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A B S T R A C T   

Fungi represent relevant allergens and plant pathogens that can disperse on long ranges, potentially producing 
severe consequences on public health and agriculture. Up to 11% of the bioaerosol particles are fungal spores and 
mycelium fragments. Estimation of fungal species diversity in time and space is decisive but may be biased by 
abiotic conditions and sampling methods. Traditional morphological analyses of fungal spores have been widely 
applied in aerobiology in the past, while recently eDNA metabarcoding can complement these studies. Here, we 
used both morphological analysis (spore count and taxon identification) and high-throughput sequencing to 
disentangle spatio-temporal variation of fungi across Northern and Central Italy and to evaluate the detection 
efficiency of the two approaches. Our results showed that eDNA metabarcoding detects about three times more 
genera and has a higher detection efficiency than the morphological analyses. However, the efficiency is high in 
both spore count and eDNA metabarcoding methods when the most abundant or the rarest genera are considered 
but it can substantially vary between the two approaches when moderately abundant genera are analyzed. 
Furthermore, morphological spore determination resulted in higher variance explained by PERMANOVA analysis 
with respect to eDNA metabarcoding (26% and 13%, respectively), which leads to a better spatio-temporal 
characterization of the fungal genera. As both morphological analyses and eDNA metabarcoding methods cap-
ture significant interactions between seasons and sites, they could be preferably used as complementing ap-
proaches to reliably study airborne fungal diversity and variation.   

1. Introduction 

The atmosphere hosts high levels of biodiversity (Gandolfi et al., 
2013; Mayol et al., 2017), and some microorganisms such as bacteria 
and fungi represent up to 11% of total airborne particles (Bauer et al., 
2002; Burrows et al., 2009; Fröhlich-Nowoisky et al., 2009; Grinn- 
Gofroń et al., 2018). Fungi disperse their propagules in the atmosphere 
in form of spores or mycelium fragments; their size, shape, number, and 
range of dispersion depend both on the taxon characteristics and the 
abiotic conditions or climatic phenomena such as moisture, tempera-
ture, precipitations, winds, and availability of substrates (Grinn-Gofroń 
et al., 2018). These factors are relevant to make fungal aerial commu-
nities particularly variable, causing geographical and temporal 

heterogeneity even at finer scales (Bowers et al., 2013; Nacke et al., 
2016). Furthermore, it is still questioned whether these airborne parti-
cles mainly originate from local sources (Skjøth et al., 2012) or travel 
across miles away from their origin under suitable weather conditions 
(e.g. Damialis et al., 2017; Mayol et al., 2017). New pieces of evidence 
emerged on how airborne samples change across time and space, or even 
across different land-use types (Banchi et al., 2018), while molecular 
data have provided also up to 10-fold higher resolution of the airborne 
biodiversity with respect to classical methods obtained by traditional 
microscopy (e.g. Kraaijeveld et al., 2015 for pollen; Banchi et al., 2018 
for fungi). Indeed, conventional microscopy applied on aerobiological 
samples rarely accomplish species-level identification and is often 
biased by several issues, such as the low amount of sampling material, 
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the lack of distinctive morphological characters, and rigorous taxonomic 
classification along with a high intraspecific morphological variation 
(Núñez et al., 2016). Thus, resolving these drawbacks would be partic-
ularly important, both from an ecological and a clinical point of view, as 
some of these organisms are allergens or pathogenic agents with rele-
vant implications for public health and agriculture. 

Recent and increasing advances in molecular techniques such as 
High-Throughput Sequencing (hereafter HTS) and environmental DNA 
(eDNA, Taberlet et al., 2012) metabarcoding, brought useful insights 
into the diversity and composition of airborne assemblages (see Banchi 
et al., 2020c and references therein). Nowadays, eDNA metabarcoding 
analyses are widely applied in ecology-related fields such as species 
conservation and monitoring (Thomsen and Willerslev, 2015). These 
allow a better understanding of biodiversity thanks to a more exhaustive 
detection of species, especially the most elusive or the rarest ones 
(Deiner et al., 2017; Ruppert et al., 2019). Indeed, eDNA metabarcoding 
offers the possibility to assess and compare species diversity even 
without having specific training in taxonomy, and to detect those or-
ganisms which may not grow in culture, are dead or dormant (An et al., 
2018). 

While aerobiological studies implementing eDNA metabarcoding 
analyses have considered mainly pollen and bacterial diversity (Kraai-
jeveld et al., 2015; Korpelainen and Pietiläinen, 2017; Brennan et al., 
2019), the fungal fraction has remained somewhat neglected (Banchi 
et al., 2020c). Even though significant progress has been made in fungal 
aerobiology in the last years, most of the studies were carried out using 
traditional morphological analyses in peculiar or spatially-constrained 
environments (e.g. cities, Núñez et al., 2017; Pyrri and Kapsanaki 
Gotsi, 2017; Antón et al., 2019), considering short period of time 
(Banchi et al., 2018) or focusing on specific medical interests (Chen 
et al., 2014). To the best of our knowledge, an assessment on the pattern 
of airborne fungal biodiversity coupled with a quantitative comparison 
between classical method (spore count based on morphological analysis) 
and modern eDNA metabarcoding has not been performed yet across 
seasons and a broad geographic region. Banchi et al. (2018, 2020c) 
strengthened the suitability of eDNA metabarcoding as a promising tool 
to improve data quality and sensitivity of aerobiological monitoring and 
developed a complete pipeline to analyze both the pollen and the fungal 
spore fractions in mixed aerobiological samples (Banchi et al., 2020b). 

Here, we present a first, aerobiological study in which we investi-
gated airborne fungal diversity and its variation across five areas 
distributed in North and Central Italy; the sampling was carried out for 
nine months using both morphological analysis and eDNA meta-
barcoding. By merging traditional and modern approaches we aimed at 
i) evaluating the detection efficiency (defined as the capability in 
capturing taxa diversity and variation across the sampling period) of 
eDNA metabarcoding with respect to standard morphological analyses 
based on spore count and ii) providing useful insights on the spatio- 
temporal patterns of aero-dispersed fungi. 

2. Materials and methods 

2.1. Study area and data collection 

Airborne biological particles were sampled as described in (Banchi 
et al., 2020a, 2020b) in five localities selected in Northern and Central 
Italy (Fig. S1 of Supplementary material). The sampling was performed 
by the collaborators of the Regional Agency for Environmental Protec-
tion (ARPA) units using a volumetric sampler (VPPS 2010, Lanzoni) 
with aspiration pump (10 l/min) mounted with sticky tape (Melinex®) 
and placed on the roof of a building at about 15–20 m from the ground. 
This sampling approach is established by the Italian national guidelines 
for aerobiological monitoring (www.pollnet.it). The sampler follows the 
suction slit impactor developed by Hirst (Levetin 2004) and can collect 
airborne particles in the range of 5–100 µm. The five sampling sites were 
selected to maximize the geographical and climatic diversity over 

Northern and Central Italy [i.e., two sites in North-Eastern Italy (FVG, 
Friuli Venezia Giulia and VE, Veneto), two in Central Italy (M, Marche 
and U, Umbria) and one in North-Western Italy (VA, Valle d’Aosta); Fig 
S1]. The sampling was performed for two weeks per month (during the 
2nd and 4th week of the month) during nine sequential months (starting 
on 1st March and ending on 30th November 2017). In total, we collected 
18 samples for each site that is two records per month; for instance, F1 
and F2 represented the first and second half of March in site FVG. Due to 
operational constraints, the beginning and ending parts of the weekly 
tapes (two days) were used for morphological analyses while the central 
parts (five days) for the molecular ones. 

According to Köppen climate classification, the climate conditions in 
FVG, Marche, Umbria and Veneto are classified as humid-subtropical 
(Cfa), while VA is classified as oceanic (Cfb) (Kottek et al., 2006). 

2.2. Microscopy analysis 

The tapes used for morphological inspection were placed on a glass 
slide, mounted in basic fuchsine and observed at a light microscope 
Olympus BH-2. Spore counting was performed following the guidelines 
published by the Italian national agencies for environmental protection 
(i.e. ISPRA - Istituto Superiore per la Protezione e la Ricerca Ambientale, 
ARPA - Agenzie Regionali per la Protezione dell’Ambiente and APPA - 
Agenzie Provinciali per la Protezione dell’Ambiente; available at 
http://www.pollnet.it/pubblicazioni.asp) in which at least 15% of the 
tape surface is inspected for pollen counting. For this study, we 
delimited a longitudinal area of 2 cm2 (usually 2 × 1 cm), at the center of 
the mounted tape, to identify and count fungal spores at a magnification 
of 1000×. This area corresponds to 20% of the total area and covers 
almost the whole length (one sampling day) of the tape piece on which 
airborne particles stick. Fungal spore identification was based on the 
illustration manual of air samples of Smith (2000). Spores were counted 
for each individual genus that could be determined. 

2.3. Molecular analyses: library preparation and sequence analyses 

DNA extractions from the sampling tapes were performed with ZR 
Fungal/Bacterial DNA MicroPrep™ Kit (Zymo Research) following 
Banchi et al. (2018, 2020b). Firstly, DNA was extracted from the tape of 
each individual sampling day of the week; secondly, the DNA extractions 
were pooled in equal amount into week samples for DNA metabarcoding 
analysis. This sampling procedure resulted in a total of two records for 
each month and 18-week samples for each site; each week was treated 
further in the analyses as an individual “sample”, resulting in a total of 
90 samples. We used as controls, i.e. negative samples, six not-exposed 
tapes to assess possible contaminations due to samples processing and 
we included them in all PCR amplifications and sequencing steps. The 
fungal ITS2 fragment was amplified using one forward primer (ITS-u2_F, 
corresponding to the reverse complement of the primer ITS-u2 from 
Cheng et al., 2016) coupled with three reverse primers (ITS-p4, Cheng 
et al., 2016; ITS-f4, Banchi et al., 2020b; ITS4U_R, White et al., 1990) as 
described in detail in Banchi et al. (2020b). 

Amplicons for HTS sequencing of the airborne samples were ob-
tained with two sequentially PCR amplifications as in Banchi et al. 
(2018): the first, primary PCR, amplifies the target sequence; the second, 
outer PCR, is performed to attach the molecular identifiers (MID) for 
multiplex sequencing to the PCR products. For each sample, the two PCR 
amplifications were performed independently for either of the three 
primer pairs; the three reactions were pooled after the outer PCR, to 
ensure that the three PCR products were successfully amplified. Primary 
PCR reaction mix contained 2 μl DNA template (~10 ng), 8 µl SSOAd-
vanced™ SYBR® Green Supermix (Bio-Rad) and 200 nM of forward and 
reverse primers in a final volume of 15 μl. The PCR amplifications were 
performed in a CFX 96™ PCR System (Bio-Rad) with the following 
cycling profile: 98 ◦C for 30 s and 35 cycles at 95 ◦C for 10 s and 60 ◦C for 
20 s. The outer PCR reaction mix contained 0.5 μl of the first PCR 
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product, 8 µl SSOAdvanced™ SYBR® Green Supermix (Bio-Rad) and 
200 nM of each primer (10 µM) in a final volume of 15 μl. This cocktail 
was processed for 12 PCR cycles with the previous amplification con-
ditions. The amplicons were run on a 2% agarose gel from 
which ~ 400 bp products were gel extracted, quantified with Qubit™ 
Fluorimeter (Thermo Fisher Scientific) and pooled in equal amount to 
prepare the libraries. The libraries were sequenced with an Ion Torrent 
Personal Genome Machine (PGM, Thermo Fisher Scientific) on two 
316™ chips (Thermo Fisher Scientific). The sequence data are available 
at the NCBI short read repository under the accession number 
PRJNA576572. 

Bokulich et al. (2013) suggested to perform a primary filtration, 
based on quality score and length, and a second filtration, based on the 
number of reads that represent the OTUs. Thus, the obtained sequences 
were de-multiplexed, trimmed (from primers and adapters), and quality 
filtered (minimum length 200 bp, minimum average quality score 20) 
with CLC Genomics Workbench v.12 (Qiagen). Reference-based Oper-
ational Taxonomic Units (OTUs) clustering and taxonomic assignment 
were performed with Microbial Genomics module in CLC Genomics 
Workbench v.12 (Qiagen), using as reference a fungal ITS2 database 
prepared following Banchi et al. (2020a). The parameters were set as 
follows: 97% similarity (70% for the new OTUs), minimum occurrence 
of two to remove singletons as suggested in Auer et al. (2017). 

2.4. Statistical analyses 

Due to some technical problems occurred to the samplers at the lo-
calities Marche and FVG, in order to have comparable data between 
eDNA and spore count, six samples had to be excluded from the dataset 
(F1, F4, F17, M8, M10, M15) while the remaining 84 have been 
considered for the following analyses. All the recovered OTUs were 
standardized to genus level. 

To compare the pattern of genera accumulation in each site along the 
sampling period (i.e., the cumulative number of genera observed from 
the first to the last sampling week), we first computed genus accumu-
lation curves for spores and eDNA independently using ‘collector’ 
method in ‘vegan’ R package (Oksanen et al., 2019, data not shown). 

Once accumulation curves were calculated for each site and to make 
the observed richness comparable across sites, we calculated the ratio 
(spores/eDNA) for each curve. Furthermore, we assessed the detection 
efficiency of genera between the two analysis methods by displaying the 
pattern of the relative abundance of the two most abundant (Cladospo-
rium and Alternaria), two relatively abundant (Coprinus and Epicoccum) 
and one of the rarest genera (Oidium). 

To assess if assemblages characterized by the two methods shared 
common patterns, symmetric Co-Correspondence Analysis (Co-CA, see 
ter Braak and Schaffers, 2004; Schaffers et al., 2008) was performed by 
pooling all sites and seasons. Symmetric Co-CA aimed at finding gradi-
ents along which weighted covariances of site scores were maximized 
(ter Braak and Schaffers, 2004); none of the two abundance matrices 
plays any explanatory or predictive role. Co-CA was computed using R 
package ‘cocorresp’ (Simpson, 2009) on relative abundance data; 
Pearson product-moment correlation coefficient (r) for the site scores of 
ordination axes was also estimated. 

Permutational Analysis of Variance (PERMANOVA; Anderson, 2001) 
was performed independently for the two assemblages treating Site (five 
levels: FVG; M, U, VA, VE) and Season (three levels: Spring, Summer, 
Autumn) as fixed effects along with their interaction to test whether 
pattern of variation across sites and among seasons could be detected. 
PERMANOVA tests were performed according to the following specifi-
cations: Bray-Curtis similarity, 4999 permutations of residuals under a 
reduced model, and type III sums of squares; when factors resulted 
significant, pairwise comparisons were performed using t statistic and 
4999 permutations. 

PERMANOVA were performed using PRIMER 6 software (Clarke and 
Warwick, 2005) and the add-on package PERMANOVA + (Anderson 

et al., 2008), all other statistical analyses were computed in R 3.6.2 (R 
Core Team, 2020). 

3. Results 

In the whole dataset, we observed 22.21 ± 8.66 (mean ± SD) genera 
based on spore count method, whereas 61.78 ± 47.81 genera were 
detected using eDNA metabarcoding. Furthermore, contrasting patterns 
in genus richness were observed across sites and seasons (Fig. S2 in 
Supplementary material). The most recurrent genera (i.e., those detec-
ted in more than 85% of the samples) using morphological analyses were 
Cladosporium, Coprinus, Leptosphaeria, Alternaria, Epicoccum, Torula, 
Stemphylium, Exosporium, and Periconia. In contrast, Alternaria, Clado-
sporium, Calocybe, Epicoccum, Phoma, and Polyporus were the most 
frequently detected in the eDNA metabarcoding dataset. 

Interestingly, the ratio of the genus accumulation curves showed a 
similar trend (Fig. 1) during the sampling period in FVG, U, and VE, 
presenting a peak between the weeks 5 and 7 (Spring) and decreasing 
progressively towards the end of the sampling period (Autumn). In 
contrast, M displayed extremely low values of the ratio whereas VA 
showed a peak in the central part of the sampling period. Notably, the 
ratio of the species accumulation curves showed a similar trend across 
sites and sampling period. 

The trends of the five representative taxa showed a strong taxon- 
dependency (Fig. 2). The detection efficiency was high in both spore 
count and eDNA metabarcoding methods when the most abundant 
(Alternaria and Cladosporium) and the rarest (Oidium) taxa are consid-
ered. Alternatively, when relatively abundant genera are analyzed, 
contrasting pattern can be detected. As an example, in the present 
analysis, the variation of Coprinus was better captured (i.e., higher 
abundance) by spore counting, while that of Epicoccum by eDNA 
metabarcoding. 

Symmetric Co-CA (Fig. 3) displayed a rather concordant pattern 
between the two analytical methods showing both a strong highly sig-
nificant correlation on the first two Co-CA axes (r1 = 0.84, r2 = 0.61; 
P < 0.001 for both correlation coefficients) as well as a high variance 
explained (≈ 90%). Interestingly, two samples (VA2, F2) emerged from 
the cloud of points both in spore count and eDNA, indicating consistency 
between the two datasets for these records. 

The results of the PERMANOVA analysis (Table 1) displayed a sig-
nificant variation between Season, Site and their interaction in both 
spore count and eDNA metabarcoding; in particular, spore count had 
twice of overall variation explained (26%) with respect to eDNA meta-
barcoding (13%). Post-hoc test performed on the Season-Site interaction 
showed large variability in the statistical significance of pairwise com-
parisons (see Table S1 of Supplementary material for further details). 

4. Discussion 

4.1. Detection efficiency of eDNA metabarcoding vs spore counting 

Our results report that detection of taxonomic entities is partially 
discordant between the morphological and molecular approaches. 
However, the slightly different lists of the most abundant taxa reported 
by spore counting and eDNA metabarcoding are likely due to the type of 
spores (morphology and taxonomy) that are counted. We observed 
about three times more taxa recovered by eDNA metabarcoding than by 
spore counting. Interestingly, the ratio of the genus accumulation curves 
showed a similar trend across sites meaning that the accumulation of 
new taxa as a function of the time remains quite constant in either the 
spore counting or the molecular methods. In particular, these curves 
shared a similar pattern in FVG, U, VE, showing a peak around Spring, 
and a progressive decrease of taxa towards the Autumn, likely suggest-
ing a substantial control of the climate on airborne fungal assemblages, 
as already reported in the literature (e.g. Favero-Longo et al., 2013; 
Grinn-Gofroń et al., 2018). Alternatively, in Marche (M) shallow values 
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of the ratio were recovered with a slight increase of taxa towards the 
Autumn period. We speculate that this is caused by the close presence of 
the sea to the collecting site in Marche, as here the sampler was only a 
few kilometers far from the coast. Only in VA the curve presents a very 
high peak in the distribution pattern, which can be attributed to the 
short vegetative period in this site (VA). Indeed, VA is the coldest, and 
northernmost site included in the survey, for which Spring and Summer 
seasons are shorter than in the other sites. 

We observed also a higher variance explained by PERMANOVA 
analysis in spore count rather than eDNA metabarcoding. Even though 
this can appear as counterintuitive, the higher richness (α diversity) 
observed in the fungal assemblage often is not directly linked to its 
complementarity (i.e. β diversity). Accordingly, spore count is more 
prone to operator bias (as the operator cannot always discriminate all 
the fungal species based on spores, i.e. assess the true α diversity) and 
this enhances morphological clustering of two or more closely related 
taxa. On the other hand, eDNA can catch a much higher degree of taxa 
variation (β diversity) in the airborne sample through time, potentially 
leading to a taxonomic homogenization among the fungal assemblages. 
However, the detection efficiency of either method may be dependent 
on the morphological characteristics of the spores themselves. Indeed, 
Alternaria and Epicoccum conidiospores are multicellular and among the 
biggest aero-dispersed spores. They were more abundant in the spore 
count at the end of Summer and the beginning of Autumn, which is the 

known sporulation period of Alternaria in Europe (Vloutoglou et al., 
1995). In contrast, according to the eDNA metabarcoding results, 
Alternaria seems to occur during almost the whole sampling period, 
presenting even cyclical peaks of abundance. This discrepancy between 
the two sets of results is likely due to the multicellularity of the Alternaria 
and Epicoccum conidiospores, which would let the DNA be easier 
amplifiable though the number of spores counted is relatively low in 
comparison to other taxa. Epicoccum is known to sporulate during 
relatively dry periods and spores are dispersed easily by wind turbu-
lences (Ščevkova et al., 2016). Morphological inspections recovered 
Epicoccum spores during the Summer season, and higher numbers of 
counted spores did correspond with peaks of eDNA metabarcoding 
reads. 

The opposite case is observed for Oidium and Coprinus. Oidium dis-
perses by unicellular, relatively big conidiospores (on average 
12 × 22 μm), which are seldom recovered in the morphologically 
inspected samples. This is further corroborated by its low abundance in 
eDNA, which seems to be determined by the low amplifiability of its 
DNA, as the number of Oidium reads is extremely low, almost hardly 
detectable, during the whole surveyed period. There are few peaks of 
Oidium spores reported for Spring and early Summer, but these did not 
correspond with a high number of reads in the eDNA metabarcoding. 

The high discrepancy in the detection of the taxon Coprinus between 
the spore counting and the eDNA metabarcoding might be caused by 

Fig. 1. Ratio between observed richness calculated using genus accumulation curve with spore count (Spore S) and eDNA (eDNA S) across the five sites (FVG: Friuli 
Venezia-Giulia, M: Marche, U: Umbria, VA: Valle d’Aosta, VE: Veneto) during nine months (March-November 2017). x-axis shows the sampling period (e.g. VA1 and 
VA2 refer to the first and second half of March, respectively). 
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inefficient DNA extraction for its spores (being these highly melanized) 
or by primer bias during amplification and sequencing, as this latter 
resulted in an extremely low presence of reads corresponding to Copri-
nus. Coprinus basidiospores are rather small and released in high number 
with a very efficient and peculiar dispersing strategy (i.e. gills liquefy 
from the bottom up of the umbrella, as spores mature, the caps peel and 
mature spores are positioned at best to be caught by wind currents; 
Bender and Enderle, 1988), which is indeed observed in the aero-
biological samples, as even up to 4000 spores per sample were counted 
for Coprinus. 

Cladosporium is known for its high sporulation rate (Bensch et al., 
2012) and its conidiospores are ever-present in aerobiological samples: 
they are counted up to few thousand (5000) and estimated even up to 
several thousand (10000–15000) in some samples. Results obtained by 
spore counting and eDNA metabarcoding for this genus are concordant, 
and in general, the peaks of spore counting correspond to high numbers 
of reads in the molecular results. 

Although eDNA metabarcoding allows the detection of rare or 

unculturable taxa in many studies, from our results it emerges that spore 
counting is still essential to evidence the presence of the rarest taxa 
among airborne fungi. This holds true also for the genera Bipolaris, 
Exosporium, Glyomastix, Sporormiella, Spegazzinia, Tilletia, Torula, or 
Beltrania, which have a very characteristic shape and are well identifi-
able by morphological inspection but their infrequent presence on the 
collecting tapes does not make them be amplified and sequenced. This 
fact is likely due to PCR primers and amplification biases. On the other 
hand, eDNA metabarcoding helps to discriminate between genera with 
very similar spores which may be included under “bigger” categories, i. 
e. morphological clusters in the spore count analyses. This is the case of 
the genera Leptosphaeria, Lophistoma, Phaeosphaeria, Paraphaeosphaeria 
and Keissleriella, which cannot be properly segregated if the atlas of 
Smith (2000) is used for identification. On the contrary, their ambiguous 
morphological determination was resolved by the eDNA metabarcoding. 
These genera were particularly abundant in the Summer period in all the 
sites and their spores represented in few cases more than half of the 
whole spore counted for the samples. 

Fig. 2. Patterns of relative abundance analyzed for the two most common (Cladosporium and Alternaria), relatively abundant (Coprinus and Epicoccum) and of one of 
the rarest genera (Oidium) during the sampling period (nine months, March-November 2017) in each sampling site (FVG: Friuli Venezia-Giulia, M: Marche, U: 
Umbria, VA: Valle d’ Aosta, VE: Veneto) comparing both spore count and eDNA metabarcoding data. 
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The high correlation between the first two axes observed in the 
symmetric Co-CAs also corroborates a substantial consistency of the 
patterns detected by the two methods. Notwithstanding this, our results 
might be argued by the fact that samples used for either molecular and 
morphological analyses are not exactly the same. This is due to opera-
tional constrains that are intrinsic to the sampling procedure. Indeed, 
although there were two samplers available, one was used exclusively by 
the ARPA units for delivering the weekly pollen bulletins; these tapes 
were treated with fuchsine and could not be used for any further ana-
lyses. The second sampler was available for our investigation. We 
therefore opted to use the same tape for both morphological and mo-
lecular analyses to not introduce further biases. In the case we had 
exactly comparable samples, we should have cut the tapes longitudi-
nally, but this would have severely affected the amount of pollen and 
spores available for the eDNA metabarcoding analyses, that was already 
very poor in certain weeks. Because the approach followed by Banchi 
et al. (2018) proved reliable, we decided to apply it also in the present 
study. 

Despite some studies criticize the use of relative abundances (e.g. 
Gloor et al., 2017), these are routinely used when studying microor-
ganisms such as bacteria and fungi (Bowers et al., 2013; Aguayo et al., 
2018). Additionally, evidences from other taxonomic groups reported an 
overall good agreement between relative abundances detected through 
metabarcoding and true abundances of taxa (Leray and Knowlton, 2015; 
Serrana et al., 2019). Definitely, future researches should consider this 
aspect, likely proposing a method which firstly analyze morphologically 
the sampled tapes, and consecutively use them for DNA analyses. 

4.2. Spatio-temporal variability of fungal assemblages 

Particles that build the biological fraction of the aerosol are repre-
sented by pollen and other plant material, fungal spores and mycelia 
fragments, bacteria, viruses, unicellular algae or even microscopic ar-
thropods (Burrows et al., 2009). The composition of aerobiological 
samples has been studied for many years and served to understand how 
biological assemblages may change in relation to abiotic factors, such as 
meteorological events (Grinn-Gofroń et al., 2018). 

It is generally accepted that most of the sampled airborne particles 
come from local sources (Skjøth et al., 2012); however, recent studies 
suggested that they can be transported miles away from their origin 
under suitable weather conditions (Damialis et al., 2017; Mayol et al., 
2017). In accordance to the local sources hypothesis, our findings 
showed that the interaction effect between Season and Site (see Table 1 
and Table S1 of Supplementary material) explains part of the observed 
variability in the diversity of airborne fungi, therefore suggesting that 
taxonomic composition of airborne fungal spores changes substantially 
across the sampling period. This lets us speculate that airborne fungi 
detected in our survey majorly originate from local sources because 
there is a high diversity observed among Sites and Seasons. Both the 
morphological and molecular methods succeeded in catching the actual 
variability in the composition of some air-dispersed fungi (see Fig. 3) 
suggesting a spatio-temporal variability in the fungal assemblages. As in 
the present study, a strong effect of season and site was also observed in 

Fig. 3. Symmetric Co-CA between weighted 
average scores of two assemblages derived 
from morphological analyses (Spores, left 
panel) and DNA metabarcoding (eDNA, right 
panel). Red dots represent taxa, while text is 
site label as described in method section (e.g. 
VA2 represents the site VA sampled in the 
second half of March). Even though the two 
panels show different ordinations in the 
multivariate space of the two assemblages 
(spores vs eDNA), the two axes represent the 
same ordination aiming at maximizing 
weighted covariance between the weighted 
averaged species scores of the two 
assemblages.   

Table 1 
PERMANOVA output computed on Bray–Curtis similarity matrices for two as-
semblages deriving from HTS (eDNA) and morphological analyses (Spores), 
respectively. df: degrees of freedom, MS: Mean squares.  

Source of variation df MS Pseudo-F Variance explained (%) 

eDNA 
Site 4 3527  2.11**  5.95 
Season 2 3421  2.05**  3.36 
Site × Season 8 2057  1.23*  3.67 
Residual 69 1669  –  87.02 
Spores 
Site 2 1370  3.06***  9.35 
Season 8 1408  31.38**  5.83 
Site × Season 69 806  1.80**  10.74 
Residual 83 449  –  74.08 
*** P < 0.001; ** P < 0.01; * P < 0.05    
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previous studies (Favero-Longo et al., 2013; Fröhlich-Nowoisky et al., 
2016; Grinn-Gofroń et al., 2018), which highlighted the strong control 
of climate and local weather conditions on the sporulation dynamics of 
fungi. We recovered the highest frequency and abundance of spores in 
the late Spring/early Summer period, while toward the Autumn months, 
the decrease of spore frequency is likely due to the lower temperature 
causing the death of the fungi (Antón et al., 2019). 

The spatial context surrounding the sampling stations, considering 
the type of vegetation, pedology and land use may also influence the 
spatial patterns of fungal assemblages (Banchi et al., 2018). Indeed, the 
range of dispersion of some spores can be strongly influenced by the 
landscape characteristics and its alteration (i.e. natural vs anthropogenic 
land cover; Kauserud et al., 2005). Furthermore, the presence of hosts is 
determining for the completion of the reproductive cycle, i.e. the spor-
ulation, for the majority of the plant pathogenic fungi, which justify the 
detection of Alternaria, for example, in the late Summer, when its plant 
host (i.e., corn, Zea mays) is at its full growth state. 

Similar results were obtained by Abrego et al. (2018), who showed 
how a combination of aerial sampling coupled with probabilistic mo-
lecular species identification offers a highly effective method to assess 
fungal diversity over large areas. 

4.3. Integrating morphological and molecular approaches to study the 
aeromycota 

Studying the diversity and the dispersion patterns of aerobiological 
particles is becoming central in aerobiology, as the interest in aero- 
dispersed pathogens and allergens is increasing in multiple fields of 
research, spanning from medicine to agriculture. While the diversity and 
the seasonal variation of pollen have been in particular well documented 
across several regions and using different methodologies individually or 
combined (Damialis et al., 2017; Brennan et al., 2019), the diversity of 
airborne fungi (the aeromycota) is still limited known (Grinn-Gofroń 
and Bosiacka, 2015). Moreover, the majority of the published results are 
the outcome of either morphological or DNA analyses performed indi-
vidually, as taxon determinations were performed on spores trapped on 
sticky tapes, filters or on those fungi grown out from spores trapped on 
culture growth media (Burge, 2002; Fröhlich-Nowoisky et al., 2009). 

While pollen monitoring is carried out weekly worldwide (Buters 
et al., 2018) with a taxon accuracy up to the genus or even species level, 
spore monitoring is infrequent and spore calendars exist since recently 
only for Spain (Fuentes Anton et al., 2019). This is due to the difficulties 
of studying fungi in airborne samples because of the vast number of 
spores, the high variation of spore morphology (even intraspecific), and 
the contemporaneous presence in the air of spores from both ubiquitous 
and seasonal fungi. In most of the cases, only a pair of fungal genera 
(spore types) are included in the pollen calendars, and these usually 
correspond to the two allergenic and most frequent genera Alternaria 
and Cladosporium (Buters et al., 2018). Recently, Fuentes Anton et al. 
(2019) stressed the need to increase the knowledge of airborne fungal 
diversity and its seasonal variation proposing a preliminary spore cal-
endar for the western part of the Iberian Peninsula. The monitoring of 
Fuentes Anton et al. (2019), though extended for two years, was still 
based on morphological inspections. 

Since 2012, a growing number of studies based on metabarcoding 
analyses of airborne fungi have been published showing a steadily in-
crease in the last three years (as reviewed by Banchi et al., 2020c). 
Banchi et al. (2018) were among the first suggesting the use of the 
molecular approach as supplement to the traditional morphological 
determination, stressing the evidence that eDNA metabarcoding would 
act as a promising approach to increases quality and sensitivity in 
aerobiological monitoring. The eDNA metabarcoding is independent of 
the degree of expertise and specialization of the operator and detects a 
higher taxonomic diversity, increasing up to ten-fold the accuracy of 
taxon recognition (Banchi et al., 2018, 2020c). Still, the eDNA meta-
barcoding approach does not offer a quantitative but a semi-quantitative 

approach (based on relative abundances) in the estimation of taxon di-
versity. Future studies should consider performing a more reliable 
quantification of the most abundant or interesting taxa by real-time 
quantitative PCR. On the other hand, molecular results might be 
biased by preferential amplification of specific sequences (i.e., prefer-
ential annealing of the primers to the DNA), especially if the mixed 
sample is composed by a high number of different taxa, or by the lack of 
representative, reference sequences in public databases. However, since 
2018 the use of eDNA metabarcoding analyses have progressed 
impressively also because of the availability of reference databases for 
fungal sequences (Nilsson et al., 2018; Banchi et al., 2020b,c). There-
fore, a microscopical inspection of the samples would still be preferable 
to assure that any of the rarely occurring taxa is not missed during DNA 
amplification and sequencing (Banchi et al., 2018), and to enable a 
quantification of the taxa by spore count. 

Abrego et al. (2019) have highlighted the importance of combining 
morphological and molecular approaches to capture airborne fungal 
diversity in regional-level surveys, especially in the frame of large-scale 
biodiversity assessments or long-term monitoring programs. Likewise, 
our results strengthen this perception and support the combination of 
aerial sampling with the use of HTS to provide a highly effective tool for 
generating a reliable and exhaustive list of aero-dispersed fungi. This 
integrative approach should be considered in forthcoming aerobiology 
monitoring and for the development of spore calendars. 
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