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Abstract

The Phl p 5 allergen of the plant species Phleum pratense is considered one of the most crucial grass pollen allergenic molecules
inducing respiratory allergies. In this study, we evaluated seasonal variation in the concentration of both grass pollen and Phlp 5
allergens as well as the ratio allergen/pollen (pollen potency) in the air of Bratislava during two consecutive years, 2019-2020.
These 2 years differed in terms of air pollution, as COVID-19 lockdown in spring 2020 considerably improved air quality in the
study area. Air samples were collected using a Hirst-type sampler for pollen detection and the cyclone sampler for acroallergen
detection. In 2020, we observed 80.3% higher seasonal pollen integral, probably associated with the longer pollen season
duration, however, 43.6% lower mean daily pollen potency than in 2019. The mean daily pollen value was 37.5% higher in
2020 than in the previous year, while the mean daily allergen value was 14.9% lower in 2020. To evaluate the relationship
between the amount of pollen or allergen in the air and selected meteorological factors and air pollution parameters, we used
multiple regression analysis. Regarding weather factors, precipitation and relative humidity were significantly associated with
pollen and/or allergen concentration, though these associations were negative. Atmospheric pollutants, especially CO, NO, and
O; were significantly associated with pollen and/or allergen levels. The associations with CO and O3 were positive, while the
association with NO, was negative. Our results indicate that for grasses, an air pollutant that has a significant positive relationship
to the ratio of allergen/pollen is nitrogen dioxide.

Keywords Phlp 5 allergen - Poaceae pollen - Pollen potency - Air pollutants - Weather variables

Introduction

The number of people suffering from seasonal allergic respi-
ratory disease is constantly increasing, especially in urbanised
environments (D’Amato et al. 2007). The grasses (family
Poaceae) belong to the group of phytoallergens as they pro-
duce allergenic pollen grains. Due to high species diversity of
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this plant family (more than 10,000 species), their cosmopol-
itan distribution and the cross-reactivity among various grass
species (Beggs et al. 2015), grass pollen is among the most
dangerous pollen allergens in the world. In Bratislava, grasses
are responsible for most pollinosis incidence in pollen-allergic
individuals (S¢evkova et al. 2015).

Phl p 5, a major allergen of the Phleum pratense pollen, is
one of the most aggressive allergens of grasses (Esch 2008)
and is responsible for almost 90% of pollinosis cases in
European countries (Heinzerling et al. 2009).

The severity of the allergic symptoms depends on the size
of intact pollen grains or smaller pollen-related allergen-bear-
ing particles and in part on both the duration and intensity of
pollen exposure (Ianovici 2007). Grass pollen grains (35-65
pum) are too big to reach lower airways and therefore are
captured in higher airways where they trigger common man-
ifestations of allergic rhinitis. In contrast, airborne allergenic
molecules released from grass pollen (Wang et al. 2012) are
small enough (0.6-2.5 um) to penetrate the lower respiratory
tract and cause severe allergic symptoms, e.g. allergic asthma.
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Most grass species are anemophilous and produce a large
amount of well buoyant pollen grains (Pricto-Baena et al.
2003). Grasses are abundant in the territory of Bratislava,
and the peak daily pollen levels reach more than 200 pollen/
m® (Séevkova et al. 2010). This is more than six times higher
than the threshold value (30 pollen/m3), above which the
symptoms of grass pollen allergy occur for sensitive individ-
uals (Juhasz et al. 2005).

The effects of allergenic pollen on the development of pol-
linosis in susceptible individuals are well known, but how the
atmospheric environment affects these particles and how in-
dividual environmental factors influence their anatomical,
physiological or morphological properties are not yet well
documented. Air pollutants, such as e.g. particulate matter
(PM), O3, CO, NO,, might impact not only the release of
allergens from pollen (D’Amato et al. 2015; Naclerio et al.
2020) but may also influence their allergenic potential through
a greater expression of allergens in pollen. In this way, plants
adapt to abiotic stress (Mousavi et al. 2019), with pollutants
being among the major stressors, especially in urbanised en-
vironments (Suarez-Cervera et al. 2008). Moreover, it is dem-
onstrated that pollen allergies appear to be more prevalent in
polluted areas, especially areas with heavy traffic (Lucas et al.
2019). However, in 2020, the air quality substantially im-
proved in numerous countries due to the COVID-19 lock-
down accompanied by restricted movement of the public
and shut down of industrial establishments (Dantas et al.
2020; Rathore et al. 2021). In Slovakia, the first phase of
COVID-19 lockdown came into force on March 16, 2020,
which later continued in the next phases. Therefore, this study
focuses on the observation of the seasonal variation in the
concentration of grass pollen and Phl p 5 allergen in the air
of Bratislava, as well as the ratio of allergen/pollen during 2
years characterised by a different level of air pollution.
Moreover, the effect of weather and air pollution parameters
on airborne pollen and allergen levels was appraised.

Materials and methods
Study area

Bratislava is the Capital of Slovakia situated in the south-
western part of the country (Fig. 1). The city has approximate-
ly 430,000 inhabitants and its area is 367.9 km?”. The climate is
continental and has a moderate to warm character. Bratislava
belongs to the warmest and driest parts of Slovakia with the
highest mean monthly temperature of 21.2 °C in July and an
average annual precipitation total of 667 mm (1983-2019
average, data excerpted from the database of Meteorological
observatory Mlynska dolina in Bratislava). The urban land-
scape and its surroundings consist of ruderal vegetation,
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forests, semi-natural communities of grasses and anthropo-
morphic habitats.

Airborne pollen and allergen sampling and
quantifying

The research was carried out using two types of equipment,
Hirst-type volumetric pollen trap (Burkard Manufacturing Co
Ltd.) to evaluate grass pollen concentrations and Multi-vial
Volumetric Cyclone Air Sampler (Burkard Manufacturing
Co Ltd.) to evaluate Phl p 5 allergen concentrations. The sam-
plers were placed on the rooftop of the building (48°08'58"N,
17°04"24" E, 18 m a.g.l). The Hirst sampler is operating since
2002 for the Slovak Aerobiological Network, while Multi-vial
Cyclone Sampler is operating since 2019. The aerobiological
survey was conducted from March to October 2019 and 2020.

The air intake rate of the Hirst sampler is 10 I/min. The air
that is drawn into the device impacts a drum covered with
adhesive tape. The drum, mounted on a clock, rotates at a
speed rate of 2 mm/h, and it makes one complete revolution
in 7 days. Once a week, the exposed tape is cut into segments,
each corresponding to 1-day exposure and microscopic slides
are prepared. Afterwards, the slides are analysed under the
light microscope at X400 magnification, according to Galan
et al. (2007, 2014). Daily Poaceae pollen concentrations were
expressed as a number of pollen grains per cubic metre of air
(pollen/m®). All identified grass pollen grains were presented
as one taxon, i.e. the Poaceae family.

The Multi-vial Cyclone is a volumetric device with an air-
flow rate of 16 I/min. After spiral movement of the air, which
was suctioned into the cyclone, separated particles are con-
ducted to 1.5-ml Eppendorf vials. There are 8 Eppendorf vials
placed on a carousel and a rotation system that permits each
vial to sample the air 24 h each day. The equipment ensures
comparability of allergen and pollen data (Emberlin and
Baboonian 1995). Airborne samples were collected dry and
stored at —20 °C until extraction, which was implemented
according to Plaza et al. (2016). Airborne Phl p 5 allergen
was enumerated by double-sandwich ELISA assay according
to S¢evkova et al. (2020). Daily allergen concentrations were
expressed in picograms per cubic metre of air (pg/m”).

Allergenic particles of pollen origin were collected from
the air during the main grass pollen season (MPS), defined
as a period between the first and last day with the mean daily
pollen concentration equal to or greater than 10 pollen/m’
(Peel et al. 2014). The analyses of the day-to-day and yearly
variations in airborne pollen and allergen concentrations were
performed during the MPS, pre-peak and post-peak period.
The period delimited by the start and peak day of the MPS
is denoted pre-peak, whereas the period running from the peak
day to the end of the MPS is denoted post-peak.

To calculate daily values of grass pollen potency (allergen
release per pollen), the daily allergen concentrations were



Environ Sci Pollut Res (2021) 28:62583-62592

62585

Fig. 1 Location of Bratislava in
Slovakia (Central Europe)

divided by daily pollen concentrations and expressed as pg
Phl p 5/pollen (Séevkovi et al. 2020).

Environmental data

To analyse the impact of weather variables on daily airborne
pollen and allergen levels, the following weather parameters
were considered: surface air temperature in °C (daily mini-
mum, mean and maximum values), sunshine in hours (daily
totals), relative humidity in percentage (daily mean values),
wind speed in m/s (daily mean values), air pressure in hPa
(daily mean values), precipitation in mm (daily totals).
Meteorological data were provided from the Meteorological
Observatory of the Comenius University in Bratislava (48° 09’
04" N, 17° 04’ 14" E) located in the vicinity of the monitoring
station.

To evaluate the influence of air pollution on airborne pollen
and allergen levels, daily values of the following pollutants
were considered: PM;—particulate matter < 10 um (ug/m3),
O;—ozone (ug/m3), NO,—nitrogen dioxide (pg/m3) and
CO—carbon monoxide (ng/m?*). The provider of air pollution
data was the Slovak Hydrometeorological Institute (SHMU),
the operator of the air quality monitoring units in Slovakia.

Statistical analysis

Nonparametric Spearman correlation analysis was performed
to evaluate statistical correlations between airborne pollen and
allergen concentrations. To investigate the effects of the envi-
ronmental variables on the airborne pollen, allergen concen-
trations and pollen potency, we applied multiple regression
analyses based on stepwise variable selection in the statistical
software R (version 4.0.3). To adjust for the normality of

residuals, response variables were log-transformed and to cor-
rect for autocorrelation of the measurements, autoregressive-
moving average (ARMA) correlation structure was selected
for the models by using the function gis from the nlme pack-
age. The autoregressive and the moving average orders were
determined from the residuals of the regression model that did
not allow for correlation in the observations. For airborne
pollen, allergen concentrations and pollen potency, regression
models containing all considered explanatory variables were
fitted and insignificant variables (p-value > 0.05) were se-
quentially removed from the model. This analysis was per-
formed for both years separately.

Results

The weather was different in the years of our study, during the
period from 1 April to 31 July (Table 1), the period relevant to
grass pollen development. The year 2019 was warmer in that
period, received more precipitation but less sunshine and had
a higher wind speed than 2020. April and May 2019 were
colder and received more rainfall, whereas June in the same
year was much warmer and drier than in 2020 (See
Supplementary Materials, Table S1). The average tempera-
tures in April and May 2019 were 0.5 and 1.2 °C lower than
in the same month of the following year, reaching 12 and 12.6
°C, respectively. In contrast, the temperature in June 2019
with the mean value of 23.3 °C was 4.7 °C higher than in
2020. The highest rainfall values were observed in
May 2019 (260.6 mm) and June 2020 (209.9 mm), which is
57.1 and 91.2% higher, respectively, than in the same month
in the neighbouring year.
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Table 1  Meteorological parameters and air pollutants in Bratislava in
2019 and 2020 (data are presented as averages from 1 April to 31 July)

Table2  Main pollen-season-related characteristics of grass pollen sea-
sons in Bratislava, years 2019 and 2020

Variables 2019 2020 Characteristics 2019%* 2020
Meteorological parameters Grass pollen

Minimum air temperature (°C) 12.2 10.8 Pollen season start 11 May 2 May
Mean air temperature (°C) 17.5 16.5 Pollen season end 11 July 23 July
Maximum air temperature (°C) 22.7 224 Season length (days) 62 83
Sunshine (h) 7.6 8.1 Seasonal pollen integral (pollen/m3) 1,015 1,830
Atmospheric pressure (hPa) 992.7 994.1 Peak value (pollen/m®) 81 182
Relative air humidity (%) 64.4 61.6 Peak day 1 June 23 June
Precipitation (mm) 99.8 92.8 Mean daily value (pollen/m3 ) 16 22
Wind speed (m/s) 1.7 1.5 Phl p 5 allergen

Atmospheric pollutants* Seasonal allergen integral (pg/m®) 3,119 3,552
Carbon monoxide 339.8 251.1 Peak value (pg/m®) 305.1 207.0
Nitrogen dioxide 18.9 16.6 Peak day 1 June 2 June
Particulate matter < 10 pm 21.3 18.1 Mean daily value (pg/m*) 50.3 42.8
Ozone 79.2 73.2 Pollen potency (pg/pollen)** 5.5 3.1

*Values in micrograms per cubic metres

Regarding air pollutants, the April-July period in 2020
was characterised by a drop in the concentration of all air
pollutants considered compared with the same period of the
previous year (Table 1). The most significant decline was
observed for CO, PM,;, and NO, which concentrations were
26.1, 15.0 and 12.2% lower, respectively, in 2020 than in
2019. The decrease in ozone concentration was less pro-
nounced; its concentration was 7.6% lower in 2020 than in
the same period of the previous year. The most noticeable
decline in CO and NO, concentrations, which accounted for
30.2 and 21.8%, respectively, was registered in May 2020,
with the mean values of 247.2 ug/m® for CO and 15.1 pg/
m® for NO, (see Supplementary Materials, Table S2). On the
other hand, the most distinct decrease of PM; (37%) and O;
(23%) levels were observed in June 2020, with the mean
values of 15 pg/m’® for PM, and 65.7 ug/m> for Os.

Table 2 shows the characteristics of both grass pollen and
Phl p 5 allergen seasons associated with the analysed pe-
riods. In 2019, the MPS started on 11 May, which is 9 days
later than in 2020 and it is also one of the most delayed start
days of the grass pollen season in the last 19 years (Fig. 2).
In 2020, MPS lasted 83 days (from 2 May to 23 July), while
in 2019, the season was 21 days shorter (from 11 May to 11
July) than in the previous year (Table 2, Fig. 2). In 2020, the
seasonal pollen integral over the MPS (SPIn) counted up to
1,830 pollen/m?, while in 2019 the SPIn (1,015 pollen/m?)
was 80.3 and 36.7% lower than in 2020 and the long-term
average, respectively (Table 2, Fig. 2). Even mean daily
pollen values were 37.5% higher in 2020 than in the previ-
ous year. On the other hand, the Seasonal Allergen Integral
amounted to 3,552 pg/m3 in 2020 represents only a 13.9%
increase than in 2019. Moreover, mean daily allergen values
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*Data in this column are reproduced from Seevkova et al. (2020)

**Mean daily value

were 14.9% lower in 2020 than in the preceding year. Last
but not least, the peak pollen value was 124.7% higher in
2020, whereas the peak allergen value was 32.2% lower this
year than in 2019 (Fig. 3). The mean pollen potency (aller-
gen release per pollen) was 43.6% higher in 2019 than in
2020 (Table 2, Fig. 4).

Based on Spearman’s correlation analysis results, positive
associations between the pollen and allergen levels were ob-
served for the pre-peak period (r; = 0.495, p <0.001), MPS (7
=0.503, p < 0.001) and the post-peak period (r; = 0.521, p <
0.001) in 2020, while in 2019 the significant positive associ-
ation was noted only for the pre-peak period (r, = 0.542, p <
0.01) (Table 3).

Results of multiple regression analysis, which was accom-
plished to determine the impact of weather variables and air
pollutants on airborne pollen and allergen levels and pollen
potency, are presented in Table 4. Based on our results, pre-
cipitation and relative air humidity were the most influential
weather variables. Relative air humidity was negatively asso-
ciated with allergen or pollen concentration, whereas precipi-
tation was negatively associated only with pollen concentra-
tion. The meteorological parameter that has a significant rela-
tionship to the ratio of allergen/pollen is sunshine, though this
association was negative.

Among the atmospheric pollutants, CO and NO, were sig-
nificantly interrelated with pollen and allergen levels. The
relationship with CO was positive, whereas a negative associ-
ation with NO, was observed. Furthermore, a significant pos-
itive relationship between NO, and pollen potency was ob-
served in 2020. Ozone was significantly and positively asso-
ciated with pollen concentration in 2019, whereas a significant
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negative relationship between this air pollutant and pollen
potency was noted in 2020.

Environmental parameters have explained from 19.1 to
47.1% of the total variance for airborne pollen or allergen
levels and 26.1% for pollen potency (Table 4).

Discussion

In support of the importance of determining the allergenicity
of pollen grains, the simple count of pollen grains does not
always correlate with the prevalence of pollen respiratory al-
lergy events (Buters 2012). The reason is that pollen allergens
are associated not only with intact pollen but may also be
found in smaller pollen-derived airborne respirable particles.
Our study revealed positive relationships between the airborne

pollen and allergen levels in both years; though, these associ-
ations were not significant for the Main pollen season (MPS)
and the post-peak period in 2019. The occurrence of several
discrepancy episodes in 2019, particularly during the post-
peak period, seems to be a reason for lacking a significant
relationship between airborne pollen and allergen concentra-
tions during both the MPS and the post-peak period. Based on
our results, allergen levels could be explained with the pollen
concentrations but only for the year 2020. Significant positive
relationships between grass pollen levels and the levels of Phl
p 5 allergens have also been reported by Plaza et al. (2016).
Similarly to our results, days with low airborne pollen but high
allergen levels and reversely were noted by several other re-
searchers (e.g. Rodriguez-Rajo et al. 2011). In this regard, it is
relevant to note that airborne pollen levels depend on the
blooming period and its intensity (Galan et al. 2016).

. . 3
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However, smaller pollen-derived particles containing aller-
gens can vary in the atmosphere depending on pollen as a
source of particles and different environmental factors. For
this reason, the pollen potency, defined as the allergen release
capacity of any pollen grain in the study area (Canini et al.
2004), was evaluated in this present study. Interestingly, de-
spite the substantially higher intensity of grass pollen season
in 2020, indicated by a higher SPIn, mean daily pollen values
and peak pollen value, only a slight increase in seasonal aller-
gen integral (SAIn) was observed. Similarly to our results,
years with higher SPIn of grasses but lower SAIn of Phl p 5
and vice versa were also noted by Plaza et al. (2016), who
consider air pollutants as stressors associated with a decrease
in flowering intensity. Subsequent lower pollen production
per inflorescence accompanied by higher allergen content,
the mentioned researchers considered a strategy of plants to
ensure the efficiency of the pollination process. Besides, we
observed a seasonal variation in average daily pollen potency
values that accounted for 5.7 pg/m® in 2019 and 3.1 pg/m’ in
2020. This discrepancy is probably because of the different
weather conditions as it was seen that during the 2019 pollen
season characterised by a more humid spring, the pollen po-
tency was higher than in 2020, a year with drier spring. This
fact proves the influence of meteorological conditions on the
release of allergens from pollen grains (Buters et al. 2015).
The internal biological agents and external environmental
parameters, including weather variables, can affect grass pol-
len concentration in the atmosphere and pollen season length
(Plaza et al. 2016). Our study shows that if the spring is humid,
as it was found in 2019, it prevents pollen grains from being
released from the anthers, and the start of the MPS is delayed.
On the other hand, if the beginning of summer is warm and

Table 3  Spearman’s correlation coefficients between the quantity of
airborne grass pollen and Phl p 5 allergen in Bratislava during the MPS,
pre-peak and post-peak periods

Year Pre-peak MPS Post-
peak

2019 0.542%#* 0.202 0.002

2020 0.495%#* 0.503 % 0.521%#%*

*#p < 0.01; **¥p < 0.001
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date

dry, pollen concentration may be reduced to a minimum due
to pollen depletion, shortening the MPS as it was seen in 2019.

In general, high airborne grass pollen concentrations are
associated with warm and dry days (Plaza et al. 2020).
However, the significant relationships observed in the present
study were only those between airborne pollen concentration
and precipitation or relative air humidity, albeit the relation-
ships were negative. Variations in air humidity affect the emis-
sion and airborne dispersion of pollen, either because the an-
thers are moist and cannot release the pollen or because the
pollen grains, once in the air, become partially hydrated and
disperse scarcely. On the other hand, precipitation removes
pollen grains from the atmosphere by wash-out mechanism
(Lacey 1986).

Besides pollen grains, meteorological parameters may also
influence the presence of pollen-derived allergenic molecules
in the ambient air. The pollen exine can be broken by high
humidity, causing the release of its inner contents, including
allergic molecules (Silva et al. 2015). Several researchers, i.e.
Rodriguez-Rajo et al. (2011), confirmed the ability of humid
weather to release allergenic molecules from pollen grains,
especially from those with thin and delicate walls, as is grass
pollen due to osmotic shock (Buters et al. 2015). The present
study found relative air humidity to be a significant, though
negative factor elucidating the variability in airborne allergen
levels. The lack of positive correlation is presumably due to
the increased sedimentation velocity of humid pollen-derived
fragments containing allergens due to their altered weight,
density and aerodynamic properties (Alan et al. 2018). This
is, however, in contrast with the other research studies (e.g.
Buters et al. 2008; Plaza et al. 2016), where no relationship
between meteorological parameters and the allergen concen-
tration in the atmosphere was observed.

Aside from pollen production, the release of pollen grains
from anthers and its dispersal in the atmosphere (Fernandez-
Gonzalez et al. 2011), days with high air temperature is also
known to be associated with increased expression of allergens
in the pollen grains of seed plants, especially in the urban areas
(Tashpulatov et al. 2004; D’ Amato et al. 2007). We observed
a higher airborne pollen concentration and release of Phl p 5
allergen from grass pollen when the temperature was higher,
especially during the pre-peak period; however, this weather
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Table 4  Significant environmental variables in multiple regression models for grass pollen, Phl p 5 allergen and pollen potency
Year Variables [ Coeft. Std. error p-value R’
2019 Pollen Intercept —3.6962 1.2811 0.0055 0.4709
Precipitation —0.0360 0.0129 0.0072
Ozone 0.0340 0.0080 <0.0001
Carbon monoxide 0.0149 0.0036 0.0001
Nitrogen dioxide —0.0838 0.0383 0.0329
Allergen Intercept 4.6177 1.0772 < 0.0001 0.2465
Relative humidity —0.0459 0.0114 0.0002
Carbon monoxide 0.0113 0.0047 0.0184
Nitrogen dioxide —0.1221 0.0478 0.0133
Pollen potency ns
2020 Pollen Intercept 5.7262 0.5224 < 0.0001 0.1907
Relative humidity —0.0463 0.0073 < 0.0001
Allergen ns
Pollen potency Intercept 2.0888 0.5643 0.0004 0.261
Sunshine —0.1054 0.0342 0.0028
Ozone —0.0189 0.0095 0.0499
Nitrogen dioxide 0.0445 0.0205 0.0329

ns no significant variables

parameter did not show statistically significant associations
with the grass pollen or Phl p 5 aeroallergen concentrations.
On the other hand, a significant relationship between the
allergen/pollen ratio and sunshine was observed in our study,
though this relationship was negative. We presume that UV
radiation from sunlight inhibits the secretion of allergen in
pollen grains. However, further research is needed to be done
to prove this presumption.

Atmospheric pollutants are known to affect pollen grains
differently, altering either pollen morphology or protein con-
tent (Sénéchal et al. 2015). The main focus of the recent en-
vironmental studies is on the effect of the atmospheric pollut-
ants on the expression of allergological-important pollen pro-
teins as the content of these molecules was found to be greater
in pollen collected from polluted than unpolluted areas
(Armeria et al. 2002). In this context, we observed more in-
tensive aeroallergen season in 2019, manifested by higher
mean daily Phl p 5 allergen concentrations and mean daily
pollen potency as well as a higher peak allergen value than
in 2020, which could be associated, besides other factors, with
a higher rate of air pollution in 2019 (D’Amato et al. 2007).
Even though the decrease in pollen potency in 2020 may
merely indicate an unrelated trend in time, we speculate that
it may have been influenced by declined atmospheric pollu-
tion in Bratislava due to the COVID-19 lockdown. It im-
proved substantially air quality in Bratislava due to a signifi-
cant decline of the CO, NO, and PM, levels and a moderate
reduction of O5 levels. Improving air quality due to lockdown
has been observed in numerous countries (e.g. Mahato et al.
2020; Dantas et al. 2020; Wang et al. 2020).

There is a significant positive relationship between
aeroallergens and airborne pollen levels during the MPS in
2020, so allergen concentrations could be explained with the
pollen concentrations. However, the situation was different in
2019, without a significant association between airborne aller-
gen and pollen levels during the MPS. Considering our re-
sults, pollutants, especially CO, may affect aeroallergen con-
centrations since a positive relationship between the men-
tioned variables was observed in Bratislava. The emission of
CO and NO,, one of the main sources of atmospheric contam-
inants in Bratislava, is primarily associated with the combus-
tion process of fuel like gasoline and diesel in vehicles and
industries (Frank and Emst 2016). In this study, it is shown
that CO and NO, pollutants affect airborne grass pollen or
allergen concentrations differently. Besides a significant pos-
itive relationship of the pollen and allergen content with CO, a
significant negative association between NO, and pollen/
allergen levels was observed.

Carbon monoxide, a regulator of multiple biological pro-
cesses in plants, acts as a signalling molecule during plant
growth and development and interacts with other signalling
molecules in plant stress response (Lin et al. 2014; Xie et al.
2014). Similarly to other air pollutants, CO could enhance the
number of allergens in pollen grains attributed to the adapta-
tion of plants to abiotic stress (Shahali and Dadar 2018;
Mousavi et al. 2019). It is in line with our results since we
observed increased Phl p 5 aeroallergen levels accompanied
by ascended CO levels in the atmosphere.

Nitrogen dioxide can negatively affect either the develop-
ment of plants or their blooming period and, consequently,
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reduce pollen production. In this regard, we noted decreased
airborne pollen and allergen concentrations accompanied by
decreasing NO, levels. However, the results of studies
analysing the influence of this atmospheric pollutant on aller-
gen expressions in pollen are inconsistent. Several researchers
(Bist et al. 2004; Sousa et al. 2012; Hong et al. 2018) pointed
out, based on in vitro studies, that NO, causes a general drop
in allergenic protein content of exposed pollen grains. In con-
trast, we observed a significant positive relationship between
pollen potency and NO, levels. We suppose, similarly to
Hong et al. (2018), who noted a decrease in the allergenicity
of Hum j 1 allergen of Humulus japonicus pollen after NO,
exposure, that the effect of this pollutant was probably over-
ridden by ozone.

The tropospheric ozone is a secondary pollutant, which is
produced by photochemical reactions between volatile organ-
ic compounds and nitrogen oxides (Frank, Ernest 2016).
Warm sunny days were accompanied by the increased
pollen and ozone levels in the atmosphere of Bratislava.
Likewise, Puc (2011) in Szczecin (Poland), we noted a signif-
icant positive relationship between grass pollen and O; levels
in the air of the study area. Besides, ozone, an important stress
factor for plants, should also be associated with a greater ex-
pression of allergens. Notwithstanding, this was not con-
firmed in our study. Similarly to Plaza et al. (2020), we indi-
cated that ozone has even a significant negative relationship
with grass pollen potency. However, this connection is prob-
ably due to the impact of weather conditions as air temperature
and UV radiation affect ozone formation (Stathopoulou et al.
2008). Additionally, several other researchers (Eckl-Dorna
et al. 2010; Frank and Ernst 2016) indicated that the exposure
of grass pollen to increasing ozone concentrations resulted in a
significant increase in the number of allergen-containing gran-
ules released from pollen. In these studies, however, plants
were exposed to not natural but definite ozone levels.

Conclusions

In 2020, the year characterised by a less polluted atmosphere
due to COVID-19 lockdown, we observed significantly
higher seasonal Poaceae pollen integral, the mean daily pollen
value and even peak pollen value, while the mean daily pollen
potency, the mean daily allergen concentration and peak aller-
gen value were significantly lower than in 2019.

Raised pollen concentrations were accompanied by in-
creased Oz and CO levels in 2019, whereas increased rainfall
or relative humidity led to the reduction of pollen in the atmo-
sphere. In 2020, the acroallergen levels were associated main-
ly with pollen, but nitrogen dioxide in the air could increase
the number of allergens per pollen. In contrast, the
aeroallergen levels were in particular associated with carbon
monoxide in 2019. Based on our results, it is evident that air
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pollutants can influence grass plants to produce pollen with
altered allergenic content.
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