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Abstract: Airborne fungal spores constitute an important type of bioaerosol and are responsible
for a number of negative effects on human health, including respiratory diseases and allergies. We
investigated the diversity and concentration of culturable airborne fungi on pedestrian bridges in
Tianjin, China, using an HAS-100B air sampler. We compared the airborne fungal communities at the
top central area of the selected pedestrian bridges and along the corresponding sidewalk, at ground
level. A total of 228 fungal strains belonging to 96 species and 58 genera of Ascomycota (68.86%),
Basidiomycota (30.26%), and Mucoromycota (0.88%) were isolated and identified using morphological
and molecular analysis. Alternaria was the dominant genus (20.61%), followed by Cladosporium
(11.48%), Schizophyllum (6.14%), Sporobolomyces (5.70%), and Sporidiobolus (4.82%). Alternaria alternata
was the most frequently occurring fungal species (6.58%), followed by Schizophyllum commune (5.26%),
Alternaria sp. (4.82%), Sporobolomyces carnicolor (4.39%), and Cladosporium cladosporioides (3.95%). The
recorded fungal concentration ranged from 10 to 180 CFU/m3. Although there was no significant
difference in the distribution and abundance of the dominant airborne fungal taxa between the
two investigated bridges’ sites, numerous species detected with a low percentage of abundance
belonging to well-known pathogenic fungal genera, including Alternaria, Aspergillus, Aureobasidium,
Cladosporium, Penicillium, and Trichoderma, were exclusively present in one of the two sites. The
relative humidity showed a stronger influence compared to the temperature on the diversity and
concentration of airborne fungi in the investigated sites. Our results may provide valuable information
for air quality monitoring and for assessing human health risks associated with microbial pollution.

Keywords: airborne fungi; concentration; distribution; diversity; environmental factors; fungal
community structure; outdoor environments

1. Introduction

Fungi are among the most abundant organisms in the biosphere, playing a number of
very important roles in the environment. For instance, fungi act as decomposers, breaking
down dead organic matter and replenishing the soil with essential nutrients. They also
provide numerous benefits to modern society through their use in the pharmaceutical,
beverage, and food industries [1–4]. However, fungi are also considered a source of air
pollution, causing various diseases and allergies, and being responsible for a number of
infections in humans and animals [5,6]. Fungal spores constitute an important type of
bioaerosol and can be found in far higher numbers than pollen grains in the air [7]. Nu-
merous previous studies have reported a strong connection between many adverse health
problems and long-term exposure to fungal spores [8–12]. Over 80 fungal species have been
identified as the source of respiratory tract allergy symptoms, and more than 100 fungal
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genera have been reported to be associated with human and animal severe infections [7].
Infectious diseases resulting from the inhalation of different fungi are determined by the
quantity and size of inhaled fungal particles. Fungal spores with a diameter of less than
5 µm are capable of penetrating the alveoli, resulting in allergic alveolitis and other serious
diseases [7,13]. Spores of airborne fungi can cause type I hypersensitivity and they can
also induce some respiratory reactions [7]. Previous studies have found that airborne fungi
can be linked to human lung cancer when the fungus Aspergillus flavus, which produces
aflatoxin B, enters the human respiratory tract via inhalation or ingestion [14–17].

Many studies have found that environmental factors, such as temperature, humidity,
sunlight intensity, human activity, and pollution have an impact on the concentration,
diversity, and survival of airborne fungi [18,19]. Cladosporium, Alternaria, Penicillium, and
Aspergillus have been found to be the dominant airborne fungal genera in various outdoor
environments and their concentrations have been shown to vary under the influence of
different environmental parameters [12,18]. Exposure to the aforementioned fungi has
been found to be responsible for some respiratory diseases such as asthma and allergic
rhinitis [20–22]. A considerable number of studies have been conducted in different Chinese
cities, focusing on both indoor and outdoor airborne fungal communities [6,23–28]. These
studies have provided valuable information related to the diversity of airborne fungal
communities in the analyzed environments, which certainly can be used to understand
implications for human health, for risk assessment, and for prevention of fungus-associated
diseases [24,29]. However, there is still much to be learned about the composition, structure,
and dynamics of fungal communities in urban areas, which are characterized by the
presence of an enormous number of indoor and outdoor air environments offering a variety
of conditions for the presence of different fungi. A substantial portion of these urban
environments is nearly completely unexplored.

Pedestrian bridges serve as public spaces for urban mobility [30]. They are designed
to be built over streets to allow an easy flow of people without impeding vehicular traffic
movement to avoid traffic jams [31,32]. However, while walking on pedestrian bridges,
people could be exposed to a variety of potentially harmful fungal particles suspended
in the air by the vehicles moving along the underlying road. In addition, the presence of
pedestrian bridges enables drivers to increase their vehicle speed, causing an intensification
of car exhaust emissions and air pollution, which in turn may affect the concentration
of airborne fungi in such places [33–35]. Air pollution not only harms human health
by causing pathological conditions, allergies, and other health problems, but also has a
significant negative impact on the socioeconomic development process in most of China’s
northern cities [36].

Our study, carried out in Tianjin, China, aimed to assess the diversity and concen-
tration of airborne fungi on pedestrian bridges and to understand the effect of various
environmental factors on the analyzed fungal community structure. We compared the
airborne fungal communities at the center of the selected pedestrian bridges with the
communities found at ground level, along the corresponding sidewalk, in order to test
our hypothesis of a particularly high diversity and/or concentration of airborne fungi
expected on the bridges, which could have implications for human health. Since many
people use pedestrian bridges on a daily basis, it is of critical importance to study the
airborne microorganisms in these areas in order to assess health risks, and provide valuable
information for air quality monitoring and microbial pollution control.

2. Materials and Methods
2.1. Sampling Locations

The present study was conducted in Tianjin, China’s fifth largest city, located in the
northeastern part of China, 135 km southeast of Beijing. In terms of number of inhabitants,
Tianjin has the fourth largest urban population in China with 13,794,450 people in the
year 2021 (data retrieved from https://worldpopulationreview.com/world-cities/tianjin-
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population, accessed on 7 April 2022 and https://www.nationsonline.org/oneworld/map/
google_map_Tianjin.htm, accessed on 23 April 2022).

Ten sampling sites located on five different pedestrian bridges were selected for this
study. For each bridge, two sites were analyzed, the top central area of the bridge (C
sites) and the ground level area on the sidewalk under the bridge (U sites; Supplementary
Table S1 and Figure S1).

2.2. Sampling Method

At each experimental location, sampling was conducted three times: once a week for
three consecutive weeks from 13 to 28 August 2021. Air samples were collected when the
weather was dry and stable, approximately between 8:00 and 10:00 o’clock. An air sampler
HAS-100B (Hengao T&D, Beijing, China) was employed to collect the culturable airborne
fungi from each studied site using sterile petri dishes of 9 cm in diameter, containing Malt
Extract Agar (MEA) supplemented with chloramphenicol (100 mg/L) to inhibit bacterial
proliferation. The sampler was fixed on a stand at about 1.5 m above ground level. Air
samples were collected at an air flow of 100 L/min, with a rotating dish speed of 0–4 rpm,
in a 10 min sampling operation per site. In order to avoid cross-contamination, the air
sampler was sterilized before each sampling procedure by swabbing every surface with
cotton dipped in 70% ethanol. During the sampling process, environmental parameters
including temperature and relative humidity were measured at each sampling location
using a TES 1364 Humidity-Temperature Meter (Taiwan, China). The collected samples
were taken to the lab, where the cultured petri dishes were incubated at room temperature
for 5–7 days in the darkness. The total number of growing fungal colonies was counted,
and each strain was picked up and inoculated into a new petri dish to obtain pure cultures
(Supplementary Figure S2). All isolated fungal strains were deposited in the LP Culture
Collection (personal culture collection held in the laboratory of Prof. Lorenzo Pecoraro) at
the School of Pharmaceutical Science and Technology, Tianjin University, Tianjin, China.

2.3. Enumeration of Fungi

Fungal colonies were enumerated after incubation and the samples’ concentrations
were expressed as Colony-Forming Units per cubic meter of air (CFU m−3) using the
number of isolated fungi at each sampling site according to the formula below:

N =
Cn ∗ 1000

t ∗V

where N = concentration of fungal colonies in CFU/m3, Cn = number of fungal colonies,
1000 = conversion factor of liter to cubic meter, t = sampling operation time, and V = velocity
of the air flow.

2.4. Fungal Identification

Identification of all isolated fungal strains was performed using DNA-based method-
ology combined with microscopy. The DNA was extracted using the cetyltrimethylammo-
nium bromide method (CTAB) [37,38].

Fungal rRNA gene internal transcribed spacer (ITS) region was amplified using the uni-
versal primer pair ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′)/ITS4 (5′-TCCTCCGCTTATTG
ATATGC-3′) according to White et al. [39]. The reaction mixture for PCR (50 µL) consisted
of 25.0 µL of 2 × Rapid Taq Master Mix (Vazyme Biotech Co. Ltd., Nanjing, China), 2 µL of
forward primer (10 µM), 2 µL of reverse primer (10 µM), 2.0 µL (20 ng DNA) of template,
and 19 µL of double distilled sterilized water. The PCR amplifications were performed
by set-up program: initial denaturation at 98 ◦C for 3 min, 30–35 cycles of 98 ◦C for 10 s,
annealing at 55 ◦C for 15 s, extension at 72 ◦C for 15 s, and final extension at 72 ◦C for 2 min.
Gel electrophoresis was used for the detection of the PCR products using an electrophoresis
tank (LiuYi, Beijing, China) on a 1% agarose gel. Sequencing of the PCR products was
performed at Tsingke Biological Technology Company (Beijing, China). The obtained
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DNA sequences were analyzed with the Basic Local Alignment Search Tool (BLAST) pro-
gram of NCBI (the National Center for Biotechnology Information, Bethesda, MD, USA,
http://www.ncbi.nlm.nih.gov/Blast.cgi, accessed on 21 March 2023) in order to determine
the best matches that enabled taxonomic identification. DNA sequences were deposited
in GenBank (Accession Nos. ON705346–ON705573). Macroscopic and microscopic ob-
servations were performed to characterize fungal morphology [40,41]. A Nikon ECLIPSE
Ci-L microscope was used to examine fungal morphological characters including branched
septate hyphae, conidiophores, conidia, arthroconidia, poroconidia, etc.

2.5. Statistical Analysis

Fungal diversity was evaluated using Shannon and Chao1 indexes. All subsequent
analyses were conducted using R (version 4.2.2 R; [42]). Kruskal–Wallis tests [43] were
used to compare variations of Shannon and Chao index among multiple groups, while
pairwise comparisons were performed by Wilcoxon rank-sum test [44]. Distance-based
redundancy analysis (dbRDA) was performed based on Bray–Curtis distance matrix using
vegan package (version 2.6-4; [45]). Statistical significance of environmental factors was
evaluated by permutation test (permutations = 999). Correlations between fungal genera
and environmental parameters were evaluated based on Spearman’s correlation coefficient
(r) and visualized by pheatmap (version 1.0.12; [46]). Between-group Venn diagrams were
plotted to identify unique and common fungal genera. Principal co-ordinates analysis
(PCoA) and analysis of similarity (ANOSIM) with 999 permutations were used to compare
dissimilarities between samples in different locations based on the Bray–Curtis distance [47]
in R package.

3. Results

A total of 228 fungal strains belonging to 96 species and 58 genera of Ascomycota
(68.86%), Basidiomycota (30.26%), and Mucoromycota (0.88%) were isolated in three con-
secutive weeks of sampling from 10 sites located on five different bridges (Figure 1 and
Supplementary Table S2).

At genus level, we found that Alternaria and Cladosporium were the most diverse
taxa, each including nine identified species, which accounted for 9.38% of all the isolated
airborne fungal diversity. The genus Aspergillus, with six species (6.25%), was the second
most diverse taxon, followed by Cercospora, with four species (4.17%), and the three genera
Sporidiobolus, Penicillium, and Trichoderma, each with three species (3.13%). Looking at the
contribution of each sampling site to the total fungal species diversity observed in this
study, BJD (U) and WJY (U) yielded the highest percentage of species (14%), followed by
NMWA (C) and NG (C) (12%), BJD (C) (9%), WJY (C), WJR (U), WJR (C), and NG (U) (8%),
with the lowest species diversity recorded from NMWA (U) (7%).

Considering the number of isolated strains, the five most abundant fungal genera were
Alternaria (47 strains, 20.61%), Cladosporium (27 strains, 11.84%), Schizophyllum (14 strains,
6.14%), Sporobolymyces (13 strains, 5.70%), and Sporidiobolus (11 strains, 4.82%) (Figure 2A,
Supplementary Table S3). Looking separately at the different sampling locations, from
the sites under the bridges, six fungal genera, Alternaria (20.51%), Cladosporium (11.97%),
Schizophyllum (5.98%), Sporidiobolus (5.98%), Sporobolomyces (5.13%), and Penicillium (5.13%),
showed a strain relative abundance above 5%, whereas, from the sites at the center of
the bridges, the number of genera showing a relative abundance higher than 5% was
four, including Alternaria (20.72%), Cladosporium (11.71%), Schizophyllum (6.31%), and
Sporobolomyces (6.31%), with the three dominant genera Alternaria (20.51–20.72%), Cla-
dosporium (11.97–11.71%), and Schizophyllum (5.98–6.31%) keeping a very stable relative
abundance at both locations (Figure 2B). Overall, 51% of the fungal strains were collected
from sidewalks under the studied bridges (U sites), while 49% were collected from the
center of the bridges (C sites).

http://www.ncbi.nlm.nih.gov/Blast.cgi
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Looking at the different sites and weeks of sampling (Figure 3), the site BJD (C) showed
the highest fungal diversity during the first week (8 strains), yielding 19.5% of the total
collected strains from the analyzed bridges. In week 2, the highest number of strains (15)
was isolated from the site NMWA (C), accounting for 16.9% of the total recorded fungi.
During week 3, BJD (U) yielded the highest number of fungal strains (18), representing
18.4% of the total strains collected. Overall, the third week of sampling showed the highest
fungal presence, yielding a total number of 98 strains, 46 strains collected at the center of
the analyzed bridges and 52 collected under the bridges, followed by the second week with
89 strains. The first week showed the lowest presence of fungi (41 strains), with 22 and
19 strains collected at the center of and under the bridges, respectively (Figure 4).
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Alternaria was the most abundant fungal genus found across the three different sam-
pling weeks, with the highest percentage (78.72%) recorded in the third week. All the
Schizophyllum strains isolated in this study were collected in the second sampling week,
when 92.31% of Sporobolomyces strains were also isolated, together with the great majority
of strains belonging to the genera Sporidiobolus (90.91%) and Coprinellus (87.50%). The
highest relative strain abundance (66.67%) of both Aspergillus and Penicillium was found in
the first and third week of sampling, respectively.

Alternaria alternata showed the highest relative abundance in the third week, Schizo-
phyllum commune and Sporobolomyces carnicolor were only recorded in the second week,
while Alternaria sp., Cladosporium cladosporioides, and Penicillium oxalicum were all found to
be more common in the third week.

Alternaria alternata was the most abundant fungal species recorded in this study, with
15 strains, accounting for 6.58% of the total isolated strains, followed by Schizophyllum
commune (12 strains, 5.26%), Alternaria sp. (11, 4.82%), Sporobolomyces carnicolor (10, 4.39%),
Cladosporium cladosporioides (9, 3.95%), Sporidiobolus pararoseus (8, 3.51%), Coprinellus radians
and Penicillium oxalicum (both with seven strains, 3.07%), and Alternaria tenuissima and
Cladosporium tenuissimum, both yielding 2.63% of total strains.

The fungal concentration, expressed in CFU/m3, varied at each sampling location, site,
and week (Supplementary Figure S3), ranging between 10 and 180 CFU/m3

(Supplementary Table S4). The sampling site BJD (U) showed the highest fungal con-
centration value during week 3 (180 CFU/m3), followed by NMWA (C) with 150 CFU/m3

at week 2, while the lowest concentration (10 CFU/m3) was measured at the three sam-
pling sites WJY (C), WJR (U), and NMWA (C), during the first week of sampling. The
highest average fungal concentration (103.33 CFU/m3) was recorded at BJD (U) and at WJY
(U), whereas the lowest value (56.67 CFU/m3) was measured at NMWA (U) (Table 1 and
Supplementary Figure S4).

Table 1. Fungal concentration recorded at the different analyzed sites (mean = average fungal
concentration, SD = standard deviation).

Sampling Sites Mean
(CFU/m3) SD Min

(CFU/m3)
Max

(CFU/m3)

BJD
C 70.00 26.46 40 90
U 103.33 70.95 40 180

NG
C 90.00 26.46 70 120
U 63.33 35.12 30 100

WJY
C 63.33 55.08 10 120
U 103.33 37.86 60 130

WJR
C 60.00 26.46 40 90
U 60.00 55.68 10 120

NMWA
C 90.00 72.11 10 150
U 56.67 5.77 50 60

The fungal concentration at the center of the bridges was constantly higher in week 3 than
in week 1, whereas week 2 showed in some sites (NMWA and WJY) the highest concentration
and in some other bridges the lowest (BJD and WJR; Supplementary Figure S4). For the
sites under the bridges, the fungal concentration was relatively stable during the sampling
period under the bridge NMWA, compare to the other sites, being 50 CFU/m3 at week 1,
and slightly increasing to 60 CFU/m3 at weeks 2 and 3. During all 3 weeks, at site NG, the
level of CFU/m3 under the bridge was always lower than the concentration at the center of
the bridge. On the contrary, at the site WJY, the CFU concentration under the bridge was
higher than the concentration at the center of the bridge during the whole sampling period
(Supplementary Figure S4).
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The two investigated locations (C and U) showed very similar CFU/m3 concentra-
tions of the five most abundant fungal genera (Alternaria, Cladosporium, Schizophyllum,
Sporobolomyces, and Sporidiobolus; Supplementary Figure S5).

Table 2 shows the Shannon index (H′) values for fungal diversity in different sampling
locations for each sampling week. Airborne fungal diversity in C sites showed a peak at
2.21 in the second week and the lowest value (0) in the first week, while, for the U sites, the
highest Shannon index value (2.37) was recorded in the second week and the lowest (0)
in the first week. The alpha diversity of airborne fungal communities under the studied
bridges was higher than at the center of the bridges (Figure 5A). Site NG showed the highest
fungal diversity according to the Shannon index, while site WJR was characterized by the
richest fungal community based on the Chao1 Index (Figure 5B). During week 2, both
fungal richness and diversity reached the maximum level of the whole sampling period
(Figure 5C).

Table 2. Shannon index of fungal community diversity in different sampling locations for each
sampling week.

Sampling Locations
BJD NG WJY WJR NMWA

C U C U C U C U C U

First week 0.79 1.04 1.15 1.1 0 1.56 1.61 0 0 1.33
Second week 1.38 1.52 1.91 1.56 2.14 1.93 1.04 2.37 2.21 1.56
Third week 1.43 1.35 1.79 1.97 1.33 1.31 1.43 1.61 1.12 1.79
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Figure 5. Fungal alpha diversity (Shannon and Chao indexes) in different locations at the center of
and under the analyzed bridges (A) at different bridges (B) and sampling weeks (C). Differences
between groups were evaluated by Wilcoxon rank-sum test and Kruskal–Wallis test as indicated
by p-values.

Out of the 58 fungal genera found in the whole study, 22 were found to be present at
both bridge sites (C and U), including the five dominant genera Alternaria, Cladosporium,
Schizophyllum, Sporobolomyces, and Sporidiobolus, while 17 and 19 genera were unique to C
sites and U sites, respectively (Supplementary Figure S6, Supplementary Table S5). The
five studied bridges shared the five fungal genera Alternaria, Cladosporium, Coprinellus,
Sporobolomyces, and Schizophyllum, while the genera Aspergillus, Moesziomyces, Penicillium,
and Sporidiobolus were found in four out of five bridges. The highest total number of genera
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and the highest number of unique genera (nine) were recorded from bridge WJY (Figure 6).
Bridge WJR showed eight exclusive genera, while for sites NG, NMWA, and BJD, seven,
six, and three unique strains were reported, respectively (Figure 6).
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Figure 6. Number of common and unique fungal genera collected from the five sampling bridges by
upset-Venn diagram (bridge names are abbreviated as described in the Supplementary Table S1).

The variations of fungal genera were analyzed by principal co-ordinate analysis
(PCoA). The distributions of fungal communities under the bridges and at the center of
the bridges were distinguished based on Bray–Curtis distance. The r value was not close
to 1 (r = 0.0119), thus suggesting that the difference between groups was similar to the
difference within groups. The p value calculated from ANOSIM was 0.441 (p > 0.05),
indicating that differences in fungal communities between the two sites (at the center of
and under the bridges) were not statistically significant. The latter result was confirmed by
the Wilcoxon rank-sum test used to explore the variation of abundant genera among the
two sites, which were not significantly differentiated. For instance, Alternaria, which was
the dominant genus at both bridge sites, did not show any significant difference between
the center of and under the analyzed bridges (p = 0.9258; Supplementary Figure S7).

The dbRDA based on fungal genera showed that relative humidity was significantly
correlated with fungal community composition (p = 0.001; Figure 7A, Supplementary
Table S6). The influence of temperature on the analyzed fungal diversity was not significant
(p = 0.413). Nine fungal genera were correlated to the relative humidity with p-values less
than 0.05. More specifically, Alternaria, Aspergillus, and Cladosporium were negatively corre-
lated with the latter environmental factor, while Sporidiobolus, Coprinellus, Neosetophoma,
Schizophyllum, Sporobolomyce, and Hannaella were positively correlated. Only one fungal
taxon (Magnaporthe) was positively correlated with the temperature of the sampling site
(Figure 7B).
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Figure 7. Influence of environmental variables on the fungal community. (A) Distance-based redun-
dancy analysis of the fungal communities, with symbols coded by sampling locations and fungal
genera. (B) Correlation heatmap between the detected fungal genera and environmental factors.
Different colors refer to Spearman’s correlation coefficient (r). The p value is indicated by: * p < 0.05,
*** p < 0.001. T = temperature, RH = relative humidity.

4. Discussion

This is the first study to assess the concentration and diversity of culturable airborne
fungi on pedestrian bridges in Tianjin, China. The five analyzed pedestrian bridges, each
comprising two sampling sites (C and U sites), showed a rich fungal community, which
resulted in the isolation of 228 strains belonging to 96 species and 58 genera. Previous
studies have shown that outdoor airborne fungal diversity and concentrations varied
widely between cities in different regions, under the influence of various environmental
factors, including traffic flow, human activities, and vegetation presence. Numerous studies
on airborne fungal communities have been conducted in different Chinese cities [26,48].
For example, a study conducted at three different sampling sites in Beijing showed that the
fungal concentration ranged from 4.8 × 102 CFU/m3 to 2.4 × 104 CFU/m3, whereas the
concentration of culturable fungi was found to range from <12 to 8767 CFU/m3 in four
sampling locations in Hangzhou [24].

Alternaria, Cladosporium, Schizophyllum, Sporobolomyces, and Sporidiobolus were the
most frequently occurring fungal genera in the sampling sites analyzed in our study.
Similarly, Alternaria and Cladosporium have been identified as the dominant airborne fungi
in previous studies conducted in Beijing, Hangzhou, Nanjing, and Tianjin [24,26,28,29].
Alternaria was the most common fungal genus recorded in our study, accounting for 20.61%
of the total isolated strains. This finding is consistent with a previous study conducted
by our research group at city level in Tianjin, in which Alternaria was the most frequent
genus, yielding roughly one-fourth of the total isolated airborne fungal strains [26]. The
most frequent Alternaria species found in our analyzed environments was A. alternata, a
widespread and common allergenic fungus that causes immunoglobulin E (IgE)-mediated
respiratory diseases, particularly asthma exacerbation [49]. In addition, A. alternata has
been detected as the most common airborne fungal species in nasal discharge, inducing
strong immunologic activity in nasal epithelial cells and playing an important role in the
pathogenesis of chronic rhinosinusitis (CRS) [50]. While A. alternata was present at very
similar levels in both C and U sites of the analyzed bridges, several Alternaria species
were exclusive to one of the two sites. For instance, A. brassicae and A. tamaricis were only
isolated at the top central areas of bridges, whereas A. porri was exclusively reported in the
sites under the bridges. Further studies are needed to clarify the possible effect on human
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health caused by the presence in the air of the numerous Alternaria species detected in
our study sites, given that the whole genus Alternaria has been reported among the most
common allergenic microorganisms [27,51,52]. Cladosporium was the second most abundant
fungal genus recorded in the present study. This taxon was also previously reported as the
second most common genus in Tianjin city’s outdoor environments by [26] and found to be
dominant in the atmosphere of Beijing, China [29]. Cladosporium fungi reach their optimal
growth at temperatures ranging from 18 to 28 ◦C in humid, wet environments [53–55].
Therefore, it is not surprising that Cladosporium fungi were found to be highly abundant in
our study, where the recorded average temperature was 25.96 ◦C and the relative humidity
was consistently high during the whole sampling period, with an average value of 81.03%.
Additionally, Cladosporium species spores are known to be widely dispersed in the air
worldwide and contribute to the larger portion of airborne spores in temperate climates [56].
Cladosporium fungi have been reported to be associated with human health problems,
causing asthma and inducing allergies [55,57]. Although most Cladosporium species are
not pathogenic; some of them may cause ear, eye, and nose infections. In a previous
study conducted in Spain, based on the microbial analysis of 135 nasal samples from
either healthy or allergic people, Cladosporium was the most frequently found genus [58].
Another study conducted in China reported the species C. cladosporioides to be a cause of
phaeohyphomycotic dermatitis in giant pandas [59]. Given that Cladosporium fungi are
responsible for numerous negative effects of human health, the exclusive presence of several
Cladosporium species, including C. cucumerinum, C. delicatulum, C. oryzae, C. sphaerospermum,
and Cladosporium sp., in one out of the two analyzed bridges’ sites (C and U sites) could
represent a factor worthy of further studies in order to understand the potential effect on
pedestrians’ health. The genus Schizophyllum, showing the third highest abundance in our
analyzed environments, is known mostly as a saprotrophic genus, commonly growing
on wood and fallen leaves [60,61]. Schizophyllum commune, which accounted for 5.26%
of the total isolated strains in this study, was recently found to cause mycotic disease
in people on a rare basis, especially via cutaneous infection [62]. Although this fungal
species is not commonly considered as pathogenic to humans, being mostly regarded as
a medicinal mushroom [63], S. commune was indicated as a possible cause of pulmonary
basidiomycosis by Unno et al. [64], while inhalation of S. commune spores has been recently
linked to allergic bronchopulmonary mycosis (ABPM) or allergy-related bronchopulmonary
infections and sinusitis [65,66]. Furthermore, S. commune infection cases have increased
significantly in the last few decades, since the first case of onychomycosis described by
Kligman in 1950 [67]. Schizophyllum commune is also well known as a plant parasitic fungus,
aggressively colonizing trees in old alleys [68].

Previous studies have reported that environmental parameters such as temperature
and relative humidity could affect the airborne fungal diversity [69]. According to our
data analysis, there was a significant correlation between relative humidity and fungal
communities, while the effect of temperature on the airborne fungal concentration and
diversity was not significant. Our findings are consistent with a previous study conducted
in Tianjin by Nageen et al. [26], which found that wind speed was the most critical factor
influencing the fungal community in different outdoor environments, while temperature
and relative humidity were less critical [26]. Conversely, other previous studies showed that
temperature and humidity had a dominant effect on airborne fungal diversity [29,70]. For
example, a study conducted in Hangzhou showed that air temperature could sustain the
germination and growth of fungi, and therefore their presence in the air, in all seasons
except winter [24]. Long-term data collection and large-scale studies are needed to bet-
ter understand how different environmental factors affect the diversity and structure of
airborne fungal communities.

Based on the analysis performed in our study, we did not find a significant difference
in the distribution and relative abundance of major airborne fungal taxa at the two sites
analyzed for each bridge, which were located at different heights. This finding is surprising
as it contradicts what has been reported in some previous studies [71], and particularly
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in a study performed by Lu et al. [72] in one of the teaching and research buildings of
Tianjin University [72]. The latter study revealed that the relative abundance of the major
fungal taxa was affected by the height at different floors of the building [72]. Although our
contradictory findings could be explained by the short distance between the ground level
and the top of the analyzed pedestrian bridges, which is about 4.5 m, further studies are
needed to clarify the influence of environmental factors that contributed to attenuate the
effect of height on the fungal communities present at the C and U sites. However, looking
in more detail at the results produced in this study, it is important to notice that, among the
fungal species detected with a low percentage of abundance, some taxa known for their
negative influences on human health were exclusively present in one of the two bridges’
sites. For instance, Aspergillus flavus and A. niger are well known pathogenic fungal species
that were isolated only from the U sites of the bridges. Aspergillus flavus is an opportunistic
animal and human pathogen that has been found in the air environments of several coun-
tries and described as a prevalent cause of invasive aspergillosis and toxic infections [73].
Aspergillus flavus produces aflatoxins that are commonly ingested through contaminated
food from crops like groundnuts and maize, but can also be inhaled or come into contact
with the skin or mucosa, thus causing aspergillosis diseases, especially in people with
compromised immune systems [15,17,74–78]. This is particularly true for workers involved
in the processing, storage, and transportation of crops, as they can be exposed to aflatoxin-
contaminated dust [79]. Long-term exposure even to low levels of aflatoxins through
either occupational inhalation or dietary consumption can lead to negative health effects,
such as mucous membrane irritation, immune suppression, nausea, liver diseases, and
cancer [79–81]. Inhalation of aflatoxins is more likely to result in respiratory-related cancers
like alveolar cell carcinoma and lung cancer [15,82]. Furthermore, aflatoxin is responsible
for the onset of aflatoxicosis, caused by ingestion of aflatoxin-contaminated food or by
inhalation. This is a major issue in developing countries, particularly in Asia and Africa,
where the consumption of mycotoxin contaminated maize has killed hundreds of people in
recent years [76,78]. Aspergillus niger is considered a strong allergen and a pathogenic fungus
that is typically connected to lung infections in people with weakened immune systems.
Due to the production of small-sized conidia and conidiophores that can be easily inhaled,
A. niger can cause systemic mycosis and invasive aspergillosis, including pulmonary disease,
allergic bronchopulmonary disorder, and in some cases pneumonia [83–85]. Otomycosis and
cutaneous infections have also been linked to A. niger [86,87]. Besides, A. niger produces
ochratoxin A (OTA) and fumonisin B2 (FB2), which makes this fungal species a potentially
harmful pathogenic contaminant of food, such as date-palm fruits [88]. Moreover, it is
important to mention that, among the six Aspergillus species recorded in our study, only
A. sydowii was shared by the two bridge sites, while the remaining five species, A. aculeatus,
A. flavus, A. flocculosus, A. niger, and A. versicolor were only present in one site, which
could make a significant difference in terms of human health risk. In fact, among the
numerous pathogenic effects described for Aspergillus fungi, this fungal genus is known
for its potential to induce infections in immunocompromised individuals and in patients
with underlying pulmonary disease [89]. Fungal strains belonging to the genus Trichoderma
were exclusively isolated from the C sites of the bridges. A number of Trichoderma species,
including T. harzianum and T. viride, which were recorded in our study, have been described
as human pathogenic fungi that could pose a serious health risk [90–95]. The genus Aure-
obasidium, exclusively detected in the U sites of the analyzed bridges, is another example of
fungi that are noteworthy from the human health point of view. This fungal genus has been
linked to subcutaneous phaeohyphomycosis observed in an immunocompetent carpenter
in Morocco [72,96]. In the genus Penicillium, while the most abundant species, P. oxalicum,
showed very similar distributions in the C and U sites, the two other recorded species,
P. brevicompactum and Penicillium sp., were only detected at the sites under the studied
bridges. This finding could represent important information for the assessment of health
risk for people using bridges in urban environments, considering that the genus Penicillium
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is listed among the most common allergenic fungal taxa [27,97–99] and has been linked to
asthma in previous studies [72,100,101].

Among those recorded fungi that contributed to differentiate the airborne fungal
communities in the two investigated sites, at the top central area and along the sidewalk
under the selected pedestrian bridges, we found some species that deserve to be mentioned,
even if they are not supposed to have a direct harmful effect on pedestrians’ health. For
instance, Fusarium graminearum is a common plant pathogenic ascomycete that was only
isolated from the bridges’ C sites. Fusarium head blight (FHB), a plant disease caused by
F. graminearum, is a worldwide issue causing significant financial impact on the cereal indus-
try as it leads to lower grain yields and quality [102]. Clonostachys rosea, instead, was only
detected in the U sites’ fungal communities. This ascomycetous fungal species, commonly
recorded as a soil saprotroph, plant decomposer, and endophyte, was recently isolated
for the first time as an entomopathogen of the Coleoptera species Ophrida xanthospilota
(Chrysomelidae) in China [52].

5. Conclusions

This study provided a detailed assessment of the diversity of fungal communities at
the top central area and along the sidewalk under the selected pedestrian bridges, which
may represent an important source of information to understand the different exposure
to microbial pollution for people walking in different points of the studied sites. While
there was no significant difference in the distribution and abundance of the dominant
airborne fungal taxa between the two investigated sites, it is noteworthy that, among the
fungal species detected with a low percentage of abundance, some taxa known for their
negative influences on human health were exclusively present in one of the two bridges’
sites. The fact that numerous species belonging to well-known pathogenic fungal genera,
including Alternaria, Aspergillus, Aureobasidium, Cladosporium, Penicillium, and Trichoderma,
were differently distributed at the two investigated bridge sites deserves further attention in
order to clarify the human health risk associated with the inhalation of microbial particles
in the analyzed sites. We clarified the role of environmental parameters (temperature
and relative humidity) in shaping the analyzed fungal communities. In particular, the
relative humidity showed a stronger influence compare to the temperature on the diversity
and concentration of airborne fungi in the investigated sites. Such influence was either
positive or negative on different fungal genera. This result suggests that environmental
factors could be consider to predict the composition of fungal communities in different
periods of the day and in different seasons, in order to assess the related health risk for
people using pedestrian bridges in urban environments. Further studies are still needed to
disentangle the effects of different environmental factors on the diversity and structure of
airborne fungi. The most abundant fungi found in our work belong to the genera Alternaria
and Cladosporium, which are known for their potentially hazardous impacts on human
health, and deserve particular attention and monitoring in order to prevent airborne fungi-
related diseases. The results of this study may provide valuable information for air quality
monitoring, airborne disease prevention, and microbial pollution control, and could be
particularly helpful for assessing human health risks.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/microorganisms11082097/s1, Table S1: Details of the selected sampling
sites; Table S2: Airborne fungal diversity molecularly detected in the five studied pedestrian bridges,
from DNA extracted from isolated strains; Table S3: Distribution of the most abundant fungal genera.
Genera with very low relative abundances (<1%) were merged as “others”; Table S4: Airborne
fungal concentration at each sampling location; Table S5: Fungal genera distribution at U and C sites;
Table S6: Environmental factors recorded in each sampling site at the time of sampling (C = center
of the bridge; U = under the bridge). Figure S1: Sampling sites. NG (a), NMWA (b), and WJR
pedestrian bridges; top central area of BJD pedestrian bridge (d). Figure S2: Collection of air samples
(a,b) and examples of airborne fungal strains isolated from the analyzed pedestrian bridges (c,d).
Figure S3: Fungal concentration at each experimental location (C = the top central area of the bridges;
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U = under the bridges along the side walk). Figure S4: Concentration of airborne fungi at the center
and under the 5 bridges during the 3 weeks sampling period (CFU/m3). Figure S5: Concentration of
the five most abundant fungal genera collected from the two analyzed sites (C = the top central area
of the bridges; U = under the bridges along the side walk) at each pedestrian bridge. Figure S6: Total
number of fungal genera shared by both sites (C = the top central area of the bridges; U = under
the bridges along the side walk) selected for each bridge. Figure S7: Variation of ten most abundant
fungal genera in the two sites at the center and under the investigated bridges, based on Wilcoxon
rank-sum test. Error bars represent SEM.

Author Contributions: L.P. conceived the study; samples were collected by A.A.Q.A.A.-S.; the
experiments were designed and supervised by L.P.; laboratory experiments and analysis were
performed by A.A.Q.A.A.-S., Z.M.Q., X.W., M.H.M.M. and M.M.H.N.; results were analyzed by
A.A.Q.A.A.-S., Z.M.Q., X.W. and L.P.; A.A.Q.A.A.-S. prepared the original draft under the guidance
and critical review of L.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this study can be found as part of the manuscript,
and in the Supplementary Materials. The fungal DNA sequences amplified during this study are
available at GenBank under accessions ON705346–ON705573.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bennett, J. Mycotechnology: The role of fungi in biotechnology. J. Biotechnol. 1998, 66, 101–107. [CrossRef] [PubMed]
2. Hernandez, H.; Martinez, L.R. Relationship of environmental disturbances and the infectious potential of fungi. Microbiology

2018, 164, 233–241. [CrossRef] [PubMed]
3. Miller, J.D. Fungi as contaminants in indoor air. Atmos. Environment. Part A Gen. Top. 1992, 26, 2163–2172. [CrossRef]
4. Sorenson, W.G. Fungal spores: Hazardous to health? Environ. Health Perspect. 1999, 107, 469–472. [CrossRef]
5. Fernstrom, A.; Goldblatt, M. Aerobiology and its role in the transmission of infectious diseases. J. Pathog. 2013, 2013, 493960.

[CrossRef]
6. Pei-Chih, W.; Huey-Jen, S.; Chia-Yin, L. Characteristics of indoor and outdoor airborne fungi at suburban and urban homes in

two seasons. Sci. Total Environ. 2000, 253, 111–118. [CrossRef] [PubMed]
7. Horner, W.E.; Helbling, A.; Salvaggio, J.E.; Lehrer, S.B. Fungal allergens. Clin. Microbiol. Rev. 1995, 8, 161–179. [CrossRef]
8. Beaumont, F. Clinical manifestations of pulmonary Aspergillus infections. Mycoses 1988, 31 (Suppl. S2), 15–20.
9. Bush, R.K.; Portnoy, J.M. The role and abatement of fungal allergens in allergic diseases. J. Allergy Clin. Immunol. 2001,

107 (Suppl. S3), S430–S440. [CrossRef]
10. Hargreaves, M.; Parappukkaran, S.; Morawska, L.; Hitchins, J.; He, C.; Gilbert, D. A pilot investigation into associations between

indoor airborne fungal and non-biological particle concentrations in residential houses in Brisbane, Australia. Sci. Total Environ.
2003, 312, 89–101. [CrossRef]

11. Saad-Hussein, A.; Ibrahim, K.S. Health Impact of Airborne Fungi. In Handbook of Healthcare in the Arab World; Springer:
Berlin/Heidelberg, Germany, 2019; pp. 1421–1435.

12. Shelton, B.G.; Kirkland, K.H.; Flanders, W.D.; Morris, G.K. Profiles of airborne fungi in buildings and outdoor environments in
the United States. Appl. Environ. Microbiol. 2002, 68, 1743–1753. [CrossRef] [PubMed]

13. Pastuszka, J.S.; Paw, U.K.T.; Lis, D.O.; Wlazło, A.; Ulfig, K. Bacterial and fungal aerosol in indoor environment in Upper Silesia,
Poland. Atmos. Environ. 2000, 34, 3833–3842. [CrossRef]

14. Ahmed Adam, M.A.; Tabana, Y.M.; Musa, K.B.; Sandai, D.A. Effects of different mycotoxins on humans, cell genome and their
involvement in cancer (Review). Oncol. Rep. 2017, 37, 1321–1336. [CrossRef] [PubMed]

15. Dvorácková, I.; Stora, C.; Ayraud, N. Evidence of aflatoxin B1 in two cases of lung cancer in man. J. Cancer Res. Clin. Oncol. 1981,
100, 221–224. [CrossRef]

16. Marchese, S.; Polo, A.; Ariano, A.; Velotto, S.; Costantini, S.; Severino, L. Aflatoxin B1 and M1: Biological Properties and Their
Involvement in Cancer Development. Toxins 2018, 10, 214. [CrossRef]

17. Olsen, J.H.; Dragsted, L.; Autrup, H. Cancer risk and occupational exposure to aflatoxins in Denmark. Br. J. Cancer 1988,
58, 392–396. [CrossRef]

18. Adhikari, A.; Sen, M.M.; Gupta-Bhattacharya, S.; Chanda, S. Airborne viable, non-viable, and allergenic fungi in a rural
agricultural area of India: A 2-year study at five outdoor sampling stations. Sci. Total Environ. 2004, 326, 123–141. [CrossRef]

19. Kurup, V.P.; Shen, H.D.; Banerjee, B. Respiratory fungal allergy. Microbes Infect. 2000, 2, 1101–1110. [CrossRef]

https://doi.org/10.1016/S0168-1656(98)00133-3
https://www.ncbi.nlm.nih.gov/pubmed/9866863
https://doi.org/10.1099/mic.0.000620
https://www.ncbi.nlm.nih.gov/pubmed/29458659
https://doi.org/10.1016/0960-1686(92)90404-9
https://doi.org/10.1289/ehp.99107s3469
https://doi.org/10.1155/2013/493960
https://doi.org/10.1016/S0048-9697(00)00423-X
https://www.ncbi.nlm.nih.gov/pubmed/10843335
https://doi.org/10.1128/CMR.8.2.161
https://doi.org/10.1067/mai.2001.113669
https://doi.org/10.1016/S0048-9697(03)00169-4
https://doi.org/10.1128/AEM.68.4.1743-1753.2002
https://www.ncbi.nlm.nih.gov/pubmed/11916692
https://doi.org/10.1016/S1352-2310(99)00527-0
https://doi.org/10.3892/or.2017.5424
https://www.ncbi.nlm.nih.gov/pubmed/28184933
https://doi.org/10.1007/BF00403368
https://doi.org/10.3390/toxins10060214
https://doi.org/10.1038/bjc.1988.226
https://doi.org/10.1016/j.scitotenv.2003.12.007
https://doi.org/10.1016/S1286-4579(00)01264-8


Microorganisms 2023, 11, 2097 15 of 17

20. Douwes, J.; Thorne, P.; Pearce, N.; Heederik, D. Bioaerosol health effects and exposure assessment: Progress and prospects. Ann.
Occup. Hyg. 2003, 47, 187–200.

21. Eduard, W. Fungal spores: A critical review of the toxicological and epidemiological evidence as a basis for occupational exposure
limit setting. Crit. Rev. Toxicol. 2009, 39, 799–864. [CrossRef]

22. Pekkanen, J.; Hyvärinen, A.; Haverinen-Shaughnessy, U.; Korppi, M.; Putus, T.; Nevalainen, A. Moisture damage and childhood
asthma: A population-based incident case-control study. Eur. Respir. J. 2007, 29, 509–515. [CrossRef] [PubMed]

23. Chen, Y.P.; Cui, Y.; Dong, J.G. Variation of airborne bacteria and fungi at Emperor Qin’s Terra-Cotta Museum, Xi’an, China, during
the “Oct. 1” gold week period of 2006. Environ. Sci. Pollut. Res. Int. 2010, 17, 478–485. [CrossRef] [PubMed]

24. Fang, Z.; Zhang, J.; Guo, W.; Lou, X. Assemblages of culturable airborne fungi in a typical urban, tourism-driven center of
southeast China. Aerosol Air Qual. Res. 2019, 19, 820–831. [CrossRef]

25. Liu, Z.; Cheng, K.; Li, H.; Cao, G.; Wu, D.; Shi, Y. Exploring the potential relationship between indoor air quality and the
concentration of airborne culturable fungi: A combined experimental and neural network modeling study. Environ. Sci. Pollut.
Res. Int. 2018, 25, 3510–3517. [CrossRef] [PubMed]

26. Nageen, Y.; Asemoloye, M.D.; Põlme, S.; Wang, X.; Xu, S.; Ramteke, P.W.; Pecoraro, L. Analysis of culturable airborne fungi in
outdoor environments in Tianjin, China. BMC Microbiol. 2021, 21, 134. [CrossRef]

27. Nageen, Y.; Wang, X.; Pecoraro, L. Seasonal variation of airborne fungal diversity and community structure in urban outdoor
environments in Tianjin, China. Front. Microbiol. 2023, 13, 1043224. [CrossRef]

28. Wu, D.; Zhang, Y.; Li, A.; Kong, Q.; Li, Y.; Geng, S.; Dong, X.; Liu, Y.; Chen, P. Indoor airborne fungal levels in selected
comprehensive compartments of the urban utility tunnel in Nanjing, Southeast China. Sustain. Cities Soc. 2019, 51, 101723.
[CrossRef]

29. Fang, Z.; Ouyang, Z.; Hu, L.; Wang, X.; Zheng, H.; Lin, X. Culturable airborne fungi in outdoor environments in Beijing, China.
Sci. Total Environ. 2005, 350, 47–58. [CrossRef]

30. Wang, W.; Siu, K.W.M.; Wong, K.C.K. The pedestrian bridge as everyday place in high-density cities: An urban reference for
necessity and sufficiency of placemaking. Urban Des. Int. 2016, 21, 236–253. [CrossRef]

31. Duperrex, O.; Bunn, F.; Roberts, I. Safety education of pedestrians for injury prevention: A systematic review of randomised
controlled trials. BMJ 2002, 324, 1129. [CrossRef]

32. Räsänen, M.; Lajunen, T.; Alticafarbay, F.; Aydin, C. Pedestrian self-reports of factors influencing the use of pedestrian bridges.
Accid. Anal. Prev. 2007, 39, 969–973. [CrossRef] [PubMed]

33. Castro, E.S.D.M.; Marcusso, R.M.N.; Barbosa, C.G.G.; Gonçalves, F.L.T.; Cardoso, M.R.A. Air pollution and its impact on the
concentration of airborne fungi in the megacity of São Paulo, Brazil. Heliyon 2020, 6, e05065. [CrossRef] [PubMed]
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