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Abstract: For the first time, a mycological analysis of outdoor urban environment (air, leaves, sealed
surfaces) was carried in the cities of subarctic (Murmansk) and temperate (Moscow) climatic zones.
The chemical composition of dust deposited on leaves of dominant tree species was taken as an
indicator of the air quality. Assessment of the complex impact of factors (climate zone, type of
substrate, anthropogenic load) on the quantitative and qualitative parameters of mycobiome was
performed. Compared to Moscow, Murmansk was characterized by an increased number and
concentrations of pollutants in the deposited dust. The number of culturable airborne fungi in
Murmansk was substantially lower than in Moscow. Half of the species belonged to the opportunistic
in both cities. Most dangerous opportunistic fungi were absent in the air of recreational zones
but present on leaves surface and in road dust in all assessed zones of the cities. Dust chemical
composition affected the diversity of fungi species. While the relationship of biological parameters
with concentration of potentially toxic metals was generally negative, Cd increased the fraction of
opportunistic fungi in road dust. The study revealed an importance of substrate in determining the
sensitivity of outdoor mycobiome to pollution and highlighted its biological characteristics sensitive
to climate.

Keywords: airborne microorganisms; particulate matter; phylloplane; species diversity; opportunistic
fungi; functional zones; urban ecosystems; climatic zones

1. Introduction

In recent years, due to an increase in scale and speed of urbanization, and consider-
able growth of urban population, attention has been paid to study the ecology of urban
agglomerations [1–3]. Large cities are anthropogenic ecosystems that differ from natural
one in many factors: climate, physicochemical properties of soil and air, type and structure
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of vegetation, structure of microorganism communities, degree of pollution, and others.
Fine dust or particulate matter has been recognized as one of the most harmful pollutants
associated with the urban environment [4]. The spatial structure of cities is generally
divided into functional zones: recreational, residential, and industrial/business. As a rule,
functional zoning determines a degree of anthropogenic impact on ecosystems and can
have a strong effect on structure and functioning of their biological components, vegetation,
and microorganisms [5,6]. Air quality monitoring in cities executed by the local authorities
does not always provide a sufficient spatial coverage. Urban trees accumulate a significant
amount of dust on leaf surface and, given the distribution of green infrastructure in the
cities, have been proposed as an excellent indicator of the local air quality in terms of
pollutants type, amount and origin [7–9].

Although city dwellers pass a major part of the proper time indoors, the microbial
community they are exposed to originates primarily from the outdoor environment [10].
Assessment of potentially pathogenic (opportunistic) fungi interaction with urban en-
vironmental conditions is important for densely populated agglomerations. Airborne
opportunistic fungi are responsible for an increase in the incidence of secondary mycoses,
allergies, asthma attacks, and numerous infections [11–16]. They can cause human dis-
eases especially in people with weakened immunity or who are otherwise sensitive to a
wide range of allergenic and toxigenic biological materials [17,18]. It was shown that dust
particles and their composition can affect the number and the biodiversity of airborne
microorganisms [19–21]. On the one hand, dust particles can add to the survival and
dispersion of microorganisms, providing nutrients and protection from adverse factors
(e.g., UV radiation) [22]. On the other hand, individual chemical constituents of dust can
produce toxic effects in certain groups of microorganisms [21]. An increase in the fraction
of airborne pathogenic bacteria was observed with the worsening of the air quality [20].
Little is known regarding the response of airborne pathogenic fungi to the pollution grade,
since the majority of the studies on pathogenic mycobiome have been performed in the
indoor environment [23–29].

Green infrastructure is one of the sources of microorganisms for the airborne environ-
ment [30,31]. It carries a specific community of microorganisms, phyllosphere, and can
introduce and exchange spores and particles of fungal mycelium with the environment,
shaping the diversity of airborne fungi. The phyllosphere fungi can effectively reduce
air pollution in cities through the biodegradation of pollutants on leaves [32–34]. How-
ever, opportunistic fungi have been also found in phyllosphere microbiome [35]. Another
important source of dust and associated microscopic fungi to the urban air are sealed
surfaces (asphalt, concrete pavements, buildings, etc.). The extension of sealed surfaces in
urban agglomerations is huge, making contact transmission of related mycobiome directly
to humans very probable. The response of airborne, phyllosphere, and sealed surface
mycobiome to the pollution in terms of diversity, pathogenicity, and functioning is poorly
studied. Meanwhile, recent findings suggest a direct connection between outdoor air
pollution grade and epidemiologic situation [36–38]. Hence, the need for a deeper under-
standing of the diversity and spatial–temporal dynamics of microorganisms is becoming
more and more relevant. Very few studies address particularities of the airborne microor-
ganisms considering different climatic zones [39–41] and urban functional zoning [42,43].
Few studies evaluated the dust fungi of several substrates, so that source/sink relationships
could be considered [10,22].

Methods to study the quantitative and qualitative composition of the microscopic
fungi in the environment vary from culturable approaches [25,42,44–48], direct
microscopy [44,46,49] to molecular genetic methods of analysis [39,50–53]. DNA-based
methods allow for deeper and more accurate taxonomic description of microbial communi-
ties of interest in confronting a culturable one [54]. However, most often dead, active, and
potentially active units are not distinguishable with such characterization. Meanwhile, only
active and potentially active microorganisms are relevant for biogeochemical processes
and are capable of impacting human health [55]. From this point of view, the culturable



Atmosphere 2021, 12, 1471 3 of 27

approach allows a portion of active mycobiome to be isolated with potentially direct impact
on city dwellers and hence was considered as suitable for the scopes of the current study.

Our research aimed to investigate mycological composition of dust, including the
assessment of the proportion of opportunistic fungi species, in urban ecosystems with dif-
ferent climatic characteristics (Murmansk and Moscow, Russian Federation). In particular,
we hypothesized:

1. Within each city, diversity and quantity of fungi will differ between zones with
different anthropogenic load estimated as concentration of the potentially toxic metals on
the surface of leaves. To test, sampling was performed in different urban functional zones:
recreational, residential, and traffic, where contrasting anthropogenic load is expected;

2. The substrate hosting the fungal urban community will impact its diversity and
quantity. Sensitivity of fungal community to pollution will be substrate-specific. To
test, fungi were sampled from three urban substrates: air, surface of urban trees, and
sealed surfaces;

3. Fungal community in subarctic climatic zone (Murmansk) will differ from fungal
community in temperate zone (Moscow) in terms of diversity and quantity. To test, sam-
pling was performed in two cities at comparable autumn conditions, anticipating sampling
in Murmansk in respect to Moscow;

4. Response of opportunistic fungi to factors taken in consideration will differ from
the response of the rest of mycobiome since they possess different optimum conditions for
growth and different resistance to stress.

2. Materials and Methods
2.1. Climatic Characteristics of Research Areas

The study was carried out in two big cities (>250,000 inhabitants), Murmansk and
Moscow, located in two climatic zones: subarctic (Murmansk) and temperate continental
(Moscow). Murmansk is the biggest city beyond the Arctic Circle in terms of urban
population. The city’s climate is formed in the immediate vicinity of the Barents Sea,
under the influence of the warm, non-freezing North Atlantic Current. The average annual
temperature is −0.4 ◦C. The average annual wind speed is 4.4 m/s. On average, about
601 mm of precipitation falls per year [56,57].

Moscow is a megapolis, the largest city in Russia. The climate of Moscow is temporally
continental, with a clearly pronounced seasonality. The average annual temperature is
+5.8 ◦C, the average annual wind speed is 2.3 m/s, and the average annual air humidity is
76%. During the year, 600–800 mm of atmospheric precipitation falls in Moscow and the
adjacent territory, with most of it falling in the summer months [56,57].

Sampling was carried out at the end of the growing season in September with the
restoration of the post-vacational traffic rates typical for autumn. To ensure similar season-
ality and phenological stage of vegetation, in Murmansk sampling was performed earlier
than in Moscow. Comparable meteorological conditions between two cities characterized
the two weeks’ period prior to the sampling (Figure 1). Average air temperature (Tav)
was similar between Moscow and Murmansk and amounted to 12 ◦C. Variation of min-
imum temperatures (Tmin) was more pronounced in Murmansk. Averaged maximum
temperatures (Tmax) were two degrees higher in Moscow. Murmansk was characterized
by higher precipitations.
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Figure 1. Meteorological conditions in Moscow (a) and Murmansk (b) two weeks prior to the sampling. Numbers above 
the lines are the average values for each of the parameter for the considered period, in case of precipitation—the sum of 
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Figure 1. Meteorological conditions in Moscow (a) and Murmansk (b) two weeks prior to the sampling. Numbers above
the lines are the average values for each of the parameter for the considered period, in case of precipitation—the sum of
the precipitations.

2.2. Site Description

The research was carried out in three functional zones in each city differing from each
other in the level of anthropogenic load: a traffic zone, a residential zone, and a recreational
zone (Table 1). To ensure a clear anthropogenic gradient, data from local air quality
monitoring stations were utilized to search for the adequate sites in Moscow [58]. For
Murmansk, assessment was based on the counting of the traffic load and visual assessment
of the areas. Chemical composition of dust collected from leaf surfaces of trees was used to
support the choice. In each site, three replicated plots were localized randomly.

Table 1. Sites description in Murmansk and Moscow.

Index Traffic Residential Recreational

Murmansk

Coordinates 68◦57′36.0′′ N 33◦03′50.1′′ E 68◦58′44.2′′ N 33◦05′36.8′′ E 68◦57′36.0′′ N 33◦03′50.1′′ E

Description

Crossing major highways;
Proximity of the railway track;

Proximity of a combined heat and
power plant running on heavy

fuel oil

Inter-house territory;
Road transport—parking,

carriageway;
Houses: 5-storey, 2-storey

The territory of the ski sports
complex with a closed passage for

motor transport;
Remoteness from major highways

Location of trees
Protective strip between the
highway and the pedestrian

sidewalk
House greening Background forest

Dominating tree species Betula pubescens Ehrh.
Sorbus aucuparia L.

Betula pubescens Ehrh.
Populus tremula L.

Sorbus aucuparia L.

Betula pubescens Ehrh.
Salix spp.

Moscow

Coordinates 55◦71′86.5′′ N, 37◦57′01.4′′ E 55◦71′54.4′′ N, 37◦60′70.2′′ E 55◦70′93.0′′ N 37◦52′82.0′′ E

Description - Crossing major highways;
-Proximity of fuel stations

- Inter-house territory;
- Road transport—parking,

carriageway;
- Houses: 4-storey

- Territories close to the university
botanical garden

- Remoteness from major
highways
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Table 1. Cont.

Index Traffic Residential Recreational

Location of trees
Protective strip between the
highway and the pedestrian

sidewalk
House greening Urban park area

Dominating tree species

Betula pendula Roth.
Betula pubescens Ehrh

Acer platanoides L.
Tilia cordata Mill.

Picea abies L.

Betula pendula Roth
Betula pubescens Ehrh.

Acer platanoides L.
Acer negundo L.

Tilia cordata Mill.
Picea abies L.

Betula pendula Roth
Betula pubescens Ehrh.

Malus sylvestris
Acer platanoides L.

Acer negundo L.
Picea abies L.

2.3. Sampling

The object of the research was dust and associated microscopic fungi. Three substrates
were sampled in each plot: air, birch leaves, and sealed surfaces (asphalt road). Sampling of
material was perfomed in a rainless period (at least 5 days), in order to reduce the influence
of this meteorological component between cities and to allow dust to accumulate on leaves
and sealed surfaces (Figure 1) [8].

Air sampling was carried out with the aspirator “PU-1B” (Khimko, Russia) at a height
of 1.5 m (human height) on nutrient media (wort-agar nutrient medium and Sabouraud
dextrose agar) in 3 replicates for each selected site. Aspirators are designed for automatic
sampling of biological aerosols during sanitary control of air [44,46]. The device provides
aerosol sampling onto a dense nutrient medium by impaction sedimentation. In traffic
and residential sites 250 L of air during each sampling were collected; in recreational sites
500 L of air were sampled each time. The calculation of the fungi number in 1 m3 of air
was carried out according to the formula

C = P × K,

where C—number of airborne fungi per 1 m3, P—number of fungal colonies on the dish,
K—K is a coefficient per 1 m3 (K = 4, if V = 250 mL, K = 2, if V = 500 mL).

Birch leaves (Betula pendula Erhr.) were sampled from mature trees of the same
physiological state. Representative birch tree was selected in each plot of which 150 leaves
were collected at a height of 1.5–2.5 m. The leaf sampling was carried out in sterile gloves,
leaves were placed into sterile plastic bags and transported in a cooler bag to the lab where
immediately processed.

Road dust was collected with a pre-sterilized brush into sterile test tubes from an area
of 1 m2 in each plot. In Murmansk, it was not possible to collect dust in the recreational
zone due to the onset of rain.

2.4. Preparation of a Suspension for Analysis

For biological characterization, freshly picked leaves (leaf area not less than 250 cm2)
were placed in an empty sterile Petri dish and sterile non-distilled water (15 mL) was
added. Petri dishes with leaves and water were placed on a rotator at 300 rpm for 30 min
to thoroughly wash off the dust. The area of leaves was registered.

For chemical analyses of dust, freshly picked leaves (leaf area not less than 500 cm2)
were placed in sterile flasks with 50 mL of distilled water and shacked on a rotator at
300 rpm for 30 min to thoroughly wash off the dust. Solution was then filtered through
100-µm mesh to eliminate coarse impurities and placed at 65 ◦C in the oven allowing
water to fully evaporate. The precipitate was weighted and processed on its chemical
composition. The area of leaves was registered.

To obtain a sample of dust from asphalt, the material selected with a brush was sieved
through a sieve with a mesh size of 100 µm. An aliquot of dust (0.7 g) was placed in a
15-mL falcon and 7 mL of sterile undistilled water was added; after that, the suspension
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was stirred on a rotator at 300 rpm for 30 min. For chemical analyses, the same amount of
dust was utilized.

2.5. Chemical Analysis

Pollution level was assessed by analyzing the concentration of potentially toxic metals
in dust deposited on leaves surface (qualitative contamination) and relating it to the area
of leaves (quantitative contamination). A weighed portion of precipitate was placed to
the polypropylene test tubes DigiTUBEs (SCP Science) with a capacity of 50 cm3, 15 cm3

of HNO3 65% was poured into them. Test tubes were kept at a temperature of 95 ◦C for
3–4 h. After cooling, 0.5 mL of hydrogen peroxide was added, then it was heated again
at a temperature of 95 ◦C for one hour, after which the sample solution was cooled and
brought to a volume of 50 cm3 with deionized water.

ELAN 9000 DRC-e (Perkin Elmer, Waltham, MA, USA) mass spectrometer with
inductively coupled plasma (ICP MS) was used for the solution analysis. Multi-element
ICP-MS Calibration STD—№ 1 (Perkin Elmer, Waltham, MA, USA), IV-STOK-21, IV-STOK-
29, IV-STOK-28, and IV-STOK-26 (Inorganic Ventures, Christiansburg, VA, USA) were
used for ICP MS tuning and calibration. The accuracy of the calibration characteristic was
assessed with CRM-SOIL-A and CWW-TM standard samples.

2.6. Microbiological Analysis

The number of colony-forming units (CFU) and the diversity of culturable micro-
fungi were determined on a wort-agar nutrient medium with an addition of lactic acid
(4 mL/L) and Sabouraud dextrose agar [59]. The incubation temperatures were +27 and
+37 ◦ C (to isolate opportunistic fungi that can grow at human body temperature) for
7–14 days. Microscopic fungi were identified by cultural and morphological characters
(Olympus CX41 microscope) using standard keys [60–62]. For strains isolated as sterile
mycelium, identification was carried out based on the analysis of the region of ribosomal
genes ITS1-5.8S-ITS2 rDNA. Sequencing of DNA regions was performed using a BigDye
Terminator V. 3.1 Cycle Sequencing Kit (Applied Biosystems, Waltham, MA, USA) with
subsequent analysis of the reaction products on an Applied Biosystems 3130l Genetic
Analyzer sequencer at the Syntol Research and Production Center (Moscow). The species
name and taxonomy were checked using the CABI Bioscience Databases [63].

The isolated species of microscopic fungi were classified as opportunistic according to
the classification of de Hoog et al. [64]. Opportunistic fungi were divided into three groups,
in accordance with their potential danger to human health: BSL1, BSL2, and BSL3 as the
degree of pathogenicity increases.

2.7. Statistical Analysis

Statistical analysis and visualization of experimental data were carried out in the
R 4.0.3 software package (R Core Team, Vienna, Austria) and in the Microsoft Office
Excel software. The significance of differences in experimental data between the studied
options (independent groups) was assessed using the Student’s t-test with unequal sample
variances and the Welch two-sample t-test with equal sample variances. In case of an
abnormal distribution of the sample, determined using the Shapiro–Wilk normality test,
the samples as a whole were compared using the Wilcoxon–Mann–Whitney test. The
reliability of the influence of chemical parameters on biological ones was determined using
one-way analysis of variance (ANOVA) and correlation analysis (Pearson’s correlation
coefficient). The analysis of the qualitative similarity of the species composition was carried
out using cluster analysis based on the presence/absence of a fungi species, implemented
in a vegan package. The “nearest neighbor” method was used to construct the dendrogram.
The influence of factors on the studied trait was assessed using multivariate analysis of
variance. The significance level was 0.05.
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3. Results
3.1. Chemical Composition of Dust in Two Cities

In general, Murmansk was characterized by a higher diversity of chemical elements
in dust: on average 28 chemical elements were found in Moscow versus 34 in Murmansk,
highlighting more pollutants’ sources in the last city. The contamination of the leaf surface
was assessed by two indicators: qualitative contamination (concentration of chemical
elements in ppm) and quantitative contamination (content of chemical elements in mg/m2

of leaf surface).

• Qualitative Contamination

The coefficient of variation (CV, n = 18) for studied elements varied in the range of
1.01–1.57 for PTE (potentially toxic elements, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Cd, Pb),
and 0.67–2.45 for REE (rare earth elements, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy). Concentrations
of the most of PTE in dust washed out from leaves varied between three functional
zones in Moscow in the row RC < RS < TR (Figure 2). In Murmansk, the differences
between residential and recreational zones were less pronounced, while traffic zone was
characterized by highest concentrations among all analyzed locations in both cities. Despite
the remoteness from the center, the investigated recreational zone in Murmansk was more
susceptible to the anthropogenic influence of air pollution sources than in Moscow. Thus,
the median excess of PTE content in leaves in Murmansk relative to Moscow was 3.8, 5.4,
and 8.2, for traffic, residential, and recreational zones, respectively.
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The content of PTE in the leaves’ dust in Moscow in the traffic and residential zones
differed from the recreational zone content compared to Murmansk (Figure 3a). In Moscow,
the median value of the ratio between the content for elements showed in Figure 3 for the
traffic/recreational and residential/recreational zones was 6.7 and 2.3, respectively. For
Murmansk, these ratios were much lower: just 1.9 and 1.0, suggesting more homogenic
distribution of pollutants between three zones (Figure 3b).
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• Quantitative analysis

The data regarding the concentration of individual elements in leaf dust did not give a
complete picture on the real level of air pollution by dust in each zone and city in particular,
due to the difference in street management including dry and wet roads cleaning. At the
same time, the data on the elements’ content in washes calculated per m2 of leaves surface
provided information about current air pollution by PTE (Figure 4).
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Figure 4. Content of potentially toxic elements (PTE)—(a) Fe, Al, Ti, Mn, Zn, Cu; and (b) V, Ni, Cr, Pb, Co in leaf dust in
Moscow (MSC) and Murmansk (MUR) in recreational (RC), residential (RS), and traffic (TR) zones.

The content of elements also varied between functional zones and cities, and CV
(n = 18) was in the range of 0.70–1.57 for PTE, and 1.29–2.45 for REE. The pollution of the
leaf surface by PTE in the Murmansk traffic zone was much higher than in the Moscow one.
For residential and recreational areas, this tendency persisted but was less pronounced.
In Moscow, the differences between zones in qualitative contamination (Figure 2) leveled
out after recalculation per leaf area (Figure 5a). The content of chemical elements per leaf
area in Murmansk traffic and residential zones exceeded their content in the recreational
zone 7.0 and 2.9 times, respectively. In Moscow, this excess amounted only 1.3 and 0.6 times
(Figure 5). This finding indicates extremely high air pollution near roads in the Murmansk
central part.

Thus, the traffic zone was the primary source of pollutants in both cities. However,
a thorough cleaning of principal roads carried out in Moscow decreased the amount of
resuspended dust which was deposited on leaves in traffic zone. Less dust was also
transferred for a long distance from the pollution source. In Murmansk, road cleaning
is carried out less frequently, leading to the dust accumulation on sealed surfaces and
further spreading throughout the territory, which was confirmed by the similar chemical
composition of leaves’ dust between all zones.
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3.2. The Number and Diversity of Microscopic Fungi in Moscow

The number of airborne fungi of different functional zones of Moscow varied from
121 to 222 CFU/m3. The smallest number was measured in residential zone (p < 0.05),
the largest in traffic and recreational zones. In the residential zone, almost 70% of the
detected species belonged to opportunistic fungi; this number was lower in traffic zone
(57%) and in the recreational zone (50%), although differences between zones were not
significant (Figure 6a).

The number of fungi detected on the leaves surface in traffic zone reached 469,000 CFU/g
of dust, and in the residential zone it was 2.5 times less (180,000 CFU/g, p = 0.1937 > 0.05).
In the recreational zone, the number was minimal −27,000 CFU/g (Figure 6b, p < 0.05).
However, the portion of opportunistic fungi is almost the same in all functional zones and
amounted to 45–65% of the total number of identified species, reaching the highest value
near the road.
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The number of microscopic fungi in road dust in Moscow varied from 379 CFU/g in
the traffic zone to 1367 CFU/g in the residential zone (Figure 6c). In the recreational zone,
a high content of fungi was also identified −1206 CFU/g. The portion of opportunistic
fungi in all zones was close to 50% of the total detected.

In total, 43 species of microscopic fungi belonging to 3 phyla (Ascomycota, Basid-
iomycota, Mucoromycota), 7 classes (Agaricomycetes, Dothideomycetes, Eurotiomycetes,
Leotiomycetes, Mucoromycetes, Saccharomycetes, Sordariomycetes), 8 orders (Dothideales,
Eurotiales, Helotiales, Hypocreales, Mucorales, Pleosporales, Polyporales, Saccharomyc-
etales), 10 families (Aspergillaceae, Bionectriaceae, Hypocreaceae, Mucoraceae, Nectri-
aceae, Phanerochaetaceae, Pleosporaceae, Rhizopodaceae, Saccotheciaceae, Sclerotiniaceae),
16 genera (Alternaria, Aspergillus, Aureobasidium, Botrytis, Cephalosporium, Cylin-
drophora, Fusarium, Hyalocylindrophora, Hyphopichia, Mucor, Paecilomyces, Penicillium,
Rhizopus, Sporotrichum, Talaromyces, Trichoderma), and two types of sterile mycelium
were revealed.

In the recreational zone, the diversity of fungi was represented by 7 species in the air, 12
on the leaf surface, and 12 species in the road dust. In the residential zone were identified 9,
19, and 14 species, respectively; in traffic zone 6, 14, and 15 species, respectively (Figure 7).

In the residential zone, an increase in the diversity of airborne fungi of the genus
Aspergillus was noted. Noteworthy is the fact that Aspergillus fumigatus species predominate
in abundance in the residential zone (Table 2). The species Alternaria tenuissima and Botritis
cinerea dominated in the recreational zone, and Alternaria tenuissima and Talaromyces flavus
in the traffic zone.
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Figure 7. Diversity of fungi in the air (A), in leaf surface (L), and in road dust (R) in different functional zones in Moscow.
TR—traffic zone, RS—residential zone, RC—recreational zone. Each bar is the sum of all species found in three replicated
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In leaves and roads dust, the species diversity of fungi was higher than in the city
air (Figure 7). Aureobasidium pullulans dominated on the leaf surface in all zones, and a
high abundance of P. melinii and Aspergillus flavus was also noted in the recreational zone
(Table 2). In the road dust of residential and traffic zones, the greatest variety of fungi
g. Aspergillus was revealed. In the residential zone, A. niger prevailed in abundance; in
traffic and recreational zones Trichoderma koningii dominated.

Fungi of the BSL-1 group were isolated from the air of recreational zone, while in
the residential and traffic zones, fungi of more pathogenic BSL-2 group were isolated as
well. Their portion amounted to 15–20% of the total species found (Figure 8). In contrast
to the air, fungi of BSL-1 and BSL-2 groups were found on leaves and in the road dust in
all assessed zones of Moscow. On the leaves surface, the portion of opportunistic fungi
was high in the recreational and traffic zones, where the maximum diversity of fungi
g. Aspergillus also was revealed. In road dust the largest number of BSL-2 fungi was noted
in the residential zone.
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Table 2. Taxonomic diversity and abundance (%) of opportunistic fungi.

Species

Moscow Murmansk

Air Leaves Road Air Leaves Road

TR RS RC TR RS RC TR RS RC TR RS RC TR RS RC TR RS

Ascomycota Pezizomycotina Dothideomycetes Dothideomycetidae Dothideales Saccotheciaceae

Aureobasidium melanogenum (Herm.–Nijh.) Zalar,
Gostinčar, and Gunde–Cim. 2 4

A. pullulans (de Bary and Löwenthal) G. Arnaud 87 63 23 5 1 18 5 2 22 2

Pleosporomycetidae Pleosporales Pleosporaceae

Alternaria atra (Preuss) Woudenb. and Crous 8
A. tenuissima (Kunze) Wiltshire 25 7 34 <1

Eurotiomycetes Eurotiomycetidae Eurotiales Aspergillaceae

Aspergillus candidus Link 3 7
A. flavipes (Bainier and R. Sartory) Thom and
Church 4

A. flavus Link <1 5 2 8 23 7 7 2 7 13 12 2
A. fumigatus Fresen. 21 <1 2 11 14 11 3 2 4 4 2
A. niger Tiegh. 16 1 3 1 17 23 6 4 2
A. terreus Thom 2
A. versicolor (Vuill.) Tirab. 1
Paecilomyces variotii Bainier 1 1 3 3 4
Penicillium aurantiogriseum Dierckx 1 1 1
P. chrysogenum Thom 14 1
P. expansum Link <1
P. griseofulvum Dierckx <1 1
P. sp 32 2 6
P. spinulosum Thom 1 7 2
Talaromyces helicus (Raper and Fennell) C.R. Benj. <1 2 6 12 4 5
T. purpureogenus Samson, N. Yilmaz, Houbraken,
Spierenb., Seifert, Peterson, Varga, and Frisvad 3 2 5

T. rugulosus (Thom) Samson, N. Yilmaz, Frisvad,
and Seifert 4 1
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Table 2. Cont.

Species

Moscow Murmansk

Air Leaves Road Air Leaves Road

TR RS RC TR RS RC TR RS RC TR RS RC TR RS RC TR RS

Sordariomycetes Hypocreomycetidae Hypocreales Hypocreaceae

Trichoderma aureoviride Rifai 1 8
T. glaucum E.V. Abbott 15
T. koningii Oudem. 2 2 1 22 10 29 6 22
T. viride Pers. <1 <1 8 5

Nectriaceae

Fusarium sp. 2 12

Microascales Microascaceae

Scopulariopsis candida Vuill. 16 25 18

Saccharomycotina Saccharomycetes Saccharomycetidae Saccharomycetales Incertae sedis

Hyphopichia burtonii (Boidin, Pignal, Lehodey, Vey
& Abadie) Arx and Van der Walt 1 1 1

Mucoromycota Mucoromycotina Mucoromycetes Incertae sedis Mucorales Mucoraceae

Mucor hiemalis Wehmer 7

Rhizopodaceae

Rhizopus stolonifer (Ehrenb.) Vuill. 1 14 1 2 1

Note: bold—dominant species.
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different functional zones in Moscow. TR—traffic zone, RS—residential zone, RC—recreational zone.

3.3. The Number and Diversity of Microscopic Fungi in Murmansk

The number of airborne fungi in Murmansk varied among three zones between 72
and 103 CFU/m3 with highest number measured in residential zone (Figure 9a, p = 0.52).
On leaves surface the number of fungi was in the range 14–88,000 CFU/g with highest
number measured in the traffic zone and a minimum in a residential zone (Figure 9b,
p = 0.25). In road dust were measured 292 and 364 CFU/g respectively in residential and
traffic zones (Figure 9c). The portion of airborne opportunistic fungi in all zones ranged
from 53 to 63%, with a minimum in the residential zone with no significant differences
between the zones. The portion of opportunistic fungi on the leaves surface was also
similar between functional zones and amounted to 58–60% of the total number of isolated
species (Figure 9b). Despite the high number of fungi measured in road dust in traffic zone,
the portion of opportunistic fungi was the smallest (43%) here, while in the residential zone
it amounted to 53% of the total number of isolated species (Figure 9c).

In total, 41 species of microscopic fungi belonging to 2 phyla (Ascomycota, Mu-
coromycota), 6 classes (Dothideomycetes, Eurotiomycetes, Leotiomycetes, Mucoromycetes,
Saccharomycetes, Sordariomycetes), 9 orders (Dothideales, Eurotiales, Helotiales, Hypocre-
ales, Microascales, Mucorales, Pleosporales, Saccharomycetales, Thelebolales), 11 families
(Aspergillaceae, Hypocreaceae, Microascaceae, Mucoraceae, Myxotrichaceae, Nectriaceae,
Pleosporaceae, Pseudeurotiaceae, Saccotheciaceae, Sarocladiaceae, Sclerotiniaceae), 19 gen-
era (Alternaria, Aspergillus, Aureobasidium, Botrytis, Cephalosporium, Ciliciopodium,
Hyphopichia, Monodictys, Mucor, Oidiodendron, Paecilomyces, Parasarocladium, Penicil-
lium, Pseudeurotium, Rhinocladium, Scopulariopsis, Scytalidium, Talaromyces, Tricho-
derma), and 1 sterile mycelia were revealed.

The species diversity of airborne fungi of the residential and traffic zones was rep-
resented by 13 and 16 species, respectively. In contrast to the air, the smallest amount
of fungi on the leaves surface was found in the residential zone, and the largest in the
recreational zone. In the leaf surface, the diversity of culturable fungi was represented by 6
and 9 species, respectively, and in road dust, 14 and 6 species (Figure 10). In the residential
zone, the appearance of fungi gg. Trichoderma, Aureobasidium, Ciliciopodium, Parasarocladium
was noted. However, the fungi Talaromyces ruber dominated in both zones. In Murmansk,
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7 species were identified in the air of the recreational zone, and 11 species were found on
the leaves surface (Figure 10).
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The most pathogenic genus Aspergillus, as well as other dangerous BSL-2 species, were
found in the air in traffic zone of Murmansk (Figure 11). Here, the prevailing airborne
species differed between the zones: in the traffic zone it was Cephalosporium glutineum,
in the residential one, Scopulariopsis candida and Scytalidium flavobrunneum, and in the
recreational, Trichoderma koningii and Aureobasidium pullulans (Table 2). On the surface
of leaves in Murmansk, no differences were found in the contribution of the BSL-1 and
BSL-2 opportunistic fungi between different functional zones (Figure 11). In road dust,
the opportunistic fungi were revealed both in residential and traffic zones; however, their
portion was higher near roads.
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3.4. Correlations and Multivariate Analyses

According to the results of multivariate analysis of variance, a statistically significant
effect of the type of substrate on the number of microscopic fungi was revealed at p = 0.0240.
The mutual action of the city (climate) and the functional zone also significantly affects the
number of fungi p = 0.0410.

The climatic factor significantly affects the number of isolated species at p = 0.02924
(an increase in the diversity of fungi from north to south). In addition, the combined
influence of climate and substrate significantly affects the number of isolated species at
p = 0.00211. The type of functional zone (p = 0.0481) has a significant effect on the portion of
opportunistic fungi, while the type of substrate and climate did not have a significant effect.
The strength of the influence of the type of functional zone on the portion of opportunistic
fungi is 21%.

Results of correlation analyses between chemical characteristics of dust and analyzed
biological parameters are given in Tables 3 and 4. Generally, all the observed relations were
characterized by a negative sign with the exclusion of species richness of airborne fungi
which was positively correlated with a number of chemical species found in the sites. A
strong positive relation was also found between fraction of BSL-1 group in the road dust and
concentration of Cd. Fungi of leaves surface were less sensitive to chemical characteristics
of dust in confront to airborne fungi and road dust fungi. Concentration of elements in
urban dust (qualitative contamination) was a more sensitive parameter in respect to content
of individual elements in the environment (pollutants quantity). Negative correlations
found with some chemical species, as for example elements from the lanthanide group,
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could be driven by a city effect, because the concentrations of these chemical elements
in Murmansk dust were much higher than in Moscow. Especially such correlations were
pronounced for total amount of airborne and road dust fungi, highlighting the importance
of city/climate effect for these biologic parameters.

Cluster analysis of the species composition of microfungal complexes in the air, on
the surface of leaves, and in road dust revealed both similarities and differences among
functional zones and cities (Figure 12). The species composition of microfungi formed
three large clusters, in which the air mycobiome in Murmansk, and leaf surfaces in Moscow
formed separate clusters. The third cluster combined the rest of the substrates and func-
tional zones. It can be seen that mycobiomes of different functional zones, but of the same
substrate within the same climatic region, are close to each other.
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Table 3. Correlation coefficient between chemical dust characteristics and biological parameters. Concentration of elements is expressed in µg g−2 of dust. Significant correlations are
marked with color: Blue corresponds to negative correlation and red to positive. Numbers refer to r value.

Element Concentration µg g−1

Subsrate Parame-
ters

Dust
Weight

N. of El-
ements

Weight
of Ele-
ments

Li Be B Cr Fe Co Ni Cu Zn Ga Rb Sr Y Zr Nb Mo Cd Sn Sb Cs Ba Lanthanide Hf W Pb Th U Ti V Mn Na Mg Al Si K Ca

Air

Quantity
total 0.5 0.6 0.6 0.6 0.6 0.5 0.6 0.6 0.5 0.5 0.6 0.6 0.5 0.5

Quantity
oppor-
tunistic

0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.7 0.7 0.6 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.5

Species
richness 0.5

Fraction
BSL-2

Fraction
BSL-1 0.5 0.6 0.6 0.6

Leaves

Quantity
total

Quantity
oppor-
tunistic

Species
richness 0.5 0.5 0.5 0.5

Fraction
BSL-2 0.5

Fraction
BSL-1

Road

Quantity
total 0.7 0.6 0.6 0.5 0.6 0.5 0.6 0.5 0.5 0.6 0.7 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Quantity
oppor-
tunistic

0.6 0.6 0.5 0.5 0.5 0.5 0.5 0.5

Species
richness 0.6 0.6 0.5 0.6 0.6 0.6 0.5 0.6 0.5 0.6

Fraction
BSL-2 0.6 0.5 0.5 0.5 0.5 0.5 0.6 0.6 0.6 0.5 0.6 0.6 0.6 0.6 0.5 0.6 0.5 0.5

Fraction
BSL-1 0.7
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Table 4. Correlation coefficient between chemical dust characteristics and biological parameters. Content of elements is expressed in µg m−2 of leaf surface. Significant correlations are
marked with color: Blue corresponds to negative correlation and red to positive. Numbers refer to r value.

Element Concentration µg m−2

Subsrate Parame-
ters

Dust
Weight

N. of El-
ements

Weight
of Ele-
ments

Li Be B Cr Fe Co Ni Cu Zn Ga Rb Sr Y Zr Nb Mo Cd Sn Sb Cs Ba Lanthanide Hf W Pb Th U Ti V Mn Na Mg Al Si K Ca

Air

Quantity
total

Quantity
oppor-
tunistic

0.6 0.6 0.5 0.6 0.5 0.5 0.5 0.6 0.5 0.5

Species
richness 0.5

Fraction
BSL-2

Fraction
BSL-1 0.6 0.6 0.6 0.7 0.7 0.6 0.6

Leaves

Quantity
total

Quantity
oppor-
tunistic

Species
richness

Fraction
BSL-2

Fraction
BSL-1

Road

Quantity
total 0.7 0.6 0.6 0.6 0.5 0.7 0.6 0.5 0.5 0.5 0.6 0.5

Quantity
oppor-
tunistic

0.6 0.5 0.5 0.6

Species
richness 0.6 0.6 0.7 0.6 0.6 0.6 0.6 0.5 0.7 0.6 0.7 0.6 0.7 0.6 0.6 0.7 0.7 0.6 0.6 0.6 0.7 0.6 0.6

Fraction
BSL-2 0.6 0.5 0.5 0.5 0.5 0.6 0.6 0.5 0.6 0.5 0.6 0.6 0.6 0.6 0.5 0.6 0.6 0.5 0.5

Fraction
BSL-1 0.7
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4. Discussion
4.1. Effect of Climate and Pollution across Cities

In general, only 31% of species were common for two climatic zones, while in the
group of opportunistic species, 43% of fungi coincided. This could be due to the tendency
to identify “southern” species in the northern regions in anthropogenically disturbed
territories, including urban ecosystems [65–69]. In Murmansk, the largest number of fungal
species belonged to the genera Aspergillus, Penicillium, and Talaromyces. In Moscow, the
largest number of species belonged to general Aspergillus, Penicillium, Talaromyces, and
Trichoderma. Fungi belonging to these genera are known for their ability to cause diseases
in humans and animals, such as lung and skin infections, systemic mycoses, peritonitis,
and lymphadenitis [64].

The number of culturable airborne fungi, fungi on the surface of leaves and in road dust
in subarctic Murmansk was generally 1–2 orders of magnitude lower than in Moscow. This
pattern persists if compared with other large cities with warmer than Murmansk climates.
The number of airborne fungi of St. Petersburg varied from 300–800 CFU/m3 in summer,
in some periods reaching 1400 CFU/m3 [70]; in Moscow, from 50 to 1500 CFU/m3 [17,20];
Badajoz (Spain), up to 2000 CFU/g3 [19]; and Dublin (Ireland), from 30 to 6700 CFU/m3 [11].
Climatic conditions in the period of sampling can play a role for the amount of airborne
fungi present. In September, Murmansk is characterized by lower night and day tempera-
tures and shorter day light period compared to Moscow [56,57]. However, in the current
experimental design, the anticipation of the autumn sampling in Murmansk allowed us
to achieve comparable climatic conditions in terms of average, minimum, and maximum
temperatures between the two cities. Hence, the effect of the instantaneous meteorological
variation could be excluded, pointing more to geographic or climatic zone influence. Mur-
mansk is also an industrial city with multiple anthropogenic sources of contaminants [71].
Higher concentrations and amount of dust in Murmansk can also drive the between city
differences in fungi amount, alongside the climate zone. Indeed, the increase in a number
of airborne microorganisms was observed for the air of intermediate quality, while in clean
and heavily contaminated air its amount declined [20,48]. However, concentration of PTE
was comparable for some of the zones between Moscow and Murmansk (e.g., recreational
and residential zone in Murmansk with traffic zone in Moscow), whereas the number
of fungi was several times lower in the northern city, thus supporting the climatic zone
hypothesis. Despite the lower number of fungi in all studied substrates in Murmansk, their
species diversity was comparable to that in Moscow: 41 and 43 species, including 23 and
20 of opportunistic fungi, respectively. Species richness (number of species) of airborne
fungi was positively correlated with number of chemical species (elements) found in urban
dust, pointing to dust as a substrate function which supports the biodiversity [72,73]. In
Murmansk, the higher variety of chemical elements was found in urban dust, highlighting
major sources of contaminants compared to Moscow. Power plants, industries, railway,
naval, and road transport contribute to anthropogenic emissions here [71]. Simultaneously,
the fraction of pathogenic species in the detected pool of fungi declined with an increase
of the variety of pollutants. Differential response of pathogenic and total microorganisms
pool in respect to the level of contamination was previously reported [20].

The largest number of fungi species in Murmansk was isolated from the air (22 species),
while in Moscow the greatest species diversity was found on leaves and in the road dust.
The fungi community on leaves was characterized by different sensitivity to pollution
grade in respect to airborne microorganisms and road dust. Leaf surface mycobiome was
largely insensitive to pollution. We can suggest a buffering function for leaves, ensuring
resistance of proper fungi community to PTE. Indeed, the capacity of leaves to regulate the
phylloplane environment conditions have been highlighted [74]. In fact, such buffering was
not confirmed for road dust, where the relation with assessed contaminants was primary
negative for all analyzed biological parameters. While dust can execute a substrate function
in the air and on the sealed surface where nutrients are lacking and hence simultaneous
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toxic effects could be expected, the mycobiome of leaves can rely on the nutrients input
provided by the leaf.

An increase of the fraction of BSL-1 group with Cd contamination was observed for the
road dust. While Cd is considered toxic for plants, animals, and microorganisms [75,76],
stimulatory effects in the low-dose range have been also reported for soil microorgan-
isms [77]. We can hypothesize that a non-toxic threshold is different between opportunistic
and non-opportunistic fungi.

4.2. Functional Zones

In different functional zones of Murmansk, no difference was found either in the total
number of airborne fungi or for the opportunistic fungi. In Murmansk, the species diversity
of airborne fungi of the residential and traffic zones was richer than in Moscow. Thus, the
greatest diversity of airborne fungal species in Moscow and Murmansk was observed in the
residential area, and the smallest in the recreational area. The structure of the dominance
of communities of airborne fungi in cities differed for different functional zones.

The portion of opportunistic fungi was 53–63% in all studied areas. In Moscow, the
largest portion of opportunistic fungi was noted in the residential and traffic areas, up
to 50–70% of the total number of species; however, the total number of airborne fungi in
the residential area was the smallest. Although not related to the concentration of singu-
lar pollutants, the fungi of the most dangerous BSL-2 group appeared in the traffic area
in both cities, which may indicate a greater resistance of these species to anthropogenic
load [13,47,78]. No fungi of this group were found in the air of the recreational zone either
in Moscow or in Murmansk. It can be hypothesized that a considerable concentration
of green infrastructure in the recreational zone execute a phytoncidal effect on the my-
cobiota belonging to this pathogenic group. Such effects were confirmed in laboratory
experiments [79,80]. However, similar patterns were not observed for leaves and road dust,
where fungi of BSL-2 group were present in all functional zones. Less dust and nutrient
content in the air may also limit the spread of this group of microorganisms in the air.

While in Moscow 2.5 times more microfungi were isolated from the surface of leaves
near roads and 7 times more in the residential zone compared to the recreational zone, in
Murmansk their large number was found only near the roads. In the residential zone, on the
contrary, the lowest number of fungi was noted. However, in cities of both climatic zones,
the portion of opportunistic fungi on the leaf surface was 50–60% of the total number of
species in different functional zones, a pattern highlighted by other authors [79,81]. Fungi
of the BSL-2 group were isolated in all zones of both cities, and their greatest number was
found on plants in the recreational zone. This may be caused by the movement of fungal
spores from the most polluted areas of the city to the park zone, which was previously
noted by other authors [42]. On the surface of leaves, both in Moscow and in Murmansk,
differences in the composition of dominant species between different functional zones
were not revealed. In Moscow, the dominant species was Aureobasidium pullulans, and in
Murmansk Penicillium corylophilum.

In Moscow, in the road dust, the minimum number of microfungi was noted, while in
Murmansk was the maximum noted. This result can be explained by the regular washing
of the roads in the transport zone of Moscow [82], which is not carried out in residential
and recreational zones. In Murmansk, in the residential area, the number of microfungi is
two times lower than near roads. However, in Moscow in the traffic area, a high portion of
opportunistic fungi was noted (56%), while in Murmansk, it was only 43%. BSL-2 fungi
were identified in all zones of both cities.

4.3. Species Composition Clustering

Clustering and multivariate analyses revealed the importance of the type of substrate
and climatic zone for the species composition of the mycobiome. Each substrate (air,
surface of leaves, road dust) could be characterized as a different habitat for microscopic
fungi with different energy availability and particular environmental conditions. The
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air is characterized by aridity, increased UV irradiation, and a lack of nutrients. Here,
major survival rates were expected for xerophilic resistant fungi. The surface of leaves
was more favorable for the development of fungi due to the presence of an additional
source of nutrition—plant secretions, favorable temperature, and moisture rates [8,83].
Road dust is characterized by an abundance of dust-related organic matter and inorganic
compounds, which can serve as a nutrient substrate for fungi. The proximity to soil
also contributes to the abundance and diversity of microfungi in road dust [77]. Due to
these features, microscopic fungi occupy different ecological niches on different types of
substrates, where they form unique complexes characterized by different numbers and
species composition. The significant influence of the climatic zone on the number of
microfungi may be associated with the general trend of an increase in the number and
diversity of fungi, including conditionally pathogenic ones, from north to south, also noted
in the works of other authors [84].

5. Conclusions

Quantitative and qualitative parameters of the mycobiome in the air, on the surface of
leaves and in the road dust was analyzed in different functional zones characterized by
contrasting anthropogenic load of two big cities located in temperate and subarctic climate.
It was found that environmental pollution grade in these cities differed substantially both
in chemical composition and amount of dust as demonstrated by dust accumulated by
birch crowns. A lower number of micromycetes was revealed in all studied substrates in
Murmansk compared to Moscow, but the species richness of micromycete communities
was comparable for two cities. In both cities, the largest number of species belonged to
the genera Penicillium, Aspergillus, Talaromyces, and Trichoderma. About half of the isolated
species were identified as potentially pathogenic. The most dangerous species belonging
to the BSL-2 (Aspergillus flavus, A. fumigatus, and Paecilomyces variotii) group were found
in the transport and residential areas of both cities; this trend was especially clear for
Moscow. The type of substrate and the climatic factor had a more significant effect on the
number, species diversity of microfungi and the number of opportunistic species compared
to functional zoning. Still, diversity and number of species were sensitive to concertation
of individual pollutants between cities and functional zones. Positive and negative effects
were observed. In general, the air in the recreational zone of both cities can be considered
as the safest for humans due to the absence of BSL-2 fungi. However, a significant number
of opportunistic species were found on leaf surfaces and in the road dust in all the zones.
As a recommendation to city dwellers, it could be suggested to minimize a direct contact
with the surface of plant leaves and road surfaces, which could be especially important for
preschool children, in order to reduce the likelihood of interaction with opportunistic fungi
as potentially hazardous to human health.
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