). As the concentration of H,0, increased
within this range, the elongation rate of the hyphae
decreased to almost zero (see Fig. 2). At a concentration
of 107 M, hydrogen peroxide partially inhibited the
mycelial growth of all the strains under study and, at
107! M, completely arrested growth (see Fig. 3).

The strains that were isolated from habitats with a
background level of radioactive contamination were
found to be more susceptible to high H,O, concentra-
tions than those from the radiocontaminated zone.
Indeed, the growth of hyphae in the case of the back-
ground strains was partially inhibited by 10 M H,0,
(Fig. 2) and completely inhibited by 102 M H,0,
(Fig. 3). In the presence of 10 M H,0O,, the most
H,0O,-resistant background strain, A. alternata 60,
retained its growth rate of hyphae at a level of 5-10%
of the control (Fig. 3). In the presence of 102 M H,0,,
the growth of this strain was arrested by the 10th min of
incubation (Fig. 2).

In general, the H,0, susceptibility of the strains iso-
lated from the radiocontaminated zone was an order of
magnitude lower. Indeed, the elongation rate of the
hyphae of these strains was partially inhibited by
102 M H,0, and completely inhibited by 10-! M H,0,
(Figs. 2, 3). Among the strains isolated from the radio-
contaminated zone, the strain A. alternata 56 was found
to be the most resistant to H,O, (Figs. 2, 3). It should be
noted that the H,O, susceptibility of the strain C. cla-
dosporioides 4, which was isolated from the exclusion
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A. alternata 56 A. alternata 60

C. cladosporioides 5 C. cladosporioides 396

P. lilacinus 1941 P. lilacinus 10

Fig. 1. Specific growth of microscopic fungi isolated from habitats with different levels of radioactive contamination. The figure
shows hyphae growing on cellophane film placed onto the surface of Czapek agar containing no H,O,. The names of the strains
that were isolated from habitats with a high level of radioactive contamination are given in bold.

zone of the ChNPP but from a site with radioactive con- Hydrogen peroxide at a concentration of 10~ M
tamination 3 to 4 orders lower than the other exclusion- completely arrested the growth of all the strains under
zone isolates (Table 1), was the same as in the case of  study. The inhibition of growth was accompanied by
the background strains (Figs. 2, 3). leakage of the cytoplasm, cell damage and disruption of

MICROBIOLOGY  Vol. 74 No. 6 2005
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Fig. 2. Changes in the elongation rate of hyphae in the presence of different H,O, concentrations (M): (/) 10_9, 2) 10_6, (&))] 107,
“4) 1074, (&) 1073, and 6) 1072. The names of the strains that were isolated from habitats with a high level of radioactive contami-

nation are given in bold.

the cell walls of the hyphae, and their depigmentation
in the melanin-containing species C. cladosporioides
and A. alternata.

Thus, the ability of the microscopic fungi to grow in
the presence of various concentrations of H,O, differed
in different strains and depended on the level of radio-
active contamination present at the site from which a
particular strain was isolated.

Incubation of the fungi with H,0, led to a temporal
decrease in the elongation rate of their hyphae. The
span of time during which this decrease occurred, as
well as the new level of growth rate, were found to be
dependent on the H,O, concentration used (Fig. 2).

This adaptive reaction was different in different
strains. For instance, raising the concentration of H,0,
from 107 to 10* M slowed down the growth of the
hyphae of A. alternata 56, which was isolated from the
exclusion zone of the ChNPP, to a level of 85-88% of
the control value (after 16 min of incubation). At a con-
centration of 1073 M, hydrogen peroxide decreased the
elongation rate of the hyphae of this strain to a level of
60% of the control value (after 12 min of incubation).

MICROBIOLOGY  Vol. 74 No. 6 2005

On further incubation, the growth rate of the hyphae
increased to 80% of the control. At 10~ M, hydrogen
peroxide diminished the growth rate of the hyphae to
70% of the control value after 4 min of incubation and
to 15-20% of the control value after 8 min of incuba-
tion (Fig. 2).

As the H,0, concentration increased, the growth
rate of the hyphae became constant at lower values than
in the case of the control. For instance, the elongation
rate of the hyphae of background isolate A. alternata
224 stabilized at levels of 87, 75, 8, and 0% of the con-
trol at H,O, concentrations equal to 1077, 10°°-1073,
1074, and 1073 M, respectively (Fig. 3). The growth rate
of the hyphae of exclusion-zone isolate P. lilacinus
1941 decreased to 25-30% of the control after 20 min
of incubation in the presence of 10, 104, and 10° M
H,0, as compared to the control (Fig. 2). After 40 min
of incubation in the presence of 10~ and 10* M H,0,,
the elongation rate of the hyphae of this strain was
restored to the control value. In the presence of 10 M
H,0,, the restoration comprised 80% of the control
value.
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Fig. 3. Growth responses of various strains to different H,O, concentrations as determined from the results of a variance analysis.
Homogeneous groups comprise those H,O, concentrations for which differences between the mean elongation rates of the hyphae
are statistically insignificant. The names of the strains that were isolated from habitats with a high level of radioactive contamination

are given in bold.

In general, the growth rate of the hyphae of the fast-
growing species A. alternata and M. hiemalis reached a
new constant level after 20 min of incubation in the
presence of hydrogen peroxide, whereas, in the case of
the slow-growing species C. cladosporioides and
P. lilacinus, it reached a constant level after 40 min of
incubation (see Fig. 2 and Table 2). The inhibitory H,0,
concentrations (10~} and 102 M) suppressed the growth
of the slow-growing strains over longer periods of time
than in the case of the fast-growing strains.

After 20 min of incubation with hydrogen peroxide
concentrations of 107 and 10° M, the elongation rate
of the hyphae of the melanin-containing septate-myce-
lium strain A. alternata 60 gradually increased to reach
125- 135% of the control value after 1 h of incubation
(Fig. 2 and Table 2). Within 6-18 min of incubation in
the presence of 10~* M H,0,, the hyphae of M. hiemalis
showed a statistically significant increase in their elon-
gation rate of 20-30% compared to the control. After
20 min of incubation, however, the growth rate of this
fungus was restored (Table 2) and, then, did not differ

from the control (Figs. 2, 3). The other strains under
study showed no increase in their growth rates in the
presence of the investigated concentrations of H,O,.

A variance analysis [12] of these data allowed us to
reveal three types of growth responses of fungi to
hydrogen peroxide. The first type was characterized by
a constant growth rate of fungal hyphae at H,O, con-
centrations between 10~ and 10* M, a decrease in this
rate at 10~ M H,0,, and the complete arrest of growth
in the presence of 102 or 10~ M H,0,. The second type
of growth response was characterized by a gradual
decrease in the growth rate as the concentration of H,0,
was increased from 10~ to 10 M and the complete
arrest of growth in the presence of 1072 or 10! M H,0,.
The third type was characterized by an increase in the
growth rate of hyphae at H,O, concentrations equal to
1076 and 1073 M and a slowing down (to the complete
arrest) of growth at hydrogen peroxide concentrations
equal to 102 or 10! M.

MICROBIOLOGY  Vol. 74
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Table 2. Periods of time elapsed before the elongation rate of hyphae levels off to a plateau
H,0, concentration
Species
107 107 107 10 1073 1072 107!

A. alternata 56* - 18+2{) |[18x2() |18+2() | 14+x2(d) | 8x2({) 0£2(0)
A. alternata 60 30+£10(T) | 30+£10(T) | 30+ 10(T) - 8+2 ) | 8£2(0) 0£2(0)
A. alternata 224 - 14+2@) | 14£2d) 102 8+£2(0) | 0£2(0) 0£2(0)
C. cladosporioides 5% - - - - 2+2({) | 0£2(0) 0+2(0)
C. cladosporioides 4* - - - 50+10(1) | 10£2(0) 0+2(0) 0+£2(0)
C. cladosporioides 396 - - - 50£10(d) | 10£2(0) 0+2(0) 0+2(0)
P. lilacinus 1941%* - - 36t4(=) | 364 (=) 36+4() 0+2(0) 0+2(0)
P. lilacinus 10 - - - - 14£2(0) 0+2(0) 0+2(0)
M. hiemalis 111 - - - 182 (=) 8+2(0) 0+2(0) 0+2(0)
* Strains that were isolated from habitats with a high level of radioactive contamination are given in bold. The symbols “=”, “}”*, “=", “T”,

and “O” denote, respectively, the following changes 1n the elongation rate 0f hyphae as compared to the control: “no dlfference

2

7

“decrease,” “restoration to the control value,

The fungi that were isolated from habitats with a
background level of radioactive contamination exhib-
ited all three types of response to hydrogen peroxide:
the first type was specific to P. lilacinus 10 and M. hie-
malis 111, the second type was specific to A. alternata
224 and C. cladosporioides 396, and the third type was
specific to A. alternata 60. At the same time, the fungi
that were isolated from the radiocontaminated exclu-
sion zone of the ChNPP showed only two types of
response to hydrogen peroxide: the first type was spe-
cific to C. cladosporioides 5 and the second type was
specific to A. alternata 56, P. lilacinus 1941, and C. cla-
dosporioides 4.

Thus, the response of fungi to hydrogen peroxide prob-
ably depends on the level of radioactive contamination of
the site from which a particular strain was isolated.

The character of the changes in the elongation rate
of hyphae differed for the melanin-containing and
light-pigmented fungal strains. The melanin-containing
species A. alternata and C. cladosporioides exhibited
all three types of growth response to hydrogen perox-
ide: constant growth rates of hyphae within a wide
range of H,0, concentrations (C. cladosporioides 5),
gradual deceleration of growth as the H,O, concentra-
tion was increased (A. alternata 56 and 224 and C. cla-
dosporioides 4 and 396), and growth activation by low
H,O, concentrations (A. alternata 60). In contrast, the
light-pigmented species P. lilacinus and M. hiemalis
showed only the first type of growth response to hydro-
gen peroxide.

Thus, the effect of hydrogen peroxide on the growth of
fungal mycelium depends on the species, the level of
radioactive contamination of the site from which a partic-
ular strain was isolated, the nature of the pigment pro-
duced by this strain, and the growth rate of its hyphae.

MICROBIOLOGY  Vol. 74 No. 6 2005

increase,” and “decline to zero.”

DISCUSSION

All of the strains isolated from the exclusion zone of
the ChNPP showed an aggregated growth of their
hyphae, which is typical of fungi growing under unfa-
vorable conditions [4, 5]. This aggregated growth also
precedes their differentiation under the conditions of
oxidative stress and, hence, like some other morpholog-
ical characteristics (such as the formation of sclerotia),
may be considered as a mechanism of adaptation to high
concentrations of free radicals in the medium [4, 5]. In the
fungi studied, the capacity for aggregated growth of
hyphae has probably been acquired due to their growth
under extreme environmental conditions. This sugges-
tion is based on the fact that the strains A. alternata 56
and P, lilacinus 1941, isolated from the exclusion zone
of the ChNPP, show aggregated growth, whereas the
background isolates A. alternata 60 and 224 and
P. lilacinus 10 do not. It should be noted that the aggre-
gated growth of the first two strains (P. lilacinus 1941
and the most H,O,-resistant strain, A. alternata 56)
occurs at high growth rates.

In the case of the slow-growing species C. cladospo-
rioides, it is the capacity of the hyphae for aggregation,
which diminishes the growth rate and metabolic activ-
ity of the exclusion-zone isolates, that is responsible for
the survival and prevalence of this species in the radio-
active exclusion zone [13].

The data presented in this paper show, for the first
time, the growth dynamics of fungi under the action of
H,0,. According to some authors [14], the specific
growth rate is an important physiological indicator of
microbial resistance to stresses such as starvation and
hydrogen peroxide.

Even the small number of isolates investigated in
this study (compared to the large number of species iso-
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lated from the exclusion zone of the ChNPP [13]) was
sufficient to reveal the specific growth responses of par-
ticular exclusion- zone species to H,0, in comparison
with the background isolates. These responses, particu-
larly the specific reactions of strains and the temporal
deceleration of their growth under the action of H,0,
followed by the stabilization of the growth rate at a new
level, are probably universal responses of microbial
cells to all stresses. Of interest is the fact that H,O, can
also stimulate the growth of background isolates, which
show higher growth rates compared to the other strains
studied (Table 1). The enhancement of growth and met-
abolic activity under the action of sublethal concentra-
tions of stress agents, including H,O, and low-activity
v radiation, is a typical response exhibited by not only
microbial but also animal cells [15-17]. Bacteria are
probably more resistant to H,O, than microscopic fungi
[14, 18].

The mycelial growth of most of the studied back-
ground isolates was arrested by 102 M H,0,. This
hydrogen peroxide concentration is probably crucial
for many fungi occurring in the phase of active growth.
For instance, this concentration of hydrogen peroxide
causes an apoptosis-like phenotype and death of Aspergil-
lus fumigatus cells [19] and diminishes the survival rate of
Fusarium decemcellulare by 2-3 orders [20].

In general, the background isolates are less resistant
and more diverse in their growth responses to hydrogen
peroxide than the fungal strains isolated from radioac-
tive habitats. Of great importance is the fact that these
responses are persistent and preserved for up to 30 cell
transfers to fresh media (Table 1), which suggests that
the metabolic shifts of cells are genetically conserved.

The growth of the fungi isolated from the exclusion
zone of the ChNPP is arrested by a concentration of
H,0, (1072 M) that is an order of magnitude higher than
in the case of the background isolates (Figs. 2, 3).
Moreover, for the exclusion-zone isolates preliminarily
exposed to 102 M H,0, for 1.5 h, a subsequent 5- to 6-
h incubation in an H,0,-free medium restores the orig-
inal elongation rate of their hyphae [6]. The only excep-
tions to these rules are the exclusion-zone isolate
C. cladosporioides 4, whose growth is arrested by
10~ M H,0,, and the background isolate A. alternata
60, whose growth can be restored after exposure to the
inhibitory concentration of H,O, [6].

It should be noted that the adaptive response of tem-
poral deceleration of growth under the action of suble-
thal concentrations of H,O, (107> to 103 M) and subse-
quent stabilization of the growth rate at a new level took
more time in the slow-growing than in the fast-growing
species (Fig. 2 and Table 2). This response, which is
typical of microorganisms subjected to the action of
unfavorable factors, in particular, sublethal concentra-
tions of heavy metals [15], may explain the enhanced
H,0, resistance of slow-growing fungi and their preva-
lence in the exclusion zone of the ChNPP and in the
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interior of the containment structure of damaged Cher-
nobyl Unit 4 [13].

The data obtained allow us to suggest that each
strain under study is characterized by its own optimal
concentration of endogenous H,0, that regulates meta-
bolic processes. In general, this concentration might be
higher for dark-pigmented melanin-containing fungi
than for light-pigmented ones. It is known that the
resistance of cells to unfavorable environmental fac-
tors, including radiation, depends on their ability to
scavenge free radicals and detoxify H,O, [2, 4, 5]. A
comparative study of protective antioxidant systems in
the fungal strains isolated from the exclusion zone of
the ChNPP and habitats with a background level of
radioactive contamination may provide deeper insight
into the mechanisms responsible for microbial resis-
tance to extreme environmental conditions.
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