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Abstract
More than 20 years after remedial measures were carried out, six plots (Š1 – Š6) at the Šobov locality were examined in 
more detail. From a pedological viewpoint, the physico-chemical differences of the soils in these areas are not the result of 
pedogenesis. This is the effect of extremely acidic mineralised solutions that have leaked from or are still leaking from the 
heap at the site. The plant community here is most often poor to weakly developed with acidophilic vegetation (Š1, Š2, Š5), 
without vegetation (Š4) or with dense species-rich vegetation (Š3, Š6). Saprotrophic microscopic fungi of the phylum Zygo-
mycota are notably suppressed and their diversity is low. Species of the genera Absidia and Zygorhynchus were found most 
often. In contrast, the diversity of the phylum Ascomycota is notably high. The genera Penicillium (35 species), Aspergillus 
(7 species) and Trichoderma (5 species) are dominantly represented. Species of microscopic filamentous fungi in every soil 
sample that did not occur in the other samples were also recorded; i.e. they form the specific soil mycobiome of the given 
location. From the 15 types of keratinophilic fungi, the most commonly occurring were Purpureocillium lilacinum and 
Keithomyces carneus. Keratinolytic properties were recorded only in the species Trichophyton ajelloi. Soil reaction is the 
most important ecological factor that influences the biological properties of soils.
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Introduction

Banská Štiavnica was the most significant mining town in 
Slovakia. As early as the beginning of the thirteenth century, 
gold, silver and precious metal minerals containing non-fer-
rous metals such as lead, zinc and copper were mined here 
and gradually became the main object of mining. A part of 

Banská Štiavnica is the locality Šobov, which since 1999 
has been registered as an area of environmental burden. On 
the site is a heap of unsorted mining waste from second-
ary quartz rock that was used to make “dinas” type bricks. 
Rainwater, upon entering the heap, seeped through the pyrite 
deposits and formed sulphuric acid, which in turn increased 
the migration of toxic elements originally embedded in the 
crystal structure of pyrite and destabilised the structure of 
clay minerals, releasing toxic Al3+ cations. The chemical 
weathering of sulphides, supported the whole time by geo-
chemical and microbiological reactions, enabled contami-
nants to mobilise and enter the hydrological cycle. Quartz 
rock mining ceased here in the 1990s after 50 years of con-
tinuous operation. Subsequently, in the years 1995–1998, the 
companies DINAS, a. s., and BAPA, s. r. o., started taking 
remedial measures to minimise the threat to the environ-
ment. In 1999, a system of pools intended to maintain and 
decontaminate the acid mine drainage (AMD) was built and 
was supposed to prevent the spread of contamination below 
the heap. The first such basin was designed as an anoxic 
limestone drainage (ALD), the second as an anaerobic pond, 
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and the third as the aerobic part of the system planted with 
narrowleaf cattail (Nosalj et al. 2021). However, even after 
this remediation, previous studies (Čaja and Zima 2014; 
Madaras et al. 1999) have confirmed significant changes in 
the soils and their chemical properties, which also affected 
soil mycocenosis (Adamcová 2010; Adamcová et al. 2012; 
Nosalj et al. 2021; Šimonovičová et al. 2019).

The aim of this contribution is, more than 20 years after 
the remediation measures were implemented, to specify in 
more detail the individual soil types that have been affected 
long-term by acidification, their physico-chemical properties 
and the plant community growing on them and to character-
ise and compare soil mycocenosis, including the keratino-
philic species from the original three areas, at six areas at the 
Šobov locality. The individual areas differ in varieties of soil 
type, chemical composition as well as content of reactive 
aluminium and iron, type of vegetation and rehabilitation 
interventions.

Determination of kertinophilic fungi as a part of the soil 
mycocenosis is of great importance as they play a significant 
role in the decomposition and therefore their presence may 
indicate the effect of acidification on the level of decomposi-
tion processes in affected soils.

Material and methods

Research plots at the Šobov locality

Fifty years of continuous mining of quartz rock at the Šobov 
location had a significant impact on the ecosystem of the 
surrounding environment. A channel was artificially created 
for the AMD drainage (Fig. 1a). The AMD also flowed along 
the slope, where a strongly acidified and eroded part was 

gradually formed on one side, with a less damaged part with 
acid-loving grasses on the other side (Fig. 1b). The eroded 
surface in the lower part of the slope gradually became over-
grown with mosses (Fig. 1c). Within the rehabilitation and 
reclamation measures, a system of pools (Fig. 2a, b, c) was 
built below the heap for AMD decontamination. The eroded 
parts of the locality gradually began to be grown over.

For this study, we selected 6 plots at the Šobov location 
(Fig. 3), which differ from one another in several parameters. 
Plots Š1 – Š3 and Š6 are located on the part of the slope 
where rehabilitation measures were applied and where mow-
ing takes place at least once a year.

Plot Š1 (GPS coordinates S 48°28′20.80" E 18°54′25.48"). 
Despite the mentioned measures, this plot is affected by a high 
measure of water erosion; it is without vegetation cover or has 
only isolated tufts of grass (Fig. 4a). Plot Š2 (GPS coordinates 
S 48°28′20.04" E 18°54′25.23") is located about 50 m from 
the previous plot Š2 and is covered by scattered acidophilic 
vegetation (Fig. 4b). Plot Š3 (GPS coordinates S 48°28′19.42" 
E 18°54′24.96") is located about 50 m from the previous plot 
Š3 and the vegetation cover here is compact (Fig. 4c). Plot Š4 
(GPS coordinates S 48°28′21.09" E 18°54′21.35") is located 
above M. M. Hodžu Road near the pool that collects the acid 
mine waters (AMD) from below the heap. This plot is outside 
the rehabilitated area (Fig. 5a). Plot Š5 (GPS coordinates S 
48°28′22.57" E 18°54′28.02") is located near plot Š1 and is 
part of the slope that was divided by the flowing AMD below 
the heap prior to the pool being built. This part of the slope 
has not yet been rehabilitated and is heavily damaged by water 
erosion (Fig. 5b). Plot Š6 (GPS coordinates N 48°28′10.53" 
E 18°54′19.08") is an area almost at the end of the meadow 
vegetation in the direction of plots Š1, Š2 and Š3, at a dis-
tance of approx. 200 m from Š3 with a fully connected diverse 
meadow cover (Fig. 5c). All the soil types were classified 

Fig. 1   Artificially created channel for the AMD drainage (a), AMD 
flowing down the slope, which divided the area into an area heavily 
damaged by acidification (no vegetation) and a less damaged area 

(acidophilic grasses) (b), an eroded area gradually overgrown with 
mosses (c). Figures are from the end of 90-is years of twentieth cen-
tury
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Fig. 2   The heap of pyritized 
material and a system of catch-
ment pools for the AMD (a, 
b, c)

Fig. 3   Location of research 
plots Š1 – Š6 at the Šobov 
locality

Fig. 4   Research plots at the Šobov locality: Š1 – affected by contami-
nation, where the absence of vegetation cover in the past caused ero-
sion; at present it is covered with vegetation only sporadically (a), Š2 

– significant reduction of the most damaged plot (b), Š3 – meadow 
growth with acidophilic vegetation (c)
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according to the World Reference Base for Soil Resources 
(IUSS Working Group WRB 2022).

Soil sampling and basic chemical analyses

At each plot (Š1 – Š6), we took samples from the topsoil to a 
depth of 15 cm, always at five sampling points, and put them 
in plastic bags with the location marked on the front. The 
average soil sample thus always contained a mixture of soil 
from all five sampling points at each plot. Under laboratory 
conditions, we homogenised the soil samples, then quartered 
them and modified them into a fine soil by sieving them 
through a sieve with 2 mm holes. We stored the soil samples 
prepared in this way in a refrigerator at 4 °C in the dark and 
then used them for all chemical and mycological analyses.

We determined the soil reaction (pH in H2O), total carbon 
(%) and total nitrogen (%) in the soil samples. The value of 
soil organic matter (SOM) content was calculated from %Corg 
multiplied by a conversion factor of 1.724 (Hrivňáková et al. 
2011). We used the EA-TCD method for carbon and nitrogen 
analyses and determined reactive Al (mg/kg) and reactive Fe 
(mg/kg) using the ICP-AES method. All analyses were carried 
out at the accredited Central Forestry Laboratory in Zvolen.

Plant community structure

Vegetation on the plots was sampled on 10 June 2023 according 
to the Zurich-Montpellier school (Braun-Blanquet 1964) using 
the 7-item Braun-Blanquet scale. Nomenclature of non-vascu-
lar and vascular plants follows Marhold and Hindák (1998).

Mycological analyses

The presence of cultivable mycobiota was investigated by the 
conventional dilution plating method, as described in previous 
reports by Adamcová et al. (2012), Nosalj et al. (2021) and 
Šimonovičová et al. (2019). Isolation of so-called heat-resist-
ant fungi was described in a study by Adamcová et al. (2012).

The occurrence and diversity of so-called keratinophilic fungi 
(having an affinity towards keratinous substrata) were determined 
using the hair baiting method, as described by Javoreková et al. 
(2012) with the following modification. From each soil sample 
taken on the given plot, we weighed 5 g of soil and 0.5 g of ver-
miculite into 10 Petri dishes with a diameter of 55 mm (i.e. 10 
subsamples per sample) and then moistened the samples with 
5 mL of chloramphenicol solution (100 mg/L) and cycloheximide 
(500 mg/L). We then put 10 pieces of sterile degreased horse hair, 2 
to 3 cm long, on the surface of the samples and incubated the sam-
ples for one month at a laboratory temperature of 25 °C. We then 
inoculated the microscopic fungi that were found on the hair with 
MEA (Malt Extract Agar) and SDA (Saboraud Dextrose Agar, both 
Himedia Mumbai, India) nutrient media. We identified the spe-
cies both phenotypically (de Hoog et al. 2020) and using the PCR 
method. We performed DNA extraction using the DNeasy Plant 
Minikit (Qiagen, Hilden, Germany). Phylogenetically informative 
sequences were obtained from the region of the internal transcribed 
spacer (ITS) and the nuclear large subunit (LSU) of the rDNA. 
Regions of internal transcribed spacer (ITS) were amplified using 
primer pair ITS1 and ITS4. All reactions were performed in an 
Eppendorf Gradient MasterCycler (Eppendorf,Hamburg). Condi-
tions for amplification of ITS: 95 °C for 2 min and 30 s (initial 
denat-uration), 35 cycles of 94 °C for 30 s (denaturation), 54 °C for 
30 s (annealing), 72 °C for 1 min (elongation), and 72 °C for 5 min 
(final elongation). The PCR purification was performed using a 
Monarch PCR & DNA Cleanup kit (5 μg) (New England Biolabs, 
USA). Sanger sequencing was performed by LGC Genomics (Ber-
lin, Germany) (Labuda et al. 2021).

Results and discussion

Characteristic of Soils

The soil cover at the Šobov research area was originally 
formed by cambic modals, which developed from andesite 
tuffs and quartzites. The soil reaction of the soils was origi-
nally weakly acidic (pH 6.1) with a relatively high content 

Fig. 5   Plot Š4 – the heap of pyritized material (a), Š5 – a non-revitalised plot, without vegetation cover, most affected and still affected by the 
AMD discharge (b), Š6 – a fully connected grass meadow with diverse vegetation (c)
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of accessible basic cations and a saturation of the sorption 
complex of up to 82%. This was originally arable land which 
is now permanently covered in grass and is occasionally 
mowed. We can classify it as cambic cultivation soil, with 
different varieties according to the degree and consequences 
of soil contamination by the extremely acidic waters flowing 
from the heap. An accompanying sign is also the lack of veg-
etation cover in some places, which led to water erosion of 
the soil (eroded forms of cambic soils). In soils affected by 
acidification, the value of the soil reaction decreased to 3.7, 
the saturation of the sorption complex dropped significantly, 
and the content of exchangeable Fe and Al increased. The 
number of plant species also decreased, and the soil with-
out vegetation cover began to undergo intense water erosion 

(Madaras et al. 1999). Based on the determined amount of 
organic matter, however, the humus content is medium to 
high, which was also confirmed by analyses from 2019, and 
only three plots, Š1 – Š3, were investigated (Table 1).

After the building of a system of pools for capturing 
the flow of the AMD, Šottník and Šucha (2001) recorded 
a significant change in the pH, from 2.1 – 2.4 (ultra acidic) 
to 6.2 – 6.8 (weak acid to neutral), and an equally signif-
icant decrease in Fe, from 2260 mg/l to 39.6, and in Al, 
from 900 mg/l to 0.2, which Frankovská et al. (2010) later 
confirmed. Later studies recorded a  repeat acidification 
of the soil environment. Čaja and Zima (2014) assessed 
the changes in the soil reaction from 1998 to 2014 and 
determined that on the area with vegetation the pH values 

Table 1   Basic chemical 
analyses of study soils on the 
locality Šobov

*Re Al reactive Al; Re Fe reactive Fe

Analyses

Plots pH H2O Cox (%) Ntot (%) % humus *Re Al mg/kg *Re Fe

Holub et al. 1993
  Š1 3.12 2.25 0.246 3.88 525 undetermined
  Š2 3.52 2.08 0.245 3.58 600 undetermined
  Š3 4.35 2.99 0.329 5.15 17.5 undetermined

Výbohová et al. 1999
  Š1 3.0 2.6 0.32 4.48 727 undetermined
  Š2 3.1 1.4 0.41 2.41 506 undetermined
  Š3 3.1 1.7 0.39 2.93 585 undetermined

Year 2019 this publication
  Š1 4.34 4.54 0.341 7.83 3 050 5 010
  Š2 3.34 1.69 0.192 2.91 1 320 13 300
  Š3 4.94 3.89 0.25 6.71 3 230 8 580

Year 2020 this publication
  Š1 4.34 2.11 0.168 3.64 2 500 7 810
  Š2 3.35 1.60 0.122 2.76 1 780 15 700
  Š3 4.25 4.35 0.285 7.5 4 290 6 410
  Š4 5.62 2.67 0.187 4.60 2 030 5 210
  Š5 5.19 4.14 0.267 7.14 2 490 5 390
  Š6 2.75 0.978 0.087 1.69 4 190 32 600

Year 2022 this publication
  Š1 4.81 4.65 0.342 8.02 1 960 8 720
  Š2 3.68 1.45 0.152 2.50 1 580 14 900
  Š3 5.55 3.35 0.293 5.77 1 900 4 780
  Š4 4.68 12.2 0.707 21.03 2 080 12 500
  Š5 4.34 5.56 0.451 9.58 2 780 6 170
  Š6 6.80 4.22 0.376 7.27 1 530 5 250

Year 2023 this publication
  Š1 3.23 1.53 0.118 2.64 1 680 15 300
  Š2 4.56 5.0 0.376 8.62 2 440 4 170
  Š3 5.12 3.21 0.24 5.34 1 650 4 290
  Š4 3.46 5.82 0.404 10.03 1 370 9 260
  Š5 3.10 1.47 0.139 2.53 1 720 30 900
  Š6 6.54 3.86 0.305 6.65 1 460 4 030
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remained at the same level as in 1998, and a positive rise 
in pH occurred only in the degraded area. In conclusion, 
they state that despite the remedial measures carried out, 
the soils around the heap remain extremely acidic and the 
threat to the environment associated with extreme acidifi-
cation still persists. Čaja and Dlapa (2016a, 2016b), using 
infrared spectroscopy, found in degraded soils a comparable 
representation of original organic and mineral components 
as in both the reference and the degraded soils. The main 
change in degraded soils is the accumulation of secondary 
ferrous minerals, in particular ferrihydrite and jarosite. The 
degraded soils also showed changes in structural proper-
ties by lowering the presence of small textural pores, which 
increase the tendency of soils to desiccate over long dry 
periods. This can have a negative impact on the biological 
properties of degraded soils, their revival and the succes-
sion of vegetation. Extreme acidification caused by acidic 
sulphate waters also affects physical processes in soils, par-
ticularly the infiltration of water into the soil, which can be 
explained by the precipitation of secondary ferrous minerals 
during the interaction of acidic sulphate waters with soils 
(Čaja and Hrabovský 2016).

Since 2020, we have expanded monitoring at the Šobov 
locality to six plots, Š1 – Š6. The development, or changes 
in the acidity of the soil environment and its chemical indica-
tors from 1993 to 2023 are documented in Table 1. In 2020, 
we even recorded the lowest overall pH value (2.75) for the 
whole monitoring period at the Šobov location, in a grassy 
meadow (Š 5). At the time of the sampling, however, it was 
raining heavily and the AMD, with a pH value of 3.1, was also 
flowing down the slope through the grass. We also recorded 
at that time the highest ever value of reactive Fe (32,600 mg/
kg) at the mentioned location. Unlike 2022 and 2023, when 
we took soil samples in the same growing season when it was 
very warm and dry, the pH values showed a slightly acidic to 
neutral level and the value of reactive Fe also decreased. At 
other plots, the pH values continued to range from ultra-acidic 
to strongly acidic. Similarly, the values of organic carbon fluc-
tuate, ranging from medium to high content. This is probably 
influenced by the soil sampling. The values of reactive Al and 
reactive Fe are high in all soil samples (Table 1).

From the above-mentioned analyses, it is evident that 
the soils are still contaminated, but no more polluted water 
is flowing into the plots. The research plots on the slope 
below the heap are situated in a single line in the order 
Š6 < Š3 < Š2 < Š1 < Š5, and their contamination increases 
from left to right. Š6 is the reference plot and represents the 
soil properties before the environmental load. Š3 is a plot 
showing a moderate effect of acidification, while Š2 is more 
acidified, though both plots have a continuous vegetation 
cover. Š1 represents an acidified plot, where the absence of 
vegetation cover in the past caused erosion. At present, the 
surface is only sporadically covered with vegetation. Water 

erosion carried away the humus horizon, revealing a sub-
surface skeletal horizon of subsoil weathering. The soil at 
plot Š5 is still affected by the AMD leaking from the heap, 
which flows through an erosion channel. The soil here is 
without vegetation cover. The humus horizon is eroded, and 
the subsurface horizon is marked by flowing waters, which 
are manifested by pseudogley processes. Plot Š4 is forested 
land situated below a pool built to capture acidic waters.

According to the IUSS Working Group WRB (2022), 
the soil type at plot Š1 is classified as Dystric Cambisol 
(contaminated and eroded), at plot Š2 as Dystric Cambisol 
(contaminated), at plot Š3 as Eutric Cambisol, at plot Š4 
as Dystric Cambisol, at plot Š5 as Stagnic Dystric Cam-
bisol (contaminated and eroded), and at plot Š6 as Eutric 
Cambisol.

Plant community structure

The vegetation on the plots can be defined as follows:

Plot Š1: The vegetation is poorly developed and is com-
posed of scattered individuals of acidophilous grasses 
(Agrostis stolonifera, Avenella flexuosa) and herbs (Ace-
tosella vulgaris).
Plot Š2: Open species-poor acidophilous grassland. Flo-
ristic composition:

E1: 60%, E0: 5%
E1: Agrostis stolonifera 3, Avenella flexuosa 3, Aceto-
sella vulgaris 2, Festuca rubra agg. 1, Pilosella offici-
narum 1, Carex hirta + , Nardus stricta + 

Plot Š3: Dense, relatively species-rich grassland formed 
by common mesophilous meadow species.

E1: 100%
E1: Arrhenatherum elatius 3, Festuca rubra agg. 3, 
Leontodon hispidus 2, Dactylis glomerata 1, Trisetum 
flavescens 1, Alopecurus pratensis 1, Anthoxnathum 
odoratum 1, Jacea phrygia 1, Poa pratensis 1, Tri-
folium repens 1, Acetosa pratensis + , Achillea mille-
folium agg. + , Leucanthemum vulgare + , Lotus 
corniculatus + , Pimpinella saxifraga + , Plantago lan-
ceolata + , Ranunculus acris + , Stellaria graminea + , 
Tragopogon orientalis + , Trifolium pratense + , Veron-
ica chamaedrys + , Vicia hirsuta + , Vicia sepium + , 
Rumex sp. r

Plot Š4: without vegetation cover.
Plot Š5: The vegetation is poorly developed and is com-
posed of scattered individuals of acidophilous grasses 
(Agrostis stolonifera, Avenella flexuosa) and herbs (Ace-
tosella vulgaris).
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Plot Š6: Dense, species-rich mesophilous semi-natural 
grassland. Floristic composition:

E1: 100%
E1: Arrhenatherum elatius 4, Cerastium holosteoides 
2, Convolvulus arvense 2, Poa pratensis 2, Trisetum 
flavescens 2, Dactylis glomerata 1, Myosotis arvensis 
1, Acetosa pratensis + , Achillea millefolium agg. + , 
Anthoxanthum odoratum + , Crepis biennis + , Elytri-
gia repens + , Jacea phrygia + , Knautia arvensis + , 
Leucanthemum vulgare + , Lotus corniculatus + , Lych-
nis flos-cuculi + , Medicago lupulina + , Plantago lan-
ceolata + , Ranunculus acris + , Tragopogon orienta-
lis + , Trifolium pratense + , Veronica chamaedrys + , 
Vicia sepium + 

The presented physico-chemical properties of the soils at 
the Šobov locality, their changes and the plant community 
have a significant effect on the biological and microbiologi-
cal properties of the soils, including the diversity of soil 
mycocenosis (Balogová 2022; Nosalj et al. 2021).

Mycocenosis of the Šobov locality

The occurrence of microscopic filamentous fungi at plots 
Š1 – Š3 at the Šobov locality, where research has been 
conducted since 1993, has been documented by Adamcova 
(2010), Holub et al. (1993), Nosalj et al. (2021), Nováková 
et al. (2012), Šimonovičová (2013), Šimonovičová et al. 
(2019) and Výbohová et al. (1999). Over the entire moni-
tored period, 36 genera and 91 species of microscopic fila-
mentous fungi have been isolated (Table 2). Zygomycota (7 
genera and 10 species) make up 11.0% of the total; Ascomy-
cota (28 genera and 80 species) make up 87.9% of the total, 
and Basidiomycota 1.1% (1 genus and 1 species).

Zygomycota are represented in the individual soil sam-
ples by almost the same number of representatives, and spe-
cies of the genera Absidia and Zygorhynchus were present 
in each soil sample. The species Absidia glauca and Mucor 
racemosus f. racemosus occurred only in the soil sample 
from plot Š1 and the species Absidia cylindrospora var. 
cylindrospora and Zygorhynchus heterogamus occurred only 
in the soil sample from plot Š3. The diversity of this group 
of microscopic filamentous fungi is relatively low, however.

On the other hand, the diversity of microscopic fila-
mentous fungi from the systematic group Ascomycota is 
notably high. Species of the genus Penicillium are the most 
represented (35); however, among them only the species 
Penicillium chrysogenum var. chrysogenum and Penicil-
lium fuscum (isolated as Eupenicillium pinetorum) were 
found in soil samples from all three plots Š1 – Š3. The spe-
cies Penicillium daleae, Penicillium italicum, Penicillium 

restrictum and Penicillium sacculum (isolated as Eladia 
saccula) were found only in the soil sample from plot 
Š1. The species Penicillium adametzii, Penicillium freii, 
Penicillium glabrum, Penicillium islandicum, Penicillium 
ochrochloron, Penicillium spinulosum and Penicillium 
steckii were isolated only in the soil sample from plot Š2. 
The species Penicillium glandicola var. glandicola, Peni-
cillium javanicum (isolated as Eupenicillium javanicum), 
Penicillium crustaceum (isolated as Eupenicillium crus-
taceum) and Penicillium vulpinum were found only in 
the soil sample from plot Š3. The second most abundant 
genus is Aspergillus (7 species), with the species Asper-
gillus fischeri (isolated as Neosartorya fischeri), which 
was found in soil samples from all three plots Š1 – Š3. 
The genus Trichoderma is represented by 5 species, and 
the species Trichoderma koningii, Trichoderma viride and 
Trichoderma sp. are represented in the soil sample from 
plots Š1 – Š3. The genus Cladosporium is represented by 
4 species, with the most abundant being Cladosporium 
cladosporioides, which was present in soil samples from 
all three plots Š1 – Š3. Other genera are represented by a 
smaller number of species, such as Hamigera (3 species) or 
Paecilomyces (3 species). From the overall representation 
of Ascomycota, the species Aspergillus strictus (isolated 
as Emericella striata), Aureobasidium sp., Chaetomium 
globosum, Cladosporium pseudocladosporioides, Epico-
ccum nigrum, Hamigera insecticola, Isaria sp., Tricho-
derma harzianum and Verticillium sp. occurred only in the 
soil samples from plot Š1. The species Acremonium sp., 
Aspergillus oryzae, Emericella quadrilineata, Fusarium 
chlamydosporum var. chlamydosporum, Hamigera avella-
nea, Paecilomyces niveus (isolated as Byssochlamys nivea), 
Staphylotrichum sp. and Tolypocladium cylindrosporum 
occurred only in the soil samples from plot Š2. The species 
Aspergillus awamori, Aspergillus versicolor, Aspergillus 
wentii, Bionectria sesquicillii, Botryotrichum piluliferum, 
Phialophora fastigiata, Staphylotrichum coccosporum, 
Trichoderma hamatum and Trichophaea abundans were 
isolated only in the soil sample at plot Š3. Basidiomycota 
are represented only by the species Bjerkandera adustata 
in the soil sample at plot Š2. The diversity of microscopic 
filamentous fungi that were isolated and identified during 
the years 1993–2021 is lowest at plot Š1 (41 species). Plot 
Š2 (58 species) dominates significantly, followed by plot 
Š3 (48 species) (Table 2). Adamcova (2010) also analysed 
soil samples within a 24 m long transect in the direction of 
plot Š6. From the isolated species of microscopic filamen-
tous fungi that did not occur at plots Š1 – Š3 (Table 2), the 
author mentions Absidia glauca var. glauca, Aspergillus 
flavus, Beauveria bassiana, Humicola sp., Penicillium gri-
seofulvum, Penicillium olsonii and Penicillium pullvilorum.

The genera and species of the identified microscopic fila-
mentous fungi belong among the ubiquitous representatives 
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Table 2   Species of microscopic 
filamentous fungi isolated 
from study plots on locality 
Šobov according to Holub et al. 
(1993), Adamcova (2010), 
Šimonovičová et al. (2019), 
Výbohová et al. (1999) and 
(Nosalj et al. 2021)

Strain Š1 Š2 Š3

Zygomycota
  Absidia cylindrospora var. cylindrospora - -  + 
  Absidia glauca  +  - -
  Absidia sp.  +   +   + 
  Cunninghamella elegans -  +  -
  Mortierella sp. -  +   + 
  Mucor racemosus f. racemosus  +  - -
  *Rhizopus stolonifer var. stolonifer -  +  -
  Umbellopsis vinacea -  +  -
  Zygorhynchus heterogamus - -  + 
  Zygorhynchus sp.  +   +   + 

Ascomycota
  Acremonium sp. -  +  -
  Alternaria sp. -  +   + 
  Aspergillus awamori - -  + 
  Aspergillus fischeri as *Neosartorya fischeri  +   +   + 
  Aspergillus niger  +   +  -
  Aspergillus oryzae -  +  -
  Aspergillus strictus as *Emericella striata  +  - -
  Aspergillus versicolor - -  + 
  Aspergillus wentii - -  + 
  Aureobasisium sp.  +  - -
  Bionectria sesquicillii - -  + 
  *Botriotrichum piluliferum - -  + 
  Chaetomium globosum  +  - -
  Chaetomium sp.  +  -  + 
  Cladosporium cladosporioides  +   +   + 
  Cladosporium pseudocladosporioides  +  - -
  *Cladosporium sphaeospermum  +   +  -
  Cladosporium sp.  +   +   + 
  Curvularia sp. -  +   + 
  Diplogelatinospora grovesii -  +   + 
  *Emericella quadrilineata -  +  -
  Epicoccum nigrum  +  - -
  Fusarium chlamydosporum var. chlamydosporum -  +  -
  Geotrichum candidum -  +   + 
  Hamigera avellanea -  +  -
  Hamigera insecticola  +  - -
  Hamigera fuscoatra  +  -  + 
  Isaria sp.  +  - -
  *Myxotrichum sp. -  +   + 
  Paecilomyces niveus as *Byssochlamys nivea -  +  -
  *Paecilomyces variotii  +   +   + 
  Paecilomyces sp.  +   +   + 
  *Penicillium adametzii -  +  -
  Penicillium alutaceum as *Eupenicillium alutaceum  +   +  -
  Penicillium brefeldianum as *Eupenicillium brefeldianum  +   +  -
  Penicillium brevicompactum -  +  -
  Penicillium chrysogenum var. chrysogenum  +   +   + 
  Penicillium citreonigrum as *Eupenicillium euglaucum -  +   + 
  Penicillium commune -  +   + 
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of the soil mycobiome. They also occur very often in soils 
and solid substrates contaminated with several heavy metals 
and potentially toxic elements (Pathak et al. 2020; Redkina 
et al. 2020; Šimonovičová et al. 2019; Jeszeová et al. 2018; 

Zotti et al. 2014), and the most common are genera of the 
species Aspergillus, Memnoniella, Penicillium, Clonostachys 
and Trichoderma. According to Hujslová et al. (2017), an 
ultra-acidic soil environment might potentially offer new 

Table 2   (continued) Strain Š1 Š2 Š3

  Penicillium crustosum -  +   + 
  Penicillium daleae  +  - -
  *Penicillium freii -  +  -
  Penicillium glabrum -  +  -
  *Penicillium glandicola var. glandicola - -  + 
  Penicillium islandicum -  +  -
  Penicillium italicum  +   +  -
  Penicillium javanicum as *Eupenicillium javanicum - -  + 
  Penicillium melini -  +   + 
  Penicillium crustaceum as *Eupenicillium crustaceum - -  + 
  Penicillium simplicissimum as Eupenicillium javanicum var. javanicum  +  -  + 
  Penicillium ochrochloron -  +  -
  Penicillium fuscum as * Eupenicillium pinetorum  +   +   + 
  Penicillium. ochrochloron  +   +  -
  Penicillium. pinophilum -  +  -
  Penicillium purpurogenum var. rubrisclerotium as *Talaromyces purpurogenus -  +   + 
  Penicillium raciborskii -  +   + 
  Penicillium restrictum  +  - -
  Penicillium sacculum as Eladia saccula  +  - -
  Penicillium simplicissimum  +  -  + 
  *Penicillium solitum  +  -  + 
  Penicillium spinulosum -  +  -
  Penicillium steckii -  +  -
  Penicillium stipitatum as *Talaromyces stipitatus  +   +  -
  Penicillium terrenum as Eupenicillium terrenum -  +   + 
  Penicillium vulpinum - -  + 
  Penicillium sp.  +   +  -
  Phialophora fastigiata - -  + 
  Purpureocillium lilacinum  +   +   + 
  Ramichloridium obovoideum  +   +  -
  Staphylotrichum coccosporum - -  + 
  Staphylotrichum sp. -  +  -
  Toplypocladium cylindrosporum -  +   + 
  *Trichoderma hamatum - -  + 
  Trichoderma harzianum  +  - -
  *Trichoderma koningii  +   +   + 
  Trichoderma viride  +   +   + 
  Trichoderma sp.  +   +   + 
  *Trichophaea abundans - -  + 
  Verticillium sp.  +  - -
  Zopfiella longicaudata -  +   + 

Basidiomycota
  Bjerkandera adustata -  +  -
  ∑ 91 41 58 48

Species asigned with * were isolated as heat resistant
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biotechnologically interesting fungi, especially in terms of 
enzyme production. Also, thermophilic fungi, particularly 
the species Talaromyces but also Aspergillus, Cladosporium 
and Trichoderma, can represent a rich source of industri-
ally relevant enzymes at pH 2.0 (Gao et al. 2021; Thang 
et al. 2019). The effect of soil acidification showed that pH 
is an essential predictor for controlling the distribution of 
microbial communities, and fungal communities exhibit lit-
tle response to soil acidity (Wang et al. 2022).

Within the expanded research from three to six study 
plots, we focused on keratinophilic species of microscopic 
filamentous fungi (Fig. 6), and a total of 39 keratinophilic 
microscopic fungi were isolated from the soil samples 
(Table 3 and 4). We recorded the occurrence of 16 keratin-
ophilic species, one of which, i.e. Trichophyton ajelloi 
(representative of the order Onygenales), was keratino-
lytic (Fig. 7). Species of the genus Penicillium were isolated 
as keratinophiles from the three plots in the previous study 

Fig. 6   Keratinophilic fungi species, isolated from the Šobov locality 
(25 °C, 7 days, dark): Purpureocillium lilacinum (a) on PDA, Keitho-
myces carneus (b) on PDA, Metapochonia bulbillosa (c) on SDA, 

Flavocillium bifurcatum (d) on MEA, Acremonium murorum (e) on 
PDA, Clonostachys rosea (f) on SDA

Table 3   Diversity of 
keratinophilic fungi isolated 
from study plots in locality 
Šobov—Banská Štiavnica in 
2022

Strain Plots

Š1 Š2 Š3 Š4 Š5 Š6

Clonostachys rosea -  +   +  - - -
Flavocillium bifurcatum  +  - - -  +  -
Gliomastix murorum - -  +  - - -
Keithomyces carneus  +   +   +   +   +   + 
Lecanicillium psalliotae - - -  +  - -
Metapochonia bulbillosa -  +   +   +   +  -
Metapochonia sp. nov -  +  - - - -
Metarhizium anisopliae -  +  - - - -
Pochonia chlamydosporia -  +  - - - -
Purpureocillium lilacinum  +   +   +   +   +   + 
Trichophyton ajelloi -  +  - - -  + 
Tritirachium sp. - - -  +  - -
∑ 28 3 8 5 5 4 3
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(Adamcová et al. 2012) (Table 4). The species Penicillium 
brasillianum and P. minioluteum occurred only in the soil 
sample from plot Š3, and P. herquei and P. janthinellum only 
in the soil sample from plot Š1. Purpureocillium lilacinum 
(6a) and Keithomyces carneus (6b) were the most frequent 
representatives at all six study plots. The species Metapo-
chonia bulbillosa (6c) occurred in soil samples from all the 
plots, with the exception of Š1 and Š6. The species Pochonia 
chlamydosporia and Metarhizium anisopliae occurred only 
in the soil sample from plot Š2, Flavocillium bifurcatum 
(6d) in the soil samples from plots Š1 and Š5, Gliomastix 
murorum (6e) in the soil sample from plot Š2 and together 
with Clonostachys rosea (6f) in the soil sample from plot 
Š3. The species Lecanicillium psalliotae and species of the 
genus Tritirachium occurred only in soil samples from plot 

Š4. A new species from the genus Metapochonia (manu-
script in preparation) was also isolated; it was recorded only 
in the soil sample from plot Š2.

The occurrence of keratinophilic species of fungi is influ-
enced by several ecological factors, such as temperature, 
humidity, soil reaction, amount of carbon, nitrogen and sul-
phur, potentially heavy metals and others (Garg et al. 1985). 
Several authors (Bohacz et al. 2022; Sharma and Swati 2014), 
however, consider the effect of soil reaction to be the most 
important factor. Most keratinophilic fungal species prefer a 
neutral to weakly alkaline soil reaction with a high content of 
organic substances (Böhme and Ziegler 1969; Korniłłowicz-
Kowalska and Bohacz 2002; Sharma and Swati 2014); some 
of them, however, also tolerate a more acidic environment. 
Keratinophilic fungal species have been found to occur in 
soils with pH values ranging from 3.4 – 9.0 (Bohacz et al. 
2022; Javoreková et al. 2012; Kačinová et al. 2013). The ker-
tinophilous species from our study occurred mainly in sam-
ples with extremely acidic to strongly acidic soil reaction (pH 
3.7 – 5.5). The greatest diversity (8 species) was recorded 
precisely at plot Š2, the plot with an extremely acidic soil 
reaction (pH 3.7), which is covered with acidophilic vegeta-
tion, similar to the previous study when determining the total 
mycocenosis (Nosalj et al. 2021). Some keratinophilic species 
of fungi are able to survive under extreme conditions, such as 
in this case, in acidification and the occurrence of potentially 
toxic elements. Their ability to adapt and produce a broad 
range of metabolites represents a great potential for use in 
many industries (Danko et al. 2021; Kumar et al. 2021).

Among the keratinolytic fungi, we recorded only the 
species Trichophyton ajelloi (sexual morph Arthroderma 

Table 4   Diversity of keratinophilic fungi isolated from study plots in 
locality Šobov – Banská Štiavnica in 2011 (Adamcová et al. 2012)

*reported as Pochonia bulbillosa in original study

Strain Plots

Š1 Š2 Š3

Clonostachys rosea -  +  -
Purpureocillium lilacinum  +   +   + 
Penicillium brasilianum - -  + 
Penicillium herquei  +  - -
Penicillium janthinellum - -  + 
Peicillium minioluteum - -  + 
*Metapochonia bulbillosa -  +  -
Trichophyton ajelloi  +   +  -

Fig. 7   The keratinolytic species Trychophyton ajelloi: isolation by 
the hair baiting method in a Petri dish with a diameter of 55 mm (a), 
detail of a hair overgrown with conidia (b, c), cigar-shaped macroco-

nidia (d), gradual degradation of the hair (e). Scale bars = 1 cm (a), 
1 mm (b, c, e), 10 µm (d)
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uncinatum) (7 a-e), which was isolated from soil samples 
with an extremely acidic soil reaction (pH 3.7) at plot Š2 
and at the reference plot (Š6) with a neutral soil reaction 
(pH 6.8). Several studies have confirmed its occurrence in 
environments with an acidic soil reaction (Bohacz et al. 
2022; Javoreková et al. 2012). Adamcová et al. (2012) 
recorded the occurrence of Trichophyton ajelloi at the 
Šobov locality, particularly in samples that were least 
affected by acidification, and even though this species is 
considered acidophilic and acid-tolerant, it occurs quite 
often in the soil across the entire pH range (Garg et al. 
1985; Hubálek 2000; Javoreková et al. 2012). The lower 
representation of Trichophyton ajelloi in the soil samples 
from Šobov may be due to the strong acidification and 
contamination of the environment with potentially toxic 
elements.

Keratinolytic species of fungi play a significant role in 
the decomposition of keratin-containing substrates; thus, 
they are naturally involved in the cycle of elements in the 
ecosystem (Bohacz et al. 2022). The relatively low repre-
sentation of keratinolytic fungal species may indicate the 
inhibition of decomposition processes in acidified soils, 
such as the land at the Šobov locality.

Keratinophilic fungi survive in various extreme envi-
ronmental conditions and are known to produce a number 
of bioactive metabolites. The determination of keratino-
philic fungi is of great importance because of their specific 
nature as they can be novel sources of many promising 
metabolites for use in medicine, biotechnology and agro-
chemistry (Kumar et al. 2021).

Conclusion

More than 20 years after remedial measures were carried 
out which were supposed to mitigate the impact of acidi-
fication after the extraction of quartz rock, we specified in 
more detail the six studied plots (Š1 – Š6) at the Šobov 
locality. The plots differ from one another in physico-
chemical properties and plant communities. The soil type 
at plot Š1 is Dystric Cambisol (contaminated and eroded), 
at plot Š2 Dystric Cambisol (contaminated), at plots Š3 
and Š6 Eutric Cambisol, at plot Š4 Dystric Cambisol and 
at plot Š5 Stagnic Dystric Cambisol (contaminated and 
eroded). From the pedological point of view, the phys-
ico-chemical differences between the soils at these plots 
are not the result of pedogenesis, but rather the effect of 
extremely acidic mineralised solutions that have flowed 
or are still flowing from the heap. The plant community 
is most often poor to weakly developed with acidophilic 
vegetation (Š1, Š2, Š5), or without vegetation (Š4) or 
with dense species-rich vegetation (Š3, Š6). The study of 
saprotrophic microscopic filamentous fungi, which took 

place from 1993 to 2021 at plots Š1 – Š3, confirmed a 
significant suppression of representatives from the phy-
lum Zygomycota and their relatively low diversity. Spe-
cies of the genera Absidia and Zygorhynchus occurred the 
most frequently in the soil samples. In contrast, the diver-
sity of the phylum Ascomycota is quite high. The genus 
Penicillium has a dominant representation (35 species), 
and only the species Penicillium chrysogenum var. chry-
sogenum occurred repeatedly in the samples. We isolated 
as many as 10 heat-resistant species, e.g. species of the 
genus Eupenicillium and Talaromyces. The genus Asper-
gillus is represented by 7 species, with Aspergillus fisheri 
and Aspergillus niger among the most frequently isolated. 
The species Trichoderma koningii and Trichoderma viride 
were also among the most frequently isolated. We sup-
plemented the mycobiome of the Šobov locality with the 
analysis of keratinophilic species of microscopic fungi. 
Of the 15 species of keratinophilic fungi, Purpureocil-
lium lilacinum and Keithomyces carneus were the most 
common. We recorded keratinolytic properties (the ability 
to break down keratin) only in the species Trichophyton 
ajelloi.

On the basis of physico-chemical analyses, we can clearly 
confirm that acidification of the territory in the Šobov local-
ity continues, since soil samples from plots Š1 – Š5 are ultra-
acidic to strongly acidic. Soil reaction is therefore the most 
important ecological factor that influences the biological 
properties of soils.
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