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A B S T R A C T   

A coordinated observational and modelling campaign targeting biogenic aerosols in the air was performed during 
spring 2021 at two locations in Northern Europe: Helsinki (Finland) and Siauliai (Lithuania), approximately 500 
km from each other in north-south direction. The campaign started on March 1, 2021 in Siauliai (12 March in 
Helsinki) and continued till mid-May in Siauliai (end of May in Helsinki), thus recording the transition of the 
atmospheric biogenic aerosols profile from winter to summer. 

The observations included a variety of samplers working on different principles. The core of the program was 
based on 2- and 2.4–hourly sampling in Helsinki and Siauliai, respectively, with sticky slides (Hirst 24-h trap in 
Helsinki, Rapid-E slides in Siauliai). The slides were subsequently processed extracting the DNA from the 
collected aerosols, which was further sequenced using the 3-rd generation sequencing technology. The core 
sampling was accompanied with daily and daytime sampling using standard filter collectors. The hourly aerosol 
concentrations at the Helsinki monitoring site were obtained with a Poleno flow cytometer, which could 
recognize some of the aerosol types. 

The sampling campaign was supported by numerical modelling. For every sample, SILAM model was applied 
to calculate its footprint and to predict anthropogenic and natural aerosol concentrations, at both observation 
sites. 

The first results confirmed the feasibility of the DNA collection by the applied techniques: all but one delivered 
sufficient amount of DNA for the following analysis, in over 40% of the cases sufficient for direct DNA sequencing 
without the PCR step. A substantial variability of the DNA yield has been noticed, generally not following the 
diurnal variations of the total-aerosol concentrations, which themselves showed variability not related to day-
time. An expected upward trend of the biological material amount towards summer was observed but the day-to- 
day variability was large. 

The campaign DNA analysis produced the first high-resolution dataset of bioaerosol composition in the North- 
European spring. It also highlighted the deficiency of generic DNA databases in applications to atmospheric 
biota: about 40% of samples were not identified with standard bioinformatic methods.   

1. Introduction 

Primary biogenic aerosols (hereinafter, bioaerosols) are attracting 

increasing attention during recent years but existing information is 
scarce, owing to a wide variety of bioaerosol types, aerodynamic and 
microbiological properties, sources, and ways they interact with 
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environment (Delort and Amato, 2017; Fröhlich-Nowoisky, 2016). In-
terest to bioaerosols originates from several directions, such as biodi-
versity monitoring, environmental epidemiology and, in particular, 
allergology, agriculture, climate forcing, and climate change impact 
(Buters et al., 2018; Cecchi et al., 2010; D’Amato et al., 2007; Guxens 
et al., 2016; Sofiev and Bergmann, 2013; Ziska et al., 2011, 2019). 

Bioaerosols are produced by biological sources and include bacteria, 
fungal spores, viruses, pollen, algae, etc. (Després et al., 2012). These 
biological particles can act as ice nucleating particles and cloud 
condensation nuclei in the atmosphere, thus interplaying with climate 
change at regional and global scales (Creamean et al., 2013; Kanji et al., 
2017; Morris et al., 2014). Exposure to these particles can adversely 
affect human health, plants, livestock, and ecosystems (Fröhlich-No-
woisky, 2016; Hervàs et al., 2009; Humbal et al., 2018; Jorquera et al., 
2015). 

Culture-based and optical microscopy are the most commonly used 
techniques in studies of spatiotemporal distribution of bioaerosols 
(Banchi et al., 2018; Kraaijeveld et al., 2015; Schäfer et al., 2017; Yuan 
et al., 2017). However, there are several drawbacks of these conven-
tional methods. Culturing methods are incapable of identifying many of 
the environmental bioaerosols because they are not viable or cultivable 
(Després et al., 2012; Marcovecchio and Perrino, 2021). The micro-
scopic identification suffers from limited number of samples, which can 
be analysed, and insufficient distinctive morphology; these methods are 
also known to be time and labour-intense (Núñez et al., 2016; Sauvageat 
et al., 2020). The temporal resolution is another limitation, which makes 
it difficult to follow the dynamics of the processes (Tang et al., 2021). 

Molecular-level identification shows very wide biodiversity in 
various environmental media (Banchi et al., 2020; Ji et al., 2013; 
Thomsen and Willerslev, 2015; Valentini et al., 2016). The polymerase 
chain reaction (PCR) is one of the most used methods enhancing 
detection of specific types of biotas in samples, recently applied also to 
identification of airborne grass pollen (Brennan et al., 2019). It amplifies 
DNA markers of interest, being highly sensitive and capable of detecting 
even a single fungal spore in a sample (Yamamoto et al., 2011). Other 
methods targeting specific molecules, such as a recombination factor C 
procedure, were recently applied to identify bacterial infection of 
Artemisia pollen (Oteros et al., 2019). There have been several studies 
investigating plant biodiversity using the DNA barcoding of pollen 
grains (Hajibabaei et al., 2007; Joly et al., 2014; Kress et al., 2005). The 
DNA barcoding approaches, however, had limited utility in mixtures of 
multiple species (Bell et al., 2019; Garlapati et al., 2019). Recent ad-
vances in environmental DNA (eDNA) metabarcoding and 
High-throughput sequencing (HTS) have provided the means to solve 
the issue of mixed-species identification (Kraaijeveld et al., 2015; Rojo 
et al., 2019; Sickel et al., 2015). 

Apart from high labour costs of manual methods, regular monitoring 
of bioaerosols in the air has been sparse also due to a lack of automated 
monitoring technologies (Buters et al., 2018; Clot et al., 2020). In 
absence of affordable general-purpose tools, attention has been given to 
specific types of bioaerosols, for which comparatively easy solutions 
were found. The most-studied type of bioaerosols is pollen, for which the 
multi-decade time series are available in several parts of the world 
(Cecchi et al., 2010; D’Amato et al., 2007; Sofiev and Bergmann, 2013; 
Ziska et al., 2019). Its regular observations started almost a century ago, 
whereas the device used till today was suggested in late 1940s (Hirst, 
1952). 

A recent breakthrough in pollen (and, eventually, fungal spores) 
monitoring technology was brought about by two techniques: image 
recognition and air-flow cytometry, or a combination of both (Huffman 
et al., 2019). Their particle type identification algorithms rely on ma-
chine learning techniques of varying levels of complexity (Crouzy et al., 
2016; Oteros et al., 2015; Šaulienė et al., 2019; Sauvageat et al., 2020). 
Development and evaluation of these techniques showed their high 
potential but also highlighted numerous challenges to overcome 
(Tummon et al., 2021). 

The experimental campaign introduced in this paper aimed at eval-
uation and intercomparison of several bioaerosol monitoring ap-
proaches and had two main goals:  

(i) to follow/explore the biological composition of atmospheric 
aerosols through the transition period from winter to summer in 
Northern Europe with high temporal resolution  

(ii) to estimate the feasibility of bioaerosol monitoring performed on 
a regular operational basis and find the most-efficient approaches 
and observation protocols suitable for this task. 

The aim of the current paper is to introduce the campaign, its ap-
proaches, and show an example of the data obtained during the first day 
of observations. Due to a vast amount of data generated during the 
campaign, detailed analysis of the results is left to follow-up 
publications. 

2. Methodology 

2.1. Setup of the campaign 

The bioaerosol campaign was performed at two locations in parallel. 
In Helsinki, it was organized at the Station for Measuring Ecosystem - 
Atmosphere Relationships (SMEAR-III) and on the roof of the Finnish 
Meteorological Institute (FMI) main building (N 60◦ 12′ 15′′ E 24◦ 57’ 
39”, 18 m above ground level). 

The SMEAR-III and FMI’s main building are located next to each 
other on top of a wide hill 26 m above sea level. The place is an urban 
background area ~3 km from the city centre and 4 km from the coast of 
the Gulf of Finland (the nearest small bay is within 1 km). The sur-
rounding area is rocky and consists of low vegetation, patched forest of 
birch (Betula), aspen (Populus), buildings, parking lots, and small streets. 
A more thorough description of the SMEAR-III station and its sur-
rounding area is given by Vesala et al. (2008). The standard pollen time 
series were collected at the roof of the biological department of Uni-
versity of Helsinki in Viikki suburb (the site FIHEVI of European Aero-
allergen Network https://www.ean-net.org/, visited March 26, 2022), 
about 3 km from the SMEAR-III site and the FMI building. 

In Siauliai, a city located about 100 km south of the Gulf of Riga, the 
sampling was performed on the roof of the building belonging to ̌Siauliai 
Academy of Vilnius university (N 55◦ 55′ 36′′, E 23◦ 18′ 32”, 128 m 
above sea level, about 18 m from the ground). It is located in downtown 
of Šiauliai near a large railway junction. Greenery covers about 19% of 
the surrounding territory. Lime (Tilia) constitutes 54% of all trees, Betula 
covers about 4%, similar to maple (Acer) and thuja (Thuja). 

Collection of airborne bioaerosol samples was performed daily in 
Helsinki and Šiauliai during the local springtime: 3 March – 7 May in 
Šiauliai and 12 March – 31 May in Helsinki. Temporal resolution of the 
sampling was 2 h in Helsinki (6 h during the first week of the campaign) 
and 2.4 h in Šiauliai (10 samples per day). 

The campaign combined several observation technologies in a 
complementary manner, but also maintained significant redundancy 
between new technologies and more classical approaches. This redun-
dancy was used for evaluation of quality and reliability of the new 
methodologies and their cross-verification. 

2.2. Aerosol monitors 

2.2.1. Flow cytometer 
Automated online pollen monitoring was performed with Poleno 

Jupiter airflow cytometer (Swisens AG, Switzerland). The device re-
constructs the particle shape from its holographic image, measures 
particle UV-induced fluorescence, as well as optical polarization char-
acteristics and light scattering. The effective flow rate for this device is 
40 l min− 1, which allows the device to operate at coarse-particle con-
centrations up to 30 000 particles m− 3 without overloading the 
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computing unit. For higher concentrations, every n-th particle is ana-
lysed, with n depending on the actual unit load. 

2.2.2. Filter collector 
An aerosol filter sampler (Micro-PNS-S7, MCZ Umwelttechnik 

GmbH) was installed on the roof of the Finnish Meteorological Institute. 
This method is a reference for gravimetric particulate mass measure-
ments (EVS-EN 12341:2014) when used for PM10 or PM2.5 observations. 
The filter collector utilizes an internal pump regulated by a mass flow 
controller. The flow rate, calibrated prior to the campaign, was adjust-
able up to 50 l min− 1. In the actual setup, depending on conditions, the 
sustainable rate provided by the pump varied between 20 and 25 l 
min− 1, controlled by the ambient temperature and pressure sensors of 
the sampler. The actual flow rate during each sampling interval was 
used in the analysis. The sampler collected particulate matter on an 
individual 47 mm filter (Whatman® Isopore 0.2 μm PC Membrane) 
located at the tip of the sample tubing. For the campaign, total sus-
pended particles (TSP) coarser than ~0.1 μm were collected with a 24-h 
sampling period. 

2.2.3. Standard pollen monitoring with hirst-type trap 
Standard pollen monitoring was performed with Burkard 7-day 

pollen traps (Burkard Manufacturing Co Ltd., UK) based on the Hirst 
design (Hirst, 1952) in both Helsinki and Siauliai. In Siauliai, the trap 
was located next to the filter collector, whereas Helsinki had two sample 
points. The main routine observations were conducted at the roof of the 
biological department of University of Helsinki in Viikki suburb about 3 
km from the FMI building. During the last three weeks of the campaign, 
a Lanzoni 2000 trap (also Hirst-type, Lanzoni S. r.l., Italy) was addi-
tionally installed at the FMI roof for a more direct comparison with the 
other devices. 

The traps operate at 10 l min− 1 of air flow set with the standard 
Burkard flow meter, which, according to (Oteros et al., 2017), is likely to 
lead to an effective collection rate of at least 11–12 l min− 1. The device 
locations and counting protocols followed the EAS-EAN requirements 
(European Aerobiological Society – European Aeroallergen Network 
(Galán et al., 2014; Jäger et al., 1995)). 

2.2.4. Collection of samples for eDNA on sticky slides 
Time-resolving sampling for DNA analysis was organized both in 

Helsinki and in Siauliai via collection of coarse particles onto sticky 
slides. In Helsinki, it was a Burkard trap with one-day clock cycle. The 
tape was replaced daily and cut to 12 equal-length pieces thus providing 
12 bi-hourly samples per day. In Siauliai, the Rapid-E particle counter 
(Plair SA, Switzerland) was used for the slide collection. Its revolving 
mechanism automatically collected samples on 10 individual glass slides 
(diameter 20 mm) during the day. The principle of the aerosol collection 
on the slides is the same as that of the Hirst-type sampler. However, the 
flow rate was 2 l min− 1, with the corresponding changes in the collection 
geometry securing the capture of particles with aerodynamic diameter 
exceeding ~10 μm. The slide set was changed manually once per day. 
Sampling covered the period from the 3rd of March until the 7th of May 
in 2021. Utilization of the Rapid-E real-time flow cytometry capabilities 
was not possible due to a technical problem with the device. 

2.2.5. Biospot impinger 
The BioSpot™ 300 bioaerosol sampler (Aerosol Devices Inc., Colo-

rado, USA) uses laminar-flow water condensation technology for gentle 
collection of biological particles sized 5 nm to >10 μm into liquid or on 
dry collection plate by impingement. The aerosols enter BioSpot through 
a single inlet and are then directed into eight three-staged growth tubes. 
A supersaturated water vapour environment is maintained in the growth 
tubes and the three stages of adjustable temperatures allow flexible 
management of vapour profile. Each tube has three nozzles at its end. 
The flow rate in each tube is 1 l min− 1, so the total flow rate in the device 
is 8 l min− 1. The samples were collected into 1 ml of autoclaved ion 

exchange cartridge purified water (MQ) with 0.1 M EDTA for DNA 
preservation. 

2.2.6. Nanopore 3rd generation DNA sequencer 
The third-generation sequencing (also referred to as the long-read 

sequencing) has been developed recently aiming at a portable high- 
throughput technology with increased read length compared to the so- 
called next-generation sequencing (in-essence, the second-generation 
technology). There are currently two main companies with commer-
cially available devices: Pacific Biosciences (PacBio, Pacific Biosciences 
of California Inc., USA) and Oxford Nanopore Technologies (ONT, Ox-
ford Nanopore Technologies plc, UK). 

Nanopore sequencers are based on innovative technology of nano- 
scaled holes, nanopores. The nanopores are nested in a solid-state 
membrane of electronics and are submerged in an electrolyte solution. 
A voltage is applied through the membrane creating electric field that 
drives charged particles, e.g., DNA molecules, through the pores. As the 
DNA molecule strand passes through the pore, each base has a charac-
teristic effect on the current that passes through the nanopore thus 
enabling base recognition of the nucleic acid sequence of the passing 
DNA strand. Due to nanopore sensitivity to charged particles, the purity 
of the sample is important for successful sequencing. 

The porous membrane is located on the flow cells that are inserted 
into sequencing device. For this campaign, a Nanopore GridION 
benchtop device was selected for its compactness, high throughout and 
integrated computing power. The device can perform sequencing with 5 
flow cells simultaneously, which, combined with the multiplexing 
technique, allows for up to 60 samples processed in parallel. A typical 
sequencing time is 6–12 h. 

2.3. Modelling support of the campaign: SILAM atmospheric composition 
model 

The System for Integrated modeLling of Atmospheric coMposition 
(SILAM, http://silam.fmi.fi) is an offline global-to-meso-scale chemistry 
transport model developed for evaluating atmospheric composition and 
air quality (Sofiev et al., 2015b), emergency decision support applica-
tions (Sofiev et al., 2006), source inversion problems (Sofiev, 2019; Vira 
and Sofiev, 2012), and analysis of observations (Meinander et al., 2020; 
Tarasova et al., 2007). The transformation modules cover chemical and 
physical reactions in the troposphere and the stratosphere (Carslaw 
et al., 1995; Damski et al., 2007; Gery et al., 1989; Kouznetsov and 
Sofiev, 2012; Sofiev, 2002, 2000; Sofiev et al., 2010). 

The model is driven by meteorological and anthropogenic emission 
data. Biogenic emissions include pollen, aphids, and volatile organic 
compounds, all computed online. Other online modules for natural 
emission include sea salt, wind-blown dust, fire smoke, and oceanic 
dimethyl sulfide emissions (Korhonen et al., 2008; Poupkou et al., 2010; 
Soares et al., 2015; Sofiev et al., 2011, 2012). 

SILAM has been evaluated in a variety of regional and global studies 
(Brasseur et al., 2019; Huijnen et al., 2010; Kouznetsov et al., 2020; 
Petersen et al., 2019; Sofiev et al., 2020, 2015a; Xian et al., 2019). 

SILAM was used for two tasks: (i) modelling the concentrations of 
several pollen species and air quality parameters, (ii) computation of the 
observation footprints. The footprints were calculated for three types of 
species: inert weightless non-depositing tracer, fine particles 0.5 μm of 
dry diameter, and coarse particles with 18 μm of dry diameter. Such set 
of footprints corresponded to the sampling/monitoring capacities of the 
devices: Hirst and Rapid-E sampled particles coarser than ~5 μm, Poleno 
– starting from ~4 μm, whereas the filter collector and Biospot were able 
to capture also sub-micron aerosols. 

2.4. Monitoring and sampling protocol 

Detailed sampling and analysis protocols are presented in Annexes 1 
and 2, respectively. Here, we present their outlook. 
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In Siauliai, the samples collected with the Rapid-E sampling mech-
anism were pre-processed in the laboratory in clean conditions, where 
the biogenic material from the slide was washed out to a buffer, cooled 
to − 80 ◦C and stored for subsequent transfer to Helsinki in a cold pack. 
Each washed slide was checked under microscope to ensure that all 
particles were removed. 

In Helsinki, real-time monitoring, sampling, processing, and DNA 
sequencing were distributed between the SMEAR-III station, FMI, and 
University of Helsinki laboratories (Fig. 1, Table 1). 

Real-time monitoring was performed with Poleno Jupiter at the FMI 
roof. The data were processed to aerosol concentrations and presented in 
two different forms: as hourly-mean aerosol size spectrum for particles 
coarser than 4 μm of diameter, and as hourly concentrations of 10 
recognized pollen species (plus mist droplets). The time series were 
opened to public access at https://en.ilmatieteenlaitos.fi/atmospheric- 
bioaerosols-modelling (visited May 26, 2022). 

The core of the daily sampling for DNA analysis in Helsinki was a 
Burkard trap with a special clock making a full drum revolution within 
24 h. The tape was subsequently cut to 12 pieces. All manipulations were 
performed in clean conditions. 

A parallel daily sampling on filter was organized with the higher 
sampling volume (~20 l min− 1) and stricter flow monitoring than that of 
Burkard, which resulted in larger aerosol amounts on the filter and ac-
curate information on the sampled air volume. 

Experimental sampling directly into water was attempted with the 
Biospot to verify the procedure and to estimate advantages and draw-
backs of this approach. The sampler does not have an outdoor encase-
ment and was therefore set in a SMEAR-III container at the ground, with 
the inlet located at ~5 m above the ground. Regular collection 
throughout 24 h turned out to be impossible due to water evaporation or 
over-filling of the receiving Petry dish. In the end, the Biospot sampling 
was confined to daytime with frequent manual inspection of the water 
level and the inflow. Data of acceptable quality were obtained for the 
last two weeks of the campaign. 

2.5. Analytic protocol 

2.5.1. Analysis of poleno flow cytometer time series 
The particle recognition algorithm employed in this campaign for 

Poleno measurements is based on the convolutional neural network 
proposed by Sauvageat et al. (2020). It utilizes supervised-learning 
techniques to train the neural network to classify the particle in 

accordance with pre-recorded calibration datasets, which consisted of 
species common for Southern Finland. 

The recognition algorithm uses the open-source software library 
Keras with TensorFlow as an environment for machine learning. 

2.5.2. DNA extraction and sequencing 
The samples collected by the devices were supplied to a multistep 

DNA extraction process in order to extract all available sequencing 
material in high purity (see detailed protocol in Annex 2). Briefly, the 
extraction process started from a degradation of cell walls and 

Fig. 1. Setup of the aerosol monitors at the roof of FMI and Biospot in the SMEAR-III container at 50 m.  

Table 1 
Elements of the campaign, locations, and installed devices with their primary 
roles. More detailed descriptions of the devices are in the following sub-sections.  

Sample collection 

Finnish Meteorological Institute (FMI), Helsinki, roof 
Poleno Real-time flow cytometer, size-resolved particle counter, 

species recognition 
Filter collector Total-PM collection on filter 
Burkard-24 h Pollen and spore trap of the Hirst design with modified 24- 

hrs-revolution clock; sampling on sticky slides for DNA 
sequencing 

Lanzoni Classical pollen and spore trap of the Hirst design, particle 
collection on sticky tape for microscopic analysis 

SMEAR-III station, Helsinki, next to the FMI main building 
Biospot Impinger: particle collector into a liquid buffer 
University of Helsinki (UHEL) biological department, Viikki, roof 
Burkard-1wk Classical pollen and spore trap of the Hirst design, particle 

collection on sticky tape for microscopic analysis 
Vilnius University, Siauliai Academy (SA), Siauliai, roof 
Rapid-E The cytometer was used for automatic collection of particles 

on sticky slides for further eDNA analysis in Helsinki 
Burkard Classical pollen and spore trap of the Hirst design, particle 

collection on sticky tape for microscopic analysis 

Sample analysis in laboratories and computing 

FMI laboratory Samples preparation and pre-processing, device maintenance 
University of 

Helsinki lab 
Samples main processing: cleaning, DNA extraction, 
purification, sequencing with 3rd-generation techniques 

SA lab Preparation and pre-processing of Rapid-E sticky slides for 
transfer to UHEL laboratory; microscopic analysis of Burkard 
tape 

University of Turku 
lab 

Microscopic analysis of Lanzoni and Burkard tapes 

FMI computing 
centre 

SILAM model computations, bioinformatics  
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membranes using enzymes and detergents (Harrison, 1991; Shehadul 
Islam et al., 2017; Woldringh, 1970), after which the cell debris and 
proteins were precipitated using phenol-chloroform-isoamyl alcohol 
method (Sevag et al., 1938). The DNA was precipitated from the 
aqueous phase with sodium acetate and isopropanol and the collected 
DNA was washed with ethanol (Li et al., 2020). The yield and purity 
were measured using Nanodrop 2000 spectrophotometer. Based on the 
obtained yield, one of two options for library preparation and 
sequencing was chosen: Rapid Barcoding or Rapid PCR Barcoding 
sequencing. Out of library preparation kits provided by ONT, the 
Rapid-kits with multiplexing were selected to enable the full analysis of 
all samples provided by the campaign. The Rapid-technology requires 
minimal time for the library preparation and has a multiplexing option, 
which allows sequencing 12 samples in each flow cell. The protocols for 
the kits were provided by ONT and have been used with a few modifi-
cations presented in the detailed protocols in Annex 2. 

The produced sequence data were demultiplexed and trimmed from 
both ends using quality threshold Q7 with Cutadapt version 2.7 (Martin, 
2011). Parameters of the trimmed reads were specified with Geneious 
Prime version 2020.2.2 (Table 2) and the reads from samples of the same 
device were pooled together to form daily read samples for each device. 
Reads were de novo assembled into contigs in Geneious assembler with 
medium sensitivity. The taxonomy of the assembled sequences was 
determined using Kraken version 2.0.8, which proved to be efficient in 
terms of time consumption and accuracy of assigning taxonomic labels 
to simulated metagenomic test sequences (Wood et al., 2019; Wood and 
Salzberg, 2014), and visualized with Pavian (Breitwieser and Salzberg, 
2020). Species identification was performed against a custom library 
PlusPFP constructed for public use by Langmead et al. containing 
referenced sequences from NCBI database (RefSeq) for plants, fungi, 
bacteria, archaea, protozoa, viruses, plasmids, human genome and 
UniVec (NCBI-supplied database of vector, adapter, linker, and primer 
sequences) (https://benlangmead.github.io/aws-indexes/k2, accessed 
February 17, 2022). The reads that were identified to be related to 
human genome were removed upon detection and were not uploaded 
into the sequence database. 

2.5.3. Delineating the origin of the observed aerosols and modelling the 
pollen season 

The origin of the observed species and ways the atmospheric trans-
port affected each collected sample were calculated by the SILAM model 
via footprint computations based on the adjoint formalism (Marchuk, 
1995; Meinander et al., 2020; Tarasova et al., 2007; Veriankaitė et al., 
2010). The computations were set over Central and Northern Europe 
with spatial resolution of 0.1◦ × 0.1◦ (approx. 6 km × 11 km lon-lat) and 

1 h of output averaging. The footprints were computed 48 h backwards 
from the observation start. To reflect the wide size range of bioaerosols, 
footprints were computed for non-reacting aerosols, 0.5 μm and 18 μm 
of dry aerodynamic diameter, and for a passive non-depositing tracer. 

SILAM was used for computing pollination season for 6 European 
plant families: Alnus, Betula, Poaceae, Artemisia, Olea, and Ambrosia 
(Prank et al., 2013; Sofiev, 2016; Sofiev et al., 2012, 2015a, 2017). 

3. Results 

Due to large amount and diversity of the campaign results, they will 
be analysed in a series of follow-up papers. This section contains an 
outlook and highlights some general features of the observed patterns. 

3.1. Campaign from the bird’s view: weather and aerosol time series 

In 2021, spring was about two weeks late, so that the late-March 
conditions in Helsinki were rather resembling late winter than spring: 
sub-zero temperature, several tens of cm of snow cover, foggy (Fig. 2). 
The first week of the campaign was at the end of sub-zero temperature 
period, with snow and fog registered by Poleno as mist (also visible as 
coarse particles) and associated with low visibility registered at the 
SMEAR-III station. A turn to summer conditions was around 10 May 
when temperature raised to 15 ◦C. 

Alnus started flowering as soon as temperature rose above zero 
(Fig. 3). It came in several waves at the end of March and first two weeks 
of April. The Betula flowering started in May followed by Picea and then 
Pinus seasons with a few interruptions due to wet weather. A confusing 
multitude of Fraxinus flowering periods is probably an artefact, as well 
as the appearance of Corylus in May and Picea in March (see Discussion 
section). 

SILAM prediction (Fig. 3) was highly accurate (within 2 days) for the 
season start but suggested too long duration significantly over- 
estimating the strength of the final wave of pollination. The most- 
probable reason for such an unusual model behaviour was the late 
spring, which often leads to a faster pollen release – a mechanism 
presently not implemented in SILAM. 

In Siauliai, the weather pattern in March was resembling that of 
Helsinki: middle of the month was cold (but warmer than in Helsinki, 
just around 0 ◦C), with wet snow and rain (Fig. 4). More rain came at the 
beginning of April and then in May, this time not correlated with Hel-
sinki. As usual, the flowering took place 1–2 weeks earlier than in Hel-
sinki with lower concentrations of Betula and Alnus but comparable 
levels of other pollen types. SILAM again predicted well the start of the 
season (albeit over-estimated the early long-range transport episode for 

Table 2 
Samples from March 12, 2021 from Helsinki and Siauliai. In RES7-samples, sampling ended on the following day. Total DNA yield extracted from the samples and the 
purity assessed by absorbance ratio A260/A280 was determined with NanoDrop 2000.  

Sample ID Collection time Site Device DNA yield (ng) Air volume [m3] Extraction purity 

11–12.3.2021 RES7 March 11, 2021 22:30–0:55(+1) Siauliai Rapid-E 1440 0.288 1.50 
11–12.3.2021 RES8 March 12, 2021 0:55–3:20 Siauliai Rapid-E 996 0.288 1.52 
11–12.3.2021 RES9 March 12, 2021 3:20–5:45 Siauliai Rapid-E 894 0.288 1.50 
11–12.3.2021 RES10 March 12, 2021 5:45–8:10 Siauliai Rapid-E 1302 0.288 1.50 
12–13.3.2021 RES1 March 12, 2021 8:10–10:25 Siauliai Rapid-E 642 0.29 1.44 
12–13.3.2021 RES2 March 12, 2021 10:25–12:50 Siauliai Rapid-E 624 0.288 1.33 
12–13.3.2021 RES3 March 12, 2021 12:50–15:15 Siauliai Rapid-E 666 0.288 1.35 
12–13.3.2021 RES4 March 12, 2021 15:15–17:40 Siauliai Rapid-E 462 0.288 1.32 
12–13.3.2021 RES5 March 12, 2021 17:40–20:05 Siauliai Rapid-E 840 0.288 1.39 
12–13.3.2021 RES6 March 12, 2021 20:05–22:30 Siauliai Rapid-E 522 0.288 1.35 
12–13.3.2021 RES7 March 12, 2021 22:30–0:55(+1) Siauliai Rapid-E 534 0.288 1.29 

March 12, 2021 BRKRD1 March 12, 2021 0:00–6:00 Helsinki Burkard 136 2.64 1.67 
March 12, 2021 BRKRD2 March 12, 2021 6:00–12:00 Helsinki Burkard 108 2.64 1.90 
March 12, 2021 BRKRD3 March 12, 2021 12:00–18:00 Helsinki Burkard 242 2.64 1.65 
March 12, 2021 BRKRD4 March 12, 2021 18:00–24:00 Helsinki Burkard 510 2.64 1.58 
March 12, 2021 Biospot March 11, 2021 20:00–18:00 Helsinki Biospot 98 10.56a 1.69  

a Biospot air volume cannot be confirmed due to a possible overfill of the collection dish overnight and a resulting loss of a part of the sample. 
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Betula) but over-estimated its duration and the strength of the late blows 
(Fig. 4). 

3.2. Observed patterns on March 12, 2021 

In this section, we present an example of the daily campaign data: 
observations at both locations on March 12, 2021, the first day of the 
campaign in Helsinki. 

3.2.1. Collected samples 
The first day of the Helsinki campaign with successful DNA collec-

tion on the Burkard tape was 12 March (Table 2). The clock speed was at 
one revolution per week, so the maximum feasible temporal resolution 

was 6 h. Biospot sample was collected for the period of March 11, 2021 
20:00 to March 12, 2021 18:00. Daily filter sample was not collected 
during that day. In Siauliai, where the collection started at the beginning 
of March, Rapid-E slide collector provided 10 samples throughout the 
24-h time period. 

3.2.2. Weather conditions 
The third week of March in Helsinki was particularly wet/snowy: 

Poleno recorded high concentrations of sub-10 μm water droplets (up to 
5000 # m− 3) and few other particles (Fig. 2). The day of 12 March was at 
the start of this wet period, with the first mist case registered by Poleno. 

Fig. 2. Hourly time series of meteorological parameters and particle concentrations during the campaign: (top panel) air temperature and precipitation amount, 
(middle panel) synoptic visibility at SMEAR-III station and Poleno mist registration; (bottom panel) stacked size-segregated counts of coarse particles by Poleno. Grey 
shades show two days with no Poleno data. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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3.2.3. Sources of observed air pollutants on 12 March 
The SILAM footprints computed for 12 March daytime samples at 

both locations (Fig. 5) show that the source areas of fine particles (0.5 
μm) are to the south of the Helsinki sampling point and to the west of 
Siauliai. In both cases, the areas of footprint with high sensitivity were 
quite short (note the log-scale), owing to particle scavenging. Coarser 
particles sampled by Hirst and Rapid-E have even shorter range. How-
ever, the Helsinki footprint manifests, apart from a major local fraction, 
marine contribution from the Gulf of Finland, Tallinn regional pollution, 
and minor impact of Lithuania (and Siauliai). The Siauliai samples were 
predominantly affected by the sources at the western coast of Lithuania, 
with some contribution from the southern Baltic Sea. Noteworthy, some 
contribution in the Helsinki sample also came from the south-west along 
the coastal regions of Southern Baltic. That leg of the footprint overlaps 

with the Siauliai footprint. As a result, one can expect some (limited) 
similarities between the aerosol composition registered at these places. 

3.2.4. Particle concentrations, DNA yield 
Despite it was too early for any kind of local pollen, and coarse 

particles were scavenged out in Helsinki, some non-zero DNA concen-
trations in the air were registered at both locations (Fig. 6, obs different 
scales). Expectedly, Siauliai had a substantially larger concentration of 
bioaerosols in the air: spring had already started in Lithuania and the 
day was dry there. According to the footprints, majority of fine particles 
were from local sources in the near vicinity of the sampling points and 
from the area within a couple of hundreds of km from the samplers (a 
couple of tens of km for coarse particles). 

The DNA yields obtained from the samples vary from tens of 

Fig. 3. Poleno observed hourly concentrations for Alnus, Betula, Corylus (upper panel), SILAM predictions for Alnus and Betula (middle panel), and Poleno observed 
concentrations for Fraxinus, Picea, and Pinus (lower panel). Obs. Different scales. Grey shades denote time periods with missing data. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

M. Sofiev et al.                                                                                                                                                                                                                                  



Environmental Research 214 (2022) 113798

8

nanograms to over a microgram of the extracted DNA (Table 2). The 
sample was treated with RNase A, so the RNA signal was neglected 
during the sample analysis. The purity of the extracted DNA assessed by 
absorbance ratio A260/A280 varies between 1.3 and 1.9. At the ratio of 
1.8 (±0.2), a DNA sample is considered to be pure whereas the ratio 
below 1.6 indicates possible carryover of proteins or phenol from 
extraction (Gallagher, 1998; Glasel, 1995). According to this criterion, 
the Helsinki samples were of somewhat higher purity than the Siauliai 
samples. Nanopore, however, is quite tolerant to presence of small 
amounts of phenol in the sample, i.e., the quality of all samples was 
sufficient for the DNA sequencing. 

An intriguing feature of the DNA yield was its independence on the 
“typical” diurnal cycle, which one might expect from the biologically- 
originated airborne particles (Fig. 6). However, in Helsinki, local flora 

was still frozen, which resulted in overall low concentrations (note the 
right-hand-side axis scale of Fig. 6), presumably dominant contribution 
of the remote sources in the Baltic States, and, as a result, practical in-
dependence of the DNA amount in the air from local time. Analysis of 
individual footprints for each observation (not shown), showed signifi-
cant widening of the Helsinki footprint towards the end of the day, thus 
increasing the terrestrial sources contribution from the Baltic States and 
explaining the upward tendency of the DNA yield in Helsinki. In Siauliai 
(Fig. 6, left-hand axis), the changes of the transport conditions were 
more significant: at the beginning of the day, the air was predominantly 
coming from Poland with a broad footprint coverage. The pattern was 
rapidly evolving, so that by the morning, the western direction and 
narrow footprint (Fig. 5) have settled and stayed for the rest of the day. 
Therefore, at both sites, the DNA yield during that day rather correlated 

Fig. 4. Time series of meteorological parameters (top panel), observed pollen concentrations (middle panel) and SILAM predictions (lower panel) at the Siauliai 
sampling site. 
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Fig. 5. Footprints for 0.5 μm particles for Helsinki (left) and Siauliai (right) for the mid-day samples on 15 March. Relative units. Obs log-scale indicating quite small 
area of high sensitivity of the sample to the particle sources. 

Fig. 6. DNA concentration in the air, March 12, 2021, [ng m− 3]. Note 6-hourly resolution in Helsinki and 2.4 h in Siauliai. Dots denote the middle of the corre-
sponding sample periods. Obs different scales. 

Table 3 
Sequence data parameters prior to processing. Accession numbers were acquired upon submission of raw read sequence to the ENA database https://www.ebi.ac. 
uk/ena/browser/home, (access June 2, 2022) project number PRJEB50978.  

Accession 
number 

Sequencing sample ID Total sequence length 
(Kb) 

% GC Min. read length 
(nt) 

Max. read length 
(nt) 

Assembled 
contigs 

N50 Unused 
reads 

ERS10608455 Rapid-E March 12, 
2021 

2899 44 150 2726 1236 449 2666 

ERS10608454 Burkard March 12, 
2021 

500 42 150 10 215 347 351 1678 

ERS10608453 Biospot March 12, 2021 83.6 39 150 16 630 54 330 232  
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with the transport conditions and contributions from remote regions 
rather than with the diurnal activity cycle of local sources. 

3.2.5. Biological composition of the collected samples, March 12, 2021 
Metagenomic sequencing produced varying total length and the 

number of reads with highly diverse read lengths. After demultiplexing 
and trimming the low-quality ends from the reads (Table 3), contigs 
were assembled with N50 length varying from 330 to 449 bp and GC- 
fraction ranging from 39% to 44%. 

Contigs and reads not used in the assembly were identified with 
Kraken and visualized as Sankey diagrams with Pavian (Fig. 7 A-C 
(Breitwieser and Salzberg, 2020),). The results show that majority of the 
classification hits are in the bacterial domain. Out of all contigs and 
reads unused in the assembly, 45%–58% were successfully classified 
with Kraken, which suggested that a large part, 25%–37% of the se-
quences, belong to unspecified chordates (Fig. 7 D). 

The majority of the assigned reads from both Siauliai and Helsinki 
samples were identified as bacteria from Enterobacteriaceae family, 
mostly Shigella flexneri, Escherichia coli and Salmonella enterica. These 
species are usually implicated as infectious agents, but there was no 
indication of presence of pathogenic agents in the samples. Bacteria of 
these families also live in soil, which is the most-probable origin of those 
found in the samples. 

Considering the fraction of reads identified as Eukaryota, in Helsinki 
they were all identified as the Magnoliopsida class (it was also the main 
Eukaryota in Siauliai, accompanied by several fungal species), detected 
in all samples of 12 May. The class Magnoliopsida includes a wide set of 

flowering plants in Europe but its presence in Helsinki air in late winter 
was by no means expected. The most-probable explanation for the 
finding is release of bioaerosols from Helsinki botanical garden located 
at about 1 km distance from FMI, as well as from the long-range trans-
port. In Siauliai, spring was already on the way, so appearance of a 
variety of plant species in the air samples was not surprising. 

One can note presence of Pseudomonadales in all samples. Many of 
these bacteria contribute to cloud formation acting as ice nucleation 
agents (de Araujo et al., 2019; Maki et al., 1974). 

A significant difference between the Siauliai and Helsinki composi-
tion is the presence of a substantial fraction of actinobacteria found in 
Siauliai. They can partly originate from the southern Baltic Sea, but also 
from terrestrial ecosystems (see footprints Fig. 5). These bacteria 
contribute to soil ecosystems by helping to decompose the organic 
matter of dead organisms. Their substantial fingerprint in the Siauliai 
samples indicated that decomposition and growth processes have 
already started there, whereas the Helsinki area, Gulf of Finland and 
Tallinn region were still frozen and largely covered with snow. 

4. Discussion 

The first results of the campaign and the gained experience in 
maintaining the monitoring over 2 months at two locations, provided 
the answers to the main questions that motivated the effort:  

- the first high-resolution timeseries of biological aerosols in the air of 
Northern Europe have been obtained 

Fig. 7. Classification of the samples, Biospot at Helsinki SMEAR-III (A), Burkard in Helsinki, FMI roof (B) and Rapid-E in Siauliai, SA roof (C), from the first day of the 
campaign, March 12th. Statistics of the identified contigs are shown in table D. The flow diagrams A-C illustrate the proportion of reads assigned to a specific taxon at 
domain (D), kingdom (K), phylum (P), class (C), order (O), family (F), genus (G) and species (S) levels. 
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- feasible protocols of regular monitoring of atmospheric bioaerosols 
have been found, strong and weak points of the devices involved in 
the campaign highlighted 

4.1. Poleno flow cytometer: high reliability, particle identification 
gradually improves 

Reliability of the Poleno monitor was high: 98.5% of hourly data 
were recorded successfully (33 out of 2207 hourly data from March 1 to 
May 3 were lost – note the grey bars in Figs. 2 and 3). Towards the end of 
the campaign, the produced data were included in the publicly acces-
sible research Web page (https://en.ilmatieteenlaitos.fi/atmospheric- 
bioaerosols-modelling, accessed May 26, 2022) as the first real-time 
bioaerosol data in Northern Europe, and a demonstration of feasibility 
of operational usage of this device for bioaerosol monitoring. 

As anticipated, classification of pollen and distinguishing them from 
other types of aerosols required fine-tuning. The identification algo-
rithm, initially trained with dry pollen in the FMI laboratory, has been 
evolving throughout the campaign accounting for the real-life condi-
tions. Thus, at the beginning, water droplets were not familiar for the 
algorithm, and the first fog event was used to add them to the reference 
datasets. 

A significant Alnus/Betula/Corylus confusion was revealed, in 
agreement with our earlier studies of the Rapid-E monitor (Šaulienė 
et al., 2019). However, the overall accuracy, as obtained from the 
confusion matrix, was higher, on-par with the skills reported by other 
Poleno studies (Sauvageat et al., 2020). The confusion of Betulaceae 
species was asymmetric: it seems that Alnus and Corylus are correctly 
recognized in late February – early March with no Betula during that 
period, in agreement with climatological profiles and manual observa-
tions. But during the Betula pollen season, the algorithm again claims 
significant Alnus and Corylus concentrations, which is probably a 
misinterpretation: their season should be already over. Number-wise, up 
to half of Betula was misread as Alnus or Corylus. Certain discrepancy 
was also found for Betula absolute concentrations: even if Alnus + Cor-
ylus + Betula particles are combined in April, assuming all of them were 
Betula, the concentration was about-half of what was shown by the 
Burkard trap in Viikki (but the distance of 3 km between the monitoring 
locations can explain the difference). 

Fraxinus seems to be confused with some other pollen in March and 
in June showing noticeable false positive recordings. It might be affected 
by some species not included in the reference datasets. For Quercus, the 
algorithm has generated a noisy signal, which was not included in the 
published time series. 

March was a particularly difficult month because of high road dust 
concentrations in Helsinki. Large variability of aerosol shapes and sizes, 
as well as their fluorescence, challenged the recognition algorithm and 
resulted in a noticeable number of false recognitions. 

These observations broadly corroborate with the findings of the 
intercomparison campaign of EUMETNET Autopollen programme that 
was carried out in about-same time in Munich (Tummon & Crouzy, pers. 
commun, Moreno et al. in prep., (Tummon et al., 2021)), as well as with 
the limited experience collected to-date in field applications of such 
devices (Huffman et al., 2019; Lieberherr et al., 2021; Sauvageat et al., 
2020). In particular, difficulties with Alnus/Betula/Corylus separation, 
false positives outside the season, and some differences from the abso-
lute values reported by the Hirst-type devices were quite common issues 
for flow cytometers in both campaigns. Despite these issues, both cam-
paigns confirmed a good agreement of the Poleno time series with those 
of Hirst trap during the main season for most of the reported species. 

With the overall good classification skills, the above issues set 
agenda for a follow-up device calibration combined with development 
of a new version of its recognition algorithm with more reliance on real- 
life samples and the fluorescence signal. 

4.2. Regular monitoring of eDNA in the air: (some) technology can be 
used 

With identification of biological particles by real-time monitors 
posing certain difficulties even for pollen, an “ultimate classifier” based 
on eDNA sequencing is a very tempting approach. Until recently, it was 
unfeasible due to high costs and labour requirements of the Next- 
generation sequencing devices and procedures. The development of 
the 3rd generation sequencing opened up this possibility (van Dijk et al., 
2018). The new Nanopore technology, however, has practically not been 
applied to atmospheric samples. The corresponding protocols had to be 
developed largely from scratch. Within the campaign, they have been 
split to three steps: collection of particles, filter processing and DNA 
extraction, DNA sequencing and bioinformatics. 

We have tested three techniques of collecting the biological particles 
from the air: (i) the standard medium-volume filter sampler, (ii) the 
Hirst-type pollen trap or a similar approach with a Rapid-E sampling 
module, and (iii) the Biospot sampler. Their performance proved to be 
very different rendering some of these techniques unsuitable for regular 
monitoring. Their overall performance during the whole campaign is 
illustrated in Table 4. Comparing the numbers, one should keep in mind 
the higher DNA concentration in the air of Siauliai than in Helsinki 
(Fig. 6 for March 12, 2021, sustained throughout the whole campaign). 
In that light, performance of Burkard was comparable to that of the filter 
and Rapid-E samplers, whereas Biospot essentially failed. Efficiency of 
Rapid-E was also quite low due to its low sampling volume (2 l min− 1) 
compared to 10 and 20 l min− 1 for Burkard and the filter sampler, 
respectively. A surprising issue was that the filter sampler had collected 
much less DNA than Burkard despite 2x volume flow. Since the poly-
carbonate filter was completely dissolved during processing and the tape 
washed fully, the sample extraction was 100% in both cases. A plausible 
explanation for now is that the strong pressure drop on the filter and 
high air flow velocity through the pores might have damaged a fraction 
of the cells. The problem deserves further investigation and exper-
imenting in controlled conditions. 

4.2.1. Medium-volume total-PM sampling on filter: robust performance 
The best experience in the eDNA collection has been found with the 

standard medium-volume total PM sampler on a hydrophilic filter. The 
sustainable air flow of 20–25 l min− 1 with 24 h long sampling time 
provided a sufficient amount of the biological material in more than half 
of the cases, so that the DNA sequencing could be performed without the 
preceding PCR step. It greatly simplified and sped up the analytical 
procedure and allowed for quantitative conclusions, thus making the 
device suitable for regular monitoring with daily temporal resolution. 
However, double-to-quadruple air flow rate can be recommended to 
ensure sufficient biological material under all conditions. With high- 
throughput pumps and large-size robust filters widely used in, e.g., 
ambient radioactivity monitoring, it seems to be affordable. The issue of 
low DNA yield compared to sticky slides needs to be understood but with 
high-volume collection on large filters it should be not too significant. 

4.2.2. Sticky slides of the hirst-type trap: works but large uncertainties and 
low flow rate 

The primary collection technique used in the campaign was the 
Hirst-type trap. Its advantage compared to other samplers was the time- 
resolving sampling capabilities, with 6-h or 2-h resolution depending on 

Table 4 
Total DNA amount collected by each sampler during the whole campaign, μg.  

Device Period DNA yield, μg 

Helsinki, Burkard 12.3–31.5.2021 435.5 
Helsinki, filter 16.3–31.5.2021 91.2 
Helsinki, Biospot 12.3–31.5.2021 1.2 
Siauliai, Rapid-E 3.3–May 15, 2021 321.0  
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the internal clock of the device. The visiting intervals for replacing the 
sticky tape were one week and one day, respectively. Transparent slides 
allowed explicit verification via microscope that all collected particles 
are washed out to the buffer. The main drawback, however, was its low 
flow rate (~11 l min− 1). As a result, even 6-hourly samples had low DNA 
amount (Fig. 6) and required PCR step prior to sequencing. Also, there 
were substantial problems with reliability, clock accuracy, and flow 
uncertainties, controlled and rectified during the campaign at a cost of 
large additional efforts and time spent for daily check-ups and mainte-
nance. Therefore, despite its success in the campaign, this approach 
cannot be recommended for regular use. 

4.2.3. Biospot: adaptation needed for sampling longer than an hour 
The campaign showed that the maximum duration of unattended 

Biospot sampling cannot exceed a couple hours: the air flow either dries 
out the collecting liquid (if the air is too dry) or overfills the dish if the 
air is too moist. The device can control the air humidity by injecting 
water in the air flow, but the amount of added water has to be set 
manually and does not follow the changes in the ambient conditions. 
After numerous experiments, we concluded that this process can, in 
principle, be automated, which might make the device suitable for long 
unattended monitoring. However, it would require a substantial rework 
in the control module, which can be done only by the manufacturer. In 
its current version, the device is not suitable for sampling times 
exceeding a couple of hours. 

4.2.4. Sequencing with nanopore: feasible for regular analysis 
The primary challenge in sequencing the atmospheric samples was 

the limited amount of DNA in the sample. The PCR step, normally rec-
ommended for increasing the amount of biomaterial, proved to increase 
the analysis time ~10-fold, also boosting costs and hampering the 
quantitative estimates of the bioaerosol composition (see next section). 
A threshold for the DNA amount in the sample, above which the PCR 
step could be skipped, was empirically found to be 700 ng of DNA after 
its extraction. For such samples, the sequencing with Nanopore GridION 
of up to 60 samples per one working day proved feasible, bringing the 
overall costs of the whole-genome multi-species sequencing as low as 
30–40 Euro per sample (all costs included). This number could be 
further reduced when all stages are optimized and automated wherever 
possible. 

4.3. Obstacles in species identification and analysis of environmental 
metagenomes 

Air is an extremely difficult environment for extracting genetic ma-
terial and preserving its integrity. Since the aim of this study was to 
obtain metagenomics data with as complete spectrum of species in the 
atmosphere as possible, including microbes, fungi, and pollen, the 
selected DNA extraction protocol was long, multistep and complex. 
Obtaining sequence data from all species in the sample was prioritized to 
the preservation of long DNA molecules that are usually preferred in 
sequencing with ONT (Leggett and Clark, 2017). Introducing faster 
methods, such as DNA-binding silica-columns (Katevatis et al., 2017) or 
magnetic beads (Berensmeier, 2006) for DNA purification, would keep 
the metagenome of full species spectrum and shorten the DNA extraction 
protocol decreasing the time required for extraction thus reducing the 
probability of random fragmentation. This, however, might increase the 
analysis cost due to more expensive agents, and will require thorough 
compatibility testing between the sample collection and extraction 
protocols. 

In the campaign, assignment of taxonomic labels to the reads was 
40%–55% effective resulting in a large proportion of unclassified reads, 
which broadly agrees with previous microbiome studies from urban 
environments (Afshinnekoo et al., 2015; Danko et al., 2021; Hsu et al., 
2016; Thompson et al., 2017), air (Yooseph et al., 2013), soil (Van 
Goethem et al., 2021), and water (Cao et al., 2020). Our results support 

the hypothesis that the air microbiome consists of previously unob-
served diversity of organisms with taxa uncharacterized in the current 
reference sequence databases (Danko et al., 2021). 

The classified reads were mainly assigned to bacteria, which was 
surprising given the bias of the classification due to the differences in 
genome sizes. Eukaryotic genomes are manifold larger than those of 
other domains, which was expected to create bias in classification to-
wards the species with larger genomes. Indeed, in case of equal amount 
of bacterial and pollen cells in the sample, the ratio of obtained reads 
will significantly depend on size of the genomes. The observed preva-
lence towards bacteria in the samples can be potentially explained by 
the bias in the databases occurring due to imbalance of the reference 
sequences (Santamaria et al., 2012; Troudet et al., 2017) and large 
proportion of the unidentified sequences. Classification of reads ob-
tained from the eukaryotic species is also obstructed due to (i) high rate 
of repetitive elements in their large genomes compared to other domains 
and (ii) a drastic underrepresentation of the reference genomic sequence 
data for fungi and plants not linked to human activities or needs (del 
Campo et al., 2014; Marks et al., 2021). A large fraction of their genomes 
consists of repetitive sequences, in some plants they can cover up to 90% 
of the genome (Mehrotra and Goyal, 2014). Therefore, a more efficient 
assignment of taxa can be achieved with ultra-long reads (>10 kb) to 
cover complete repetitive regions or broad genome- and species-specific 
repetitive element databases, or both (Liao et al., 2022; Wommack et al., 
2008). 

The incompleteness of the public genome databases challenges the 
BLAST (Basic Local Alignment Search Tool) search approach and re-
quires advanced methods. Formation of specialized databases for at-
mospheric bioaerosols, combined with generation of the reference sets 
for the currently missing species is a necessary pre-requisite for high- 
quality bioaerosols identification via DNA sequencing. 

5. Summary 

The campaign has demonstrated the feasibility of regular complex 
bioaerosol monitoring with the combination of the automatic flow cy-
tometer and the medium/high-volume sampling with the eDNA 3rd 
generation sequencing, supported by the atmospheric dispersion 
modelling. 

The initial selection of the devices and tools for the campaign was 
rather opportunistic, but the working configuration was found as the 
first key outcome of the campaign: (i) Poleno real-time flow cytometer, 
(ii) the medium/high-volume daily particle filter sampling followed by 
the 3rd generation DNA sequencing, and (iii) SILAM atmospheric 
composition model, which provided footprints for each sample and 
forecasted air quality and pollen concentrations. Such combination of 
technologies has shown comprehensive results, with its components 
complementing each other. During the campaign, the above combina-
tion was accompanied with the classic Burkard traps serving as a link to 
the familiar technology. 

Apart from the technological tasks, the campaign also provided the 
first high-resolution dataset on the bioaerosol composition in the 
Northern-European spring season. 

The identified plant species belong to Magnoliopsida, which were 
detected in practically all samples. The class Magnoliopsida includes a 
wide set of flowering plants in Europe. A small fraction of fungal species 
was noticed in Siauliai. A more specific identification is pending upon 
construction of specialized DNA databases oriented to atmospheric 
biota: the generic DNA databases do not contain the needed species. 

Much more detailed information was available for bacteria, albeit 
also with a specific bias towards human health and agriculture-relevant 
pathogens. 

Due to a lack of studies about microbiome of urban air, ~40% of the 
reads remained unclassified. Development of genome databases and 
classification methods is needed for a more accurate and complete 
classification of previously unobserved entities. 
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Data availability 

Poleno monitoring data are available online at https://en.ilmatiet 
eenlaitos.fi/atmospheric-bioaerosols-modelling. The sequence data 
was uploaded to the ENA database as trimmed read data and are pub-
licly available from the project PRJEB50978, samples ERS10608455, 
ERS10608454 and ERS10608453. The SILAM air quality and pollen 
forecasts are open at the model Web site http://silam.fmi.fi. 
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10. Annex 1. Detailed sampling protocol 

Rapid-E, Siauliai. The slide changing mechanism of the Rapid-E counter was used for the slide collection in Siauliai, on the roof the building 
belonging to ̌Siauliai Academy of Vilnius university (N 55◦ 55′ 36′′, E 23◦ 18′ 32′′). The building height is about 18 m from the ground and 128 m above 
sea level. The revolving mechanism automatically collected samples on 10 individual glass slides (diameter 20 mm) during the day. The principle of 
the aerosol collection on the slides is the same as that of the Hirst-type sampler. However, the flow rate was 2 l min− 1, with the corresponding changes 
in the collection geometry securing the capture of particles with aerodynamic diameter exceeding ~10 μm. The slide set was changed manually once 
per day. Upon collection, the slides were moved to VU laboratory, and the collected material from each slide was washed into 1 ml of Longmire’s 
buffer by incubating for 5 min. After gentle shaking, the liquid was moved to an Eppendorf tube. The washed slide was checked under the microscope 
for pollen to ensure that all the particles were removed. Extracted DNA samples were stored at − 80 ◦C until transported to Helsinki in a cold pack. 

BIOSPOT, Helsinki. The device was approached three times each day. During the first visit, the working parameters were checked, after which the 
device was stopped to pick up the Petri dish with the collected sample. After that, the Petri dish was covered with lid and sealed with parafilm, then 
placed in the cold box to deliver to the lab. The Biospot supplementary bottles were emptied, and 70% ethanol was filled to the input Supply bottle for 
the device cleaning round (1000 injections) while the air inlet was protected with a particle filter. The cold box was delivered to the lab where the 
liquid sample was moved from the Petri dish into the Eppendorf tube and placed in the lab freezer (− 20 ◦C). The second visit to the Biospot upon 
completion of the ethanol cleaning started the additional cleaning step with Milli-Q Water (also 1000 injections). Finally, the third visit was used to set 
the new Petri dish filled with 1 ml of Buffer A (0.1 M EDTA, pH 7.5), refill the input Supply bottle with Milli-Q Water and program the new mea-
surement period (6 h during daytime of the next day). 

Sampler on filter, Helsinki. The 24-h sample was collected on the hydrophilic filter (Whatman® Isopore 0.2 μm PC Membrane filter). Upon 
exposure, the filter was moved to the FMI lab and the collected material was washed into Eppendorf tube with 1 ml of Buffer B (Longmire’s buffer 
without SDS: 0.1 M Tris-HCl, 0.1 M EDTA, 0.01 M NaCl, pH7.5) and placed to the lab freezer (− 20 ◦C). 

Hirst-type traps, Helsinki. During the first two weeks of the campaign, the Burkard trap was operated with the standard 7-days clock, which was 
subsequently switched to 24 h clock to increase temporal resolution. The drum was covered with Melinex tape and coated with adhesive grease 
(toluene and Vaseline mixture). The drum, the tape, and the transport canisters were cleaned with 70% ethanol every time before the usage. Adhesive 
liquid was spread over the tape with sterile (single use) swab. Upon exposure, the tape was cut to 28 (first two weeks, 6 h of exposure per sample) and 
12 pieces (rest of the campaign, 2 h exposure per sample). Each tape fragment was placed into the Eppendorf tube (marked and pre-filled with 1 ml of 
Buffer B), shaken and moved to the lab freezer (− 20 ◦C). 

All processing steps were performed in clean conditions, with face masks and hair covers, lab coats, and gloves. The instruments were either single- 
use or sterilized with ethanol before processing the next sample. The inlets of Poleno, Biospot, and Filter collector were regularly cleaned throughout 
the campaign with ethanol while the Burkard orifice was cleaned from debris with compressed air every time at the tape replacement. The daily 
routine for 4 devices was taking about 2.5 h. Every 2–3 days, the frozen samples were moved from the FMI lab to the University of Helsinki lab in a cold 
box for the DNA extraction, analysis, and storage at − 80 ◦C. 

11. Annex 2. DNA extraction protocol  

1. Add to Biospot sample 1/10 of sample volume 1 M Tris and 1/500 of volume 5 M NaCl: the buffer needs to be 0.1 M Tris, 0.1 M EDTA and 0.01 M 
NaCl (Buffer B, Longmire’s buffer without SDS). 

Cell lysis  

2. Add enzymatic lysing reagents in each reaction:  
• 1 μl of Chitinase  
• 2 μl of Lysostaphin  
• 3 μl of Lyticase  
• 20 μl of Lysozyme  

2. Incubate at +37 ◦C gently mixing at 80 rpm horizontal on shaker for 1 h.  
3. Add 100 μl of 10x detergent mix per 1 ml of sample.  
4. Add 5 μl of Proteinase K solution per 1 ml of sample.  

• ex. if sample is 2 ml, put 10 μl of Proteinase K solution 
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• 5 μl for Burkard samples  
• 10 μl for Filter collector samples  
• 10 μl for Biospot samples, sample volume varies  

5. Incubate at +55 ◦C for 30 min in a water bath.  
6. Continue to protein and cell debris precipitation. 

Proteins and cell debris precipitation  

7. Add volume to volume 25:24:1 phenol/chloroform/isoamyl alcohol (PCI mix).  
• Rapid-E samples: divide into two Eppendorf tubes  

8. Vortex for 5–10 s and centrifuge for 30 min at 15 000×g at RT.  
9. Move the upper aqueous phase of the supernatant to separate tube, discard the pellet and phenol phase.  

• Take the volume that equals the sample volume before addition of PCI mix.  
10. If precipitated debris (white precipitate) present in supernatant, repeat steps 7–9. Aim to avoid. 

DNA precipitation (all samples)  

11. Add 1/10 of the sample volume of Sodium Acetate (3 M, pH 5,2) (approximately).  
• Salt neutralizes the charge on the nucleic acid backbone. This causes the DNA to become less hydrophilic and precipitate out of solution.  
• 100 μl for Rapid-E and Burkard samples  
• 100–200 μl for Biospot samples  
• 200 μl for Filter collectr samples  

12. Add 0,7 of current sample volume of isopropanol.  
• Room temperature isopropanol minimizes coprecipitation of salt.  
• 700 μl for Rapid-E and Burkard samples  

13. Centrifuge immediately at maximum speed for 30 min at 4 ◦C.  
14. Discard the supernatant.  

• Be careful, isopropanol precipitated pellets are often difficult to see and loosely attached.  
• Mark outside of tube before centrifugation for easy identification.  

15. Wash the pellet by adding 700 μl of 70% ethanol and pipet it gently up and down several times or gently turn the tube up and down few times.  
16. Centrifuge at maximum speed for 15 min at 4 ◦C.  
17. Discard supernatant.  
18. Repeat the washing (steps 16.-18.) 3x to maximally wash out the salts.  
19. Centrifuge at maximum speed for 5 min at 4 ◦C to get rid of residual ethanol.  
20. Let the pellet air dry briefly, 5–20 min depending on the size of the pellet.  
21. Gently resuspend the pellet in 20 μl of nuclease-free water of filtered MQ water.  
22. Check DNA concentration as well as A260/A280 and A230/A260 ratios with Nanodrop.  
23. Store at − 20 ◦C for short term or − 80 ◦C for long term.  
24. Run 5 μl on 1% agarose gel.  
25. Store at +4 ◦C or proceed to preparation of sequencing library. 

12. Annex 3. Library preparation 

Rapid Barcoding  

1. In a 0.2 ml thin-walled PCR tube, mix the following:  
• template DNA 3 μl  
• Fragmentation Mix RB01-12 1 μl  
• preferred DNA yield in sample >700 ng  

2. Mix gently by flicking the tube, and spin down.  
3. Incubate the tube at 30 ◦C for 1 min and then at 80 ◦C for 1 min. Briefly put the tube on ice to cool it down.  
4. Pool all barcoded samples.  

• If 10–12 barcoded samples, pipet 1 μl of each  
• If fewer samples, put 2 μl or more of the sample with the lowest concentration to make concentration of each barcoded sample equal to the others  

5. Add 1 μl of RAP to the pooled barcoded DNA.  
6. Mix gently by flicking the tube, and spin down.  
7. Incubate the reaction for 5 min at RT.  
8. Keep on ice until ready to load.  
9. Prime the flow cell according to the Nanopore protocol. 

Rapid PCR Barcoding  

1. Thaw and prepare the reagents as follows:  
• Barcodes (RLB 01–12) at RT  
• Fragmentation Mix (FRM) on ice 
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• Rapid Adapter (RAP) on ice  
2. Prepare the DNA in Nuclease-free water.  
3. Transfer 1–5 ng genomic DNA into a DNA LoBind tube  

• 3 μl 1 ng/μl (1–25 ng)  
• 2 μl 1,5 ng/μl (25–45 ng)  
• 1 μl 3 ng/μl (45–90 ng)  
• 0.5 μl 6 ng/μl (90–180 ng)  
• 0.2 μl 15 ng/μl (180–450 ng)  

4. Adjust the volume to 3 μl with Nuclease-free water  
5. Mix thoroughly by flicking, avoiding unwanted shearing  
6. Spin down briefly in a microfuge  
7. In a 0.2 ml thin-walled PCR tube, mix the following:  

• 1.5 μl 1–5 ng template DNA  
• 0.5 μl FRM  

8. Mix gently by flicking the tube, and spin down.  
9. In a thermal cycler, incubate the tube at 30 ◦C for 1 min and then at 80 ◦C for 1 min.  

10. Briefly put the tube on ice to cool it down.  
11. Set up a PCR reaction as follows (values per reaction):  

• 16.4 μl Nuclease-free water  
• 5 μl 5x Buffer  
• 1.1 μl dNTP  
• 0.75 μl LongAmp Taq-polymerase  
• 4 μl Tagmented DNA  
• 0.75 μl RLB (01–12 A, at 10 μM)  

12. Mix gently by flicking the tube, and spin down.  
13. Amplify using the following cycling conditions:  

• Initial denaturation 3 min @ 95 ◦C (1 cycle)  
• Denaturation 15 s @ 95 ◦C (14 cycles)  
• Annealing 15 s @ 56 ◦C (14 cycles)  
• Extension 6 min @ 65 ◦C (14 cycles)  
• Final extension 6 min @ 65 ◦C (1 cycle)  
• Hold ~ @ 4 ◦C  

14. Prepare for sample cleaning and concentration:  
a) Resuspend the AMPure XP beads, shake vigorously for at least 30 s.  
b) Prepare 1000 μl of fresh 70% ethanol in MQ per library +100 μl spare  

15. Transfer 15 μl of each sample (12 barcoded samples in one library) to a clean 2 ml tube. Spare the rest in cold room until acceptable result from 
sequencing is obtained.  
a) The volume of pooled library should be 180 μl  
b) If there are fewer samples than 12, increase the volume of the samples to be 60 μl or adjust the volumes of beads and ethanol in step 16.  

16. Add 324 μl of resuspended AMPure XP beads (1.8x sample volume) and 1276 μl of 100% ethanol (end concentration of ethanol 70%) to the 
reaction and mix by pipetting.  
a) Incubate on a mixer for 15 min at +4 ◦C (cold room shaker, speed 20 rpm).  
b) Keep tubes horizontal  
c) Beads should look clumpy by the end of the incubation. If homogenous, leave for another 10 min  

18. Spin down the sample and pellet on a magnet. Keep the tube on the magnet, and pipette off the supernatant.  
19. Keep the tube on the magnet and wash the beads with 200 μl of freshly prepared 75% ethanol without disturbing the pellet. Remove the ethanol 

using a pipette and discard.  
20. Repeat the previous step.  
21. Spin down and place the tube back on the magnet.  
22. Pipette off any residual ethanol. Allow drying for ~60 s.  
23. Remove the tube from the magnetic rack and resuspend pellet in 15 μl of 10 mM Tris-HCl pH 8.0 with 50 mM NaCl.  
24. Incubate for 10 min at RT.  
25. Pellet the beads on a magnet until the eluate is clear and colourless.  
26. Remove and retain the eluate which contains the DNA in a clean 1.5 ml tube. Dispose of the pelleted beads  
27. Quantify 1 μl of eluted sample using a Nanopore spectrophotometer.  

• The optimal concentration is 200–400 ng/μl, the bare minimum is 160 ng/μl  
28. Take 10 μl of the library into a separate tube.  
29. Add 1 μl of RAP to the barcoded DNA.  
30. Mix gently by flicking the tube, and spin down.  
31. Incubate the reaction for 5 min at RT  
32. Keep on ice until ready to load.  
33. Prime the flow cell according to the Nanopore protocol.  
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13. Annex 4. Sequence data characteristics  

Table A 1 
Comparison in abundance of the identified species produced with Pavian. The taxonomic ranks are domain (D), kingdom (K), phylum (P), class (C), order (O), family 
(F), genus (G) and species (S). Taxonomic IDs are assigned according to NCBI taxonomy database on 17.2 2022. Abundancy among assembled contigs is presented as 
percentage of the total number.  

Name Rank Taxonomic ID Biospot Burkard Rapid-E 

Acinetobacter calcoaceticus/baumannii complex > Acinetobacter seifertii S 1 530 123 0.35%  0.23% 
Archaea> … >Methanosarcina mazei S 2209 0.35%   
Bacteria D 2 11.19% 3.80% 17.32% 
Burkholderiales> … >Ralstonia pickettii 12 J – 402 626   0.03% 
cellular organisms – 131 567 44.06% 41.14% 43.39% 
Cellulosimicrobium cellulans S 1710   1.18% 
Cellulosimicrobium sp. BI34T S 2 587 808   0.03% 
Cellulosimicrobium sp. JZ28 S 1 906 273   0.05% 
Cellulosimicrobium sp. TH-20 S 1 980 001   0.05% 
Chromatiales> … >Thioalkalivibrio sulfidiphilus HL-EbGr7 – 396 588  0.05%  
Enterobacterales O 91 347 10.84% 3.61% 13.48% 
Enterobacteriaceae F 543 10.84% 3.61% 13.40% 
Erwiniaceae > Erwinia G 551   0.03% 
Escherichia coli K-12>Escherichia coli BW2952 – 595 496  0.05% 0.31% 
Escherichia coli KO11FL – 595 495 0.35% 0.35% 1.36% 
Escherichia coli SE11 – 409 438  0.20% 0.72% 
Escherichia coli UMNF18 – 1 050 617   0.08% 
Escherichia > Escherichia coli S 562 0.70% 0.79% 4.15% 
Escherichia > Escherichia marmotae S 1 499 973   0.03% 
eudicotyledons> … >Arachis G 3817   0.03% 
eudicotyledons> … >Cajanus cajan S 3821  0.05%  
eudicotyledons> … >Capsicum annuum S 4072   0.05% 
eudicotyledons> … >Cynara cardunculus var. scolymus – 59 895   0.03% 
eudicotyledons> … >Glycine subgen. Soja – 1 462 606   0.03% 
eudicotyledons> … >Gossypium arboreum S 29 729   0.05% 
eudicotyledons> … >Gossypium raimondii S 29 730  0.05%  
eudicotyledons> … >Helianthus annuus S 4232  0.05% 0.03% 
eudicotyledons> … >Juglans regia S 51 240   0.03% 
eudicotyledons> … >Phaseolus vulgaris S 3885  0.05%  
eudicotyledons> … >Quercus lobata S 97 700   0.03% 
eudicotyledons> … >Rosa chinensis S 74 649   0.03% 
eudicotyledons> … >Vigna G 3913 0.35%   
Eukaryota D 2759 32.52% 37.33% 25.94% 
FCB group> … >Chryseobacterium haifense S 421 525   0.03% 
FCB group> … >Flavobacterium faecale S 1 355 330   0.08% 
FCB group> … >Pedobacter sp. HDW13 S 2 714 940   0.03% 
Klebsiella > Klebsiella pneumoniae S 573  0.05%  
Liliopsida> … >Brachypodium distachyon S 15 368   0.03% 
Liliopsida> … >Triticum dicoccoides S 85 692   0.05% 
Opisthokonta> … >Homo sapiens S 9606 32.17% 37.09% 25.45% 
Opisthokonta> … >Saccharomyces cerevisiae S288C – 559 292   0.03% 
Opisthokonta> … >Saccharomyces eubayanus S 1 080 349   0.05% 
other entries > other sequences – 28 384  0.10% 0.18% 
Pectobacteriaceae > Brenneria > Brenneria goodwinii S 1 109 412   0.03% 
Proteobacteria> … >Bradyrhizobium sp. ORS 285 S 115 808   0.03% 
Proteobacteria> … >Sinorhizobium G 28 105   0.03% 
Proteobacteria > Alphaproteobacteria > Sphingomonadales O 204 457   0.05% 
Proteobacteria > Betaproteobacteria C 28 216  0.05% 0.03% 
Proteobacteria > Gammaproteobacteria C 1236 11.19% 3.70% 14.17% 
Pseudomonadales > Moraxellaceae > Acinetobacter G 469 0.35%  0.26% 
Pseudomonadales > Pseudomonadaceae > Pseudomonas G 286  0.05% 0.31% 
Pseudomonas fluorescens group > Pseudomonas fluorescens S 294   0.03% 
Ranunculales> … >Papaver somniferum S 3469  0.05%  
Root – 1 59.44% 45.19% 57.66% 
Salmonella > Salmonella enterica S 28 901 0.35% 0.15% 0.38% 
Shigella G 620 9.79% 2.62% 8.64% 
Shigella flexneri S 623 9.79% 2.62% 8.36% 
Sphingomonadaceae> … >Sphingomonas sp. HMP9 S 1 517 554   0.03% 
Terrabacteria group> … >Bacillus smithii S 1479   0.03% 
Terrabacteria group> … >Blastococcus saxobsidens DD2 – 1 146 883   0.03% 
Terrabacteria group> … >Cellulosimicrobium G 157 920   2.67% 
Terrabacteria group> … >Cutibacterium acnes S 1747   0.03% 
Terrabacteria group> … >Enterococcus faecium S 1352   0.03% 
Terrabacteria group> … >Leuconostoc G 1243   0.03% 
Terrabacteria group> … >Oenococcus oeni S 1247   0.03% 
Terrabacteria group> … >Salinibacterium sp. dk2585 S 2 603 292   0.03% 
Terrabacteria group> … >Streptomycetaceae F 2062   0.03% 
Unclassified U 0 40.56% 54.81% 42.34% 
unclassified Cellulosimicrobium – 2 624 466   0.15% 
Viridiplantae> … >Mesangiospermae – 1 437 183 0.35% 0.25% 0.38%  
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Hoffmann, C., Schmidt-Weber, C., Buters, J.T.M., 2015. Automatic and online pollen 
monitoring. Int. Arch. Allergy Immunol. 167, 158–166. https://doi.org/10.1159/ 
000436968. 

Petersen, A.K., Brasseur, G.P., Bouarar, I., Flemming, J., Gauss, M., Jiang, F., 
Kouznetsov, R., Kranenburg, R., Mijling, B., Peuch, V.-H., Pommier, M., Segers, A., 
Sofiev, M., Timmermans, R., van der A, R., Walters, S., Xie, Y., Xu, J., Zhou, G., 2019. 
Ensemble forecasts of air quality in eastern China – Part 2: evaluation of the 
MarcoPolo–Panda prediction system, version 1. Geosci. Model Dev. 12, 1241–1266. 
https://doi.org/10.5194/gmd-12-1241-2019. 

Poupkou, A., Giannaros, T., Markakis, K., Kioutsioukis, I., Curci, G., Melas, D., 
Zerefos, C., 2010. A model for European Biogenic Volatile Organic Compound 
emissions: software development and first validation. Environ. Model. Software 25, 
1845–1856. https://doi.org/10.1016/j.envsoft.2010.05.004. 

Prank, M., Chapman, D.S., Bullock, J.M., Belmonte, J., Berger, U., Dahl, A., Jäger, S., 
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