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Abstract Airborne bioparticles, including fungal
spores, are of major concern for human and plant
health, necessitating precise monitoring systems.
While a European norm exists for manual volumet-
ric monitoring, there’s a growing interest in auto-
mated real-time methods. However, these methods
rely heavily on machine learning, facing challenges
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due to diverse particle characteristics and limited
training data availability, especially for fungal spores.
This study aims to address this gap by outlining best
practices for collecting reference material and creat-
ing tailored datasets for training algorithms. Using
17 fungal species from the Belgian fungi collection
BCCM/IHEM, including five Alternaria species, key
aspects such as in vitro cultivation, dry spore har-
vest, and aerosolization were addressed. Simple clas-
sification models were developed, achieving varying
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accuracies on different monitors. The Plair Rapid-
E+ demonstrated accuracies ranging from 83.4% to
95.1% (macro average F1-score 0.61), with better rec-
ognition for Cladosporium spp. and Curvularia car-
icae-papayae. The SwisensPoleno Jupiter, initially
achieving a macro average Fl-score of 0.77 with
holographic images of eight genera, improved to 0.83
when combined with fluorescence data. Accuracies
ranged from 55 to 95%, with notable performance
for Alternaria spp. and Curvularia caricae-papayae.
Species differentiation was also shown to be possible
for Cladosporium, but was more difficult for some
Alternaria species, while the macro average F1-score
remained good (0.72). Overall, this protocol paves the
way for more efficient, standard, and accurate auto-
matic identification of airborne fungal spores.

Keywords Airflow cytometry - Automatic
identification - Culture collection - Fungal spores -
Machine learning

1 Introduction

Bioaerosols impact both human and plant health
in various ways, making their monitoring of great
interest. Although a norm has been established (EN,
16868, 2019), based on the manual volumetric Hirst
method, there is a growing demand from end-users,
such as the medical community, allergic individuals,
atmospheric modellers, and plant disease managers,
for automated monitoring (Tummon et al., 2021,
2024). The diverse characteristics of bioaerosols
in terms of size, origin and chemical composition
(Després et al., 2012; Frohlich-Nowoisky et al., 2016)
make their monitoring challenging, particularly with
respect to automatic real-time identification. Current
approaches rely on physical or chemical properties,
with some systems even employing a combination of
both (Huffman et al., 2020). Despite these advances,
challenges remain in differentiating fungal species
due to overlapping fluorescence signatures. Studies
such as those by O’Connor et al. (2011) and Saari
et al. (2015) have highlighted the influence of species
type, cultivation conditions, and exposure history on
the fluorescence spectra of fungal spores. Moreover,
foundational work on the biophysical basis of
bioaerosol autofluorescence (Pohlker et al., 2011; Hill
et al., 2013) provides key insight into the molecular
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contributors to emission signatures detected by these
systems.

A recent evaluation comparing several operational
bioaerosol monitors against the standard method
has shown that airflow cytometry relying on
morphological and chemical characterization
performs comparably to digital microscopy (Maya-
Manzano et al., 2023). A series of instruments
relying on laser-induced fluorescence (LIF) and
airflow cytometry-based technologies have also
been employed extensively to characterize fungal
spore composition and dynamics. The UV-APS,
as evaluated by Kanaani et al. (2007), has shown
sensitivity to the age and air exposure history of
fungal spores, influencing fluorescence signal
intensity and thus classification accuracy. WIBS
systems have undergone substantial refinements
for enhanced spectral resolution and particle
characterization. For example, Markey et al.
(2024) and Crawford et al. (2023) demonstrated the
capabilities of WIBS-4 +in distinguishing fungal
spores from pollen and other ambient particles under
varying meteorological conditions. The BAASO00,
meanwhile, has recently been used with Al-driven
classification approaches to detect Alternaria spores
in real-time (Gonzalez-Alonso et al., 2023).

The quantity and complexity of data gathered
automatically underscores the need for advanced data
analytic methods to develop effective identification
algorithms. Supervised machine learning methods are
commonly used in automated systems for bioaerosol
classification (Buters et al., 2022; Tummon et al.,
2022), mostly relying on reference datasets upon
which algorithms can be trained. As with training
humans to identify particles by microscopy using
reference slides of known material, these algorithms
require datasets to be trained with appropriate
labels, either generated from reference material or
environmental samples. Obtaining such datasets is
generally easier for pollen than for fungal spores.
For pollen, reference material collection is relatively
straightforward because the source plants can often
be visually identified in the field with confidence,
particularly for well-known anemophilous species.
These species tend to produce large amounts of
pollen, which facilitates sampling. A common
technique involves harvesting mature inflorescences
and placing them in paper envelopes or drying
chambers, where the pollen is allowed to dehisce
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naturally from the anthers under ambient or controlled
conditions (Hoekstra, 1995). In contrast, reference
fungal spore collection requires growing colonies in
controlled conditions, with extraction methods often
tailored to specific species (Drew Smith et al., 1961).

So far, automatic identification of fungal spores
relies on reference data obtained from exceptional
events during operational measurements, i.e. when
the fungal spore of interest is largely dominant in
the air. This approach was applied for Alternaria
spp- and total airborne spores using different
measurement methods such as light microscopy
imaging from an impactor (Gonzéalez-Alonso et al.,
2023), airflow cytometry with holograms (Erb et al.,
2023), and the combination of scattering data and
laser-induced fluorescence (Simovié et al., 2023).
However, applications of this approach are limited by
the scarcity of suitable episodes and by the difficulty
to efficiently clean operational data. Therefore, the
availability of large and clean reference datasets,
encompassing the predominant spectrum of airborne
fungal spores, is expected to facilitate the automated
identification of a broad range of fungal diversity
in ambient air, at least as allowed by the standard
method (Anees-Hill et al., 2022).

The aim of this study is to outline and describe the
best practices for cultivating and collecting reference
material, and creating datasets, in order to train
algorithms for the classification of airborne fungal
spores based on airflow cytometer measurements.
Key aspects addressed here include: access to fungal
strains whose spores are representative of the outdoor
air mycobiome; controlled growing and sporulation
of single species cultures; harvesting of clean and
individual fungal spores from sporulating colonies;
aerosolization of dry spores to challenge automatic
monitors; and creation and cleaning of training
datasets. In addition, basic classification models have
been developed to assess the identification potential.

2 Fungal spore production
2.1 Fungal reference material

The standard monitoring method EN 16868,
which relies on direct microscopic observation of
aerobiological samples, offers limited resolution
for assessing the species diversity of airborne

fungal spores. This limitation arises in part because
aerobiological samples contain a wide range
of morphologically similar spores, making fine
taxonomic identification difficult without specialized
mycological expertise. Moreover, many fungal taxa
cannot be reliably distinguished based on spore
morphology alone, as accurate identification often
requires examination of mycelial structures that are
absent in airborne samples. As for indoor mycological
monitoring methods, more sensitive culture-based
analysis from these aerobiological samples could
offer a better representativity of its species diversity
and therefore an opportunity to collect reference
material. However, such an approach would require
substantial effort in cleaning and isolating colonies
to ensure only single-species isolates that can be
cultivated for spore production. Additionally, given
the rapidly changing fungal taxonomy and the
consequent necessity to perform DNA identification,
it is advisable to use reference strains from certified
microorganism culture collections, which ensure
reliability and reproducibility.

In this study, 17 certified fungal strains (Table 1),
covering 11 different genera, were obtained from
BCCM/IHEM (Sciensano, Belgium), a collection
of yeasts and moulds of medical and veterinary
interest that gathers more than 16,000 strains,
representing more than 350 genera and 1,200
species of Ascomycetes, Basidiomycetes and
Mucoromycetes. Therefore, the selection of fungal
strains was primarily driven by the BCCM/IHEM
public catalogue,! which is limited to health-
relevant species and their sister taxa and species
in the environment. In the future, the evaluation of
strains of particular interest to agriculture or forestry
(Entomophthoraceae, Pucciniomycetes, etc.) could be
explored in collaboration with collections dedicated
specifically to these fields.

The overall abundance of fungal species in the out-
door air was taken into account for the strain selec-
tion as fungal spores and their mycelium fragments
constitute up to 11% of atmospheric bioaerosols
(Tordoni et al., 2021). Cladosporium and Alternaria
are commonly known as the most abundant fungal
genera in the ambient air as reported by morpho-
logical analyses and eDNA metabarcoding (Banchi

! https://bcem.belspo.be/catalogues/ihem-catalogue-search.
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Table 1 List of the 17 fungal strains selected from the BCCM/IHEM fungal culture collection

Label in this study

Current species name

Common synonym name(s)

Strain name

Alternaria alternata

Alternaria arborescens

Alternaria botrytis

Alternaria chartarum

Alternaria terricola

Botrytis cinerea

Chaetomium globosum

Cladosporium cladosporioides

Cladosporium herbarum

Cladosporium sphaerospermum

Curvularia caricae-papayae
Epicoccum nigrum

Exserohilum rostratum

Fusarium culmorum

Alternaria alternata (Fries ex Fries) von
Keissler

Alternaria arborescens E.G. Simmons

Alternaria botrytis (Preuss) Woudenberg

& Crous

Alternaria chartarum Preuss

Alternaria terricola Woudenberg &
Crous

Botrytis cinerea Persoon ex Fries

Chaetomium globosum Kunze ex Fries

Cladosporium cladosporioides (Fresen.)
de Vries

Cladosporium allicinum (Fr.) Bensch, U.

Braun & Crous

Cladosporium sphaerospermum Penzig

Curvularia caricae-papayae H.P. Srivast

& Bilgrami

Epicoccum nigrum Link

Exserohilum rostratum (Drechsler)
Leonard & Suggs emend. Leonard

Fusarium culmorum (W.G. Smith)
Saccardo

Alternaria citri Ellis & Pierce emend.
Bliss & Fawcett
Alternaria destruens E.G. Simmons

Alternaria soliaegyptiaca E.G. Simmons

Alternaria tenuis Nees
Alternaria tenuissima (Kunzeex Fries)
Wiltshire

Ulocladium botrytis Preuss

Stemphylium botryosum var. ulocladium
Sacc

Stemphylium botryosum var. botrytis
(Preuss) Lindau

Ulocladium chartarum (Preuss) E.G.
Simmons

Alternaria chartarum f. stemphylioides
(Bliss) P. Joly

Alternaria stemphylioides Bliss

Sporidesmium polymorphum var.
chartarum (Preuss) Cooke

Ulocladium tuberculatum E. Simmons

Botryotinia fuckeliana (de Bary)
Whetzel
Sclerotinia fuckeliana (de Bary) Fuckel

Chaetomium rectum Sergeeva
Chaetomium chartarum Ehrenb
Chaetomium chlorinum (Sacc.) Grove
Chaetomium kunzeanum Zopf
Chaetomium olivaceum Cooke & Ellis

Cladosporium pisicola W.C. Snyder

Penicillium cladosporioides Fresen

Hormodendrum cladosporioides
(Fresen.) Sacc

Cladosporium bruhnei Linder

Cladosporium herbarum f. hordei
(Bruhne) Ferraris

Cladosporium hordei (Bruhne) Pidopl

Epicoccum purpurascens Ehrenberg &
Schlechtendahl

Drechslera rostrata (Drechsler)
Richardson & Fraser

Helminthosporium halodes Drechsler

Helminthosporium leptochloae Nisikado
& Miyake

Helminthosporium rostratum Drechsler

Bipolaris rostrata (Drechsler)
Shoemaker

Fusisporium culmorum Wm. G. Sm

IHEM 3327

THEM 18586
ITHEM 2964

IHEM 20041

IHEM 4136

IHEM 27814

IHEM 6003

THEM 26980

THEM 3260

IHEM 25311
IHEM 21710

IHEM 3433

IHEM 3524

IHEM 3323
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Table 1 (continued)

Label in this study Current species name

Common synonym name(s) Strain name

Fusarium pseudocircinatum
& Nirenberg

Pithomyces chartarum

K.D. Hyde

Stemphylium vesicarium
Simmons

Fusarium pseudocircinatum O’Donnell — —

Pseudopithomyces chartarum (Berk.
& MLA. Curtis) Jun F. Li, Ariyaw. &

Stemphylium vesicarium (Wallr.) E.G.

IHEM 18653

Pithomyces chartarum (Berk. & M.A. IHEM 15222
Curtis) M.B. Ellis
Leptosphaerulina chartarum Cec. Roux,
Trans. Br. mycol
Piricauda chartarum (Berk. & M.A.
Curtis) R.T. Moore
Sporidesmium bakeri Syd. & P. Syd
Sporidesmium chartarum Berk. & M.A.
Curtis

Stemphylium herbarum E.G. Simmons ~ IHEM 3105
Stemphylium sedicola E.G. Simmons
Helminthosporium vesicarium Wallr
Pleospora denotata (Cooke & Ellis)

Sacc

Pleospora pisi (Sowerby) Fuckel

Each strain is listed with its current species name alongside a list of common synonyms, and the designation utilized in this study

et al., 2020; Tordoni et al., 2021), as well as Epico-
ccum and Stemphylium are also relatively abundant.
It should be noted that routine aerobiological analy-
sis following the standard method EN 16868 relies
on spore identification based on their morphology,
which usually limits identification up to the level
of genus, often denoted as fungal spore type (Galan
et al.,, 2021). The four previously mentioned fungal
spore types are routinely measured by many Euro-
pean aerobiological monitoring networks (Anees-
Hill et al., 2022), together with Botrytis, Chaeto-
mium, Curvularia, Drechslera (Helminthosporium),
Pithomyces, Torula and the Aspergillaceae family
(Penicillium/Aspergillus spp.). All these taxa are rel-
evant from the health point of view and were included
in this study when possible. A strain of Exserohi-
lum rostratum was selected to represent Drechslera,
a morphologically classified spore type common in
aerobiological analysis, as well as Pseudopithomyces
palmicola for Pithomyces. The Torula strain tested in
this study failed to achieve a satisfactory level of spor-
ulation under the experimental conditions, thereby
yielding insufficient material for analysis. In contrast,
cultures of Penicillium chrysogenum and Aspergillus
fumigatus strains exhibited prolific growth, facilitat-
ing the collection of high spore amounts with mini-
mal hyphal contamination. This was evidenced by the
material readily falling onto the glass wall of the slant
tube. A gentle inversion onto the bench is enough to

dislodge it from the culture surface, making a more
complex harvesting system, as described in this study,
unnecessary. Furthermore, the majority of spores
in this family are smaller than 5 um and spherical-
shaped. Hence, they present less interest when devel-
oping algorithms relying on holography data compar-
atively to other spore taxa. The Aspergillaceae taxon
was accordingly excluded from this study despite its
availability in the BCCM/IHEM catalogue.

The Alternaria taxonomic group is broad and mor-
phologically diverse, and it formally encompasses
several taxa that are still commonly identified as
separate entities in aerobiological monitoring, such as
Pleospora, Ulocladium, and Stemphylium. Morpho-
logical species recognition in the Alternaria group
is based on the branching patterns of conidial chains
and on the morphological characteristics of conidia
(Simmons et al., 2007). For this reason, in this study,
we selected five strains belonging to different spe-
cies and with contrasted conidia shapes, from spores
with a beak (e.g., A. tenuissima and A. arborescens)
to Ulocladium-like spores with non-apparent beak (A.
botrytis and A. terricola). Recent molecular systemat-
ics have prompted the reassessment of species-group
organization within the genus. As a result, certain
species names have been subject to change, such as
A. tenuissima being synonymized with A. alternata.
Despite differences in conidia colour and beak size,

@ Springer
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these alterations have been supported (Woudenberg
et al., 2015).

Regarding the genus Cladosporium, which is one
of the largest genera of dematiaceous hyphomycetes,
strains representative of three major species
complexes were selected, namely C. cladosporioides
(belonging to the C. cladosporioides species
complex), C. sphaerospermum (C. sphaerospermum
species complex) and C. allicinum (C. herbarum
species complex). Although these species may be
identified thanks to their surface ornamentation
(Bensch et al., 2015), holography images of current
real-time airflow cytometers are not expected to allow
efficient classification within this genus, as for the
standard method by light microscopy.

Finally, the genus Fusarium comprises a large
number of human and plant pathogenic species, for
example the F. fujikuroi species complex. A strain
of F. pseudocircinatum, belonging to this complex,
was selected for this study. However, the 25-50 pm
long, fusiform macroconidia are abundantly mixed
with ellipsoidal to cylindrical 5-10 pm microconidia
(Ajmal et al., 2022), which may impede the creation
of quality training data with uniform spore types.
Therefore, a strain of F. culmorum was added in
the selection. This last species is known to produce
macroconidia without microconidia. Comparison of
both strains would highlight the potential interference
of mixed spore types within a taxon-specific training
dataset.

2.2 Culture conditions for sporulating colonies

All freeze-dried stock products were inoculated in
slant tubes, following the BCCM/IHEM instructions
of use (BCCM/IHEM, 2015), in order to reactivate
the growth capacity of the strain. Then, the use
of Petri dishes is recommended for subcultures to
increase the sporulating surface and ease the access
for harvesting. Here, 9 cm diameter Petri dishes
(Greiner Bio-One, Belgium) were used. The size of
the dish will determine the time required for complete
confluence of the culture, which may affect growing
dynamics and the sporulating phenotype. If the
culture is left under confluence for too long, hyaline
mycelium progressively grows on an upper layer (the
so-called secondary mycelium).

Although the literature contains optimal culture
media for specific fungi groups (Atlas et al., 1993),

@ Springer

we limited the set of broad spectrum media to Potato
Dextrose Agar (PDA),” diluted Sabouraud (S10)® or
V8 agar (V8) (5% V8 juice (Campbell Soup Co.),
1 ¢ MgS0O,-7H,0, 1 g KH,PO,, 20 g Pastagar, 1 mL
oligoelements for 1 L at pH 5.5), for all strains as
detailed in Table 2. Sporulation yields were also
tested on cultures grown on Malt Extract Agar* and
were similar (not shown). In general, the media
mentioned here above should be suitable for most
species, with the exception of V8 which is more
commonly used for Alternaria species. V8 is reported
to support abundant sporulation and reproducible
sporulation patterns that are comparable to those
found in nature (Simmons et al., 2007).

Inoculation was performed either by cutting the
initial culture into 3-5 agar pieces of 2X 2 mm,
loaded with fungal material, and aseptically placing
it on the surface of the Petri dish, or by rubbing one
of these pieces by striation over the entire surface
of the Petri dish in order to ensure an even growth
and sporulation over the whole surface (Li et al.,
2020). All dishes were incubated without humidity
control at 25 °C in the dark for about two weeks. It
is recommended to avoid sealing Petri dishes, as
the accumulation of water condensate may distort
colonies and sporulation patterns. An incubation
period of 5-10 days typically suffices to achieve a
satisfactory sporulation yield, although sporulation
may occur a few days earlier if inoculation is
conducted via striation. The yield of sporulation can
be assessed by examining the surface coverage of
colourless mycelium. Subsequent to the incubation
period, cultures of the 17 selected strains underwent
both macroscopic (Supplementary Fig. 1) and
stereoscopic inspections (Supplementary Fig. 2).

Notably, all strains exhibited satisfactory levels
of sporulation (Supplementary Fig. 1), obviating the
need for further optimization of culture conditions
like exposure to near-UV light or the use of more
specific media (Su et al., 2012). Specifically, Alter-
naria spp. grew rapidly on artificial nutrient media

2 https://beem.belspo.be/catalogues/ihem-media-details?Cultu
reMedialD=905.

3 https://bcem.belspo.be/catalogues/ihem-media-details?Cultu
reMedialD=908.

4 https://becem.belspo.be/catalogues/ihem-media-details?Cultu
reMedialD=902.
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Table 2 Relative score

" h ; Species Culture medium used Ease of Presence of

Or ease of arvesting by harvesting hyphae/other

suction with the cyclone score particles

collector (from 0 for

tﬁe L?W;St yijcklidto 3 g)r Alternaria alternata PDA 0 Y

¢ ? 12 est. yie )’. an‘ Alternaria arborescens PDA, S10, V8 2 N

microscopically significant

presence of hyphae and/ Alternaria botrytis PDA 2 N

or other particles in the Alternaria chartarum PDA 1 N

harvested Is\Iamgle (Y:) Alternaria terricola PDA 1 N

presence, N: absence). -

PDA: Potato Dextrose Agar; Botrytis cinerea S10 0 N

S10: Diluted Sabouraud Chaetomium globosum S10 1 Y
Cladosporium cladosporioides S10 2 N
Cladosporium herbarum S10 2 Y
Cladosporium sphaerospermum S10 2 N
Curvularia caricae-papayae S10 1 N
Epicoccum nigrum S10 1 N
Exserohilum rostratum S10 1 N
Fusarium culmorum S10 3 N
Fusarium pseudocircinatum S10 1 N
Pithomyces chartarum S10 3 N
Stemphylium vesicarium S10 1 N

A D
200ul tip X v;sru;:n
=

1.5ml tube

Fig. 1 A Instructions for constructing a plastic cyclone collec-
tor vial using a micro-tube and two micropipette tips, B Picture
of an assembled cyclone collector vial, C Picture of serially
connected three cyclone collector vials for increasing the har-

covering the Petri dish surface with densely felted,
dark olive brown to black colonies. Mycelium was
partly submerged within the agar layer and partly
aerial, in particular for the tested Alternaria alter-
nata strain. Mature conidia germinated producing
secondary mycelium in A. alternata, A. botrytis and
A. chartarum. The three Cladosporium species pro-
duced slow growing, velvety, dark olive colonies with
immersed stromatal hyphae. Botrytis cinerea covered
the entire Petri dish surface with loosely floccose,

4
‘07
Sporulating 0
fungi culture :
p N\ Dry precipitation
\
\

Cyclone
collector vial

vesting efficiency of large particles, D Scheme of the harvest-
ing system to aspirate dry spores from fungi culture on Petri
dish

mouse grey colonies. Curvularia caricae-papayae,
Epiccocum nigrum, Pithomyces chartarum exhibited
medium growth rate with colonies thinly floccose,
black coloured. Chaetomium globosum spread rap-
idly, with sparse white to buff aerial hyphae when
young, then without aerial hyphae, becoming green-
ish olivaceous owing to the aggregation of asco-
mata. Exserohilum rostratum was also relatively fast
growing, covering the plate with radial fibery myce-
lium growth and dark brown colonies. Stemphylium

@ Springer
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Aerosolization with a cuvette

p -

Airinflux ===

Swisens

Atomizer {
.'
o

\

Monitor
inlet

J

Aerosolization with the cyclone collector

(

>

Air influx ==«

SwisensPoleno Jupiter

N

Monitor
inlet

J

Fig. 2 Experimental laboratory setup for the aerosolization of
fungal spores and their detection by the SwisensPoleno Jupiter.
Homogenous aerosolization within the chamber of the Swisen-
sAtomizer can be performed either by using an open square

vesicarium colonies developed relatively more
slowly, having mostly white mycelium and sporulat-
ing sparsely. Finally, Fusarium spp. covered the entire
Petri dish surface rapidly with colonies velvety, radi-
ate, with relatively sparse aerial mycelium, white or
reddish.

In general, all tested species, except Chaetomium
globosum, produced conidia on conidiophores.
Alternaria alternata, A. arborescens, A. botrytis,
A. chartarum, A. terricola and Cladosporium
cladosporioides, C. herbarum, C. sphaerospermum
produced conidia in branched chains while Curvularia
caricae-papayae, Stemphylium
Epicoccum nigrum, Pithomyces chartarum and
Exserohilum rostratum produced spores singly at the
top of simple, short conidiophores. Botrytis cinerea
and Fusarium culmorum and F. pseudocircinatum
had more complex, branched conidiophores whereas
Chaetomium globosum produced ascospores inside
perithecia that have hairy hyphae around the ostiole.
The diverse modes of sporulation and mycelium
quantity can be observed in Supplementary Fig. 2.
Although sporulation yields may vary across different
Petri dishes, culturing a larger number of replicates
can mitigate this effect. Phenotypic variations can

vesicarium,
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aerosolization chamber

cuvette or the cyclone collector vial, filled with dry spore
material. Arrows indicate the direction of air flows to and out
of the container

arise due to differences in micro-environmental
conditions during culture and the inherent stability of
the strain.

3 Fungal spore harvesting and aerosolization
3.1 Isolation from sporulating colonies

In fungal taxonomy studies, a spectrum of
methodologies are employed to either collect material
for fungal inoculation or describe the morphology of
spores (Senanayake, 2020). To enhance yield, spores
are typically dislodged from colonies either through
washing or by brushing and vacuuming onto a filter
or into a cyclone particle collector (Drew Smith
et al.,, 1961; Pogner et al., 2024). For airflow-based
extraction, the location of fungal colonies relative
to the airstream significantly impacts the number
and trajectory of dispersed spores, emphasizing
the importance of spatial configuration during lab
experiments (Li et al., 2020). Methods that rely
on washing spores from sporulating colonies with
liquid (such as flooding and subsequent scraping
or vortexing to detach spores from conidiophores)
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are not ideal when analysing spores for specific
molecules, as these could be released and dissolved
in water. Indeed, biogenic secondary organic aerosols
exhibiting their own autofluorescence properties may
be subject to aqueous extraction and hence interfere
with the fluorescence-based measurements of
primary biological aerosol particles like fungal spores
(Zhang et al., 2021). Furthermore, this method often
leads to significant hyphal contamination (Jacques
et al., 2021). Therefore, for creating reference
material for airflow cytometry, dry extraction
appears most suitable, as it is anticipated to maintain
spores unaltered, akin to their natural emission
and atmospheric dispersion processes, while also
facilitating easier aerosolization.

For certain fungi, such as those belonging to the
Aspergillaceae family, spores detach easily and can
be dislodged from the colony in substantial quantities.
However, for many others, particularly when cultured
in vitro, considerable force is necessary to detach
and extract spores from the intricate network of
hyphae. Brushing is a commonly employed method
for extracting dry spores (Jacques et al., 2021), but
it often inadvertently collects hyphae along with the
spores. Hence, suctioning spores directly from the
colony appears to be the optimal approach.

We opted to vacuum-extract spores from the col-
ony using a cyclone collector (Fig. 1A) rather than
a filter to prevent them from embedding in the filter
matrix. To simplify fungal spore collection and keep
it cost-effective, we aimed to use disposable cyclone
collector vials. With this approach, separate cyclone
collectors could be used for each sample. We con-
structed a collector using a single 1.5 mL Eppendorf
vial and two 2-200 pL pipette tips (Fig. 1B). One tip
is positioned tangentially through the wall of the vial,
while the other is inserted through the lid of the vial;
both securely affixed using hot plastic glue. Alterna-
tively, this type of collector vial could be fabricated
through 3D printing techniques.

The experiments confirmed that cyclone
sampling is suitable for efficient extraction of fungal
spores from sporulating colonies. Spore extraction
varied in ease across different samples (Table 2;
Supplementary Video 1), sometimes requiring
surface scratching with the cyclone collector tip. It is
noteworthy to emphasize that extracting spores from
moist colonies (due to condensation on the Petri dish
lid or exudate on hyphae) was not possible. Therefore,

we ensured that excess moisture was evaporated by
leaving the Petri dish lid opened inside the biosafety
cabinet at room temperature until it was sufficiently
dry, as confirmed under stereomicroscope.

We empirically determined that a flow rate into the
cyclone collector exceeding 5 L/min, corresponding
to a pump inlet pressure of approximately 100
mmHg, provided sufficient force to detach spores
from colonies while generally minimizing the
co-harvesting of hyphae. To establish this, we began
at the lowest flow rate permitted by our laboratory
pump and gradually increased the pressure. This
stepwise approach allowed us to identify the
minimum critical pressure at which visible and
consistent spore collection occurred across all
selected taxa. Only once this threshold was reached
did we proceed to score both spore yield and hyphal
contamination. While this approach was not designed
to formally quantify harvesting efficiency across the
entire pressure gradient, it enabled us to identify
a robust operating point suitable for most species
tested. In practice, it was difficult to avoid contact
between the cyclone collector tip and aerial hyphae
for most species. In some instances, however, such
contact facilitated spore release; nevertheless, it
occasionally led to an increased collection of hyphae.
This phenomenon was particularly notable for
Cladosporium herbarum and Chaetomium globosum,
where the delicate structures producing spores tended
to fragment, resulting in the harvest of small pieces
along with some hyphae. Additionally, increasing the
airflow speed by narrowing the inlet could enhance
spore detachment. Nevertheless, it is important that
the inner diameter of the tube leading from the inlet
to the body of the collector does not increase since
it would result in deposition of particles on the
inside walls, especially concerning small spores.
It should be noted that the used cyclone collector
vials have limited efficiency for capturing small
particles, leading to a notable number of spores
escaping and being drawn in by the pump. Efficiency
could be substantially increased by connecting
multiple cyclones in series (Fig. 1C). Despite this
enhancement, the escape of some particles remains
inevitable. Thus, it is essential to cover the pump
outlet with a filter or place it within a biosafety
cabinet to prevent environmental contamination with
spores. It is also worth noting that sampling hyaline
spores poses a challenge due to their transparent
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nature, making it difficult to visually confirm their
accumulation at the bottom of the collector vial.

To verify the quality of the collected sample
(i.e., the quantity of spores and the presence
of mycelium), a portion of the material was
transferred to a microscopic slide mounted with
lactophenol cotton blue and examined via light
microscopy (Supplementary Fig. 3). The presence
of hyphal fragments was also verified, as expected in
particular for species like Chaetomium globosum or
Cladosporium herbarum.

In summary, a relative score (0 to 3) was
defined for each tested strain to evaluate the ease of
harvesting using the cyclone collector (Table 2).
Botrytis cinerea and Alternaria alternata, cultured
respectively on S10 and PDA, received a harvesting
score of 0, indicating the lowest yield, and the
A. alternata sample was also found to contain
hyphae and/or other particles. Harvested samples of
Cladosporium herbarum and Chaetomium globosum
also contained hyphae fragments, as expected by the
unavoidable contact of the cyclone collector tip with
aerial mycelium. Conversely, Fusarium culmorum
and Pithomyces chartarum cultured on S10 received
the highest harvesting score of 3, signifying optimal
harvest efficiency, and with no observable presence of
hyphae or other particles in the harvested sample.

3.2 Aerosolization

So far, no standardized method exists for aerosolizing
fungal spores due to their size, which often exceeds
the capacity of both commercial and custom-made
devices utilizing wet or dry dispersion techniques
(Lieberherr et al., 2021). Several spore nebulization
systems rely on a chamber-aerosol generator
optimized for fungal materials (Healy et al., 2012;
Scheermeyer & Agranovski, 2009). Achieving
a homogeneous suspension of spores in the air,
emitted at a steady rate, is crucial when exposing
samples to airflow cytometers to prevent clogging
and saturation of the detector (Tummon et al.,
2022). Conventional aerosolization techniques,
such as spraying into a chamber to protect against
contamination (éauliené et al., 2019), fail to meet
the requirement of generating a minimum of 5000
representative particles per taxon, essential for the
development of robust identification algorithms
(Tummon et al., 2022). To address this challenge, we
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tested two methods: the SwisensAtomizer (Swisens
AG) and a custom-made alternative. Both methods
ensured the creation of appropriate training datasets
for our study and the same cyclone collector used
during the spore harvesting phase was repurposed
for the aerosolization phase. This choice aimed to
avoid additional container transfer, minimize costs of
consumables, and mitigate potential risk of sample
contamination and loss of biological material.

3.2.1 Exposure to the SwisensPoleno Jupiter

The airflow cytometer SwisensPoleno Jupiter (Swis-
ens AG) was installed within a biosafety cabinet,
where it was exposed to the fungal spores sampled
by vacuuming into cyclone collectors. The spores
were aerosolized using the SwisensAtomizer. Thus,
the sample container was placed in the device on a
membrane vibrating at adjustable frequencies and
amplitudes, and air was simultaneously blown in the
container at chosen intensity. Aerosolization of spores
was evaluated with two different containers; an open
square cuvette or the cyclone collector previously
used for spore harvesting (Fig. 2).

In terms of aerosolization dynamics, the cyclone
collector outperformed both the open square cuvette
and an open Eppendorf vial, due to its superior
airflow stability. The cyclone design likely allows
for more consistent airflow patterns, creating a
spiral motion that effectively"wipes'the vial wall,
aiding in the detachment of particles that may be
electrostatically adhered, while the same time due to
created centrifugal force keeps majority of particles
at the bottom of the container allowing only for
limited controlled release of the most loose ones. For
some sticky spores, additional aid was required to
overcome the effect of centrifugal force. Therefore,
an elongated metal bead was inserted into the cyclone
collector to further facilitate in detaching spores from
the vial wall and fragmenting spore’s aggregates via
the vibrations of the system. This consistent airflow
resulted in more stable release and detection by
the instrument, ensuring reliable and continuous
operation. As a result, the instrument operated at a
stable detection rate of approximately 300 particles
per minute, yielding a sufficient number of particles
within a relatively short time frame (Table 3).

The SwisensPoleno Jupiter employs an aero-
sol concentrator consisting of a three-stage virtual
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Table 3 Yield of aerosolization and exposure to the SwisensPoleno Jupiter for each fungal spore species, as evaluated by a relative
score (from O for the lowest yield to 3 for the highest yield) and by the percentage of exploitable holography imaging data

Species Ease of Duration of Total number of ~ Fully recorded particles
aerosolization score aerosolization [min]  particles (two holographic images)
[%]
Alternaria alternata 1 61 8827 62
Alternaria arborescens 1 91 29,785 78
Alternaria botrytis 3 39 9447 75
Alternaria chartarum 0 35 10,737 88
Alternaria terricola 2 60 17,331 85
Botrytis cinerea 1 38 12,579 65
Chaetomium globosum 3 18 4345 71
Cladosporium cladosporioides 1 108 9115 50
Cladosporium herbarum 0 15 3867 62
Cladosporium sphaerospermum 1 24 4050 60
Curvularia caricae-papayae 3 73 12,317 56
Epicoccum nigrum 3 35 5748 64
Exserohilum rostratum 2 41 9604 69
Fusarium culmorum 1 35 9334 61
Fusarium pseudocircinatum 1 22 2113 60
Pithomyces chartarum 2 29 5405 83
Stemphylium vesicarium 1 58 7463 71
Alternaria alternata A. arborescens A. botrytis A. chartarum A. terricola
; |
| A [
g J 1
‘ o | | { | I L]
Botrytis cinerea Chaetomium globosum Cladosporium herbarum C. cladosporioides C. sphaerospermum
| | —
oo e -l
e | el | | RS
Curvularia caricae-papayae Epicoccum nigrum Exserohilum rostratum Pithomyces chartarum Stemphylium vesicarium
EEr B || e = "
T M e - 2 9 - S I}
Fusarium culmorum Fusarium pseudocircinatum (microconidia & macroconidia)
) I Ol | /| ® | §
= & 2 E
Fig. 3 Holography images (120 x120 um) of representa- of spores adapted from Simmons EG, 2007 and the Atlas of
tive single spore and datasets of average relative fluorescence Clinical Fungi (https://www.atlasclinicalfungi.org). Data are
(stacked barplots) recorded by the SwisensPoleno Jupiter, for shown prior to any filtering for the creation of training datasets

17 selected fungal species. Non-scaled representative drawings
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impactor. It directs particles to the measurement vol-
ume centre and reduces the airflow through the meas-
urement channel by a factor of approx. 1000, while
applying a size dependent separation rate below 10
pm, enabling the high continuous input airflow of
40 L/min. Particle detection is facilitated through the
measurement of scattered light by particles crossing
two line lasers (450 nm, 685 nm) with a photo-diode.
The analysis of measured intensity peaks is used to
determine the particle velocity for accurately tim-
ing subsequent measurements, while their height is
compared to a predefined threshold to set the mini-
mal particle size measured. Two particle images are
captured by means of digital inline holography with
two orthogonally placed cameras. Following image
capture, geometrical particle properties are computed.
Thereafter, fluorescence characteristics are quantita-
tively assessed across five wavebands—ranging from
333 to 694 nm—using LEDs at 280 nm and 365 nm,
and a 405 nm laser diode for excitation. The use of
holographic images and fluorescence spectrum have
previously proven successful for pollen identification
(Sauvageat et al., 2020 and Erb et al., 2023) and will
therefore be used again. To mitigate variances such as
particle position within the measurement channel and
slight intensity differences in the excitation sources,
fluorescence spectra are normalized relative to the
sum of measured intensities per source (Erb et al.,
2023).

For all measurements the instrument was operated
at a trigger threshold low enough to measure particles
with the size of at least 2 pm PSL, ensuring the detec-
tion of the smallest fungal spores used for this study.

Monitor

Clean air inlet

push ----- >

Plar

Rap?d-Eo

Plair Rapid-E+

However, small particles may pose challenges to the
holographic imaging, due to resolution constraints
(0.595 pm per pixel), leading to measurements with
just a single or no valid image captured. Only com-
plete recordings of particles were used, even though
valuable information might be present in one image,
as well as the independently measured fluorescence
spectrum (Supplementary Fig. 4). Holography images
of representative single spores and the average rela-
tive fluorescence of the 17 tested fungal species are
shown in Fig. 3, illustrating the recorded species-spe-
cific variability in morphology and fluorescence pat-
tern. Median spore size for each species is shown in
the Supplementary Table 1.

The aerosolization potential of various species was
assessed, with scores ranging from 0O to 3 (Table 3)
reflecting their propensity for aerosolization. Notably,
Alternaria botrytis, Chaetomium globosum, Curvu-
laria caricae-papayae, and Epicoccum nigrum, which
exhibited the highest scores, indicating their ease of
aerosolization, whereas Alternaria chartarum and
Cladosporium herbarum scored the lowest. However,
it is essential to recognize that these scores, indicative
of particle flow stability, may not directly correlate
with the recorded particle rate or the percentage of
having two holographic images. For instance, despite
receiving the lowest aerosolization score of 0, Alter-
naria chartarum demonstrated the highest percentage
of valid holographic data. Indeed, all Alternaria spe-
cies, with the exception of A. alternata, consistently
yielded high percentages of two holographic data.
Conversely, aerosolization of the three Cladosporium
species were challenging, aligning with both lower

Fig. 4 Experimental laboratory setup for the aerosolization of fungal spores and their detection by the Plair Rapid-E+. Arrows indi-

cate the direction of air flows to and out of the cyclone collector vial
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Table 4 Yield of aerosolization and exposure to the Plair Rapid-E+ for each fungal spore species, as evaluated by the percentage of

exploitable fluorescence data

Species Duration of aerosolization [min] Total number of particles Particles fluorescing
above threshold [%]

Alternaria spp. 12 25,734 59

Botrytis cinerea 5 14,108 63

Cladosporium spp. 13 28,024 48

Curvularia caricae-papayae 13 14,784 44

Epicoccum nigrum 8 8871 62

Exserohilum rostratum 13 12,922 57

Pithomyces chartarum 8 14,021 50

Alternaria spp. include the mixed species A. alternata, A. arborescens, A. botrytis, A. chartarum and A. terricola. Cladosporium
spp. include the mixed species Cladosporium cladosporioides, Cladosporium herbarum and Cladosporium sphaerospermum

particle rates and reduced percentage of valid holo-
graphic images (from 50 to 62%).

3.2.2 Exposure to the Plair Rapid-E+

To address the absence of an atomizer compat-
ible with the Plair Rapid-E+ (Plair SA), we devised
a bespoke method based on analogous principles
(Fig. 4). This approach was implemented using
the cyclone collector detailed above. To aerosolize
spores, the cyclone collector was connected to a sam-
pling inlet via a plastic hose, with a low-resistance
HEPA filter affixed to the free end. A low-volume
pump was employed to draw air through the inlet,
with the pump’s inlet outfitted with a high-efficiency
sterilization filter to prevent contaminants from enter-
ing the system and mixing with spores. The suction
created by the Plair Rapid-E+ in conjunction with the
airflow induced by the pump facilitated the cyclone’s
operation, selectively entraining a fraction of parti-
cles into the airstream directed towards the detection
chamber. Particle release within the cyclone cham-
ber was regulated by centrifugal forces, and agitation
could be employed to increase it (either manual, via
a vortex mixer, or using vibration from an electric
toothbrush). All plastic components connecting the
cyclone collector to the instrument were disposed of
after each sample to avoid cross-contamination.

The Plair Rapid-E+ is an upgraded version of
the earlier Plair Rapid-E, retaining the fundamental
principles outlined in the previous version (Sauliené
et al., 2019) while introducing novel features
(Sikoparija et al., 2024). Notably, measurements of

scattering from 447 nm laser light are conducted at
14 angles, encompassing both parallel and perpen-
dicular polarization planes. Fluorescence spectra
are captured within the 350-530 nm range, with 32
measurements taken for each particle at a resolu-
tion of 12 nm. Additionally, fluorescence lifetimes
are recorded across three spectral bands: 375-397,
415-450, and 467-487 nm. The device also incor-
porates supplementary scattering measurements
from a 675 nm laser with a 4 x4 pixel detector
array. Operating at a sampling rate of 5 L of air per
minute, the manufacturer asserts its capability to
detect particles spanning sizes from 0.3 to 100 pm.
Notably, the device offers three distinct detection
modes, each characterized by varying sensitivity
to particle size and fluorescence intensity. For the
detection of fungal spores, the device was operated
in the"middle"mode, facilitating comprehensive
particle recording within the 1-100 um size range.
In a prior investigation, it was observed that the
majority of fungal spores exhibit weak fluorescence
upon excitation at 337 nm (Simovié et al., 2023).
Consequently, the Plair Rapid-E+ was configured
to operate in the"middle"mode, wherein the gain of
the spectrometer was increased by 28% and that of
the fluorescence lifetime detectors by 10%, in com-
parison to the so-called “pollen” mode (Sikoparija
et al., 2024). An inherent limitation of this mode is
that the device is calibrated to detect small parti-
cles, larger than 1 pum in size, potentially resulting
in the inclusion of additional debris and contami-
nants in the dataset.

The initial assessment of the collected
datasets (Table 4) indicates that the efficiency
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of aerosolization was notably high, facilitating
the collection of substantial quantities of fully
measured particles within a brief timeframe. With
the exception of Cladosporium spp., Curvularia
caricae-papayae and  Pithomyces chartarum,
the majority of spores from other fungal species
exhibited fluorescence intensities with a maximum
processed spectral signal exceeding 4000 units.
This threshold, recommended by the instrument
manufacturer, ensures that the fluorescence signal
is sufficiently above the noise level to allow
reliable analysis (Sikoparija et al., 2024). The
limited fluorescence observed in Cladosporium
spp., Curvularia caricae-papayae, and Pithomyces
chartarum in our dataset may reflect a combination
of biological and technical factors. Fluorescence
emission varies significantly across fungal taxa,
and as reported in previous studies (O’Connor
et al.,, 2011; Saari et al., 2015), Cladosporium
in particular is known to exhibit relatively weak
intrinsic fluorescence, which may partially explain
our findings. While further analysis is warranted
to assess the signal quality, particularly regarding
the fraction of particles where noise predominates,
the acquired data proved adequate for conducting
classification tests using convolutional neural
network algorithms.

4 Fungal spore classification

Measurements of collected reference fungal
spores by using the SwisensPoleno Jupiter and the
Plair Rapid-E+ airflow cytometers were used to
investigate the feasibility of classifying different
spores. We evaluated the performance of each
classification method using two metrics: taxon-
level accuracy and global Fl-score. Taxon-level
accuracy is the proportion of correctly classified
spore instances relative to the total number of
analysed spores. The global Fl-score, on the other
hand, is the harmonic mean of precision and recall,
calculated for each taxon, and then macro averaged.

4.1 Identification by SwisensPoleno Jupiter

For the filtering of the captured datasets a simplistic
approach was followed removing only particles
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with missing holographic images, particles with
empty images, determined by a maximal grayscale
intensity difference of the particles of 0.1, as well
as particles far outside of the measurement channel
centre (+ 500 pm). There is no specific filtering
applied to individual fungal species to prevent any
bias introduction. However, this means there might
be spore-agglomerates, hyphae or other non-spores
particles present within the datasets. In contrast to
Rapid-E+ data, no threshold for filtering out non-
fluorescent particles was applied. However, restriction
of allowed particle positions in the measurement
channel, as well as removing empty holographic
images reduces the possibility of having data solely
representing noise.

Two classification models were trained for
the SwisensPoleno. First, using holographic
images only and then using both holography and
relative fluorescence spectrum measurements. The
holographic model utilizes a modified EfficientNet
BO architecture (Tan & Le, 2020) that can leverage
the information from the two holographic images.
Each image is first encoded by the EfficientNet BO
architecture without its final classification layer.
Subsequently, the extracted features from both images
are combined via a series of feedforward layers
following a layer normalization step. This combined
representation is then fed into the final classification
layer. For models incorporating fluorescence data,
an additional input branch is introduced. This branch
utilizes a feedforward layer to encode the spectral
information. The encoded fluorescence data is
then concatenated with the combined embedding
from the other images before feeding into the final
classification layer. In both cases, the entire network
is trained end-to-end from scratch.

For both models, 80% of the data was used for
training, 10% for hyperparameter tuning and the
remaining 10% to test the classification performance.
Training, validation and test datasets are exactly the
same for both models.

The classification results of the 17 selected fungal
species (Fig. 5; Supplementary Table 2), showed a
significant improvement between the holography-only
and the holography-fluorescence models. The first
reached an Fl-score of 0.60 and the second of 0.72.
This enhancement underscores the complementary
nature of holographic and fluorescence modalities
in discerning subtle differences among fungal spore
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Fig. 5 Confusion matrices of the recognition
of the convolutional neural networks trained on
phy imaging data or (B) combined holography

species. This is particularly the case among the three
analysed Cladosporium species for which accuracy
increased from 62.2 to 80.9% for C. cladosporioides,
from 20.7 to 60.3% for C. herbarum, and from 22.2 to
77.1% for C. sphaerospermum. Notably, the accuracy
observed for Fusarium pseudocircinatum strongly
increased from 22.5 to 64.7%, which is probably due
to the morphologically non homogenous mix of mac-
roconidia and microconidia.

The SwisensPoleno Jupiter demonstrated robust
performance if classes are aggregated by genus.
When employing solely holographic data for
classification, the F1-score reached (.77, indicative
of the best system efficacy in distinguishing between
different fungal genera among the two monitors tested
in this study. Upon integration of fluorescence data
alongside holographic imagery, the -classification
accuracy could even be further improved, yielding an
elevated Fl-score of 0.83. In particular, Curvularia
caricae-papayae exhibited the highest accuracy
at 95.2%, followed closely by Alternaria spp.

Fusarium culmorum
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fluorescence data from 17 fungal spore taxa recorded by the
SwisensPoleno Jupiter. Percentage of accurately predicted and
misclassified test particles is presented as a heat map

(grouping A. alternata, A. arborescens, A. botrytis,
A. chartarum and A. terricola) and Botrytis cinerea
at 91.5%.

4.2 Identification by the Plair Rapid-E+

In this study, we employed an analytical methodology
derived from the Plair Rapid-E framework (TeSendi¢
et al.,, 2022), integrating multiple measurement
modalities. These modalities encompassed
parallel and perpendicular polarization scattering,
infrared scattering, fluorescence spectrum, and
fluorescence lifetime data. To ensure the accuracy
of our measurements, we applied established
filtering techniques, excluding data points where
the maximum intensity of the spectrum fell below
4000 units, thereby minimizing the inclusion of
erroneous noise artefacts. Our preprocessing pipeline
prioritized simplicity to bolster the robustness of
our classification model. We removed fluorescence
measurements at the 7th (about 450 nm) and 8th
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Fig. 6 Confusion matrix of
the recognition perfor-
mance of the convolutional
neural networks trained

on fluorescence data from
seven fungal spore genera
recorded by the Plair Rapid-
E+. Alternaria spp. include
the mixed species A. alter-
nata, A. arborescens, A.
botrytis, A. chartarum and
A. terricola. Cladosporium
spp. include the mixed
species Cladosporium clad-
osporioides, Cladosporium
herbarum and Clad-
osporium sphaerospermum.
Percentage of accurately
predicted and misclassified
test particles is presented as
a heat map

True label

(about 462 nm) detectors, which were susceptible
to interference from the light of the scattering laser.
Additionally, we aligned the fluorescence lifetime
measurements so that the signal starts at the first
maximum. To enhance data quality, the fluorescence
spectrum and all three scattering images were
smoothed using a Savitzky—Golay filter. Finally,
we transformed both the fluorescence spectrum and
the fluorescence lifetime modalities into image-like
formats and then normalized them into a 0-1 range
to facilitate uniform handling by the convolutional
neural networks.

For classification of selected fungal spores, we
implemented a ResNet network, which showed
superior performance in a previous study with the
Plair Rapid-E device (Matavulj et al., 2023). The
architecture employed in ResNet features that are
termed as"shortcut connections”. When an input,
represented as x, passes through the convolutional
layers of the network, it undergoes a transformation
denoted by the function F. This function F(x) serves
to highlight key features such as edges and shapes,
which are critical to the accurate representation of the

@ Springer

Alternaria spp.

Botrytis cinerea

Cladosporium spp.

Curvularia caricae-papayae

Exserohilum rostratum

Epicoccum nigrum

Pithomyces chartarum

100%

-75%

-50%

-25%

0%

Botrytis cinerea

o
o
w
©
=
©
c
—
7}
=
<

Cladosporium spp.
Curvularia caricae-papayae
Exserohilum rostratum
Epicoccum nigrum
Pithomyces chartarum

Predicted label

original image. The shortcut connection introduces x
to the F(x), so the output x + F(x) represents a slightly
altered or refined version of the original input x. We
utilized a variation of an 18-layer ResNet model,
where we implemented certain layers of ResNet.
Specifically, we implemented a 4-block-layer ResNet
for fluorescence lifetime, a 3-block-layer for scattering
images, a 5-block-layer net for fluorescence spectrum,
and a 2-block-layer ResNet for infrared. The block-
layers contained 3 convolutional layers (except for
the first block-layer, which comprised 4 convolutional
layers). To handle fluorescence lifetime and spectrum
data, the first convolutional layer was customized to
accept a monochrome image, configured with a kernel
size of 5% 5, a padding of 2% 2, and without any
stride to maintain the original spatial dimensions. To
address our classification task with its defined number
of classes, we adjusted the final fully-connected layer
accordingly. The classification model was trained on
80% of the reference dataset, 10% was used for model
validation during training to prevent overfitting, and
10% was used to test the classification performance.
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The classification performance of selected fun-
gal spores measured with the Plair Rapid-E+ device
yielded a macro average Fl-score exceeding 0.61
(Fig. 6 and Supplementary Table 3). Notably, the
model demonstrated best accuracy in identifying
Curvularia caricae-papayae (accuracy 95.1%) and
Cladosporium spp. (accuracy 92.7%), followed by
Botrytis cinerea (accuracy 89.9%) and Epicoccum
nigrum (accuracy 88.9%). Both Botrytis cinerea and
Epicoccum nigrum had the most intense fluorescence
after excitation at 337 nm and Cladosporium spp. was
distinctively smaller than other tested spores. The
analysis confirmed the potential of Plair Rapid-E+
measurements in the “middle” mode to discriminate
between some of the most prevalent airborne fungal
spores. However, since it is known that laser-induced
data are prone to noise resulting from laser and detec-
tor sensibility (Huffman et al., 2020; Kénemann et al.,
2019; Robinson et al., 2017), more work needs to be
done on cleaning training datasets to further improve
the recognition performance.

5 Discussion and conclusion

The study elucidates effective methodologies for
fungal spore harvesting and aerosolization, crucial
steps in the creation of training datasets for automated
monitoring systems. It emphasizes the importance of
representative fungal strains, controlled sporulation,
and harvesting of individual spores. Dry extraction
of in vitro fungi cultures on agar medium using a
cyclone collector proves to be an optimal approach
for maintaining spore integrity, minimizing hyphal
contamination, and allowing to produce a stock of
reference spore material that can easily be stored and
shared.

Furthermore, several recommendations emerged
from this protocol of spore production:

1. Careful strain selection The selection of specific
fungal strains is paramount. We have shown that
it may significantly affect morphology-based
identification accuracy, in particular for large
complexes like Alternaria and Cladosporium.
The presence of mixed macroconidia and
microconidia, as observed in Fusarium, is also a
point that should be taken into account, as it may
alter identification efficiency.

2. Anticipate phenotype variability Relatively
variable results from a same fungal culture
protocol is  inevitable across different
laboratories. Factors such as strain fitness, growth
medium, and duration can influence outcomes.
It is essential to allow sufficient growth time
to ensure a diverse range of spore maturity and
enhance the representativeness of the reference
sample. However, for some strains, excessively
long culture periods may lead to the growth
of secondary mycelium, thus reducing the
sporulation yield on the surface of Petri dishes.
This can though be mitigated by an increased
amount of dishes.

3. Dry spores from dry cultures While humidity
control during the culture growth period may
not be critical, it is recommended to dry Petri
dishes just before the harvesting process in order
to facilitate efficient spore collection. Cultures
exhibiting high humidity levels, often indicated
by water exudates within the mycelium, can
impede the gentle harvest of spores, which is
essential for minimizing the inadvertent sampling
of hyphae. In particular, the spore dispersal
strategy of some fungi (e.g., Acremonium spp.,
Stachybotrys chartarum, Fusarium spp., some
myxomycetes, etc.) relies on the production
of droplets or wet false heads at the apex of
conidiophores (Magyar et al., 2016), which might
be incompatible with the proposed protocol
or would require some adaptation in regard to
humidity level. Additionally, ambient humidity
may influence the fluorescence intensity of
biogenic secondary organic aerosols (Zhang
et al.,, 2021), potentially posing a caveat to our
proposed method for aerosolizing dry fungal
spores.

There is considerable potential for optimizing
the method presented in this study. However, before
assessing the classification performance in an
operational setup against standard measurements such
as EN 16868, several aspects pertaining to spore’s
variability should be addressed by the scientific
community in aerobiology.

While the variability in spore morphology within
a single culture is generally well-documented for
reference fungal strains, there is limited understanding
of how this cultured variability correlates with
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the possible range of spore variability in natural
environments. Single spores might not constitute the
sole form suspended in the atmosphere. Moreover,
most studies have only focussed on fresh bioaerosols
for setting up datasets for machine learning. After
long term transportation in ambient air, fungal spores
might undergo changes in morphology and chemical
properties due to ageing and interactions with
atmospheric components such as pollutants, humidity
and UV radiation. This represents a key research
gap. Compounding this issue, spores cultivated
in artificial nutrient media can exhibit diverse
maturation states. For instance, immature spores of
Alternaria may appear hyaline, ovoid, and one or
two-celled, significantly different from their mature,
multicellular forms. Such heterogeneity complicates
the development of standardized and representative
reference datasets for training reliable classification
models.

Moreover, the cleaning procedures employed will
significantly influence the nature of the classification
model and, consequently, its performance when
compared to validation datasets like standard
aerobiological measurements. For example, if
standard measurements encompass both spores
and hyphae under a specific spore type, cleaning
protocols should refrain from discarding hyphae.
Furthermore, for spores suspended in the atmosphere
as aggregates (e.g., chains of Cladosporium conidia),
retaining such formations in the training dataset
becomes imperative. However, it is essential to note
that when analysed under an upright microscope,
a chain of three spores should be treated as a single
particle rather than three separate ones, to ensure
methodological comparability.

Finally, exploring the chemical characteristics of
spore cell walls from such reference material would
be important, especially in cases where fluorescence
measurements are utilized for identification. As
previous observations showing that sporulation age
significantly affects signal response (Kanaani et al.,
2007; Saari et al., 2015), investigating chemical
specificities given variable culture conditions
would provide insights into the factors influencing
algorithmic confusion and aid in the development of
more accurate and reliable automated identification
systems.

In all, these considerations are crucial for the
accurate interpretation and comparison of data

@ Springer

obtained through different methodologies and
instruments in the field of aerobiology. Moving
forward, efforts should focus on expanding reference
datasets to encompass a broader spectrum of fungal
diversity found in the atmosphere. This will facilitate
more accurate and comprehensive automated
identification of fungal spores, ultimately enhancing
our understanding of bioaerosol dynamics and their
impact on human and plant health.
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