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ABSTRACT

Indoor spaces contain diverse microbial communities that shape human health. These microorganisms are particularly rele-
vant to respiratory diseases, including asthma and allergies. Despite growing recognition of the importance of indoor microbial
exposures, research in this field is slowed by differences in methods. These inconsistencies make it difficult to compare results
and draw conclusions. This systematic review analyses 106 studies published between 2000 and 2025 that investigated indoor
microbiomes in dust, air, and other matrices across homes, schools, and other built environments. We assessed sampling strat-
egies, DNA extraction protocols, sequencing technologies, and bioinformatic pipelines, identifying trends, inconsistencies, and
areas requiring harmonisation. Passive sampling, particularly dust collection, was the most common approach, while Illumina-
based 16S rRNA and ITS amplicon sequencing dominated molecular analyses. However, variations in targeted gene regions,
extraction kits, and analytical tools limited cross-study comparability. Ecological findings revealed consistent detection of bac-
terial taxa such as Staphylococcus, Streptococcus, and Corynebacterium, and fungal taxa including Cladosporium, Aspergillus,
and Penicillium, with diversity shaped by building characteristics, ventilation, humidity, occupancy, and presence of pets. This
review highlights the need for standardised protocols in indoor microbiome research to facilitate reproducibility, enable meta-
analyses, and inform health-related guidelines for indoor environments.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

Daily, we are exposed to vast amounts of air pollutants, in-
cluding particulate matter (PM), dust particles, chemicals,
gases, as well as biological particles (“bioaerosols”) such as
allergens, pollen, and microorganisms. Air pollution rep-
resents an additional important risk for increased mortality
and morbidity, particularly concerning cardio/cerebrovascu-
lar and respiratory diseases, as well as metabolic and neu-
rological disorders (Cai et al. 2023; Cobbold et al. 2022;
de Bont et al. 2022; Delgado-Saborit et al. 2021; Dijkhoff
et al. 2020; Dowlatabadi et al. 2024; European Environment
Agency 2024; Eze et al. 2015; Font-Ribera et al. 2023; GBD
2021 HAP Collaborators 2025; Gilbert and Hartmann 2024;
Juginovi¢ et al. 2021; Keleb et al. 2025; Kim et al. 2025; Lane
et al. 2025; Oh et al. 2025; Soares et al. 2024; Zhao et al. 2024;
European Environment Agency 2025). While outdoor air pol-
lution has been extensively studied, indoor air quality (IAQ)
has garnered increasing attention due to the significant
amount of time individuals spend indoors, in homes, schools,
kindergartens, workplaces, residencies, hospitals, and other
enclosed environments (WHO 2024; Lovri¢ et al. 2025;
Pillarisetti et al. 2022; Vilcins et al. 2024). Common indoor
pollutants encompass both chemical and biological agents
(Furst et al. 2025; Martins et al. 2025). Chemical pollutants
include volatile organic compounds (VOCs, such as formalde-
hyde) (Raci¢ et al. 2025), as well as tobacco smoke. Biological
pollutants comprise dust mites, mould, pollen, pet dander, and
microbial agents (Tran et al. 2020). Environmental parame-
ters can significantly shape IAQ; for example, high humidity/
damp indoor conditions particularly favour the proliferation
of moulds and bacteria (WHO 2009), turning the indoor en-
vironment into a reservoir of allergens, mycotoxins, endotox-
ins, and other airborne irritants that may exacerbate asthma
and other respiratory conditions (WHO 2009; Jie et al. 2011;
Louisias et al. 2019; Vandenborght et al. 2021). However, rel-
ative humidity (RH) exerts contrasting effects on the survival
of bacteria and viruses in the environment, particularly in
droplets. Generally, bacterial viability decreases with lower
RH, while viruses tend to remain viable at both low (<33%)
and very high (100%) RH levels, but their survival decreases
at intermediate RHs. This difference is attributed to distinct
inactivation mechanisms, highlighting a fundamental diver-
gence in how humidity modulates microbial persistence (Lin
and Marr 2020; Oswin et al. 2022).

The indoor environment, hence, serves as a reservoir for di-
verse microbial communities, collectively referred to as the
indoor microbiome. Most indoor microorganisms derive
from transient sources, such as outdoor air, building materi-
als, human occupants, pets, and ventilation systems (Gilbert
and Stephens 2018; Hoisington et al. 2023). Consequently,
the composition of the indoor microbiome largely reflects
environmental inputs rather than the presence of stable en-
demic taxa. These indoor/outdoor interactions, together with
the microbial dynamics occurring indoors, influence human
exposure and health, particularly given that modern popu-
lations spend approximately 80%-90% of their time in the
built environment (Gilbert and Stephens 2018; Hoisington
et al. 2023; Yang et al. 2023). Recent perspectives suggest that
by understanding and intentionally managing these microbial

interactions, it may be possible to design health-promoting
indoor environments—so-called “probiotic homes”—that
support beneficial microbial communities and reduce risks
associated with dysbiotic indoor microbiomes (Bourzac 2025).
The indoor microbiome can serve as a potential source of mi-
crobial colonisers for a developing respiratory tract in chil-
dren, directly impacting their immune system maturation
(Gupta et al. 2020; Man et al. 2017; Mortensen et al. 2016).
Respiratory diseases are common in early childhood and are
often associated with an immature immune system. Recent
studies have shown that early-life exposure to a diverse mi-
crobiome, including that found in indoor air and dust, is cru-
cial for shaping immune homeostasis (Gensollen et al. 2016;
Rook 2023). A well-balanced microbial exposure during crit-
ical developmental windows supports immune tolerance and
may protect against the development of childhood asthma and
atopic diseases, whereas disruption in this interaction may
contribute to immune dysregulation (Rook 2023; Bisgaard
et al. 2014; Topalusic et al. 2022). These findings highlight the
importance of indoor microbial diversity in early life and un-
derscore the need for further research on how IAQ contributes
to long-term immune and respiratory health. The importance
of the microbial environment's impact on health has been
increasingly recognised, prompting more research on public
spaces such as daycares, schools, offices, homes, university
classrooms, sports facilities, museums, subway stations, vari-
ous facilities, and public restrooms, as well as in occupational
environments such as farming, composting, home health-
care, and industrial settings (Vandenborght et al. 2021; Cox
et al. 2022; Dalton et al. 2024; Ege et al. 2011; Guo et al. 2020;
Kettleson et al. 2015; Kirjavainen et al. 2019; Shan et al. 2019;
Tischer et al. 2016; Viegas et al. 2017). Research on respiratory
health has revealed a link between asthma and other respi-
ratory conditions, where the presence or absence of specific
taxa influences respiratory health (Cox et al. 2022; Tischer
et al. 2016). Exposure to a greater diversity of microbiomes
in early childhood can help prevent sensitivity to aeroaller-
gens (Kirjavainen et al. 2019; Tischer et al. 2016). On the other
hand, longitudinal studies have confirmed that phylogenetic
differences in the dust microbiome in infants' homes at 2
months old are associated with a higher risk of asthma around
the age of 10. These results suggest that bacterial communities
are more closely linked to asthma protection than individual
bacterial species or microbial quantity (Karvonen et al. 2019).
Overall, the findings underscore the crucial role of microbial
diversity and composition in early life environments in shap-
ing long-term respiratory health.

The growing awareness of the impact of indoor air on human
health has catalysed research efforts aimed at better under-
standing and promoting healthier built environments. The
IDEAL Cluster (Lovri¢ et al. 2025), a Horizon Europe-funded
consortium, brings together multidisciplinary projects across
Europe to advance knowledge on indoor microbial exposures.
Key aims include methodological harmonisation, interdisciplin-
ary collaboration, and the development of standardised, data-
driven approaches. A key issue highlighted by the consortium
is the limited evidence base for establishing guidelines for ex-
posure to biological air pollutants (Cervantes et al. 2025), which
the IDEAL Cluster aims to address empirically. Additionally,
the heterogeneity of sampling and analytical methods used to
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collect data makes the intercomparison of results challenging
(Whitby et al. 2022).

Despite increased research activity, progress in understanding
the role of the indoor microbiome in health remains limited by
the heterogeneity of study designs and analytical approaches.
Recent literature has also underscored substantial method-
ological inconsistencies in microbiome sampling, including
discrepancies in sampling strategies, transport conditions,
storage temperatures, elution protocols, and analytical assays
(Dias et al. 2024). These gaps make it difficult to synthesise
findings, assess health risks, and develop meaningful regula-
tory standards, subsequently hindering cross-study compar-
isons and evidence synthesis, and ultimately impeding the
development of actionable health guidelines. Addressing this
gap requires a systematic assessment of current methodolog-
ical practices in indoor microbiome research. Therefore, the
objective of this paper is to systematically review and eval-
uate the methodological approaches employed in indoor mi-
crobiome research, with a focus on sampling strategies and
methods, DNA extraction and sequencing protocols, and
bioinformatic analysis tools, to identify trends, inconsisten-
cies, and areas requiring consensus/harmonisation to allow
the comparability and reliability of future studies. This re-
view does not primarily seek to assess health outcomes, but
rather to:

1. Map and classify the sampling methods employed (active,
such as air sampling via filtration or impaction, and pas-
sive, such as surface swabs) and materials recovered.

2. Assess how the sampling methods employed influence the
data comparability.

3. Examine used DNA extraction protocols and sequenc-
ing techniques (e.g., 16S rRNA and ITS genes amplicon
sequencing, shotgun metagenomics), along with com-
monly used gene regions and platforms (e.g., Illumina
MiSeq).

4. Identify analytical tools and pipelines used for micro-
bial community analysis (e.g., DADA2, QIIME), and
determine their implications for reproducibility and
interpretation.

5. Support the development of standardised guidelines for fu-
ture studies by synthesising methodological findings from
over 100 research articles.

By focusing on these objectives, this review enhances under-
standing of how indoor microbiome research is conducted
and provides insights to improve the design, harmonisation,
and interpretation of future studies in this developing field.
Importantly, this work builds upon and extends previous re-
views, which have largely focused on describing indoor microbial
diversity, identifying dominant taxa, or linking microbial expo-
sure to health outcomes. In contrast, our review systematically
examines the methodological foundations of this research. We
synthesised and critically evaluated practices across sampling
strategies, DNA extraction protocols, sequencing platforms, and
bioinformatic pipelines. By demonstrating how methodological
variability influences data comparability and interpretation,
this review identifies the main obstacles to cross-study synthesis

and proposes directions for the development of standardised and
reproducible workflows.

2 | Methodology

We conducted a systematic literature search covering the period
from 2000 to 2025 to identify relevant studies investigating in-
door microbial exposure and associated analytical approaches.
Although most included studies were published after 2010, we
chose to extend the timeframe to the past 25years, acknowledging
that analytical methods and core research themes in this field have
remained relatively consistent over time. PubMed was selected as
the sole database for this review because it provides comprehensive
coverage of biomedical and health-related studies, is publicly avail-
able, and offers a free API (Application Programming Interface),
making information more accessible to retrieve using open-source
code (Malinverno et al. 2023). This further aligns closely with our
research focus on indoor air quality, asthma-related outcomes,
and microbial communities present in indoor environments. To
ensure reproducibility and reduce duplication, we deliberately
limited our search to a single platform. Searching across multi-
ple databases can introduce overlapping results and increase the
burden of de-duplication and harmonisation, which complicates
downstream screening and data management. We performed an
advanced search in PubMed, using Boolean operators (AND/OR)
to combine terms related to indoor microbial environments and re-
spiratory health. Key terms included indoor air, dust microbiome,
house dust, and built environment, paired with health-related
terms such as asthma, allergy, mycobiome, fungi, and microbial
exposure. All search terms were applied to the Title/Abstract fields
to ensure relevance. The initial search retrieved 5880 results. To
refine this list, we used filters to restrict the results to free full-text
studies published between 2000 and 2025, written in English, and
involving human subjects across all age groups. These filters re-
duced the number of publications to 777. All papers were exported
and stored in a shared Zotero library, which served as the central
repository for managing references during the review process. The
list of documents was then distributed among the research team
members, who manually screened each full text and its Supporting
Information for eligibility. In cases of disagreement regarding in-
clusion, team members discussed and justified their decisions until
consensus was reached. Studies were included if they investigated
indoor environments (e.g., homes, bedrooms, schools, or offices),
reported data on microbial communities in indoor air or dust, de-
scribed at least basic methodological details related to sampling
or microbial analysis, and included or discussed health-related
outcomes such as asthma, allergy, or other respiratory indicators.
Studies were excluded if they focused exclusively on outdoor en-
vironments, lacked microbial data, or did not provide sufficient
methodological transparency. Papers that did not reference health
impacts or implications, either observed or inferred, were also de-
prioritized. From the final set of included studies, we extracted a
broad set of variables into a structured Table S1 to support compar-
ative analysis. These included metadata such as author, year, study
design, population characteristics, and study location, as well as
environmental and methodological details, including type of in-
door space, sampling site and matrix, sampling method (active or
passive), and DNA extraction technique. The decision was made
to include information from studies investigating occupational set-
tings, as well. Occupational indoor environments, such as farms
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and composting facilities, may differ from residential settings in
microbial composition and exposure profiles. However, the gen-
eral principles of sampling and analysis discussed here are broadly
applicable across all indoor environments.

We also recorded sequencing platforms, gene targets (e.g., 16S
rRNA gene regions), and bioinformatic pipelines (e.g., QIIME2
[Quantitative Insights into Microbial Ecology], USEARCH
DADAZ2) used for sequence analysis. Where available, we docu-
mented the presence of positive and negative controls, microbial
normalisation approaches, and the types of microorganisms stud-
ied (bacteria, fungi, viruses). Additional extracted data included
microbial taxonomic composition, ecological diversity metrics,
correlations with environmental factors, and reviewer comments
on study-specific limitations or observations. The full data ex-
traction structure is available in the Table S1. All data extraction
fields and reviewer decisions were standardised to promote con-
sistency across the research team. A visual overview of the search
and screening process is provided in the PRISMA flow diagram
(Figure 1). A total of 106 studies met the inclusion criteria and
were included in the final analysis. The main limitation of our
search strategy is that by relying solely on PubMed, we may have

PRISMA Flow Diagram

Records Identified
(n = 5880)

!

Records After Filters Applied
(2000-2025; English; Human;
All age; Free full text)
(n=777)

!

Records Screened
(n=777)

I'd N
Full-Text Articles

Assessed for Eligibility
(n = 106)

!

Full-Text Articles Excluded
(n=0)
Reasons:
e Not indoor
o No microbial data
e No health link

!

Studies Included in
Qualitative Synthesis
(n=106)

Records Excluded
(n =627)

FIGURE 1 | PRISMA flow diagram outlining the study selection
process for articles included in this review.

inadvertently excluded relevant studies indexed in other disci-
plines such as environmental science, indoor air engineering, or
building microbiology. Additionally, we prioritised openly acces-
sible full texts, which may have led to the exclusion of paywalled
studies that were otherwise relevant to our research objectives.

3 | Results
3.1 | Study Characteristics

In this study, 106 publications from the last 25years (2000-2025)
were selected for analysis. A comprehensive summary of their char-
acteristics is provided in Table S1 in the Supporting Information,
with key information presented in Table 1. The included studies
were categorised into four groups based on their study design, ob-
jectives, and the extent to which health outcomes were assessed.
Ecological studies (n=50) focused on describing microbial diver-
sity in dust or air across different indoor environments, without
linking the findings to individual health data. Cross-sectional
studies linking microbiome to asthma or allergic outcomes (n =26)
included surveys or sampling in populations with reported symp-
toms, often using questionnaires. Longitudinal studies (n=12)
followed individuals or environments over time to assess how
microbial exposure affected respiratory health. Lastly, cohort
and case-control studies (n=18) specifically selected individuals
based on their health status (e.g., asthma diagnosis) to investigate
associations with the indoor microbiome, often naming a specific
cohort or study population. These designs enabled the inclusion of
individual-level clinical or questionnaire data, allowing for a more
robust examination of the links between microbial exposures and
health outcomes.

Most studies (n=54) focused on child-related environments, with
homes—including households and houses—being the most fre-
quently investigated setting (n="70), followed by schools (n=14)
and kindergartens (n=>5). This emphasis reflects the high vulnera-
bility of children to respiratory diseases and the crucial role of early-
life microbial exposures in shaping immune system development.
Their immature immune and respiratory systems make them
particularly sensitive to environmental and microbial influences.
This study design, therefore, provides an opportunity to capture
early indicators of disease risk and identify preventive strategies
before chronic conditions emerge. Additionally, research involv-
ing children is often more feasible from a study design perspective,
as their health outcomes can more directly reflect environmental
exposures without the confounding effects of pre-existing condi-
tions. By contrast, in elderly or immunocompromised populations,
respiratory outcomes may be strongly influenced by underlying
illnesses or treatments, making it more challenging to disentangle
the specific contribution of the indoor microbiome. This complex-
ity, combined with recruitment and ethical considerations, likely
contributes to the comparatively fewer studies examining these
vulnerable groups, despite their heightened susceptibility to in-
door air quality and microbial exposures.

In terms of sample type, dust was the predominant matrix, ap-
pearing in 77 studies and encompassing various forms such as
settled dust, house dust, and floor dust. Air samples were the
most used matrix in 29 studies. Geographically, most stud-
ies were conducted in the United States (n=35), followed by
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China (n=16), Finland (n=6), and both Malaysia and Norway
(n=5 each).

3.2 | Asthma and Associated Diseases

Asthma is a prevalent chronic respiratory condition affecting
both children and adults worldwide. In the European Union, ap-
proximately 6% of the population is affected, with notable vari-
ation among countries (EUROSTAT 2021). In the United States,
asthma affects about 8% of the population, including roughly 7%
of children (Park et al. 2022; Global Initiative for Asthma 2015;
Centers for Disease Control and Prevention 2019). Asthma fre-
quently coexists with other respiratory conditions such as rhini-
tis and wheezing, and its prevalence is influenced by a complex
interplay of environmental, microbial, and socio-economic fac-
tors (Cox et al. 2022).

Indoor environmental exposures, particularly dampness,
mould, and biological agents such as bacteria, fungi, and aller-
gens, have been linked to increased asthma risk and severity
(WHO 2009; Stocka et al. 2024; Nastasi et al. 2020). Fungal gen-
era such as Cladosporium and Aspergillus are often associated
with asthma exacerbations in homes with significant fungal
contamination (Cox et al. 2022), while exposure to indoor dust
and mould can significantly increase the risk of asthma and al-
lergic rhinitis (Nastasi et al. 2020). Conversely, certain microbial
exposures, including those encountered in farm environments
or associated with cockroaches, mice, and cats, may have a pro-
tective effect, supporting immune system regulation and reduc-
ing asthma risk (Topalusic¢ et al. 2022; Martikainen et al. 2021;
O'Connor et al. 2018). Socio-economic conditions also modulate
disease prevalence, with disadvantaged urban areas experienc-
ing higher asthma rates and greater exposure to poor indoor
air quality and mould (Eiffert et al. 2016). In summary, asthma
is shaped by a combination of microbial, environmental, and
socio-economic factors, with indoor exposures playing a sig-
nificant role in both disease risk and protection (Fu, Norbéck,
et al. 2020; Fu, Ou, et al. 2021a, 2021b; Fu, Li, et al. 2021).

3.3 | Sampling and Isolation Methods
3.3.1 | Sampling

Out of the 106 papers reviewed, 18 used active sampling meth-
ods (e.g., air sampling with various devices) as a standalone
approach, while 66 relied solely on passive sampling methods,
as shown in Table 2. Eight studies combined active and pas-
sive sampling, five studies used passive sampling along with
biological samples (nasal or skin swabs), and one study used
both active and passive methods along with biological sample
collection (sputum). Seven studies included human sampling of
biomonitoring indicators for asthma and other negative health
outcomes.

Two studies focused exclusively on material recovery (e.g.,
HVAC filters and doormats), and two other studies combined
material recovery with passive sampling. Another two used
all three environmental sampling methods (active, passive,
and material recovery), whereas one study employed all three

sampling methods (i.e., active, passive, and material recovery)
and investigated biological samples (mouthwashes).

The most used passive sampling methods were vacuuming (66
studies), followed by swabs (13 studies), and electrostatic dust
collectors (EDCs) (6 studies). There is a growing trend toward
the use of passive sampling methods, primarily due to their low
cost and ease of use. Analysing settled dust from indoor environ-
ments has become a commonly adopted approach for evaluating
microbial contamination of indoor air in environmental studies
(Leppénen et al. 2018; Park et al. 2018; Viegas et al. 2021). This
type of dust has also been used to detect contamination by my-
cotoxins (Viegas et al. 2018). Moreover, settled dust provides a
supportive environment for bacterial growth, and is therefore
regarded as a potential reservoir of bacterial contamination
(Bouillard et al. 2005).

Dust that passively accumulates on indoor surfaces can be col-
lected using vacuum-based methods, often targeting carpets,
furniture, or flooring, and captured in filters, tubes, or nylon
sampling socks (Leppénen et al. 2014). The microbial content
in floor dust may originate from several sources, including out-
door air infiltration, human occupants, pets, pests, or micro-
bial growth within building materials and furnishings (Dunn
et al. 2013). Settled dust is particularly useful as a proxy for
inhalation exposure because it reflects longer-term contamina-
tion and is less affected by short-term changes in ventilation or
indoor activity (Meyer et al. 2004). Its significance also lies in
the potential for dust-associated microorganisms and their by-
products to become airborne again, increasing the risk of inha-
lation exposure (Aleksic et al. 2017). It should be noted, however,
that this sampling method is limited to microorganisms capa-
ble of surviving in a dry environment, primarily in the form of
resistant spores, as discussed in more detail in Section 3.3.2.
Isolation of genetic material.

Electrostatic dust cloths (EDCs) have emerged as a widely used
passive sampling tool, as demonstrated by Adams et al. (2021)
and Viegas et al. (2022). These cloths are particularly effective for
long-term sampling, depending on the expected contamination
levels, and are compatible with various analytical techniques fol-
lowing a simple extraction procedure (Viegas et al. 2022). EDCs
have been utilised to monitor a wide array of microorganisms,
including fungi, bacteria, and viruses (Furst et al. 2025, 2024;
Dias et al. 2024; Viegas et al. 2021, 2022; Sequeira et al. 2024),
as well as microbial by-products like endotoxins and mycotox-
ins (Kristono et al. 2019; Viegas et al. 2024). Their versatility
has made them valuable for environmental monitoring across a
range of indoor and occupational settings.

A wide range of sampling sites was used in the studies anal-
ysed. Floors were the most frequently sampled, appearing in
52 studies and representing the largest proportion of total sam-
ples. Active sampling methods (air samples) were employed in
30 studies, while 13 studies used passive sampling techniques
(surface swabs), targeting areas such as carpets (seven stud-
ies), door frames (six studies), and various other surfaces, in-
cluding curtains and furniture. Some studies also analysed
fewer common matrices: mattresses were sampled in 18 stud-
ies, while HVAC components, such as return air grilles and air
conditioning filters, were included in only two studies. For air
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TABLE 2 | Sampling methods employed in the retrieved studies.

Sampling methods Number of papers

References

Active 18

Passive 66

Active and passive 8

Passive and biological samples 5

Active, passive and biological 1
samples

Material recovery 2
Material recovery and passive 2

Material recovery, active and 2
passive

Material recovery, active, passive 1
and biological samples

(Araujo et al. 2008; Asif et al. 2018, 2019; Chen et al. 2024;
Hassan et al. 2021; Jo and Seo 2005; Lee and Jo 2006;
Lee, Yang, et al. 2021; Leung et al. 2014, 2018; Nufiez

and Garcia 2022; Sautour et al. 2009; Vestergaard
et al. 2018; Yang et al. 2022; Zhou et al. 2021; Richardson
et al. 2019; Chew et al. 2003; Zhao et al. 2025)

(Vandenborght et al. 2021; Cox et al. 2022, 2021; Dalton
et al. 2024; Ege et al. 2011, 2012; Kettleson et al. 2015;

Kirjavainen et al. 2019; Tischer et al. 2016; Karvonen et al. 2019;

Amin et al. 2023; An et al. 2023; Barberan et al. 2015; Chen
et al. 2010; Dannemiller, Gent, et al. 2016; Fu, Li, et al. 2020,
2021; Fu, Norbick, et al. 2020, 2021; Fu, Ou, et al. 2021b,
2021a; Hickman et al. 2022; Jarma et al. 2024; Kauserud
et al. 2025; Li et al. 2022; MiKi et al. 2021; Martikainen
et al. 2021; Martin-Sanchez et al. 2021; Park et al. 2021, 2022;
Shan et al. 2020; Sunié et al. 2025; Veillette et al. 2013; Vidal-
Quist et al. 2021; Weikl et al. 2016; Celtik et al. 2011; Ciaccio
et al. 2014, 2015; Cochran et al. 2022; Eiffert et al. 2016; Fu,
Yuan, et al. 2021; Fu et al. 2024; Isa et al. 2022; Lee, Wyss,
et al. 2021; Lee et al. 2024; Ludwig et al. 2017; Onwusereaka
et al. 2024; Sun et al. 2022; Yamamoto et al. 2011; Leung

et al. 2008; Chew et al. 2001; Estensmo et al. 2021; Jayaprakash

et al. 2017; Nygaard and Charnock 2018; Sitarik et al. 2018;
Bottcher et al. 2003; Ding et al. 2020; Fujimura et al. 2012;
Loo et al. 2018; O'Connor et al. 2018; Rocchi et al. 2015;
Valkonen et al. 2015, 2018; Wang et al. 2023; Nastasi
et al. 2020; Dannemiller, Leaderer, and Peccia 2016)

(Coombs et al. 2018; Cox et al. 2017; Hanson et al. 2016;
Tong et al. 2017; Rittenour et al. 2014; Estensmo et al. 2021;
Ross et al. 2000; Shabankarehfard et al. 2017)

(Gupta et al. 2020; T4dubel et al. 2009; Birzele et al. 2017;
Niemeier-Walsh et al. 2021; Tang et al. 2024)

(Fairs et al. 2013)

(Li et al. 2013; Hui et al. 2019)
(Maestre et al. 2018; Konya et al. 2014)
(Hoisington et al. 2014; Noris et al. 2011)

(Guo et al. 2020)

sampling, a variety of devices were used, including the single-
stage Anderson sampler, Inspirotec sampler, Gilian 5000, and
QuickTake 30 sample pump.

Itiswell established that sampling campaigns aimed at assessing
microbial contamination should incorporate multiple sampling
methods (Cervantes et al. 2025; Dias et al. 2024). The hetero-
geneity of DNA extraction methods introduces systematic bi-
ases that influence microbial diversity outcomes across studies.
Differences in isolation methods and chemicals used can affect
cell lysis efficiency, inhibitor removal, as well as the DNA yield
and therefore influence the result of DNA amplification and the

recovery of low-abundance microorganisms, thereby influenc-
ing observed alpha- and beta-diversity (Amin et al. 2023). As a
result, cross-study comparisons of indoor microbiomes must be
interpreted cautiously, since observed compositional differences
may partly arise from methodological rather than environmen-
tal variation.

3.3.2 | Isolation of Genetic Material

Isolation of genetic material is a crucial step in sample prepara-
tion, particularly for ultra-low biomass matrices such as air and
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dust. Many microorganisms in bioaerosols, including bacteria
and fungi, persist as resilient spores that protect their genomic
content. These spores require harsh lysis conditions to effec-
tively break cell walls, ensuring comprehensive microbial recov-
ery and minimising bias in downstream analyses. Thus, robust
and efficient DNA extraction protocols are essential to maximise
yield without compromising the integrity of the genetic mate-
rial, which is vital for accurately characterising indoor microbi-
omes. Our systematic analysis of 106 studies revealed key trends
and preferences in DNA isolation methods for characterising the
indoor microbiome. In the early 2000s, 13 studies on indoor mi-
crobiomes relied primarily on culturomics with microbial load
reported as CFU/m3 (Jo and Seo 2005; Lee and Jo 2006; Chew
et al. 2003; Ross et al. 2000). However, with the advent and in-
creased accessibility of NGS technologies, culture-independent
methods became more prevalent. Two main strategies emerged:
DNA extraction from cultured colonies and direct extraction
of DNA from collected air or dust samples. The extraction of
genetic material from accumulated cultured biomass is rela-
tively straightforward, with several commercially available kits
providing reliable performance (Asif et al. 2018, 2019; Hassan
et al. 2021; Li et al. 2013; Sautour et al. 2009).

In contrast, extracting DNA directly from air and dust samples
poses a greater challenge due to the typically low microbial
load, the presence of inhibitors, and the complexity of the sam-
ple matrix. Chemical lysis, often supplemented with enzymatic
treatment, was commonly employed to facilitate the breakdown
of microbial cells (Ege et al. 2011; Hoisington et al. 2014; Noris
et al. 2011). However, commercial column-based kits designed
for complex environmental matrices (e.g., soil, water, plant tis-
sues) became the most widely used approach. Among these, the
PowerSoil DNA Isolation Kit (Qiagen, Germany) was the pre-
ferred option appearing in 30 studies, followed by the FastDNA
SPIN Kit for Soil (MP Biomedicals, USA) used in eight studies,
while the High Pure PCR Template kit (Roche, Germany) was
used in six studies.

3.4 | Data Analysis and Sequencing
3.4.1 | Data Analysis

A variety of analyses, including computational (1/106), endo-
toxin (1/106), culture-based (13/106), and molecular (91/106),
were implemented across the included publications (Figure 2).
In one case, modelling was used to demonstrate the protective
effect of farm home dust microbiota against childhood asthma
(Kirjavainen et al. 2019). In another study, endotoxin concentra-
tions were quantified in dust taken from homes in Estonia and
Sweden (Bottcher et al. 2003). A total of 13 studies adopted a
culture-based approach. Moreover, around half of these studies
focused solely on fungal contamination, whilst the rest included
both fungi and bacteria (Figure 2).

However, a molecular approach was the most common, with 91
out of the 106 studies opting to use molecular techniques, the
majority of which were amplicon-based (Figure 2). Quantitative
polymerase chain reaction (QPCR) was used in nine of the studies
to determine absolute microbial abundances, whilst the other 76
studies used amplicon-based methods to characterise microbial

communities. Although amplicon sequencing was the preferred
method in 74 of these studies, one study employed microarrays,
and another used restriction fragment length polymorphism
(RFLP) analysis. Lastly, a total of 6 studies carried out metage-
nomic shotgun sequencing as an alternative to amplicon-based
community analysis.

3.4.2 | Sequencing Strategies and Targets

A total of 75 studies implemented amplicon sequencing for mi-
crobial identification and community analysis. The 16S rRNA
gene was the primary target for bacterial profiling, with most
studies targeting the V3-V4 and V4 regions. Full-length 16S
rRNA sequencing (V1-V9) was also implemented (Figure 2).
To assess fungal diversity, several rRNA regions were targeted,
including the 18S small subunit, the 28S large subunit, and the
internal transcribed spacer regions 1 (ITS1) and (ITS2) that
separate these genes. Of these, the ITS region was the most
targeted, with the studies showing a near equal split between
ITS1 and ITS2. Notably, 36 studies decided on a dual-target ap-
proach, sequencing both bacterial and fungal genes. Moreover,
2 studies targeted archaeal genes in addition to the aforemen-
tioned genes. Only a single study targeted a virus, in which
species-specific primers were used. Similarly, species-specific
primers were also implemented in several fungal and bacterial
studies (Figure 2). The lack of standardisation in the choice of
hypervariable regions within ribosomal subunits is rooted in
discrepancies in sequence read lengths across NGS platforms.
For example, the Illumina NextSeq is limited to 2x150bp,
which allows sequencing of either the V3 or V4 regions indi-
vidually. The Illumina MiSeq, which supports up to 2x300bp,
is commonly used to sequence the combined V3-V4 region
(~460bp). Only long-read sequencing platforms, such as Pacific
Biosciences (PacBio) and Oxford Nanopore Technologies
(ONT), can sequence near full-length 16S rRNA gene ampli-
cons in high throughput.

Less than 10% of molecular studies employed metagenomic
shotgun sequencing as a means of assessing microbial diversity.
Although initially untargeted, metagenomic sequencing data
are generally analysed with specific group(s) of organisms in
mind. Out of the 6 metagenomic studies, bacterial and fungal
communities were the focus of one, whereas the other 5 studies
were broader and included sequencing data for archaea, protists,
and viruses, as well as bacteria and fungi.

3.4.3 | Sequencing Platforms and Analytical Tools

Based on our review of 106 publications, 79 studies utilised
sequence-based approaches. Next-generation sequencing (NGS)
has become the standard approach for characterising microbial
communities in dust, air, and other indoor matrices. Illumina
platforms, particularly MiSeq and HiSeq, dominate the field
due to their high throughput, accuracy, and cost-effectiveness
for amplicon-based sequencing. Among studies, over 90% uti-
lised Illumina systems (Figure 3). Sanger sequencing, once the
standard for microbial identification, has largely been replaced
by these newer technologies because of its low throughput and
higher per-sample cost (Table 3).
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In recent years, third-generation sequencing technologies such
as PacBio and Oxford Nanopore Technologies (ONT) have
begun to emerge in microbiome research, though they remain
less commonly used. These long-read platforms offer signifi-
cant advantages over short-read sequencing by enabling near
full-length 16S rRNA or ITS reads that improve taxonomic res-
olution, phylogenetic accuracy, and the detection of complex
or repetitive genomic regions. PacBio provides highly accurate
consensus sequences (up to Q50) but remains relatively costly,
whereas ONT offers a more affordable alternative benefitting
from recent innovation such as R10.4.1 flow cells, V14 chem-
istry, and duplex sequencing. Our recent work further demon-
strated that these advances have made ONT compatible with
ultra-low biomass air samples: although performed on outdoor
air, the approach enabled effective profiling of airborne bacte-
rial communities as well as the distribution of antimicrobial
resistance genes, underscoring the potential applicability of
long-read sequencing to indoor air microbiome studies as tech-
nological sensitivity continues to improve (Reska et al. 2024).
Preliminary indoor studies support this potential; for example,

ONT near full-length 16S rRNA sequencing of building-dust
microbiomes provided substantially greater species-level res-
olution than short-read sequencing, revealing numerous taxa
not detected by Illumina (Nygaard et al. 2020). Advances in
ONT library preparation and PCR optimization have shown
that high G+ C content bacterial genomes can be recon-
structed with quality comparable to PacBio, enabling near-
complete genome assemblies using ONT alone (Soto-Serrano
et al. 2024). Advances in long-read assembly and polishing
tools have further improved genome quality, enabling more
complete reconstruction of complex microbial genomes from
mixed environmental samples. Additionally, ONT now sup-
ports accurate microbial epigenetic profiling through improved
methylation calling tools (e.g., Nanomotif and MicrobeMod),
extending capabilities once unique to PacBio. Although most
large-scale applications have focused on high-biomass envi-
ronments such as soil and sediment samples where ONT re-
vealed 15,314 previously undescribed microbial species across
1086 new genera, expanding known prokaryotic diversity
by 8% (Sereika et al. 2025). Continued gains in accuracy and
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FIGURE 3 | Temporal trends in sequencing strategies used in indoor microbiome studies from 2000 to 2025. The figure shows a shift from early
Sanger and Roche 454 methods to the dominance of Illumina platforms, with recent adoption of Ion Torrent and long-read technologies (PacBio and

ONT).

sensitivity highlight the strong potential of long-read platforms
for future indoor and airborne microbiome studies.

3.4.4 | Bioinformatic Pipelines and Quality Control

Bioinformatic processing of sequencing data commonly in-
volves widely adopted open-source pipelines. Raw data pro-
cessing from FASTAQ files, including quality filtering, chimera
removal, sequence clustering or denoising, and taxonomic
assignment, is commonly performed using pipelines such as
QIIME2 (Bolyen et al. 2019), DADA2 (Callahan et al. 2016),
USEARCH/VSEARCH (Callahan et al. 2016; Rognes
et al. 2016), and mothur (Schloss et al. 2009), with newer ap-
proaches such as LACA (Hui et al. 2025), emerging to support
more advanced analysis. Reference databases including SILVA
(Quast et al. 2013), Greengenes2 (McDonald et al. 2024), RDP
(Cole et al. 2014), and UNITE (Nilsson et al. 2019) are used
for bacterial and fungal taxonomic classification, depending
on the target domain and marker gene. Downstream analyses,
such as diversity estimation and community structure profil-
ing, are typically conducted in QIIME2 or Phyloseq (McMurdie
and Holmes 2013). Functional prediction tools (e.g., PICRUS,
HUMANN?2) and ecological guild classifiers such as FUNGuild
are also used to infer potential microbial functions and ecolog-
ical roles.

Across evaluated studies, QIIME/QIIME2 was used most fre-
quently (19 studies), followed by DADA2 (10 studies), whereas
mothur was rarely used (three studies). However, comparison
across studies is complicated by heterogeneity within pipelines
themselves. For instance, some studies generated ASVs using
DADAZ2 with QIIME2 while others employed OTU clustering
with USEARCH. Such differences in feature generation create

challenges for meta-analysis, as alpha-diversity estimates and
taxonomic resolution vary depending on whether OTUs or
ASVs are used and on clustering thresholds (commonly 97%
or 100%). The growing implementation of shotgun metage-
nomic sequencing further adds to the diversity of analytical
approaches and complicates direct comparisons across stud-
ies. Most widely used pipelines were primarily developed for
paired-end and/or short-read data (mainly Illumina), and many
steps are not directly applicable to long-read platforms such as
ONT and PacBio, where reads commonly exceed 1kb. Although
new methods—such as the LACA pipeline (Hui et al. 2025)—
are emerging to better accommodate long-read processing and
classification, their adoption in indoor microbiome research
remains limited.

A further concern we identified is the inconsistent reporting
of quality control measures and data availability. While many
studies include negative controls (e.g., blanks), positive controls
such as mock communities are less common. Among sequenc-
ing studies analysed, 39% did not report any controls, 33% used
negative controls only, 4% used positive controls, and just 16%
included both. Clear definitions are also needed, as “negative
control” may refer to an extraction blank or a PCR no-template
control (NTC), yet best practice would include both.

Data sharing practices are similarly inconsistent. Despite long-
established norms and funder requirements, 48% of the studies
did not make sequencing data publicly available. An additional
5% provided only processed data while 39% deposited raw data
in public repositories such as the Sequence Read Archive (SRA).
Encouragingly, use of platforms like QIITA (7% of studies),
which support standardised sharing of raw data, metadata and
analysis workflows, may help reduce barriers to cross-study
comparability and reproducibility.
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3.5 | Ecological and Microbial Findings
3.5.1 | Dust as a Reservoir of Microbiota

The composition of indoor microbiomes has been widely
characterised, with numerous bacterial and fungal genera
frequently detected in household dust. Bacterial taxa com-
monly identified across indoor studies include Staphylococcus,
Streptococcus, Corynebacterium, Micrococcus, and Bacillus,
which are often derived from human skin, oral, and respi-
ratory microbiota (Ege et al. 2011; Asif et al. 2019; Barberan
et al. 2015; Chen et al. 2010; Hanson et al. 2016; Martikainen
et al. 2021; Veillette et al. 2013; Ege et al. 2012; Fu et al. 2024;
Lee, Wyss, et al. 2021; Onwusereaka et al. 2024; Sarac
et al. 2025; Hui et al. 2019; Jayaprakash et al. 2017). These
taxa dominate in environments with high human occupancy
and limited ventilation or with frequent surface contact by
residents. Environmental bacteria, including Sphingomonas,
Ralstonia, Pseudomonas, and Burkholderia, are frequently
reported as well, particularly in homes with more natural
ventilation or proximity to vegetation (Gupta et al. 2020; Fu,
Li, et al. 2020; Hoisington et al. 2014; Leung et al. 2014; Li
et al. 2013; Park et al. 2021; Sun et al. 2022). Multiple studies,
including those by Cox et al. (2022, 2017, 2021), Dannemiller,
Gent, et al. (2016); Dannemiller, Leaderer, and Peccia (2016),
and Fu, Li, et al. (2020); Fu, Norbick, et al. (2020); Fu
et al. (2021a); Fu et al. (2024), have found that indoor dust
often contains microbiomes from outdoor environments.
Additionally, the composition of indoor microbial communi-
ties is shaped by building characteristics such as moisture,
ventilation, and occupant behaviour (Cox et al. 2022, 2017,
2021; Dannemiller, Gent, et al. 2016; Fu, Li, et al. 2020; Fu,
Norbick, et al. 2020; Leung et al. 2014; Park et al. 2021; Fu
et al. 2024, 2022).

Fungal communities in indoor environments are diverse
and are often dominated by globally prevalent genera such
as Cladosporium, Aspergillus, Penicillium, Alternaria, and
Wallemia, with spores originating from both outdoor air
and indoor surfaces (Dannemiller, Gent, et al. 2016; Sautour
et al. 2009; Sunié et al. 2025; Weikl et al. 2016; Isa et al. 2022;
Rittenour et al. 2014; Chew et al. 2001; Estensmo et al. 2021;
Rocchi et al. 2015; Dannemiller, Leaderer, and Peccia 2016;
Fairs et al. 2010). Advanced sequencing-based studies have
expanded the known diversity of indoor fungi, revealing fre-
quent detection of Epicoccum, Aureobasidium, and Didymella
species (Vandenborght et al. 2021; Isa et al. 2022; Sun
et al. 2022; Estensmo et al. 2021). Aspergillus and Penicillium
are commonly present in indoor air, but their concentrations
are significantly higher in damp or water-damaged buildings
(Tischer et al. 2016; Eiffert et al. 2016; Richardson et al. 2019;
Estensmo et al. 2022; Jayaprakash et al. 2017), and their pres-
ence has been linked to allergic disease and asthma exacer-
bation (Karvonen et al. 2019; Shan et al. 2020; Richardson
et al. 2019).

While the abundance of specific taxa can vary, their repeated
detection suggests stable persistence in indoor environments.
The concept of a “core indoor microbiome” is often invoked to
describe the consistently occurring microbial taxa found across
built environments; defining such a universal core remains

methodologically and ecologically unfeasible. Indoor microbial
communities are highly context-dependent, shaped by diverse
factors including building design, ventilation type, occupant
density, cleaning practices, material composition, and local cli-
mate. Because most indoor microorganisms derive from tran-
sient sources such as humans, pets, and outdoor air (Kettleson
etal. 2015; Cox et al. 2021; Leung et al. 2014; Maestre et al. 2018;
Miki et al. 2021; Suni¢ et al. 2025; T4ubel et al. 2009; Sarac
et al. 2025; Jayaprakash et al. 2017; Sitarik et al. 2018; Loo
et al. 2018; Dannemiller, Leaderer, and Peccia 2016), rather
than from an intrinsic indoor ecosystem, their composition re-
flects environmental inputs rather than shared endemic taxa.
Furthermore, variations in sampling strategy, sequencing meth-
odology, and bioinformatic processing generate inconsistent re-
sults across studies.

3.5.2 | Ecological Characteristics and Correlation With
Environmental Factors

The indoor environment can significantly influence microbial
diversity, particularly with respect to allergens and other indoor
conditions impacting health and overall well-being of the resi-
dents. This correlation is shaped by various factors, such as the
house age, including building materials, ventilation, moisture
and humidity, as well as occupancy patterns and behaviour.

Building materials significantly influence indoor microbial di-
versity. For instance, wood flooring supports distinct microbial
populations compared with synthetic materials, while textiles
and firewood enhance bacterial and fungal diversity (Coombs
et al. 2018; Cox et al. 2021; Fu, Li, et al. 2020; Fu, Norbdck,
et al. 2020). Ventilation also plays a critical role in shaping in-
door microbial diversity, especially during winter. Inadequate
ventilation and cleaning can lead to pollutant and moisture
accumulation, fostering microbial growth (Miki et al. 2021;
Vidal-Quist et al. 2021). Effective ventilation, whether natural or
mechanical, facilitates air exchange between indoor and outdoor
environments, increasing microbial diversity—homes with poor
ventilation often have elevated indoor microbial concentrations,
while those with open windows introduce outdoor microorgan-
isms like Cladosporium and Alternaria, enhancing fungal diver-
sity (Asif et al. 2019; Weikl et al. 2016; Hui et al. 2019; Valkonen
et al. 2015, 2018). This is especially pronounced in vegetated
areas (Lee, Yang, et al. 2021; Miki et al. 2021; Tong et al. 2017).

Seasonality and moisture are also very important factors shap-
ing indoor microbial diversity, showing significant variations
throughout the year. Moisture has a crucial role in fostering
fungal growth indoors- environments with visible dampness
or water damage support higher fungal diversity, particularly
species like Aspergillus and Cladosporium (Niemeier-Walsh
et al. 2021). High humidity especially facilitates the growth
of allergenic and pathogenic fungal species such as Candida,
Rhizopus, and Epicoccum, potentially increasing the risk of
respiratory health issues, including asthma (Cox et al. 2021;
Lee, Wyss, et al. 2021; Shabankarehfard et al. 2017). Outdoor
airborne fungi such as Aspergillus, Cladosporium, and
Basidiomycetes are more prevalent in warmer months and can
enter indoor environments through ventilation systems (Gupta
et al. 2020; Richardson et al. 2019; Shabankarehfard et al. 2017).
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Conversely, colder months stabilise indoor microbial diversity,
with bacterial communities dominated by human-associated
microbes and a decrease in fungal diversity (Sitarik et al. 2018;
Valkonen et al. 2018). Overall, warmer, more humid conditions
promote microbial diversity, while drier, colder conditions re-
duce it, highlighting the dynamic influence of seasonality on
indoor microbial ecosystems (Coombs et al. 2018; Estensmo
et al. 2021).

Another factor that greatly influences microbial diversity in
indoor environments is human occupancy and behaviour.
Spaces with higher occupancy, like classrooms and homes
with multiple members, are linked to increased bacterial
diversity, including Staphylococcus and Streptococcus (es-
pecially in highly used areas, such as child bedrooms and liv-
ing rooms). Activities such as cooking and cleaning further
introduce and disperse bacteria (Weikl et al. 2016; Ciaccio
et al. 2015; Eiffert et al. 2016; Ludwig et al. 2017). Bacterial
diversity also increases in high-occupancy public settings,
such as cafeterias and daycare centres, with cleaning prac-
tices as a significant factor for microbial diversity and abun-
dance (Asif et al. 2019; Coombs et al. 2018; Loo et al. 2018).
It has also been shown that homes with pets, especially in
farming environments, show higher bacterial diversity due to
the introduction of animal-associated microbes. Bacteria such
as Moraxella, Porphyromonas, Sutterella, Clostridium, and
Mycobacterium are more prevalent in pet-owning households,
contributing to enriched microbial communities linked to po-
tential health benefits, including lower rates of atopic diseases
(Gupta et al. 2020; Richardson et al. 2019; Sitarik et al. 2018;
Loo et al. 2018; Valkonen et al. 2015). The presence of dogs sig-
nificantly alters indoor dust microbiota, increasing bacterial
diversity that can persist for up to a year post-introduction.
Studies show pet-owning households have higher bacterial
and fungal loads, beneficially impacting IAQ and human
health (Cox et al. 2021; Lee, Yang, et al. 2021). However, pet
ownership can also introduce zoonotic microorganisms that
may pose health risks. Pets can harbour and transmit oppor-
tunistic pathogens such as Salmonella, Campylobacter, and
Toxocara, potentially increasing exposure to zoonotic infec-
tions, particularly in children or immunocompromised indi-
viduals (Chomel and Sun 2011; Stull et al. 2015). Maintaining
appropriate hygiene and regular veterinary care is essential to
balance these microbial benefits with potential health risks.

3.6 | Other Findings
3.6.1 | Indoor Air Quality and Other Air Pollutants

Air pollutants such as NO,, SO,, and PM10 have been shown to
affect the diversity and composition of the indoor microbiome
significantly (Isa et al. 2022; Sun et al. 2022). Fungal commu-
nities were more strongly influenced by fine particulate mat-
ter than bacterial communities (Ding et al. 2020). A previous
study identified the following as the most important determi-
nants of indoor fungal community composition: outdoor versus
indoor environment (7.6%), climate (4.2%), building features
(2.1%), and occupant characteristics (1.9%) (Martin-Sanchez
et al. 2021). According to other studies, temperature, room type,

and humidity are key factors shaping microbial communities in
indoor environments (Estensmo et al. 2021).

Temperature was found to be a strong predictor of total cul-
turable fungi in house dust (Chew et al. 2001). In classrooms,
higher indoor temperatures increased bacterial evenness,
while outdoor temperatures had the opposite effect, reducing
bacterial evenness but increasing bacterial load (Lee, Yang,
et al. 2021).

Relative humidity and temperature were significantly and pos-
itively associated with total fungal concentration (Cochran
et al. 2022). Elevation in temperature and relative humidity
were also linked to a reduction in indoor microbial diversity
(Park et al. 2021, 2022). Classrooms that had water damage ex-
hibited greater bacterial richness (Park et al. 2021), though they
had lower levels of protective microbes (Fu, Ou, et al. 2021a). A
negative correlation was found between indoor mould amount
and indoor temperature, while a positive correlation was found
between indoor mould amount and indoor moisture ratio (Celtik
et al. 2011). Exposure to high humidity and mould damage has
also been linked to changes in certain fungal and bacterial spe-
cies (Cox et al. 2021; Jayaprakash et al. 2017).

Natural ventilation had a relatively minor impact on micro-
bial structure, with bacteria being more influenced than fungi
(Nufiez and Garcia 2022; Weikl et al. 2016; Yang et al. 2022).
Cleaning practices were also associated with changes in bac-
terial composition, showing that room cleaning methods can
significantly alter indoor microbial populations (Hickman
et al. 2022).

Finally, indoor bioaerosol communities have been found to be
significantly affected by outdoor conditions, especially in the
presence of haze and pollution (Zhou et al. 2021).

3.6.2 | Molecular and Mechanistic Limitations in
Linking Indoor Microbiomes to Disease

A growing body of literature has reported associations between
moisture-damaged indoor environments and various adverse
health symptoms, including respiratory irritation, wheezing,
coughing, asthma exacerbation, and general malaise. However,
identifying robust biological mechanisms linking microbial ex-
posures to health effects remains a significant challenge.

Ndika et al. (2018) examined gene expression profiles in nasal
mucosa and peripheral blood cells of teachers working in ei-
ther moisture-damaged or reference school buildings. Despite
a higher prevalence of upper and lower respiratory symptoms
among teachers in moisture-damaged environments, the
study found no differentially expressed genes in blood sam-
ples, and only a limited set of modestly altered genes in nasal
tissue. The transcriptomic differences were not strong enough
to define clear molecular pathways or biomarkers that could
explain the reported symptoms. These findings highlight the
difficulty in capturing subtle biological effects from low-level
or chronic environmental exposures using bulk gene expres-
sion profiling.
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Suojalehto et al. (2021) conducted a detailed case-control tran-
scriptomic study to investigate molecular mechanisms underly-
ing adult-onset asthma associated with exposure to damp and
mouldy buildings. The study compared nasal epithelial gene ex-
pression among four groups: individuals with asthma attributed
to damp buildings (AAD), those with asthma unrelated to damp-
ness exposure (AND), patients with idiopathic environmental
intolerance (IEI), and healthy controls. Transcriptomic profiling
revealed that the AND group exhibited upregulation of canon-
ical inflammatory genes—particularly those associated with
Th2-type immune responses, epithelial cytokines, and chemo-
kines, consistent with typical allergic asthma. In contrast, the
AAD and IEI groups showed only modest and heterogeneous
transcriptomic changes. In the AAD group, weak activation was
noted in a limited number of genes related to epithelial barrier
function and immune signalling, but these changes lacked in-
terindividual consistency. Moreover, gene expression profiles in
the AAD group more closely resembled those of the IEI group,
which is often considered to reflect non-inflammatory or psy-
chogenic mechanisms. Importantly, the study did not identify
a distinct or reproducible transcriptomic signature in the AAD
group, despite the presence of clear clinical symptoms. These
findings suggest that asthma attributed to damp indoor envi-
ronments may not be driven by overt mucosal inflammation,
but rather by multifactorial and potentially indirect pathways
including epithelial dysregulation, individual susceptibility,
neuroimmune interactions, or co-exposures to microbial and
chemical agents.

Together, these two transcriptomic studies underscore the
mismatch between subjective health complaints and objective
molecular biomarkers in the context of indoor air-related ill-
ness. They also reflect broader limitations in current research,
including insufficient exposure characterisation, lack of sensi-
tive or validated biomarkers, and the influence of psychosocial
or behavioural confounders. To advance understanding, future
research must incorporate longitudinal designs, high-resolution
exposure profiling, and multi-omics strategies to unravel the
complex interactions between the indoor microbiome and host
responses.

4 | Discussion

This review highlights the complexity and variability in in-
door microbiome research, emphasising the need for meth-
odological standardisation to improve data comparability
and the interpretability of findings. Across over 100 studies,
researchers used a wide range of sampling strategies, ana-
lytical tools, and sequencing platforms. This heterogeneity
underscores a key limitation in the current field: the lack of
standardised procedures from the field (e.g., contextual in-
formation retrieved and sampling methods) to the lab (e.g.,
lysis protocols or commercial kits) limits the reproducibility
and scalability of results across different environments and
populations.

A strength of this review lies in its comprehensive scope,
encompassing diverse geographic regions, age groups,
and indoor environments, from homes and kindergartens
to offices and healthcare settings. This diversity offers a

thorough understanding of how environmental, architectural,
and behavioural factors impact indoor microbial communi-
ties. Traditional methods for studying indoor microbiomes,
such as culture-based techniques or targeted qPCR, have pro-
vided foundational insights but are limited in scope, sensitiv-
ity, and taxonomic resolution. Many indoor microorganisms
are non-culturable or present at low abundance, leading to
underestimation of microbial diversity and incomplete ecolog-
ical interpretation. Notably, the use of advanced sequencing
techniques, such as 16S rRNA and ITS amplicon sequencing,
especially on platforms like Illumina MiSeq, provides a robust
backbone for microbial profiling. Moreover, recent advances in
long-read sequencing platforms such as PacBio and ONT further
enhance resolution. However, the limited adoption of shotgun
metagenomics, which reveals the functional diversity of micro-
bial communities by sequencing all genomic DNA contained in
asample, remains a gap. Therefore, integrating both approaches,
as highlighted by recent work (Yang et al. 2025; Yun et al. 2025),
can be essential to move beyond describing microbial diversity
to understanding how indoor microbes relate to the built envi-
ronment and human health.

Ecological findings demonstrate a clear influence of environ-
mental conditions such as ventilation, humidity, temperature,
and occupant behaviour on microbial diversity. For exam-
ple, buildings constructed with natural materials, featuring
regular ventilation, and those with the presence of pets tend
to harbour more diverse and potentially beneficial micro-
bial populations. Conversely, high humidity, water damage,
and improper chemical cleaning practices can promote the
growth of pathogenic or allergenic taxa. These findings sug-
gest that architectural design, cleaning practices, and occu-
pant behaviour can be modified to promote healthier indoor
microbiomes.

One notable limitation is the variability in DNA extraction
methods, particularly for low-biomass samples such as air or
HVAC filters. Inconsistent use of lysis protocols or commercial
kits (e.g., PowerSoil, FastDNA SPIN) can lead to differential mi-
crobial recovery, which, in turn, influences downstream data
interpretation. Additionally, the lack of standardisation in am-
plicon sequencing protocols, such as differences in amplified
regions and sequencing strategies, makes it difficult to compare
data across multiple projects. Another challenge is the inconsis-
tent reporting of metadata (contextual data), such as sampling
site conditions or participant health status, which hinders the
ability to draw causal links between microbial exposure and
health outcomes, including asthma.

Importantly, the implications of this work extend beyond aca-
demic research. As indoor environments become the dominant
setting for human activity, especially following the COVID-19
pandemic, understanding the microbiome's role in indoor air
quality (IAQ) becomes increasingly critical. This review sug-
gests that promoting microbial diversity, through the selection
of building materials, ventilation design, and pet ownership,
may offer protective benefits against respiratory conditions.
At the same time, the use of antimicrobial cleaning agents and
over-sterilisation practices, which surged during the pandemic,
may disrupt beneficial microbial exposures, potentially increas-
ing long-term health risks.
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5 | Future Recommendations

Future research should: (i) prioritise epidemiological longitu-
dinal studies using multiple sampling methods to understand
spatio-temporal shifts in indoor microbiota and their links to
occupant health, (ii) establish standardised operating proce-
dures (SOPs) for microbiome sequencing, (iii) define reference
extraction kits for cross-study comparability, (iv) include multi-
omics approaches, for example, integrate functional profiling ap-
proaches, such as shotgun metagenomics and transcriptomics, to
move beyond taxonomy and explore microbial function.

Additionally, projects within the IDEAL cluster, addressing
different aspects of indoor and outdoor air pollution, have cre-
ated a range of tools designed to raise public awareness about
air pollution. For example, an infographic “Effective ventilation:
key to health and comfort” (Figure S1), prepared as part of the
K-HEALTHInAIR project, aims to raise public awareness of re-
ducing the risk of respiratory illnesses by improving IAQ. This
simple ventilation guide provides easy-to-follow instructions
on how to improve indoor air exchange, considering seasonal
weather conditions, as well as economic and energy aspects.
With a similar aim, EDIAQI project (Lovric et al. 2025) has cre-
ated a wiki page encompassing the majority of publicly available

EDIAQ

data on IAQ and a simulation tool for air pollution risk assess-
ment, which individuals and/or local authorities can use for pre-
liminary risk assessment of their buildings. Figure 4 provides a
visual summary.

Finally, policy makers and public health authorities should
use these insights to inform IAQ regulations, building codes,
and public awareness campaigns aimed at creating health-
ier indoor environments, especially for priority (hospitals,
schools, kindergartens, etc.) and other public health import-
ant facilities that have the potential for larger gatherings.
Future guidelines should emphasise smart ventilation, for ex-
ample, encouraging the use of sensors and automated systems
that adjust airflow in real-time based on occupancy, pollution
levels, and CO, concentrations. Maintaining optimal indoor
sanitary conditions, temperature and humidity between 30%
and 60% is crucial to prevent mould growth and improve air
quality. Guidelines for use of humidifiers and dehumidifiers,
including recommendations for methods of independent as-
sessment of device efficiency, should be consistent with local
microclimate indicators, including unbiased recommenda-
tions for real-time air quality monitoring systems use track-
ing a range of pollutants (PM, VOCs, CO,, humidity) with
actionable feedback to occupants. In addition, developing

K-HEALTH

INDOOR AIR QUALITY (IAQ)

Indoor Air Quality Framework for Action

Effective Ventilation: a Key to Health and Comfort

‘ Key Factors Influencing IAQ ’ [

KEY VENTILATION PARAMETERS

Outdoor air pollution

Indoor pollutant sources
Ventilation

Air filtration

Building design and construction
Occupancy and activity
Temperature and humidity

More information on EDIAQI Wiki

o CO2 evels: keep below 800 ppm
o Mould control: Maintain indoor relative humidity below

60%

o Seasonal adjustment: Adjust ventilation habits by

season

o Energy efficiency: Use smart systems to balance air

quality and energy savings

{ PRACTICAL RECOMMENDATIONS J

The IAQ Simulator

¢ assess your indoor
NO: and PM2.5

o observe how
different variables
impact the air

=

o Use sensors in high- occupancy areas
« Combine natural and mechanical ventilation

o Ventilate regulary in areas prone to moisture
%

(bathrooms, kitchens, basements, and window
| areas)
| o Monitor and address structural issues
~ 7 e Use dehumidifiers or mechanical extractors

me—=—mm+ Open windows fully for 5—10 minutes several

times a day

« Adapt ventilation strategies to outdoor air quality
and seasonal conditions: e.g. in summer ventilate
in the early morning or late evening

. Choose ventilation systems with heat recovery to

reduce heating/cooling loads
« Tailor ventilation to occupancy and season

FIGURE4 | Overview of framework and ventilation guidance for improving indoor air quality.
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sustainable building practices are key, including the use of
low-VOC and formaldehyde-free construction and interior
decoration materials, as well as promotion of green building
certifications that incentivise designs focused on air quality
and occupant health. Architects and engineers should also be
instructed by local authorities to incorporate IAQ principles
early in their design process, optimising airflow with well-
positioned windows and natural filtration systems like green
walls. And, in addition to all these efforts, special attention
should be put on public awareness and education of key stake-
holders beside general population on improving their TAQ
knowledge, together with clear communication on the health
risks of indoor air pollution, particularly for vulnerable popu-
lations such as children, child-bearing women, the older peo-
ple and those with pre-existing health conditions.

6 | Conclusion

This review provides a comprehensive overview of current meth-
odologies used in indoor microbiome research, highlighting
significant variability in sampling approaches, matrix selection,
DNA extraction protocols, and sequencing technologies. While
the growing interest in characterising the indoor microbiome
reflects its relevance to human health, especially respiratory
conditions like asthma, the lack of standardised practices lim-
its cross-study comparability and reproducibility. Key insights
reveal that environmental factors such as ventilation, humidity,
building materials, and occupant behaviour play a crucial role in
shaping microbial diversity indoors. To advance the field, future
research should prioritise the development and adoption of har-
monised methodological frameworks, integration of functional
metagenomic analyses, and consistent metadata reporting. At a
minimum, studies should clearly report sampling locations and
methods (including surface type, height, and timing), use appro-
priate negative and positive controls, and apply consistent DNA
extraction and sequencing protocols. Metadata collection should
include key building characteristics (e.g., age, ventilation type,
moisture, occupancy, indoor materials, cleaning product) and
occupant information, where relevant. Finally, transparent data
processing and sharing of raw sequences and associated meta-
data will facilitate cross-study comparisons and meta-analyses.
These efforts will be essential for translating microbial ecology
findings into evidence-based public health policies and building
design strategies that support healthier indoor environments.
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