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Abstract

Fungal fragments are abundant immunoreactive hisaéy that may outnumber the
concentrations of intact spores in the air. To stigate the importance oAlternaria
fragments as sources of allergens comparédteynaria spores, we determined the levels of
Alternaria spores and Alt a 1 (the major allergenAllbernaria alternataspores) collected on
filters within three fractions of particulate mat{€M) of different aerodynamic diameter: (1)
PM.10, (diameter>10um); (2) PM.10 (2.5-10um); (3) PMs (0.12-2.5um). The airborne
particles were collected using a three stage habme ChemVol cascade impactor during
the Alternaria sporulation season in PoznaPoland (30 days between 6 July and 22
September 2016). The quantification of Alt a 1 weesformed using the enzyme-linked
immunosorbent assay. High concentrations of Alt @wete recorded during warm and dry
days characterized by high sunshine duration, acklouds and high dew point values.
Atmospheric concentrations éfiternaria spores correlated significantly (r=0.930, p<0.001)
with Alt a 1 levels. The highest Alt a 1 was reamdn PM 5.10(66.8% of total Alt a 1), while
the lowest in PM5(<1.0%). Significantly more Alt a 1 per spore (>30%gas observed in
PMzs.10than in PMjo. This Alt a 1 excess may be derived from sourdéerathan spores,
e.g. hyphal fragments. Overall, in outdoor air ta@or source of Alt a 1 are inta@tternaria
spores, but the impact of other fungal fragmenyplilal parts, broken spores, conidiophores)

cannot be neglected, as they may increase theattinta@spheric Alt a 1 concentration.

Keywords: fungal allergy; bioaerosols; hyphal fragts; ELISA; cascade impactor.
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Highlights

1.

2.

3.

Alt a 1 (major allergen oAlternaria) was quantified in different air fractions
Alternariaspores and Alt a 1 levels correlated significafth0.930, p<0.001)
The highest Alt a 1 level was detected in R, while the lowest in Pis
Significantly more Alt a 1 per spore (31.3%) waseatved in PMs.iothan in PM1g

Spores are the main source of Alt a 1, but the anpBhyphae cannot be neglected
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I ntroduction

Fungal aerosols include generative and vegetataréicfes of different size and shapes,
fragmented, whole or aggregated, that can be pEgsir actively released into the air
(Afanou et al. 2014; Despres et al. 2012; Greaal. &006). Airborne fungal particles are very
common both in indoor and outdoor environment cosnpy a large proportion of total

aerosol particle mass (Elbert et al. 2007; FrohhNdwoisky et al. 2009; Womiloju et al.

2003). The size of reproductive fungal propagusg®(es, conidia) varies from approximately
1um to over 100um (Lacey and West 2006). Airboragrhents of vegetative mycelium may
be even smaller, reaching submicron dimensionseiGet al. 2006). Spores, conidiophores
and hyphal fragments could be released simultahgobst the releasing mechanism is
different and depends on factors such as fungatiepeweather conditions, mechanical
disturbance (e.g. action of animals) as well astéx¢éure, moisture and the vibration of the
substrate (Afanou et al. 2014; Afanou et al. 20@f&nkel et al. 2014; Gorny et al. 2002,
Green et al. 2005a; Green et al. 2005b; Green €0ab; Madsen et al. 2016). Furthermore,
morphological differences between intact spores amjal fragments suggest that the
atmospheric behaviour of these particles, e.g. sigpo velocity, may vary substantially. For
instance, measurement of fungal aerosols duringlisation experiments have shown that
counts of fungal fragments do not always correlat# with spore concentrations (especially

in low air velocity) (Gorny et al. 2002).

Fungal particles contain potentially harmful substs (mycotoxins and allergens)
that may cause serious health problems (Rick eRGl6). Development, persistence, and
severity of allergic rhinitis and asthma have basgsociated with mold sensitivity, aftdis
estimated that around 6.5 million people worldwidave severe asthma with fungal
sensitizations (Andersson et al. 2003; Denningl.e2@06; Knutsen et al. 2012). Allergenic

proteins have been detected both in fungal spdhes ére traditionally linked with allergic
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reactions) (Twaroch et al. 2015) and in hyphal alrfgagments (Green et al. 2005c; Levetin
et al. 2009). The degree that these fragmentsiimas sources of allergens and contribute to
adverse health effects has not, however, beenndieted (Green et al. 2006). On the one
hand, subspore fragments (fragments of hyphae anuliophores, and broken spores) are
abundant bioaerosols and due to their small size stey airborne longer and penetrate into
the lower regions of the respiratory tract moralgdisan larger intact spores (Cho et al. 2005;
Lacey and West, 2006; Pady and Gregory 1963; Pokhei al. 2007). Also, as fragments
have large surface area relative to their massdmparison to larger particles) they may
show higher biological activity (Frankel et al. 201For instance, a positive association has
been observed between asthma admission and thieolielreoken spores (but not hyphae)
during thunderstorms (Pulimood et al. 2007). On tileer hand, fungal allergens have
predominantly been localized in the cell wall oftora spores, as shown faiternaria sp. -
one of the most clinically important fungal taxau(Bach et al. 2009; Twaroch et al. 2012).
Also, significant positive correlations have beeurfd between atmospheric levels of the
major Alternaria alternata allergen (Alt a 1) and bottlternaria spore concentrations
(Agarwal et al. 1983; da Silva et al. 2019) anckrgly symptoms (Feo Brito et al. 2012)

suggesting close dependencies between intact sdleygens, and symptoms.

Intact spores, due to the action of unfavourablatier conditions or mechanical
disturbances, may be additionally fragmented tachnthe subspore fraction of fungal
aerosols (China et al. 2016; Pulimood et al. 208180, many fungal spores are hygroscopic
and can absorb water from the surrounding atmospltarentually, due to osmotic shock,
spores may burst in humid conditions releasing sotomic size fragments (China et al.
2016; Pasanen et al. 1991). Whether these fragngentain allergens remains unclear, but
pollen-orientated studies revealed high amountpalien allergens in cytoplasmic content

derived from fragmented pollen grains (Buters e2805; Hoidn et al. 2005; Schappi et al.
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1997b; Schéppi et al. 1999; Taylor et al. 2002)e bhrsting of hyphal tips in water has also
been documented (Bartnicki-Garcia and Lippman 19TBis process resembles the abortive
pollen germination in rainwater, when allergens expelled from the tip of the pollen tube
(Grote et al. 2003; Schéappi et al. 1997b). A recgtntdy showed a positive correlation
between Alt a 1 andlternaria spores was only observed in buildings that had hajgtive
humidity (da Silva et al. 2019). In general, maistis essential in fungal spore germination
(Dagno et al. 2011; Hatzipapis et al. 2002; Vloldaget al. 1996), and it has been shown that
Alternaria spores in extraction liquid release allergensuist jL15 minutes (Sweeney et al.
1985). Germinating spores were also observed inwidien and moist environment of the
nasal cavity, and this mechanism was postulatesh aglditional source of allergens (Green et

al. 2003; Sercombe et al. 2006).

This study aims to determine whether subspore fessnof Alternaria can be a
significant source of Alt a 1 in ambient air (inngparison to intacAlternaria spores) and to
investigate the relationship between allergen edrdad environmental conditions, especially
those related to moisture. This was achieved bynexag the levels of Alt a 1 allergen
released from airborne particles collected onrBligithin three fractions of particulate matter

(PM) and relating these to various weather paramsete

Materials and Methods

Fungal aerosol collection and quantification

Airborne Alternaria particles were collected using a high-volume (60n) ChemVol
cascade impactor (Butraco Inc., Son, NetherlariBisdefs et al. 2012; Demokritou et al.
2002). The ChemVol contains three impaction stégesollecting particles of different

aerodynamic cut-off diameters i.e. (1) >10um M (2) 2.5-10 um (PMs.19; (3) 0.12-2.5



103 um (PMs). Alternaria spores are large with the aerodynamic diametegimg from about

104 10 to 30 um (McCartney et al. 1993). The ChemVaoiar therefore seemed a suitable

105  collecting device for separation intadternaria spores from smaller fungal fragments

106  (hyphal parts and dissected spor@dfernaria particles were collected in Poznaluring the
107  mainAlternaria sporulation season (30 days between 6 July arf®@epBmber 2016, Tab.

108 1S). The highest daililternaria spore concentrations in Poarare observed from the end of
109  June to the middle of September, with the seagmeat recorded usually in the beginning of
110  August (Grewling et al. 2019; Kasprzyk et al. 2018 previous study showed that the mean
111  seasonallternaria spore concentration in Poznaas the highest among other cities in

112 Central and Eastern Europe (Kasprzyk et al. 204bigh is related to the fact that the city is
113 located in the agricultural region of Western Pdldfield crops are considered the main

114  source (host plants) of varioAdternaria species. In the studied area the predominantepeci
115 areAlternaria alternata, A. brassicicolandA. brassicaas they infect oilseed rape fields
116 that are abundant in Western Poland (Jajor eDdR 2Baranowski et al. 2015). In addition,
117  other crop pathogens are locally common, such. a®lani(infecting potatoes). porri

118  (pathogen of onion), andl. daucithat infects carrots (Ganska-Urbanowicz and Kapsa

119 2013, Ogorek et al. 2011However, it should be stressed that spores oémdifftAlternaria

120  species are morphologically similar and so, whelnosne samples are investigated,

121 Alternariaspores cannot be identified to species level aadherefore grouped to genus

122 level. The ChemVol was located at roof level (1&u.grl.) in the northern part of Pozna

123 (52.46'N, 16.92°E) (Fig. S1). The sampling time vizgshours, from 12:00 to 12:00 of the
124  next day, but is described as a “daily averageiuphout. The collection substrates were
125  polyurethane foam filters. Each filter (three fitgoer day) was cut into three equal pieces and
126  extracted in the dark (4 hours in 0.1 M ammoniutatbonate buffer). After filter extraction

127  the content was centrifuged (10 min at 1699q). Suygernatant was used for quantification of
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the majorAlternaria alternataallergen (Alt a 1), while sediment was usedAdiernaria

spore calculation. The quantification of Alt a leiach air fraction was performed using the
enzyme-linked immunosorbent assay (ELISA) followihg protocol described in Grewling
et al. (2019). Due to a high degree of structurallarity between Alt a 1 homologues
proteins (Saenz-de-Santamaria et al., 2006; Hoaty 2005, Amado et al. 2016), fungal
species closely related to A. alternata could bésdetected by ELISA. Therefore, when
describing the Alt a 1 concentration in the air thgults are not limited only #. alternata

but may also refer to othédternaria species. Other fungal genera, é&Jgocladiumand
Stemphyliunthat show close phylogenetic relationshigAtternaria (Gutierrez-Rodriguez et
al., 2011), should not markedly affect the obtaire=siilts as concentrations of their spores in
the air are often very low (Bednarz and Pawtowski62 Scevkova and Kovac 2019). The
daily mean Alt a 1 concentration was expressedyas pThe number of spores extracted
from filters was calculated using a method adojrteih the estimation of pollen production
(Bogawski et al. 2016). After centrifugation, treglBnent with spores was diluted in 200u of
distilled water. This was vortexed to obtain a hgemous solution and 25ul was transferred
to a microscope slide and gently spread withinx1155 cm area. The spores were counted
under a light microscope (magnification 200x) iretthorizontal lines. Taking into account
the microscope field of view and number of lines thtal examined area was 49.5 fire.
22% of total slide area (225 MmThis procedure was repeated three times andutmber of
spores was averaged. The obtained value was usadttdate the mean spore concentration
in 1pl of solution. We decided to not express thers concentration in 1 hof air due to the
uncertainty in estimating the total number of sparellected on filters (this value cannot be
precisely calculated using proposed method of sexiraction).

To validate the correctness of spore enumeratmm filters, the results were compared with

the mean “daily” level of spores (from 12:00 toA@of the next day) obtained by routine



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

methods used in aerobiology, i.e. volumetric Hysbre trap (Hirst, 1952), located next to the
ChemVol impactor. The Hirst (1952) spore trap isipaction type sampler where air is
sucked at a rate of 10 I/min through a 2 mm x14 onifice. Behind the orifice the air flows
over a rotating drum that moves past the inletran@h and is covered with an adhesive
coated, transparent plastic tape. Airborne spongact on the tape to give a time related
sample. Following its removal from the trap, theetgs divided into segments corresponding
to 24-h periods (48 mm in length). Each segmentasnted between a glass slide and cover
slip, and the samples are examined by light miapg¢x400 magnification). Spores were
counted along two longitudinal transects followthg method described in literature (Maya-
Manzano et al. 2016)The correlation between both datasets was postidestatistically
significant (Pearson correlation coefficient0.930, p<0.05) ensuring that selected methods
give comparable results. The usefulness of the Glodémpactor for bioaerosols collection
has also been validated during the EU funded HIAE INoject (Buters et al. 2015).

Weather data collection

Weather data were retrieved from the official weathtation of the National Institute of
Meteorology and Water Management located at then#&®otawica airport (app. 5 km
southwest from aerobiological station) (Fig. SIheTemporal resolution of weather data was
adjusted to the Alt a 1 collection time (12:00-19:0 The following meteorological
parameters were analysed: daily mean, minimum aaximum air temperature (°C), dew
point (°C), vapour pressure deficit - VPD (kPa)latee humidity (%), rainfall (mm),
sunshine duration (h), wind speed (m/s), cloudirfesg 1/8), daily fraction of specific cloud
types (%): Cumulus humilis(Cu hunm)/Cumulus fractugCu fra), Cumulus mediocrigCu
med/Cumulus congestu&Cu cor), StratocumulugS9, Cumulonimbus capillatugCu cap,

and daily fraction of all types of clouds (%).

Statistical analysis
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The concentrations of Alt a 1 aidternaria spores collected in three air fractions were
compared by the Kruskal-Wallis H test and Dunn@cedure for multiple pairwise
comparisonP-values have been adjusted using Benjamini-Hochbemgction.
Relationships between Alt a 1 levels akternaria spore concentrations in selected air
fractions were checked by simple linear regresaitalysis. Daily mean concentration of Alt
a 1 in every stage of ChemVol sampler has beerladed (by Pearson correlation
coefficient) with meteorological parameters. Al8w ratio in the level of Alt a 1 (or spores)
between three investigated air fractions has bearlated with meteorological parameters.
Data that were right (positively) skewed have beansformed (log+1). The multivariate
principal component analysis (PCA) was performesiect the major weather conditions
affecting the daily Alt a 1 concentration. Daysiwitlt a 1 concentration were divided into
three groups based on two cut points estimategdrabability quantiles (33.3% and 66.6%),
i.e.: “low” (daily Alt a 1 levels< 1.98 pg Alt a ®, n=10), “medium” (1.98-6.71 pg Alt a
1/m®, n=10) and “high” concentration (>6.71 pg Alt an/ n=10). Before PCA analysis, the
data were Box-Cox transformed, scaled and cenftiédtatistical analysis has been
performed using computing environment R (R CorenT@€818) and packages: FactoMineR
(Lé et al. 2008), corrplot (Wei and Simko 2017YyetdKuhn 2008), and factoextra

(Kassambara and Mundt 2017).

Results
Distribution of Alt a 1 in different fraction of peculate matter

The highest amount of Alt a 1 was detected in te1® um (PMs.19 air fraction (Fig. 1)
and was significantly higher (p<0.05) than in twihey air fractions (Fig. 2). The Alt a 1

concentration was extremely low (<1% of total Alt)an the PMair fraction that contained
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the smallest particles (i.e. <2.5 um). A similattpan was observed in relation Adternaria
spores, as the highest spore level was observdeMss.1q While the lowest in Pl
Airborne concentrations of Alt a 1 were signifidgn(p<0.001) related t&lternaria spore
levels collected in PMo PMysi and PMs (R*=0.801, R=0.819, and R-0.454,
respectively) (Fig. 3). The correlation betweemltétlt a 1 andAlternaria spores was positive
and significant (R=0.865, p<0.001). Significantly more Alt a 1 perosp (31.3%) was

observed in PMs.igthan in PM1o(p=0.015).
Impact of weather on Alt a 1 distribution

There were significant positive correlations (pg).0etween dailyAlternaria spore
levels collected in the Hirst type trap and dailgan, maximum and minimum temperature,
VPD, dew point, and sunshine duration. Similar treteships were recorded between daily
levels of Alt a 1 (collected by ChemVol sampler)daweather conditions (Fig. 4). For
instance, the Alt a 1 in every air fraction cortethpositively with daily maximum (r>0.387,
p>0.05) and mean temperature (r>0.384, p>0.05)thEunore, statistically significant
positive correlations were recorded between Alt i the PM 5 fractionand fair weather
Cumulus humili€louds (r= 0.584, p<0.001), sunshine durationd(567, p=0.001), and VPD

(r=0.505, p=0.004).

On the other hand, humidity (r=-0.447, p=0.018¢ occurrence of all types of clouds
(r= -0.552, p=0.001) and cloudiness (r= -0.495, .p66) all had significant negative
associations with levels of Alt a 1 in the PMraction. In addition, there was a significant
negative correlation between Alt a 1 and wind speed0.372) in the larger fractions. There
were no significant relationships between Alt a bneentrations and rainfall or
Cumulonimbus capillarisclouds. Finally, no significant relationships haveen observed

betweenAlternaria spores and meteorological parameters related tmithaonditions”, such
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as cloudiness, the occurrenceStfatocumulusand all types of clouds, rainfall and increased

humidity.

Considering the impact of meteorological conditionsthe ratio of Alt a 1 (or spores)
recorded in different air fractions, only two sificant correlations have been observed: (1)
Alt a 1 in PM2.5 to Alt a 1 in >PM2.5 was negativeorrelated with humidity (r= -0.411,
p=0.024); (2) Spores in PM2.5 to spores collected®PM2.5 correlated significantly with

sunshine duration (r=-0.413, p=0.023) (Fig. 5).

PCA supports results of correlation analysis, iegher Alt a 1 concentrations were
generally recorded during warm and dry days charaetd by high sunshine duration (PC1),
dew point and daily mean, maximum and minimum tewrupees (PC2) (Fig. 6, Fig. S2 &
S3). In addition, the occurrence $tratocumuluglouds and all types of clouds (PC1) showed
strong negative relationship with Alt a 1 concetitras. The first two principal components

explained 65.7% of variability in the dataset (F5@.).

Discussion

Sources of Alta 1

Our study demonstrates that the daily levelélegrnaria spores correlated significantly with
Alt a 1 (r=0.930, p<0.001), and we can thereforua®e that the majority of atmospheric Alt
a 1 was derived from intaétiternaria spores. Spores take part in the infection of glamid
Alt a 1 is a protein involved in plant pathogenesis. interacts with plant defence proteins
such as PR5 (Garrido-Arandia et al. 2016). In otherds, spores need Alt a 1 to block plant
defences and to favour fungal entry into the pldntview of these findings, it is not

surprising that Alt a 1 was located in the highastcentrations in the cell walls of old and
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germinating spores (Mitakakis et al. 2001; Twarathal. 2012) because the allergen is
located exactly where it is most needed. The lengfthAlternaria spores vary from
approximately 20 um to as much as 200 um (Simmo003)2and are many times larger than
micronic sized fungal fragments. In addition, orart of the hyphal fragments are
immunoreactive, as around 25% of all hyphae expresietectable allergens (Green et al.
2005c¢). Hundreds of fragments are therefore neéal@Xceed the allergen load of a single
spore, and comparative studies showed that thereiftes between the levels of airborne
hyphal fragments and spores are not in fact as gbording to Green et al. (2005c) fungal
hyphae concentrations surpassed spores only byn@r@us3 times. Higher differences
(exceeding even 300-fold) have been observed iosakzation experiments (Gorny et al.
2002), but the mean difference between the numideyghal fragments and spores was much
lower (varying from 10 to 60-fold depending on alocity). In addition, in a study
conducted in two US cities, fungal fragments werespnt on 99% of all days, although
spores rather than hyphae predominated in theLawefin et al. 2009). What is more, it
should be stressed that in environmental samglés extremely difficult to morphologically
distinguish the hyphae of different fungal specigsmunostaining and DNA extraction
techniques may be a solution) (Green et al. 2065ttenour et al. 2012). In some of the
studies mentioned previously (Green et al. 2005yelin et al. 2009), only total hyphae
fragments were counted (without species recognitibnis approach, although valuable, does
not allow for the direct comparison between spared hyphae of particular fungal species, so

the contribution of mycelial fragments could be @&timated.

The highest level oflternaria spores (and Alt a 1) was observed in the,BPMair
fraction. This is surprising as, according to poend studies, the aerodynamic diameter of
Alternariaspores exceeds 10 um (McCartney et al. 1993; Yanwetal. 2014). Most of the

spores should therefore be deposited in the:P®r fraction, as it was presented in pollen-
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oriented studies (based on the same experimentap)s&vhere around 90% of pollen
allergens (and therefore also pollen grains) werteaed in PMy, fraction (Buters et al.
2012; Buters et al. 2015; Galan et al. 2013; Gragvét al. 2016). It is worth noting, however,
thatAlternaria colonies were also isolated from air samplers wéhicle diameter lower than
10pum (Kim et al. 2010; Sayer et al. 1969). FurttmenDNA barcoding analysis (Yamamoto
et al. 2012) showed that the concentratioAltgrnaria DNA was also very high in the RPM

10 fraction (although DNA might originate from both nigal spores and fragments).
Presumably, the high number Alternaria spores in the Pbk.iofraction derived from their
characteristic elongated club shape (in contrasipteerical pollen grains). McCartney et al.
(1993) stressed that because of the shapgltefnaria spores, the mass is not uniformly
distributed along their length, and thus it is idifft to predict their aerodynamic
characteristics. In addition, the aerodynamic di@mef fungal spores cannot be accurately
estimated solely based on the physical diameteneetls additional information, e.g. on the
density of the spores and ambient air humidity @Rem et al. 2001). For instance, it has been
shown that high humidity may increase the diameteZladosporiumspores by as much as

180% (Pasanen et al. 1991).

Our study revealed that the proportion of Alt @ Epores in the Pph.1ofraction was
around 30% higher than in RM. Presumably, the 30% excess of Alt a 1 in,BMderived
from subspore hyphal fragments. However, it shdnglshoted, that we did not quantify the
level of Alternaria fungal fragments (based on their morphology) irsamples in this study
(only Alt a 1 derived from fragments). When intering the peculiarities in allergen
concentrations in the air, one should also remerabeut high variation in the allergenicity of
fungal spores (Grewling et al. 2019; Mitakakis le@01). Grewling et al. (2019) revealed
differences of up to eightfold in day-to-day vainat inAlternaria spore allergenicity that

could be linked to varying species composition migithe sporulation season. Spores of
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differentAlternaria species vary in their aerodynamic properties (Mtty et al. 1993), and
SO species-specific variations in the aerodynarei@liour of spores (with different Alta 1
content) may also affect the amount of Alt a 1 rded in different fractions of particulate

matter.

Impact of weather on Alt a 1 concentration

The results of PCA and correlation analysis showed the highest Alt a 1 levels were
recorded during sunny, warm and dry days, when lveeatonditions favoured the upward
movement of air currents (high temperature, sumshiaration, dew point and VPD, and
presence oifCumulusclouds). These conditions are known to positivaffect the daily
concentrations ofAlternaria spores (Grinn-Gofio and Bosiacka 2015; Hjelmroos 1993;
Stennett and Beggs 2004; Troutt and Levetin 20019.striking to note that the strength and
direction of correlations between meteorologicatdes and both Alt a 1 (especially in B
and PM s.iofractions) andAlternaria spore concentrations were generally very simiae(

Fig. 4), which supports the idea that the main cesiof Alt a 1 ardlternariaspores.

In contrast to findings from pollen-oriented stuglighere humid conditions increased
the fraction of allergens related to small fragmsgiuters et al. 2015; Schappi et al. 1997a),
our experiment showed an opposite situation. The cd Alt a 1 in PMsto Alt a 1 in larger
fractions increased with decreasing relative hutynidihis result concurs with previous
findings (Madsen 2012) showing that the fractiorthe fungal particles being of respirable
size was the highest for particles aerosolizedwat relative humidity. We suspect that the
different behavior of pollen and fungal sporesemiBom differences in the wall structure and
the role of water in pollen/fungal spore germinatid’he release of subpollen allergens

through pollen wall bursting (due to high humidityps mainly described for pollen grains
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characterized by a delicate and thin pollen wék lgrasses (Poaceae) (Schappi et al. 1999,
Taylor et al. 2002; Buters et al. 2015). It has, imwever, been documented in pollen with
thicker walls like mugwort Artemisia sp.). In this species the concentration of sulespor
particle does not show positive relationship withhraumidity (Grewling et al. 2020). Water
has an adverse effect on pollen longevity and ligband so plants developed certain
protective mechanisms (e.g. specific floral morplgl production of germination inhibitors)
to prevent pollen from water damaging or undesgafpermination (outside the stigma)
(Eisikowitch and Woodell, 1974; Mao and Huang 2008)contrast, water is essential for
fungal spore germination, and spores of sdiiternaria species only germinate at 100%
relative humidity (Dickinson and Bottomley, 198Catipapas et al., 2002). Fungal spores are
therefore adapted to moisture conditions and likalyre resistant to rupturing by osmotic
shock than thin-wall pollen grains. The recent gthg Lawler et al. (2020) documented the
occurrence of fungal nanoparticles in the air, Wwipeaked around 1.5 days after the rainfall.
Similar behavior was also observed in the Amazadmere daily increase in fungal particles
was related to high nighttime relative humidity (@het al. 2016). This suggests that post-
rain processes related to fungal spore germinati@y play a role in the release of
nanoparticles (Lawler et al. 2020). Considering fitagmentation ofAlternaria spores, the
mechanical damage to spores (e.g. observed durass gnoving or harvesting (Pulimood et

al. 2007)) seems to be more important than osmapiture.

In addition, our study showed that fine fungal freamts were more likely, than larger
particles, to become airborne whéamulus humili€louds were observed. This type of cloud
indicates unstable atmospheric conditions belowctbeds, especially during their formation.
Such turbulent conditions could occur during ineessinshine duration precedi@ymulus
humilisformation and/or in the presence@fi humclouds(Stull 1985). IndeedCu humand

sunshine duration are highly positively correlatagth the amount of Alt a 1 in smallest air
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fraction (see Figure 4). Consequently, higher nusb@ small, immunoreactive fungal
particles may occur during weak or moderate comwmecf(e.g. warm air ascending with
velocity 2-5 m ). Larger fungal fragments (>2.5um) therefore se@enbe more loosely

connected with weak convection, probably becaueg tequire stronger air movements to

overcome gravity and drag.

Deposition velocity of airborne particles is thevest (<0.03 cm Y for particles of
aerodynamic diameter between 0.1-1.0um. For lgvgeicles (>5.0pum) deposition velocity
strongly increases (>1.0 cm')sand sedimentation becomes a predominant atmdspher
process of particle removal (Nicholson 1995). Adoog to Woo et al. (2018Alternaria
spores with aerodynamic diameter ofuft® had a deposition velocity of 0.63 crl. $ine
hyphal fragments (0.12-2:&5) might hypothetically gain in importance in indoo
environments (Gorny et al. 2002) or during specifieather conditions, e.g. thunderstorm
events when many particles are uplifted, mixed demdaged (D’Amato et al. 2017; Pulimood
et al. 2007). In our study, we investigated thedfbf “storm-like” conditions, e.g. presence
of Cumulonimbuglouds on Alt a 1 concentrations, but no significeelationships have been
observed. Also, episodes of rain were uncommomgutie study period and so we could not
test the hypothesis linking occurrence of lightnfall (<1 mm) with increased level of

allergens (Schéappi et al. 1997a; Schappi et al7dp9

Alt a 1 in finest air fraction (PM 0.12-2.5 um)

Previous studies have shown that the concentrafitiee smallest fungal fragments (~1um),
in comparison to spores, can be relatively higtheair (Reponen et al. 2007, Adhikari et al.
2009, Lee and Liao 2014). In these studies, thectien and enumeration of fungal fragments

was mainly based on the concentration eb@)-3-D-glucan, i.e. polysaccharide abundant in
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fungal cell walls (Rylander 1999). Such methodsd however, allow fragments belonging
to specific fungal taxa to be identified, so alh@al fragments were grouped and counted
together. When a molecular technique was appliedgign ofAlternaria DNA was found in

the PM sfraction (Yamamoto et al. 2012). In the currentdgtuve used a family-specific
allergen that occurs iA. alternataand other members of Pleosporaceae family (aa Alt
homologs) (Hong et al. 2005; SaetheSantamaria et al. 2006). Based on this detection
method, the total level of Alt a 1 in 0.12-2.5 pimfeaction was extremely low (1% of total
Alt a 1). This result concurs with pollen allerggndies where no allergens was found in the
PM_ sfraction (Buters et al. 2010; Buters et al. 20%=2een et al. (2005b) postulated that the
amount of allergens released from a hyphal fragmegit be a function of the critical
fragment size, which is the minimum size at whidhragal fragment remains viable. In the
study conducted by Goérny et al. (2002) it was shtvat immunoreactive fungal fragments of
Aspergillus, PenicilliumandCladosporiummight be as small as Q. The critical sizes for
Alternaria species have not, however, been established ditiad Buters et al. (2010)
showed that airborne pollen allergens of microide are easily absorbed by diesel soot
particles. It was postulated that this phenomermutidcbe responsible for the lack of pollen
allergens in micron-sized air fraction (de WegealeR013). These studies and our results
suggest that the vast majority of immunoreactiveaneAlternaria particles belongs to

spores and larger fungal fragments.

Conclusions

Our study showed that the main source of airbortieaAl in the outdoor environment are
intact Alternaria spores (app. 80%), which are deposited in bothPtke o and PM s.1pair
fractions. The possible contribution of other fuinparticles is the most visible in PMig

where fungal fragments may be responsible for rtttae 30% of total Alt a 1. The amount of
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allergen related to the finest fungal fragments {9Ms very low, almost negligible from
clinical and epidemiological point of view. This important news, as the quantification of
Alternaria spores in the air (without mycelial fragments)cigrently a routine practice in
many aerobiological laboratories. Our results sagtet such information could be used as a
relevant approximation of exposure to airborne &l (based on very strong correlation
between spores and Alt a 1). Nevertheless, higlatians in allergen content between
individual spores should also be considered ty fedMaluate the exposure levelAtiernaria

allergens.
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Figures

Fig. 1. Distribution of Alt a 1 in three investigal air fractionsAlternaria spores
concentration (line curve) collected using Hirgggwolumetric trap (samples description in

Table S1).

Figure 2. Ratio (%) between the concentrations bfaAl (pg/ni) and Alternaria spores
(spore/m) in selected air fractions to the total levelsAdf a 1 and totalAlternaria spores.
The statistically significant differences betwe@ores and Alt a 1 levels in three air fractions

are marked by asterisks, i.e. *p<0.05, **p<0.01%p<0.001.

Figure 3. Correlations between Alt a 1 concentretiandAlternaria spore levels in selected

air fractions.

Figure 4. Correlations matrix showing relationshipgtween daily weather parameters and
both Alternaria spores (collected by Hirst trap) and Alt a 1 irethinvestigated fractions of

particulate matter (statistically significant cdateons with p<0.05 are in bold).

Figure 5. Correlations matrix showing relationshipgween daily weather parameters and
ratio in the level of Alt a 1 (or spores) betweanmdstigated air fraction of particulate matter

(statistically significant correlations with p<0.@8e in bold).

Figure 6. Principal component analysis, using weratltata collected during sampling period,
for Alt a 1 concentration levels (ellipses repreas@ 90% confidence interval of selected

groups). Additional information of PCA analysisSappl. Materials, Fig. S2 & S3.
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Highlights

1. Altal (maor allergen of Alternaria) was quantified in different air fractions

2. Alternaria sporesand Alt al levels correlated significantly (r=0.930, p<0.001)

3. Thehighest Alt a1l level was detected in PM 5.1, While the lowest in PM ;5

4. Significantly more Alt a1 per spore (31.3%) was observed in PM;s.10 than in PMsyg

5. Spores are the main source of Alt a1, but the impact of hyphae cannot be neglected



