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Abstract—The increase in the proportion of phytopathogenic micromycetes in soils contaminated with heavy
metals (HMs) make it relevant to study the mechanisms of their resistance. It is important for choosing effec-
tive phytopathogen control methods. The issues of interaction between metal-resistant phytopathogens and
nonpathogenic species against the background of pollution remain no less relevant and need to be studied. In
laboratory experiments with pure cultures of four fungal species (phytopathogenic strains Alternaria alternata
and Fusarium oxysporum and nonpathogenic strains Trichoderma harzianum and Clonostachys rosea), the
resistance to Cu, Zn, and Pb cations, separately added to a nutrient medium with different contents of available
carbon (sucrose), was studied. Colony growth, sporulation activity, and biomass accumulation were measured.
The effective concentrations, resulting in the 50% inhibition of growth parameters (ECs), were calculated. The
fungi under study showed different resistances to HMs. T. harzianum and C. rosea are more resistant to Zn
and Pb at any available carbon content. The pairs 4. alternata—C. rosea and T. harzianum—C. rosea were the
most resistant to Cu on media with lower and higher carbon contents, respectively. At the same time, Zn and
Pb turn out to be less toxic than Cu for all fungi. The antagonistic activity, assessed by the dual culture method
on media supplemented with HM cations, depends both on the growth characteristics and on the resistance
to HMs that is revealed. The activity of fast-growing 7. harzianum as a territorial antagonist is stimulated by
the addition of Zn and Pb. The slow-growing C. rosea shows competitiveness due to its high resistance to
HMs. It is concluded that it is necessary to take into account species resistance to HMs in order to predict the
development of relationships between pathogenic and nonpathogenic species in fungal communities against
the background of soil pollution.
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INTRODUCTION

Heavy metals (HMs) can affect the development of
fungi at different levels of biological organization:
from the cellular to the community level. HM toxicity
is due to several mechanisms of their effect on a living
cell (Bagaeva et al., 2013; Singh et al., 2015). HM cat-
ions interact with various electron donating groups in
many organic compounds. By combining with mole-
cules involved in cell metabolism—proteins, nucleo-
tides, coenzymes, phospholipids, and porphyrins—
HDMs affect the activity of these molecules. Increased
HM accumulation causes oxidative stress and subse-
quent processes of increased lipid peroxidation, the
depletion of glutathione and ergosterol, and changes
in the activity of enzymes (dehydrogenase, catalase,
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and peroxidase) (Pérez-Torres et al., 2020; Rola et al.,
2022). HMs thus exert their toxic effects on most parts
of the metabolic pathways of microorganisms.

The first external barrier protecting the cell from
HM action is the cell wall surface, which can act as a
ligand for binding metal ions and participate in their
extracellular sequestration (Palanivel et al., 2023).
HMs that have reached the plasma membrane can
change its structure (Rola et al., 2022). The penetra-
tion of HMs into the cell can occur through specific
transporters (Palanivel et al., 2023). After penetration,
HMs can damage intracellular structures and macro-
molecules inside cells.

At the same time, fungi are characterized by high
resistance and adaptability to HMs. The resistance of
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fungi is due to several protective mechanisms (Bagaeva
et al., 2013; Siddiquee et al., 2015; Skugoreva et al.,
2019; Gajewska et al., 2022), in particular, the elimi-
nation of metals by a permeability barrier, the active
transport of metals out of the cell, extracellular
sequestration, enzymatic detoxification, the intracel-
lular sequestration of metals, and a decrease in the
sensitivity of cellular targets to metals.

Fungi have unique biochemical features that con-
tribute to an increase in resistance to the toxic effects
of HMs (Skugoreva et al., 2019). The cell wall contains
chitin, a polysaccharide with a high sorption capacity
due to HM chelation. Melanins, phenolic molecules
associated with the cell wall, are another group of
compounds that are produced by fungi in response to
the action of HMs. Some micromycete melanins are
effective copper biosorbents (Gadd and De Rome,
1988; Caesar-Tonthat et al., 1995). The functional
groups of cell wall polymers are capable of ionic inter-
action and the formation of complex compounds with
metal ions (Awofolu et al., 2006; Alluri et al., 2007).
Features of fungi affect not only the structure of the
cell wall, but the structure of the cell membrane and
the features of intracellular metabolites. In this regard,
possible universal strategies for the adaptation of fungi
to adverse factors are distinguished: the accumulation
of protective substances (osmolytes) in the cytoplasm
and changes in the lipid composition of membranes
(Danilova et al., 2020; Fedoseeva et al., 2021).

Representatives of the genera Trichoderma, Fusar-
ium, Aspergillus, Penicillium, and Alternaria from the
division Ascomycota, found throughout the soil, are
some of the most resistant to HMs (Iskandar et al.,
2011; Olapido et al., 2018; Torres Cruz et al., 2018;
Njoku et al., 2020). Many metal-resistant fungi from
the genera Aspergillus, Fusarium, Penicillium, and
Alternaria are capable of exhibiting phytopathogenic
properties. Among HM-resistant fungi, representa-
tives of the genus Trichoderma are widespread. Trich-
oderma fungi are resistant to a number of agrochemi-
cals, HMs, and organic pollutants; they are widely
used in agriculture as plant growth stimulators and for
the biological control of phytopathogens (Gorai et al.,
2020). Under the action of HMs in the structure of
fungal communities, the elimination of fungal species
capable of suppressive activity occurs against the back-
ground of a shift towards the dominance of opportu-
nistic resistant pathogenic groups, and the aggressive-
ness of pathogens increases (Pariaud et al., 2009;
Korneikova et al., 2012). The danger posed by fungal
pathogens is enhanced by the accelerated evolution of
pathogens, mainly due to the use of fungicides and
other human activities that contribute to the influx of
toxic compounds, often containing HMs, into the hab-
itat of microorganisms (Pandaranayaka et al., 2019).

The purpose of this work is to study the resistance
to HMs of soil micromycetes differing in phytopatho-
genic and antagonistic properties and characterize the
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change in antagonistic activity in the growth medium
of fungi containing HM cations. The effects of HMs
(Cu, Zn, and Pb) were studied in model laboratory
experiments using the example of two types of phyto-
pathogenic micromycetes, Alfernaria alternata and
Fusarium oxysporum, and two nonpathogenic ones
(but with potential antagonistic activity), Trichoderma
harzianum and Clonostachys rosea.

MATERIALS AND METHODS
Fungal Cultures and Experiment Design

The objects of study were strains of the following
species isolated from the soil: Alternaria alternata (Fr.)
Keissl, Fusarium oxysporum Schitdl. Trichoderma har-
zianum Rifai 1969, and Clonostachys rosea (Preuss)
Mussat 1901. Fungus 7. harzianum does not synthesize
melanin. Fungus A. alternata synthesizes 1,8-dihy-
droxynaphthalene (DHN) melanin-like compounds,
which are mainly associated with ascomycetes (Toledo
et al., 2017). Representatives of the genus Fusarium are
capable of synthesizing less canonical melanins for
ascomycetes, 5-deoxybostricoidein melanin (Toledo
et al., 2017). We have previously obtained experimen-
tal confirmation of the synthesis of melanin-like pig-
ments in F solani (Fedoseeva et al., 2022).

Fungi were cultivated in the Czapek’s medium with
the following mineral composition (g/L): NaNOs, 3.0;
K,HPO,, 1.0; MgSO,, 0.5; KCl, 0.5; FeSO,, 0.001
(pH 5.5—6.0). Sucrose at a concentration of 3 and
20 g/L was added as a carbon source. Micromycetes
were incubated at 22°C in flasks with Czapek’s liquid
medium or in Petri dishes containing Czapek’s agar
medium. In experiments on liquid nutrient media, the
spore suspension was added to flasks with 100 mL of the
medium up to a spore density of 105—10° U/mL; incu-
bation was carried out on a shaker. In such cases, the
fungal biomass was represented by mycelial pellets.
Fungal inoculum was transferred to solid media with a
bacteriological loop from test tubes with stock culture.

Heavy Metals

HM cations were used in the form of salts (copper,
lead, and zinc nitrates). The use of the same anionic
form made it possible to exclude the effect of different
anions on the responses of micromycetes. In experi-
ments on the accumulation of biomass in liquid nutri-
ent media, HM salts were added to the media simulta-
neously with the introduction of fungal inoculum. In
experiments on agar media, HM salts were added to
the media after autoclaving and lowering the tempera-
ture. The multiple dilution method was used to create
a range of concentrations of Cu, Pb, and Zn cations of
0.001—1 g/L. A wide range of concentrations made it
possible to obtain both the effect of stimulation and
the effect of inhibition of the growth rates of micromy-
cetes. When choosing metal cations and test salt con-
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centrations, we were guided by publications on the
resistance of fungi to HMs (Iskandar et al., 2011;
Mohammadian et al., 2017; Torres-Cruz et al., 2018).
A nutrient medium without HMs served as control.

Estimation of Growth Rates of Fungal Cultures

Fungal endpoints were measured: mycelial bio-
mass, fungal colony diameter, and conidial productiv-
ity. The kinetic indicators of the growth rate of colo-
nies were evaluated in Petri dishes by the change in the
diameter (radius) of the colonies, which was fixed with
a ruler. When analyzing the structural and functional
organization of mycobiota in natural environments,
the express method for assessing the diversity of
microbial communities by the radial growth rate is
widely used (Netrusov et al., 2012). Based on this indi-
cator, it is proposed to group the microorganisms iso-
lated during the inoculation of samples on nutrient
media into different classes with a certain range of val-
ues of the radial growth rate coefficient (Kr) and
kinetic types (Polyanskaya et al., 1988). In this work,
the studied species of fungi were ranked according to
the growth rate in the control (without the introduc-
tion of HMs) and with the introduction of HM
options. The growth rate was determined during the
period of linear growth of colonies in Petri dishes with
agar medium, measuring the diameter of the colony
every 24—48 h. The growth rate (GR) was calculated
using the formula

GR = R/At,

where R is the colony radius, mm; At is the duration of
cultivation, h.

Mycelial biomass after cultivation on a liquid
medium was collected by filtration on ashless paper
filters. The mycelium was dried at 103°C to constant
weight and weighed.

The intensity of sporulation was calculated from
the conidial productivity per mm?. To do this, three
equal sections of the agar medium with spore-bearing
mycelium were cut out from the center to the edge of
the colony with a microbiological drill. The sections
were placed in 5 mL of distilled water with a small
addition of detergent (Tvin-80), shaken, and then the
spore suspension was filtered through a nylon sieve.
The intensity of sporulation was calculated using a
Goryaev camera according to published recommen-
dations (Sanin et al., 2008).

The effective concentrations causing 50% (ECs,)
inhibition of colony growth on agar medium (on the
2nd, 4th, 6th, and 7th days of growth for 7. harzianum,
F oxysporum, A. alternata and C. rosea, respectively),
as well as the inhibition of biomass accumulation
during growth in a liquid medium (3—4 days of growth
for all cultures), were calculated.
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Estimation of Antagonistic Properties
by the Dual Culture Method

The antagonistic activity of fungi potentially possess-
ing suppressive activity against phytopathogens was
assessed by the dual culture method (Matarese et al.,
2012). Disks cut from the edge of an actively growing
antagonist and pathogen colony were placed in a Petri
dish with an agar nutrient medium. The radius of the
pathogen colony was taken into account, both facing
towards the antagonist colony (Ra) and in the perpen-
dicular (control) direction (Rc). To assess the antagonis-
tic activity of fungi, the growth of colonies was evaluated
on media with a reduced concentration of sucrose.

Statistical Processing

The experiments were carried out in 3—5 repeti-
tions with the calculation of the arithmetic mean and
standard deviations; the error bars were indicated on
the graphs. The significance of differences between
variants was determined using the one-way analysis of
variance (ANOVA) and pairwise multiple comparison
(Tukey’s test). To calculate the EC, a bit analysis was
used. All calculations were carried out in the statistical
programs R, Excel, and ExcelStat.

RESULTS
Kinetic Types of Fungi

Based on the results of kinetic changes in the diam-
eter of colonies on nutrient media without the addition
of HMs, the fungal species were ranked by growth rate
(Table 1). The growth rate of 7. harzianum was in the
range of 0.78 £ 0.03—0.89 = 0.07 mm/h, which made it
possible to attribute this strain to the kinetic type—fast
growing with Kr> 12. The growth rate of C. rosea was in
the range of 0.18 £ 0.03—0.22 = 0.02 mm/h, which
characterized the fungus as slow growing with Kr = 4.
The growth rate of A. alternata was 0.38 +0.02—0.39 +
0.03 mm/h, so this species was assigned to the kinetic
type: fast growing with Kr = 8. Finally, F oxysporum,
whose growth rate 0.58 = 0.01—0.61 £ 0.02 mm/h, was
qualified as fast growing with Kr = 10—11. According
to the decrease in the growth rate, the studied micro-
mycetes can be arranged in the following order: 7. har-
zianum > F, oxysporum > A. alternata > C. rosea. Differ-
ent concentrations of sucrose (3 and 20 g/L) did not
affect the described kinetic types of the studied micro-
mycetes.

Effect of HMs on Colony Growth

HMs, when introduced into the nutrient medium,
mainly inhibited the colony growth, reducing the
growth rate of fungi (Table 1). The stimulating effect
(hormesis) was observed at low concentrations of Zn
and Pb, which provoked an increase in the growth
growth rate of 7. harzianum. Zinc at the lowest con-
centration increased the growth rate of C. rosea. An
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Fig. 1. Effective metal concentrations (ECs,, g/L of medium), calculated from the inhibition of colony growth ((a) copper,
(¢) zinc, and (e) lead) and inhibition of biomass accumulation ((b) copper and (d) zinc). The determination of lead EC was com-

plicated by the fact that lead nitrate precipitated at the high concentrations required to create an inhibitory effect.

analysis of the calculated growth rates of fungi and effec-
tive concentrations of HMs that inhibit colony growth
led to the conclusion that copper was the most toxic HM
for the studied representatives of micromycetes. Within
the studied group, micromycetes showed different resis-
tance to HM exposure. The most resistant to the action
of Zn and Pb were T. harzianum and C. rosea.

Different concentrations of sucrose influenced the
degree of HM resistance in the studied strains. With an
increase in the content of a readily available carbon
source (an increase in the concentration of sucrose
from 3 to 20 g/L), the resistance of 7. harzianum and
C. rosea to Zn and Pb practically doubled (Figs. 1c, le).

CONTEMPORARY PROBLEMS OF ECOLOGY Vol. 16

Copper resistance, characterized by ECs,, also
depended on the content of sucrose in the growth
medium. At 20 g/L sucrose, for 7. harzianum and
C. rosea, ECy, Cu were 0.024 and 0.023 g/L, respec-
tively (Fig. 1a). With a decrease in the content of a
readily available carbon source, the most resistant spe-
cies were C. rosea and A. alternata: EC5, Cu 0.015 and
0.003 g/L, respectively (Fig. 1a).

Effect of HMs on Biomass Accumulation

The greatest resistance to Zn was found for 7. har-
zianum: ECs, values of 1.16 and 1.64 g/L in media with
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sucrose 3 and 20 g/L, respectively (Fig. 1d). The resis-
tance of C. rosea to Zn was lower than that for 7. har-
zianum: ECs5,=0.79 g/L at 20 g/L sucrose and ECs, =
0.24 g/L at 3 g/L sucrose (Fig. 1d). The resistance of
F oxysporum and A. alternata was significantly lower:
ECs, from 0.09 to 0.15 g/L.

The highest resistance to Cu was found for A. alter-
nata, EC5,0.046 g/L (at 3 g/L sucrose) (Fig. 1b). Fun-
gus 1. harzianum, which can be attributed to the most
resistant to Zn, did not show a high resistance to Cu.

Influence of HMs on the Intensity of Sporulation

For three types of micromycetes, C. rosea, A. alter-
nata, and F oxysporum, the introduction of HMs at
concentrations that did not suppress the colony growth
stimulated sporulation. The colonies of C. rosea pro-
duced conidia more actively when each of the three
HMs was added (Figs. 2c, 2d, 3e—3h) and, those of
A. alternata, when introducing Cu (Figs. 2e, 2f, 3i—31);
for F oxysporum, it was when Zn was introduced
(Figs. 2g, 2h, 3m—3p). The sporulation activity of
T. harzianum against the background of adding HMs
depended on the concentration of sucrose in the
medium (Figs. 2a, 2b, 3a—3d). At 3 g/L of sucrose, Zn
and Pb at high concentrations (1 and 0.5 g/L) inhib-
ited conidial productivity, while Cu completely sup-
pressed it. With an increase in sucrose to 20 g/L, Zn
and Pb stimulated conidial productivity for all studied
concentrations; the stimulation by Cu was noted at the
lowest concentrations (0.005 g/L).

Influence of HMs on the Manifestation
of the Antagonistic Activity of Fungi

On media with the addition of Zn and Pb, the acti-
vation of the growth of a fast-growing 7. harzianum
(Figs. 4b, 4c, 4f, 4g) was noted. Together with phyto-
pathogenic A. alternata and F. oxysporum, character-
ized by a slower growth rate of colonies, 7. hazrianum
proved to be the most active territorial antagonist.
However, on media with Cu, which inhibits the growth
of T. harzianum to a greater extent than the growth of
A. alternata and even F oxysporum, the effect of
enhancing the antagonistic properties of 7. harzianum
did not appear (Figs. 4d, 4h).

Fungus C. rosea manifested itself differently in rela-
tion to phytopathogenic fungi. It had a slower growth
rate than A. alternata and FE oxysporum. On media with
HDMs, a noticeable activation of both growth and possi-
ble suppressor activity of C. rosea was not observed
(Figs. 5a—5d). The introduction of Cu inhibited the
growth of F oxysporum, while C. rosea proved to be
resistant to the action of this HM (Fig. Sh). Thus, in the
presence of copper, C. rosea could potentially be more
competitive than phytopathogenic F oxysporum.

The ability to exhibit antagonistic properties (espe-
cially as territorial antagonists) depended on the growth
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rate of the fungus and the level of HM resistance.
T. harzianum was the most active territorial antagonist
on media with Zn and Pb against fungi with a lower
growth rate (A. alternata and F. oxysporum). Slow-grow-
ing C. rosea could be potentially more competitive when
compared to phytopathogenic fungi with a higher
growth rate only due to its high resistance to HMs.

DISCUSSION

Based on the data on the effect of HMs on colony
growth, sporulation activity, and biomass accumula-
tion, it can be concluded that, for three strains, 7. har-
zianum, A. alternata, and F. oxysporum, lead was the
least toxic; for C. rosea, zinc was the least toxic. Cop-
per was characterized by the highest toxicity for all
studied micromycetes. An analysis of published data
on the effect of HMs on different species of filamentous
fungi showed that toxicity indicators vary (Table 2).
Thus, the strain of Curvularia lunata proved to be
more sensitive to the toxic effect of nickel than copper
and zinc (Paraszkiewicz et al., 2009). Zinc made the
lowest impact on F oxysporum and Pythium debary-
anum, while cadmium made the highest one (Golubo-
vié-Curguz et al., 2010). Hyphomycete strains Helis-
cus lugdunensis (Neonectria lugdunensis) and soil fun-
gus Verticillium cf. alboatrum also showed higher
resistance to Zn than to Cd (Jaeckel et al., 2005). The
authors of (Sazanova et al., 2015) found an inhibitory
effect of individual treatment with Zn (2 mM) and Cu
(0.5 mM) on the growth of Aspergillus niger and Peni-
cillium citrine. On the whole, it can be concluded that
Cd and Ni are among the most toxic metals for fila-
mentous fungi; Zn is the least toxic. Cu and Pb occupy
an intermediate position.

The assessment of the toxicity of metals can be
influenced by the characteristics of the development
of fungi in various environments. For A. alternata, the
EC values of zinc and copper, calculated from the
inhibition of colony growth, were lower than when
assessing the inhibition of biomass accumulation in a
liquid medium (Figs. 1a—1d). This trend was mani-
fested both on media with 3 and 20 g/L of sucrose. For
C. rosea and F. oxysporum, EC values for colony
growth inhibition were higher or equal to EC values for
biomass accumulation inhibition (Figs. 1a—1d). For
T. harzianum, no clear trend emerged. The effect in
which the fungus showed greater resistance to HMs
when growing on liquid media determined for A. alter-
nata is consistent with other studies. Strain C. lunata,
isolated from uncontaminated by HM soil, when
grown on a solid medium (under conditions prevent-
ing the formation of a specific emulsifier), showed a
significantly higher sensitivity to Cd**, Zn?*, and Pb**
ions than when grown on a liquid medium, when this
fungus produces an extracellular emulsifier (Parasz-
kiewicz et al., 2009).

The quantity of the readily available carbon source
in the environment also affects the assessment of the
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((b) T. harzianum, (e) C. rosea, (f) A. alternata, and (h) F oxysporum). Note: * Values assigned to different letters differ signifi-

cantly (p £0.05, Tukey’s test).

toxicity of metals in the laboratory. During the exper-
iments, there was a tendency for 7. harzianum and
C. rosea to increase resistance to the action of HMs
with an increase in the content of a readily available

CONTEMPORARY PROBLEMS OF ECOLOGY Vol. 16

carbon source (an increase in the concentration of
sucrose up to 20 g/L) (Figs. 1a—1e). When additional
sucrose was added, the resistance of the phytopatho-
genic fungus increased, F oxysporum manifested
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Fig. 3. Appearance of micromycete colonies in the control (without the metals) and on media with the adding of metals: 7. harzia-
num ((a) control, (b) 0.01 g/L Pb, (c) 0.01 g/L Zn, and (d) 0.005 g/L Cu); C. rosea ((e) control, (f) 0.01 g/L Pb, (g) 0.01 g/L Zn,
and (h) 0.005 g/L Cu); A. alternata ((i) control, (j) 0.01 g/L Pb, (k) 0.01 g/L Zn, and (1) 0.005 g/L Cu); and F oxysporum
((m) control, (n) 0.01 g/L Pb, (0) 0.01 g/L Zn, and (p) 0.005 g/L Cu).

itself to a lesser extent, and the phytopathogenic fun-
gus A. alternata generally showed less resistance
(Figs. 1a—1e). The sporulation activity of 7. harzia-
num against the background of the addition of HMs
depended on the concentration of sucrose in the
medium and was more intense on media with a high
content of sucrose (Figs. 2 a, 2b, 3a—3c).

The reactions of micromycetes to the presence of
HDMs reflect the strategies of adaptation to unfavorable
environmental factors (fungal life style). Fungus
T. harzianum, characterized by a high growth rate, the
ability to form extensive colonies, and active sporula-
tion—both under optimal conditions and in the pres-

CONTEMPORARY PROBLEMS OF ECOLOGY  Vol. 16

ence of HMs—was more resistant to the action of Zn
and Pb at a higher content of available carbon in the
medium. These characteristics make it possible to
classify the fungus 7. harzianum as an r-strategist.
Phytopathogenic melanized fungus A. alternata, on
the contrary, was more resistant on media with a
reduced content of available carbon and showed a pro-
nounced resistance to the action of Cu, which acti-
vated the sporulation of the fungus. The high stability
of A. alternata to the action of Cu can also be associ-
ated with the presence of melanin, which is an effec-
tive copper biosorbent (Gadd and De Rome, 1988;
Rizzo et al., 1992; Caesar-Tonthat et al., 1995). Slow
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T. harzianum

F oxysporum T. harzianum

)

Fig. 4. Fixation of antagonistic properties of 7. harzianum paired with A. alternata: (a) on Czapek’s medium (control),
(b) Pb 0.01 g/L, (¢) Zn 0.01 g/L, and (d) Cu 0.01 g/L. Paired with F. oxysporum (e) on Czapek’s medium (control), (f) Pb 0.01 g/L,

A. alternata

(g) Zn 0.01 g/L, and (h) Cu 0.005 g/L.

A. alternata  C. rosea

E oxysporum

C. rosea

Fig. 5. Fixation of antagonistic properties of C. rosea paired with A. alternata (a) on Czapek’s medium (control), (b) Pb 0.01 g/L,
(c) Zn 0.05 g/L, and (d) Cu 0.005 g/L. Paired with F. oxysporum (e) on Czapek’s medium (control), (f) Pb 0.01 g/L, (g) Zn 0.05g/L,

and (h) Cu 0.01 g/L.

growing fungus C. rosea, which did not form extensive
colonies, was characterized by relatively high rates of
resistance to the action of all HMs that activated spor-
ulation of the fungus. Fungi A. alternata and C. rosea
are most likely K-strategists, responding to stress by
forming compact colonies and activating sporulation.

The intensity of spore formation is not always an
indicator of a negative impact. The percentage of sup-
pression of spore germination in swabs from colonies
of F oxysporum can serve as an indicator of the degree
of HM toxicity (Terekhova, 2007). Under natural con-
ditions, in the presence of nutrient components, HMs
can provoke an increase in the proportion of spore
biomass (Terekhova, 2007). In addition, environmen-

CONTEMPORARY PROBLEMS OF ECOLOGY  Vol. 16

tal conditions optimal for active spore formation may
differ from those favorable for colony growth (Marfen-
ina et al., 2010).

The published data discusses the specific mecha-
nisms of the toxic effect of HMs on fungal pathogens
and the reasons for the high resistance of this group of
fungi to the action of HMs (pathogen viability)
(Gajewska et al., 2022). Indeed, among the most
metal-resistant fungi, pathogenic species are most
often recorded (Table 2). Some exceptions, as noted
above, are representatives of the genus Trichoderma.
In our study, a nonpathogenic fungus C. rosea also
showed relatively high resistance to the action of Zn,
Pb, and Cu. Thus, the EC values of the studied HMs
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Table 2. Effective concentrations of HMs causing the 50% inhibition of biomass and diameter of filamentous fungus col-

onies (ECs)
Fungus type Place of isolation Pat.h (.)_ Incfubatlon Growth inhibition ECsy Reference
genicity | period, days
Cadmium (Cd)
Paecilomyces marquandii| Heavily contami- Yes 5 Biomass inhibition | 2.5 mM | Slabaet al., 2013
nated soil 281 mg/L
Verticillium cf. alboatrum| Heavily polluted pond| Yes 4 Biomass inhibition | 0.9 mM | Jaeckel et al., 2005
101 mg/L
Nickel (Ni)
Curvularia lunata Metal-free soil Yes 2 Biomass inhibition| 3 mM | Paraszkiewiczetal.,
176 mg/L | 2009
Paecilomyces marquandii| Heavily contami- Yes 5 Biomass inhibition| 3mM | Stabaet al., 2013
nated soil 176 mg/L
Copper (Cu)
Curvularia lunata Metal-free soil Yes 2 Biomass inhibition| 10 mM | Paraszkiewicz et al.,
636 mg/L | 2009
Paecilomyces marquandii| Heavily contami- Yes 5 Biomass inhibition | 4.5 mM | Slaba et al., 2013
nated soil 286 mg/L
Aspergillus niger Laboratory collection | Yes 10 Biomass inhibition | 0.5 mM | Sazanovaetal.,
32 mg/L | 2015
Alternaria alternata Infected plants Yes 6 Colony diameter 0.2mM |Oudaetal., 2014
33 mg/L
Alternaria alternata Metal-free soil Yes 7 Colony inhibition | 0.08 mM | Fedoseevaet al.,
5mg/L |2022
Trichoderma viride Metal-free soil No 4 Colony diameter 1.93 mM | Fedoseeva et al.,
123 mg/L | 2022
Lead (Pb)
Paecilomyces marquandii| Heavily contami- Yes 5 Biomass inhibition| 3.7 mM | Stabaet al., 2013
nated soil 767 mg/L
Alternaria alternata Metal-free soil Yes 7 Colony diameter | 1.16 mM | Fedoseeva et al.,
240 mg/L | 2022
Trichoderma viride Metal-free soil No 4 Colony diameter | 1.25 mM | Fedoseevaet al.,
259 mg/L | 2022
Zinc (Zn)
Curvularia lunata Metal-free soil Yes 2 Biomass inhibition | 17.5 mM | Paraszkiewicz et al.,
1150 mg/L| 2009
Paecilomyces marquandii| Heavily contami- Yes 5 Biomass inhibition | 12 mM | Stabaet al., 2013
nated soil 788 mg/L
Aspergillus niger Laboratory collection | Yes 10 Biomass inhibition| 2mM |Sazanovaetal.,
131 mg/L | 2015
for C. rosea were higher than the EC values for the CONCLUSIONS

phytopathogenic fungus F oxysporum.

Information about the individual resistance of
fungi to the action of HMs can help in understanding
the interspecies relationships within fungal soil com-
munities against the background of HM contamina-
tion. Thus, T. harzianum showed itself to be an active
territorial antagonist on media with Zn and Pb, but
not with Cu. Soil contamination with some HM cat-
ions can provoke a shift of fungal communities to the
elimination of forms that have suppressor activity
against phytopathogens.

CONTEMPORARY PROBLEMS OF ECOLOGY  Vol. 16

Based on the data on the effect of HMs on colony
growth, sporulation activity, and biomass accumula-
tion, it can be concluded that the three species 7. har-
zianum, A. alternata, and F. oxysporum proved to be the
most resistant to Pb and C. rosea proved to be the most
resistant to Zn. All studied micromycetes were charac-
terized by low resistance to Cu when compared to the
other two metals. Thus, the sample of micromycetes
showed different sensitivity to HMs. The high resis-
tance of 7. harzianum and C. rosea to the action of Zn
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and Pb increased with an increase in the content of
available carbon in the medium. The pairs A. alter-
nata—C. rosea and T. harzianum—C. rosea on media
with lower and higher carbon content, respectively,
exhibited the greatest resistance to the action of Cu.
Various effects of HMs on the growth, development,
and physiology of filamentous fungi emphasize that
HM toxicity depends not only on the type and con-
centration of metals, but also on the life style of fungi.
The ability to manifest antagonistic properties (espe-
cially as territorial antagonists) depends on at least two
factors: the growth rate of the fungus and the level of
HM resistance. Information about the species resis-
tance of fungi to the action of HMs is necessary to pre-
dict the development of relationships between patho-
genic and nonpathogenic species in fungal communi-
ties against the background of soil pollution.
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