
Air monitoring by nanopore sequencing 

 

Tim Reska1,2,3+, Sofya Pozdniakova4+, Silvia Borras4, Michael Schloter3,5, Lidia Cañas4, Amit Fenn1,2, 

Xavier Rodó4,6, Barbro Winkler7, Jörg-Peter Schnitzler7, Lara Urban1,2,3* 

 
1Helmholtz AI, Helmholtz Zentrum Muenchen, Neuherberg, Germany 
2Helmholtz Pioneer Campus, Helmholtz Zentrum Muenchen, Neuherberg, Germany 
3Technical University of Munich, School of Life Sciences, Freising, Germany  

4Climate and Health (CLIMA) Program, ISGlobal, Barcelona, Spain 
5Institute of Comparative Microbiome Analysis, Helmholtz Zentrum Muenchen, Neuherberg, Germany 
6Catalan Institution for Research and Advanced Studies ICREA, Barcelona, Spain 
7Research Unit Environmental Simulation (EUS), Helmholtz Zentrum Muenchen, Neuherberg, 

Germany 

 
+contributed equally 
*corresponding author: lara.h.urban@gmail.com 
 

 

 

Abstract  

 

While the air microbiome and its diversity are known to be essential for human health and ecosystem 

resilience, the current lack of holistic air microbial diversity monitoring means that little is known 

about the air microbiome’s composition, distribution, or functional effects. We here show that 
nanopore shotgun sequencing can robustly assess the air microbiome in combination with active air 

sampling through liquid impingement and tailored computational analysis. We provide laboratory and 

computational protocols for air microbiome profiling, and reliably assess the taxonomic composition 

of the core air microbiome in controlled and natural environments. Based on de novo assemblies from 

the long sequencing reads, we further identify the taxa of several air microbiota down to the species 

level and annotate their ecosystem functions, including their potential role in natural biodegradation 

processes. As air monitoring by nanopore sequencing can be employed in an automatable, fast, and 

portable manner for in situ applications all around the world, we envision that this approach can help 

holistically explore the role of the air microbiome.  
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Background 

The air microbiome encompasses a broad spectrum of bioaerosols, ranging from bacteria, archaea, 

fungi, and viruses, to bacterial endotoxins, mycotoxins, and pollen (1). While it is known to serve 

pivotal functions for human health and ecosystem resilience, its composition, distribution, and dose-

response relationships remain poorly understood (2). Infectious diseases such as COVID-19 or 

tuberculosis have shifted past research efforts towards pathogenic microbial taxa; however, exposure 

to a diverse air microbiome has also increasingly been considered as a health promoting factor, which 

underlines the need for holistic air microbial diversity monitoring (3). Recent advances in the 

molecular assessment of microbiomes have revealed first insights into the complex nature and diverse 

natural and anthropogenic origin of bioaerosols (4), such as the vertical-altitudinal stratification of 

microbial abundance and distribution (5), and substantial diurnal, seasonal, temperature, and 

humidity fluctuations (6).  

 

Most genomics-based air microbiome studies have been based on targeted sequencing via 

metabarcoding due to the air’s ultra-low biomass (1, 4). While metabarcoding can increase the 

sensitivity of taxonomic detection, it is inherently limited due to amplification biases and incomplete 

databases. Metagenomics, on the contrary, is based on shotgun sequencing of native DNA and is 

therefore not subjected to amplification biases while allowing for de novo reconstruction of 

potentially complete microbial genomes for robust species identification and functional annotation, 

even of previously unidentified taxa (7). Recent advances in long-read metagenomics further facilitate 

de novo genome assemblies (8) and assessments of highly repetitive genomic regions, for example in 

antimicrobial resistance genes (9). Nanopore sequencing technology can create such long sequencing 

reads while simultaneously being easily employable and automatable (10) as well as fast and portable 

for potential applications in clinical (11) or remote settings (12). While this technology has been used 

to characterize the microbial diversity of various environments such as freshwater (13) and dust (14), 

no protocol exists to date that would allow to leverage the advantages of nanopore long-read 

sequencing for monitoring the taxonomic and functional diversity of the air microbiome. 

 

Here, we established laboratory and computational protocols to allow for robust air microbiome 

profiling through nanopore metagenomics. We first evaluated the suitability of long-read shotgun 

sequencing for robustly assessing the air microbiome in a controlled environment, and then applied 

the protocol to a natural environment for validation. We show 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 consequences for human and 

environmental health.  

 

Results and discussion 

After testing several technological options for air microbiome assessments using nanopore sequencing 

(Supplementary Information), we applied our optimized protocol in a greenhouse (Gh) as a controlled 

environment (Figure 1A) for three consecutive days. We sampled air using liquid impingement 

methodology for one or three hours (Materials and methods; Supplementary Table 1). Nanopore 

metagenomics delivered a median read length of 965 bases (Figure 1B) and resulted in between 7k 

and 60k high-quality sequencing reads, of which between 5k and 35k could successfully be mapped to 
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the taxonomic genus level using Kraken2 and the NCBI prokaryote, viral and fungal database (Figures 

1C-D; Material and methods). After downsampling to the same number of reads across one-hour (1h) 

and three-hour (3h) samples, the taxonomic composition of the 20 most abundant taxa showed that 

only three hours, and not one hour, of sampling resulted in a stable <core= air microbiome across days 
for genus level assessments (Figures 1E-F). These taxonomic assessments were similar when using 

protein-level or hybrid read- and assembly-based read assignment methods, both on the taxonomic 

phylum (Supplementary Figure 1) and genus level (Supplementary Figure 2). The most abundant 

genera were soil- and plant-associated bacteria such as Paracoccus, Bradyrhizobium, Massilia, or 

Streptomyces. Other genera such as Geodermatophilus and Sphingomonas are known for their 

resilience to adverse environmental conditions (15, 16). 

 

As three hours of air sampling resulted in robust air microbiome assessments in the controlled setting, 

we repeated this experiment across consecutive days in a natural environment (Nat), namely a natural 

grassland close to Munich (Figure 1G). As we expected larger microbiome composition fluctuations in 

the natural setting, we additionally interspersed the 3h-sampling days with 6h-sampling days 

(Materials and methods; Supplementary Table 1). Nanopore metagenomics delivered a median read 

length of 1560 bases (Figure 1H) and resulted in between 130k and 200k high-quality sequencing 

reads, of which between 70k and 140k could successfully be mapped to the taxonomic genus level 

(Figures 1I-J). After downsampling all samples to 70k reads, the taxonomic composition of the 20 most 

abundant taxa showed that both three and six hours of sampling resulted in a stable core microbiome 

(Figures 1K-L).  
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Figure 1. Robust air microbiome assessments through nanopore shotgun sequencing. A. Liquid impingement and nanopore 

sequencing set-up in a greenhouse (Gh) as controlled environment. B. Nanopore sequencing read length distribution across 

1h- and 3-Gh samples. C-D. 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 Kraken2 (Material and methods) across the C. 1h- and D. 3-Gh samples; the 

downsampling threshold across samples is indicated by the dashed horizontal line. E-F. Taxonomic composition of the E. 1h- 

and F. 3h-samples after downsampling based on the 20 most dominant genera across samples. G. Air microbiome monitoring 

in a natural environment (Nat). H. Nanopore sequencing read length distribution across 3h- and 6h-Nat samples. I-J. 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 Kraken2 across the I. 3h- and J. 6-Gh samples; the downsampling threshold across samples is indicated by the 

dashed horizontal line. K-L. Taxonomic composition of the K. 3h- and L. 6h-samples after downsampling based on the 20 

most dominant genera across samples. 
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All samplings, DNA extractions, and sequencing negative controls resulted in low DNA yields of <0.1 

ng; nanopore shotgun sequencing of the controls identified the typical contaminant species 

Escherichia, Salmonella, Shigella, Francisella, and Pseudomonas (Supplementary Figure 3A-B) (17), 

showing that no external contamination had impacted our assessment of air as a low-biomass 

ecosystem. 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; while 

especially the fungal taxa and Gram-positive Bacillus subtilis were underrepresented by our genomic 

data, this might reflect our relatively gentle DNA extraction approach, which was used to prevent 

further DNA fragmentation (Supplementary Figure 3C; Materials and methods). 

 

Our de novo assembly and binning approaches resulted in several assemblies with completeness 

above 20 % and contamination below 5 % (Table 1; Material and methods). Functional annotation of 

the contigs and metagenome-assembled genomes (MAGs) allowed us to predict a wide array of 

functions of the air microbiome (Supplementary Figure 4), extending to putative biodegradation 

mechanisms (Table 1). Such de novo analyses can be crucial for profiling previously understudied 

microbiomes such as bioaerosols. We, for example, obtained a de novo assembly of Sphingomonas 

alba, which has previously only been defined through a soil isolate (18) and might therefore represent 

a novel strain with important functional variation. Our genome annotation identified genes (fre, por, 

ribBA) from flavin-based metabolic cycles, and a gene (cher1) which plays a role in biofilm production 

(Table 1), which might confirm the role of Sphingomonas as a degrader of organic material (18) and 

could identify it as a biomarker of air pollution. 

 

Table 1. De novo genome assembly results across all samples from the controlled (Gh) and natural (Nat) environment. Contigs 

were assembled and then used to identify metagenome-assemblies (MAGs), their taxonomic origin, completeness, and 

contamination. Functional annotation was filtered to provide insights into natural biodegradation capacity (Material and 

methods). 

 

We have shown that nanopore shotgun sequencing can reliably assess the air microbiome in 

combination with active air sampling through liquid impingement and a tailored computational 

analysis pipeline. We have leveraged the latest nanopore sequencing chemistry (R10.4.1), whose 

relatively longer nanopores allow for high sequencing accuracy (>99%) and genome assembly without 

additional polishing (19), and whose minimum DNA input requirements have further dropped (from 

previously 400 ng to now 50 ng). Despite the ultralow abundance of biomass in the air, we have shown 

that only a few hours of active air sampling results in reproducible air microbiome assessments which 

remain stable across consecutive days – in a controlled setting in a greenhouse, as well as in a natural 

environment.  
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Our reproducible computational pipeline provides preliminary results with evidence for a core air 

microbiome that remains stable across temporal scales, with some core taxa such as Sphingomonas 

being known for their quick evolutionary adaptation potential, which allows them to exist in various 

environments (20). Our de novo genome assemblies importantly allow for in-depth taxonomic and 

functional profiling of potentially previously undiscovered microbial taxa. We simultaneously 

emphasize that the contribution of certain microbial taxa such as fungi are most likely underestimated 

in our study (7); while a more rigorous DNA extraction approach could provide access to fungal DNA 

despite their often sturdy cell walls, we anticipate that this could further fragment our DNA and 

hamper our computational analyses. As a solution, we envision the simultaneous sequencing of 

several DNA extracts, which can subsequently be combined in a holistic computational analysis.  

 

We envision that the application of nanopore sequencing for air monitoring can provide the basis for 

fast, robust, and automated characterizations of the air microbiome at centralized and remote 

settings. This characterization importantly goes beyond the air’s taxonomic composition but can 

describe functions related to human and ecosystem health, such as bioremediation mechanisms 

which can contribute to the degradation of pollutants. We further envision that more targeted 

applications, for example for pathogen and drug resistance and virulence gene detection, can be 

leveraged to better understand infectious disease transmission patterns.  
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