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Abstract Alternaria is a pathogenic and aller-
genic fungus affecting 400 plant species and 334
million people globally. This study aimed at assess-
ing the diversity of Alfernaria species in airborne
samples collected from closely located (7 km apart)
and heterogeneous sites (rural, urban and unman-
aged grassland) in Worcester and Lakeside, the UK.
A secondary objective was to examine how the ITS1
subregion varies from ITS2 in Alternaria species
diversity and composition. Airborne spores were col-
lected using Burkard 7-day and multi-vial Cyclone
samplers for the period 5 July 20169 October 2019.
Air samples from the Cyclone were amplified using
the ITSland ITS2 subregions and sequenced using
lumina MiSeq platform whereas those from the
Burkard sampler were identified and quantified using
optical microscopy. Optical microscopy and eDNA
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revealed a high abundance of Alternaria in the rural,
urban and unmanaged sites. ITS1 and ITS2 detected
five and seven different Alternaria species at the
three sampling sites, respectively. A. dactylidicola,
A. metachromatica and A. infectoria were the most
abundant. The rural, urban and unmanaged grassland
sites had similar diversity (PERMANOVA) of the
species due to similarity in land use and proximity of
the sites. Overall, the study showed that heterogene-
ous and neighbouring sites with similar land uses can
have similar Alternaria species. It also demonstrated
that an eDNA approach can complement the classical
optical microscopy method in providing more precise
information on fungal species diversity in an environ-
ment for targeted management. Similar studies can be
replicated for other allergenic and pathogenic fungi.
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1 Introduction

Alternaria is a saprophytic, endophytic and patho-
genic fungus with many species ubiquitous in nature
(Rotem, 1994). Precisely 275 Alternaria species,
having specific or wide host range, are pathogenic
to nearly 400 plant species including those in the
Poaceae, Cucurbitaceae, Brassicaceae and Solanaceae
families (Lee et al., 2015; Meena et al., 2017b; Seifert
& Gams, 2011; Simmons, 2007; Skjgth et al., 2016).
Crop yield losses of up to 80% have been attributed
to Alternaria diseases in several years of production
(Maude & Humpherson-Jones, 1980; Nowicki et al.,
2012). Alternaria is also an allergenic fungus affect-
ing up to 70% of mould-allergic patients (Sanchez &
Bush, 2001). About 37 Alternaria species are known
to cause allergy and other respiratory tract disorders
such as alveolitis, rhinitis, bronchitis and eczema
(Hong et al., 2005; Meena et al., 2017a; Seifert &
Gams, 2011; Skjgth et al., 2016). Inhalation of aller-
genic Alfernaria spores triggers severe and potentially
fatal asthma in sensitised individuals, most especially
children (Gabriel et al., 2015; Sanchez & Bush,
2001). Often, the forecast advice to allergy sufferers
and asthmatics for prevention is based on the daily
Alternaria spp. spore concentration in the air in gen-
eral (Grinn-Gofron et al., 2019). This approach does
not provide information on the particular species that
are most abundant in the air thus leading to allergic
individuals and asthmatics taking measures including
medications based on basic forecast information.
Understanding fungal species diversity, e.g. in
Alternaria spp. in an area helps to provide more tar-
geted information on spore forecast and for targeted
management of fungal diseases. However, aerobio-
logical studies mostly use the classical microscopic
method that relies on morphological features of the
most abundant and recognisable fungal spores to
provide spore data at the genus level (Banchi et al.,
2018; Pashley et al., 2012; Sharma et al., 2015). The
development of DNA metabarcoding alongside high-
throughput sequencing (HTS) technology has ena-
bled an increased number of studies in airborne plant
diversity (Hebert et al., 2003; Joly & Peuch, 2012).
However, few of such studies exist on airborne fun-
gal diversity (Banchi et al., 2018). Moreover, some
of the metabarcoding fungal diversity studies focus
mostly on the genera level leaving out species diver-
sity (Banchi et al., 2020a, 2020b; Rosa et al., 2020a, b
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Fort et al., 2016; Tordoni et al., 2021) which could
otherwise provide cues on specific fungal species rel-
evant for the prevention of allergy and pathological
diseases.

In this study, we aimed to assess the diversity, rich-
ness, composition and abundance of Alternaria spe-
cies in airborne samples collected from rural, urban
and unmanaged sites that are located approximately
7 km apart in Worcester and Lakeside Container/
Lakeside Circle, the UK. This was addressed by
examining the hypothesis that there is a low diversity
and high abundance of Alternaria species in nearby
sites with similar land uses. Airborne eDNA and
HTS fungal diversity studies focussing on both urban
and rural sites are very limited (Bowers et al., 2013;
Leppinen et al., 2018; Lin et al., 2018; Wady et al.,
2004) and yet cases of allergy and asthma are high in
such sites (Mitakakis et al., 2001; von Mutius, 2008).
Moreover, there are no such eDNA and HTS studies
of fungal diversity in unmanaged sites, e.g. grass-
land. Therefore, we sequenced the eDNA from the
air samples using both the internal transcribed spacer
(ITS1 and ITS2) subregions and the Illumina MiSeq
platform.

2 Materials and methods
2.1 Spore sampling

Alternaria spores were sampled using a Hirst-type
Burkard 7-day volumetric spore trap (Hirst, 1952)
and a Burkard automatic multi-vial Cyclone sam-
pler (Burkard Manufacturing, UK). Samples were
collected at St John’s campus (hereafter Worcester)
and Lakeside campus (hereafter Lakeside Container
and Lakeside Circle) of the University of Worcester
(Fig. 1). Air samples were collected during the main
Alternaria season at Worcester and Lakeside Con-
tainer from 5 July 2016 to 9 October 2019 (Table S1).
Sampling heights were set following the recommen-
dations on the height of pollen/spore sampling (Galan
et al., 2014). The Burkard 7-day and Cyclone sam-
plers at Worcester were placed 10 m above ground
level (AGL) on the rooftop of the Edward Elgar
(EE) building (52.1970 N, —2.2421 E, e.g. Sadys
et al.,, 2014) to capture spores at a regional scale.
The Burkard 7-day and Cyclone samplers collected
air at a rate of 10 L/min and 16.5 L/min, respectively
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River Severn

Fig.1 Spore sampling and meteorological station sites of
Lakeside Container, Lakeside Circle and Worcester. Also indi-
cated on the map are the (a) Lake near Lakeside Container and
(b) Lake near Lakeside Circle and River Severn (dark blue spi-

(Hirst, 1952) and the flow rate of the samplers was
checked weekly. The airborne particles were depos-
ited by impaction on a tape coated with a thin film
of petroleum jelly/wax mixture. The samplers at
Worcester were unloaded weekly at 9:00 am while
those at Lakeside Container and Lakeside Circle were
emptied at 14:00 pm and their spore data every 2-h
was later matched with those at Worcester. Worces-
ter is an urban area surrounded by agricultural areas
comprising permanent orchards for fruit and cider
production (Sadys et al., 2014), crops under rotation
(Sadys et al., 2015), grasslands and pasture within the
public parks (Sadys et al., 2016) and small woodlands
(Skjgth et al., 2015). The nearest crop fields to the
trap in Worcester were half a km away in a westerly
direction (Apangu et al., 2020).

The Burkard and Cyclone samplers at Lakeside
Container (52.2544 N, —2.2537 E) were placed on a
container at 4 m AGL. The Lakeside Container sam-
pling site was in a rural environment and comprised
mixed arable crop fields, permanent pastures, animal

Y A
| Container
Circle

»

ralling feature on left map). Lakeside and St Johns maps on the
right are enlargements of their corresponding map sections on
the left

paddocks and patches of trees. The immediate vicin-
ity of the sampler had no source of Alternaria spores
and it was surrounded by buildings in the south, non-
vegetated areas such as hard standing, roadways, and
a man-made lake in the west, pine trees in the north
and other trees and large areas of amenity grassland
in the east. The area outside the vicinity of the sam-
pler was comprised of crop fields under rotation and
woodlands.

The third set of Burkard and Cyclone samplers
collected spores at Lakeside Circle (52.2516 N,
—2.2535 E; Fig. 1) from 12 July 2018 to 9 October
2019 (Table S1). Historically, the area was an arable
farm with annual rotations until after the 2016 crop
harvest when it became amenity grassland. A circle,
centrally on the field and with a diameter of 50 m
was created in the grassland in 2018. The major grass
and herb species growing in the circular grassland
included Festuca rubra, Lolium perenne and Trifo-
lium repens. Grasses such as Festuca are known hosts
of Alternaria spp. (Awad, 2005; Wilson et al., 2014).
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Nitrogen, phosphorus, potassium (NPK) fertiliser
mixture was applied to the grassland in the circle at
the start of the observation period in spring 2018 to
support root establishment and vigorous growth of
the grasses (Leuschner et al., 2013). Thereafter, the
grass circle remained unmanaged to enable natural
production and release of fungal spores including
Alternaria. A pair of Burkard 7-day and Cyclone
samplers were placed 2.5 m AGL on a mast located
in the centre of the circle. The grassland area outside
the circle was mowed regularly (~every 3 weeks) to
ensure a green and well-growing grass patch with-
out large amounts of decomposing plant material
outside the circle. Lakeside Container and Lakeside
Circle were approximately 310 m apart and both were
approximately 7 km away from Worcester. The land-
scape outside the established grassland comprised
mixed arable farms of rotational crop fields, perma-
nent pastures and animal paddocks.

2.2 Microscopic Alternaria spp. spore identification

During slide preparation, the tape was cut into 7
pieces (each piece 48 mm long), each corresponding
to one of the seven days in a week, and mounted on
a microscopic slide (Sadys et al., 2014). Slides were
prepared according to a standard procedure used
for more than 50 years in England and other Euro-
pean countries (Adams-Groom et al., 2002; BAF,
1995; Kasprzyk, 2008; Skjgth et al., 2008, 2015).
Alternaria spores were identified to genus level and
counted using the 12 transverse method at 400X mag-
nification, an approach used for fungal spore monitor-
ing in Worcester, UK (Apangu et al., 2020), Denmark
(Skjgth et al., 2012) and Hungary (Paldy et al., 2014).
The daily (24 h) mean Alternaria spore concentra-
tions were expressed as spores/m> of air by multiply-
ing the microscopic spore counts with previously cal-
culated correction factors (Lacey & Allit, 1995).

2.3 Cultivation of A. alternata conidia

A. alternata spores were cultivated in the Lab to be
used in a mock community. Conidia of A. alternata
procured from Fisher Scientific UK were cultured
on potato dextrose agar for 23 days at 23 °C, simi-
lar to Smith et al. (2012). To harvest spores, sterile
water (10 mL) was added to the culture petri dish and
spore suspensions were obtained by gently scraping
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the surface of the culture using a sterile L-shaped
spreader. Five mL of the spore suspension was drawn
into a clean and sterile 50 mL centrifuge tube. The
mycelial extract was recovered after 5 min of centrif-
ugation at 2500 rpm. The supernatant was discarded
and the pellet was transferred into a clean 2 mL
microcentrifuge tube and resuspended in 1 mL sterile
water.

2.4 DNA extraction from air samples and culture
material

The daily air samples were pooled every seven con-
secutive days of sampling according to a pre-planned
sampling date arrangement (Table S1), similar to
Brennan et al. (2019). DNA was isolated from the air
samples and the A. alfernata culture material using
a commercial protocol (Fast DNA spin kit for soil;
MP Biomedicals), similar to previous studies (Chen
et al., 2020; Degois et al., 2019; Ettenauer et al.,
2012; Frohlich-Nowoisky et al., 2012). The sample
for 28/07/2018 at Lakeside circle, which comprised
water, typically caused by heavy rain episodes or fog,
was excluded from extraction. The concentration of
DNA in the samples was quantified using a Nanodrop
2000c spectrophotometer instrument (Fisher Scien-
tific, UK), similar to previous studies (Degois et al.,
2019; Ettenauer et al., 2012; Shokere et al., 2009).
The DNA was stored at —20 °C for subsequent
analyses.

2.5 Mock community

A large collection of pollen and spores of different
plant and fungal species were originally acquired as
clean reference samples from commercial compa-
nies and stored in a refrigerator at 4 °C in the Charles
Darwin laboratory of the University of Worcester.
Aiming at containing both allergenic pollen and aller-
genic and pathogenic spores, small amounts from the
clean reference samples were pooled to form a mock
community. The mock community sample consisted
of Cladosporium sp., Alternaria sp., Dactylis glom-
erata, Lolium perenne, Artemisia vulgaris, Quercus
ilex, Quercus robur, Alnus glutinosa, Betula pendula,
Corylus avenella, Phleum pratense, Urtica dioica,
Platanus x hispanica and A. alternata, similar to
previous metabarcoding studies on fungal spores
(Aguayo et al., 2018; Heeger et al., 2018; Pauvert
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et al., 2019). The species such as L. perenne, U.
dioica and Cladosporium sp. were included because
of their overlapping seasonality with Alternaria
while A. glutinosa and C. avenella were added due to
their seasonal differences with Alternaria. DNA was
extracted from the mock community sample using
the Fast DNA spit kit protocol, as for the air samples
above. The mock community DNA was then stored at
—20 °C for downstream analyses.

2.6 Preparation of air samples and mock community
for metabarcoding

For each site, the 7-day pooled samples were re-
pooled for each sampling season to form a composite
sample (Table S2). Ten re-pooled air samples and the
mock community were used in [llumina sequencing.
To prevent any contamination, microcentrifuge tubes
were autoclaved before re-pooling the DNA of the
air samples. Four uL. of DNA were drawn from each
weekly pooled air sample per season and added to the
sterile microcentrifuge tube to form a composite sam-
ple. Meanwhile, 50 pL of the total DNA of the mock
community was used for sequencing. The Nanodrop
2000c spectrophotometer was used for measuring the
concentration of DNA in each sample. DNA of each
sample and mock community was suspended in TE
buffer [a mixture of 1 mM Ethylenediaminetetraacetic
acid (EDTA) and 10 mM Tris(Hydroxymethyl)] to
prevent DNA degradation and stored at 4 °C before
shipment to Eurofins Genomics for ITS1/ITS2 ampli-
fication and sequencing, as recommended by Clasen
et al. (2020). DES (DNase/Pyrogen-free water;
50 uL) was used as a negative control in the sequenc-
ing process.

2.7 PCR amplification and amplicon sequencing

Eurofins Genomics, Europe Sequencing GmbH,
Konstanz, Germany synthesised the primers, per-
formed the PCR assays and amplicon sequencing
of the air samples and the mock community, similar
to previous studies (Naveed et al., 2016; Nicolaisen
et al., 2017; Rossmann et al., 2021; Senés-Guerrero
& SchiiBler, 2016). The PCR assay conditions were
similar to Nicolaisen et al. (2017). The ITS is one of
the most widely sequenced DNA regions in fungi and
is the universally accepted genetic barcode for fungi
(Abrego et al., 2018; Schoch et al., 2012). Therefore,

we amplified 300 bp each of ITS1 and ITS2 regions
using the universal primer pairs fwd-5-GGAAGT
AAAAGTCGTAACAAGG-3'; rev-5'-GCTGCGTTC
TTCATCGATGC-3" and fwd-5'-GCATCGATGAAG
AACGCAGC-3%; rev-5-TCCTCCGCTTATTGA
TATGC-3', respectively, targeting specifically fungi
(White et al., 1990). Each PCR reaction contained
1 ul of DNA template of air samples and mock com-
munity, 1 U of Tag DNA recombinant polymerase
(Promega Corporation, Madison, WI, USA), 1 XxPCR
reaction buffer, 1.5 mM MgCl,, 1 mM of each primer
and 0.2 mM dNTPs in a final volume of 25 puL. A
GeneAmp PCR system 9700 thermal cycler (Fisher
Scientific) was used for amplification. DNA was
denatured at 94 °C for 5 min, followed by 35 cycles
at 94 °C for 30 s, 48 °C for 30 s, 72 °C for 1 min
and elongation at 72 °C for 10 min. The amount of
amplicon was visually estimated after gel electropho-
resis. A visible smear of PCR products at approxi-
mately 340-760 bp was removed and purified using
a QIAquick Gel Extraction Kit (QIAGEN, GmbH,
Hilden, Germany).

2.8 Bioinformatics analysis

[lumina  MiSeqg-sequenced  paired-end  fastq
sequences of fungal spores in air samples and the
mock community that were amplified using ITS1
and ITS2 barcodes were demultiplexed and barcodes
removed by Eurofins Genomics, similar to previous
studies (Naveed et al., 2016; Nicolaisen et al., 2017,
Rossmann et al., 2021; Senés-Guerrero & SchiiBler,
2016). Primers were removed from demultiplexed
sequences using the Cutadapt program (Martin,
2011). Reads were quality filtered, denoised, trun-
cated and merged using the clustering-free Divisive
Amplicon Denoising Algorithm (DADA2) v.1.14
(Callahan et al., 2016), similar to previous studies
(Aguayo et al., 2018; Banchi et al., 2018; Banchi
et al., 2020a; Kumari et al., 2016; Mbareche et al.,
2020; Nicolaisen et al., 2017; Nilsson et al., 2019b;
Schiro et al., 2019; Tordoni et al., 2021). The for-
ward and reverse reads were truncated at 260 bp
and 200 bp, respectively, to exclude lower quality
reads while retaining only reads with fewer than two
expected errors. After inference of sequence varia-
tion, reads were merged as described in the DADA2
tutorial. Chimeras were identified and removed,
and the resulting amplicon sequences were used in
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subsequent analyses (Callahan et al., 2017). The
“assignTaxonomy” function in the DADA2 pipeline
was used for assigning amplicon sequence variants
(ASVs) to specific sequences in the UNITE fungal
database v.8.2 2020-02-04 (Abarenkov et al., 2020b),
similar to previous studies (Banchi et al., 2018; da
Silva et al., 2021; de Souza et al., 2021; Dyda et al.,
2019; Ogaki et al., 2021). UNITE fungal databases,
with 35,077 and 71,723 representative sequences,
were used for taxonomic assignment of the ITS1 and
ITS2 sequences, respectively. The UNITE eukary-
otes database v.8.2 2020-02-04 (Abarenkov et al.,
2020a) was used for taxonomic assignment in the
mock community, similar to previous studies (Heeger
et al., 2018; Tedersoo et al., 2018). Similarly, UNITE
eukaryotes databases, with 91,074 and 183,678 repre-
sentative sequences were used for taxonomic assign-
ment of ITS1 and ITS2 sequences, respectively.

R packages “Phyloseq” v.1.3.0 (McMurdie & Hol-
mes, 2013) and “ggplot2” v.3.3.2 alongside package
“Biostrings” v.2.54.0 were used for downstream anal-
ysis of the ASV output from DADA?2. The resulting
taxonomic table was combined with the OTU table,
matrix of ASV sequences and sample metadata. The
relative abundance of fungal phyla detected using
ITS1 and ITS2 barcodes at each site was visualised
using bar charts. The data for the Alfernaria genus
and its species were extracted from the total fungal
community data. ASVs specific to Alternaria spe-
cies in the air samples and fungal and plant species in
the mock community were assigned to the taxonomic
groups and bar plots were constructed to visualise
their relative abundance. Shannon and Simpson indi-
ces (a-diversity) combined with abundance were used
to measure the richness and diversity of Alternaria
species within the air samples (Spellerberg & Fedor,
2003). Mann—Whitney U test was performed to assess
the significance of the a-diversity measures in the
air samples using the R package “DESeq2” v.1.26.0,
similar to Mbareche et al. (2020), Yang et al. (2018)
and Archer et al. (2020). Beta diversity and species
composition were assessed using the Bray—Curtis dis-
similarity metric whereas UniFrac distance was used
to measure phylogenetic community distance in the
air samples (Mbareche et al., 2018). Weighted Uni-
Frac and Unweighted UniFrac distances were used to
evaluate the phylogenetic distances based on species
abundance and presence or absence of the species in
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each sample, respectively (d’Entremont et al., 2020;
Mbareche et al., 2018).

Principal Coordinates Analysis (PCoA) was per-
formed using packages “plyr” v.1.8.6 alongside
“ggplot2” to visualise the relationships. The PCoA
was separated according to ITS barcodes and the
environment of sampling (rural, urban and unman-
aged) to examine the clusters. The clusters observed
in the PCoA were statistically validated with a permu-
tational analysis of variance (PERMANOVA) test at
999 permutations, similar to previous studies (Banchi
et al., 2020a, 2020b; Fort et al., 2016; Tordoni et al.,
2021). PERMANOVA was performed using the R
package “vegan” v.2.5-6 with the function ‘“adonis”
(Oksanen et al., 2019). A p value of <0.05 was con-
sidered statistically significant for the Mann—Whitney
U and PERMANOVA tests. The Mann—Whitney U
test p values were adjusted using the Holm method.

The UNITE database, e.g. v.8.2 2020-02-04
dedicated to bioinformatics pipelines comprises
sequences that are annotated, are released within a
specific period of time and remain static, whereas the
web-based version of the same database is an interac-
tive and up-to-date version whose sequences continu-
ously undergo taxonomic re-annotation to reflect the
most recent nomenclatural and taxonomic changes
and their associated metadata (Nilsson et al., 2019a).
Furthermore, errors that accumulate during sample
preparation and sequencing cannot be completely
filtered during bioinformatics pipeline annotation of
sequences using the static UNITE databases (Anslan
et al., 2018; Nilsson et al., 2019b). Therefore, to
minimise errors and improve taxonomic affiliations,
sequences of all the ASVs of ITS1 and ITS2 were
BLAST searched in the web-based UNITE reference
database (https://unite.ut.ee/), similar to de Vere et al.
(2012), Nilsson et al. (2016) and Anslan et al. (2018).
To improve taxonomic specificity, similar to Be et al.
(2015), BLAST search results with “Alternaria” in
the taxon were further analysed to extract their spe-
cies hypotheses while excluding those without “Alter-
naria” in their taxonomic name. Bioinformatics anal-
yses were performed in R software v.3.6.3 (R Core
Team, 2020).

2.9 Meteorological data

Two Campbell Scientific meteorological stations
were established at Worcester and Lakeside Circle
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to provide half-hourly meteorological data for the
period July 2017-October 2019. The meteorologi-
cal stations were co-located with the Burkard 7-day
and Cyclone samplers at Worcester and Lakeside
Circle. The station at Lakeside Circle provided
meteorological data for both itself and the Lakeside
Container since they are closely located (310 m).
There was a gap in meteorological data from Janu-
ary 2016 to July 2017 before the acquisition of the
Campbell Scientific meteorological instruments.
The gap in data was filled with hourly meteoro-
logical data obtained from a nearby (20 km away)
UK Met station (Pershore Weather Station; MET
Office, UK). This was after verifying that some of
the Pershore weather data had a high correlation
with Lakeside and Worcester weather data, similar
to the approach of Skjgth et al. (2016).

The half-hourly and hourly weather data were
independently averaged to provide daily mete-
orological data for each meteorological station to
match the daily observation of Alternaria spores.
Selected meteorological parameters including air
temperature, pressure, relative humidity, solar
radiation, precipitation, wind speed, wind direc-
tion, leaf wetness and dew point were extracted
for analysis. Spearman’s rank correlation test was
performed between the daily Alternaria spore con-
centrations and their corresponding meteorological
variables, similar to Grinn-Gofron et al. (2019) and
Olsen et al. (2019).

3 Results

3.1 Taxonomy, relative abundance and diversity of
Alternaria species in air samples

Ten composite air samples with DNA each rep-
resenting the sampling period of 5 July 2016-09
October 2019 collected at Worcester, Lakeside
Container and Lakeside Circle were sequenced.
Sequencing, using ITS1 and ITS2 primers, resulted
in a total of 926,319 and 644,016 reads after qual-
ity filtering, respectively (Table S3). Each sam-
ple contained between 56,100 and 116,955 reads
for ITS1 and between 42,587 and 76,342 reads for
ITS2. Reads were assembled into a total of 12,725
and 5369 ASVs for ITS1 and ITS2, respectively. A

total of 114 (out of 1200 sequences) and 126 (out of
2795 sequences) chimeras were identified in ITS1
and ITS2 barcodes, respectively, and removed from
the sequences as stipulated for PCR artefacts in the
DADAZ2 guidelines.

3.2 Shared and unique taxa and their abundance

ITS1 and ITS2 barcodes were notably similar in com-
position and richness of fungal phyla, i.e. all the phyla
detected in ITS1 were also found in ITS2 (Fig. 2a, b).
Ascomycota and Basidiomycota were the most abun-
dant phyla in all the sites. Alternaria sequences were
detected in both ITS1 and ITS2 barcodes and they
were correctly identified as Fungi (kingdom), Asco-
mycota (phylum), Dothideomycetes (class), Pleospo-
rales (order), Pleosporaceae (family) and Alternaria
(genus). The ITS1 barcode identified A. brassicae,
A. dactylidicola, A. metachromatica, A. armoraciae
and A. tenuissima species in the air samples (Fig. 2c).
Meanwhile, the ITS2 barcode identified A. argyran-
themi, A. infectoria, A. eichhorniae, A. mimicula,
A. molesta, A. armoraciae and A. rosae species
(Fig. 2d).

At the genus level, both the optical microscopy
(Fig. 3a—d) and metabarcoding (using ITS1 and ITS2
barcodes in the DADA2 bioinformatics pipeline and
UNITE v.8.2 2020-02-04; Fig. 4a, b) approaches cor-
roborated the high abundance of Alternaria during the
different years of observation. Both methods showed
that Worcester had the highest frequency of Alter-
naria in 2016. Meanwhile, Lakeside Container and
Lakeside Circle dominated in 2017 and 2019, respec-
tively. However, the approaches differed in 2018 dur-
ing which the optical microscopy detected the highest
frequency of Alternaria at Worcester while metabar-
coding (using both ITS1 and ITS2 barcodes in the
DADA?2 bioinformatics pipeline and UNITE v.8.2
2020-02-04) found the maximum at Lakeside Con-
tainer. High spore concentrations (> 100 spores/m?)
were observed in July and August of every season.
At the species level, according to the ITS1 barcode,
A. dactylidicola and A. metachromatica and for ITS2,
A. infectoria, were the most abundant Alternaria spe-
cies in the air of Lakeside Container, Lakeside Circle
and Worcester. ITS1 barcode showed that A. dactyl-
idicola was most abundant at Worcester in 2018 and
Lakeside Container in 2019. According to ITS2, A.
infectoria was the most abundant species at all the
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Fig. 2 Relative abundance of the different fungal phyla and species of Alternaria fungus detected with (a, ¢) ITS1 and (b, d) ITS2
barcodes at Worcester (EE), Lakeside Container (LSC) and Lakeside Circle (LSF) in the period 2016-2019

sampling sites and years of observation. There was a
greater abundance of A. infectoria at both Worcester
and Lakeside Circle in 2019 compared to 2018.
BLAST search identified 66.67% of the Alter-
naria species that were detected with the DADA2
bioinformatics pipeline. The BLAST search and
threshold distance analysis of species hypothesis
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found A. metachromatica, A. brassicae, A. infec-
toria, A. eichhorniae A. sonchi, A. planifunda, A.
carotiincultae, A. abundans and other unidentified
Alternaria species in ITS1 sequences [(Table S4a
(i) and (ii)]. A. infectoria was the most abundant
species (69.6%) detected by the BLAST search.
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For ITS2 sequences, the BLAST search and
species hypothesis found A. infectoria, A. armo-
raciae, A. eichhorniae, A. rosae and A. mimicula.
Other species detected by the search included A.
alternata, A. metachromatica, A. abundans, A. lini-
cola, A. brassicae, A. triticina, A. solani, A. bras-
sicicola and other unidentified Alternaria species
[(Table S4b (i) & (ii)]. Alternaria sp. was the most
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abundant (27.3%), followed by A. infectoria (9.1%)
and A. solani (9.1%) in the BLAST search. Note-
worthy, other uncommon Alfernaria species includ-
ing A. oregonensis, A. venezuelensis, A. tropica, A.
multirostrata, A. cichorii, A. tumida, A. photistica,
etc. were detected in the BLAST search.
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Table 1 Alpha diversity

; . Sample Location Environment  Shannon Simpson

analysis output measuring

species richness and ITS1  ITS2 ITS1  ITS2

diversity within the samples

using Shannon and Simpson Sample01_EE2016 Worcester Urban 143 085 069 052

diversity indices Sample02_LSC2016  Lakeside Container ~ Rural 148 083 072 052
Sample03_EE2017 ‘Worcester Urban 1.39 0.90 0.68 0.54
Sample04_L.SC2017  Lakeside Container ~ Rural 1.51 0.95 0.72 0.54
Sample05_EE2018 Worcester Urban 1.04 1.30 0.63 0.67
Sample06_LSC2018  Lakeside Container ~ Rural 1.53 0.89 0.73 0.54
Sample07_LSF2018  Lakeside Circle Natural 1.49 0.91 0.71 0.54
Sample08_EE2019 Worcester Urban 1.58 0.94 0.73 0.55

The numbers represent Sample09_LSC2019  Lakeside Container ~ Rural 0.84 0.93 0.51 0.55

mean values for each Samplel0_LSF2019  Lakeside Circle Natural 156 086 073  0.53

sample and ITS barcode

3.3 Alternaria species richness and diversity

Alpha diversity was analysed using Shannon and
Simpson diversity indices (Table 1). Statistical analy-
sis (Mann—Whitney U test) showed significant (Shan-
non: p=0.01437 and Simpson: p=0.01418) differ-
ence in Alternaria species richness and diversity in
the air samples. In general, the a-diversity showed
high diversity and richness of Alfernaria species
at the observation sites. Both Shannon and Simp-
son indices of ITS1 and ITS2 barcodes showed that
Worcester and Lakeside Container were the most and
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least diverse sites, respectively. Overall, ITS1 and
ITS2 barcodes detected five and seven Alternaria spe-
cies, respectively, and Shannon and Simpson indices
were highly correlated.

Beta diversity was assessed using the
Bray—Curtis dissimilarity metric, Weighted UniFrac
and Unweighted UniFrac distances and visualised
using PCoA plots. The maximum percentage vari-
ation of P-diversity for ITS1 and ITS2 barcodes was
explained by Principal Coordinate (PC1; Fig. 5a, b).
Bray—Curtis, weighted UniFrac and unweighted Uni-
Frac metrics showed that air samples from Lakeside
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Fig. 5 Principal Coordinates Analysis (PCoA) plots of air
samples collected from Worcester (urban; blue), Lakeside Con-
tainer (rural; green) and the unmanaged grassland of Lakeside
Circle (natural; red) for the period 20162019, generated from
ASV sequences of ITS1 (a) and ITS2 (b) and represented by

Container grouped with those from Worcester and
Lakeside Circle. PERMANOVA analysis showed that
the observed clusters were not significant (Table 2).

3.4 Taxonomy and abundance of mock community
individuals

Overall, the plants (except Corylus) and the fungi
(Alternaria and Cladosporium) in the mock commu-
nity were correctly identified from kingdom, phylum,
class, order and family to genus level (Table SS5; Fig.
Sla—-d). Dactylis, Phleum, Cladosporium and Alter-
naria were the most abundant genera. At the spe-
cies level, D. glomerata (with both ITS1 and ITS2),
P. pratense (with ITS1), Q. ilex and Q. robur (both
with ITS2) were correctly identified using the UNITE

environment = 004 environment

PC2 (22.8%

(111) ’ PC1(38.4%)

environment

PC2 (18.2%)

(|]i) PC1(46.1%)

(1) Bray—Curtis dissimilarity matrix (ii) weighted UniFrac and
(iii) unweighted UniFrac distances. The points on the PCoA
plots represent the f-diversity of Alternaria species at both the
location of each sample and the whole sampling period (2016—
2019)

eukaryotes database in the mock community (Fig.
S2a and b). Among the plant species, D. glomerata
and P. pratense were the most abundant in the mock
community individuals (Fig. S2a and b). Among the
fungal species, A. tenuissima, C. delicatulum and C.
tenuissimum were the most abundant species detected
(Fig. S2¢ & d).

However, there were some identification inac-
curacies at the species level (Fig. S2a-d). For
instance, A. glutinosa was identified as A. firma
(with UNITE eukaryotes database and ITS1) and
A. fauriei (with UNITE eukaryotes database and
ITS2), Alternaria sp. and A. alternata were identi-
fied as A. tenuissima (with both UNITE eukary-
otes and UNITE fungal databases and ITS1) and
A. eichhorniae (with UNITE eukaryotes database
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Table 2 Variation (R?)
explained by each variable
and their interactions using
ITS1 and ITS2 barcodes
for weighted UniFrac,
unweighted UniFrac and
Bray—Curtis distances
matrices

*P<0.05; ¥**¥P<0.01;
%P <0.001

N/A inadequate data points

Variable Weighted UniFrac Unweighted UniFrac Bray—Curtis

R P value R P value R P value
ITS1
Environment 0.18 0.664 0.27 0.209 0.22 0.406
Year 0.21 0.938 0.13 1.000 0.17 0.786
Season 0.11 0.345 0.06 0.91 0.10 0.54
Environment: Year 0.52 1.000 0.52 1.000 0.37 1.000
Environment:Season 0.43 0.118 0.30 0.207 0.22 0.49
Year:Season N/A N/A N/A N/A N/A N/A
ITS2
Environment 0.18 0.54 0.18 0.724 0.17 0.599
Year 0.24 0.856 0.31 0.598 0.24 0.841
Season 0.03 0.817 0.03 0.982 0.05 0.713
Environment:year 0.54 1.000 0.46 1.000 0.55 1.000
Environment:season 0.11 0.468 0.24 0.534 0.14 0.461
Year:season N/A N/A N/A N/A N/A N/A

for permutational analysis

and ITS2), Cladosporium sp. was identified as C.
delicatulum (with both UNITE eukaryotes and fun-
gal databases and ITS1) and C. tenuissimum (with
both UNITE eukaryotes and fungal databases and
ITS2), L. perenne was identified as L. temulen-
tum (with UNITE eukaryotes database and ITSI
and ITS2). A. vulgaris, B. pendula, C. avenella, U.
dioica, P. x hispanica were not detected in the mock
community.

Other unexpected genera were detected in low
abundances in the mock community and these
included Aniselyton, Brassica, Chenopodium, Fes-
tuca, Laportea, Fraxinus and Mycocentrospora,
Aureobasidium, Botrytis, Calloria, Camarosporium,
Coniozyma, Filobasidium, Golovinomyces, Iterson-
ilia, Lichtheimia, Muriphaeosphaeria, Phaecoccomy-
ces, Pringsheimia, Sporobolomyces, Trebouxia and
Vishniacozyma among others. Similarly, other unex-
pected species were detected in the mock community
and these included Deutzia gracilis, Europiella arte-
misiae, Eschscholzia californica, Cochliobolus victo-
riae and Aureobasidium pullulans among others.

3.5 Effect of meteorological variables on daily
Alternaria spp. spore concentrations
Spearman’s correlation test showed that several mete-

orological variables significantly correlated with
the daily Alternaria spp. spore concentrations at the

@ Springer

different sampling sites and seasons (Table 3). Tem-
perature, relative humidity, precipitation and solar
radiation were all strongly correlated with the daily
spore concentration. Meanwhile, pressure, leaf wet-
ness, wind speed and direction correlated weakly to
moderately with the daily Alternaria spore concentra-
tion. The effect of the individual meteorological vari-
ables on the daily spore concentrations varied with
observation site and year.

4 Discussion

4.1 Diversity and composition of Alternaria species
in the rural, urban and unmanaged grassland
habitats

The optical microscopy and metabarcoding approach
showed a high spore concentration and relative
abundance of Alfernaria, respectively, for the sam-
pling sites and in the different years of observa-
tion (Figs. 3a—d and 4a, b). Metabarcoding results
showed a diversity of Alternaria species at Worces-
ter and Lakeside (Fig. 2c, d). The species detected
(with ITS1) included A. dactylidicola, A. metachro-
matica, A. brassicae, A. armoraciae and A. tenuis-
sima and those with ITS2 included A. infectoria,
A. armoraciae, A. eichhorniae, A. mimicula, A.
molesta and A. rosae. BLAST search [Table S4a
(1) and b (i)] and species hypotheses [Table S4a (ii)
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and b (ii)] confirmed 66.67% of the above species
detected with the bioinformatics pipeline includ-
ing A. alternata. Meanwhile, the BLAST search did
not detect 33.33% of the Alternaria species because
they could not meet the filtering criteria (similarity
score=93-100%, E-value=0.001) and hence were
considered putative artefacts or non-Alternaria spe-
cies (Anslan et al., 2018). This is the first study to
reveal the diversity and richness of Alternaria species
in three heterogeneously diverse biogeographic loca-
tions that are ~7 km apart. Previous studies had found
a high abundance (but not diversity) of Alternaria
spp. in Worcester (O’Connor et al., 2014; Sadys et al.,
2015; Skjgth et al., 2016). Fungal diversity in an area
depends on the pedology, land use, vegetation and
climatic conditions of the area to provide substrate
and conducive environments for the fungi to grow
and multiply (Peay & Bruns, 2014). The Shannon
and Simpson indices showed a significant difference
in the diversity of Alternaria species within the sam-
ples. However, Bray—Curtis dissimilarity, Weighted
UniFrac and Unweighted UniFrac distance metrics
showed low variation in diversity of Alternaria spe-
cies between the sites (Fig. 5a, b). This suggests simi-
larity in Alternaria species at the three sites and this
could be attributed to the fact that the unmanaged
(Lakeside Circle), rural (Lakeside Container) and
urban (Worcester) sites share similar vegetation (grass
species) and agricultural landscapes since they are
only ~7 km apart (Apangu et al., 2020; Brennan et al.,
2019). Furthermore, the similarity in species diver-
sity could also be attributed to the fact that the air-
borne Alternaria spores undergo dilution and mixing
in the lower boundary layer before they are captured
at the traps thus contributing to the genetic mixing,
species diversity and the final concentration (Froh-
lich-Nowoisky et al., 2016; Nicolaisen et al., 2017;
Sicard et al., 2016). Moreover, the PCoA showed
that the Alfernaria spp. at the 3 study sites clustered
together (Fig. 5a, b), suggesting that the sites share
similar Alternaria species. Similar studies also found
low fungal diversity, richness and composition in air-
borne samples collected from nearby (< 10 km apart)
sites (Abrego et al., 2018; Dannemiller et al., 2014).
Contrarily, Mhuireach et al. (2016), with more closely
located samplers (50 m apart), reported high varia-
tions in abundance and diversity of bacterial and fun-
gal communities. Such fine-scale (<50 m) variations
in species diversity and abundance of bioaerosols can
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be attributed to weather, season, land use, land cover
and distance from bioaerosol sources (Mhuireach
et al., 2016; Rathnayake et al., 2016; Rolph et al.,
2018). Conversely and expectedly, studies with dis-
tantly (>50 km apart) located sites reported a high
fungal diversity due to the effect and interactions
of site-specific factors, e.g. vegetation type, chang-
ing atmospheric conditions and shifts in microbial
sources (Banchi et al., 2018; Bowers et al., 2013;
Frohlich-Nowoisky et al., 2012). Nonetheless, some-
times locations (even though distantly apart) may not
have strong effects or require interaction with other
variables to influence the diversity of fungal com-
munities. For instance, Nicolaisen et al. (2017) found
similar results to ours in that sampling location alone
did not considerably contribute to airborne fungal
diversity except between seasons and their interac-
tions. Our study only presents the diversity and abun-
dance of Alternaria species in the summer and early
autumn and found no significant effect of season or
their interaction with sampling site on Alternaria spp.
diversity (Table 2). This is attributed to the fact that
Worcester and Lakeside are neighbouring sites that
likely have a synchronised Alternaria spore season in
the middle of summer, as was previously reported in
Central-Northern Europe (Skjgth et al., 2016). How-
ever, Banchi et al. (2020a) and Kumari et al. (2016)
examined the influence of location, season and their
interactions on fungal diversity and found that their
interactions (especially during summer) greatly influ-
enced fungal diversity. Meanwhile, Mbareche et al.
(2020) considered only location and found that sam-
ples collected from sites of compost, biomethanisa-
tion and dairy farms significantly influenced fungal
diversity in those areas. Overall, this study suggests
that regardless of an urban, rural or unmanaged loca-
tion, areas that border each other and have similar
land use and land cover types tend to have low Alter-
naria species diversity and similar species composi-
tion. However, since we only investigated the Alter-
naria genus, further studies are needed to examine
fungal diversity for a whole fungal community in
such areas to draw a firm conclusion.

A. dactylidicola and A. metachromatica were
among the Alternaria species detected in the air
samples. A. dactylidicola and A. metachromatica are
species observed for the first time in Worcester and
Lakeside, the UK and they are relatively new species.
Simmons (1994) first morphologically described A.
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metachromatica as a pathogenic species and together
with A. infectoria belongs to the Alternaria section
Infectoriae (Woudenberg et al., 2013). A. dactylidi-
cola is a grass-inhabiting species that was first found
to associate with the leaves, roots and dead stems of
the grass D. glomerata in Italy and it is phylogeneti-
cally linked with Alfernaria cesenica (Thambugala
et al., 2017). Lolium, Holcus and Dactylis are the
most abundant grass genera in Worcester (including
Lakeside) and are harvested as feeds for livestock
(Brennan et al., 2019; Frisk et al., 2021). Harvesting
of grasses for hay is a common practice among live-
stock farmers and starts from June to September and
peaks in July (Jefferson, 2005). Several studies have
shown that cutting/mowing of grasses either for hay
or in public parks releases a considerable amount of
Alternaria spores into the atmosphere (Astray et al.,
2010; Comtois et al., 1995; Corden et al., 2003; Irga
& Torpy, 2016; Kilic et al., 2010; Mitakakis et al.,
2001). Moreover, increased Alternaria spore con-
centrations in public urban parks were observed in
July and August (Kasprzyk et al., 2021), a period
when high Alternaria spp. spore concentrations were
recorded in Worcester and Lakeside (Fig. 3) and when
the parks are intensively utilised. Apart from grass
mowing for hay, Worcester urban green areas such as
grasslands, pastureland, public parks, the racecourse
and the cricket ground are potential sources and were
previously associated with Alternaria spores in the
city (Sadys et al., 2016). In Worcester, the grass spe-
cies, D. glomerata, flowers in June—August (Bren-
nan et al., 2019; Frisk et al., 2021), which coincides
with the period of high Alternaria spp. spore con-
centrations in Worcester (Apangu et al., 2020). The
Alternaria in the grasses can also actively or pas-
sively release many spores into the atmosphere when
weather conditions are optimal (Crandall & Gilbert,
2017). Several meteorological parameters including
temperature, humidity, rain, wind speed and direction
significantly correlated with Alfernaria spp. spore
concentrations at the three sites (Table 3). Therefore,
the high abundance of A. dactylidicola, A. metachro-
matica and A. infectoria in all the study sites could
be attributed to the favourable weather conditions
and the abundance of Dactylis grass in Worcester and
Lakeside since it is a major host to the species (Bren-
nan et al., 2019; Sadys et al., 2015). Przemieniecki
et al. (2019) found that endophytic fungi, including
Alternaria, were capable of colonising multiple grass

taxa as was observed with A. alternata inhabiting
both L. perenne and P. pratense. Previously, Alter-
naria sp. was also found in the leaves and roots of
the grass Holcus lanatus (Marquez et al., 2010). We
hypothesise that A. dactylidicola can also colonise
Lolium and Holcus grasses since those grass gen-
era are abundant in Worcester (including Lakeside)
(Brennan et al., 2019).

A. dactylidicola is a saprobe (Thambugala et al.,
2017), suggesting that it is active in decomposi-
tion within unmanaged grasslands and nutrient
recycling in terrestrial ecosystems. Whereas pol-
len from D. glomerata, the main host of A. dactyl-
idicola, is highly allergenic (D’Amato et al., 1991;
Frisk et al., 2021), it is unknown whether A. dac-
tylidicola also has such allergenic attributes since it
is a newly discovered species. Neither is there any
study on the pathological properties of A. dactylidi-
cola. Future studies should elucidate the pathogenic
and allergenic capabilities of A. dactylidicola. The
high abundance of A. dactylidicola in the different
sampling sites and years could also be related to
differences in local meteorological conditions as it
was found that local weather, e.g. temperature, rela-
tive humidity, rain, solar radiation, etc. observed at
Worcester, Lakeside Container and Lakeside Circle
all correlated with the daily Alternaria spore con-
centrations. Recently, Grinn-Gofron et al. (2018)
and Tordoni et al. (2021) observed a strong effect
of the local weather and climate on fungal sporula-
tion and the eventual release of the spores into the
atmosphere.

The abundance of A. metachromatica in Worces-
ter is linked to its host, oilseed rape (Brassica napus)
(Al-lami et al., 2020). Oilseed rape is abundantly
grown around Worcester and Lakeside and high con-
centrations of Alternaria spp. spores in Worcester
were associated with its harvesting (Apangu et al.,
2020). A. metachromatica is a multi-host pathogenic
fungus as it was found to cause leaf spot on tomatoes
(Lycopersicon esculentum) (Bashir et al., 2014) and
infected the pasture plant, spotted knapweed (Cen-
taurea stoebe), which is native to Europe (Broenni-
mann et al., 2014). Related to A. metachromatica are
A. solani, A. alternata, A. infectoria, A. arborescens,
A. tenuissima, A. mimicula (Bessadat et al., 2017,
Ramezani et al., 2019) and A. tomatophila (Rodrigues
et al., 2010) that cause early blight in tomatoes and
potatoes.
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A. metachromatica belongs to the A. infectoria
species group that is associated with many grass
taxa in the family Poaceae, including wheat, bar-
ley, oat and rye (Andersen et al., 2002). Wheat, bar-
ley and oat are widely grown in Worcestershire and
their combined harvesting was associated with high
concentrations of Alternaria spp. spores in the area
(Apangu et al., 2020). It is, therefore, likely that the
harvesting of wheat, barley, oat and ryegrass (for hay)
could have contributed to the high abundance of A.
metachromatica in Worcester and Lakeside.

Alternaria spp. data of 2018 and 2019 analysed
from Lakeside Circle strongly indicated that Alter-
naria spores were being released from Lakeside Cir-
cle when the grasses were still green and not expected
to host Alternaria, suggesting that the litter from pre-
vious seasons was hosting Alternaria. Daily spore
data analysis also showed that Alternaria spp. spore
concentrations at Worcester and Lakeside Circle sites
increased drastically from 2018 to 2019 (Fig. 3c, d).
Metabarcoding results showed that there was a grad-
ual increase in the abundance of A. dactylidicola, A.
metachromatica and A. infectoria at Worcester and
Lakeside Circle from 2018 to 2019 (Fig. 2c). There-
fore, the increases in the abundance of A. dactyl-
idicola, A. metachromatica and A. infectoria could
also be attributed to the accumulation (2017-2019)
of litter at the unmanaged site (Lakeside Circle) and
other unmanaged sites surrounding Worcester and
Lakeside, which provide a habitable environment for
the species above. Similarly, de Vries et al. (2007)
found that fungal biomass increased with the age of
vegetation and they attributed it to the accumulation
of organic matter content and minimal disturbance
from agronomic practices, e.g. tillage, which encour-
aged the growth of the mycelial network. The cur-
rent study presents the abundance and diversity of
Alternaria species for the whole sampling period.
Future studies should investigate species diversity and
abundance at much higher temporal resolutions, e.g.
weekly or three days, similar to Brennan et al. (2019),
to produce precise and near real-time information
for allergy sufferers, crop pathologists and medical
practitioners.

Other Alternaria species detected by the ITS1
barcode included A. armoraciae, A. brassicae and
A. tenuissima. A. armoraciae and A. tenuissima
belong to the sections Chalastospora and Alternata,
respectively, meanwhile the section of A. brassicae
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is yet undefined (Woudenberg et al., 2013). Like A.
metachromatica, A. armoraciae and A. brassicae are
species that infect plants in the Brassicaceae family,
e.g. Brassica oleracea (da Cruz Cabral et al., 2016)
and B. napus (Al-lami et al., 2020). Meanwhile,
like A. dactylidicola, A. tenuissima infects crops
and grasses in the Poaceae family including wheat
and Dactylis (Dang et al., 2015; Thambugala et al.,
2017). Other species detected by the ITS2 barcode
included A. argyranthemi, A. armoraciae, A. eich-
horniae, A. mimicula, A. molesta and A. rosae
(Fig. 2d). BLAST search and threshold distance of
species hypotheses also confirmed that A. alternata,
A. armoraciae, A. eichhorniae, A. rosae and A.
mimicula were among the Alternaria species in the
air of Worcester, Lakeside Container and Lakeside
Circle (Table S4b ii). A. alternata and A. eichhor-
niae belong to the section Alternata while A. mim-
icula and A. molesta belong to sections Brassicicola
and Phragmosporae, respectively, and A. argyran-
themi remains undefined (Woudenberg et al., 2013).
The BLAST search also detected A. solani in the air
samples. A. solani causes early blight in tomatoes
and potatoes and therefore could have originated
from the intensive horticultural farms and allot-
ments (Agriculture & Horticulture Development
Board, 2015; Apangu et al., 2020). Although the
intensive farms manage the early blight through
fungicide applications at earlier growth stages,
such applications do not affect Alternaria sporula-
tion at maturing and senescence stage of the plants
(Skjeth et al., 2012). A. eichhorniae was detected
at all the three sites and in all years of observa-
tion but was most abundant at Worcester in 2018.
A. eichhorniae infects water hyacinth (Eichhornia
crassipes) (Shabana et al., 2001) and parasitises
other species of water hyacinth such as E. azurea,
E. diversifolia, E. heterosperma, E. natans which
are phylogenetically related (Cook, 1998; Pellegrini
et al., 2018). Although E. crassipes is native to the
Amazon basin, it was introduced as an ornamental
plant (and grown in ponds) in more than 50 coun-
tries including the UK before it was banned by
the European Union in 2016 (Patoka et al., 2016).
Cases of allergy related to Alternaria and other
allergens were previously reported in florist shops
in Worcester (Emberlin et al., 2004). The detection
of A. eichhorniae in the air samples suggests that
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E. crassipes weed still exists in ponds, lakes and
rivers around Worcester and Lakeside and A. eich-
horniae spores were possibly passively dispersed
by the wind from such sources. Lakeside sampling
site has two nearby Lakes (Fig. 1) and several ponds
while River Severn (Fig. 1) flows through Worces-
ter, which can all harbour E. crassipes, the host of
A. eichhorniae. Studies have shown that thousands
of invasive Eichhornia species including E. cras-
sipes have been introduced to freshwater ecosys-
tems worldwide (Johansson et al., 2018; Scriver
et al., 2015). Another possibility could be that A.
eichhorniae spores were transported from other
remote sources to the UK, as seen with soybean
rust spores being transported for over 1000 km in
the USA (Isard et al., 2005, 2007). This also dem-
onstrates the robustness of the DADA2 pipeline
in detecting rare species of fungi (Nearing et al.,
2018). A. mimicula causes early blight in tomato
plants (Lycopersicon esculentum) (Ramezani et al.,
2019; Woudenberg et al., 2013). A. molesta causes
skin lesions on Harbour porpoise (Phocoena phoc-
oena), a marine mammal that lives in coastal areas
and river estuaries (Mamgain et al., 2013; Wouden-
berg et al., 2013). P. phocoena, being a protected
cetacean among endangered species in the UK and
EU, are abundant in British waters (Roberts et al.,
2019). Magyar et al. (2016) explained that, through
the “spiralling” process, suspended fungal prop-
agules in flowing waters can be transported some
distance (200-1000 m) before settling on leaves or
other substrates at riverbanks or streambanks and
eventually passively dispersed into the air. Fungal
asexual spores of aquatic hyphomycetes have been
found to use such dispersal pathways (Duarte et al.,
2012; Magyar et al., 2016; Thomas et al., 1991).
The River Severn and Bristol Channel are the pos-
sible habitats of P. phocoena nearest to Worcester
and Lakeside. It is, therefore, possible that P. phoc-
oena could have shed A. molesta spores into the
river, which are later deposited at the riverbanks
by spring bore tides and eventually passively dis-
persed into the air and detected at Worcester and
Lakeside. Apart from seawater and seawater ani-
mals, e.g. P. phocoena, strains of A. molesta have
also been found in soils and seawater plants but not
land plants (Lawrence et al., 2016). A. rosae is a
species in the section Pseudoalternaria (Lawrence

et al., 2016). It causes black head mould in wheat
and barley and infects sweet briar (Rosa rubiginosa)
rose plants (Poursafar et al., 2018). A. rosae is also
associated with locoweeds Astragalus variabilis
and Sphaerophysa salsula that are commonly found
in grazing grasslands and are toxic to animals (Lu
et al., 2017). Overall, A. infectoria, A. metachro-
matica, A. brassicae, A. eichhorniae, A. mimicula,
A. rosae, A. armoraciae and A. alternata were the
main pathogenic Alternaria species detected in the
air of Worcester, Lakeside Container and Lakeside
Circle. A. infectoria and A. metachromatica were
the most abundant pathogenic species.

4.2 Allergenic Alternaria species

The allergenicity of Alternaria spores to sensitised
individuals is well documented (D’Amato et al.,
1997). High cases of prescriptions for allergic rhi-
nitis and asthma-related hospital admissions were
previously reported from the population living in
Worcester (including Lakeside) in the past (Emberlin
& Lewis, 2006; Rowney et al., 2021; Watson et al.,
1996). Phylogenetic analysis of Alfernaria spores
based on Alt a 1 allergen gene sequence shows that A.
tenuissima is closely related with A. alternata while
A. metachromatica is closely linked with A. infecto-
ria and all are allergenic species (Hong et al., 2005).
Other allergenic Alternaria species in this study
include A. mimicula and A. argyranthemi (Hong
et al., 2005). A. rosae causes cutaneous infection in
humans (Liu et al., 2017). Meanwhile, no study has
investigated the allergenic properties in A. dactylidi-
cola, A. eichhorniae, A. molesta and A. armoraciae.

4.3 Similarities and differences between ITS1 and
ITS2 barcodes

Although the ITS1 and ITS2 barcodes had similar
fungal composition and richness at phylum level and
UNITE database correctly identified all the fungi
(and plants) in the air samples and mock community
from kingdom to genus level (Table S5; Fig. Sla—d),
there were notable variations at the species level
(Table S5; Fig. S2a—d). For instance, A. alternata was
incorrectly identified as A. fenuissima but correctly
identified by BLAST search. Moreover, the ITS1 bar-
code differed from the ITS2 barcode in Alternaria
species identification, apart from A. armoraciae.
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Such misidentifications and barcode differences are
attributed to the quality of the reference databases
and the biases and artefacts associated with the bio-
informatics pipelines and these were also previously
recognised (Abrego et al., 2018; Aguayo et al., 2021;
Pauvert et al., 2019; Piper et al., 2019; Vasar et al.,
2021). However, the BLAST search of the ASV
sequences was performed to identify the exact tax-
onomy of the sequences and minimise the errors from
the bioinformatics pipeline. The misidentifications
in Alternaria spp. are also partly attributed to the
several taxonomic re-descriptions of the 275 known
Alternaria species, e.g. 32 new combinations, 16 new
species and 10 old names resurrected, resulting in
the addition of new species and transfer of some spe-
cies to other genera, e.g. Prathoda (Simmons, 2007;
Woudenberg et al., 2013). Alternaria morphospecies
(300), indistinguishable using multi-gene phylogeny
due to environmental conditions, are synonymised
under A. alternata (He et al., 2021; Woudenberg et al.
(2015), suggesting that some of the Alternaria spe-
cies closely related with A. alternata could have been
identified as other related species or as A. alternata.
These findings suggest that taxonomic resolution of
Alternaria species remains to be fully addressed for a
more accurate molecular identification of Alternaria
species in the future. de Vere et al. (2012) and Bul-
man et al. (2018) also recognised the uncertainty in
species discrimination and emphasised that correct
species identification of microorganisms is largely
dependent on the quality of sequences in the refer-
ence databases.

5 Conclusion

The results revealed several Alternaria species
detected in the air of Worcester and Lakeside. These
included A. dactylidicola, A. metachromatica, A.
brassicae, A. tenuissima and A. armoraciae from
ITS1 barcoding. Meanwhile, ITS2 barcoding revealed
A. infectoria, A. alternata, A. argyranthemi, A. armo-
raciae, A. molesta, A. mimicula, A. rosae and A. eich-
horniae. Some of the species, e.g. A. dactylidicola, A.
metachromatica, A. armoraciae, A. argyranthemi, A.
armoraciae, A. molesta, A. mimicula, A. rosae and A.
eichhorniae are uncommon species detected for the
first time in Worcester and Lakeside. A. dactylidicola
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and A. metachromatica were highly abundant in
Worcester and Lakeside. The BLAST search and spe-
cies hypothesis confirmed 66.67% of the above spe-
cies (including A. alternata). Whereas the three sites
exhibited a significant species diversity at each site
(Shannon and Simpson indices), there was a mini-
mum difference (PERMANOVA) in species diversity
between the sites due to the uniformity of habitats in
the three sites, the proximity of the sites to each other
and genetic mix of the airborne spores before they are
captured at the traps.
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