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ABSTRACT. Anthropogenic pollution of the environment by plastic waste represents one of the most
serious environmental problems. Nanoplastics, particles smaller than 1000 nm, pose a particular dan-
ger, as their small size and high specific surface area result in high bioavailability and toxicity for a wide
range of aquatic organisms. Fungi are promising candidates for cleaning contaminated ecosystems due
to their metabolic capabilities for breaking down complex molecules. In this study, for the first time, we
experimentally investigated the ability of the micromycete, Lecanicillium coprophilum, to use nanopar-
ticles of synthetic polymers—polyvinyl chloride (PVC), polystyrene (PS), and polymethyl methacrylate
(PMMA)-as a growth substrate. Fluorescence microscopy and measurements of polymer concentrations
in the medium proved that this fungus can not only adsorb nanoplastics on the surface of its hyphae but
also metabolize them. Non-parametric analysis of variance (Kruskal-Wallis test) revealed statistically
significant differences in mycelial biomass accumulation in media containing different plastics at 10°C.
PS was the most favorable substrate for the growth of L. coprophilum. The median mycelial biomass
values demonstrated a consistent ranking of polymers by favorability: PS > PMMA > PVC, which
remained across different cultivation temperatures. This paper also discusses the enzymatic activity of
L. coprophilum and the potential contribution of enzymes, particularly lipases, to the biodegradation of
nanoplastics by this fungal species.
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1. Introduction surface area, NPs exhibit increased bioavailability and

toxicity for a wide range of aquatic organisms, includ-
ing heterotrophic unicellular organisms (Annenkov et
al., 2023) and photosynthetic diatoms (Sendra et al.,

The rapid development of the chemical, medi-
cal, and cosmetics industries has significantly improved

human life. However, it has had a negative conse-
quence: the release, often unintentional, of numer-
ous chemical substances into ecosystems, sometimes
with devastating effects. Anthropogenic pollution of
the environment with plastic waste is one of the most
serious global environmental problems. Nanoplastics
(NPs), particles smaller than 1000 nm, formed from the
fragmentation of macro- and microplastics, are of par-
ticular concern, as they are now present in all natural
environments. Due to their small size and high specific

2019; Palshin et al., 2020; Baudrimont et al., 2020). In
this context, the search for effective methods to neu-
tralize NPs is a relevant scientific challenge.
Bioremediation is one of the methods for combat-
ing chemical pollution. It involves biologically medi-
ated processes, through which undesirable compounds
are transformed, degraded, immobilized, and removed
from an ecosystem. Fungi are promising candidates for
this purpose, as they possess metabolic capabilities for
breaking down complex molecules, including chemi-
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cally stable macromolecules of industrial plastics, pesti-
cides, and pharmaceutical and cosmetic products. Some
fungi (Alternaria, Aspergillus, Cladosporium, Fusarium,
and Penicillium spp.) can degrade polyethylene, poly-
propylene, polyvinyl chloride, and other synthetic plas-
tics (Sanchez, 2020; Saeed et al., 2022; Khatua et al.,
2024; Ibrahim et al., 2024).

The use of fungi and other organisms for biore-
mediation must be combined with adherence to bio-
safety standards; the organisms used must not cause
adverse effects upon contact with humans. Fungi are
of great interest in this regard, as they exist in environ-
ments that surround humans, which inherently suggests
their harmlessness. Members of the genus Lecanicillium
are known as biocontrol agents (entomopathogens and
mycoparasites) (Goettel et al., 2008; Meng et al., 2022),
as well as for their biotechnological activity. Fungi of
this genus are considered plant protection agents (bio-
insecticides) due to their ability to infect insects, nem-
atodes, and harmful fungi (Goettel et al., 2008; Meng
et al., 2022). It has recently been demonstrated that
L. coprophilum can synthesize zinc oxide nanoparticles,
possessing an antimicrobial effect against plant-patho-
genic bacteria and fungi (Anuar et al., 2025). This study
was initiated by repeated observations of spontaneous
mycelial biomass growth in laboratory dispersions of
polyvinyl chloride (PVC) nanoparticles. The isolated
and identified micromycete belonged to the species
L. coprophilum. During the preparation of this paper
for submission, data on the ability of L. coprophilum to
degrade polyethylene have been published (Kheswa et
al., 2025). However, the ability of this fungal species to
utilize other types of plastics, especially in nano-form,
as a substrate has not been previously studied.

The aim of this study was to investigate the abil-
ity of the fungus L. coprophilum to use NPs, such as poly-
vinyl chloride (PVC), polystyrene (PS), and polymethyl
methacrylate (PMMA), as growth substrates.

2. Materials and methods

The synthesis of nanoparticles utilized PVC
(Russia, Usolye-Sibirskoye) with a molecular weight of
1600 kDa, PS (Merk, 192 kDa) and PMMA from dispos-
able spectrophotometer cuvettes (BRAND GMBH + CO
KG). Sodium dodecyl sulfate (SDS) was used without
prior purification. Tetrahydrofuran (THF) was boiled
with sodium wires under an argon atmosphere, filtered,
and distilled over LiAlH, under an argon. Acetone was
purified by distillation.

Dispersions of plastic nanoparticles were
obtained in accordance with previously developed
methods (Palshin et al., 2020; Annenkov et al., 2021).
Dibenzylfluorescein (DBF), which exhibits fluorescence
in the green region, was used to stain the nanoparticles.
A solution of the polymer and the fluorescent dye in tet-
rahydrofuran (acetone for PMMA) was added dropwise
to an intensively stirred aqueous SDS solution, followed
by stirring for 1 hour to allow the organic solvent to
evaporate. An excess of SDS was removed by centri-
fuging the dispersions, followed by re-suspending the
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nanoparticles in water and filtering through a syringe
filter with a pore size of 0.45 pum. Particle sizes were
measured by dynamic light scattering using a Photocor
Complex instrument. The polymer concentrations in
the obtained dispersions were determined using UV
spectroscopy for PS (a CM-2203 spectrofluorimeter)
and IR spectroscopy for PVC according to (Annenkov et
al., 2021). Particle sizes and initial dispersion concen-
trations are listed in Table 1.

The micromycete monoculture was isolated on
potato dextrose agar. Species identification was carried
out using the ITS1-2 molecular genetic marker (the
universally accepted DNA barcode for fungi). DNA was
extracted from the fungal monoculture using a modi-
fied Doyle and Dickson protocol (Doyle and Dickson,
1987). The ITS1-2 fragment was amplified using prim-
ers ITS1 F: 5-TCCGTAGGTGAACCTGCGG-3’ and ITS4
R: 5-TCCTCCGCTTATTGATATGC-3’ (White et al.,
1990). The parameters for 35 amplification cycles were
as follows: DNA pre-denaturation at 94°C—4 min, dena-
turation at 94°C-1 min, primer annealing at 55°C-1
min, and elongation at 72°C-1 min (5 minutes in the
final cycle). Sanger sequencing was performed at the
“Genomics” shared use center (Novosibirsk).

Themaximumlikelihood algorithmintheIQ-TREE
program (Nguyen et al., 2015; Kalyaanamoorthy et al.,
2017) was used to find the optimal model of nucleotide
substitution and construct a phylogenetic tree.

Based on the minimum value of the Bayesian
Information Criterion (BIC), the TIM2+F + G4 model
was selected as the best of nucleotide substitution.
Pairwise genetic distances were calculated using MEGA
6.06 (Tamura et al., 2013).

Light and fluorescence microscopy were per-
formed on an inverted MOTIC AE-31T microscope with
an HBO 103 W/2 OSRAM mercury lamp. A 470 nm
excitation filter (emission from 525 nm) was used to
induce green and yellow fluorescence.

The morphology of the fungus was studied using
a FEI Quanta 200 scanning electron microscope. For
this purpose, the fungal mycelium was divided into the
central upper part of the colony, the peripheral hyphae,
and the central inner part, which were put into cor-
responding Eppendorf tubes. The tubes were frozen
in liquid nitrogen and freeze-dried. The dried samples
were placed on an aluminum holder using double-sided
tape. A 20 nm gold layer was sputter-coated onto the
sample (Desktop Sputter and Carbon Coater DSCR).

Table 1. Characteristics of nanoplastic dispersions.

Polymer Concentration, mg/L Diameter,
Stock solution |Working solution nm
PVC 1856 100 94
PMMA 311 100 170
PS 859 100 208
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Cultivation of the fungus at different temperatures

To study the influence of NP type and tempera-
ture, NP dispersions with an identical polymer con-
centration of 100 mg/L were prepared. The prepared
dispersions were sterilized by autoclaving. Hyphae of
L. coprophilum were placed into the dispersions and cul-
tivated at 4, 10, and 25 °C. After 76 days of cultivation
in the NP dispersions, the mycelium was separated by
filtration. The residue on the filter was washed with
10 mL of distilled water and dried together with the
pre-weighed filter paper to determine the dry mass. For
statistical analysis, the non-parametric Kruskal-Wallis
test (for comparing three or more groups) was applied,
followed by Dunn’s post-hoc analysis with Holm-
Bonferroni correction.

Engzymatic Activity

The enzymatic activity of the fungus was
assessed at temperatures of 4°C, 10°C, and 25°C on
Petri dishes with selective media: amylase activity on
a starch-containing medium (Gopinath et al., 2005),
cellulase activity on a carboxymethylcellulose medium
(Sunitha et al., 2013), laccase activity on an ABTS
(2,2’-azino-bis(3-ethylthiazoline-6-sulfonate)) medium
(Ramirez et al., 2012), and lipase activity on a Tween-
20 medium (Gopinath et al., 2005). Protease activity
was determined using a skim milk medium (Ramirez
et al., 2012).

3. Results and discussion

During storage of non-sterile dispersions of PVC,
PS, and PMMA nanoparticles (without fungicidal or
bactericidal additives) at 10-11°C, a mass morpholog-
ically similar to fungal mycelium was visually detected
in the PVC samples after 1-2 months (Fig. 1). This phe-
nomenon was not observed in dispersions of the other
plastics.

The phylogenetic tree based on the ITS1-2
sequences from the studied fungus and sequences of
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Fig.1. The appearance of the mycelium-like mass form-
ing in aqueous dispersions of PVC nanoparticles at 10-11°C
(PVC concentration is 328 mg/L, diameter of particle is 96
nm).

other Lecanicillium species available in the GenBank
database demonstrates that the studied fungus reli-
ably belongs to the species L. coprophilum (Fig. 2). It is
identical to other members of this species isolated from
various sources (PP106253 and MH177616). Members
of L. coprophilum form a shared clade with the species
L. calimantanense and L. wallacei. The pairwise genetic
distances between L. coprophilum and L. calimantan-
ense and L. wallacei are 0.053 and 0.011, respectively.
Overall, genetic distances between different species of
the genus Lecanicillium range from 0.004 to 0.146.

The results of scanning electron microscopy are
shown in Fig. 3. Optimization of the sample preparation
protocol prevented the collapse of spores. We observed
smooth-walled mycelium and conidiophores with fusi-
form conidia (non-motile asexual spores), which corre-
sponds to the morphological description of the species.
We also observed swollen hyphae, which are one of
the distinctive morphological features distinguishing L.
coprophilum from L. calimantanense and L. wallacei (Su
et al., 2019).

Upon inoculation of the L. coprophilum mycelium
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Fig.2. The phylogenetic tree based on the ITS1-2 sequences using the IQTree program and a photograph of the L. coprophilum
culture. The studied species is highlighted in red in the tree. Statistical support values below 50% are not shown.
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fusiform conidia (b and c). Scale: (a) and (¢)-10 pm, (b)-1 pm.

into freshly prepared and sterilized polymer dispersions
(Fig. 4), the formation of visible fungal biomass after
76 days was observed for all studied plastic types—PS,
PVC, and PMMA. Analysis of the samples using fluo-
rescence microscopy (Fig. 5) visualized the interaction
between plastic nanoparticles and the L. coprophilum
mycelium. The images clearly indicated the green fluo-
rescence, corresponding to NP, which is uniformly dis-
tributed both on the surface and within internal regions
(Fig. 5-d). When the fungus grows in non-sterile condi-
tions with high concentrations of PVC nanoparticles,
areas of bright fluorescence are also observed on the
external surface of the hyphae, which may indicate local
adsorption of nanoparticles (Fig. 5-b). Noteworthy is
that the fluorescent dye (dibenzylfluorescein) was dis-
tributed within the nanoparticle mass in the course of
their synthesis, not merely on their surface, and it is not
washed out into the aqueous phase (Annenkov et al.,
2021). Therefore, such a uniform fluorescence distribu-
tion as shown in Fig. 5-d, f requires the nanoparticles to
be distributed inside the hyphae and/or to be degraded
with the following distribution of the fluorescent hydro-
phobic marker within the organism. Thus, the observed
dye distribution suggests that, in addition to passive
adsorption, there is an active process of nanoparticle
uptake. This observation serves as morphological evi-
dence of the fungus’s ability not only to colonize the
surface of nanoplastics but also to metabolize them.

Cultivation of L. coprophilum in nanoplastic
dispersions was accompanied by acidification of the
medium (pH decreases of 0.3-0.5 units) compared
to the control measurements (pH of PMMA disper-
sion-6.82, PVC-7.18, and PS-7.12). PS dispersions at
4°C (pH 6.71) showed the most pronounced change,
indicating active fungal metabolism. The observed
acidification could result from the excretion of organic
acids, which is characteristic of fungi when utilizing
complex substrates.

Measurement of the residual plastic concentra-
tion in the dispersions revealed a decrease of 10.7%,
17.3%, and 10.4% for PS, PVC, and PMMA, respec-
tively. These data are consistent with the fluorescence
microscopy results and indirectly suggest an active bio-
chemical degradation of the polymers by the fungus.
At the same time, the control experiment revealed that
fungal growth was also observed in an SDS solution,
which was used as a dispersion stabilizer. However, the
SDS concentration in the dispersions was an order of
magnitude lower (~30 times lower) than the NP con-
centration, and it was primarily concentrated on the
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Fig.4. Photographs of synthetic polymer dispersions
before (top) and after (bottom) inoculation with the L.

coprophilum fungus and incubation for 76 days at 10-11°C.
The initial nanoparticle concentration is 100 mg/L.

——
e 100um

Fig.5. Light and fluorescence micrographs of L. coprophi-
lum hyphae after growth in media containing NP stained with
a fluorescent dye: (a-b)-non-sterile PVC dispersion, (c-d)-
sterile PVC dispersion, and (e-f)-sterile PS dispersion. The
green fluorescence comes from NP particles. Scale: (a-b)-10
um, (c-d) — 20 um, and (e-f)-100 pm.
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particle surfaces to ensure their stability. The fluores-
cence microscopy data, indicating uniform intracellu-
lar localization of fluorescence, suggest that, despite
the potential metabolism of the stabilizer, the plastic
nanoparticles also serve as a substrate for fungal myce-
lial growth. Additional studies are required to unam-
biguously differentiate the contribution of the stabilizer
and the polymer particles to the fungus metabolism.

The Kruskal-Wallis test showed that the type of
polymer affects the accumulation of the L. coprophilum
mycelial biomass (Fig. 6). At 10°C, the differences were
statistically significant (H=7.20 and p=0.027). At 4°C
and 25°C, there was a pronounced trend toward differ-
ences (p=0.058 and p=0.066, respectively), which is
likely due to the limited sample size (n=3).

At all temperature regimes, PS promoted the
greatest biomass accumulation, followed by PMMA
and PVC. The obtained results indicate that PS is the
most favorable substrate for the growth of the studied
micromycete. This may be explained by differences in
the hydrophobicity and/or chemical structure of the
polymers that affect mycelial adhesion and subsequent
colonization and uptake. A post-hoc analysis using the
Holm-Bonferroni correction (Dunn’s test) revealed at
10°C a statistically significant difference in biomass
accumulation only between PVC and PS (Z = -2.683, p
= 0.022). The differences between the PMMA-PS (Z =
-1.342, p = 0.180) and PMMA-PVC (Z = 1.342,p =
0.180) pairs did not reach the level of statistical signif-
icance that is most likely due to the small sample size.

A study of the enzymatic activity of the L.
coprophilum fungus (Table 2) revealed hydrolase group
enzymes (amylase, lipase, and protease), among which,
lipase is of particular importance in the context of this
study. The activity of this enzyme, along with protease
and amylase, indirectly indicates that the fungus can
hydrolyze ester bonds, which is a fundamental mech-
anism for attacking synthetic polymers structurally
similar to the natural substrates of these enzymes. The
relatively high extracellular activity of lipase and pro-
tease, which was observed at 4°C against a background

Table 2. Enzymatic activity of the L. coprophilum fungus

1.8
1.6
1.4
1.2

B4 °C
§10 °C
@25 °C

Z

MMM

0.8
0.6
0.4
0.2

Weight, g

PVC

Plastic type

Fig.6. Comparative analysis of mycelial biomass accumu-
lation by L. coprophilum in PVC, PMMA, and PS nanoparticle
dispersions at 4, 10, and 25°C. Median values are shown. *-
at 10°C, the differences are statistically significant (post-hoc
analysis using the Holm-Bonferroni correction (Dunn’s test),
p=0.022).

PS

of absent or low biomass increase, suggests an adap-
tive orientation of the L. coprophilum metabolism under
these conditions. In this scenario, the colony primarily
secretes exoenzymes rather than focusing on growth.
Overall, the high extracellular lipase activity suggests
that this enzyme may play a key role in the degradation
of PMMA, which contains ester groups.

While some other fungi that had been studied
using the same methodology showed a positive reac-
tion for laccases (Polyakova et al., 2025), the investi-
gated L. coprophilum did not exhibit laccase activity. At
the same time, in some studies, laccases and related
oxidative enzymes were considered the key initial cata-
lysts for the biodegradation of PVC (Kirbas et al., 1999;
Zhang et al., 2022; Temporiti et al., 2022). Perhaps L.
coprophilum employs a fundamentally different non-ox-
idative mechanism of plastics degradation.

Enzyme type Substrate Temperature, °C Diameter, MM
Colony Reaction zone
Amylases Starch 4 0 0
10 10.3+0.4 16.7£0.5
25 30.3x1.4 32.3x1.4
Cellulases Carboxymethylcellulose 4 0 0
10 0 0
25 0 0
Laccases ABTS 4 0 0
10 0 0
25 0 0
Lipases Tween 20 4 0 30.3x1.5
10 13.8+0.4 33.7%x1.2
25 26.6£0.5 47.3+0.8
Proteases Skim milk 4 8.3+0.5 22.7+1.0
10 14.8+1.0 30.0+0.9
25 37.3x0.5 54.5*+0.6
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4. Conclusions

For the first time, we experimentally investi-
gated the ability of the L. coprophilum micromycete to
use nanoparticles of synthetic polymers, namely, poly-
vinyl chloride (PVC), polystyrene (PS), and polymethyl
methacrylate (PMMA), as a substrate for growth. This
study revealed that this fungal species is capable not
only of adsorbing NPs on the hyphal surface but also of
incorporating them into its metabolism. Fluorescence
microscopy data, which demonstrated the intracellu-
lar localization of particles, as well as a decrease in
polymer concentration in the medium, confirmed this
result.

The accumulation of mycelial biomass depended
on both the polymer type and the temperature. In
particular, there was a significant difference between
PS and PVC in biomass quantity at 10°C. Notably, PS
supported consistently high fungal growth at all tem-
peratures studied (from 4 to 25°C). For the other two
plastics (PVC and PMMA), visual analysis of the data
indicated a trend towards maximum biomass accumu-
lation at 10°C. The median mycelial biomass values
demonstrate a consistent ranking of polymers in terms
of favorability: PS > PMMA > PVC, which remains
constant across all cultivation temperatures. However,
additional experiments with an increased number of
replicates are required to confirm the optimal growth
temperature on these substrates.

The relatively high extracellular activity of
hydrolytic enzymes, particularly lipases, in L. coproph-
ilum indicates a potential ability to break down ester
and other chemical bonds in polymers. The absence of
activity of laccases in L. coprophilum, which are often
considered potential agents for the oxidative biodegra-
dation of plastics, suggests a likely alternative non-ox-
idative degradation mechanism. To date, the mecha-
nism of plastic biodegradation by various organisms
remains poorly understood, and our data also indicate
that it may proceed via several pathways.

Thus, this study demonstrates that L. coprophi-
lum, a widespread and biotechnologically significant
fungus, can utilize various types of nanoplastics as a
substrate. This opens prospects for considering it a
potential agent for the bioremediation of plastic pollu-
tion. To confirm the direct biodegradation process, elu-
cidate the biochemical mechanisms, and assess its effi-
cacy under real-world conditions, further research with
an increased sample size is necessary. The obtained
data contribute to understanding the ecological role of
micromycetes in the biogeochemical cycling of plas-
tics and expand the list of candidate organisms for the
development of environmental cleanup technologies.
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OpuruHanbHan craTbf

HaHonAacTMKM Kak cybcTpar AnA pocTa LIMNOLOGY
rpuba Lecanicillium coprophilum FRESHWATER
(Cordycipitaceae, Hypocreales) BIOLOGY
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| AHHenkoB B.B.!
MunueBa E.B.?2

, [ManpmuH B.A.'*", TanunosieBa E.H.!", TTossikoBa M.C.23,

T JTumHostoeudeckuti uHcmumym Cubupckozo omdesteHua Poccuiickotl axademuu Hayk, yit. Yaan-Bamopckaa, 3, Hpkymck, 664033,
Poccua

2 Batikabekuti My3seti Cubupckoeo omoesieHuA Poccutickoti akademuu Hayk, Y. Akademudeckas, 1, Jlucmasanka, 664520, Poccua

3 Cubupckuti uHcmumym ¢u3uostoeuu u 6uoxumuu pacmeruti Cubupckoeo omoesieHusA Poccutickoti akademuu Hayxk, yJt.
Jlepmonmoaa, 132, Hpxymck, 664033, Poccusa

AHHOTALIUA. AHTpONOreHHOe 3arps3HeHNle OKpYXalollell cpeAbl IJIACTUKOBBIMM OTXOAaMM Iped-
crapiiseT coboli oAHy U3 HauboJjlee cepbe3HBIX 9K0JIornieckux npobem. Ocobyio oracHOCTh IpeACTaB-
JIAIOT HaHOIUIACTUKU — dYacTUIlpl padMepoM MeHee 1000 HM, Tak Kak K3-3a CBOMX MAaJIbIX pasMepoB
1 BBICOKOU YJeJIbHOM MOBEPXHOCTH [JI HUX XapaKTepHa BbICOKasA OMOAOCTYIHOCTb U TOKCHUYHOCTb
JJIA MUPOKOro Kpyra ruApoOMOHTOB. MHOroob6emanuiiMi KaHAnAaTaMy I OYMCTKU 3arpsA3HEHHBIX
DKOCHUCTEM ABJAIOTCA I'PUOBI, TaK Kak OHM 00JafaroT MeTab0oJIMYeCKHMHU BO3MOXHOCTAMMU [JIA pac-
HIeIJIeHNs CJIOKHBIX MOJieKyJl. B naHHOI pabGoTe BliepBble 3KCIIEpPHMEHTAIBHO M3ydyeHa CIIOCOOHOCTh
MuKkpomurieTa Lecanicillium coprophilum ucrnosib30BaTh HAHOYACTUIIBI CMHTETUYECKUX IMOJIMMEPOB —
noyuBuHWIXJIOpHAa (I1BX), mosmcruposa (I1C) u monuMerunmerakpwiaata (IIMMA) — B kauyecTBe
cyberpara asis pocta. C moMorbsio (JIyopecieHTHON MUKPOCKOIIUY 1 yUeTa KOHIIEHTPAIMU ITOJIMMEPOB
B Ccpefle J0Ka3aHo, YTO JaHHBIN I'pub criocobeH He TOJIbKO aAcopOoupoBaTh HAHOILJIACTUKY Ha IOBEPXHO-
CTH CBOUX '@, HO U BOBJIEKaTh UX B CBOM MeTaboJin3M. HenmapameTpruueckuii AyCIIEpCUOHHBIN aHAIN3
(xputepuii Kpackea-YoJsuinca) BBISBUJI CTaTHUCTUYECKU 3HAUKMMBle pas3jidyis HaKOIJIeHUA 0HMOMacChl
MUIIeJINA B cpefle ¢ pa3HbBIMU ItacTukamu rnpu 10°C. HanGoJiee Gi1aronpusaTHEIM cyOcTpaToM AJid pocTa
L. coprophilum oxa3asics IIC. MenuaHHble 3HaUeHUsT GMOMAaCChl MULEJINA JEMOHCTPUPYIOT YCTONINBOE
paHXUpoBaHNe NOJIMMEPOB M0 cTeneHu oiaronpuatHocty: [IC > [IMMA > [1BX, coxpaHsommeecs Npu
Ppa3JIMYHBIX TeMIlepaTypax KyJbTUBHPOBaHUA. Takxe B paboTe oOCyxaaeTca GpepMeHTATUBHASA aKTHB-
HOCTb L. coprophilum v BO3MOXHBIN BKJaJ] GepMEHTOB, B YaCTHOCTH JIUMAa3, B OHOAerpafaliyio HaHO-
IJIaCTUKA AAaHHBIM BHUJIOM rpuba.

Kioueawie cnoea: HaHonactuk,6MopeMeuanus, MUKpPOMULIETHI, (GJIyOpecleHTHBIN KpacuTe lb

Jiisa mutupoBauusa: AHHeHKOB B.B., [Tanpmun B.A., [Janunosiesa E.H., [Tosakosa M.C., MunueBa E.B. HaHonsacTuku kak cy6-
crpaT asa pocra rpuba Lecanicillium coprophilum (Cordycipitaceae, Hypocreales) // Limnology and Freshwater Biology. 2025.
-Ne 6. - C. 1329-1342. DOI: 10.31951/2658-3518-2025-A-6-1329

1. Beepenue IJIACTUKOBHIMM OTXOJaMM TpeACcTaBjAeT cO00i OOHY

U3 HauboJiee Cepbe3HBIX IJIO0AJIBHBIX 3KOJIOTHMYECKUX
npo6JsieM. Ocobyio OMmacHOCTh NMPeNCTaB/IAIT HAaHOILIA-
ctuku (HIT) — uacTtuipl pasamepoMm MeHee 1000 HM,
obpasylolniuecsa mpu pparMeHTaIMM MaKpo- U MUKPO-
IUIAaCTUKOB U MPHUCYTCTBYIOIIHE YyXXe BO BCeX MPHUPOJI-
HBIX cpeflaX. M3-3a CBOMX MaJIbIX pa3MepOB U BBICOKOM
yIeJbHON ITOBEPXHOCTU HAHOIUIACTUKU JI€MOHCTPU-
PYIOT TOBBIIIEHHYI0 OMOOOCTYIMHOCTh W TOKCHUYHOCTH

BypHOoe pa3BUTHE XUMHYECKOH, MEIUINHCKOM,
KOCMETHYECKOU  MPOMBIIUIEHHOCTU  CYIIECTBEHHO
YJIyYIINJIO XU3Hb JIIOAEH, HO HEraTUBHBIM IOCJIEN-
CTBHEM 3TOrO CTAJIO IOMAJaHUe, 3a4YacTyl0 HeHaMe-
pEHHOEe, MHOXeCTBA XUMHYECKUX BEIIECTB B 3KOCH-
CTEMBI, MHOT/A C Pa3pyLIMTEbHBIMU ITOCJIECTBUAMU.
AHTpONOTEHHOE 3arpsi3HEHUE OKpYyXalolleil Cpembl
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A7 HIMPOKOr0 Kpyra rugpoOHOHTOB, BKJII0Yas OJIHO-
KJIETOYHBIX THJPOOMOHTOB, CIIOCOOHBIX K TIeTepoTpo-
dHOMY muTanuo (Annenkov et al., 2023) u porocun-
TEe3UPYIOLIMX IUAaTOMOBBIX BojopocJiel (Sendra et al.,
2019; Palshin et al., 2020; Baudrimont et al., 2020). B
3TOMN CBA3U MOUCK 3P(PeKTUBHBIX METOHNOB HeUTpaJiu-
3alM HAHOILIACTUKOB SIBJIIeTCS aKTyaJIbHOU Hay4YHOM!
3a/1aven.

BuopemMenuanus sBJisieTcss OAHUM U3 CIOCOOOB
O60pbOBl ¢ XMMHUYECKHMMU 3arpsi3HEHUsAMH, OHa BKJIIO-
yaeT OMOJIOTMYECKM ONOCPEeNOBAaHHBIE IIPOLIECCH, B
X0/le KOTOPBIX HexXeJlaTeJIbHble COeJUHEeHUs TpaHC-
dopmupyioTces, AerpagupyloT, CBA3BIBAIOTCA U yAasis-
I0TCA U3 3KocucTeMbl. ['prubbl ABJAIOTCA MHOroo0era-
IOMIMMHM KaHOAuAaTaMu [OJid 3TUX I[ejiel, IOCKOJIbKY
OHM 00J1alaloT MeTaboJUYeCKMMU BO3MOXHOCTAMMU
71 pacliensieHus CJI0XHBIX MOJIeKyJl, BKJIlo4asi XUMU-
Yyecku CcTabWJIbHblE MAaKpPOMOJIEKYJIBI IPOMBIIIIEHHBIX
IJTaCTUKOB, MeCTULUAL, (papmMalieBTHUeCcKre U KocMe-
TU4eckue npenapatel. OOHapyXkeHa CIIOCOOHOCTD psfa
rpuboB (Alternaria, Aspergillus, Cladosporium, Fusarium,
Penicillium spp.) pasjiaraTh MOJIU3TUJIEH, TOJHUIPOIU-
JIeH, TOJIMBUHUJIIXJIOPUM, U [OPYyrvue CHUHTETHUYECKHE
miactuku (Sanchez, 2020; Saeed et al., 2022; Khatua
et al., 2024; Ibrahim et al., 2024).

Hcnosnbp3oBaHue TrpubOB U JpPYTUX OpraHUs-
MOB B IleJiIX OuopeMeduanuu JOJDKHO COYETATHCA C
cobogeHreM HOpM 61106e3011acHOCTH, UCII0JIb3yeMble
OpPraHU3MBl He [IOJDKHBI BBI3bIBATh OTPUI[ATEJIBHBIX
3ddexToB B cilyuae KOHTaKTa ¢ yejoBeKoM. ['pubhl B
3TOM ILJIaHE NpPeJCTaBJIAIOT OOJIBIION HHTEpec, TakK
KakK CyIL[eCcTBYIOT B OKpY’Xalllell yejioBeka cpefe, 4To
npeponpenesseT ux 0e3BpegHocTb. [IpefcraBuTesnu
poaa Lecanicillium “3BeCTHHI KaK areHThl OMOKOHTPOJIA
(aHTOMOMaTOreHH M Mukomapasutsl) (Goettel et al.,
2008; Meng et al., 2022), a TakXe CBOell OGUOTEXHO-
JIOTUYECKON aKTHUBHOCTBIO. I'pubbl poja Lecanicillium
paccMaTpuBalOTCA B KauecTBe CPeACTB 3alluTHl pac-
TeHUU (O6MOMHCEKTUIUAOB), Garogaps CIOCOOHOCTU
nopaxarb HaceKOMbIX, HEMAaTOJ] M OHacHhIX I'puboB
(Goettel et al., 2008; Meng et al., 2022). HenaBHo
MoKasaHa crmocobHOCTh L. coprophilum cuHTe3UpOBaTh
HaHOYACTMIIBI OKCHJa I[MHKa, oOJiajiaioliiie aHTUMU-
KpoOHBIM 3¢ @eKToM MPOTUB NATOreHHBIX AJIA pacTe-
HUI G6akTepudi U rpubos (Anuar et al., 2025). JaHHOe
vccie/joBaHye ObLIO MHUIIMUPOBAHO MHOTOKPATHBIMU
HaOJIOeHUsAMU CIIOHTAaHHOTO POCTa MHUlleTUaIbHOMN
6uoMaccel B JIaOOpPaTOPHBIX AMCIEpPCUSAX HAHOYACTUII
noynuBuHMWIXJIopyuaa (I1BX). BeigesieHHBINT U UOeHTU-
puLUpPOBaHHBII MHKPOMHULIET MpUHAAJeXasl K BUAY
Lecanicillium coprophilum. B nepuoa MOATOTOBKU K
ny6MKalnuy JaHHOM CTaThU B JINTEpAType MOSBUJIUCH
JaHHbIe O crmocoOHOCTH L. coprophilum x gerpapanuu
noaustuiieHa (Kheswa et al., 2025). TeMm He MeHee CIIO-
CcOOGHOCTB 3TOr0 BHUAa IpubOB K MCIIOJIb30BAHUIO B Kaye-
CTBe cyOcTpara APYryux THUIIOB IJIACTMKOB, 0COOEHHO B
HaHo(doOpMe, paHee He U3yyaJack.

Llenpio mgaHHOI paboTH CTajo0 HcCCJieJoBaHUe
cnoco6HOocTH rpuba L. coprophilum wcnosb30BaTh
HaHOIUIAaCTUKU — nosyuBuHWiIxaopuf (I1BX), monuctu-
pon (IIC) u nmonumerunmerakpuiat (IIMMA) B kaue-
cTBe cybcTpaTa AJid pocTa.
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2. MaTepuanbl U MEeTOADI

JUiA cuHTe3a HaHO4YacTULl ucnosib3oBanu [1BX
(Poccus, Yconbe-Cubupckoe) ¢ MOJIEKYJIAPHOU Mac-
coit 1600 x[a, I[IC (Merk, 192 x/la) u IIMMA u3 ogto-
pas3oBeIX crekTpodoroMerpuueckux kioBeT (BRAND
GMBH + CO KG). Hogmemnuincynbdar Hatpusa (SDS)
Hcrosb3oBaiyu 0Oe3 IpeBapUTesIbHON IMOATOTOBKHU.
Terparuapodpypan (TI'®) kumaATUIM C HATPUEM B
atMocdepe aproHa, GuiabTpoBaId MU NEPErOHAIN
Hajg LiAlH, B atmocdepe aproHa. ANeTOH OuYMIaIA
[IeperoHKoM.

Jucnepcuy HaHOYACTUI] [JIACTUKOB IOJIyYasiu B
COOTBETCTBUU C paHee pa3pabOTaHHBIMU MeTOAUKaMU
(Palshin et al., 2020; Annenkov et al., 2021). J{sa okpa-
CKM HAHOYACTUI] NpUMeHAIn AubeH3uIdIiyopecrernH
(ABb®d), nyis koToporo xapakTtepHa (JiyopecLeHIUs B
3es1éHoN obs1actu. PacTBop mosimMepa u GJiyopeciieHT-
HOro Kpacutessg B TeTparugpodypasHe (aueToH A
[IMMA) po6aBiisid Mo KamisM K WHTEHCUBHO Iepe-
MelMBaeMoOMy BOAHOMY pacTBopy SDS, mocie uero
OCTaBJIAJIM IlepeMellllBaHKe Ha 1 yac [JiA uclapeHus
opraHuyeckoro pacrsopurenda. U36eitok SDS ynananu
1eHTpudyrupoBaHueM JUClepcruil ¢ MOocjieAyoMUM
[IOBTOPHBIM CyCIIeHAMpOBaHUEM HaHOYaCTUI] B BOJe
1 QUIBTPOBAHMEM 4epe3 MINPHULEeBON QUIbTP C gua-
MmeTpoM nop 0,45 MkM. Pasmepnl gacTul, U3Mepsaid
MeTO[OM AWHaMHUYeCKOro CBeTOopaccesHWs Ha IpH-
6ope Photocor Complex. KoHIeHTpamnuio mojuMepa
B IOJIyYEHHBIX AUCIEPCUSAX Olpefesisyld C IIOMOIIbI0
Y®-cnextpockonuu i [IC  (cnexkrpodiyopuMeTrp
CM-2203), HUK-cnextpockonuu misa IIBX corsacHo
(Annenkov et al., 2021). Pa3mepsl YyacTHUIl ¥ UCXO/THBIE
KOHI[eHTpaluu Qucnepcuil ykazaHsl B Tabmune 1.

BoigeneHne 4YHCTON KyJbTYpEL MHUKPOMHUIETA
IPOBOAWJIM Ha KapTodesbHO-TJIIOKO3HOM  arape.
BupoByto naeHTUGUKALNMIO0 IPOBOAWIIM 10 MOJIEKYJIAP-
Ho-reHeTnueckoMy Mapkepy ITS1-2 (obuienpuHATOMY
nasa rpubos JHK-6apkony). JHK skcrparuposaniu
M3 YUCTON KyJIbTYpHl rpubda mno moguduirpoBaHHON
Metoauke Jloita u [lukcoH (Doyle and Dickson, 1987).
®parmeHT ITS 1-2 amMmiuuuupoBanu ¢ IOMOIIBIO
npatimepoB ITS1 F: 5-TCCGTAGGTGAACCTGCGG-3’
u ITS4 R: 5’-TCCTCCGCTTATTGATATGC-3’ (White et
al.,, 1990). ITapamerps npu 35 nuKiIax amiUiaduka-
uu cienyomiue: npefgeHarypauus JHK npu 94°C - 4
MUH., fleHaTypauus rnpu 94°C — 1 MuH, OTXUT IIpaiiMe-
poB npu 55°C — 1 muH, asoHranus npu 72 °C — 1 MuH
(5 MuHyT Ha nocnemHeMm nukJe). CeKkBeHUpPOBaHUE
no CoHrepy BeINOJHANA Ha 0Oasze LIKII «['eHOMWMKa»
(r. HoBocubupck).

Ta6smna 1. XapakTepucTUKU JUCHEPCUI HAHOILIACTUKOB.

INosmumep KoHuenTpanuu, Mr/J Juamertp,
CTOKOBBII Pa6oumnii HM
pacTBop pacTBop
[1BX 1856 100 94
[IMMA 311 100 170
I1C 859 100 208
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OmnpepiesieHre ONTHMAaJbHOM MoOJeau HyKJle-
OTUIHBIX 3aMeH M MOCTpoeHue (UIOreHeTHYecKoro
nepeBa ayroputmMoM Maximum Likelihood mposo-
auu B mporpamMe IQ-TREE (Nguyen et al.,, 2015;
Kalyaanamoorthy et al., 2017).

B kadecTBe HamIyulell MoJes HyKJI€OTUAHBIX
3aMeH Ha OCHOBaHWM MHWHHMAaJIbHOTO 3HauyeHus Oail-
ecoBckoro nHdopmanuonHoro kpurepus (BIC) Oblia
BolOpaHa mopgesnb TIM2+F+ G4. IlomapHble reHeTu-
Yyeckye AVCTAHIMM pacCYMThIBaIX c¢ nomoibio MEGA
6.06 (Tamura et al., 2013).

CseToBas U QJiyopeclieHTHas MUKPOCKOIIUA IIPO-
BOAWJIACh Ha HMHBEpPTUPOBAaHHOM Mukpockorne MOTIC
AE-31T c pryTHoii tammnoii HBO 103 W/2 OSRAM. [lns
BO30yXJeHUA 3eJIEHOU U KeJITOM SMHCCUU HCIO0JIb30-
Basiu cBetoduiabTp 470 HM (UcnyckaHue ot 525 HM).

Mopdosoruio rpuba usyyasu Ha CKaHHUPY-
omeM dyekTpoHHoOM Mukpockone FEI Quanta 200.
Jia aToro munenuil rpuba OTAe/IAIN B SNIIeHA0POHI,
OTAEJIPHO IeHTPaJIbHyl0 BEPXHIO YacTb KOJIOHUH,
nepudepudeckre Tudbl U eHTPaJIbHYI0 BHYTPEHHIOI
4yacTh. ONneHAopdbl 3aMOpaXUBaJIM B JKUJKOM a3oTe
U CcymInaIy JuoduibHO. BeicyiieHHble o0pasipl pa3Me-
maayd Ha ajJloMUHHEBOM CTOJIMKE IIPU IOMOIIU ABYX-
CTOpPOHHero ckorda. CBepxy Ha oOpasel] HalbLIAIN
ciont 3osiota 20 HM (Desktop Sputter and Carbon
Coater DSCR).

Kynmvmugupoasatue
memnepamypax

JiA u3ydeHus BIWAHMA TUNAa HaHOIUIACTHKAa
U TeMmIepaTypsl TOTOBWJIM ANCIEPCUN HaHOILJIACTH-
KOB € OQUWHAKOBOM KOHIleHTpaluel mnosumMepos 100
Mmr/j. IlogroroBiyieHHBIE AUCIEPCUN CTepUIM30Bajd
aBTOKJIaBUpOBaHHeM. B aucnepcum nomemasny ru@bl
L. coprophilum wn xynpTuBupoBanu npu 4, 10 u 25
°C. Ilocye 76 OHell KyJbTUBUPOBAHUA B JUCIIEPCHUAX
HaHOIJIACTUKOB MUIEJINH OTAe/ AN (PUIbTPOBAHUEM.
Ocapok Ha ¢uiabTpe mpoMmbiBagu 10 MJI AUCTUILIN-
POBaHHON BOAB! M BHICYIIMBAJIU BMeCTe C IpeJiBapu-
TeJIbHO B3BellleHHON (UIbTPOBAaJIbHOU OyMaroil mjis
ompejesieHds CyxXoi Maccel. 1A CTaTUCTUYECKOro
aHajau3a IPUMEHAIN HelapaMeTpUuYeCcKuil KpUTepun
Kpackena-Yomnuca (Ana cpaBHeHUs Tpéx u 0OoJiee
T'PYII) C IOCJIeAYIOUYM MOCT-XOK aHaJInu30M 1o JJaHHY
¢ nonpaskoii Xoysma-BoHdpeppoHuU.

depmeHmMamueHas aKkmueHOCb

depMeHTaTUBHYI0 aKTHBHOCTh Ipuba oOIeHu-
Bayiu nipu temmneparype 4°C, 10°C u 25°C Ha yamkax
IleTpu c ceJIeKTUBHBIMM CpeJaMUy: aKTUBHOCTb aMH-
J1a3el Ha cpefie ¢ kpaxmasom (Gopinath et al., 2005),
1[eJUTI0JIa3kl — Ha cpejfie ¢ KapOOKCU-MeTUJILeJIJTI0JI030M
(Sunitha et al., 2013), akTUBHOCTbH JIaKKa3 ONpeAesIsIN
Ha cpefle ¢ ABTS (2,2’-azino-bis-(3-ethylthiazoline-6-
sulfonate) (Ramirez et al., 2012), akTUBHOCTH JIMIIA3bI
Ha cpefie ¢ Tween-20 (Gopinath et al., 2005). s omnpe-
JleJleHHs aKTMBHOCTU IIPOTea3 MCIO0JIb30BAJIM Cpefy C
ob6e3xupeHHBIM MoJiokoM (Ramirez et al., 2012).

epuba npu PasHbIxX

3. Pe3ynabTaTtbl M 06Ccy)xpeHue

[Ipu xpaHeHUY HECTEPUJIBHBIX AUCIIEPCUI HAHO-
yactur] [1BX, I1C u IIMMA (6e3 GyHruruHbx 1 6ax-
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TepuIUaHBIX f06aBok) rpu 10-11°C yepe3 1-2 mecsiia B
obpasnax [1BX 6bl71a BU3yaapbHO OOHapy’keHa Macca, o
mopdoJioruu cxoiHas ¢ rpubHeM MutlenveM (Puc. 1).
B mucnepcuax Apyrux IJIacTMKOB NOAOOHOe sBJIEHHE
He ObJIO OTMEeUeHO.

Ha dwuiorenernyeckoM JpeBe, IOCTPOEHHOM
Ha OcHOBe mocjiefoBaTenbHOcTell ITS1-2, mosyuyeH-
HBIX OT HCCJIE[JOBaHHOIO rpuba U mocjieoBaTesIbHO-
creii Apyrux BuAOB poaa Lecanicillium, mOCTymHBIX
B 6ase manHbX GenBank, BHOHO, YTO HCCJI€yeMBIH
rpub IOCTOBEpPHO OTHOcUTCA K Buny L. coprophilum
(Puc. 2), 6yayun HOeHTUYHBIM JpPyTUM I[pe/iCTaBU-
TeJIAM 5TOr0 BH[A, M30JIMPOBAaHHBEIM W3 Pa3IM4HBIX
ncrounukos (PP106253, MH177616). Ilpencrasurenu
L. coprophilum o6pa3yT COBMECTHYIO KJIa[ly C BUOAMU
L. calimantanense w L. wallacei. TlomapHble TeHETU-
Yyeckue OUCTAHIUU Mexny Bumgamu L. coprophilum n
L. calimantanense n L. wallacei coctasnsor 0,053 u
0,011 cooTBeTCcTBEHHO. B mesoMm, reHeTUuYecKue JKC-
TAHIMY MeXAy pa3HeIMU BuAamMu poma Lecanicillium
BapbUpyloT B Ipefesnax ot 0,004 go 0,146.

Pe3ysibTaThl CKaHUPYIOLIEH 3JIeKTPOHHON MUKPO-
CKOIIMU TpeAcTaBiieHbl Ha PucyHke 3. OntumMusanus
METOAVKU IIPOOONOATOTOBKH I03BOJIMJIA K30exaTh
KoJL1ancupoBaHusa crnop. Mel Habtofanu rjaaaKkocTeH-
HBII MULeJUHA U KOHUAMOGMOPH C BepeTeHOBUIHBEIMU
KOHUAYAMU (HeOABMXXHBIMU clIopaMu 6ecroJioro pas-
MHOXEHH:), 4TO COOTBETCTByeT MOPQOJIOrUiecKOMY
onucaHuio Buaa. Takxke Mbl HaOaogaau B3OyThle
rusl, KOTOpble ABJIAIOTCA OJHUM U3 OTJINYUTEJbHBIX
Mop®oI0rnYeckux BUIOBBIX IPU3HAKOB L. coprophilum
ot L. calimantanense u L. wallacei (Su et al., 2019).

[Tpu noceBe munenus L. coprophilum B cBexe-
[IPUTOTOBJICHHBlE W CTEepUJIM30BaHHBIE AUCIIEPCUU
nosiumepoB (Puc. 4) dbopMmupoBaHue BUAVMMONI TI'pub-
HOI Macchl yepe3 76 QHell oTMeueHO AJiA BCexX Ucciie-
ayeMbix TinoB miactuka — I1C, IIBX u IIMMA. Axanus
00pasIoB ¢ MOMOIIbI0 (GJIyopeclieHTHON MUKPOCKONUHU
(Puc. 5) no3Bosyna BU3yaJIu3UpoOBaTh B3auMO/IeliCTBLIE
HaHOYACTUIl IUTacTUKA ¢ MuresueM L. coprophilum. Ha
n300paxeHraX 4ETKO BHUJHO 3eJIeHOe CBeueHHe, COOT-
BeTCTBYyIOIllee HAHOIUJIACTUKY, KOTOPHIYI paBHOMEPHO
pacrpefieJiéeH KaKk CHapyX{, TaKk U BO BHYTPEeHHUX
obnactsax (Puc. 5-r). Korga xe rpub ¢opmupyercs B
HeCTepUJIbHBIX YCJIOBUAX C BBICOKOM KOHIleHTpauuen
HaHouactul] [IBX, B goOaBjieHre Ha BHeIIHell MOBeX-
Hoctu rud HabmopaTcsa objacTu sApkon ¢Jiyopec-

&

Puc.1. BuemHuil Buj Muneauii-nogqo6Ho Maccel, obpa-
3ylollelici B BOAHBIX Aucnepcusx HaHouactur] IIBX npu
10-11°C (Konnenrtpauus IIBX 328 wmr/n, nuaMerp 4acTuil
96 HM).
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PP106253_Lecanicillium_coprophilum_MS2
98.6/100 |MH177616_Lecanicillium_coprophilum_TBS415
PQ128358_Lecanicillium_coprophilum_B_231
97.4/100 AB360356_Lecanicillium_kalimantanense
NR_111267_Lecanicillium_wallacei_CBS_101237
93/97,PP549998_Lecanicillium_fusisporum_ICAR_NBAIR_VL8
JN255572_Lecanicillium_araneicola_LI_1
JQ764778_Lecanicillium_tenuipes_15B
AJ292464 _Lecanicillium_aranearum
94.9/97 MH859668_Lecanicillium_flavidum_CBS_300_70D
—@ PP182408_Lecanicillium_fungicola_var_aleophilum_DC_262
PP182307_Lecanicillium_fungicola_var_fungicola

EF641893_Lecanicillium_acerosum_CBS_41

= ____

AJ292396_Simplicillium_lanosoniveum

0.04

L_—NR_119418_Lecanicillium_primulinum_JCM_18525

MH861888_Lecanicillium_antillanum_CBS_350_85
KR866082_Lecanicillium_psalliotae
PP564874_Lecanicillium_aphanocladii_Tr247
PP732308_Lecanicillium_dimorphum_BEOFB0470301
PQ678799_Lecanicillium_saksenae_AS3
OP585577_Lecanicillium_uredinophilum_CBF16
KC633233_Lecanicillium_sabanensis_JCh021
EF192939_Lecanicillium_attenuatum
FJ515771_Lecanicillium_lecanii_ICAL_7
DQ007050_Lecanicillium_muscarium_VL72
MT004829_Lecanicillium_pissodis_BBC7
MH855713_Lecanicillium_longisporum_CBS_384_35

Puc.2. ®unoreHeTnueckoe gepeBo, IOCTPOEHHOE Ha OCHOBe mocJiefoBaTesibHocTell ITS1-2 B nporpamme IQTree u ¢oTorpa-
dusa kynbrypsl L. coprophilum. ViccneayeMslil BUZ BbljeJIeH Ha JpeBe KPACHBIM IIBETOM. 3HAYEHUs CTAaTUCTHYECKON MOAAEePKKHU

< 50% He noKa3aHHI.

L[eHIIM, YTO MOXEeT CBHUJETeJIbCTBOBATh O JIOKAJIbHOM
aacop6iun HaHovacTtul. (Puc. 5-6). BaxXHO OTMeTHUTb,
yTo (iIyopecueHTHBIN KpacuTesib (aubeH3uIdIyopec-
IlerH) paclpejesieH B Macce HaHOYACTUI] Ha CTaguu
UX MOJIy4eHUs, a He Ha UX [IOBEPXHOCTU U He BHIMBIBA-
eTcs B BogHyIo da3y (Annenkov et al., 2021). I[ToaTomy
JJI1 TAKOTO PaBHOMEPHOI'O paclpejesieHHs CBeYeHNs,
Kak Mokas3aHo Ha Puc. 5-r, He0OX0AUMO paclpeneanTh
HaHOYACTUIIB BHYTpU r'ud 1/WIM NOABEPrHyTh UX pas-
JIOXKEHHUI0 C MOCJeyIluM pacnpejeyieHueM ¢Jryo-
pecuieHTHOU ruApo¢dOoOHON METKH BHYTPU OpraHu3Ma.
Takum obpaszoM, HabsofaeMoe pacipefesieHUe Kpa-
CUTeJIsI NO3BOJIAeT IPeANOJIOKUTh, YTO IOMHUMO Iac-
CHUBHOH aJicopOIMY, UMEeT MeCTO aKTHUBHBIM IMpoIiecc
MOTJIOL[eH!WA HaHO4YacCTUI[. JTO HaOJIoAeHHe CJIyXUT
MOpP(}OJIOTUUECKUM  CBUAETEJIbCTBOM  CIIOCOOHOCTHU
rpuba He IPOCTO KOJIOHM3UPOBATh [IOBEPXHOCTh HaHO-
[JIACTUKOB, HO U BOBJIEKaTh X B CBOM MeTabO0JIU3M.
KynbruBupoBanue L. coprophilum B nucnep-
CHAX HAaHOILJIACTUKOB COIIPOBOXAAJIOCh MTOJKMCIIEHHEM
cpensl (cumwxenne pH Ha 0,3-0,5 equnui) mo cpaBHe-
HUIO C KOHTPOJIbHBIMU u3MepeHusiMu (pH aucnepcuit
IIMMA - 6,82, IIBX - 7,18 u IIC - 7,12). HauboJee
BEIpaXXeHOe M3MeHeHe NPOoABJIAIOCh B ciIyyae quciep-
cuti IIC npu 4°C (pH 6,71), 3TO yka3biBaeT Ha aKTHB-
HBIN MeTabosim3m rpuba. HabsojaeMoe moKucieHue

Puc.3. Mukpodotorpadpuu COM riagkoCcTeHHOro Murenus L.

MOXeT OBbIThb CJIe[ICTBHEM SKCKpell OpraHUYecKux
KHCJIOT, XapaKTePHOU [AJiA TpubOOB MPU YTHUIIU3ALUU
CJIOXKHBIX CyOCTpPaTOB.

OmnpepiesieHre OCTaTOYHOU KOHI|EHTpaluM ILjia-
CTHKa B AUCIEpCUAX IIOKa3ajio eé yMeHbllleHue Ha
10,7, 17,3 u 10,4% pjia IIC, TIBX u IIMMA cooTBeT-
CTBEHHO. JTU JaHHBIEe COIJIACylTCs C pe3yJibTaTaMu
(dyopecrieHTHOM MUKPOCKONMM U KOCBEHHO YyKa-
3BIBAIOT Ha aKTUBHYH OHOXMMUYECKYI0 Jerpafaljuio
oiMepoB rpuboM. I1py 5TOM KOHTPOJIBHBI dKCIlepu-
MEeHT IOKa3aJi, YTO pPOCT rpuba Takxke Habogaaca u
B pacTtBope SDS, KOTOPHI{I KCIOJIb30BAJICS B KauecTBe
crabunusatopa aucnepcun. OAQHAKO KOHI[EHTpaIUA
SDS B gucnepcusax Ha NOPAJNOK Hirke (nmpumepHo B 30
pa3 MeHbllle), yeM KOHI|eHTpalusa HaHOIUIaCTHKa, U
OH OBLJI IPeUMYIeCTBEHHO COCpeJOTOYeH Ha IOBepx-
HOCTM dYacTull AJig obeclieyeHHUs NX YCTOMYMBOCTH.
JaHHble ¢JiyopeciieHTHON MUKPOCKONUY, JeMOHCTPH-
pyioliiiie BHyTPUKJIETOUYHYI0 PaBHOMEPHYI JIOKasIn3a-
1yio GJIyopeclieHIINY, T03BOJIAIT NPeNoJIOKUTh, YTO
HEeCMOTps Ha BO3MOXHOCTh MeTabosiM3Ma cTabuimnsa-
TOpa, HAHOYACTUI[BI IJIaCTHKa Takxe cjIyXaT cybcTpa-
TOM AJIA pocTa rpubHOro Mutesnus. 111 oJHO3HaYHOT O
pasrpaHuuyeHHs Bkjaja crabususaropa U IoJUMep-
HBIX 4acTUl] B MeTabosm3M rpuba TpeOyoTCcA OOMOJI-
HUTeJIbHbIe HCCIeJOBaHMUs.

coprophilum (a), B3AyTeIX rid ¥ KOHUANOPOP C BEpETEHOBU-

HBIMM KoHuauAMU (6 u B). Macmrab: (a) u (B) — 10 MM, (6) — 1 MKM.
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Kpurepuii Kpackesa-Yosuinca nokasas, 4TO THI
noJjiMMepa OKasblBaeT BJIMSHWE Ha HaKoIlJIeHue Ouo-
Macchl munenus L. coprophilum (Puc. 6). Ilpu Temnepa-
Type 10°C pasnuuusa ObUIN CTaTUCTUYECKH 3HAUMMBIMU
(H=7,20, p=0,027). IIpu 4°C u 25°C nHabioganach
BBIpaXXeHHas TeHAeHNUs K pazauuusaMm (p=0,058 u
p=0,066 COOTBETCTBEHHO), YTO, BEPOATHO, CBA3AHO
¢ orpaHUyYeHHBIM oOBeMoM BbIOOpPKH (n=3). Bo Bcex
TeMmnepaTypHbix pexumax IIC crnocoGcTBOBajl Hawu-
60JiblIIeMy HaKOILIEHHI0 OOMAaccCHl, 3a HUM CJIeJ0BaJIN
I[IMMA wu IIBX. [osyyeHHbIe pe3yJIbTaThl YKa3bIBAIOT
Ha 1O, uTOo IIC ABnAeTca Haubosiee 6JIArONPUATHBIM
cyOcTpaToM A pocTa HccjiefyeMOoro MHUKPOMMUIIETa.
OTO MOXeT OOBACHATHCA Pa3IUUUAMU B rUAPODOOHO-
CTU W/WIN XUMHUYECKON CTPYKType IOJIMMEpOB, YTO
BJIMAET Ha a[re3uio U MOCJIeAyIOUIyl0 KOJIOHU3aLWI0 U
norJionieHue MunenueM. [TocT-xok aHaau3 C MOMNpas-
kxoii Xonma-BoHdeppoHu (kputepuil JJaHHa) BBIABUIIL,
yto npu 10°C craTucTHYecKM 3HAYMMOe pasjinuue B
HaKoIUIeHUM Onomacchl HabloJaeTca TOJIBKO MeXAy
I[IBX u IIC (Z = -2,683, p = 0,022). Paznuuusa Mexay
napamu [IMMA-ITIC (Z = -1,342, p = 0,180) u IIMMA-
IIBX (Z = 1,342, p = 0,180) He moCTUTJIM YPOBHA CTa-
TUCTUYECKOHN 3HAUYMMOCTH, YTO CKOpee Bcero 0ObACH:A-
eTcsa MaJIbiM 00beMOM BBIOOPKH.

N3yueHne pepMeHTaTUBHOM aKTUBHOCTH Ipuba
L. coprophilum nokasaso (Tabouia 2) HaJuyue akTUB-
HOCTH (pepMeHTOB M3 TIpynmbl ruapoJas (amMmuiasel,
Jmnassl 4 IpoTeassl), cpeild KOTOPHIX 0co0oe 3HaueHue
B KOHTEKCTe OaHHOIO HCCJIeJOBaHUA HMeeT JIuIasa.
AKTHBHOCTB 3TOro (pepMeHTa, HapAAy C IIpPOTeasoil U
aMmJa30l, KOCBEHHO CBUETEJIbCTBYEeT O CIIOCOOHOCTH
rpuba K ruipon3y cJI0XHO3(UPHBIX CBA3€el, YTO ABJIA-
eTca ¢pyHAAMeHTaJIbHBIM MeXaHU3MOM J[JiA aTaku Ha
CHUHTeTHYecKHe MOJIMMepHl, OJM3Kue MO CTPYKType K
MIPUPOAHBIM cyOCcTpaTaM 3TUX (pepMeHTOB. J[oCTaTOYHO
BBICOKAas aKTUBHOCTb BHEKJIETOYHBIX JIWMA3bl U TPO-
Tea3sl npu 4°C, HabsoaeMass Ha (QOHe OTCYTCTBUSA
WIN HU3KOTO NpHUpocTa OGuoMacchl, CBUAETEJIbCTBYyeT
06 ajanTUBHOU HalpaBJieHHOCTH MeTabosusma L.
coprophilum B [aHHBIX YCJIOBUAX, TaK KaK KOJIOHUA B
OoJiblllell CTelleHU CeKpeTHpyeT 3K30(epMeHTH], a He
pacter. B mesom, BBICOKas BHeKJIeTOYHaA JiUNaszHasd
aKTHUBHOCTb I0O3BOJIAET IPEANOJIOKUTh, YTO AAHHBIN
depmeHT MOXxeT UrpaTh KJII0UeBYI0 poJjb B erpajanuu
[IMMA, copepxaliero cj0XH03(dHpHbIE IPYIIIHL.

XoTa pAx Apyrux rpuboOB IPU HCIOJIb30BaHUU
TOM )Xe MeTONUKHU, YTO U B JAaHHOU paboTe, moKa3zaiu
MIOJIOKUTEJIBHYI0 peakiiiio Ha Jakkasbl (ITossikoBa u
ap., 2025), uccrnenyemsiii L. coprophilum He mokasast
aKTHMBHOCTU Jiakka3. B Toxe Bpemsa jakkasbl U 6Jm3-
KHe OKHCJIUTe bHble (epMeHTH B psAe paboT paccMa-
TPUBAIOTCA B KadeCTBe KJIIOYEBBIX, MCXOJHBIX KaTa-
auzatopoB 6uonerpamauuu IIBX (Kirbas et al., 1999;
Zhang et al., 2022; Temporiti et al., 2022). Bo3amoxHo,
L. coprophilum cBOICTBeHEH NPUHIUIINAIBHO HHOM,
He-OKCHJIaTUBHBIN MeXaHU3M AeCTPYKIUU IIJIaCTUKA.

4. BoiBOADI

B pesyspTaTe MNPOBEAEHHOTO UCCJIENOBAHUSA
BIIEPBbIe JKCIEPUMEHTAJIPHO M3y4YeHa CIIOCOOHOCTh
Mukpomunera L. coprophilum wvcnosbp3oBaTh HaHOYa-

PVC
PV23-pm784 |
129,11.23

Puc.4. ®otorpaduu  aucnepcuil = CHUHTETUYECKUX
nojuMepoB Ao (BBepxy) U mocjie (BHU3Y) IoceBa rpuba
L. coprophilum W BBIAEpXUBaHUA B TeueHWe 76 [HEN IpU
10-11°C. HavasnbHas KoHIleHTpanusa HaHovyacTul — 100 mr/J.

o | 100um

Puc.5. CseroBbie u ¢JiyopecleHTHbBe MUKpodoTOrpa-
¢uu rud L. coprophilum nocsie pocta B cpefie C OKpalIeHHBIM
dyopeciieHTHEIM KpacuTesjeM HaHomiactTukoM: (a-6) -
HecTepusibHasA qucnepcus I[1BX, (B-T) — crepusibHas aAucmep-
cus I1BX, (g-e) — crepuwibHas guctiepcus [IC. 3enénoe cBe-
yeHUe — (piIyopeciieHIUs YacTUl] HaHoIUlacTuka. Maciira6:
(a-6) — 10 MkwM, (B-1) — 20 MKM, (g-€) — 100 MKM.
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CTULBI CUHTETUYECKUX IOJIMMEPOB — IOJIMBUHUJIIXJIO-
puaa (IIBX), monmucrtuposa (IIC) u noammMmeTruaMera-
kpuaarta (IIMMA) — B kauecTBe cyOcTpaTa s pocTa.
YcraHoBJIeHO, YTO JaHHBIM Buj rpuba crnocobeH He
TOJIBKO afcopOUpoBaTh HAHOIUIACTUKU Ha IOBEPXHO-
cty rud, HO U BOBJIEKaThb UX B CBOM MeTabO0IM3M, 4TO
MIOATBepXaaeTcsA AAaHHBIMHU (JIyOpeCLleHTHON MHKpPO-
CKOIIMY, AEMOHCTpHUpYIOIlell BHYyTPUKJIETOUHYIO JIOKa-
JIM3aLMI0 YaCTUI[, a TaKXe CHIXEHUEM KOHI[eHTpalnuu
NOJINMEPOB B cpejie.

[TokasaHa 3aBHCUMOCTb HaKOIJIEHHS GHMOMAacChl
MULeJIMA U OT TUIA NoJIMMepa, U OT TeMIlepaTypsl. B
YacTHOCTH, AOCTOBepHas pasHuna npu 10°C B koiu-
yecTBe Ouomacchl Habmwomanace Mexay I[IC u IIBX.
ITpu stom IIC noamepxuBa cTabUJIBHO BBICOKUN POCT
rpuba Ipy BcexX HCcIefOBaHHBIX Temmeparypax (OT
4 no 25°C). [na nByx AOpyrux maactukoB — IIBX u
I[IMMA Bu3yaJibHBIII aHaIM3 JAaHHBIX ITOKa3blBaeT TeH-
JEHIMI0 K MaKCUMaJbHOMY HaKOIUIEHHI0 OHOMacChl
npu 10°C. MeauanHble 3HauYeHUs 6MOMAacChl MULIEINs
JeMOHCTPHPYIOT yCTOMUYNBOE paHXHMpOBaHUeE I0JIMMe-
poB 1o creneHu 6aaronpusatrHoctu: [IC > TIMMA >
[IBX, coxpaHsmwleecs IIpU Bcex TeMIepaTrypax KyJIbTU-
BUpoBaHusA. OQHAKO [JIA NOATBEPXAEHUA ONTUMAJIb-
HOM TeMmnepaTyphl pocTa Ha 3TuX cyOcTparax Tpeby-
I0TCs IONIOJIHUTEJIbHBIE SKCIIEPUMEHTHI € YBeJINYE€HHBIM
KOJIN4eCTBOM IIOBTOPHOCTEH.

JlocTaTOYHO BBICOKAs BHEKJIETOUHAsA aKTUBHOCTb
y L. coprophilum depmeHTOB M3 Kjacca rUApojas, B
0CO0EHHOCTH JINNas, CBUAETEJIbCTBYeT O NOTeHIMaJb-
HOH CIIOCOOGHOCTU K paclielyIeHHI0 CJI0XKHOI()UPHBIX U
JApYTUX XUMHUYeCKUX cBA3el B nojumepax. OTcyTcTBUE
aKTUBHOCTHU JIAKKa3, 4aCcTO paccMaTpUBaeMbIX B Kaye-
CTBe BO3MOXHBIX areHTOB OKHCJIUTEJIbHON Ouone-
CTPYKLUU ILIACTUKOB, y L. coprophilum ykasbiBaeT Ha
BO3MOXHOCTb HHOIO, He-OKCUJATUBHOIO MEXaHU3M
Jectpykuuu. Ha cerogHAmHuil AeHb, MeXaHU3M OUO-
JECTPYKLMU IUIACTUKOB Pa3/IMYHBIMU OpraHu3MaMu
MaJIo U3y4YeH M Halllu JaHHble TakKe yKasblBalOT, YTO
OH MOXeT MPOTEKATh [10 HECKOJIbKUM TPAeKTOPUAM.

@4 °C
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Twn nnactuka
Puc.6. CpaBHUTEJIbHBIN aHAJIN3 HaKOIJIEHUs 6roMacchl
mutienusa L. coprophilum B mucnepcusix HaHowactul] [IBX,
I[MMMA u I1IC npu 4, 10 u 25°C. IlpencraBiieHbl MeJUaHHbIE
3HaueHUA. * — mpu Temneparype 10°C pasinuusa CTaTUCTU-
YecKy 3HAYMMBI (IOCT-XOK aHa/JM3 C TMONpaBKoN XosMa-

Boudepponu (xpurepuii [lanna), p=0,022).

Ic

Takum obpaszom, pabora JeMOHCTpUPYeET, 4TO L.
coprophilum — MIMPOKO pacIpOCTPaHEHHBIN U GUOTEX-
HOJIOTUYeCKU 3HAQUUMBIN Irpub — o6Js1afjaeT crocoOHO-
CTHI0 UCIOJIb30BaTh B KauecTBe cyOCTpara pasjiInuHbe
TUNBl HAHOIUIACTUKOB. DTO OTKPHIBAET IepCleKTUBHI
JJI1 ero paccMOTpeHMs B KayecTBe IMOTeHI[UaJIbHOTO
areHTa AjA OvopeMenuanuy IJIaCTUKOBBIX 3arpssHe-
Huii. {714 moAaTBepXXJeHus MpAMOro Ipoliecca 6uofe-
rpajanuy, yCTaHOBJIEHUS OWOXMMHYECKHUX MeXaHU3-
MOB U olLleHKU 3()HEeKTUBHOCTU B peasibHBIX YCJIOBUAX
HeoOX0AMMBI JaJIbHeHIIe 1ccjieJOBaHNsA C yBeJInYeH-
HBIM 00bEMOM BBIOOpKU. [ToTyuyeHHBIE JaHHBIE BHOCAT
BKJIaJ] B MIOHMMaHUe 3KOJIOTMYeCKON POJIi MUKPOMMU-
I[eTOB B OMOreOXMMHUYECKOM IMKJIe MJIaCTUKOB U pac-
MMPSAIOT CIHUCOK OpPraHu3MOB-KaHAUAATOB Ui pa3pa-
OOTKM TEXHOJIOTUI 3KOJIOTMYECKOM OUYMCTKHU.

Ta6smmna 2. ®epMeHTaTUBHAS aKTUBHOCTD rpuba L. coprophilum

Tun pepMeHTa Cy6cTpar Temneparypa, °C JluamMeTp, MM
KOJIOHUH 30HBI peaKIuu
Awmntaser Kpaxman 4 0 0
10 10.3+0.4 16.7+0.5
25 30.3+1.4 32.3+1.4
[esuto1a3bt Kap6oxcu-MeTunesiosio3a 4 0 0
10 0 0
25 0 0
Jlaxka3sb ABTS 4 0 0
10 0 0
25 0 0
JIunasel Tween 20 4 0 30.3x1.5
10 13.8+0.4 33.7x1.2
25 26.6+0.5 47.3+0.8
[TpoTteass 0O6e3XrupeHHOe MOJIOKO 4 8.3+0.5 22.7*x1.0
10 14.8+1.0 30.0+0.9
25 37.3+x0.5 54.5+0.6

1341



AnHeHkoe B.B. u 0p. / Limnology and Freshwater Biology 2025 (6): 1329-1342

BbAaaropapHoOCTH

Pabota BBHITOJIHEHA npu noaaepxke
MuHucrtepcTBa HayKd U BbIcIero oOpa3oBaHuA
Poccutickoil ®enepanun, npoekt No 122012600070-9.

ABTOpH BBRIpaXawT OjarogapHOCTh Mapceso
KabunoBy (MXB®M CO PAH, LIKII «'eHOoMUKa») 3a 3KC-
IepTHbIe KOMMEHTapul U BCeCTOPOHHee o0CyXAeHue
pe3yJIbTaTOB, KOTOphle CIOCOOCTBOBAJIN YJIyUIIEHUIO
naHHOU pabortsl, a Takxke L[KII «YipTpamMuKpoaHains»
3a IIpefocTaBjieHHOe 00opyAoBaHue.

KoHpAUKT UHTEpecoB

ABTOpBI 3asABAIOT 00 OTCYTCTBUM KOH(MIIUKTA
WHTEpecoB.

CnucokK AuTeparypbl

ITonsakosa M.C., IlygoBkuna T.A., BepowBunu E.JI. u
ap. 2025. Hosas skosiormueckas Huina Paraphaeosphaeria
sporulosa: TakcoHoMus, (uioreHus U ¢GepMeHTaTUBHAA
aktuBHOCTh. B: Tesucwl pokiamoB VIII MexayHapoaHOM
Bepemarunckoii Baiikansckoi koHpepeHnuu 8-14 ceHTAOps
2025. Upkytck: U3pgatensctBo UT'Y, 469-470.

Annenkov V.V., Danilovtseva E.N., Zelinskiy S.N. et al.
2021. Submicro- and nanoplastics: how much can be expected
in water bodies? Environmental Pollution 278: 116910. DOI:
10.1016/j.envpol.2021.116910

Annenkov V.V., Pal’shin V.A., Annenkova N.V. et al.
2023. Uptake and effects of nanoplastics on the dinoflagel-
late Gymnodinium corollarium. Environmental Toxicology and
Chemistry 42(5):1124-1133. DOI: 10.1002/etc.5604

Anuar M.S.K., Khairuddin N.H., Zainal Z.S. et al. 2025.
Lecanicillium coprophilum-mediated green synthesis of zinc
oxide nanoparticles displaying antimicrobial activity against
important rice pathogens. Mycologia 117(5): 801-817. DOI:
10.1080/00275514.2025.2525718

Baudrimont M., Arini A., Guégan C. et al. 2020. Ecotoxicity
of polyethylene nanoplastics from the North Atlantic oceanic
gyre on freshwater and marine organisms (microalgae and
filter-feeding bivalves). Environmental Science and Pollution
Research 27: 3746-3755. DOI: 10.1007/s11356-019-04668-3

Doyle J.J., Dickson E.E. 1987. Preservation of plant sam-
ples for DNA restriction endonuclease analysis. Taxon 36:
715-722. DOI: 10.2307/1221122

Goettel M.S., Koike M., Kim J.J. et al. 2008. Potential
of Lecanicillium spp. for management of insects, nematodes
and plant diseases. Journal of Invertebrate Pathology 98(3):
256-261. DOI: 10.1016/].jip.2008.01.009

Gopinath S.C.B., Hilda A., Anbu P. 2005. Extracellular
enzymatic activity profiles in fungi isolated from oil-rich
environments. Mycoscience 46(2): 119-126. DOI: 10.1007/
S$10267-004-0221-9

Ibrahim S.S., Ionescu D., Grossart H.-P. 2024. Tapping
into fungal potential: Biodegradation of plastic and rubber by
potent Fungi. Science of The Total Environment 934: 173188.
DOI: 10.1016/j.scitotenv.2024.173188

Kalyaanamoorthy S., Minh B.Q., Wong T.K. et al. 2017.
ModelFinder: fast model selection for accurate phylogenetic
estimates. Nature methods 14(6): 587-589. DOI: 10.1038/
nmeth.4285

1342

Khatua S., Simal-Gandara J., Acharya K. 2024. Myco-
remediation of plastic pollution: current knowledge and
future prospects. Biodegradation 35(3): 249-279. DOI:
10.1007/510532-023-10053-2

Kheswa N., Gokul A., Dube N. 2025. Identification of
novel polyethylene-degrading fungi from South African land-
fill soils: Arthrographis kalrae, Lecanicillium coprophilum, and
Didymosphaeria variabile. Biodegradation 36(4): 71. DOI:
10.1007/510532-025-10170-0

Kirbas Z., Keskin N., Giiner A. 1999. Biodegradation of
Polyvinylchloride (PVC) by White Rot Fungi. Bull. Environ.
Contam. Toxicol 63: 335-342. DOI: 10.1007/s001289900985

Meng Y., Wellabada Hewage Don P.1.D., Wang D. 2022.
A new strain of Lecanicillium uredinophilum isolated from
Tibetan Plateau and its insecticidal activity. Microorganisms
10(9): 1832. DOI: 10.3390/microorganisms10091832

Nguyen L.-T., Schmidt H.A., von Haeseler A. et al. 2015.
IQ-TREE: a fast and effective stochastic algorithm for estimat-
ing maximume-likelihood phylogenies. Molecular biology and
evolution 32(1): 268-274. DOI: 10.1093/molbev/msu300

Palshin V.A., Danilovtseva E.N., Strelova M.S. et al. 2020.
Fluorescent nanoplastic particles: synthesis and influence on
diatoms. Limnology and Freshwater Biology 5: 1067-1072.
DOI: 10.31951/2658-3518-2020-A-5-1067

Ramirez M.G.C., Rivera-Rios J.M., Téllez-Jurado A.
et al. 2012. Screening for thermotolerant ligninolytic fungi
with laccase, lipase, and protease activity isolated in Mexico.
Journal of Environmental Management 95: S256-S259. DOI:
10.1016/j.jenvman.2010.10.045

Saeed S., Igbal A., Deeba F. 2022. Biodegradation study
of Polyethylene and PVC using naturally occurring plastic
degrading microbes. Archives of Microbiology 204: 497. DOIL:
10.1007/500203-022-03081-8

Sanchez C. 2020. Fungal potential for the degradation
of petroleum-based polymers: An overview of macro- and
microplastics biodegradation.Biotechnology Advances 40:
107501. DOI: 10.1016/j.biotechadv.2019.107501

Sendra M., Staffieri E., Yeste M.P. et al. 2019. Are the
primary characteristics of polystyrene nanoplastics respon-
sible for toxicity and ad/absorption in the marine diatom
Phaeodactylum tricornutum? Environmental Pollution 249:
610-619. DOI: 10.1016/j.envpol.2019.03.047

Su L., Zhu H., Guo Y. et al. 2019. Lecanicillium coprophi-
lum (Cordycipitaceae, Hypocreales), a new species of fungus
from the feces of Marmota monax in China. Phytotaxa 387(1):
55-62. DOI: 10.11646/PHYTOTAXA.387.1.4

Sunitha V.H., Devi D.N., Srinivas C. 2013. Extracellular
enzymatic activity of endophytic fungal strains isolated from
medicinal plants. World Journal of Agricultural Sciences 9(1):
01-09. DOI: 10.5829/idosi.wjas.2013.9.1.72148

Tamura K., Stecher G., Peterson D. et al. 2013. MEGA6:
molecular evolutionary genetics analysis version 6.0.
Molecular biology and evolution 30(12): 2725-2729. DOI:
10.1093/molbev/mst197

Temporiti M.E.E., Nicola L., Nielsen E. et al. 2022. Fungal
Enzymes Involved in Plastics Biodegradation. Microorganisms
10(6): 1180. DOI: 10.3390/microorganisms10061180

White T.J., Bruns T., Lee S. et al. 1990. Amplification and
direct sequencing of fungal ribosomal RNA genes for phylo-
genetics. PCR protocols: a guide to methods and applications
18(1): 315-322.

Zhang Z., Peng H., Yang D. et al. 2022. Polyvinyl chloride
degradation by a bacterium isolated from the gut of insect
larvae. Nature Communications 13:5360. DOI: 10.1038/
s41467-022-32903-y



https://doi.org/10.1016/j.envpol.2021.116910
https://doi.org/10.1002/etc.5604
https://doi.org/10.1080/00275514.2025.2525718
https://doi.org/10.1007/s11356-019-04668-3
https://doi.org/10.2307/1221122
https://doi.org/10.1016/j.jip.2008.01.009
https://doi.org/10.1007/S10267-004-0221-9
https://doi.org/10.1007/S10267-004-0221-9
https://doi.org/10.1016/j.scitotenv.2024.173188
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1007/s10532-023-10053-2
https://doi.org/10.1007/s10532-025-10170-0
https://doi.org/10.1007/s001289900985
https://doi.org/10.3390/microorganisms10091832
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.31951/2658-3518-2020-A-5-1067
https://doi.org/10.1016/j.jenvman.2010.10.045
https://doi.org/10.1007/s00203-022-03081-8
https://doi.org/10.1016/j.biotechadv.2019.107501
https://doi.org/10.1016/j.envpol.2019.03.047
https://doi.org/10.11646/PHYTOTAXA.387.1.4
https://doi.org/10.5829/idosi.wjas.2013.9.1.72148
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.3390/microorganisms10061180
https://doi.org/10.1038/s41467-022-32903-y
https://doi.org/10.1038/s41467-022-32903-y

	Nanoplastics as a substrate for fungal growth Lecanicillium coprophilum (Cordycipitaceae, Hypocreales
	1. Introduction

	2. Materials and methods

	3. Results and discussion

	4. Conclusions

	Acknowledgements

	Conflict of interest

	References


	Нанопластики как субстрат для роста гриба Lecanicillium coprophilum (Cordycipitaceae, Hypocreales
	1. Введение

	2. Материалы и методы

	3. Результаты и обсуждение

	4. Выводы

	Благодарности

	Конфликт интересов

	Список литературы



