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The material for this investigation was samples spoil tips of coal mines from the northern region of the Komi Re-
public (near the Vorkuta city). Samples were obtained from spoil tips of coal mines with different ages: formed
(exploited), 10-year-old, 20-year-old and 45-year-old. 39 species of microfungi from 29 genera were isolated. An
increase in the number, biomass and species diversity depending on the age of the spoil tips of coal mines were
shown. Species of the genera Botrytis, Cladosporium, Penicillium, and Pseudogymnoascus were identified both in
the spoil tips of coal mines and in the control soils of the southern tundra. Only in the control samples of soils
from the southern tundra species from the genera Cosmospora, Glaciozyma and some other were identified. Mod-
ification of micromycete complexes was also noted, depending on the age of the spoil tips of coal mines. It is
shown that microfungi complexes of the spoil tips of coal mines are much closer to each other than to the south-
ern tundra community those. The processes of the formation of the mycobiota which is characteristic of the nat-
ural soils of this region are extremely slow.
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INTRODUCTION

The northern region of the Komi Republic is in the
permafrost zone. Despite the severity of the subarctic
climate, this region has great economic importance
(Kuznetsov et al., 2016).

Vorkuta city is located in the southern tundra zone.
Despite the relative development and economic poten-
tial of this region, few studies have been devoted to the
mycobiota of the ecosystems of the Polar Urals and the
Urals. The soils of the northern, southern and moun-
tainous tundra (Stenina, 1974; Khabibullina, 2009;
Kirtsideli et al., 2010, 2011; Kovaleva et al., 2020) and
the soils subjected to agricultural development
(Khabibullina, Panyukov, 2010; Kovaleva et al., 2017)
were the most investigated soils. However, the territo-
ries that were affected by the greatest anthropogenic
impact, which include the territories associated with
coal mining, were the least investigated territories.
Thus, an investigation of the soil microbiota, plant
community, and soils in the area affected by the spoil
tip of the Vorkutinskaya coal mine is noted (Khabibul-
lina et al., 2015).

Coal mining is accompanied by the destruction of
natural ecosystems and the formation of new techno-
genic landscapes. Coal mining can spread over large
areas in the case of the long-term large-scale operation
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of mines and open pits. The discovery of the Pechora
coal basin dates to 1924, but its s development started
in 1931. At the peak of economic development in the
1980s, 13 mines functioned in Vorkuta and nearby vil-
lages. This proliferation led to the transformation of
significant areas of the city into various forms of land-
scape that consist of spoil tips of coal mines. Currently,
coal is mined in a closed way by the Zapolyarnaya,
Vorkutinskaya, Komsomolskaya, and Vorgashorskaya
mines, as well as by open pit mining at the Yunyaginsky
open pit. There is also the Pechorskaya Central Con-
centration Plant (Vorkuta.., 2011).

Some micromycetes are able to settle on rocky sub-
strates in natural and technogenic ecosystems (Vlasov
et al., 2005; Gadd, 2010). These technogenic ecosys-
tems include spoil tips of coal mines. In addition to the
lack of nutrients and water, microscopic fungi of spoil
tips, due to the subarctic climate, are subject to pro-
longed exposure to low temperatures, repeated cycles
of freezing and thawing, ultraviolet (UV) radiation and
low humidity (Ruisi et al., 2006).

The formation of spoil tips is associated with the re-
moval of deep mine heavy clay and sand-pebble rocks
to the surface. Due to this removal, the surface layer of
the spoil tip, whose heavy clay and sandy-pebble na-
ture is the primary substrate for the growth of micro-
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Table 1. Sampling locations

Samples Mine Horizons Coordinates Projective cover
Formed (exploited) spoil tip Pechorskaya CCP Not formed 67°30"18”N 63°40°44”E 0%
10-year-old spoil tip Zapolyarnaya 1 (0—10 cm) 67°29°31”N 63°46'54"E 0%
2 (10—40 cm)
20-year-old spoil tip Komsomolskaya 1 (0—10 cm) 67°33’09”N 63°50’40”E 1-2%
2 (10—40 cm)
45-year-old spoil tip Komsomolskaya 1 (0—10 cm) 67°35’51”N 63°50°06”E 15%
2 (10=20 cm)
3 (20—40 cm)
Control (soils of southern tundra) 1 (0—3 cm) 67°27°09.9”N 100%
64°01’08.3"E
2 (3—20 cm)
3 (20—50 cm)

fungi, is practically devoid of available organic matter.
Primary succession occurs with natural overgrowth of
waste dumps, and young technogenic soils are formed
(Egorova et al., 2013). Soil formation begins with the
weathering of the original rock, including weathering
due to biogenic weathering (Frouz et al., 2011). Simul-
taneously, microscopic fungi have a central role in the
formation of young soils and participate in biogenic
weathering and the formation of humus and mycorrhi-
za of plants-pioneers (Detheridge et al., 2018). Note
that the succession will proceed especially slowly in the
Arctic, since the northern ecosystems are more vulner-
able to technogenic impact and biological processes at
high latitudes are decelerated (Krause-Jensen, Duarte,
2014).

Due to the presence of soil tips that formed at dif-
ferent times, it is possible to study the biodiversity dy-
namics of microfungi in spoil tips over a sufficiently
long period of time. Note that reclamation was not car-
ried out on spoil tips in the Vorkuta region, which facil-
itates observation of the natural succession of spoil tips.

The purpose of this study was to explore the dynam-
ics of microscopic fungi complexes of spoil tips in coal
mines during the process of their overgrowth in the
southern tundra zone (Komi Republic).

MATERIALS AND METHODS

Sampling. The research materials were samples ob-
tained at the end of July 2019 from the spoil tips of the
Komsomolskaya and Zapolyarnaya coal mines and the
spoil tip of the Pechora Central Processing Plant near
the city of Vorkuta (67°30" N, 64°02” E). The samples
were obtained from 10-year-old, 20-year-old and
45-year-old spoil tips of the coal mines. Samples were
also taken from the spoil tip, which is still being ex-
ploited (formed). Soils of the southern tundra (dwarf-
willow-cotton tundra and grass-moss tundra) were
employed as the control. Geobotanical descriptions
were performed on the selected sites, soil profiles were
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constructed, and average samples of soils and spoil tips
rock were selected (Table 1).

Samples of rock and soil for mycological analysis
were collected in individual sterile 50-milliliter plastic
tubes. The depth of sampling was determined by the
soil horizons. All samples were stored at 4°C.

Isolation and identification. Fungi were isolated by
serial dilutions followed by sowing a soil or rock sus-
pension on a Czapek’s agar (CZA) (Raper, Thom,
1949; Goldman, Green, 2015). The fungi were culti-
vated in the dark at 20°C and 4°C. Chloramphenicol
(100 mg/L) was added to the culture medium to sup-
press the growth of bacteria. The initial identification
of fungal isolates was carried out based on the morpho-
logical characteristics using the most common deter-
minant after their isolation in a pure culture (Domsch
et al., 2007). For micromorphological examination,
microscopy by Carl Zeiss Axiolmager Al was em-
ployed.

Some isolates were also identified by molecular
methods. The cultures employed for molecular studies
were cultivated on Czapek’s agar (CZ) at 20°C for
14 days. Deoxyribonucleic acid (DNA) was extracted
by using a Diamond DNA Plant kit (ABT, Russia, Bar-
naul) according to the manufacturer’s instructions.
The internal transcribed spacer (ITS) region was ap-
plied as a phylogenetic marker. ITS rDNA region
(ITS1-5.8S—ITS2) was amplified using the poly-
merase chain reaction (PCR) primers ITS1 (5'-TCC-
GTA-GGT-GAA-CCT-TGC-GG-3") and ITS4 (5'-
TCC-TCC-GCT-TAT-TGA-TAT-GC-3") (White et
al., 1990). Upon completion of the amplification, the
samples were detected by an electrophoretic method in
1.5% agarose gel with GelRed. The obtained DNA
fragments were sequenced by the commercial company
BioBeagle (St. Petersburg, Russia) via the Sanger
method. Sequences were inspected and assembled us-
ing BioEdit version 7.1.9. Newly generated sequences
were compared to the available sequences in the Gen-
Ne 2
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Bank database (National Center for Biotechnology In-
formation, NCBI) by using the Basic Local Alignment
Search Tool (BLAST) instrument (http://blast.nc-
bi.nlm.nih.gov/Blast.cgi). In addition, the followed
criteria were applied to interpret the sequences from
the GenBank database: for query coverage and se-
quence identities 298 %, the genus and species were ac-
cepted; for query coverage and sequence identities be-
tween 95% and 97%, only the genus was accepted (Go-
dinho, 2013).

The names and positions of the taxa of microfungi
were unified using the database www.indexfungo-
rum.org/Names/fungic.asp.

Characterisation of the complexes of fungi. Colonies
were counted after 10 days (20°C) of cultivation and
30 days (4°C) of cultivation. Data on the total number
of micromycetes were expressed in colony-forming
units per 1 g of absolutely dry soil (CFU/g). Biomass
indicators were determined by luminescent microsco-
py in accordance with the generally accepted method
(Hoch et al., 2005). To characterise the structures of
fungal complexes, the relative abundance of species
and genera were employed (Magguran, 1988, 2004).

The Shannon index of Diversity and Pielou index
were utilised to characterise the structure of a fungi bi-
ota (Magguran, 1988, 2004). To study the similarity of
micromycete complexes, we used the tree clustering
method, where the distances between two clusters were
estimated using the Ward method (Ward, 1963). To es-
timate the expected number of species in areas studies
and the completeness of the study, we employed the
approach developed by the Gotelli, Colwell and Chao
(Colwell et al., 2012) based on an algorithm for gener-
ating samples.

Statistical processing was performed using the sta-
tistical software package MS Excel 2007, Statistica 10.0
and EstimateS 9.

RESULTS AND DISCUSSION

Analysis of the structures of microfungi complexes.
From the research, 39 species of microscopic fungi
were identified (Table 2); they belong to 29 genera. The
specific abundance of the main genera of fungi in the
spoil tips of the coal mines is shown in Figure 1.

Eight species were identified in the formed (exploit-
ed) spoil tip, which belongs to the genera Botrytis,
Cladosporium, Penicillium, and Pseudogymnoascus.
Isolates of the genera Botrytis and Penicillium account-
ed for 38% each, whereas Cladosporium accounted for —
18%. The genus Botrytis was represented by only one
species — Botrytis elliptica. The percentage of Pseudo-
gymnoascus pannorum isolates was 6%.

Representatives of 10 species from 9 genera were
identified in samples of a 10-year-old spoil tip. The
percentage of Pseudogymnoascus pannorum isolates was
30%. The percentage of micromycetes of the genus

MUKOJIOTHUA N ®PUTOIIATOJOTI A

TOM 55 No 2

%
100
90 other
Phoma
80 Neonectria
70 ® Glaciozyma
60 m Fusicolla
m Botrytis
30 Mucor
40 = Cladosporium
30 = Cosmospora
m Pseudogymnoascus
20 m Penicillium
10
0

Fig. 1. Specific abundance of isolates of the genera of mi-
cromycetes in spoil tips of coal mines.

Cladosporium was 17%, whereas that of the genus
Botrytis was 15%.

In the soil of a 20-year-old spoil tip, the species di-
versity of fungi increased to 16 species from 11 genera.
It was also dominated by the genus Pseudogymnoascus
and Cladosporium. The percentage of isolates of these
species was 24% and 18%, respectively, whereas the
percentage of isolates of the genus Penicillium was 18%.
A remarkable fact is the discovery of the acidophilic
species Acidea extrema in a 20-year-old spoil tip.

Earlier this species was detected in various extreme
ecosystems, such as the coal mines of the Czech Re-
public and Antarctic deserts and tailings of the cinna-
bar deposit in the Altai Republic (Hujslova et al., 2014;
Ilyushin, 2017).

The species diversity in the 45-year-old spoil tip was
14 species from 11 genera. The species of the genus
Phoma (39%) dominated in this spoil tip. The percent-
age of Penicillium (13%), Pseudogymnoascus (12%) and
Botrytis (27%) remained significant. The percentage of
fungi of the genus Cladosporium has dropped signifi-
cantly to 2%.

As a result of the studies that were carried out,
30 species of microscopic fungi were identified in the
control samples (southern tundra soil) (Table 2), which
belong to 23 genera. The species diversity in the soils of
the southern tundra near Vorkuta was substantially
higher than that in the rock of spoil tips. The dominant
species were Pseudogymnoascus pannorum (30%),
Botrytis elliptica (17%) and Glaciozyma antarctica
(15%). The latter is a yeast characteristic of Antarctica
(Li et al., 2020). The discovery of this species in the
northern region of the Komi Republic enables it to be
classified as a bipolar species (Wirtz et al., 2008). The
control also included a significant percentage of mi-
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Fig. 2. Number of microfungi (CFU/g) in the spoil tips of
the coal mine at 20°C and 4°C.

croscopic fungi of the genera Cladosporium (5%), Cos-
mospora (5%) and Paraphoma (4%).

The presence of Pseudogymnoascus pannorum was
observed in all studied rock of spoil tips and soils.
Moreover, in most of the spoil tips and control soils
that we studied, this species was dominant with a per-
centage of 12—30%. In the formed spoil tip, its percent-
age is only 6%, which apparently, is due to the instabil-
ity of the newly formed community. This species is not-
ed as dominant in Arctic and Antarctic soils and
permafrost samples. This species is an oligotroph that
can quickly populate substrates that are unsuitable for
other species (Hayes, 2012).

Note the high percentage of fungi of the genus Clad-
osporium in young spoil tips. In the formed, 10-year
and 20-year spoil tips, the percentage of fungi of this
genus was at the level of 17—18%. Micromycetes of the
genus Cladosporium are distributed throughout our
planet and occupy many ecological niches (Bensch et al.,
2012).

Number of microfungi and biomass. The number of
microfungi (CFU/g) in the spoil tips of the coal mine
was relatively low (Fig. 2). This indicator increased
with the age of the spoil tips. Thus, in the formed (ex-
ploited) spoil tip, the quantity of microscopic fungi was
on average 12 times lower than that in the 45-year-old
spoil tip at 20°C. The number of microscopic fungi in
the spoil tips was significantly lower than that in the
control (southern tundra soil). When cultivated at 4°C,
the regularities number of microfungi growth with in-
creasing age of the spoil tips of the coal mine is pre-
served. However, the number of microfungi in this cul-
tivation regime was lower since fungi did not develop,
for which the minimum growth temperature was higher
than 4°C.

The biomass in the spoil tips of the coal mine was
also relatively low. This indicator increased with the
age of the spoil tips. Thus, in a 10-year spoil tip, the
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Fig. 3. Dendrograms of the similarity among complexes of
micromycetes in spoil tips of coal mines, taking into ac-
count separation by horizons.

biomass of microscopic fungi was on average 4 times
lower than that in a 45-year spoil tip and amounted to
0.09 mg/g of rock. In the 20-year spoil tip, the biomass
was already 1.4 times lower on average than that in the
45-year spoil tip and amounted to 0.26 mg/g.

The soils of the north are characterised by a pre-
dominance of propagules in the upper horizon. With
depth, from the litter to the mineral horizons, the num-
ber of micromycetes decreases (Kirtsideli et al., 2011).
We observed this trend in the control and the older
spoil tips (45- and 20 year-old spoil tips). However, in
a young 10-year-old spoil tip, the number of micromy-
cetes increases with depth. Thus, the upper horizon
contained 197 CFU/g, and then the underlying hori-
zon contained 271 CFU/g. This finding is probably
due to the formation of the spoil tip. During its forma-
tion, the rock that was on the surface and contained vi-
able propagules was submerged under the new mine
rock. Over time, the number of propagules in the upper
horizon increases, which we observed for the 20-year
spoil tip.

Comparison of micromycete complexes. From the
data presented in the dendrogram (Fig. 3), the micro-
mycete complexes are divided into four clusters. The
first cluster combines the complexes of micromycetes
that inhabit the formed spoil tip and those in different
horizons of the 10-year spoil tip. The second cluster
consists of micromycete complexes from a 20-year
spoil tip. The third group includes micromycete com-
plexes from different horizons of the 45-year spoil tip.
The fourth cluster includes complexes of micromycetes
from different soil horizons in the southern tundra
(control). Moreover, the spoil tip communities are
much closer to each other than to the southern tundra
community. This finding indicates that the process of
the formation of the mycobiota characteristic of the
natural soils of this region is extremely slow.

To evaluate and compare the mycobiota of spoil tips
were used the Shannon index of diversity and the
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Pielou index (Table 3). The lowest diversity indices
were observed for micromycete complexes of young
spoil tips (formed and 10-year-old). With the age of the
spoil tips, with the development of the succession, this
indicator increases. The highest Shannon index of di-
versity is characteristic of the soils of the southern tun-
dra (control). The lowest uniformity of species abun-
dance (Pielou index) is also characteristic of the soils of
the southern tundra. This is due to the simultaneous
presence of pronounced dominants, such as P. panno-
rum, Botrytis elliptica, Glaciozyma antarctica, and a
large number of rare species.

As indicated by the graphs of species accumulation
(Fig. 4) and the values of the Chaol index, we identi-
fied most of the expected species in the control (south-
ern tundra soils), which comprised 91% of all expected
species. However, in the spoil tips, the percentage of
identified species from the expected species decreased.
Moreover, the younger is the spoil tip, the lower is the
detection rate probably due to the instability of the
complexes and the detection of random species in
them, as well as the small number of isolates in com-
parison with the control. Thus, for the formed (ex-
ploited) spoil tip, where the complex of micromycetes
has not formed, we identified only 63% of the expected
species in the graph of the species accumulation, which
is not shown in the figure due to an extremely small
number of isolates.

10-year-old

16 -

0 10 20 30 40 50

16 45-year-old

12

0 50 100 150

200 250

Table 3. Shannon index of diversity (H) and Pielou evenness
index (E) of mycobiota of spoil tips of coal mines (medium
for horizons)

Habitats H E
Formed (exploited) spoil tip 0.785224 0.869486
10-year-old spoil tip 0.797004 0.797004
20-year-old spoil tip 0.913081 0.758297
45-year-old spoil tip 0.823262 0.718298
Control (soils of tundra) 1.004004 0.673213

Thus, the data obtained indicate the presence of
micromycetes in the spoil tips of coal mines of different
ages. The differences in the complexes of micromy-
cetes in the formed 10-year-, 20-year- and 45-year-old
spoil tips are shown, taking into account their horizons.
A comparison of these complexes with the complexes
of the micromycetes of the southern tundra soil is also
shown. The dynamics of the indicators of the number,
biomass and composition of micromycete complexes
with an increase in the age of the spoil tips are shown,
which can be considered stages of succession. With an
increase in the time elapsed after stopping the exploita-
tion of the spoil tip, the number of species gradually in-
creases and the number and biomass increase, which
indicates an increase in the stability of the complexes
and the changes that occur during the succession.

25

20-year-old

0 10 20 30 40 50 60 70

Control

0 100 200 300 400 500 600 700

Fig. 4. Bootstrap analysis results that show the dependence of species richness of microfungi in spoil tips and control soils from the
number of investigated isolates. The thin lines show the average values of the Chaol index (expected number of species) as the number
of studied isolates increases, and the solid lines represent the smoothed curves of species accumulation, in depending on the number
of isolates (along the abscissa axis, the number of isolates; along the ordinate axis, the number of species).
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Matepuaniom 1151 CClieTOoBaHUS TTOCTYXWIM 00pa31ibl MTOPOIHBIX OTBAJIOB YTOJIBHBIX IIAXT ceBepa Pecrybu-
ku Komu (B6sm3u BopkyThl). I1poOb1 0TOMpanuch U3 OTBAJIOB pa3HOIO Bo3pacTa: (popMuUpyeMoro (3KCIya-
Tupyemoro), 10-nerHero, 20-1eTHero u 45-n1eTHero. beuto BbiaeneHo 39 BUIOB MUKPOCKOTIMYECKUX TPUOOB U3
29 ponos. [Toka3zaHo yBeJMYeHUE YMCIEHHOCTH, OMOMACcChl U BUAOBOIO pa3HOOOpa3us B Mpoliecce CyKliec-
cuu. Kak B MOpoHbIX OTBaJIaX, TaK ¥ B KOHTPOJIbHBIX TTOYBAX I0XKHBIX TYH/P BBISIBJISLIUCH BUIBI pOIOB Botrytis,
Cladosporium, Penicillium, Pseudogymnoascus. TonbKO B KOHTPOJIbHBIX 00pa31iax IMpUCYTCTBOBAIN MUKPOMMU -
1eTsl ponoB Cosmospora, Glaciozyma v psin npyrux. OTMeUeHO Takke U3MEHEHNEe COCTaBa KOMIUJIEKCOB MUK-
POMMIIETOB, B 3aBUCUMOCTU OT BO3pacTa MOPOAHBIX OTBaIOB. [1oka3aHo, 4TO cOOOIIECTBa OTBAJIOB ropas3ao
OJIVKe MeXIy CO0OIi, YeM C COOOIIIECTBOM FOXKHO TYHIPHI, T.€. Ipoliecc (hopMUPOBaAHUS MUKOOUOTHI, XapaK-
TEPHBIN 1151 TPUPOAHBIX TTOYB 3TOTO PETMOHA, TPOUCXOAUT KpaiiHe MeJIEHHO.

Karoueswie crosa: Apkruka, Bopkyra, 6MopazHooOpa3re, MUKPOMUILEThI, MUKPOCKOIIUYECKUE IPUOBI, TIOPOI-
HbIe oTBajbl, Pecnybianka KoMu, cyKiieccusi, yrojabHbIe IIAXThl, FOXKHAas1 TyHIpa
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