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HIGHLIGHTS GRAPHICAL ABSTRACT

e Alt a 1 is present in the air despite low
Alternaria concentrations.

e Higher monthly temperatures lead to
more Alt a 1 days except for the warm-
est month.

e Quadratic analysis achieves over 67 %
accuracy to predict days with allergen.
e Combining spore counts and allergen

studies is crucial for allergy risk

Identifying key environmental factors to model Alt a
1 airborne allergen presence and variation
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airborne spores and allergen
ARTICLE INFO ABSTRACT
Editor: Anastasia Paschalidou Fungal spores, commonly found in the atmosphere, can trigger important respiratory disorders. The glycoprotein
Alt a1 is the major allergen present in conidia of the genus Alternaria and has a high clinical relevance for people
Keywords: sensitized to fungi. Exposure to this allergen has been traditionally assessed by aerobiological spore counts,
Aeroallergen although this does not always offer an accurate estimate of airborne allergen load. This study aims to pinpoint the
Altal i key factors that explain the presence and variation of Alt a 1 concentration in the atmosphere in order to
Alternaria . . . : . . . .
ELISA establish exposure risk periods and improve forecasting models. Alternaria spores were sampled using a Hirst-
Meteorological factors type volumetric sampler over a five-year period. The allergenic fraction from the bioaerosol was collected
Spores using a low-volume cyclone sampler and Alt a 1 quantified by Enzyme-Linked ImmunoSorbent Assay. A cluster

analysis was executed in order to group days with similar environmental features and then analyze days with the
presence of the allergen in each of them. Subsequently, a quadratic discriminant analysis was performed to
evaluate if the selected variables can predict days with high Alt a 1 load. The results indicate that higher tem-
peratures and absolute humidity favor the presence of Alt a 1 in the atmosphere, while time of precipitation is
related to days without allergen. Moreover, using the selected parameters, the quadratic discriminant analysis to
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predict days with allergen showed an accuracy rate between 67 % and 85 %. The mismatch between daily
airborne concentration of Alternaria spores and allergen load can be explained by the greater contribution of
medium-to-long distance transport of the allergen from the major emission sources as compared with spores.
Results highlight the importance of conducting aeroallergen quantification studies together with spore counts to
improve the forecasting models of allergy risk, especially for fungal spores.

1. Introduction

Fungal spores constitute a significant component of primary bio-
logical aerosol and due to their size range of 1-100 pm they can be
classified from fine to large coarse particulate matter (Mandrioli et al.,
1998; Després et al., 2012; Yamamoto et al., 2012; Hassett et al., 2015).

Among the great fungal airborne biodiversity, Alternaria Ness. is a
widespread and saprophytic genus comprising over 300 species (Wou-
denberg et al., 2013, 2015; Lawrence et al., 2016). Many of these species
are recognized as important phytopathogens that affect various crops
(Logrieco et al., 2003; Thomma, 2003; Abuley and Nielsen, 2017;
Nowakowska et al., 2019). Moreover, Alternaria is known for its abun-
dant production of fungal allergens, with up to 17 characterized aller-
genic proteins (Kustrzeba-Wojcicka et al., 2014; Gabriel et al., 2016).
The major allergen, Alt a 1, specifically reacts with >90 % of IgE serum
in patients sensitized to Alternaria (Postigo et al., 2011; Rodriguez et al.,
2021). Alt a 1 is a glycoprotein with a dimeric p-barrel structure, pri-
marily located in the melanin layer of the cell wall of the mature spores
and its biological function remains poorly understood (Twaroch et al.,
2012; Gomez-Casado et al., 2014). However, emerging evidence sug-
gests that Alt a 1 is related to the processes of spore germination and
plant infection (Gomez-Casado et al., 2014; Garrido-Arandia et al.,
2016).

The presence of airborne Alternaria spores has been associated with
respiratory disorders, namely severe asthma (Zureik et al., 2002; Puli-
mood et al.,, 2007; Forkel et al., 2021). However, establishing the
dominant sensitization to Alternaria has proven challenging due to sig-
nificant epidemiological variations observed among different countries
and due to the fact that Alternaria sensitization seems to be a triggering
factor in the development of poly-sensitization, most likely because of a
broad and complex array of cross-reactive allergens that present ho-
mologs in several other allergenic sources (Gabriel et al., 2016). In
Europe, the average percentage of sensitization to Alternaria is estimated
at 9 %, whereas in Spain these percentages range from 0.2 % to 1.9 %
(Bousquet et al., 2007a, 2007b; Burbach et al., 2009). Notably, in the
region of Castilla y Ledn, where the present study was conducted, the
percentage of sensitization to Alternaria reaches 61 % among the pop-
ulation allergic to fungi (Armentia et al., 2019).

Several aerobiological studies have been conducted in different areas
to assess the environmental exposure to this fungus. These studies have
revealed significant differences in spore seasonality and concentrations,
even among relatively close areas (Kasprzyk et al., 2015; Grinn-Gofron
et al.,, 2019; Anees-Hill et al., 2022). Temperature, precipitation, and
humidity, are considered the main variables influencing the presence of
Alternaria spores in the atmosphere, with dispersion favored during
warm dry periods (Rodriguez-Rajo et al., 2005; O’Connor et al., 2014;
Grinn-Gofron and Bosiacka, 2015). Two distinct spore concentration
patterns have been reported in Europe: areas with a Mediterranean
climate typically exhibit two spore seasons in spring and autumn, while,
northern and higher altitude locations experience a single well-defined
period with peak concentrations occurring between July and August
(Aira et al., 2013; Kasprzyk et al., 2015; Grinn-Gofron et al., 2019;
Picornell et al., 2022). However, other factors such as land use and
prevailing winds must also be considered due to their significant impact
on the airborne spore load variations among territories with similar
climatic features (Apangu et al., 2020; Grewling et al., 2022; Rodriguez-
Fernandez et al., 2023).

Traditionally, the threshold value for respiratory symptoms in

sensitized individuals has been set at 100 spore m3 (Graversen, 1979).
However, allergic reactions have been observed at lower thresholds
(Rapiejko et al., 2004; Feo Brito et al., 2012). This is largely attributed to
the presence of free allergenic particles in the atmosphere, which are
released from airborne spores. This release process is complex, involving
interactions among various physical and meteorological factors that
influence pollen and airborne spores differently (Rodriguez-Rajo et al.,
2011; Wang et al., 2012; Buters et al., 2015; Plaza et al., 2016).
Generally, airborne allergen concentrations positively correlate with
temperature and negatively correlate with precipitation, while humidity
determines less univocal patterns (Vara et al., 2016; Aloisi et al., 2018;
Grewling et al., 2020). In addition, thunderstorm days have been asso-
ciated with an increase of atmospheric allergen load (Idrose et al.,
2020). However, the specific key variables and their optimal ranges for
allergen release remain largely unknown, especially concerning fungal
allergens due to the lack of long-term studies.

In order to fill this gap, this study presents, to the best of our
knowledge, the longest sampling period of atmospheric Alt a 1 con-
centration to date. The marked location of the major emission sources of
Alternaria spores, and the annual variation of airborne conidia concen-
tration (Rodriguez-Fernandez et al., 2023) make Le6n an appropriate
territory to investigate the complex relationship between atmospheric
factors, Alt a 1 release and the presence of spores.

Therefore, the primary objective of this study is to identify the key
factors influencing the presence and fluctuations of this aeroallergen.
Furthermore, the study aims to categorize risk days based on these
variables in order to improve predictions of Alt a 1 environmental
exposure, particularly for individuals sensitive to Alternaria.

2. Materials and methods
2.1. Study area

The study was conducted in the city of Leén (Fig. 1), located in the
northwest of the Iberian Peninsula (42°36' N, 05°35' W and 819 m a.s.l).
This area is characterized by a warm-summer Mediterranean climate
(ITACYL and AEMET, 2013; Beck et al., 2018), being the mean tem-
perature of the warmest quarter 19 °C and 4 °C the average temperature
of the coldest quarter (Rodriguez-Fernandez et al., 2022). The average
annual precipitation is 544 mm, being April and May the rainiest
months, while summer is the driest period with rainfall frequently in the
form of storms (Fernandez-Raga et al., 2017). In the 30 km surrounding
the city, Leon shows a remarkable variety of landcover (Fig. 1), which
contributes to the presence of a significant amount of primary biological
aerosols. In northern areas forest and shrubland are the most abundant
vegetation, while grasslands are dominant in areas closer to the city,
especially in the westerly direction. Agricultural lands, especially cereal
and corn fields, are the dominant land cover in the southern and eastern
parts. The land use data were obtained from Castilla y Ledn crops and
natural land maps (MCSNCyL), which are available at: http://mesncyl.
itacyl.es/en/inicio.

2.2. Aerobiological sampling

The sampling of Alternaria airborne spores and Alt a 1 allergen was
carried out from 2016 to 2020. The traps were placed on the terrace of
the Veterinary Faculty of the University of Leén, over 15 m above
ground level in a place without obstacles that might hinder the arrival of
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air masses from any direction. The traps were placed at least 3 m from
each other and from the edge to avoid air turbulence.

Spore concentration was monitored using a Hirst-type (Hirst, 1952)
7-day recording volumetric trap (Lanzoni VPSS 2000) with a suction
flow rate of 10 L/min, which was adjusted by means of a handheld
Lanzoni flow-meter with air resistance. The installation conditions and
operating procedures follow the methodology proposed by CEN legis-
lation EN: 16868:2020 (CEN, 2020). Daily sample analysis was per-
formed by two longitudinal scans at 400x magnification in the effective
collecting area, being the area analyzed equated to 8 %, which is more
than the 5 % recommended for counting fungal spores (Galan et al.,
2021). The spore concentration was expressed as spores m >, following
the terminology recommended by Galan et al. (2017).

The Alt a1 allergen was sampled with a low-volume Cyclone Burkard
sampler (Burkard Manufacturing Co Ltd., Hertfordshire, UK) with a
suction flow rate of 16.5 L/min. This trap consists of a continued volu-
metric sampler based on a single reverse-flow miniature cyclone, having
an efficiency of 99 % for particle sizes up to 1.06 pm and 93 % for
particle sizes ranging from 0.75 to 0.82 pm (Emberlin, 1995). The air
samples were collected every 24 h dry directly in a 1.5-mL Eppendorf
vial, which was changed at 1000 UTC every day during the study period
and stored at —20 °C.

2.3. Extraction and quantification of Alt a 1

The air samples chosen for Alt a 1 allergen detection were selected
based on specific criteria. Firstly, the selection was based on the lowest
value of the annual maximum concentration (70 spores m’g) observed
during the analyzed years. This value served as a threshold for selecting
relevant samples. In addition to the days with concentrations equal to or
exceeding 70 spores m~°, the 10 days preceding and following these
days were also included for analysis. Moreover, the time span between
two relatively close selected periods was also analyzed to capture any
potential variation in allergen levels. Finally, if the start or end of the
selected period exceeded two weeks within a given month, the entire
month containing those days was analyzed, in order to ensure a
comprehensive understanding of Alt a 1 allergen levels during
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prolonged periods of increased concentrations. The determination of Alt
a 1 allergen in air samples followed established methodologies with
certain modifications (Takahashi et al., 2001; Moreno-Grau et al., 2006;
Fernandez-Gonzalez et al., 2010, 2019). Specifically, sonication cycles
during sample extraction were introduced as proposed by Aloisi et al.
(2019) to enhance extraction efficiency for samples with low pollen/
spore concentrations (Rodriguez-Fernandez et al., 2023).

Alt a 1 quantification was performed using a modified double
sandwich Enzyme-Linked ImmunoSorbent Assay (ELISA) method based
on Asturias et al. (2003). The monoclonal antibody anti-Alt a 1
(Mab1D6) was used for coating, while the biotin-labeled monoclonal
antibody anti-Alt a 1 was used for detection (ROXALL, Zamudio, Spain).
Recombinant Alt a 1 was used to create a logistic curve used to deter-
mine the concentration of Alt a 1 allergen in the air samples (pg mL™1).
The data were subsequently converted to pg m > according to the vol-
ume sampled by the cyclone sampler (Section 2.2). A detailed descrip-
tion of the extraction and quantification process is provided in
Supplementary material.

2.4. Environmental data

Hourly weather data from 2016 to 2020 (temperature, relative hu-
midity, absolute humidity, insolation and wind speed/direction) was
provided by the National Agency for Meteorology (AEMET), whose
nearest station is located at 6 km from the sampling site. Moreover, this
agency also provided hourly radar images of Echo Top, which were
visually analyzed day to day in order to identify updraft strength. This
variable is defined as the maximum height at which the value of a given
reflectivity (12 dBZ) is reached. The inclusion of this variable in the
study is based on analyzing the potential influence that updrafts may
have on the resuspension of spores and/or the allergen, thus explaining
variation in their airborne concentrations. In addition, climatic data
were obtained from an open access database (www.aemet.es).

Due to the strong local character of rainfall events, the precipitation
parameters were measured at the same site as the aerobiological
monitoring stations (Section 2.2) by a disdrometer (Blanco-Alegre et al.,
2021). The variables obtained from the disdrometer were accumulated

Fig. 1. Geographical location of the city of Leén on the Iberian Peninsula and land use map within a 30 km radius around the monitoring station.
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precipitation, rain intensity and rain duration. Finally, Hourly PM10
concentration was obtained from the air quality network of Castilla y
Leo6n. These data were analyzed to observe potential variations in their
concentrations on days with allergen, which might be associated with
the presence of subspore fragments.

The mean concentration of each variable was calculated as a function
of the allergen sampling period (24-h). All variables used in the study are
summarized in Table 1.

2.5. Statistical analysis

The Alt a 1 data were processed in two steps: i) all days that pre-
sented detectable allergen were classified as events, irrespective of the
concentration value obtained; ii) days in which the allergen was
detectable were divided in three classes by two cut points (tertile 33.3 %
and 66.6 %): “low” days (concentration < 1.5 pg m’g), “medium” days
(concentration between 1.5 and 4.7 pg m~>) and “high” days (concen-
tration > 4.7 pg m~).

The non-parametric Spearman rank correlation with a significance
level p < 0.05 was applied to analyze the relation between variables and
allergen presence/concentration. Furthermore, non-hierarchical k-
means cluster analysis was performed in order to detect days with
similar environmental features (meteorological parameters and spore
concentration) that group the allergen events. To carry out this method,
the dataset was divided in two, grouping the analyzed months by their
meteorological characteristics. On the one hand, the warmer and lower
precipitation months (June, July, August and September) were grouped
and, on the other, October and November, which present lower tem-
peratures and more precipitation. May was left out of this analysis due to
its distinct daily weather features, which could not be meteorologically
compared with other days belonging to the analyzed months. The
number of optimal clusters was calculated by Ebowl and Silouette
methods (Ketchen and Shook, 1996; Rodriguez et al., 2019). Data were
managed using different R-packages, as “Factoextra”, “Corrplot” and
“Vegan” (Kassambara and Mundt, 2016; Wei and Simko, 2017; Oksanen
et al., 2020) in R statistical software (http://www.r-project.org/).

Subsequently, a Quadratic Discriminant Analysis (QDA) was indi-
vidually employed for each cluster, a method to build predictive models
using predictor variables (Wang et al., 2018; Blanco-Alegre et al., 2022).
This analysis aimed to assess whether the aforementioned parameters
can effectively predict the occurrence of days with detectable airborne

Table 1
Definitions and abbreviations of the variables used in the study. Daily refers to a
time period of 24-h.

Variable Code Description

Absolute humidity AbsH Daily mean absolute humidity (g m~3)

Allergen Alerg Daily Alt a 1 airborne concentration (pg m )

Updraft strength Convec Detection of Echo top values by radar images

in a day

Event Event Day with Alt a 1 detected

Insolation Ins Daily hours of sunshine (h day ')

Maximum intensity of MaxintP ~ Maximum precipitation intensity recorded in
precipitation 1 min during the event (mm h™!)

Maximum temperature Tmax Daily average maximum temperature (°C)

Mean intensity of AveintP Average precipitation intensity during the
precipitation event (mm h™1)

Mean temperature Tave Daily average mean temperature (°C)

Minimum temperature Tmin Daily average minimum temperature (°C)

Number of dry days Dryday Interval of days without precipitation

between rainy days (number of days)

Particulate matter<10 PM10 Daily mean PM 10 concentration (ug m~>)

pm
Precipitation P Daily accumulated precipitation (mm)
Pressure Press Daily mean pressure (hPa)

Relative humidity RH Daily mean relative humidity (%)
Time of precipitation TimeP Duration of precipitation event (min)
Wind direction WD Daily mean value of direction (°)
Wind speed WS Daily mean values of speed (m s~!)
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Alt a 1 concentration. The predicted values obtained from QDA were
compared with data observation in each cluster. Then, an error index
(Hyvonen et al., 2005) was calculated to check the results (see Supple-
mentary material Eq. 1 & Table S1.). All these calculations were per-
formed using “klaR”,”MASS” and “biotools” R-packages (da Silva, 2021;
Ripley et al., 2023; Roever et al., 2023).

Conditional bivariate probability function (CBPF) was applied in
order to study the possible relationship between wind parameters and
the Alt a 1 concentration. This method was selected since it allows in-
tervals of concentration (Uria-Tellaetxe and Carslaw, 2014). These in-
tervals were defined by the previously established concentration classes.
This analysis was made using “openair” R-package (Carslaw and Rop-
kins, 2012).

3. Results
3.1. Seasonal variation of Alt a 1 concentration

The lowest annual maximum concentration value registered during
the five-year analysis period was 70 spores m 3, which occurred in
September 2016 and was set as threshold value. In 2016, although there
was a single day with this concentration, the sample period was
expanded due to the presence of days with concentration values close to
the peak day in July (69 spores m—>). Of the total analyzed days (n =
501), 300 of them presented detectable Alt a 1 content. The highest
mean allergen concentration (23 pg m~>) was recorded in 2016 and the
lowest (2 pg m~>) was observed in 2018 (supplementary Table $2). The
highest monthly mean concentration values occurred in September
(Table S2), whereas the other months presented heterogeneous values,
being in all cases lower than 8 pg m~>.

The number of days with Alt a 1 detected (events) varied depending
on the months and years under investigation (Fig. 2). Most of the
analyzed months presented a higher number of events, associated to an
increase in temperature, especially maximum temperatures. However, a
lower number of events was observed with an increase in the tempera-
tures in July. The annual variation of accumulated monthly precipita-
tion did not show a clear relationship with the number of events in the
analyzed months (Fig. 2).

The evolution of Alt a 1 concentration exhibits significant fluctua-
tions across the days during the studied periods. Nonetheless, a clear
relationship between allergen, spores and the main meteorological
variables was not observed (Fig. 3).

3.2. Selection of variables to model Alt a 1 concentration

A Spearman’s test was performed to select those variables involved
in the presence and variation of airborne Alt a 1. The daily concentration
and presence (event) of the allergen had significant positive correlation
with MaxintP and RH, while temperature and AbsH presented signifi-
cant negative correlations (Fig. 4). Moreover, daily Alt a 1 concentration
had a very weak but significant correlation with Alternaria spore con-
centration. Instead, spore concentration exhibited a significant positive
correlation with temperature, AbsH and PM10, while it showed signif-
icant negative correlations with TimeP, MaxintP and Press. The same
behavior was observed both by analyzing the years separately as in
groups with similar months.

Based on these results, the variables selected to perform the k-means
and the quadratic discriminant analysis were: Tmax, Tmin, AbsH, Spore,
TimeP and AveintP. Although there was a correlation between Tave and
allergen, this variable was excluded because it strongly correlated with
other temperature variables. TimeP was selected because of the corre-
lation with spore concentration; MaxintP was discarded because it
presented a highly significant correlation with TimeP, so AveintP was
chosen instead due to its relationship with MaxintP.

The months analyzed were grouped according to their meteorolog-
ical characteristics: June, July, August and September (JJAS) on the one
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hand, and October and November (ON) on the other. These groups were
divided in three clusters, according to the results obtained from Elbow
and Silhouette methods (Figs. S1 and S2). The group of warm months
(JJAS) includes 397 days. The majority of them were grouped into
cluster 1 (Table 2), which includes the highest number of events; most of
them presented medium and low concentrations of spores. This cluster
was characterized by the highest temperatures and scarce precipitation.
The group formed by October and November consisted of 74 days
(Table 2); 69 % of them had medium to low concentrations of Alt a 1
(Table 2). In general, mean airborne Alternaria spore concentration did
not show significant differences among the clusters except for cluster 3
of ON group, which grouped rainy days (Table 2).

3.3. Application of quadratic discriminant analysis

The majority of the events detected in each cluster were well iden-
tified by applying the QDA with the same variables as in k-means. The
variables Tmin and TimeP were often related to days without allergen
(no event), while Tmax and AbsH were associated with event days (see
centroids and canonical discriminant coefficients in Tables S3 and S4).
However, this pattern changed in cluster 3 of the JJAS group, where
Tmin and AvelntP were linked to event days, while AbsH and TimeP
were related to no-event days. The error index varied depending on the
cluster (Table 3). The greatest error was obtained in cluster 1 of the JJAS
group, which had the largest number of days (239), discriminating well
67 % of the cases. In the other clusters, the prediction accuracy rate was
above 70 %. The QDA was not applied to cluster 2 of ON group because
it only presented 12 days in total.

3.4. Influence of wind on Alt a 1 concentration

Days with low Alt a 1 concentration were associated with wind
coming from northeastern directions at a speed range of 2-4 m s™. On
the contrary, days with high Alt a 1 concentration coincided with days
characterized by winds blowing from the south, mainly with speeds
ranging from 1 to 4 m s~ 1. Moreover, days with allergen concentration
>4.7 pg m~> were also observed when the wind came from the south-
west at faster speeds (5-7 m s_l). Days with medium concentrations
had lower probability values and occurred at low wind speeds (0-3 m
s1) mainly blowing from the north (Fig. 5).

4. Discussion

Alternaria spores and their major allergen Alt a 1 showed significant
differences in their atmospheric occurrence during the study period. It
was previously shown that Le6n is one of the European cities with the
lowest Alternaria airborne spore concentration (De Linares et al., 2010;
Kasprzyk et al., 2015; Grinn-Gofron et al., 2019), likely due to prevailing
winds that hinder the arrival of air masses with high spore loads from
the major emission sources (Rodriguez-Fernandez et al., 2023). How-
ever, a large proportion of days had detectable Alt a 1 allergen levels,
despite the low airborne spore concentration. Similar results have been
observed in other locations for both Alternaria spores (Barnes et al.,
20005 Feo Brito et al., 2012) and pollen allergens (Fernandez-Gonzalez
etal., 2011, 2013; Aloisi et al., 2018). These complex airborne dynamics
are due to the differences in release and dispersion mechanisms between
these particles (Plaza et al., 2016; Lara et al., 2023).

The Alt a 1 allergen was detected in air samples collected by a
cyclone low-volume sampler, in contrast to the previous results pub-
lished by De Linares et al. (2022). The discrepancy in quantifying/
detecting Alt a 1 is likely attributed to variations in the allergen quan-
tification methods, specifically ELISA. The sensitivity of ELISAs can vary
significantly depending on the type of ELISA used (competitive, indirect,
or sandwich), the antigens being detected, and the antibodies utilized.
This difference in sensitivity is more probable than any inefficiency in
the sampler, considering that the cyclone sampler has demonstrated
greater efficiency than certain high-volume samplers (Plaza et al., 2017;
Suanno et al., 2022). Furthermore, the Alt a 1 concentrations were
similar to those reported by Grewling et al. (2020) using a high-volume
sampler, despite the great differences in spore concentration between
the two locations (Kasprzyk et al., 2015). These findings suggest that the
use of the ELISA methodology proposed in this paper, implemented with
sonication during sample preparation to enhance allergen extraction
(Aloisi et al., 2019), can be used to detect Alt a 1 allergen in low-volume
samples, even in the case of low airborne spore concentration. However,
one of the most significant limitations of using low-volume cyclonic
samplers, and consequently of this study, is their inability to separate
intact spores from subspore fragments containing allergens. This makes
it difficult to determine the major source of airborne Alt a 1.

The mean Alta 1 concentration varied by up to 10-fold over the study
period, with the highest value recorded in 2016, which had the lowest
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Fig. 3. Daily evolution of Alt a 1 allergen, Alternaria spores and meteorological variables during the sampling period in: a) 2016; b) 2017; ¢) 2018; d) 2019; e) 2020.

spore counts (Rodriguez-Fernandez et al., 2023). The low spore con-
centration in that year can be attributed to the high mean maximum
temperature registered in July and August, as high temperatures during
the main spore season are a limiting factor for spore production in
Mediterranean areas (Damialis et al., 2015; Picornell et al., 2022). These
findings coincide with the results from others studies, which have shown
that the greatest allergenic potential values are recorded in warmer and
drier years with a low spore or pollen concentration (Buters et al., 2010;
Fernandez-Gonzalez et al., 2010; Grewling et al., 2019). However, the

annual variation of Alt a 1 concentration is complex, and other variables
need to be considered. For example, allergen concentration varies
among Alternaria strains and growing conditions (Ibarrola et al., 2004;
Martinez-Quesada et al., 2006). In addition, other genera of the Pleo-
sporaceae family can also contribute to the allergenic airborne load
(Gutiérrez-Rodriguez et al., 2011; Teifoori et al., 2019), although no
significant concentrations of other fungal spore taxa were observed
during the studied period (data not shown).

It is noteworthy that the higher Alt a 1 concentration showed a clear
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Fig. 3. (continued).
Table 2
S IS8 &g ° -
Q;\"Q «-\6‘0?:\0\ Y-_p‘\qge?9 Q;b oo“,-od’ ,\é"b«&‘ <% oc\b & YQ& Q“:\ Summary of cluster day characteristics analyzed by k-means for the months
%s : 1 June, July, August and September (JJAS) and October and November (ON)
Alerg |0 during the study period.
Event
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TimeP 0.96 0.97 :
. * Total days 239 34 124 41 12 21
AveintP | 4 04 Events 131 21 68 31 9 11
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Fig. 4. Spearman correlation matrix coefficients and the significance level p < 15 11 10 13
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Table 3
Contingence table obtained from discriminant analysis for each cluster for the selected periods: June, July, August and September (JJAS) and October and November
(ON).
JJIAS
Cl Pred. Cc2 Pred. Cc3 Pred.
Yes No Yes No Yes No
Ob Yes 107 24 Ob Yes 16 5 Ob Yes 62 6
No 55 53 No 11 No 25 31
Error = 33.1 % Error = 20.6 % Error = 25 %
ON
Cl Pred. Cc3 Pred.
Yes No Yes No
Ob Yes 22 9 Ob Yes 11 0
No 2 8 No 7

Error = 26.8 %

Error = 14.3 %

0 0.02 0.04 0.06 0.08 0.1
CPF probability

(<1.5 pg/m?)

0.120.14 016 O 0.02 0.04 0.06 0.08 0.1
CPF probability

(1.5t0 4.7 pg/m?)

0.120.14 0.16 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
CPF probability

(>4.7 pg/m?®)

Fig. 5. Conditional bivariate probability function (CBPF) plot for different Alt a 1 concentration levels during the study period as a function of wind speed and
direction. Low level (<1.5 pg m~>), medium level (1.5 to 4.7 pg m ) and high level (>4.7 pg m3).

pattern of occurrence, unlike days with high spore concentration
(Rodriguez-Fernandez et al., 2023). The highest mean allergen con-
centrations occurred in September in most years, likely due to mild
temperatures and increased precipitation (Barnes et al., 2000; Feo Brito
et al., 2012; De Linares et al., 2022). These weather conditions favor
spore germination and thus the release of the Alt a 1 allergen (Hatzi-
papas et al., 2002; Ibarrola et al., 2004). However, this pattern may be
altered in years with unusual meteorological conditions, as is the case of
May 2017 in our study. The unusual increase in temperatures while
maintaining the average precipitation produced favorable conditions for
spore germination and allergen release. In addition, a higher number of
allergen days seems to be favored by an increase of mean monthly
temperatures, except in July, which is the warmest month in this terri-
tory. These monthly variations caused an increase in the maximum
temperature range up to 20-29 °C, thus providing optimal conditions for
spore germination (Hatzipapas et al., 2002).

The weak correlation values between Alt a 1 allergen and the
analyzed variables may be attributed to differences in particle dispersion
time from emission sources to the sampler and the varying impact of
meteorological factors on airborne spore and allergen concentrations

during medium-long distance transport (Lara et al., 2023). This is
particularly likely because the major Alternaria emission sources around
Le6n are located >30 km from the monitoring station (Rodriguez-
Fernandez et al., 2023). Despite this, no increase in correlations was
observed when a time lag of up to 10 days was considered (data not
shown).

According to the selected variables, most events occurred on days
with scarce rainfall, maximum temperatures around 29 °C, and mini-
mum temperatures around 13 °C. These weather conditions are close to
the optimum conditions that favor the dispersion of Alternaria spores
(Fernandez et al., 1998; Rodriguez-Rajo et al., 2005). Moreover, these
results concur with the seasonal distribution of symptoms in people
sensitized to fungi in Castilla y Leén (Armentia et al., 2019). However, it
is difficult to attribute symptoms exclusively to the presence of Alta 1, as
most patients sensitized to fungi are also allergic to other allergens (Feo
Brito et al., 2012; Armentia et al., 2019). It is worth noting that in
October and November, although fewer days were analyzed due to low
daily Alternaria concentration, many of them were characterized by high
Alta 1 content. This evidence might suggest the importance of extending
allergen load analysis also to these months in future research.
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The QDA correctly classified between 67 % and 85 % of the events,
which is similar to the accuracy of others models for predicting spore
and pollen concentration (Grinn-Gofron and Strzelczak, 2008; Astray
et al., 2016). Temperature and absolute humidity were the most
important variables for predicting the presence of allergen in the at-
mosphere, while the duration of precipitation was related to the absence
of airborne allergen. These results partially agree with the patterns
observed in previous studies (Grewling et al., 2019, 2020; De Linares
et al., 2022), which support the idea that warm dry periods favor the
presence of Alt a 1 in the atmosphere. However, our model also showed
the necessity of humid conditions for the occurrence of Alt a 1, since
Alternaria species germinate at high humidity values (Hatzipapas et al.,
2002).

The aforementioned variables explain a significant portion of the
variation in airborne allergen concentration. However, allergen con-
centration also exhibited large fluctuations across different days, which
may be attributed to the impact of wind on airborne allergen transport.
Days with the highest concentrations were characterized by winds from
the south, which also facilitate the transport of spores from the major
emission sources to the city (Rodriguez-Fernandez et al., 2023). This
highlights the close relationship between Alternaria spore concentration
and Alt a 1 concentration. However, it also highlights differences in their
aerobiological transport, since the highest Alt a 1 concentrations are
generally linked to higher wind speeds than to Alternaria spores in this
area (Rodriguez-Fernandez et al., 2023). This could be attributed to
mechanical rupture of spores by higher wind speeds, as described for
certain pollen grains (Caronni et al., 2021; Emmerson et al., 2021),
leading to the release of subspore fragments containing allergens and/or
free Alt a 1 molecules. This may indicate that medium-to-long distance
transport of the subspore fragments or allergen contributes more than
spore transport. Indeed, Alternaria conidia have an aerodynamic diam-
eter of ~10 pm (McCartney et al., 1993), while allergens or spore
fragments are sub-micrometric particles that can be transported over
long distances (Plaza et al., 2016).

5. Conclusions

Our findings revealed a weak correlation between the concentrations
of Alt a 1 and Alternaria spores, possibly due to the effect of weather
factors on the release and transport processes of allergens and spores.
Hence, it is crucial to measure airborne allergen concentrations in
addition to spore concentrations to gain a comprehensive understanding
of allergen exposure. On the other hand, temperature, absolute humidity
and precipitation, together with wind patterns, can be utilized to predict
allergen days, providing valuable insights for allergy risk assessment and
recognising the importance of medium to long-distance transport of
allergens in determining atmospheric allergen loads.

In the future, incorporating these findings into allergy risk prediction
models, particularly for fungal spores, should be considered to improve
the accuracy of allergy risk assessments. This would greatly benefit in-
dividuals susceptible to Alternaria allergies by providing more reliable
and timely information to manage their exposure and mitigate potential
health risks.

Further research should deepen our understanding of the mecha-
nisms underlying Alt a 1 production, release, and transport. Finally,
improving aerobiological sampling should not be neglected, in order to
discriminate between entire spores and sub particles bearing allergens.
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