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Abstract

While the air microbiome and its diversity are essential for human health and ecosystem resilience, comprehensive air microbial
diversity monitoring has remained rare, so that little is known about the air microbiome’s composition, distribution, or functionality.
Here we show that nanopore sequencing-based metagenomics can robustly assess the air microbiome in combination with active air
sampling through liquid impingement and tailored computational analysis. We provide fast and portable laboratory and computational
approaches for air microbiome profiling, which we leverage to robustly assess the taxonomic composition of the core air microbiome of
a controlled greenhouse environment and of a natural outdoor environment. We show that long-read sequencing can resolve species-
level annotations and specific ecosystem functions through de novo metagenomic assemblies despite the low amount of fragmented
DNA used as an input for nanopore sequencing. We then apply our pipeline to assess the diversity and variability of an urban air
microbiome, using Barcelona, Spain, as an example; this randomized experiment gives first insights into the presence of highly stable
location-specific air microbiomes within the city’s boundaries, and showcases the robust microbial assessments that can be achieved
through automatable, fast, and portable nanopore sequencing technology.
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Introduction

The air microbiome encompasses a broad spectrum of bioaerosols,
including bacteria, archaea, fungi, viruses, bacterial endotoxins,
mycotoxins, and pollen [1]. While its pivotal functions for human
health and ecosystem resilience are recognized, little is known
about its composition, distribution, and functionality [2] Past
research efforts, particularly those driven by infectious diseases
such as COVID-19 and tuberculosis, have shifted the research
focus towards potentially pathogenic microbial taxa; however,
exposure to a diverse air microbiome has also been increasingly
considered as a health-promoting factor, underscoring the need
for holistic air microbial diversity monitoring [3].

Such metagenomic approaches have also recently been applied
forlow biomass bioaerosol analysis [5] and have revealed the com-
plex nature and diverse origins of the air microbiome [4], including
vertical-altitudinal stratification of microbial abundance and dis-
tribution [6], and substantial diurnal, seasonal, temperature-, and
humidity-dependent fluctuations [7].

Most genetics-based air microbiome studies have employed
targeted sequencing via metabarcoding due to the low biomass of

bioaerosols [1, 4]. While metabarcoding increases the sensitivity
of taxonomic detection, it is inherently limited by amplifica-
tion biases and incomplete databases. In contrast, metagenomics,
which is based on shotgun sequencing of native DNA, avoids
amplification biases and allows for de novo reconstructions of
microbial genomes for robust species identification and func-
tional annotation.

These metagenomic assessments of the air microbiome have
thus far relied on short-read sequencing technology, which pro-
vides accurate sequencing data but hampers de novo assemblies,
especially of highly repetitive genomic regions, and accurate
species- or strain-level identification due to the inherently short
sequencing reads; long-read sequencing, on the other hand,
has facilitated de novo genome assemblies [8] and assessments
of highly repetitive genomic regions, including the detection
of antimicrobial resistance genes [9], from metagenomic data.
Especially recent advances in nanopore sequencing technology
have made long-read sequencing increasingly relevant for micro-
bial diversity assessments due to the technology’s substantially
improving sequencing accuracy [10, 11] while maintaining its
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long-read sequencing capacity and its automatable [12], fast,
and portable deployability for applications in clinical [13] or
remote settings [14]. While nanopore sequencing has been used
to characterize the microbial diversity of various environments
such as freshwater [15] and dust [16], no approaches have yet
been established to leverage the technology’s unique advantages
for monitoring the taxonomic and functional diversity of the air
microbiome.

Here, we established laboratory and computational approaches
to enable robust air microbiome profiling through nanopore
metagenomics. We first evaluated the suitability of long-read
shotgun sequencing for assessing the air microbiome in a
controlled indoor environment, and then applied our approaches
to an outdoor environment for validation. We showed that
nanopore sequencing is a robust tool to describe the composition
and diversity of microbial taxa in the air, and to concurrently
annotate de novo microbial genomes to evaluate potential human
health consequences. We finally applied our laboratory and
computational approaches to conduct a randomized air sampling
campaign in Barcelona, Spain, to robustly describe its urban air
microbiome.

Materials and methods

We first conducted preliminary tests to compare standard
air sampling and DNA extraction approaches for nanopore
sequencing-based air metagenomics; this included the testing
of standard quartz filter- and liquid impingement-based air
samplers and the optimization of respective DNA extraction
approaches for subsequent nanopore shotgun sequencing, which
relies on minimum DNA input without nucleotide amplification
and is sensitive to native DNA contamination (Supplementary
Information: Air sampling and DNA extraction optimizations).

Based on these preliminary tests, we decided to use the Coriolis
w liquid impinger (Bertin Instruments, France; (Supplementary
Information: Air sampling and DNA extraction optimizations) for air
sampling, which uses cyclonic forces to concentrate airborne
biomass into a collection liquid in a cone. We used 15 mL of
ultrapure water with 0.005% Triton-X (Sigma-Aldrich, Germany)
as collection liquid, which functions as a nonionic surfactant to
enhance organic compound solubility and surface enlargement
due to foam generation. The liquid impinger was positioned at
1.5 m above the ground to sample air within the human breath-
able zone, which ranges from 1.4 to 1.8 m. We operated the liquid
impinger at an air flow rate of 300 L min~! and at a collection
liquid refilling rate of 0.8 mL min~? to counter liquid evaporation
during sampling. After sampling, we directly transferred the col-
lected liquid into a sterile 15 mL falcon tube. We then divided the
liquid across three 5 mL tubes, centrifuged them at 18000 x g for
25 min, and collected the pellets. The pellets were resuspended,
aggregated, and subsequently centrifuged twice at 18000 x g for
25 min while discarding the supernatant.

We first sampled air in a greenhouse (“Gh”; Helmholtz Munich
Environmental Research Unit) as a controlled environment with
moderate human activity and continuous air circulation (mean
ambient temperature of 23°C); we sampled air for three consec-
utive days, either for 1 h in three consecutive replicates per day
or for 3 h with one replicate per day (Supplementary Table 1).
We next sampled air in a natural environment (“Nat”), namely
on the Helmholtz Munich campus on the outskirts of Munich
(48.220889, 11.597028), which is mainly surrounded by natural
grassland. We sampled for six consecutive days, following an
alternating pattern of 3 h or 6 h of air sampling; we here tested

6 h as sampling duration since we expected a higher variability
in the air microbiome in comparison to the controlled green-
house setting (Supplementary Table 1). The liquid impinger was
positioned in a shaded area to avoid significant thermal fluc-
tuations. While the weather remained relatively constant and
sunny across the six sampling days (ambient temperature ranged
from 21°C to 25°C, and humidity from 42% to 71%.), we note that
the 6 h-sample from day 4 was affected by rain and thunder-
storm at the end of the sampling activity. We finally collected
urban air samples in Barcelona, Spain, from 16th October to
3rd November 2023. We sampled five different urban locations:
Gracia (“Residential Area,” 41.398861, 2.153490), Eixample (“City
Center,” 41.385500, 2.155103), Poblenou (“Urban Beach,” 41.404135,
2.206550), Vall d’'Hebron (“Outer Belt,” 41.425887, 2.148349), and
Observatori Fabra (“Green Belt,” 41.419772, 2.122447). We con-
ducted randomized sampling in terms of timing (morning versus
afternoon) and across days; each location was sampled three
times for 3 h using two Coriolis w air samplers, respectively,
resulting in altogether 30 air samples (Supplementary Table 1).

Based on our preliminary tests, we further decided to use
the spin-column based PowerSoil Pro Kit (QIAGEN, 2018, Hilden,
Germany) for DNA extractions, using 30 uL of elution buffer
(Supplementary Information: Air sampling and DNA extraction opti-
mizations). Final DNA concentration was measured on a Qubit 4.0
fluorometer (Invitrogen, 2021), using the high-sensitivity DNA kit
and 3 uL of DNA elution as input per sample. We then used the
Rapid Barcoding library preparation kit (RBK114-24 V14), R10.4.1
MinION flow cells, and MinKNOW by Oxford Nanopore Technolo-
gles (Oxford, UK) to nanopore shotgun-sequence the extracted
DNA of the air samples. During library preparation, we used
each barcode twice per air sample to increase the DNA input per
sample. For sequencing the samples of the controlled and natural
environment, we used one R10.4.1 flow cell per sample type (i.e.,
for all 1 h-, 3 h-, or 6-samples and replicates, respectively). For
sequencing the samples of the urban environment, we pooled all
samples from the Outer Belt location onto one flow cell (since
they exhibited the lowest DNA concentrations), and the samples
of the City Center and Residential Area, as well as of the Green Belt
and Urban Beach, onto one flow cell, respectively. The sequenc-
ing parameters included a minimum read length of 20 bases, a
translocation speed of 400 bases per second, and each sequencing
run lasted 24 h. As we used MinKNOW v23.04.3 for the controlled
and natural environment, this sequencing data was generated at
a signal measurement frequency of 4 kHz, whereas we used the
updated MinKNOW v23.04.5 for the urban environment, which
generated sequencing data at 5 kHz.

We included negative controls along our entire protocol to
identify contamination of the low-biomass air samples. For sam-
pling negative controls, we treated one liquid impinger cone per
sampling event the same way that we treated the actual sampling
cone, but we only left them in the impinger for a few minutes and
did not actively sample air. For the urban environment, negative
sampling controls were collected once per sampling day and
sampling location. For DNA extraction and sequencing negative
controls, we included one sample of 700 uL nuclease-free water
(Thermo Fisher Scientific) per DNA extraction and one sample
of 20 uL nuclease-free water per library preparation, respectively.
We barcoded all negative controls, i.e. sampling, extraction, and
sequencing controls, and included them in the same sequencing
library as the respective control samples. We further subjected
a positive control of five Gram-positive bacteria, three Gram-
negative bacteria, and two fungal species (ZymoBIOMICS Micro-
bial Community Standard, D6300) to our DNA extraction and
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sequencing protocols to assess any potential biases. The positive
control was sequenced on a separate flow cell since the high
DNA concentration would have outcompeted the low-biomass air
samples.

We next used Guppy v6.3.2 (r10.4.1_e8.2_400bps_hac; [17]) in
high-accuracy (HAC) mode for basecalling the controlled and
natural environment samples, and Dorado v4.3.0 (dna_r10.4.1_
€8.2_400bps_hac@v4.3.0; [18]) for HAC basecalling of the urban
environment samples. We only processed the data that had
passed internal data quality thresholds during sequencing
(“passed” sequencing reads). Porechop v0.2.3 [19] was used for
removing sequencing adapters and barcodes, and Nanofilt v2.8.0
[20] was applied for filtering reads at a minimum average quality
score of 8 and a minimum length of 100 bases for all samples. We
then used Kraken2 v2.0.7 [21] with the NCBI nt database (access
29.01.2023) for taxonomic classification across all samples, and
downsampled them to a specific read count for comparable
taxonomic assessments across samples of one sample type: 5 k
reads for 1 h-samples from the controlled environment, 15 k
reads for the 3 h-samples from the controlled environment,
70 k reads for the natural environment samples, and 30 k reads
for the urban environment samples. We performed principal
coordinate analysis (PCoA) on the relative abundances of the
genera identified in the urban environment samples, which were
downsampled to 30 k read, using Python v3.9 with Pandas v1.3.3,
NumPy v1.21.2, scikit-learn v0.24.2, scikit-bio v0.5.6, SciPy v1.7.1,
and Matplotlib v3.5.2.. The 20 most abundant microbial genera at
a minimum relative abundance of 1% as well as the PCoA were
visualized using matplotlib v3.5.2 in Python v3.9. We additionally
benchmarked several additional bioinformatic analysis tool in
application to the controlled and natural environment samples,
including DIAMOND BLASTX [22] for protein-based taxonomic
classifications and the Chan-Zuckerberg (CZID) computational
pipeline [23] for hybrid taxonomic classifications (i.e., as a
combination of read- and contig-based classification).

We generated de novo assemblies using metaflye v2.9.1 [24],
followed by polishing with minimap2 v2.17 [25] and three rounds
of Racon v1.5 [26]. The resulting contigs were then binned into
Metagenome-Assembled Genomes (MAGs) using metaWRAP v1.3
[27], which integrates the output of various binning tools. The
MAGs were refined and quality-checked using CheckM v1.2.2
[28]. We only maintained MAGs at minimum completeness of
30% and maximum contamination of 10%. For the urban micro-
biome dataset, we pooled across all samples per sampling location
to maximize the number of reads before binning. We finally
applied functional annotation to our metagenomic dataset to
assess the presence of general metabolic pathways and ecosystem
functions (Supplementary Information: Functional annotation); to
identify antimicrobial resistance and virulence genes, we applied
AMRFinderPlus v3.12.8 [29] and ABRicate v1.0.1 [30] to the reads,
contigs, and bins; for the application to the read level, we con-
verted the fastq files to fasta files using seqkit v2.8.2 [31].

To obtain information about the anthropogenic impact on the
different urban sampling locations, we obtained remote sensing
data (Sentinel-2 L1C orthoimage products from 24 October 2023)
that provides top-of-atmosphere reflectance, which we used to
classify the city of Barcelona into Local Climate Zones (LCZs) on
based ten bands with 10 and 20 m ground sampling distances [32].
We further used the portable aerosol spectrometer Dust Decoder
11-D (GRIMM Aerosol Technik GmbH, Germany) to monitor par-
ticle mass fractions (TSP, PMyg, and PM,s; TSP=total suspended
particles; PM =particulate matter) as well as temperature and
relative humidity measurements in 1-minute intervals during

each sampling event. We then summarized and analyzed the
resulting data using Python v3.9 and SciPy v1.13.0: We applied
the Kruskal-Wallis and posthoc Dunn’s tests to identify signifi-
cant environmental differences between locations, and conducted
regression analyses to assess correlations between particle mass
fractions and microbial diversity indices (Shannon, Simpson, and
richness of microbial genera).

Results

After confirming that Coriolis u liquid impingement resulted
in sufficient high-quality DNA yield for nanopore shotgun
sequencing after one hour of sampling (Materials and Methods;
Supplementary Information: Air sampling and DNA extraction
optimizations), we conducted a pilot study in a controlled
environment to determine the robustness of the metagenomic
data and assess the impact of sampling duration (Materials and
Methods). For the 1 h-samples, DNA yields ranged from 17.7 to
50.7 ng (0.98 to 2.82 ng/m?), while the 3-hour samples showed
DNA yields ranging from 130.2 to 179.4 ng (2.41 to 3.32 ng/m?,
Supplementary Table 1; pilot_study sheet). Nanopore shotgun
sequencing delivered between 7 and 60 k high-quality sequencing
read at a median read length of 896 bases (Fig. 1A), respectively, of
which 5 to 35 k reads were successfully mapped to the taxonomic
genus level using Kraken? and the NCBI nt database (Fig. 1B-C;
Supplementary Table 1; pilot_study sheet). After downsampling
to the same number of reads per sample type (1- and 3 h-
samples, respectively), the taxonomic composition of the 20 most
abundant taxa indicated that only the 3-h sampling duration
captured a stable “core” air microbiome across days at the genus
level (Fig. 1D-E). These assessments were consistent for protein-
level or hybrid read- and assembly-based methods, both at the
taxonomic phylum and genus level (Supplementary Figs 1-2).
The most abundant genera included soil- and plant-associated
bacteria such as Bradyrhizobium, Paracoccus, Nocardioides, Massilia,
and Streptomyces (Fig. 1D-E; Materials and Methods).

Based on these results, we conducted a pilot study in a nat-
ural environment over six days; we sampled air for either 3 or
6 h, assuming that the natural environment might show more
variability than the controlled environment and require longer
sampling duration. Briefly, while the extended sampling dura-
tion increased total DNA yield, it did not consistently increase
the amount of biomass per cubic meter of sampled air, sug-
gesting diminishing returns in efficiency with longer durations
(Supplementary Table 1; pilot_study sheet). Nanopore shotgun
sequencing resulted in 130 to 200 k high-quality sequencing
reads at a slightly higher median read length than the controlled
environment of 1481 (Fig. 1F), of which 70 to 140 k reads were
successfully mapped to the taxonomic genus level (Fig. 1G-H;
Supplementary Table 1; pilot_study sheet). After downsampling
all samples to 70 k reads, analysis of the relative abundance of
20 most abundant taxa revealed a very similar profile for both
3-h and 6-h samples. The taxonomic assignments were again
consistent across protein-level or hybrid read- and assembly-
based methods, both at the taxonomic phylum and genus level
(Supplementary Figs 1-2). A distinct air microbiome profile was
observed in the natural environment in comparison to the con-
trolled settings, with a high predominance of Pseudomonas and
unique detection of microbial taxa such as Actinoplanes, Amyco-
latopsis, Dugnaella, Flavobacterium, Nocardia, Rhodococcus, and Vari-
ovorax (Fig. 1I-J; Materials and Methods).

All negative controls resulted in low DNA yields (of <0.1 ng)
from typical contaminant species such as Escherichia, Salmonella,
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Figure 1. Robust air microbiome assessments of a controlled (left; A-E) and natural (right; F-J) environment through nanopore shotgun sequencing. A.
Nanopore sequencing read length distribution across 1 h- and 3-Gh samples. B-C. Number of total sequencing reads, and of reads mapping to
taxonomic phylum and genus level as well as to the 20 most dominant genera using Kraken? (material and methods) across the samples; the
downsampling threshold across samples is indicated by the dashed horizontal line. Taxonomic composition of the D. 1 h- and E. 3 h-samples after
downsampling based on the 20 most dominant genera across samples. F. Nanopore sequencing read length distribution across 3 h- and 6 h-Nat
samples. G-H. Number of total sequencing reads, and of reads mapping to taxonomic phylum and genus level as well as to the 20 most dominant
genera using Kraken? across the samples; the downsampling threshold across samples is indicated by the dashed horizontal line. Taxonomic
composition of the I. 3 h- and J. 6 h-samples after downsampling based on the 20 most dominant genera across samples.

Shigella, Francisella, and Pseudomonas (Supplementary Fig. 3A-B;
Material and Methods) [33]. This demonstrates that no external
contamination had influenced our assessment of air as a low-
biomass ecosystem, thus underscoring the reliability of the
presented results. The application of our protocol to a well-
defined mock community further showed that all bacterial and
fungal species could be detected with approximately correct
abundance estimates. Although the fungal taxa and Gram-
positive Bacillus subtilis, in particular, were underrepresented
(Supplementary Fig. 3C; Material and Methods).

We finally applied our optimized laboratory and computational
approaches to assess an exemplary urban microbiome using
nanopore metagenomics (Fig. 2A; left; Materials and Methods).
Our remote-sensing-based LCZ classification (Fig. 2A; right) indi-
cated that most of our sampling locations (City Center, Residential
Area, and Urban Beach) were of the compact low-rise category, a
typical feature of central urban environments. The Outer Belt
location was classified as a compact mid-rise category, which
features taller buildings on the outskirts of the city. The Green
Belt location was classified as scattered trees category, featuring

more natural elements. In terms of air pollution assessed through
particle mass fractions (Supplementary Table 2; Materials and
Methods), we found significant differences in TSP, PM;o and
PM, s, between our sampling locations (Supplementary Fig. 4).
The total air pollution measured by TSP was highest in the
three compact low-rise sampling locations, while TSP was lowest
in the Outer Belt. The relatively medium levels of TSP in the
Green Belt were dominated by relatively high levels of PMj
(Supplementary Fig. 4).

Nanopore shotgun sequencing delivered between 33 and
422 %k high-quality sequencing read at a median read length
of between 598 and 2358 bases (Fig. 2B), respectively, of which
21 to 312 k reads were successfully mapped to the taxonomic
genus level using Kraken?2 and the NCBI nt database (Fig. 2C;
Supplementary Table 1; urban_study sheet). The City Center
exhibited the longest DNA fragments, and the Outer Belt
location the shortest DNA fragments (Fig. 2B). The relatively
high fragmentation in the Outer Belt coincided with generally
low DNA yields across all the location’s samples and replicates
(Supplementary Table 1; urban_study sheet).
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Figure 2. LCZ classification and metagenomic analysis of Barcelona using satellite images and nanopore shotgun sequencing data. A. Sentinel-2
image and LCZs classification map of Barcelona on 24 October 2023, with a legend of LCZs classes at the bottom. The colored squares indicate the five
sampling locations. The legend at the bottom depicts various LCZs represented by 3D models and their corresponding colors. (1-compact high-rise;
2-compact mid-rise; 3-compact low-rise; 4-open high-rise; 5-open mid-rise; 6-open low-rise; 7-lightweight low-rise; 8-large low-rise; 9-sparsely built;
10-heavy industry; A-dense trees; B-scattered trees; C-bush scrub; D-low plants; E-bare rock or paved; F-bare soil or sand; G-water). B. Histograms
showing the distribution of read lengths [b] for each sampling site, with the median read length indicated on the top of each histogram. C. Bar plots
displaying the number of reads mapped at various taxonomic levels for each sample site, with the downsampling threshold indicated by the dashed
horizontal line. D. Relative abundance of the top 20 most abundant bacterial genera at the read level, downsampled to 30 K reads before taxonomic
classification using Kraken2. E. PCoA of the relative abundances of the bacterial genera identified at the five sampling locations.
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For taxonomic comparisons across replicates and samples, we
again downsampled the number of reads (here to 30 k reads per
sample) and compared the relative distribution of the 20 most
abundant microbial genera per location at a minimum relative
abundance cutoff of 1% displaying (Materials and Methods). We
observed that the microbial compositions were highly location-
specific across all six samples per location, including across the
three randomized sampling events and the two respective sam-
pling replicates (Fig. 2D; Materials and Methods). The core urban
air microbiome consisted of microbial genera such as Strepto-
myces, Sphingomonas, Pseudomonas, Nocardioides, and Microbacterium,
which were detected across all samples. Specifically the Green
Belt was characterized by the presence of several unique taxa
such as Rubrobacter, Gemmatirosa, Capillimicrobium, and Amycolatop-
sis, whereas dominant “urban” taxa such as Paracoccus, Kocuria,
Deinociccus, and Cellulomonas were not detected at all (Fig. 2D).
Principal Coordinate Analysis (PCoA) clearly distinguishes the five
different urban locations, with the first PCoA axis separating the
Green Belt and City Center locations from the remaining ones; the
second PCoA axis then further delineates the individual sampling
locations (Fig. 2E).

Despite the location-specific differences in air microbial com-
position (Fig. 2A), in LCZ-based land usage (Fig. 2D), and in air pol-
lution measured by particle mass fractions (Supplementary Fig. 4),
we found no significant correlations between any environmental
variable and microbial diversity measurements (Materials and
Methods).

To next obtain as highly contiguous de novo genome assem-
blies as possible, we pooled all samples per location before
contig assembly and binning (Materials and Methods). Taxonomic
classification of these bins showed that only the most abundant
taxa could be assembled (Table 1). Functional annotation
of the reads, contigs, and bins detected typical microbial
metabolic functions (Supplementary Information: Functional
annotation). We next focused on the annotation of antimicrobial
resistance and virulence genes with potential human health
consequences (Supplementary Table 3; Materials and Methods).
One of the most frequently detected genes was the VanR-O
gene, which is responsible for vancomycin resistance. When
comparing resistance gene prevalence across urban locations,
the Urban Beach location exhibited the highest density of
resistance genes; the blaCARB-8 and blaCARB-16 genes, which
confer beta-lactam resistance, and the blaOXA-17 gene, which
confers oxacillin resistance, were detected at the read level.
Additionally, blaLl, which confers to a broad range of beta-
lactam antibiotics, the blaOXY gene, which confers oxacillin
resistance, and the blaPSZ gene, which confers resistance to
penicillins and cephalosporins, were identified at the contig level
(Supplementary Table 3).

Discussion

Metagenomic approaches have provided unprecedented insights
into the nature, origin, and complexity of the air microbiome
[4-7]. While past studies have relied on traditional short-read
sequencing, we here describe the first long-read nanopore
sequencing technology-based approaches to robustly assess the
air microbiome. Although nanopore sequencing has been applied
to various environmental samples, such as water and soil [15,
34, 35], its applicability to air samples was expected to pose a
particular challenge due to the ultra-low biomass of air and
the amplification-free nature of nanopore sequencing [5]. We
here showed that nanopore shotgun sequencing in combination

with active air sampling through liquid impingement and
tailored computational analyses can reproducibly describe the
air microbiome of different environments (Fig. 1) while leveraging
the latest nanopore chemistry improvements, which offer
high sequencing, accuracy and reduced minimum DNA input
requirements [10, 11].

We further showed that only three hours of active air sampling
resulted in robust air microbiome assessments in a controlled and
natural environment, with consecutive application of our labora-
tory and computational approaches to the urban air microbiome
in Barcelona, Spain, revealing surprisingly stable location-specific
signatures of microbial composition and diversity (Fig. 2). These
stable signatures could importantly be identified across replicates
(using two air samplers per sampling event) and despite stringent
randomization across sampling days and morning and afternoon
sampling events. Several microbial taxa such as Sphingomonas and
Streptomyces, which are known for their evolutionary adaptabil-
ity, were nevertheless present in all air microbiomes, and could
potentially be part of the stable air microbiome of this urban
environment. Ordination of the taxonomic composition was able
to capture the majority of variance in this multidimensional data
(>80%,; Fig. 2E) and nicely visualizes the distinct clusters that sep-
arate each urban location and specifically the Green Belt and City
Center locations from the remaining ones. The relative similarity
of Green Belt and City Center samples might be attributable to the
phenomenon of orographic uplift, where air masses ascend from
lower regions (here the Barcelona City Center) to higher elevated
areas (here the close by Green Belt). As a result of this upward
movement, certain airborne particles and microorganisms might
have been transported from the City Center to the Green Belt
location [36, 37].

The individual samples of the Green Belt location cluster
together most tightly (Fig. 2E). be because of several microbial taxa
that were uniquely detected at this location, which represents the
only natural environment in our study according to our remote-
sensing-based assessments; those unique taxa are known to be
associated with soil or have been frequently found in forests
and green spaces [38]. Besides this finding, we however found
no evidence of correlation of the urban air microbiome with
measurements of anthropogenic impact (as assessed through
the remote-sensing-based Local Climate Zones, LCSz; Fig. 2A)
or of air pollution (as assessed through particle mass fraction
measurements; Supplementary Fig. 4). This might be due to
complex interactions between air microbiomes, as exemplified
by our hypothesis of the impact of orographic uplift, or because
of lack of depth when describing our environmental variables. For
example, air pollution by TSP was higher in the Green Belt than
in the Outer Belt, which would have not been expected according
to the remote-sensing-based anthropogenic impact inferences.
However, these elevated levels of TSP in the Green Belt might
have originated from natural air components such as pollen,
which would require more in-depth environmental monitoring to
dissect.

The annotation of antimicrobial resistance and virulence
genes in our metagenomic data shows that we can use the
same dataset to assess potential anthropogenic impacts on
microbial diversity while concurrently understanding potential
public health consequences [39]. We detected evidence of
antimicrobial resistance across all sampled environments
(Supplementary Table 3), but especially the detections of clinically
relevant beta-lactamases such as blaCARB-8, blaOXA-1, and blal-
1, and of genes conferring resistance to other antibiotics such
as carbenicillin and oxacillin [40], in Barcelona’s urban air
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Table 1. De novo genome assembly results across all air samples from the controlled (Gh), natural (Nat) environment, and the urban
microbiome dataset. Contigs were assembled and then used to identify metagenome-assemblies (MAGs), their taxonomic origin,

completeness, and contamination.

Sample # contigs N50 contigs # MAGs Species Completeness [%)] Contamination [%]
(mean) (mean)
Gh1h 21 5928 / / / /
GH3h 121 15330 2 Paracoccus aerius 64.59 2.94
Paracoccus denitrificans 63.41 1.46
Nat3h 204 7401 / / / /
Nat6h 117 7282 / / / /
City center 1170 23151 / / / /
Residential area 470 11098 / / / /
Green belt 1171 15215 1 Burkholderia sp. 36.66 2.38
Urban beach 7732 21049 1 Stenotrophomonas maltophilia 48.33 6.69
Outer belt 1874 10282 1 Salmonella enterica 41.72 10.59

microbiome underscore the possibility of monitoring airborne
virulence dissemination using nanopore-based metagenomics.

Genome assembly and binning of the long nanopore reads
further allows us to be more confident in the presence of spe-
cific microbial species and of their pathogenic potential through
the identification of Metagenome-Assembled Genomes (MAGs)
(Table 1). We obtained high-quality genome assemblies (Materials
and Methods) of the pathogenic species Stenotrophomonas mal-
tophilia and Salmonella enterica from the urban microbiome data
(Table 1). The Stenotrophomonas species is known as an emerg-
ing difficult-to-treat human pathogen [41] and many of the S.
enterica serovars can cause disease in humans through zoonotic
or foodborne transmission [42]. While we require good coverage
of a microbial genome to create such assemblies for taxonomic
species or strain identification, also just the presence of individual
pathogen-associated sequencing reads might be used for obtain-
ing first information on the potential presence of microorganisms
of public health concern. For example, given the presence of
sequencing reads of the Brucella genus, an animal pathogen that
can affect dogs, in several of our urban air samples, we further
analyzed our taxonomic annotation, which was based on the
entire NCBI nt database, and were indeed able to detect the
presence of Canis lupus familiaris in the same air samples [43].
While this might point to a potential impact of animal domes-
tication and specifically frequent dog walking in Barcelona on
public health [44], such complex interdependencies can only be
confirmed in a controlled and/or experimental setting.

While we were able to build de novo assemblies from our
nanopore-based air metagenomic data, most of the MAGs were
incomplete (<30%) and/or showed high levels of contamination
(>10%) (Table 1). Given the low amount of DNA input and there-
fore relatively small size of the resulting metagenomic datasets
in combination with the expectedly high fragmentation of DNA in
air samples, this might just be an inherent shortcoming when it
comes to assessing the air microbiome - albeit applying long-read
sequencing technology. We here found a particular small median
DNA fragment and sequencing read length for the Outer Belt
location (Fig. 2B), which might point towards the impact of envi-
ronmental conditions or specific taxonomic compositions (and
variables such as the microorganisms’ genome size and cell wall
composition) on the final fragment and read length distribution. It
is further expected that non-viable microorganisms, which might
significantly contribute to the air microbiome, result in more
fragmented DNA in the air samples; this means that substantial
differences in read lengths between microbial taxa might also be

attributed to their differential viability in the air environment —
a hypothesis that we might be able to resolve in the future using
viability-resolved metagenomic approaches [45].

We emphasize that our sampling, laboratory, and computa-
tional approaches constitute one feasible and reproducible way of
using nanopore shotgun sequencing to profile the air microbiome.
While we tested some additional established air sampling and
DNA extraction methodologies, we have not conducted an exten-
sive study of all possible approaches. We specifically emphasize
that the detection of fungi and Gram-positive bacteria could
be improved when using different sample processing and DNA
extraction techniques. This is also reflected by the application
of our approaches to a positive control, which shows that fungal
taxa and Gram-positive B. subtilis, in particular, were underrepre-
sented. As sturdier cell walls would require more aggressive DNA
extraction approaches, this would, however, also lead to increased
DNA fragmentation, especially in Gram-negative bacteria, and
therefore more difficult downstream analyses. A good trade-off
could be the sequencing of several, differently processed DNA
extracts and subsequent data pooling to assess the microbial
diversity of any air sample more holistically.

In conclusion, our study establishes a robust framework for
air microbiome assessments using nanopore metagenomics. We
envision that nanopore sequencing for air monitoring can pro-
vide a basis for fast, robust, and automated characterizations of
the air microbiome in both urbanized and remote settings. This
characterization importantly extends beyond taxonomic com-
position to include functions related to human and ecosystem
health, such as pathogen and drug resistance and virulence gene
detection, which can enhance our understanding of infectious
disease transmission patterns and their relationship with exerted
anthropogenic pressures.
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