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Abstract in English

Background: Human transition from outdoor environment to the built environments have
reduced our exposure to microbial diversity. Nowadays we spend on average up to 90 % of
our time indoors. Previous studies have indicated that exposure to airborne bacteria might
prevent or facilitate the development of respiratory disease such as asthma. The studies also
showed that children growing up on farm environments have lower risk of immune-mediated
diseases than children growing up in urban areas probably due to exposure to farm-related

microbiota through contact with livestock animals.

Objectives: We attempted to increase the efficiency of the extraction of airborne dust, DNA,
and endotoxin from the EDC (Electrostatic Dust Collector), a sampling device used for
addressing airborne bacterial exposure. We aimed to investigate the difference in airborne
bacterial composition between the farmers’ homes and suburban homes and to study bacterial
transfer between livestock stables and farmers’ homes. In Paper III, we attempted to identify
factors associated with the composition of the indoor bacterial communities. In Paper IV, we
aimed to investigate the association between indoor bacterial profiles (diversity and load), lung
function, and airway inflammation. Furthermore, we aimed to determine whether individual

bacterial taxa in the indoor microbiome affect lung function and airway inflammation.

Methods: Airborne dust particles were sampled with EDCs over a period of 14 days. The dust
washed from the EDCs’ cloths was used to extract DNA and endotoxin. We compared the
DNA extraction efficiency of bacterial components from EDCs using five extraction
techniques. A quantitative PCR (qPCR) was used to assess bacterial abundance. The V3-V4
region of the bacterial 16S rRNA gene was amplified and sequenced using Ilumina MiSeq to
determine the composition of the bacterial communities. The Divisive Amplicon Denoising
Algorithm (DADA?2) algorithm was used for the inference of amplicon sequence variants from
amplicon data. The kinetic chromogenic LAL assay was used for endotoxin measurement. The
association between dependent and independent variables was studied using adjusted

multivariate regression models.

Results: In paper I, we found that airborne bacteria were significantly more abundant and more
diverse in farmers’ homes than suburban homes (p <0.001). In particular, the putatively
beneficial bacterial taxa of intestinal origin were more abundant in the farmers’ homes and

originated mainly from surrounding environment rather than livestock stables.



In paper II, we found that two techniques outperformed the rest. Furthermore, we developed

protocols to simultaneously extract both DNA and endotoxin from a single EDC cloth.

In paper III, the indoor airborne bacteria differed across five Northern European countries.
Higher indoor bacterial diversity and load were associated with higher abundance of outdoor
bacterial taxa which might be because of low precipitation and higher wind speed outdoor.
Multivariate regression models showed that alpha diversity indices and bacterial and endotoxin
loads were positively associated with the age of the occupants, the number of occupants, the

cleaning frequency, the presence of dogs, and the age of the house.

In paper IV, we found that indoor bacterial diversity was associated with higher lung function
in males and higher eosinophilic airway inflammation in females. We further found that cells
affiliated with Actinobacteriota were associated with better lung function, while cells
affiliated with Clostridia were associated with lower lung function. We further found that
higher FeNO levels were negatively associated with Cellulomonas and positively associated

with Campylobacter.

Conclusion: We showed that airborne bacteria in farmers’ homes, especially cow farmers’
homes, was characterized by high bacterial diversity compared to suburban homes.
Additionally, it appears that the indoor airborne bacterial community in farmers’ homes is

influenced by intestinal animal microbiota from manure.

In Paper II, we were able to develop a joint protocol for DNA and endotoxin extraction. Our
technique promotes a high quality-to-price ratio and may be employed in large epidemiological

studies addressing airborne bacterial exposure where a large number of samples are needed.

In paper III, we concluded that indoor airborne bacteria are geographically patterned, and the
contribution of outdoor bacterial taxa to indoor air might be affected by weather events.
Furthermore, our results suggest that general lifestyle choices such as the number of occupants,

types of pets, frequency of cleaning, and use of disinfectants impact the indoor microbiome.

Different associations were found between indoor bacteria and lung function and airway
inflammation in males and females, suggesting sexual dimorphism in response to airborne
bacterial exposure. Furthermore, the association patterns between the indoor bacterial
communities and lung function and airway inflammation were different. The results from Paper
IV provide new insights into understanding the complicated relationship between indoor

bacterial exposures and respiratory health.



Abstract in Norwegian

Bakgrunn: Overgangen fra utemiljo til bygde miljeer har redusert var eksponering for
mikrobielt mangfold. I dag tilbringer det moderne mennesket opptil 80% av tiden innenders.
Tidligere studier har vist at eksponering for luftbarne bakterier kan minske risikoen for &
utvikle luftveissykdommer som astma. Studiene viser ogsa at barn som vokser opp pa gérd har
lavere risiko for & utvikle immunmedierte sykdommer enn barn som vokser opp i urbane
omrader. Grunnen til dette kan vaere eksponering for gardsrelatert mikrobiota gjennom kontakt

med husdyr.

Mal: Vi ensket & forbedre protokollen for analyse av bakterier og endotoksin fra EDC
(Electrostatic Dust Collector), en provetakingsenhet som brukes til & méle luftbaren bakteriell
eksponering. Videre ville vi underseke forskjellen i luftbaren bakteriesammensetning mellom
boliger til bender og boliger i bystrak, og a studere baktericoverforing mellom husdyrstaller og
boliger. I Paper I1I sgkte vi & identifisere faktorer assosiert med sammensetningen av bakterier
fra boliger fra fem forskjellige nordiske studiesentre. I Paper IV hadde vi som mal 4 undersgke
sammenhengen mellom innenders bakterieprofiler (mangfold og mengde) og typer av

bakterier, lungefunksjon og lungeinflammasjon.

Metoder: Luftbarne stovpartikler ble samlet inn med EDC-er over en periode pd 14 dager.
Bakterielt DNA og endotoksin ble ekstrahert fra provene. Vi sammenlignet DNA-
ekstraksjonseffektiviteten til bakterielle komponenter fra EDC-er med fem forskjellige
teknikker. En kvantitativ PCR (qPCR) ble brukt for & vurdere mengde bakterier. V3—V4-
regionen til det bakterielle 16S rRNA-genet ble amplifisert og sekvensert ved bruk av Ilumina
MiSeq for & bestemme sammensetningen av bakteriesamfunnene. Den kinetiske kromogene
LAL-analysen ble brukt for endotoksinmaling. Sammenhengen mellom avhengige og

uavhengige variabler ble studert ved bruk av multivariate regresjonsmodeller.

Resultater: I artikkel I fant vi at luftbarne bakterier var betydelig mer tallrike og mer
mangfoldige i benders boliger enn i boliger i urbane strek (p<0,001). De antatt gunstige
bakteriene var mer tallrike i bendenes hjem og har sin opprinnelse hovedsakelig fra

husdyrgjedsel og det ytre miljo, men ikke nedvendigvis direkte fra dyrene selv.

I artikkel II fant vi at to teknikker ga bedre resultat enn de tre gvrige teknikkene som ble testet.
Videre utviklet vi protokoller for samtidig & trekke ut bdde DNA og endotoksin fra et EDC
filter.



T artikkel III har vi beskrevet store geografiske forskjeller for ssmmensetningen av de innenders
luftbarne bakteriene. Hoyere innenders bakteriediversitet og mengde var assosiert med hayere
forekomst av bakterier som har opphav fra utemilje, som kan skyldes mindre nedber og hayere
vindhastighet utenders. Multivariate regresjonsmodeller viste at alfa-diversitetsindekser og
bakterie- og endotoksinkonsentrasjoner var positivt assosiert med beboernes alder, hvor mange

personer som bor i boligen, rengjeringsfrekvens, hundehold og boligens alder.

I artikkel TV fant vi at innenders bakteriediversitet var assosiert med god lungefunksjon hos
menn, men med mer lungeinflammasjon hos kvinner. Vi fant videre at Actinobacteriota
bakterier var assosiert med bedre lungefunksjon, mens Clostridia bakterier var assosiert med
lavere lungefunksjon. Hoyt FeNO-niva var negativt assosiert med Cellulomonas og positivt

assosiert med Campylobakter bakterier.

Konklusjon: Vi viste at luftbrne bakterier i bendenes hjem, spesielt storfebendenes boliger,
var preget av hey bakteriediversitet sammenlignet med boliger i urbane strok. Vér studie
(artikkel T) viser at bakteriesammensetningen i bendenes hjem har sin opprinnelse fra

husdyrgjedsel og bidrarytterligere til verifiseringen av hypotesen om mikrobielt mangfold.

I artikkel II beskriver vi en felles protokoll for DNA- og endotoksinekstraksjon. Teknikken vér
bidrar til et hoyt kvalitet-til-pris-forhold og kan brukes i store epidemiologiske studier som tar

for seg luftbaren bakteriell eksponering der et stort antall prever skal analyseres.

I artikkel III konkluderte vi med at innenders luftbdrne bakterier viser store geografiske
forskjeller, og bidraget fra utenders bakterietaxa til inneluft pavirkes av varforhold. Videre
antyder resultatene vare at generelle livsstils valg som yrke, typer kjeledyr, hyppighet av

rengjoring og bruk av desinfeksjonsmidler pavirker innenders mikrobiomet.

Det ble funnet forskjellige assosiasjoner mellom innenders bakterier og lungefunksjon og
lungeinflammasjon hos menn og kvinner, noe som tyder pa seksuell dimorfisme som respons
pa luftbéren bakteriell eksponering. Videre var assosiasjonsmenstrene mellom innenders
bakteriesamfunn og lungefunksjon og lungeinflammasjon forskjellige. Resultatene fra artikkel
IV gir ny innsikt i & forsta det kompliserte forholdet mellom innenders bakterieeksponering og

luftveishelse.
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Terms and Abbreviation

16S rRNA 16 ribosomal RNA

Alpha diversity Diversity within-sample

Amplicon DNA product of amplification via polymerase chain reaction
ANCOM BC Analysis of Compositions of Microbiomes with Bias Correction
ANOSIM Analysis of similarity

ASV Amplicon Sequence Variant

Beta diversity

Diversity presents between the communities

COPD Chronic Obstructive Pulmonary Disease

DADA2 Divisive Amplicon Denoising Algorithm 2

ECRHS European Community Respiratory Health Survey

EDC Electrostatic Dust Collector

FEV1 Forced Expiratory Volume in 1 second

FVC Forced Vital Capacity

FeNO Fractional Exhaled Nitric Oxide

IgE Immunoglobulin E

LPS Lipopolysaccharide

Microbiome A characteristic microbial community occupying a reasonable well-
defined habitat which has distinct physio-chemical properties

PCoA Principal Coordinates Analysis

PFW Pyrogen Free Water

PM Particulate matter

Taxonomy The classification of groups of biological organisms based on shared

characteristics
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1. Introduction

The global trend toward industrialization and urbanization has resulted in an increasing
number of people living and working indoors. According to some studies, people in
industrialized countries spend up to 90% of their time indoors [1, 2], so in terms of duration,
the inhalation exposure takes place largely indoors. In recent decades, several studies have
highlighted the role of ambient airborne particulate matter (PM) as an important environmental
pollutant [3]. Current research on airborne particles focuses on the health effects of PM and the

microorganisms associated with PM [4].

Bacteria are occurring everywhere in the environment surrounding humans including
indoor environment, some bacterial groups are more common indoors compared to outdoors
[5]. The indoor environment, bacteria, and humans all contribute to an interconnected system
that affect each other [6]. Our health may be affected by exposure to airborne bacteria. Effects
of indoor airborne bacteria, whether harmful or beneficial, depend on to the composition,
amount, and diversity of the microbial exposure as well as to the duration, timing, and source
of the exposures [7, 8]. For example, it has been demonstrated that the airborne microbial
community can differ between environments that promote and inhibit the development of
asthma and allergies [9]. Environments rich in microbes, such as farms can have beneficial
health effects and protect from allergy and asthma among children [10, 11]. Differences in
airborne bacterial composition have been linked to lower allergy risk such as higher abundance
of gram-positive bacteria [12]. Lynch et al [13] discovered that compared to children with atopy
or wheeze, the home environment of healthy children were more likely to be characterized by
specific bacteria from the families Prevotellaceae, Lachnospiraceae, and Ruminococcaceae.
According to these findings, exposure to a specific group of airborne bacteria may help to

reduce the risk of developing respiratory disease and allergies.

Association between bacterial exposure and development of respiratory diseases such
as asthma is well known. The prevalence of asthma and allergy have increased during the past
decades especially in Northern Europe [14]. In this thesis, we studied bacterial exposures across
different indoor environments, such as livestock stables, farmers’ homes, and suburban homes.
We studied the factors affecting the indoor airborne bacterial composition as well as their
association with lung function and airway inflammation. We also optimized bacterial DNA and
endotoxin extraction from settled airborne dust, which is considered the most popular approach

for measuring microbiological airborne exposure in the indoor environment.
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1.1. The Hygiene, biodiversity, and microbiome rewilding hypotheses.

Since the 1980s, developed countries have seen an increase in atopic disease and
immune dysregulation disorders while experiencing a decrease in infectious diseases. The
developing countries in contrast appear to exhibit the opposite effect, with less immune
dysregulation and a higher prevalence of infectious disease. After observing that hay fever was
less common in children with older siblings, Strachan proposed the hygiene hypothesis in
connection with allergic disease in 1989 [15]. Strachan hypothesized that increases prevalence
of infections in childhood could suppress the development of allergic disease later in the life
[16]. Since then, it has been established that early childhood exposure to microbes and parasites
can lower the risk of developing allergic diseases. Several studies have supported the hygiene
hypothesis. It has been discovered that living in a microbe-rich environment, such as a farm,

can protect against allergic diseases and asthma [11, 17].

The modification of the initial hygiene hypothesis, i.e., the biodiversity hypothesis,
suggests that a high microbial diversity around us can also increase richness of the human
microbiome which have beneficial effect on the immune system [18]. The exposure to a high
microbial diversity appears to be critical in protective scenarios for allergy and inflammatory
disorders [19, 20]. According to recent studies, not only diversity, but also more specific indoor
airborne microbiome composition, may play a role for better respiratory heath [17, 21].
Recently, a microbiome rewilding hypothesis has been proposed, aimed at urban habitat
restoration to increase the microbial biodiversity and micro-ecological processes in urban areas
by promoting nature around us to be wild and diverse rather than cultured and ‘tamed’ in order

to achieve the best benefits for human health [22].

1.1.1. Farm environment

Several studies have found that the exposure to environments rich in microorganisms
such as farms protect against the development of childhood asthma and allergies [23-25].
These studies link contact with livestock animals to a lower risk of immunoregulatory
disorders. Frequent contact with farm animals during early childhood seems to be an important
determining factor for protection against immunoregulatory disorders [26]. This observation is
in line with to the biodiversity hypothesis that state that limited exposure to microbial diversity

plays a key role aetiology of immune-mediated disease.
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The air in livestock stables is highly contaminated with numerous species of
microorganisms. Normand et al [26] found that children living on farms are exposed to
numerous fungal and bacterial taxa that originate from livestock stables. Pasanen et al., found
that airborne microorganisms may be indirectly transmitted from cow stables to farmhouses on
workers’ clothing [27]. Microbial dispersal from the farmers’ working place to the home
environment occurs through airflow or direct transport by family members that interact with
livestock. Beside animal exposure the outdoor environmental bacteria from sources such as
soil, water, and plants in farm areas might be responsible for the increase of bacterial diversity

in the farmers’ homes [28].

Different livestock, livestock stable design, and animal practice may result in different
microbial exposure and, as a result, possible different health consequences for farmers working
in these environments, as well as transmission of these microorganisms to farmers homes. For
example, Danish regulations require farmers working in mechanical ventilated pig stables to
wash their hands and change clothes to prevent the spread of zoonotic pathogens compared to
farmers working in open-air and less precautioned cow stables [29]. Other factors that could
lead to different bacterial exposure in cow stables compared to pig stables include reduced use

of antibiotics in cow farming compared to pig farming.

A protective effect associated with exposure to the farm environment may not be
limited to bacteria or bacterial compounds such as endotoxin (cell wall competent of gram-
negative bacteria) which has been associated with a reduced prevalence of allergic and
respiratory disease such as atopic asthma [30]. Furthermore, non-microbial molecules such as
N-glycolylneuraminic acid can protect against airway inflammation through influencing the
human immune system. N-glycolylneuraminic acid is a sialic acid molecule found in non-

human mammalian cells such as present in farm animals [31].

1.1.2. Urban environment

According to the United Nations, more than half of the world's population lives in urban
area, and by 2050, that number is expected to rise to more than two-thirds [32]. Compared to
the farm environment, the indoor environment in urban and suburban areas is characterized by
a less diverse microbial exposure [17]. The difference in bacterial diversity between the two
indoor environments could be attributed to the greater variety of outdoor microbial sources
such as plants, soil, and livestock animals in a farm environment, whereas humans themselves

is the main source of the indoor air microbiome in urban environments [7, 26]. Karelia, a
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region on the border between Finland and Russia, has a similar climate and vegetation but is
socioeconomically and culturally distinct, with a more modern and urbanized lifestyle in
Finland and a rural lifestyle in Russia. According to studies conducted on the population of
Karelia, respiratory diseases and atopy are more common in Finnish Karelia than in Russian
Karelia [26] Higher indoor bacterial diversity as well as the animal-associated bacterial species

are much more prevalent in Russian house dust than in Finnish houses [12].
1.2.  Indoor bacterial exposure

Microbes, such as bacteria, are ubiquitous, and they are found everywhere in our built
environment (BE) [33]. Humans have extensive interactions with bacteria that are circulating
in the air or on the surfaces of accessible objects in BE [34]. As a result, BE, humans, and
bacteria form a system of interacting ecosystems that influence one another. Understanding the
interactions between these systems is critical for developing effective management strategies
for the BE and its inhabitants, which will provide a knowledge base for the development of
intervention strategies for better control of respiratory diseases. Indoor bacterial communities
are complex entities, and variety of factors influence their composition and cell concentrations
in BE [35]. The indoor bacteria community composition have been found to be considerably
impacted by the occupants and building elements such as ventilation and building materials, as
well as outdoor environmental characteristics including geographic characteristics, vegetation,

and soil type [36].

1.2.1. Occupant and occupant behaviour

Human and non-human occupants (pets) are considered the major sources of indoor
bacteria [7]. Humans introduce a significant amount of bacteria into the indoor environment by
shedding them from their skin and other body parts or transporting them through their clothes
and shoes from outdoor [1]. As a result, an increase in human occupancy is associated with an
increase in human-associated microorganisms in indoor air. A great number of indoor airborne
bacteria can be traced back to human skin. It has been estimated that humans shed roughly a
billion skin cells daily, of which many are associated with bacteria [37], other significant
sources of indoor airborne bacteria are human oral and respiratory fluid bacteria emitted via
coughing, sneezing, talking, and breathing. The microbial clouds emitted by humans could
differ between individuals [7]. The occupant's gender and health status, for example, have been

shown to influence the indoor bacterial composition [38, 39].
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Occupant behaviour, such as time spent indoors or activities performed in BE, appears
to influence indoor microbes [33]. For example, the less frequently organic waste was emptied,
the higher the microbial levels in the indoor environments [40]. Cleaning is another important
factor with opposing effects: a low frequency of cleaning increases microbial levels on home
surfaces [41], whereas regular cleaning significantly reduces microbial levels on surfaces [42].
Furthermore, the immediate effect of the act of cleaning temporarily increase the levels of

bacteria in the indoor air by disturbances of settled particles [43].

Pets are another important microbial reservoir that may influence the composition of
the indoor airborne bacteria [44]. Studies have shown that bacterial diversity increases
significantly with the presence of a dog in a household [44, 45]. Several studies reported that
contact with pet animals might be linked to a lower risk of asthma and allergies. However the
studies are conflicting [46]. One large study found that pet ownership had a significant
protective effect against asthma, but the effect was moderate when compared to exposure to

farm animals [47].

1.2.2. Ventilation

Ventilation (e.g., the exchange with outdoor air) influences the diversity and abundance
of microbial communities found indoors [5]. The most direct impact of ventilation on indoor
microbiomes is to facilitate outdoor microorganisms entering the BE. In contrast to natural
ventilation such as windows and doors, mechanical ventilation usually uses filters which
prevent some of the outdoor microbes and particulates from entering the BE [48]. Therefore,
naturally ventilated rooms have indoor microbiomes more similar to those in the outdoor
environment. As a result, natural ventilation is proven to mitigate sick building syndrome [49],
which has shown positive health effects. However, natural ventilation also introduces
undesirable contaminants such as allergens which make challenge to the broader application of

natural ventilation. [33].

1.2.3. Moisture

The indoor air community’s survival is strongly influenced by moisture [50]. The
moisture in BE may come from a variety of sources including indoor water vapor, plumbing
problems, leaks from the building roof systems [51]. Moisture in the air may also impact the
indoor microorganisms in different ways. Relative humidity is often used to measure moisture

saturation in the air. Low relative humidity will increase the aerosolization and resuspension
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of microorganisms from surfaces into air due to occupant movements [52]. On the other hand,
high relative humidity can create niches for microbial growth and facilitates the direct contact

transfer from fomite to occupants [50].

Living in buildings with moisture damage and dampness has been linked to negative
health outcomes, specifically respiratory symptoms, and infections, as well as asthma
exacerbation and new onset [53]. These associations are supported by strong epidemiological
evidence that has been thoroughly examined and analysed [54]. The actual agents responsible
for these associations, as well as the mechanisms underlying them, are unknown. However,
changes in fungal and bacterial exposures in indoor air and dust in response to moisture

problems have been reported [53].

1.2.4. Building materials

All building materials may be subject to microbial growth. The properties of the
building materials, coupled with temperature, humidity, and ventilation as well as the
occupants, can affect microorganisms indoors [33]. In two ways, material properties can aid
microbial colonization. First, the building materials’ ingredients can serve as potential
substrates and nutrients for microorganisms [55]. Second, building materials, such as wallpaper
glue, paint, and textiles which are characterized by rough and porous surface, facilitate the
adherence of dust and organic compounds. In addition, porous surfaces may also retain
moisture. As a result, rough and porous building materials could facilitate microbial growth

due to increased levels of organics and moisture [56].

1.2.5. Outdoor characteristics

The indoor microbiome is influenced by different outdoor characteristics, including
geographic characteristics, latitude, relative humidity, and precipitation. According to an inter-
continental microbial survey in hotel rooms, the structure of bacterial and fungal communities
differed depending on latitude, relative humidity, and proximity to the sea [57]. Danko et al
[58] carried out a worldwide-scale metagenomic survey in 60 cities throughout the world. The
authors found global microbiome differed spatially, with each city having its own microbial
profile. A study of traditional Japanese homes revealed a correlation between the microbial

content on indoor surfaces and relative humidity [59].
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Figure 1: Main factors effecting indoor airborne bacteria.

1.3. Sampling methods for assessing indoor airborne microbial exposure

A variety of samples and collection devices have been used to investigate microbial
exposure indoors and the health effects associated with it. In large epidemiological studies
microbial sampling approaches in indoor environments typically need to be simple and
feasible. The selection of the method depends on the purpose of the microbial measurement or

the study question.

1.3.1. Active air sampling

Air sampling methods are intended to collect both culturable and nonculturable
microbes. The active air sampling methods are based on several physical principles and
methods. All of these methods necessitate stationary or personal pumps and trained personnel.
Air samples are typically collected for short periods of time (from minutes to hours). As a
result, it is unsuitable for assessing long-term exposure [60]. Furthermore, because airborne
microbial concentrations vary both temporally and spatially, a single measurement does not
provide a reliable picture of microbial exposure in indoor environments [61] making active air
sampling unsuitable for assessing long-term microbial exposure in epidemiological studies,

especially when a large number of samples are required.

1.3.2. Passive air sampling (dust sampling)

Dust samples are a better tool for measuring long-term microbial exposure indoors than
short-term active air sampling. Dust samples describe the airborne microbial exposure through

mechanisms of deposition and resuspension of dust. Dust samples have mostly been used in
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large epidemiological studies where it is critical that the sampling is simple and inexpensive
[62].

1.3.2.1.  Reservoir dust samples

Long-term microbial exposure is often studied using reservoir dust samples such as
floor and mattress dusts. Mattress dust samples have been used as a surrogate for microbial
exposure in indoor environments, specifically when sleeping. In theory, mattress dust can be
used to estimate an individual's long-term microbial exposure. However, mattress dust is
dominated by a person’s own skin microbiota [37]. Another type of reservoir dust used to
describe long-term indoor exposure is floor dust samples. Participants collecting floor dust
samples from the floor or carpet using a vacuum cleaner is an easy and inexpensive method.
One disadvantage of floor dust is that it can contain unknown amounts of particles that have

never been airborne, such as soil or food.

There are two major limitations with the use of reservoir dust samples. First, dust
accumulated over an unknown time period, particularly in the case of floor dust samples, which
limits its usability when answering research questions that require fixed time periods of
exposure [63]. Second reservoir dust may contain material that never or only partly contributes
to resuspension. As a result, reservoir dusts may not accurately represent indoor airborne

exposure.

1.3.2.2.  Settled dust samples

The settled dust samples may represent better microbial inhalation exposure than
reservoir dust [64]. Standardized surfaces are typically used to collect particles that fall from
the air and settle on the surface over a set and standard amount of time, usually days to weeks.
Settled dust samples aim to represent indoor air exposure, but microbial amounts in settled dust
samples are generally lower than in floor dust or mattress dust samples due to lower

concentration of airborne particles [62].

Among the different techniques, EDCs (Electrostatic Dust fall collectors) have been
employed as a standard for passive sampling of settled airborne dust. The EDC is a sampling
device made up of a polypropylene folder that holds two or four electrostatic cloths [64]. They
are ideal for large epidemiological studies because they can be mailed to, deployed by, and

returned by study participants without the need for specialized equipment or field personnel
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[65]. Traditional biological exposure markers such as allergens, endotoxins, and glucan
exposure have been studied using dust collected by EDCs [66-68]. With advances in next-
generation sequencing techniques, EDCs were used to collect microbial cells for DNA
sequencing analysis. However, low DNA yields have been a problem when using EDC in
epidemiological studies, particularly for indoor urban samples which only contains a small

amount of settled dust.

1.4. Bacterial agents targeted in epidemiological studies

Various bacterial products are targeted with chemical analytical methodology for
determination of microbial exposure in the indoor environments. In this thesis we studied

indoor bacterial exposure using endotoxin and bacterial DNA.

1.4.1. Endotoxin

Lipopolysaccharides (LPS), referred to as endotoxins, are large, biologically active
molecules that form the outer membrane of Gram-negative bacteria. Endotoxin is by far the
most commonly used cell wall marker in studies of health effects related to microbial exposure.
The association between endotoxin exposure and respiratory health effect is complex. The
protective effect of endotoxin is found in younger school-aged, non-allergic children [69].
However, negative health effects have been reported in occupational settings, in particular for
occupations where the endotoxin exposure is high, such as for waste collecting, livestock
farming, agriculture, and in the textile industry [70]. There are several types of analyses to
measure endotoxin, but endotoxin is typically quantified with the Limulus Amoebocyte Lysate
(LAL) assay [71]. This is an enzymatic assay that quantifies the activity of lipopolysaccharide

in a sample by triggering an enzymatic cascade.

1.4.2. Muramic acid

Muramic acid (N-acetyl muramic acid) is an amino sugar and a constituent of the
peptidoglycan layer of the cell walls of bacteria. The amount of peptidoglycan is much higher
in Gram-positive bacteria (30 — 70% of the cell wall) than in Gram-negative bacteria (< 10%
of the cell wall). Hence, muramic acid has been used as a chemical marker of Gram-positive

bacteria in several epidemiological studies [72-74].

21



1.4.3. Viable cells

Cultivation is used to determine the number of viable microbes (colony forming units
(CFU)) and to identify bacterial colonies. Microbes are either collected directly on the growth
media or into a filter and then suspended in liquid medium [75]. Cultivation is selective because
of the growth media used, and only those bacteria are detected that are capable to utilize the
nutrients supplied by the medium. Identification of microbial isolates via microscopic or

macroscopic evaluation requires training and a high level of expertise.

Exposure to viable bacteria indoors has been mainly determined from air samples. The
culturable bacteria in house dust have only been analysed in a few studies. The viable bacterial
biota in dust seems to be dominated by Gram-positive bacteria such as Staplylococcus,

Corynebacterium, and Lactococcus [43].

1.4.4. Bacterial DNA

The first step in all DNA-based methods is the extraction of DNA from a sample. In
the case of EDCs, this happens in two steps: the extraction of bacterial cells from the sample
matrix, and the extraction of DNA from the cell envelopes either mechanically, enzymatically,
and/or chemically to free the intracellular DNA [76]. Selecting single protocol to efficiently
extract both Gram-positive and Gram-negative bacteria could be tricky due to the different cell
wall characteristic. Unlike Gram-negative species that are readily lysed by standard protocols,
the Gram-positive bacteria are more resistant to cell lysis because of greater concentration of

peptidoglycan in their cell wall [77].

Targeting bacterial DNA allows the description of bacterial exposure quantitatively or
qualitatively, depending on the methods applied. Culture independent detection methods have
the advantage of detecting non-culturable and non-viable bacteria alongside with viable and
culturable ones and thus provide a more complete picture of the bacteria, potentially health

relevant exposure.

Quantitative Polymerase Chain Reaction (qPCR) provides quantitative information on
the amount of a specific taxonomic group targeted as compared to chemical makers such as
endotoxin measurements. Using qPCR with universal bacterial primers gives a general estimate
of bacterial cells equivalents in a sample. Primers and probes are designed for the detection of

a taxonomic group, genus, or a single species of interest. For quantifying total bacteria in
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samples, the 16S ribosomal RNA (rRNA) genes are targeted, since they contain sequence
regions that are highly conserved between members of the same genus or species [78]. In
studies of the indoor environments, qPCR method has been frequently used to target bacterial

groups from indoor dust samples [79-81].

In last decade, the microbiome of indoor environments has been studied with next
generation sequencing (NGS) approaches, which allow a virtually complete characterization
of complex bacterial communities in indoor environment. Microbial communities are
primarily assessed with bacterial 16S rRNA gene amplicon sequencing techniques. Sequencing
costs have been drastically reduced over the last decade, so that microbial community analyses
from indoor samples is feasible even in large-scale studies. Progress with applying these
approaches to indoor studies improved our understanding of the microbial ecology in BE.
NGS-results have confirmed that human occupancy is one of the main sources for microbes in
indoor environments [7, 82]. However. relatively few studies have yet applied these methods

to study health effects of indoor bacterial exposure [83-85].

1.5.  Indoor microbial exposures and respiratory health

Indoor microbial exposures have been associated with the development or exacerbation
of respiratory diseases, such as asthma and chronic obstructive pulmonary disease (COPD)
[86]. According to recent microbiome studies, the pandemic of such respiratory diseases may
partly be caused by reduced human exposure to environmental and commensal bacteria [87,
88]. Consistent with the "biodiversity hypothesis," which states that exposure to diverse
microbial environments enriches the human microflora, enhances its immunomodulatory
capacity, and protects against allergic and inflammatory diseases [18] In line with the
biodiversity hypothesis, several studies have shown that higher indoor bacterial diversity is
associated with better respiratory health [11, 84, 89, 90]. For example, Campbell et al (2017)
[90] found increasing proxies of high microbial diversity during childhood to be associated
with higher lung function in adulthood. Other studies, however, showed that bacterial diversity
has not been associated with lung health [91, 92]. As a result, the link between indoor bacterial
diversity and respiratory health is still unclear. On the other hand, indoor exposure to endotoxin
has sparked heated discussion about whether it is harmful, neutral, or beneficial to lung health.
For example, in the case of asthma, while a significant number of studies have found that

endotoxin exposure protects against the development of asthma or its symptoms [93-96], an
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equal number have found indications of harmful effects associated with endotoxin exposure

[97-100], and some have found no association [101, 102].

Recent epidemiological studies relying on culture independent techniques report that
potential beneficial indoor microorganisms are mainly found within the Alphaproteobacteria
and Actinobacteria, and the less beneficial microorganisms are mainly from Bacteroidia and
Clostridia [17, 36, 84, 91]. A major issue was that the health-associated microorganisms were
different among studies and showed strong geographic variation. Most of the epidemiological
studies looking into the association between indoor bacterial exposure and respiratory disease
relies on questionnaire data and self-reported symptoms. In the current thesis, we studied
indoor bacterial exposure in relation to markers of respiratory health such as lung function and

airway inflammation.

1.5.1. Lung function and spirometry

Lung function tests, also known as pulmonary function tests, are non-invasive tests that
examine how effectively the lungs operate and can thus aid in the investigation of breathing
problems. Lung function tests can assist in the screening and diagnosis of lung disorders such
as asthma and COPD. In addition, they can monitor lung diseases, and assess the efficacy of
therapies [103]. There are different types of lung function tests, among them is spirometry,
which is the most common and basic type of lung function test. Spirometry measures how
much air the lungs can retain. The Spirometry also measures how forcefully one can empty air

from the lungs [104].

Spirometry data from a patient must be compared to data from peers who are not
smokers and have healthy lungs. Normal lung size and function are determined by four key
factors: age, gender, height, and race [105]. Lung growth is complete by early adulthood and
then decline by ageing. As a consequence, expected spirometry values should be calculated
using an accurate age. Sex is a major correlate to lung function. Males with the same age,
height, and race as females have larger lungs. Height is also used to calculate expected

spirometry values as an estimate of chest size [106].

The three most commonly used indices in spirometry interpretation are forced vital
capacity (FVC), forced expiratory volume in the first second (FEV1), and FEV1/FVC ratio
[106]. Respiratory clinicians and epidemiological researchers often express and interpret lung

function test results as a percentage (%). The % predicted values are calculated by dividing the
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observed measurement (absolute values in L) by a predicted value multiplied by 100 (%
predicted (observed/predicted) x 100) [107]. The main disadvantage of using % predicted is
that it ignores the fact that the natural variability of spirometry outcomes in health is highly
age dependent [107, 108]. The expression of results as Z-scores is a valid alternative method
of reporting lung function. The Z-score (also known as standardised residual scores or SRS) is
a mathematical combination of the percent predicted and the between-subject variability that
results in a single number that accounts for the expected age- and height-related lung function

variability among comparable healthy individuals [109].

1.5.2. Airway inflammation and Fractional Exhaled Nitric Oxide (FeNO)

Airway inflammation is thought to be an important component of asthma, chronic
obstructive pulmonary disease (COPD), and other respiratory disease [110]. There are different
techniques to assess airway inflammation. Among the techniques that are well developed and
widely used in clinical trials to measures airway inflammation is exhaled nitric oxide (FeNO)
where the concentration of nitric oxide (NO) in exhaled air is used to provide information about
the presence of eosinophilic airway inflammation [111]. During inhalation, inducible nitric
oxide synthase (NOS) enzyme expression in eosinophil and epithelial cells of the airways
produces pathological NO [112]. FeNO has the advantage of being safe, straightforward,

simple to replicate and provides an immediate result [111].
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2. Aim of thesis

2.1. Main objective

The main goal of the thesis was to study the indoor airborne bacterial communities inside
homes in Northern Europe, how they differ between homes in rural and suburban areas, what
factors affect the indoor airborne bacterial communities, as well as their association with

respiratory health markers.

2.2. Specific objectives

e In Paper I, we aimed to investigate the difference in airborne bacterial composition
between the farmers’ homes and suburban homes and to study bacterial transfer
between livestock stables and farmers’ homes.

o In Paper II, we attempted to increase the efficiency of the extraction of airborne dust,
DNA, and endotoxin from the EDC.

e In Paper III, we attempted to identify factors associated with the composition of the
indoor bacterial communities.

e In Paper IV, we aimed to investigate the association between indoor bacterial profiles
(diversity and load), lung function, and airway inflammation, and furthermore, we
aimed to determine whether individual bacterial taxa in the indoor microbiome affect

lung function and airway inflammation.
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3. Material and Methods

3.1. Study populations

This thesis is based on samples from four studies: the Sund Stald (SUS) study, the
Health2006 cohort study, a pilot study population, and ECRHS III (European Community
Respiratory Health Survey III). Paper I is based on the Sund Stald "(SUS) study and the
Health2006 cohort. Paper II is based on a pilot study population. Papers III and IV are based
on the ECRHS III study.

3.1.1. Sund Stald” (SUS) study (Paper 1)

The SUS study began in 1992 among farming apprentices with the goal of describing
the occurrence of respiratory symptoms in a farming environment and investigating the impact
of farming on the development of allergies, asthma, and respiratory diseases [113]. In Jutland,
Denmark, settled air dust was collected in 2007-08 during the 15-year follow-up from the
homes of cow and pig farmers, as well as associated livestock stables. The decision to focus
on farms in Jutland was motivated by the fact that Jutland accounts for the vast majority of

Danish livestock production (roughly 80%).

3.1.2. Health2006 cohort study (Paper I)

For comparison with farmers’ homes and associated livestock stables, settled air dust
samples from suburban homes were collected as part of a cross-sectional study nested within
the Health2006 cohort. Sampling was carried out in Greater Copenhagen. The people who lived
in 11 municipalities south-west of Copenhagen and were from an urban background made up

the Health2006 baseline cohort [114].

3.1.3. Pilot study population (Paper I1)

Ten participants (faculty members from Aarhus University) from Aarhus, Denmark,
took part in the study. Each participant collected settled airborne dust using EDCs from their
living room and bedrooms. Eight EDC replicates were collected per sampling location (16 EDC
clothes per participant); four EDCs were collected in the bedroom and four EDCs in the living

room.
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3.1.4. ECRHS III (Paper I1I and IV)

The ECRHS was initiated in 1991-1993 (ECRHS I), when over 18 000 young adults
were randomly recruited from available population-based registers. Two examinations (at 27—
57 years (ECRHS II, 1999-2003) and 39-67 years (ECRHS III, 2010-2014) have since taken
place. The present study is comprised of 1038 subjects participating in the ECRHS III from
Aarhus (Denmark), Bergen (Norway), Reykjavik (Iceland), Tartu (Estonia), and Uppsala
(Sweden) (see Figure 2). From 2011 to 2014, the participants received an EDC after the main
ECRHSIII questionnaires and clinical examinations to collect settled airborne dust from their
bedrooms. Information about environmental determinants and respiratory symptoms were
extracted from the ECRHS III interview questionnaire. The study protocols were approved by
the local ethics committees at each of the centres. For detailed information about all questions,

see appendix.

Reykjavik

Figure 2: Study centres from ECRHS III included in paper IIT and IV.
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3.2.  Dust sampling (Paper I-IV).

An EDC (Electrostatic Dust Fall Collector) contain two EDC clothes each with a 209
cm? exposure area was used to collect settled dust from the air (Figure 3). The EDCs were
placed approximately 1.5 m above the floor and exposed for 14 days [114]. The participants
received a pre-paid envelope and were asked to return the EDC by mail to the research unit.

All EDCs’ cloths and samples were stored at -20°C until dust extraction.

Figure 3: The EDC sampler is composed of two electrostatic clothes placed in a plastic folder
that is left open in a horizontal position for 14 days to allow dust to settle. The folder was kept

closed before and after sampling and during transport and storage.
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3.3. Dust extraction (Paper I-1V).

For paper I, the dust was extracted from one EDC cloth as follows: The EDC cloth was
carefully placed in a sterile stomacher bag and mixed with 20 ml of PFW and 0.05% Tween
20 extraction buffer. The sample was processed in a stomacher at full speed for 10 minutes.
The washed-off dust-containing fluid was then transferred to a sterile 50ml Falcon tube. This
procedure was repeated until 40 ml of suspended dust was extracted from the EDC.
Centrifugation was used to collect the dust pellet. After discarding the supernatant, the pellets
were resuspended in 1.5 ml of Tween 20 extraction buffer. Unexposed EDC clothes were used

for negative control extractions. The dust samples were kept at -20°C until DNA extraction.

In paper II, the extraction method was optimized and then later applied in paper III. The
dust from the EDC cloth was extracted as follows: the EDC cloth was placed in a sterile
stomacher bag and mixed with 20 ml of extraction buffer (PFW and 0.05% Tween 20). The
samples were then processed in the stomacher for 3 minutes. The extracted fluid was stored on
ice in a 50 ml falcon tube. This procedure was carried out again with 30 ml of PFW. On average,
the total volume extracted from EDC was 45 ml. Approximately 4.5 ml (10%) were
transformed into a 15 ml falcon tube for endotoxin extraction. The remaining 90% of the dust
extract was used to collect dust into a 0.22 m pore size polyethersulfone membrane filter using
glass filtration equipment. The membrane filter was transferred aseptically into pre-filled bead
tubes and stored at -20°C until DNA extraction. For more information see dust extraction

section in Paper L, IT and III.

3.4. DNA extraction (Paper I-1V).

In the first publication, PowerLyzer PowerSoil DNA Isolation kit (MO BIO
Laboratories, a Qiagen Company,Germany) was used to extract DNA from the dust pellets

following the manufacturer’s instructions.

In the second publication, five DNA extraction methods were used to extract DNA from
settled airborne dust collected on EDC cloth to compare their performance. We compared three
commercially available DNA extraction kits, DNeasy PowerSoil Pro Kit, DNeasy PowerWater
Kit, and MagAttract PowerWater DNA/RNA Kit (MO BIO Laboratories, a Qiagen Company,
Hilden, Germany), with two previously described non-commercial DNA extraction methods.
The first was used to extract DNA from airborne cells collected on Sterivex filter columns

[115], while the second was used to extract DNA from sediment samples [116]. The three
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commercial kits were used according to the manufacturers’ instructions. The detailed DNA
extraction of dust using two non-commercial DNA extraction methods can be found in the

second publication.

Based on method optimization from the second publication, the DNeasy PowerSoil
Pro Kit (MO BIO Laboratories, a Qiagen Company,Germany) was used for DNA extraction
from the dust in the third publication following the manufacturer’s instructions with minor

modifications. For more information see DNA extraction section Paper II and Paper III.

3.5. Endotoxin extraction and LAL assay (Paper II-1V)

Ten percent of the 45 ml liquid containing dust from the EDC cloth was transferred to
a 15 ml Falcon tube for endotoxin extraction. Centrifugation at 1000 x g for 15 minutes
removed the cell debris, and the supernatants were stored in glass vials as aliquots at -20 C
until analysis. The supernatants were diluted in PFW 50 times before being tested using the
quantitative kinetic chromogenic LAL assay (Kinetic-QCL 50-650 U kit, Lonza, Walkersville,
Maryland, USA). Endotoxin from Escherichia coli O55:B5 was used as a reference standard.
For the standard curve, thirteen concentrations ranging from 25 EU/ml to 0.006 EU/ml were
used. The kinetic LAL assay detection limit for Vmax was defined as the average of the assay
blanks plus two times the standard deviation of these blanks. The results were presented in EU

m>.

3.6. Mock community (Paper II)

In the second paper, ZymoBIOMICSTM Standardized Microbial Community (D6300)
(mock community) (Zymo Research,Irvine, California,USA) was used to assess the DNA
extraction efficiency. First, the mock community was used to assess the efficiency of DNA
extraction as a function of different cell loads by double washing EDC clothes with 0.05%
Tween 20 buffer. Secondly, the mock community was used to test the effect of additional
rinsing with PFW on DNA yield. Finally, we used a mock community to test the ability of the
combined extraction method (single washing EDC cloth with 0.05% Tween 20 bufter followed
by rinsing once with PFW) to extract DNA across bacterial taxa using 16S RNA sequencing.
For more details on the use of mock community and how the efficiency of the DNA extraction

methods was calculated, see Paper II.
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3.7. Quantification of bacterial abundance (Paper I-1V)

The bacterial load was measured using qPCR targeting 16S rRNA genes. Briefly, the
reactions were carried out in a 20 ul reaction volume, which included 10 ul SYBR Green
1Master-2x, 2 ul bovine serum albumin (BSA; 10 mg/ml), 1 ul forward primer Bac908F (50-
AAC TCA AAK GAA TTG ACG GG-30), 1 ul reverse primer Bac1075R (50-CAC GAG CTG
ACG ACA RCC-30) (10 pmol/ml) [117], and 4 ul ddH20 (double-distilled water). Controls
were created by replacing the DNA template with ddH2O. Serial dilutions of a plasmid
containing a full-length 16S rRNA gene related to Sphingomonadales were used to generate

standard curves. A detailed gPCR protocol is included in Paper I.

3.8. 168 rRNA amplicon sequencing (Paper I-IV)

The 16S rRNA gene V3 and V4 regions were amplified using Bac341F (5'-CCT ACG
GGN GGC WGC AG-3") and Bac805R primers (5'-GAC TAC GGT ATC TAA TCC-3"). The
Illumina protocol (16S Metagenomic Sequencing Library Preparation) was used, with the
modifications described in Vestergaard et al [118]. Three PCR reactions were used in the
library preparation. The first PCR used bacteria-specific primers to amplify the V3 and V4
regions of the 16S rRNA gene. The second PCR included Illumina overhang adaptors, and the
third PCR used Nextera XT Index primers. After each PCR step, AMPure XP magnetic beads
were used to clean the PCR products. The Quant-iTTM dsDNA assay kit and the FLUOstar
Omega fluorometric microplate reader (BMG LABTECH, Ortenberg, Germany) were used to
determine the concentration of the PCR products. Following that, the samples were pooled and
diluted to around 3 ng/ml DNA. Finally, the samples were sequenced using MiSeq sequencing
(Illumina, San Diego, California, USA).

3.9. Bioinformatic and statistical analysis (Paper I-IV)

Bioinformatic and statistical analysis were performed in the R environment. The paired
end read raw sequences were trimmed using the cutadapt package [119]. The open-source
software package DADAZ2 [120] was used for error correction and modelling of the sequenced
data, mostly by following the DADA2 pipeline. The shortread package [121] randomly
subsamples all sequences to 20,000 reads (Papers I, I1I, and IV) and 50.000 reads (Paper II) to
make richness comparisons accurate, as DADA2 tends to inflate richness estimates linearly

with an increasing number of reads. The ASVs were taxonomically classified to the species
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level using the SILVA database [122] reference database version 138. The decontam package

[123] was used to eliminate ASVs contaminating reads in exposed EDC samples.

The ampvis2 package [124] was used to produce heatmaps showing the relative
abundance of different taxa. The phyloseq package [125] was used to assess the alpha diversity
using two diversity measures: observed (the number of individual bacterial taxa) and the
Shannon index (the index reflects both richness and the relative abundance of each taxon in the
data). The Wilcoxon Rank Sum test was used to compare the alpha diversity indices of different
indoor environments and to investigate the differences between qPCR and the LAL assay

measurements of bacterial and endotoxin load.

The ordination plots were carried out to compare the microbial communities in different
indoor environments based on the Aitchison dissimilarity matrix and ape package [126].
Pairwise statistical comparisons were made between different indoor environments using the
analysis of similarity (ANOSIM) test from the vegan package [127] based on the Aitchison

dissimilarity matrix.

We used Analysis of compositions of microbiomes with bias correction (ANCOM-
BC) [128] to identify the bacterial taxa whose abundances differ between different
environmental types. For each bacterial taxon, ANCOM BC provides a statistically valid test
with a q value (adjusted p-value) and confidence intervals (log fold change: natural logarithm).

ANCOM BC was used for genera with relative abundances equal to or greater than 0.01%.

To study bacterial transfer between farmers’ homes and associated livestock stables in
Paper 1. The "dist" function in the coda.base package [129] was used to construct Aitchison
dissimilarity matrix dissimilarities between a farmer's home and the relevant stable (i.e., the

sample pair represents where a farmer lived and worked). For more information, see paper 1.

In papers III and IV, to study associations between dependent (outcome) and
independent variables (exposure) we used adjusted multivariate linear regression. For model
details about different models used see Paper III and IV. Table 1 lists the aims, characteristics,

and methods of the four studies included in the thesis.
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Table 1:

Aims, characteristics of study populations, and methods used in papers I-IV.

SUS & Health 2006 Pilot study population | ECRHS III study ECRHS III study
cohort study (Paper I) (Paper II) (Paper I1I) (Paper 1IV)
Main objectives | Comparing types of Improve DNA To describe indoor To investigate the

bacteria and bacterial
transfer between cow and
pig stables and their
farmers’ homes.

Comparing type of
bacteria present between
farmers’ homes and
suburban homes.

extraction from settled
dust collected by EDC.

Combine DNA and
endotoxin extraction
from EDC

airborne bacteria
composition in
Northern Europe.

To determine factors
affecting indoor
bacteria in Northern
Europe

associations between
indoor airborne
bacteria, lung
function and airway
inflammation in
adults in Northern
Europe

Number of Total number: 357 Total number: 155 * Total number: 1038 Total number: 1038
samples
Pig farmer homes n= 84 | EDCs collected from Aarhus n=160 Aarhus n=160
Pig stables n=83 living room and the Bergen n=300 Bergen n=300
Cow farmer homes n=49 | bedrooms of ten Reykjavik n=346 Reykjavik n=346
Cow stables n=41 participants in Aarhus. | Tartu n=84 Tartu n=84
Suburban homes n=100 Uppsala n=148 Uppsala n=148
Laboratory & 16s rRNA sequencing 16s rRNA sequencing 16s rTRNA sequencing | 16s rRNA sequencing
clinical qPCR qPCR qPCR qPCR
examination LAL assay LAL assay LAL assay
Mock community Spirometry test
FeNO measurements
Statistical Wilcoxon rank sum test | Wilcoxon rank sum test | ANOSIM ANOSIM
analysis PCoA PCoA ANCOM BC ANCOM BC
ANOSIM Adjusted multivariate | Adjusted multivariate
ANCOM BC linear regression. linear regression.
Spearman's
correlation

* We successfully collected 155 out of 160 EDC clothes. Five EDC clothes were removed from

the study because participants reported that the EDC fell on the floor or that a pet had been

sitting on the EDC.
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4. Summary of papers

4.1.  Paper I: Cow Farmers’ Homes Host More Diverse Airborne Bacterial
Communities Than Pig Farmers’ Homes and Suburban Homes.

A lower risk of immunoregulatory disorders including asthma and allergies has been
associated with living on a farm. The increase in immunoregulatory diseases is believed to be
caused by a decline in the diversity and composition of indoor microbial communities, with
airborne bacteria contributing to achieve this effect. However, the composition of this
microbial community in various farm and suburban indoor environments is still to be

characterized.

In the first paper, our first aim was to compare the types of bacteria found in stables
and farmers’ homes, second to determine the difference between microbial communities in
farmers’ homes and suburban homes. Finally, to search for differences in taxonomic groups of
putatively beneficial bacteria between livestock stables, associated farmers’ homes, and

suburban homes.

Over the period of 14 days, we used electrostatic dust collectors (EDCs) to collect
settled airborne dust from stables and the homes of the associated farmers as well as from
suburban homes. Then, the bacterial abundance was assessed using qPCR. In order to assess
microbial diversity, the V3-V4 region of the bacterial 16S rRNA gene was amplified and
sequenced using an Ilumina MiSeq. The inference of amplicon sequence variants from

amplicon data was performed using the DADA2 algorithm.

We found that airborne bacteria were significantly more abundant in farmers’ indoor
environments than in suburban homes (P < 0.001). Cow farmers’ homes had significantly
higher bacterial diversity than pig farmers’ and suburban homes (P <0.001). Cow stables have
higher bacterial diversity (P < 0.001) and abundance (P < 0.001) than pig stables.
Prevotellaceae, Lachnospiraceae, and Lactobacillus bacterial taxa, as well as putative
beneficial intestinal bacterial species such as Lactobacillus amylovorus, Eubacterium hallii,
and Faecalibacterium prausnitzii, were significantly more prevalent in farmers’ homes than in
suburban homes. We further found that higher similarity between bacterial communities in

individual farmers’ homes and their associated cow stables than for pig stables.
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In conclusion, the results demonstrate that there are significant differences between
suburban and farm homes in terms of airborne bacterial abundance, alpha and beta diversity,
and community composition. Farmers’ homes, particularly cow farmers’ homes, were
characterized by high bacterial diversity compared to suburban homes, which were dominated
by bacteria from human sources and had low bacterial diversity. Furthermore, the gut
microbiome of the farm animals contributed to the indoor airborne bacterial communities in

farmers’ homes, especially in the case of pig farmers’ homes.
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4.2.  Paper II: Optimization of bacterial DNA and endotoxin extraction
from settled airborne dust.

In the first study, one third of samples from suburban homes were excluded from
analysis due to low DNA yield. The EDC is a passive dust sampling device that has been
established for assessing airborne exposures, mainly for endotoxins. With advances in next-
generation sequencing techniques, EDCs were used to collect microbial cells for DNA
sequencing. However, low DNA yields have been problematic when employing passive
sampling with EDC, especially in indoor environments that are characterized by a low airborne

bacterial load, such as suburban and urban homes, a problem we faced in our first study (Paper
D).

In the second paper, we aimed to optimize dust and DNA extraction from airborne dust
collected using EDCs and establish a method to jointly extract DNA and endotoxin from a
single EDC cloth. Using replicate EDC cloths that were simultaneously collected as well as a
standardized mock community, we attempted to increase the efficiency of bacterial cell
extraction from EDCs by employing filtration instead of centrifugation to concentrate the cells
from the wash solution. We compared DNA extraction efficiency from cells collected on filters
using five extraction techniques (Figure 4) by measuring the abundance, diversity, and
structure of bacterial communities using qPCR and amplicon sequencing targeting 16S rRNA
genes. Furthermore, we tested the co-extraction of DNA and endotoxin from a single EDC
cloth and compared the endotoxin yield to the established method described by Noss et al [64].
Thirdly, we tested three different buffer systems (Figure 4) to achieve the optimal amount of

DNA and endotoxin from the same extraction procedure.

We found that two DNA extraction methods outperformed the others. Furthermore, we
showed that using a single EDC cloth is sufficient to accurately determine DNA and endotoxin
exposure. Our protocol promotes a high quality-to-price ratio and may be employed in large
epidemiological studies addressing airborne exposure when a large number of samples are

needed.
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Figure 4: Overview figure summarizing the studies, methodology, and results in the second

paper.
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4.3.  Paper III: Indoor Airborne Microbiome and Endotoxin:
Meteorological Events and Occupant Characteristics are Important
Determinants.

The indoor air environment contains diverse bacterial cells that originated from
different sources. The exposure to these cells can impact human health, affecting the quality
of life of many people. Despite their major role, little is known about the environmental

determinants that contribute to the identity, diversity, and abundance of airborne bacterial cells.

In the third paper, we investigated the airborne microbiomes in the homes of 1038
European Community Respiratory Health Survey (ECRHS) III participants from five cities in
Northern Europe: Aarhus (Denmark), Bergen (Norway), Reykjavik (Iceland), Tartu (Estonia),
and Uppsala (Sweden). The settled airborne dust was collected in participants’ bedrooms over
a 14-day period using EDCs. The EDC clothes were handled based on protocol developed in
the second paper, where dust, endotoxin, and DNA extraction from EDC clothes were
optimized to obtain a comprehensive representation of the airborne bacterial communities. The
DNA extracts were used for qPCR measurements to estimate bacterial load and 16S rRNA
gene sequencing to determine microbial community composition, while the kinetic
chromogenic LAL test was employed to quantify endotoxin. The association between bacterial
profiles (such as diversity and load) and environmental determinants was studied using

multivariate regression models.

Our results showed that households in Aarhus and Tartu were characterized by a higher
bacterial load, diversity, and abundance of outdoor bacterial taxa compared to households in
Bergen, Reykjavik, and Uppsala. Pairwise comparison between the Nordic cities showed the
largest difference in beta diversity between Bergen and Tartu households (ANOSIM R =0.304,
P =0.001). Meteorological factors associated with the different locations had an impact on the
indoor airborne bacterial community, most likely through their impact on outdoor airborne
bacteria. While precipitation had a negative correlation with the diversity and load of indoor

airborne bacteria, windspeed had a positive correlation.

We found that the diversity of the indoor airborne microbiome increased while the
bacterial load decreased with increasing age of the occupants. According to the multivariate
regression models, alpha diversity indices and bacterial and endotoxin loads were positively
associated with the number of occupants, the cleaning frequency, the presence of dogs, and the

age of the house.
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In conclusion, higher abundance of outdoor bacteria in Tartu and Aarhus households
could be due to different weather events during the sampling period in these study centres. We
also conclude that age of the occupant was strongly linked to the composition of the indoor
bacteria community. Furthermore, we conclude that general lifestyle choices such as the
number of occupants, types of pets, cleaning frequency of the household, and use of chemical

disinfectants significantly impact the diversity of the indoor microbiome.
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4.4. Paper IV: Association between indoor bacterial communities, lung
function and airway inflammation.

Indoor bacterial communities have been linked to asthma in children, but little is known
about the role of specific bacterial taxa in relation to lung function and lung inflammation in
adults. We aimed to study the association between indoor bacterial exposure and lung function

and airway inflammation in adults.

Settled airborne dust samples from the bedrooms of 1038 participants in the ECRHS
III study were used to study the association between indoor bacterial communities (exposure)
and spirometry and FeNO measurements (outcomes) using adjusted linear regression models

stratified by the sex of the participants.

Indoor bacterial diversity and richness were associated with high lung function in
males, but with elevated airway inflammation in females (P < 0.05). Most of the bacterial
genera associated with better lung function were from the Actinobacteriota phylum. Where
Bacteroidia, and Clostridia were found to be inversely associated with lung function. Bacterial
genera considered to be part of the core oral microbiome, such as Streprococcus and
Veillonella, were negatively associated with lung function. Furthermore, several bacterial
genera were negatively associated with airway inflammation, only Cellulomonas (phylum

Actinobacteriota) was associated with lower airway inflammation.

In conclusion, the indoor microbiome was associated with lung function and airway
inflammation, modifying the outcomes differently in men and women. Lung function and

airway inflammation showed very different patterns of association with the indoor microbiome.
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5. Discussion

In this section, the main finding and implications of these studies are discussed and

compared to existing knowledge in the field.

5.1. Indoor airborne microbiome between farmer’s home and suburban

homes

Several studies have found that children raised on farms have a lower incidence of
allergy sensitization than those raised in cities. These studies correlate exposure to farm-related
microbiota via interaction with livestock animals to a lower risk of allergies [17, 130, 131].
According to the hygiene hypothesis, minimal microbial exposure plays an important role in
the development of immune-mediated diseases [132]. Ege et al. found that children raised on
farms were exposed to a broader spectrum of environmental microbes than children raised in
suburban environments [11]. One of our objectives in the first study was to evaluate the
airborne bacterial communities of cow and pig farmers’ homes and determine whether and to
what extent the microbial communities in farmer's homes and suburban homes differ. Using
gqPCR, we found no significant variation in bacterial abundance between cow and pig farmers’
homes. In contrast, there was a considerably higher bacterial abundance in the two types of

farmer's homes compared to suburban homes, as previously shown by Pakarinen et al. [12].

The bacterial diversity differed significantly between the three home environments. In
comparison to pig farmers’ and suburban homes, cow farmers’ homes had the highest bacterial
diversity. Transport of microorganisms from surrounding environments such as livestock
stables, plants, and soils may explain increases in bacterial load and diversity in farmer's homes
when compared to suburban homes, where people are the primary source of the indoor
environment. According to Lis et al., airborne microorganisms in farmers’ residences were a
mix of microorganisms from farm buildings including livestock stables [133]. They
hypothesized that microorganisms are spread from agricultural buildings to residences via
employees’ clothing and bodies. We hypothesize that the higher bacterial diversity and richness
in cow farmers’” homes compared to pig farmers’ homes is due to Danish regulations requiring
farmers working in pig stables to wash their hands and change clothes to prevent the spread of
zoonotic pathogens from pigs, whereas farmers working in open-air and less precautioned cow

stables would transmit more bacteria to their homes [29].
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Our findings support the various anticipated health effects associated with different
indoor environments based on bacterial diversity and abundance. A reduced prevalence of
immunoregulatory diseases has been associated to increased bacterial diversity in the indoor
environment. Exposure to a variety of microorganisms has been inversely associated with the

risk of asthma and atopy [134].

The bacterial community composition in suburban homes was distinct, whereas the pig
and cow farmers’ homes had minor overlap. Bacterial families that might have protective
effects against allergy and asthma were found to be much more common in farmer's homes
than in suburban homes. These include members of the Firmicutes families: Lachnospiraceae,
Lactobacillaceae, Ruminococcaceae [135, 136]. The difference in indoor bacterial community
composition between suburban and farmers’ homes is in line with previous research that found
a difference in microbiota between farm and non-farm homes [12, 17]. Despite the fact that the
community composition of cow and pig farmers’ homes overlaps, there was a considerable
variation in the community composition of cow and pig farmers’ homes indicating that the
putative protective effects of airborne microbiomes in the homes of cow and pig farmers might

differ.

5.2. Animal intestinal microbiota contribute to the indoor bacteria in

farmers’ homes.

In the first study, the beneficial taxa of the gut microbiome were shown to be more
common in farmers’ homes, particularly pig farmers’ homes, than in suburban homes. Animal
manure used as fertilizer in fields near farmers’ homes might be a source of the presence of
animal gut microbiota in the farmers’ homes indoor air (Figure 5). Several bacterial species
that are typically associated with the animal gut microbiome and were found to be abundant in
farmers’ homes have protective effects against inflammation, IBD, insulin resistance, and
atopy according to recent animal, experimental, and epidemiological studies. Faecalibacterium
prausnitzii which represents approximately 5% of the total faeccal microbiota in healthy adults
[137], was more abundant in farmers’ homes than suburban homes. F. prausnitzii
transplantation has been widely employed in dysbiosis of the gut flora associated with
inflammation, autoimmune disease, and infectious disorders [138]. Bacterial species belonging
to the Bifidobacterium genus were more abundant in cow farmers’ homes than pig farmers’

and suburban homes. Different strains of Bifidobacterium are frequently used as probiotics for
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treatment of various medical conditions, including gastroenteritis and inflammatory bowel
syndrome [139]. Lactobacillus species were more abundant in farmers’ homes than in suburban
homes. Lactobacillus amylovorus is known to be a probiotic associated with reduced obesity
and have shown to alter body adiposity through modification of the gut microflora [140].
Lactobacillus amylovorus was also able to inhibits the TLR4 (Toll-like receptors)
inflammatory signalling triggered by enterotoxigenic Escherichia coli in intestinal cells via
modulation of TLR2 and cytokine regulation [141]. TLRs recognize a wide range of microbial
molecules as well as airborne environmental allergens and act as adjuvants that influence
positively or negatively allergic sensitization. Stimulation of TLR4 signalling can significantly
exacerbate asthma through cytokine production [141]. Ability of Lactobacillus amylovorus to
inhibit TLR4 signaling might explain the lower prevalence of allergic asthma and atopy and in

rural areas.

Figure 5: Liquid manure spreader spreading cow manure on a hayfield [142].

5.3. Bacterial transfer from the livestock stables and the farmers’ homes

In general, bacteria in the farmers’ homes did not come from the cow or pig stables
where they were working. This means that putatively beneficial bacteria in the air of farmers’
homes are transported from outdoor sources in the environment surrounding the farmers’
homes rather than from the farmers’ own pig or cow stables (Figure 5). However, we found a
stronger correlation between the bacterial communities found in farmers’ homes and their

related cow stables than between the bacterial communities found in farmers’ homes and their
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associated pig stables. This may be due to Danish legislation that mandate pig stable workers
to wash their hands, change clothes, and disinfect equipment to minimize zoonotic disease

transmission [29].

5.4. Five DNA extraction methods

In the second paper, out of the five DNA extraction methods tested, the best DNA yields
were obtained using the PowerSoil kit and the DNA extraction method (Protocol A) reported
by Lever et al. (2015) [115]. To investigate the consistency of DNA extraction in terms of DNA
yield, bacterial richness, and bacterial composition, we repeated the DNA extraction process
using these two methods on replicate EDCs. In comparison to the PowerSoil kit, DNA yields
were more consistent while using Protocol A. When using the PowerSoil kit, however, the
yield of DNA recovered was sufficient and above the detection limit. Protocol A demonstrated
higher bacterial diversity and richness for all EDC cloths, indicating the method's ability to
extract more bacterial taxa from EDC cloths than the PowerSoil kit. The PowerSoil kit, on the
other hand, outperformed protocol A in detecting gram-positive bacteria like Firmicutes and
Actinobacteria, possibly because the bead-beating method breaks down the cell wall of the
gram-positive bacteria. We suggest prioritizing one of the two methods depending on the
study's scale. Protocol A is more appropriate for deep metagenomic sequencing, where absolute
quantification and consistency are critical. The PowerSoil kit, on the other hand, is suitable for
large-scale epidemiological studies that may require a huge number of samples due to its simple
and quick approach. In the third paper, which involved over 1000 EDC clothes, we chose the
PowerSoil kit over Protocol A to reduce the time and cost required for the analysis of the

samples.

5.5. Combined DNA & endotoxin extraction method

In the second paper, we tested the co-extraction of DNA and endotoxin to reduce the
processing time and cost when analysis of large number of samples, as in the third paper.
Therefore, we tested the co-extraction of DNA and endotoxin from a single EDC cloth and
compared the endotoxin yield to the established method described by Noss et al [64]. Replicate
EDCs showed largely similar results. This is probably because both methods employ the same
extraction buffer (0.05% Tween 20 buffer). Therefore, we conclude that a single EDC cloth
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can be used for DNA extraction and endotoxin extraction, providing more options for study

design in epidemiological investigations and shortening the time needed to analyse samples.

5.6. Optimization of protocol using three buffer system

In the second paper, after we selected the PowerSoil kit and combined DNA and
endotoxin extraction, we tried to further optimize the protocol to increase the amount of dust
extracted from an EDC cloth and thereby increase the amount of DNA and endotoxin yield.
Replicate EDCs were extracted using three buffer systems i) Double washing of the EDC with
Tris-HCL EDTA buffer, ii) double washing with Tween 20 buffer, and iii) single wash with
Tween 20 buffer followed by rinsing the EDC with PFW. The use of Tween 20 buffer resulted
in a higher DNA and endotoxin yield compared to Tris HCL EDTA buffer. This could be due
to the ability of the surfactant (Tween 20) to separate dust particles from fibrous material such
as the EDC cloths. We also showed that rinsing EDC cloth with PFW instead of second wash
with Tween 20 buffer increases both DNA and endotoxin yields. This suggests that the washing
step with PFW increases motion of soil particles of dust particles out of the EDC cloth as
explained by Shin et al [143]. The authors emphasized the importance of surfactant gradients
that establish via rinsing with fresh water for soil particle removal from the fibrous materials.
In the third paper we choose to extract dust from EDC cloths by first washing the EDC cloth
with Tween buffer followed by rinsing the EDC cloth with PFW.

5.7. Indoor airborne microbiome sources

In the third paper we investigated the indoor airborne bacterial communities in homes
from five cities in Northern Europe. Tartu and Aarhus households were characterized by a
higher bacterial load and diversity compared to Bergen and Reykjavik households. In the five
cities the main source of the indoor bacteria was the humans themselves. The Gram-positive
bacteria, such as Staphylococcus, Micrococcus, Corynebacterium dominated the indoor air. In
addition to the human associated taxa, the bacteria that stem from outdoor sources such as
Rhodococcus, Sphingomonas, Arthrobacter contribute to the composition of the home

microbiome in all cities[144-146].

The taxa from outdoor sources were more abundant in Tartu and Aarhus household
compared to other cities, which might explain the increase of bacterial diversity and bacterial

load in these two cities’ households as outdoor bacteria representing additional sources of
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microorganisms to indoor air. An increase in the relative abundance of Gram-negative bacterial
taxa that mainly originate from outdoor sources such as Protobacteria, Acinetobacter [7, 147]
explain the higher endotoxin (a cell component of Gram-negative bacteria) load in Tartu and

Aarhus compared to other cities’ household.

5.8. The effect of weather on the contributions of outdoor bacterial taxa

to the indoor environment

During sampling the indoor dust, the average monthly precipitation rate was highest in
Bergen. The lowest precipitation rate was found in Aarhus and Tartu. Wind speed was
significantly greater in Aarhus and Tartu than in other cities. Recently, Fu et al. (2022) [36]
reported that the microbial community within a building is influenced by various outdoor
environmental factors, such as geographical characteristics and precipitation. Therefore, the
meteorological measurements in Aarhus and Tartu may explain why outdoor bacterial taxa are
more prevalent in households in Aarhus or Tartu than in other cities. Tartu and Aarhus were
distinguished by low precipitation rates and stronger winds. In this study, wind speed was
positively correlated with bacterial load and diversity, whereas precipitation was negatively
correlated with bacterial diversity, bacterial load, and endotoxin load. In Aarhus and Tartu,
high wind speeds may have increased the infiltration of outdoor bacterial taxa into indoor air.
Thus, bacterial diversity and load are greater in these two cities’ households. Yafeng et al.
(2015) measured PM2.5 concentrations, an important bacterial carrier medium. The authors
discovered a strong relationship between indoor and outdoor PM2.5 concentrations. The
authors also discovered a positive correlation between PM2.5 indoor infiltration rate and
outdoor wind velocity [148]. Households in Bergen were characterized by higher precipitation
than other cities, which may explain the lower abundance of outdoor bacterial taxa in Bergen

compared to the rest of the cities through decreased infiltration of outdoor air particles.

The rain scavenges out bacteria-associated particles and transport them to the ground
in a process known as wet deposition [149]. But the impact of raindrops on various surfaces on
earth triggers the emission of surface-associated bacteria into the air column [150]. Huffman
et al (2013) [151] found that the concentration of airborne biological particles in a forest
ecosystem increased significantly during rain. Xueying et al (2021) [152] investigated the

effect of rain on PM2.5 concentrations in urban areas before and after 15 precipitation events
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and discovered reductions in PM2.5 concentrations up to 90%. In the current study, indoor dust

samples were collected from urban areas, which is similar to the latter case.

Asthma and atopy risk has been shown to decrease with increased exposure to diverse
microorganisms [11, 89]. Kirjavainen et al. (2019) [17] found that the "farm-like" microbiome
protective against asthma and atopy had a greater abundance of outdoor-associated bacterial
taxa, such as Sphingobacetria, and Alphaproteobacteria. These taxa were less abundant in
Bergen than in Aarhus and Tartu, which may be due to higher precipitation and slower wind
speeds, which make it difficult for outdoor taxa to enter Bergen households. With global
warming, precipitation intensity is anticipated to increase [153]. Wet deposition of outdoor
particulates and particles associated with bacteria will increase with an increase in precipitation
rate, leading to fewer bacteria in the indoor air and fewer exposures to environmental bacteria

and endotoxins, both of which are critical for the establishment of a tolerogenic immune status.

5.9.  Occupants’ impact on indoor airborne microbiome

In the third paper, we observed that occupants impact the indoor air microbiome. The
occupant’s age was associated with an increase in bacterial diversity, a reduction in bacterial
load, and a change in the composition of the bacterial community. Human skin microbiota is
considered a principal source of indoor airborne bacteria [7]. The human skin microbiome
changes with age, reflecting underlying age-related changes in the cutaneous structure and
physiological function of skin [154]. As a result, changes in the indoor microbiome with
increasing occupant age is a reflection of changes in the skin microbiome due to changes in
skin biology. Several studies have shown that bacterial diversity increase with age [155, 156].
Howard et al. (2022) [156], investigated the skin microbiome of 158 participants and showed
that bacterial diversity increased with age. A comparable study of 37 individuals found higher
alpha diversity in older adults compared to younger adults [155]. The bacterial load on the skin
tends to decrease with age, which also supports the results of our study. Lyden et al. (1975)
[157] found that sebum secretion levels decrease with age. Sebum is rich in free fatty acids,

and this leads to a decline in nutrients and consequently to a decrease in bacterial numbers.

Increases in human occupancy were associated with increases in bacterial diversity.
This is consistent with previous research showing that occupancy increases the accumulation
of human-associated microorganisms. The increase in bacterial diversity with increases in

human occupancy could be attributed to several reasons. First, the microbial clouds emitted by
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occupants may differ between individuals. Males and females, for example, have distinct
microbial clouds [158]. Second, more humans indoors mean more activity and thus more
resuspension of settled dust, as well as more transport of outdoor bacteria via their clothes and

shoes [159].

Dogs allowed inside the bedroom significantly altered the composition of the indoor air
microbiome, while this was not true in the case of cats. The dog significantly increased bacterial
diversity which is consistent with previous findings of increased bacterial diversity in dog-
owning households [35, 44, 160]. The difference in diversity between the two pets could be
due to dogs being allowed outside (while many cats are not), thus bringing more environmental
bacteria from outside [35]. The results of ANCOM BC support this observation. The increase
in diversity associated with dog ownership was associated with an increase in different bacterial
genera. These bacterial genera are either carried in by the dogs from the outdoor environment
(such as Rhodococcus, Sphingomonas, and Arthrobacter) [7, 144-146] or originate from the
dogs’ own microbiota (such as Moraxella and Fusobacterium), which have been identified as
common members of the canine oral and gastrointestinal tract microbiota [45, 161]. Dog
ownership was found to be significantly associated with higher endotoxin load. This is in line
with Elaine et al.’s study that found that higher endotoxin concentrations were associated with
dog keeping. Moraxella and Fusobacterium , two gram-negative bacteria found to be the most
abundant in the indoor air of the dog owner, may account for the increased endotoxin load
associated with dog ownership, in addition to the gram-negative environmental bacteria

brought in by the dog from the outdoors.

5.10. Impact of the occupants’ behaviour on indoor airborne microbiome

Cleaning and use of disinfectants were identified as two of the most important occupant
behaviours influencing the indoor airborne microbiome in the third paper. Increased cleaning
frequency was associated with an increase in bacterial diversity and load. Cleaning may cause
resuspension of settled dust and air mixing, increasing the number and types of bacterial taxa
collected by EDCs. The frequency of cleaning does not appear to affect the composition of
airborne particles. However, the use of cleaning and disinfecting agents significantly reduced
the abundance of several bacterial taxa, particularly bleach (sodium hypochlorite). Our samples
were collected between 2011 and 2014. However, since the COVID-19 pandemic, the use of

chemical disinfectants such as sodium hypochlorite has increased exponentially in the indoor
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environments [162]. As a result, it might be intriguing to study the effects of increased

disinfectant use on the bacterial communities in indoor air.

5.11. Indoor characteristics and indoor airborne microbiome

In the third paper, in addition to the geographical location and the occupants, the indoor
characteristics were associated with indoor bacterial profiles. The age of the house was found
to be associated with an increase in bacterial diversity. The reason behind that might be because
older houses have leaky plumbing systems compared to newer houses. In support of this, older
built houses in the current study showed an increased abundance of bacterial taxa mostly
belonging to water environments, such as Friedmanniella, Ilumatobacter, Microlunatus,
and Shimwellia [163-166]. The presence of a rug in the bedroom where the EDC was placed
was associated with an increased number of bacterial taxa in the indoor air; correspondingly, a
rug was associated with increases in the abundance of three bacterial genera that are usually
found in outdoor environments: Sphingomonas, Pseudonocardia, and Friedmanniella [7, 163,
167]. The majority of rugs are made of high-porosity textile materials, which aid in the
adhesion of dust and organic compounds. Furthermore, the pores may be able to retain
sufficient moisture [56]. As a result, increased levels of organics and moisture may facilitate
microbial growth, explaining the higher abundance of environmental taxa in bedrooms with

rugs.

Condensation on windows, which is a sign of increased air relative humidity, was
associated with a decrease in bacterial diversity. High relative humidity in the air reduces the
possibility of dust particles being resuspended in the air and influencing microorganism
aerosolization from indoor surfaces [89, 168]. The presence of vents in the bedroom wall was
associated with lower bacterial diversity. A wall vent is a mechanical ventilation unit that is
used to supply fresh air to a home. Mechanically ventilated rooms have less diverse microbial
communities than naturally ventilated rooms, according to Kembel et al [169]. The use of filters
in mechanical ventilation prevents some of the outdoor bacteria and particulates from entering

the home, resulting in lower microbial diversity than in natural ventilation systems [170].
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5.12. The association between Indoor bacterial exposure and lung

function and inflammation differ by sex

In the fourth paper, we explored the association between indoor airborne bacterial
communities, lung function, and airway inflammation, using adjusted linear regression models
stratified by sex. Our findings suggest that the effects of airborne bacterial exposure on lung
function and inflammation differ by sex. The association between lung function and indoor
airborne bacterial exposure was mostly found in males, while the association between airway
inflammation and indoor airborne bacterial exposure was found in females only. Sex
differences have been well established in respiratory diseases [171]. For example, asthma is
more prevalent in boys than girls during childhood [172]. Recently, Renjin et al. reported that
sex modifies the link between the airway microbiome and asthma [173]. Earlier studies
reported differential responses to a range of environmental exposures in males and females in
association with respiratory health outcomes such as tobacco smoke, farm upbringing, and air
pollution [90, 174, 175]. Genetic factors, immune responses, and sex hormones are apparently
the main mediators of these differences. Another explanation might be social and behavioural

differences between men and women, such as in cleanliness, hygiene, and employment types.

5.13. Indoor bacterial exposure and lung function

Higher bacterial diversity was linked to a better lung function, which is consistent with
the hygiene hypothesis and biodiversity hypothesis [15, 176]. These hypotheses claim that the
increasing incidence of metabolic and immune diseases, including respiratory diseases such as
asthma, is associated with a loss of biodiversity, particularly microbial diversity, in the outdoor
and indoor environment [176]. In line with our finding, as study based on the ECRHS II
population, found increasing proxies of microbial diversity during childhood to be associated
with higher lung function in adulthood [90]. The increase in indoor airborne bacterial load was
associated with lower lung function. In previous research higher airway bacterial loads have
been associated with decreased lung function in COPD patients [177, 178]. Although we do
not investigate the relationship between asthma and indoor bacterial exposure, a previous study
discovered a negative association between the amount of bacteria in the air and the prevalence
of asthma [36]. To study the association between indoor bacterial exposure and lung diseases,

including asthma and COPD, previous studies mainly depended on the load of cell wall
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compounds produced by Gram-negative bacteria (endotoxin / lipopolysaccharides [LPS]). In
our study, there was a trend toward a negative association between endotoxin and lung function
Z score. However, we didn’t find a significant association. Our finding is in line with other
cross-sectional studies that have found that mattress dust endotoxin levels are not associated

with lung function [179, 180].

On the phylum level, positive associations were found between Actinobacteriota and
lung function, while negative associations were found for Bacteroidota, which have previously
been reported to increase the risk of asthma [36]. Higher abundance of Actinobacteriota in the
indoor environment and the human respiratory tract was associated with a lower prevalence of
asthma. We found that most bacterial genera that were positively associated with lung function
belong to the Actinobacteriota phylum. Similarly, Karvonen et al [84] reported the abundance
of several bacterial genera, mostly from the Actinobacteriota, to be associated with lower
asthma risk. The taxa richness and abundance in Clostridia was associated with lower lung
function. Fu et al. (2021) [91], recently reported that the abundance of several Clostridia genera
and richness within Clostridia class was positively associated with asthma. Streptococcus,
Veillonella, Fusobacterium, and TM7 which are all considered to be components of the oral
microbiome [181, 182] were negatively associated with lung function. Several studies have
reported an increase in the abundance of Streptococcus and Fusobacterium indoors to be
associated with lung diseases [17, 85, 178]. The increased prevalence of members of the oral
microbiome in the indoor air of people with lower lung function might be explained by an
increase in coughing in association with reduced lung function, suggesting that these bacterial
taxa are a reflection of poor respiratory health rather than potential risk taxa, as was previously

suggested [17].

5.14. Indoor bacterial exposure and airway inflammation

Our results indicated that the association between indoor air bacterial exposure and
airway inflammation was different compared to the association between indoor air bacterial
exposure and lung function. Contrary to the lung function, most associations between indoor
bacterial exposure and FeNO were found in females, not males. In addition, we found different
bacterial taxa to be associated with FeNO. To our knowledge, Fu et al. (2021) [91] is the only
study which used culture-independent techniques to study the association between indoor

bacterial exposure and airway inflammation using FeENO as marker. The authors did not find
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an association between indoor exposure and FeNO [91]. We found that increased FeNO levels
was associated with both increased bacterial diversity and endotoxin load. Lidwien et al (2015)
found that increased occupational endotoxin exposure in a farming population was associated
with increased FeNO levels [183]. Similarly, Yoda el al found that higher indoor and outdoor

levels of endotoxin was associated with higher FeNO levels in young adults [184].

We found a significant association between increased relative abundance of the
Campylobacter genus and higher FeNO levels. Campylobacter is a gram-negative bacterium
and is the leading cause of human food-borne bacterial gastroenteritis [185]. The colonization
of the gastrointestinal system by Campylobacter relies on numerous cellular defences. For
example, an important antimicrobial tool of the mammalian innate immune system is the
generation of harmful oxidative molecules such as the inducible nitric oxide synthase (iNOS)
enzyme that produces NO [186], which might explain the association between increased
abundance of Campylobacter in indoor air and FeNO levels. Pseudomonas and Fusobacterium
were the only two bacterial genera that showed a positive association with airway
inflammation as well as negative association with lung function, indicating that higher
abundances of these bacterial genera in indoor air may pose a risk to respiratory health. Only
Cellulomonas, from the Actinobacteriota phylum, was found to be related to lower FeNO
levels. The probiotic potential of different Cellulomonas species has already been evaluated
[187]. Cellulomonas have peroxidase activity, with ability to overcome oxidative stress [188]
which might explain the association between increased abundance of Cellulomonas in indoor
air and lower FeNO levels indicating that species affiliated to Cellulomonas could be potential

protective agents against airway inflammation.
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6. Conclusions

1. The indoor air in the farmers’ homes, particularly cow farmers’ homes, was
characterized by higher bacterial diversity compared to suburban homes which were

dominated by bacteria from human sources.

2. The intestinal animal microbiota from manure used in the fields appears to contribute

to the indoor airborne microbiome in farmers’ homes.

3. After a series of pilot studies using different buffer systems and different DNA
extraction methods, we finalized a protocol for DNA and endotoxin extraction using a
single EDC cloth. The combined extraction of DNA and endotoxin would significantly
reduce the time and expense necessary for sample analysis in large epidemiological

studies addressing airborne exposure.

4. Geographical differences in the indoor bacterial microbiome were significant, and we
came to the conclusion that the increased abundance of outdoor bacterial taxa in Tartu
and Aarhus households may be related to different weather conditions, particularly

wind speed and precipitation.

5. The occupant age was associated with higher bacterial diversity and lower bacterial
load in the indoor air. We propose that this is due to changes in the skin microbiome

caused by skin aging.

6. The indoor microbiome is influenced by general lifestyle choices such the number of

occupants, types of pets, frequency of household cleaning, and use of disinfectants.

7. Indoor bacterial exposure was associated with lung function and airway inflammation.
The fact that the associations were different for males and females suggest sex
difference in how lung function and airway inflammation respond to indoor bacterial

exposure.

8. Lung function and airway inflammation showed very different patterns of association

with the indoor airborne bacterial communities. Several bacterial genera that belong to
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Actinobacteria were associated with high lung function, while Bacteroidota, Clostridia,
and bacterial genera considered to be part of the core oral microbiome, including
Streptococcus and Fusobacterium, were associated with low lung function. Higher

FeNO levels were positively associated with Campylobacter and negatively associated

with Cellulomonas.
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7. Future Perspectives

1.

In our first article we observed differences in bacterial community composition and
abundance of potentially beneficial bacterial taxa between farmers’ homes and
suburban homes, supporting the concept that the bacterial composition in rural and
farming environment contribute to better respiratory heath. Further studies, including
experimental animal models and immunological studies, are needed to demonstrate the
possible beneficial effects of specific bacterial taxa, which are abundant in rural

environments.

In our third paper, we hypothesized that meteorological events, especially precipitation,
would have an impact on the indoor airborne microbiome, most likely by decreasing
the contribution of outdoor bacterial taxa to indoor air through wet deposition. With
global warming, the intensity of precipitation is expected to rise, and if our assumption
is right, fewer outdoor bacteria will contribute to the indoor microbiome, potentially
having a negative impact on the development and maintenance of a tolerogenic
immunological state. We propose that future studies should sample indoor and outdoor
particles and collect meteorological data from different geographical locations to better
understand how meteorological events affect the composition of the indoor airborne
bacterial community, especially in light of future challenges such as global warming

and an increase in atopic diseases.

In our third paper, we found that the use of disinfectants, especially bleach (sodium
hypochlorite), was associated with a lower abundance of several bacterial taxa. In the
third paper, indoor samples were collected between 2011 and 2014. With the advent of
the COVID-19 pandemic, the use of chemical disinfectants such as sodium
hypochlorite has increased in indoor environments. As a result, it would be interesting
to investigate the effects of increased disinfectant use on the bacterial communities in

indoor air.

In the fourth paper, we identified several bacterial genera positively and negatively
associated with lung function and airway inflammation, which are valuable for
understanding indoor bacterial exposure in relation to respiratory health. However, with

the 16S rRNA sequencing, we were not able to characterize the strains and functional
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gene of bacterial communities. Therefore, further studies aiming at functional profiling,
such as through metagenomics, metabolomics, or animal studies, are needed to

characterize the potential protective properties of these bacterial genera.
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for the upsurge in immunoregulatory diseases, with airborne bacteria contributing to this
protective effect. However, the composition of this potentially beneficial microbial
community in various farm and suburban indoor environments is still to be characterized.
We collected settled airborne dust from stables and the associated farmers’ homes and
from suburban homes using electrostatic dust collectors (EDCs) over a period of 14 days.
Then, quantitative PCR (gPCR) was used to assess bacterial abundance. The V3-V4
region of the bacterial 16S rRNA gene was amplified and sequenced using llumina MiSeq
in order to assess microbial diversity. The Divisive Amplicon Denoising Algorithm (DADA2)
algorithm was used for the inference of amplicon sequence variants from amplicon data.
Airborne bacteria were significantly more abundant in farmers’ indoor environments than
in suburban homes (p<0.001). Cow farmers’ homes had significantly higher bacterial
diversity than pig farmers’ and suburban homes (p <0.001). Bacterial taxa, such as
Firmicutes, Prevotellaceae, Lachnospiraceae, and Lactobacillus were significantly more
abundant in farmers’ homes than suburban homes, and the same was true for beneficial
intestinal bacterial species, such as Lactobacillus amylovorus, Eubacterium hallii, and
Faecalibacterium prausnitzii. Furthermore, we found a higher similarity between bacterial
communities in individual farmers’ homes and their associated cow stables than for pig
stables. Our findings contribute with important knowledge on bacterial composition,
abundance, and diversity in different environments, which is highly valuable in the
discussion on how microbial exposure may contribute to the development of immune-
mediated diseases in both children and adults.

Keywords: cow, pig, dust, airborne bacteria, 16S rRNA gene, indoor environment
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HIGHLIGHTS

Cow farmers” homes have higher bacterial diversity than pig
farmers’ homes and suburban homes.

Cow stables have higher bacterial diversity and abundance
than pig stables.

Animal intestinal microbiota appear to contribute to the
indoor bacteria in farmers’ homes.

Putative beneficial bacterial taxa are more abundant indoors
in farmers’ homes than in suburban homes.

- Bacterial communities in individual farmers’ homes and cow
stables are more similar than pig stables.

INTRODUCTION

Several studies have shown that children growing up on farms
have a lower risk of immune-mediated diseases than children
growing up in urban areas. These studies link exposure to
farm-related microbiota through contact with livestock animals
to a lower risk of immunoregulatory disorders, such as allergy,
asthma, Irritable Bowel Diseases (IBD), and type 1 diabetes
mellitus (Vedanthan et al., 2006; Basinas et al., 2012; Heikkinen
et al, 2013; Timm et al, 2014, 2016; Elholm et al, 2016;
Stein et al., 2016; Kirjavainen et al., 2019). These observed
correlations have contributed to the hygiene hypothesis, which
states that low exposure to microorganisms plays a key role
in the aetiology of immune-mediated diseases (Okada et al.,
2010). Supporting this hypothesis, Ege et al. (2011) found
that children who lived on farms were exposed to more diverse
environmental microorganisms than the children in the
suburban areas.

Microbial dispersal from the farmers working places to
the home environment occurs through airflow or direct
transport by family members that interact with livestock,
soil, water surface, and plants. Thus, the microbial diversity
in the home environment may be increased and the
composition of the airborne bacterial community in farmers’
homes can be altered compared to suburban homes where
humans and, to a lesser extent, pets are the main sources
of the indoor air microbiome (Lis et al., 2008; Normand
et al., 2011; Hospodsky et al., 2012). Low microbial diversity
in urban areas might be the reason for cases of immune
dysfunction, poor immune tolerance, and finally may lead
to autoimmune disease. However, few studies have
characterized the microbial community composition in various
farms and farmhouses.

In the current study, we report on results obtained from
settled dust from cow stables and cow farmers’ homes collected
on an electrostatic dust fall collector (EDC). We compared
these results with data obtained using the same approach in
pig stables, pig farmers homes, and suburban homes

Abbreviations: ASVs, Amplicon sequence variants; DADA, Divisive Amplicon
Denoising Algorithm; EDC, Electrostatic dust collector; IBD, Irritable Bowel
Diseases; qPCR, Quantitative PCR.

(Vestergaard et al., 2018). We focused on the composition,
abundance, and diversity of the airborne bacterial communities
in cow stables and cow farmers’ homes in comparison to
the other indoor environments. The study aimed at (1)
comparing type of bacteria present in stables and the farmers’
homes, (2) determining if microbial communities in farmers’
homes differ from suburban homes, and (3) searching for
differences in taxonomic groups of putative beneficial bacteria
between livestock stables, associated farmers’ homes, and
suburban homes.

MATERIALS AND METHODS
Dust Sampling

Electrostatic dust collector was used to collect settled dust
from the air with an exposure area of 209 cm? (Juel Holst
et al.,, 2020). Sampling was conducted as part of a previous
study in Jutland, Denmark, where settled air dust was
collected from the farmers’” homes and associated livestock
stables (Vestergaard et al., 2018). Similarly, dust was collected
in the suburban homes with the EDCs in the greater
Copenhagen area (Juel Holst et al., 2020). During winter
(November-April), 25 samples were collected from farmers’
homes and 23 samples from the associated cow stables
where the cow farmers were working. During the summer,
(May-October), the numbers were 24 and 18, respectively.
The EDCs were placed at 1.5m above the floor, and the
sampling period was 14days. EDCs were kept at —20°C
until DNA extraction.

Dust and DNA Extraction

The EDCs were processed as previously described by Vestergaard
et al. (2018). They were carefully placed in a sterile stomacher
bag and mixed with 20ml of extraction buffer, consisting of
pyrogen-free water and 0.05% Tween-20. The sample was
processed in a stomacher (Star Blender LB 400, Seward, Worthing,
United Kingdom) for 10min at maximum speed. Thereafter,
the fluid containing the washed-off dust was transferred to a
sterile 50ml Falcon tube. This procedure was repeated once
more, until a total of 40ml of suspended dust was extracted
from the EDC. The dust was collected by centrifugation at
4,700xg for 15min at 5°C. The supernatant was discarded,
and the pellets were resuspended in 1.5ml of 0.05% Tween-20
extraction buffer. Unexposed EDCs were used for negative
control extractions. The dust samples were kept at —20°C until
DNA extraction.

The PowerLyzer PowerSoil DNA Isolation kit (MO BIO
Laboratories, an Qiagen Company, Germany) was used to
extract DNA from the dust pellets following the manufacturer’s
instructions with minor modifications including prolonged
bead-beating using a TissueLyser bead-beating machine for
2x5min at 50s™" and prolonged centrifugation steps 13,000 x g
for 5min at room temperature following the bead beating
step. Negative control extractions were carried out using the
same procedures.
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PCR Ampilification

Twenty samples from each indoor environment were randomly
selected for quantitative PCR (qPCR) to quantify bacterial
abundance. Briefly, the qPCR reactions were carried out
in a 20pl reaction volume containing 10ml SYBR Green
1Master-2x, 2ml bovine serum albumin (BSA; 10 mg/ml),
1ml forward primer Bac908F (5-AAC TCA AAK GAA
TTG ACG GG-3’), and 1ml reverse primer Bacl075R (5'-
CAC GAG CTG ACG ACA RCC-3%; 10 pmol/ml; Ohkuma
and Kudo, 1998). Controls were obtained by substituting
DNA template with ddH2O. Serial dilutions of a plasmid
encoding a full-length 16S rRNA gene linked to
Sphingomonadales were used to generate standard curves.
Thermal cycling and fluorescence measurements were carried
out using an MX3005p qPCR machine (Agilent, Santa Clara,
CA, United States; RRID:SCR_019526). One cycle of initial
denaturation at 95°C for 5min was followed by 45 cycles
of 95°C for 30s, 56°C for 30s, 72°C for 20s, and 80°C
for 7s.

lllumina MiSeq Sequencing
The 16S rRNA gene was amplified from 114 samples (90
samples, 12 negative control samples, and 12 technical replicates
using the same DNA extract). Bac341F (5-CCT ACG GGN
GGC WGC AG-3’) and Bac805R (5'-GAC TAC GGT ATC
TAA TCC-3’) bacteria-specific primers were used to amplify
V3 and V4 regions (Klindworth et al.,, 2013). The steps for
amplification of the 16S rRNA gene were carried out according
to the Illumina protocol (16S Metagenomic Sequencing Library
Preparation), with few modifications. The protocol included
three PCR steps. In the first PCR, bacteria-specific primers
were used to amplify the V3 and V4 regions of the 16S
rRNA gene. The PCR mixture containing 2 pl template DNA
was used for cow stable samples and 3pl template DNA
was used for farmers’ home samples, 2 x KAPA HiFi Hotstart
polymerase = (KAPA  Biosystems, Wilmington, MA,
United States), 0.2 pM forward primer, 0.2 pM reverse primer,
and BSA (4g/L). The variation in the DNA template volume
was due to different concentrations of bacteria and PCR
inhibitors in the two indoor environments. The thermal
cycling was performed in the following steps: an initial
denaturation at 95°C for 3min, 25cycles with denaturation
at 95°C for 30s, annealing at 55°C for 30s, elongation at
72°C for 30s, and a final elongation at 72°C for 5min. In
the second PCR, the Illumina overhang adaptors were added
using the same PCR conditions for the first PCR, albeit
without added BSA and with only 10 amplification cycles
instead of 25. The third PCR Nextera XT Index primers
from the Nextera XT Index kit were used. Each reaction
contained 2.5pl Index primer 1 (N7XX) and 2.5pl Index
primer 2 (S5XX), 12.5p] KAPA HiFi HotStart ReadyMix,
and 5pl dH20 with the same PCR thermal cycling program
described above. Following each PCR step, AMPure XP
magnetic beads were used for cleaning of the PCR products.
To determine the concentration of the PCR products, the
Quant-iTTM dsDNA assay kit and a FLUOstar Omega

fluorometric microplate reader (BMG LABTECH, Ortenberg,
Germany) were used. Thereafter, the samples were diluted to
approximately 3 ng/ml DNA and pooled. The DNA concentrations
of pooled samples were measured with a Quant-iTTM dsDNA
BR assay kit and on a Qubit fluorometer (Thermo Fisher
Scientific, Waltham, MA, United States) before paired end
2x300bp sequenced with a MiSeq sequencer (Illumina, San
Diego, CA, United States; RRID:SCR_016379).

Bioinformatic and Statistical Analysis
The MiSeq-derived sequences from 84 pig farmer homes, 83
pig stables, and 100 suburban homes, along with associated
metadata deposited by Vestergaard et al. (2018), were downloaded
from the NCBI sequence read archive (SRA) under study
number SRP124427. These data were combined with the data
obtained in the present study. All sequence data processing,
statistical analyses, and visualizations were carried out in RStudio
version 1.4.1103 with R version 4.0.4 (R Core Team, 2013).
The sequences were trimmed using the cutadapt package
version 1.16 (Martin, 2011) Open-source software package
DADA?2 version 1.18.0 (Callahan et al., 2016) was used for
error correcting and modelling of the sequenced data, mostly
by following the tutorial.' One major change was using the
shortread package version 1.48.0 (Morgan et al, 2009) to
randomly subsample all sequences to 20,000 reads following
quality filtering in order to make richness comparisons accurate,
as DADA?2 tends to inflate richness estimates linearly with an
increasing number of reads. Sequences belonging to the forward
and reverse read libraries were merged together after primer
trimming and quality filtering, and only sequences with a
length greater than 430 base pairs were used, which was the
expected amplicon length based on the primers. The ASVs
were taxonomically classified into species using the DADA2
package’s “assignTaxonomy” and “addSpecies” functions. The
reference database used in the current study was the SILVA
(RRID:SCR_006423) database version 138 (Quast et al., 2012).
To eliminate ASV's contaminating reads in exposed EDC samples,
the decontam package version 1.10.0 (Davis et al.,, 2018) was
used. The “prevalence” method was used in the decontam
package for contaminant detection. In the prevalence method,
the prevalence (presence/absence across samples) of each
sequence feature in true exposed EDC sample is compared to
the prevalence in negative controls to identify contaminants.
The ampvis2 package version 2.6.8 (Andersen et al., 2018)
was used to generate heatmaps and phyloseq version 1.27.6
(McMurdie and Holmes, 2013) and was used to assess the
alpha diversity by calculating two diversity measures: observed
(the number of individual bacterial taxa) and the Shannon
index, which reflects both richness and the relative abundance
of each taxon. The Wilcoxon Rank Sum test, implemented in
the “wilcox.test” function in R version 4.0.4, was used for the
comparison of the alpha diversity indices between different
indoor environments as well as to investigate the differences
in bacterial abundance measured by qPCR.

'benjjneb.github.io/dada2/tutorial _1_8

Frontiers in Microbiology | www.frontiersin.org

June 2022 | Volume 13 | Article 883991



Amin et al.

Airborne Bacteria in Farmers’ Homes

Ordination was carried out to compare the microbial
communities in different indoor environments, based on the
Aitchison dissimilarity matrix calculated using the “dist”
function in coda.base package version 0.3.1 (Comas-Cufi,
2020). Principal coordinate analysis (PCoA) was carried out
using the ape package version 5.5 (Paradis et al., 2004).
Pairwise statistical comparisons were run between different
indoor environments using analysis of similarity (ANOSIM)
from the vegan package version 2.5-7 (Oksanen et al., 2015)
based on the Aitchison dissimilarity matrix.

To identify specific bacterial taxa whose abundances significantly
differ between different environmental types, we applied analysis
of compositions of microbiomes with bias correction (ANCOM
BC) version 1.0.5 (Oksanen et al.,, 2015). ANCOM BC provides
a statistically valid test with a q value (adjusted value of p) and
confidence intervals (log fold change: natural logarithm) for each
bacterial taxon. ANCOM BC was performed for bacterial phyla,
families, genera, and species levels with a relative abundance
equal to or higher than 0.01%. The function “aggregate_taxa”
from microbiome package version 1.15.0 (Yang et al., 2022) was
used to aggregate taxa to a certain taxonomic level prior to
ANCOM BC analysis. For each taxon in the data, ANCOM
BC analysis results reported a coefficient value (log fold change)
and a g value. A negative log fold change indicates that the
taxa are less abundant compared to the reference group, and a
positive log fold change indicates that the group has a higher
abundance compared to the reference group. A g value equal
to or less than 0.05 indicates a significant difference in abundances
of the taxa between the two groups.

The “dist” function in the coda.base package version 0.3.1
was used to construct Aitchison dissimilarity matrix between
a farmer’s home and the relevant stable (i.e., the sample pair
represents where a farmer lived and worked). The similarity
of each pair was ranked among all non-matching home-stable
pairs, with the final rank showing how similar associated
home-stable pairs were compared to random association between
any farmer’s home and any stable. A rank of 1 indicates that
there has been substantial bacterial transfer between the farmer’s
home and the stable, whereas a random ranking indicates that
there has been no link.

Data Availability
The MiSeq-derived sequences used in this study were deposited
in the NCBI under BioProject ID: PRJNA801418.>

RESULTS

Quality Filtering

Quality filtering and down sampling to 20,000 reads per sample,
retain 65 suburban home samples out of 100, 40 cow stable
samples out of 41, 38 cow farmers’ homes samples out of 49,
81 pig stable samples out of 83, 82 pig stable samples out of

*https://www.ncbi.nlm.nih.gov/sra/PRINA801418

84, and 43 negative control samples (extraction blank and
unexposed EDC samples) out of 52.

Bacterial Abundance

We found no significant difference in bacterial abundance
between cow and pig farmers’ homes as determined by qPCR
(p=0.82; Figure 1). In contrast, there was a significantly
higher bacterial abundance in the two types of farmers’
homes compared to the suburban homes (p<0.001), i.e., the
total number of airborne bacterial cells was higher in farmers’
homes than in suburban homes, as the observed differences
in bacterial abundance were beyond what could be explained
solely by copy number variation. Livestock stables showed
higher bacterial abundance than all indoor home environments
(p<0.001). Cow stables had a higher airborne bacterial load
than pig stables (p <0.001) and home environments (p <0.001;
Figure 1).

Alpha Bacterial Diversity

In terms of observed richness (numbers of bacterial taxa),
the dust from cow farmers’ homes had a significantly higher
bacterial richness than pig farmers’ homes and suburban
homes (Figure 2A). The livestock stables had lower bacterial
richness than farmers’ homes (p<0.001) with the lowest
number of bacterial taxa found in dust collected from pig
stables (Figure 2A). The Shannon index (a metric for bacterial
diversity), which is an estimate of both the richness and
uniformity of bacterial communities (Figure 2B), showed
the same trend, with cow farmers’ homes having richer and
more uniform airborne bacterial community than pig farmers’
and suburban homes (p<0.001) and cow stables harboring
a significantly higher bacterial diversity than pig stables
(p<0.001).

Beta Diversity of Indoor Environments

The PCoA using the Aitchison dissimilarity matrix, as well
as the ANOSIM test, were used to investigate differences in
airborne bacterial composition between different indoor
environments. The airborne bacterial communities of farmers’
homes and suburban homes were significantly different based
on the ANOSIM test. The PCoA analysis revealed that the
microbial community composition of suburban homes clustered
separately, while there was a slight overlap between pig and
cow farmers’ homes (Figure 3). Despite the overlap between
the farmers’ homes, the difference in community composition
between cow and pig farmers” homes was statistically significant
(ANOSIM R=0.49, p=0.001). The ANOSIM test also revealed
that the difference was greater between cow farmers’ homes
and suburban homes (ANOSIM R=0.57, p=0.001) compared
to pig farmers’ homes and suburban homes (ANOSIM R=0.45,
p=0.001). The microbial community composition was more
similar between pig stables and pig farmers’ homes (ANOSIM
R=0.14, p=0.001) than between cow stables and cow farmers’
homes (ANOSIM R=0.29, p=0.001). The largest pairwise
difference across all indoor environments was observed for
pig and cow stables (ANOSIM R=0.75, p=0.001). All
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Suburban
homes

distinctions between the different indoor environments are
visible in the spatial organization of samples plotted using
PCoA (Figure 3).

Seasonal Effects on Bacterial Community
Composition and Abundance

The effect of season on the indoor airborne bacterial
community in the cow farmers’ home and cow stables was
limited. Season had no significant effect on bacterial load
(Supplementary Figure 1) or bacterial community composition
(Supplementary Figure 2). Bacterial diversity and richness
of cow stables were not affected by the season, whereas
bacterial richness (number of bacterial taxa) was significantly
higher in cow farmers’ homes in the summer compared to
the winter (p=0.03; Supplementary Figure 3).

Bacterial Community Composition

Almost all samples were dominated by four bacterial phyla
independent of the sampling location: Firmicutes, Proteobacteria,
Actinobacteria, and Bacteroidetes (Figure 4A). Firmicutes were

more abundant in pig farmers’ homes than in any other indoor
home environment. Proteobacteria and Actinobacteria were the
most prevalent in suburban homes, with 24.4 and 26.7%,
respectively. Bacteroidetes were found in greater abundance in
cow farmers’ homes than in pig farmers’ or suburban homes.
These tendencies in phylum abundance were found to
be significant by ANCOM BC analysis, except in the case of
Bacteroidetes abundance (Supplementary Tables 1-3). Members
of the Firmicutes families, Lachnospiraceae, Lactobacillaceae,
Ruminococcaceae, and Peptostreptococcaceae were significantly
more abundant in the farmer’s homes than in the suburban
homes. Apart from Peptostreptococcaceae, the other three families
were relatively more abundant in farmers’ homes than in livestock
stables (Figure 4B). However, not all of them were significant
between farmers’ homes and stables (Supplementary Tables 4,
5). Rikenellaceae and Prevotellaceae families that belong to the
Bacteroidetes phylum were found to be more abundant in
farmers’ homes than in suburban homes. Rikenellaceae,
Prevotellaceae, Peptostreptococcaceae, and Lachnospiraceae were
significantly more abundant in pig farmers’ homes than in cow
farmers’ homes. However, Ruminococcaceae and Lactobacillaceae
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did not show a significant difference in abundance between
the two types of farmers’ homes (Supplementary Tables 4, 5).
The Gram-positive bacterial families, such as Staphylococcaceae,
Corynebacteriaceae, Micrococcaceae, and Streptococcaceae
dominated the airborne microbial communities in suburban
homes (Figure 4B; Supplementary Table 6).

On the genus level, bacterial genera associated with the animal
gut, including Lactobacillus,  Turicbacter, Intestinibacter,
Terrisporobacter, Lachnospiraceae UCG-007, and Romboustia based
on AMDB: database of animal gut microbial communities (Yang
et al, 2022), were found to be significantly more abundant in
pig stables, followed by the pig farmers’ home, than in any other
indoor environment, including cow stables (Figure 4C). Some
of these bacterial genera, such as Lactobacillus and Turicbacter,
did not show a significant difference between the cow farmers’
homes and suburban homes (Supplementary Tables 7-9). Species
level identification also showed several bacterial species of intestinal
origin (Yang et al., 2022), such as Eubacterium hallii, Faecalibacterium
prausnitzii, Lactobacillus amylovorus, and Clostridium butyricum
to be significantly more abundant in farmers homes than in
suburban homes. Apart from Clostridium butyricum, all the above-
mentioned bacterial species were found to be significantly more
abundant in farmers homes than in livestock stables
(Supplementary Tables 10-12). Bacterial species that were
associated with animal and livestock environments, such as
Saccharopolyspora  rectivirgula, ~ Staphylococcus ~ sciuri, and
Streptococcus suis were found in significantly greater abundance
in associated farmers homes than in suburban homes
(Supplementary Tables 10-12).

Similarity of Bacterial Community Between
the Farmer’s Home and the Associated
Stable

We performed a pairwise analysis of similarity between bacterial
communities in livestock stables and associated farmer’s homes
(i.e., the pair of locations where the farmer worked and lived)
to investigate whether the two associated indoor environments
were more similar to each other than was the general similarity
between unassociated stables and farmers’ homes. We found that
nine out of 29 (31%) associated cow stable-cow farmer’s home
pairs were more similar than non-associated stable-home pairs
(Supplementary Figure 4). While we found only 14 out of 77
(18%) associated pig stable—pig farmers’ home pairs had substantial
bacterial transfer (Supplementary Figure 5). The quantitative
pairwise distance values between the home and stables pairs are
shown in Supplementary Tables 13-16. These values show that
the number of shared bacteria between farmers’ homes and cow
stables is higher than between farmers’ homes and pig stables.
However, in general, the indoor air bacterial community in a
specific farmer’s home was more likely to be similar to the
indoor air bacterial community in another farmer’s stable than
to the indoor air bacterial community in his or her own stable.

DISCUSSION

In this study, we investigated the airborne bacterial
communities of five indoor environments: pig and cow
farmers’ homes, suburban homes, and pig and cow stables.
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The results demonstrate that the abundance, alpha and beta
diversity, and community composition of airborne bacteria
differ significantly between farmers’ and suburban homes.
We also showed that the gut microbiome of the farm animals
contributed to the indoor airborne bacterial communities
in farmers’ homes, especially in the case of pig farmers’
homes.

Higher Indoor Airborne Bacterial
Abundance in Farmers’ Home Than
Suburban Homes

We found significantly higher bacterial abundance in cow
and pig farmers’ homes than in suburban homes (Figure 1),
as previously reported by Pakarinen et al. (2008). In rural
areas, a greater variety of outdoor microbial sources such
as plants, soil, and livestock animals might explain the higher
prevalence of microbes in farmers’ homes compared to
suburban homes. Bacterial abundance was 10-100 times
higher in livestock stables than in the home environments
(Figure 1). Increased bacterial abundance in livestock stables
is consistent with prior research that found higher bacterial

abundance in livestock-stable air compared to other indoor
environments (Dungan et al, 2011; Hong et al, 2012).
Aerosolization of dust particles and bacteria associated with
animal skin and faces might explain the increase in bacterial
abundance in livestock stables compared to home
environments. According to Wei et al. attachment of airborne
bacteria to the dust particles increases their viability,
abundance, and metabolic capability thus alter the fate of
bacterial cells in the air due to protection by the dust
particles from harsh environmental conditions such as stables
(Hu et al., 2020).

Cow stables exhibited a larger bacterial abundance in
the air than pig stables. We cannot exclude the possibility
that the difference in bacterial load could be due to differences
in the number of animals as well as the design of the two
types of livestock stables. Kembel et al. (2012) showed that
natural ventilation significantly increased bacterial abundance
compared to mechanically ventilated indoor environments.
In the present study, the natural ventilation in the cow
stable compared to mechanical ventilation in the pig stable
may also have contributed to the difference in bacterial
abundance.
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Cow Farmers’ Homes Have a High Level of
Alpha Bacterial Diversity

The difference in bacterial richness and bacterial diversity
(Shannon index) between the three home environments was
significant. We demonstrate for the first time that cow farmers’
homes have the highest bacterial diversity compared to the
pig farmers’ homes and suburban homes (Figure 2). The

difference in airborne bacterial diversity between the two types
of farmers’ homes and suburban homes could be attributed
to bacterial exposure from their livestock stables and bacterial
dispersal from the outdoors to the indoor environment through
ventilation. Lis et al. (2008) found that airborne microorganisms
in farmers’ homes consisted of a mixture of microorganisms
from farm buildings, including livestock stables. They suggested
that bacteria and fungi are transported from farm buildings
to homes via workers’ clothes and bodies. Pasanen et al. (1989)
also concluded that airborne microorganisms may be indirectly
transmitted from cow stables to farmhouses via workers’
clothing. We speculate that the higher bacterial diversity and
richness in cow farmers’ homes compared to pig farmers’
homes might be due to the microbes from pig and humans
being more similar than those of cows and humans due to
a more similar diet for pigs and humans compared to cows
and humans. Another explanation could be because Danish
regulations require farmers’ working in pig stables to wash
their hands and change clothes to prevent the spread of
zoonotic pathogens from pigs are more strict compared to
farmers working in open-air and less precautioned cow stables,
so cow farmers would transmit more bacteria to their homes
than pig farmers (Denver et al., 2016).

Seasonal differences in airborne bacterial richness but not
bacterial diversity in cow farmers’ homes were significant
(Supplementary Figure 3). We found higher bacterial richness
in the summer compared to the winter. This could be due to
the fact that Denmark, where samples were collected, is located
in Northern Europe, and experiences a temperate climate.
Because air-conditioning systems are not common, people
normally ventilate their homes by opening windows, as they
would do more in summer when central heating is not running.
Thus, it would bring in more bacteria taxa from the surrounding
environment, which would lead to a rise in bacterial richness.
In addition, the diversity of outdoor bacterial communities in
Scandinavia was found to be higher in the summer compared
to winter (Karlsson et al., 2020).

Increased bacterial diversity in the indoor environment has
been linked to a lower prevalence of immunoregulatory disorders,
including IBD, atopy, asthma, and type 1 diabetes mellitus.
Timm et al. (2014) discovered that being born and living on
a livestock farm for the first Syears of life was associated with
a lower risk of IBD when compared to being born and living
in the city. It was hypothesized by the authors that the association
could be due to decreased microbial diversity (Timm et al.,
2014). Exposure to a variety of microorganisms has been
inversely associated with the risk of asthma and atopy (Ege
etal, 2011). Similarly, Valkonen et al. (2015) found that bacterial
diversity was inversely related to atopy but not asthma. Others
have suggested that exposure to a broad variety of non-pathogenic
environmental microorganisms during childhood might have
a protective effect against type 1 diabetes mellitus (Heikkinen
et al., 2013). Our finding supports the different putative health
outcomes between different indoor environments based on
different levels of bacterial diversity.

Our results show that the bacterial diversity is higher in
cow stables as compared to pig stables. The natural ventilation
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in cow stables, as opposed to the mechanical ventilation and
highly controlled, closed nature of the pig stables, might explain
the increased indoor airborne bacterial diversity in the cow
stables compared to pig stables, where the bacteria in the air
will mainly come from a limited source, the pigs, and their
feed. Other factors that could explain higher bacterial diversity
in cow stables compared to pig stables include reduced use
of antibiotics in cow farming compared to pig farming. Illi
et al. (2012) reported that cow exposure is the farm exposure
that protects against asthma and atopy. In the same study, the
exposure to pigs did not show a protective effect against asthma
and atopy (Illi et al, 2012).

Beta Diversity of the Indoor Airborne
Bacterial Communities

According to the PCoA analysis, suburban homes had a distinct
bacterial community, while the pig and cow farmers’ homes
showed a minor overlap (Figure 3). Different indoor bacterial
community composition between suburban and farmers’ homes
is in line with previous studies, which showed a difference in
microbiota between farm and non-farm homes (Kirjavainen
et al,, 2019; Fu et al, 2021). Even though there is an overlap
in the community composition of cow and pig farmers’ homes,
there was a significant difference in the community composition
between cow and pig farmers’ homes. As a result, it is feasible
that the putative protective effects of airborne microbiomes
in the cow and pig farmers’ homes might be different. The
microbial communities were more similar between pig stables
and pig farmers’ homes than between cow stables and cow
farmers’ homes (Figure 3). As Stein et al. (2016) showed,
distance to home and farmers’ work might be an important
factor explaining this similarity, but this information was not
available in our study.

The PCoA analysis and ANOSIM showed that pig and cow
stables had different indoor bacterial community compositions.
This indicates that farmers working in these environments
(stables) have different microbial exposure and, therefore, may
experience different health consequences. Several studies report
an inverse relationship between animal contact and the prevalence
of atopy and respiratory allergy in childhood (Naleway, 2004;
Vedanthan et al, 2006). In Denmark, Elholm et al. (2013)
showed that exposure to farm animals protects against the
development of atopy not only in childhood but also in young
adulthood. They found that being exposed to cows, pigs, or
combinations of these animals was associated with a decreased
risk of new-onset sensitization when compared to participants
without livestock exposure. The exposure to endotoxin has
been associated with a reduced prevalence of sensitization to
common allergens in a highly exposed adult farming (Portengen
et al,, 2005). In Alpine farm environments, the GABRIEL Study
found that children who were exposed to cows, but not pigs,
were protected against asthma, atopic sensitization, and hay
fever (Illi et al., 2012). The lower number of pigs per farm
in the alpine region compared to Jutland, Denmark, might
explain why the association differs between the two studies
with regard to exposure to pigs.

Indoor Airborne Bacterial Composition
Between Rural and Suburban Areas

All samples, regardless of the environmental type, were dominated
by four bacterial phyla: Firmicutes, Proteobacteria, Actinobacteria,
and Bacteroidetes. This is largely consistent with prior studies
that showed the predominance of the four bacterial phyla in
cow and pig stables and indoor home environments (Hong et al.,
2012; Boissy et al., 2014; Zhang et al., 2019). The higher abundance
of Firmicutes and lower abundance of Proteobacteria in farmers’
homes relative to suburban homes is basically in line with prior
epidemiological findings suggesting that Firmicutes decrease the
risk of atopic sensitization (Lee et al, 2021). In contrast,
Proteobacteria have been associated with allergy and found to
be more common in the airways of neutrophilic asthma patients
(Yang et al,, 2018). Bacterial families that might have protective
effects against allergy, IBD, and asthma were found to be significantly
more abundant in farmers homes than in suburban homes. These
include members of the Firmicutes families, Lachnospiraceae,
Lactobacillaceae, Ruminococcaceae (Lynch et al, 2014; Huang
and Boushey, 2015), and Peptostreptococcaceae (Pekkanen et al.,
2018). With the exception of Peptostreptococcaceae, the other
three families that were suggested to have a protective effect
against autoimmune disease were relatively more abundant in
farmers homes than in livestock stables, implying that the
surrounding outdoor environment in rural areas could be the
source of these bacterial families. This is consistent with the
suggestion by Dimich-Ward et al. that some aspects of the protective
effect of the farm environment are not attributable to contact
with livestock (Dimich-Ward et al., 2006).

Rikenellaceae and Prevotellaceae families that belong to the
Bacteroidetes phylum were found to be more abundant in
farmers’ homes, especially cow farmers” homes, than in suburban
homes. Members of these two families are frequently found
in cattles gastrointestinal microbiota (Mao et al, 2015).
Rikenellaceae and Prevotellaceae have been associated with
protection against allergic asthma and allergy, with a possible
explanation that the inhaled or ingested bacteria serve as a
kind of an anti-allergy adjuvant for the allergens inhaled or
ingested, a concept supported by recent research showing
commensal bacteria protect against food allergen sensitization
(Huang and Boushey, 2015).

We found beneficial taxa of gut microbiome to be more
abundant in farmers’ homes, especially pig farmers’ homes,
than in suburban homes. Recent animal and epidemiological
studies have found that certain bacterial taxa have protective
effects against inflammation, IBD, insulin resistance, and atopy
(Radman et al., 2015; Udayappan et al., 2016; He et al., 2021).
Oral treatment of diabetic mice with Eubacterium hallii leads
to an improvement in insulin sensitivity (Udayappan et al.,
2016). Faecalibacterium prausnitzii was discovered to boost
the secretion of IL-10 thereby inhibit the creation of
proinflammatory cytokines, such as TNF-«, IL-6, and IL-12
(He et al,, 2021). Another bacterial species that showed higher
relative abundance in farmers’ homes than in suburban homes
was Lactobacillus amylovorus. Using intestinal human and
intestinal pig cells as substrate, L. amylovorus was able to
be inhibit the TLR4 (Toll-like receptors) inflammatory signaling
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via modulation of TLR2 and cytokine regulation (Finamore
et al.,, 2014).

The majority of the bacterial species mentioned above were
significantly more abundant in farmers’ homes than in livestock
stables. This could indicate that the environment surrounding
farmers’ homes might be the source of these bacterial taxa.
The animal manure used in fields as fertilizer where farmers’
homes are located might be a source for the presence of animal
gut microbiota in the indoor air of the farmers’ homes.

Bacterial Transfer From Livestock Stables
to the Farmers’ Homes

Overall, the microbial communities were more similar between
pig stables and pig farmers’ homes (ANOSIM R=0.14) than
between cow stables and cow farmers’ homes (ANOSIM R=0.29;
Figure 3). However, we found a higher similarity in bacterial
communities established in individual farmers’ homes and their
associated cow stables than pig stables, indicating more bacterial
transfer from the cow stable than pig stables to the associated
farmers’ homes. Lower rate of bacterial transfer rate between
pig stables and their associated farmer homes were previously
reported and discussed by Vestergaard et al. (2018). It seems
at first paradoxical that the airborne bacterial communities in
pig farmers’ homes are generally more similar to pig stables,
while individual cow farmers’ homes are more similar to their
corresponding stables, but if we separate the concepts of
similarity and transfer between stable and home then it makes
more sense. It means that there is some general property of
pig stables or pig farmers’ homes (perhaps the porcine microbiota
is more similar to the human than the bovine?) that makes
them more similar but given microbial community data from
a specific cow stable one would be more likely to accurately
pair it to a specific cow farmer’s home than for pigs, which
is a separate concept.

Higher similarity in bacterial communities established in
individual farmers’ homes and their associated cow stables
than for homes and pig stables. This could be a result of the
strict Danish regulations that require employees present in pig
stables to disinfect their hands, change clothes, and disinfect
equipment to prevent the transmission of zoonotic diseases
from pigs compared to less pre-cautioned and open-air cow
stables (Denver et al., 2016).

In most cases, the indoor airborne bacteria in the farmers’
homes did not originate from the cow or pig stables where
they were working. This might imply that putatively beneficial
bacteria in the farmers’ homes air are transported from
outdoor sources in the environment surrounding the farmers’
homes rather than from the farmers’ own pig or cow stables.
This is consistent with the findings of Dimich-Ward et al,,
who suggested that some aspects of the farm environment,
other than contact with livestock, were protective of respiratory
and allergic conditions (Dimich-Ward et al., 2006). Outdoor
environmental sources are responsible for increasing bacterial
diversity in farmers’ homes compared to suburban homes.
Among these potential sources are plants, soil, water, and
pig manure. In Denmark, pig manure is commonly used as

a low-cost natural fertilizer for agricultural soil to increase
crop yield and maintain soil fertility (Sommer and Knudsen,
2021). We found several bacteria taxa related to gut microbiota
to be significantly more abundant in farmers’ homes than
in suburban homes (Figure 4C). This suggests an indirect
transfer of microbes from the gut of the pigs to the indoor
air of the farm home, which might explain the putatively
beneficial bacteria common in the air of both farmers’ homes
and pig stables.

CONCLUSION

The settled airborne dust in farmers’ homes, especially cow
farmers’ homes, was characterized by high bacterial diversity
compared to suburban homes that were dominated by bacteria
from human sources and had low bacterial diversity. Furthermore,
intestinal animal microbiota from manure appears to contribute
to the indoor airborne bacterial community in farmers’ homes.
All the observed differences in bacterial community composition,
diversity, and abundance of specific types of bacteria found
in this study support the concept that the bacterial composition
in farmers’ homes, and to a lesser extent, livestock stables,
further contribute to a verification of the microbial diversity
hypothesis. Further studies, including experimental animal
models and immunological studies, are needed to demonstrate
the possible beneficial effects of specific bacterial taxa, which
are abundant in rural environments.
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Collecting and obtaining sufficient amount of airborne particles for multiple microbial component assessments can be
challenging. A passive dust sampling device, the electrostatic dust fall collector (EDC) has been established for
assessing airborne exposures including endotoxin and glucans. Recently, with advances in next-generation sequencing
techniques, EDCs were used to collect microbial cells for DNA sequencing analysis to promote the study of airborne
bacterial and fungal communities. However, low DNA yields have been problematic when employing passive sampling
with EDC. To address this challenge, we attempted to increase the efficiency of extraction. We compared DNA extrac-
tion efficiency of bacterial components from EDCs captured on filters through filtration using five extraction tech-
niques. By measuring the abundance, diversity and structure of bacterial communities using qPCR and amplicon
sequencing targeting 16S rRNA genes, we found that two techniques outperformed the rest. Furthermore, we devel-
oped protocols to simultaneously extract both DNA and endotoxin from a single EDC cloth. Our technique promotes
a high quality to price ratio and may be employed in large epidemiological studies addressing airborne bacterial expo-
sure where a large number of samples is needed.
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1. Introduction

Active air sampling is thought to provide an accurate representation of
airborne bioaerosol populations due to the high volume of air that is
sampled. Active sampling, on the other hand, underestimates microbial
diversity by saturating the filter and desiccating the microorganisms, and
requires skilled handling of materials and equipment, making it difficult
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to collect a large number of samples at different locations (Normand et al.,
2009; Ghosh et al., 2015; Eduarda and Heederik, 1998). Unlike active air
sampling, sampling of settled dust allows for simple, non-invasive, cumula-
tive sampling of bioaerosol over a period of several days. While short-term
temporal dynamics of bioaerosols cannot be assessed due to low temporal
resolution, the extended period is beneficial for assessing a representative
sampling of microbial exposure (Normand et al., 2009). Due to its simplic-
ity, settled dust sampling is among the most popular approaches for mea-
suring microbiological airborne exposure in the indoor environment
(Viegas et al., 2018; Viegas et al., 2019a; Viegas et al., 2019b; Viegas
et al., 2020a; Viegas et al., 2020b).

Among the different techniques, EDCs (Electrostatic Dust fall collectors)
have been employed as a standard for passive sampling of settled airborne
dust. The EDC is a sampling device consisting of a polypropylene folder
holding 2 or 4 electrostatic cloths (Kilburg-Basnyat et al., 2016; Noss
etal., 2008). They are easy to use and are ideal for large population studies
because they can be mailed to, deployed by, and returned by study partici-
pants without the need for elaborate equipment and field staff (Kilburg-
Basnyat et al., 2016; Kilburg-Basnyat et al., 2015). Since the introduction
of EDCs, the dust collected on EDC cloths has been used to study traditional
markers of biological exposure, like allergens, endotoxins and glucan expo-
sure (Jacobs et al., 2014a; Samadi et al., 2010; Jacobs et al., 2014b; Sander
et al., 2018; Krop et al., 2014; Schliinssen et al., 2015), as well as culturing
of bacteria and fungi (Hoppe et al., 2012; Spilak et al., 2015). More recent
molecular markers have been used to identify microbial communities
(Vestergaard et al., 2018; Adams et al., 2021) and to identify antimicrobial
resistance genes in occupational environments (Luiken et al., 2020; Van
Cleef et al., 2014; van Cleef et al., 2015; Van Cleef et al., 2016). Recently
EDCs have also been used to collect settling dust to study environmental
contamination of SARS-CoV-2 infection in mink farms, meat processing
plants, nursing homes and secondary schools (de Rooij, 2021a; de Rooij,
2021b; Jonker, 2022; Linde, 2022).

After EDCs were established to assess indoor air quality, the feasibility of
EDCs for endotoxin measurements were validated by several studies of urban
and farm homes. Factors that can affect EDC sampling efficiency have been
assessed and include heating, mailing, electrostatic charge, storage, and
deployment time (Kilburg-Basnyat et al., 2016; Kilburg-Basnyat et al.,
2015). In addition, the effect of the extraction procedure and the effect of
extraction media on the concentration of endotoxin from EDC has been stud-
ied. Noss et al. (2010) and Spaan et al. (2008) recommend using 0.05 %
Tween 20 (surfactant) in pyrogen-free water (PFW) as the extraction medium
rather than PFW alone for the extraction of endotoxin from settled dust.
However, Hoppe Parr et al. (2017) showed that higher endotoxin concentra-
tions were obtained by extraction of organic dust with Tris-HCL EDTA buffer
compared to Tween 20 buffer. Shin et al. (2018) revealed the mechanism of
soil particle removal from fibrous materials cloth by diffusiophoresis, the
directed motion of soil particles by chemical gradients of surfactant. The
authors emphasized the importance of surfactant gradients that establish
via rinsing with fresh water for soil particle removal. They concluded that
rinsing with fresh water is the key to the effective cleaning.

The use of culture-independent methods and in particular the use of 16S
rRNA gene and ITS sequencing techniques for the characterization of bacte-
rial and fungal communities has received increasing attention in airborne
exposure studies due to the ability to identify a large range of bacterial
and fungal taxa that elude culture-based studies (Vestergaard et al., 2018;
Adams et al., 2021; Dannemiller et al., 2014; Lai et al., 2018). Thus,
culture-independent methods together with EDCs became an important
tool in epidemiological studies that aim to establish a link between airborne
microbial exposure and human health. However, many of the DNA extrac-
tion techniques employed so far have resulted in low DNA yields, There-
fore, several amplification steps are required for sufficient starting
material for DNA sequencing with the risk of introducing sequence artifacts
and contamination from the environment or the reagents used (Salter et al.,
2014; Castelino et al., 2017). Therefore, increasing the amount of dust
extracted from EDC cloth and finding an optimal method for DNA extrac-
tion from settled dust are needed.
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In the current study, we first aimed to compare the efficiency and com-
parability of five DNA extraction methods using replicate EDC samples col-
lected in parallel and standardized bacterial community. Secondly, we
aimed to combine bacterial DNA and endotoxin extraction. Thirdly, we
tested three buffer systems to increase the amount of dust extracted from
EDC cloth to achieve an optimal amount of DNA and endotoxin extraction.

2. Material and methods
2.1. Study design

The settled airborne dust was collected using EDCs from the living room
and the bedrooms of ten participants in Aarhus, Denmark. For each partic-
ipant eight EDC replicates per sampling location (16 EDC cloths per partic-
ipant) were collected; four EDCs in the bedroom and four EDCs in the living
room. Each EDC cloth had an exposure area of 0.0209 m?* and were placed
about 150 cm above the ground for a period of 14 days. We successfully
collected 155 out of 160 EDC cloths that were used for the analysis.

2.2. Dust extraction

Dust extraction was performed in a clean lab for nucleic acid work to
avoid contamination. All the tools used were either sterilized before use
or were single use sterile tools. Dust extraction from EDC cloths was
performed as described previously by Adams et al. (2015). Briefly EDC
cloth were placed in sterile stomacher bag and mixed with 20 ml extraction
buffer consisting of 0.05 % Tween 20 (Sigma Aldrich, Missouri, United
States) in pyrogen free water (PFW, Milli-Q® A10 Ultrapure Water). The
samples were then processed in stomacher (VWR type Star Blender
LB400) for 10 min at maximum speed. The extracted fluid was collected
in a 50 ml Falcon tube and kept on ice. This procedure was repeated once
more until a total volume of 40 ml was extracted from the filter cloth.
The dust suspended in Tween 20 buffer was collected into a 25 mm
0.22 pm pore size polyethersulfone membrane filter (Merck, New Jersey,
United States). The glass-vacuum filtration device was rinsed with hydro-
chloric acid and ethanol and autoclaved between runs. Clean autoclaved
glass funnel was used for each filter cloth extract. The membrane filter
containing the concentrated dust samples was aseptically transferred into
pre-filled bead tubes/Falcon tubes and stored at —20 °C until DNA extrac-
tion. An overview figure represents steps of extraction of the settled
airborne dust from the EDC cloth presented in Fig. 1. For the DNA extrac-
tion study (Section 2.3), stomacher Star Blender LB400 (VWR, Radnor,
Pennsylvania, USA) was used and for the remaining part of the study, low
noise Smasher™ (bioMérieux, Marcy-lﬁtoile, France) was used with adjust-
ments: the samples were processed for 3 min at the fast mode (620 stroke/
min). Further modifications were added to the dust extraction process to
improve its efficiency (Sections 2.4 and 2.5).

2.3. DNA extraction

Earlier methods used centrifugation to concentrate dust extracted from
the EDC cloths prior to DNA extraction (Vestergaard et al., 2018; Adams
et al., 2015). In this study we instead collected the dust extracted from
EDC cloths onto 0.22 pm polyethersulfone filters to improve the efficiency
of particle retention, as we in a pilot study revealed a higher number of
16S rRNA gene copies using a filtration-based approach compared to a
centrifugation-based approach (Supplementary Fig. 1). Five DNA extrac-
tion methods were then used on these filters to compare their performance.
We compared three commercially available DNA extraction kits, DNeasy
PowerSoil Pro Kit (named PowerSoil kit), DNeasy PowerWater Kit and
MagAttract PowerWater DNA/RNA Kit (MO BIO Laboratories, a Qiagen
Company, Hilden, Germany) with two previously described non-
commercial DNA extraction methods, the first was used before to extract
DNA from Sterivex filter columns (named protocol A) (Lever et al., 2015)
while the second was used to extract DNA from sediment samples (named
protocol B) (Xiao, 2017).
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Fig. 1. Overview figure represent steps of extraction of the settled airborne dust from single EDC cloth. Bule arrows represent the direction of dust extraction from EDC cloth,
green arrows represent collection of extracted fluid, and red arrows represent dividing of extracted fluid for downstream analysis.

In protocol A, membrane filters were placed into 15 ml Falcon tubes and
entirely soaked with 0.1 ml of 10 mM dNTP and 1 ml of cell lysis solution
consisting of: 30 mM Tris-HCl, 30 mM EDTA, 1 % Triton X-100, and
800 mM guanidium hydrochloride. The tubes were subjected to vortexing
for 10 min at maximum speed. Following the lysis step, the tubes were
frozen completely at —80C (at least 40 min). Then they were incubated
on a thermoshaker (600 rpm) for 1 h at 50 “C. DNA was purified twice
with 1 x sample volume of chloroform:isoamyl alcohol (24:1, vol:vol;
Sigma Aldrich, Missouri, United States) with centrifugation steps at
10,000 x g for 10 min in between the washes. Following DNA purification,
20 pg/ml of Linear polyacrylamide, 1.5 X volume isopropanol, and 0.1
volume 5 M NaCl were used to precipitate DNA overnight at —20 °C,
then centrifuged at 4 °C for 30 min at 14,000 X g. The pellets were washed
with 70 % ethanol and dried for 5-7 min with a SpeedVac pre-heated to
50 °C. After that, the pellets were resuspended in 80 ul TE buffer (10 mM

Tris, 1 mM EDTA, pH 8.0) and purified with the Clean All RNA/DNA
Clean-Up and Concentration Kit (Norgen Biotek, Ontario, Canada) to
remove PCR inhibitors.

In the protocol B, membrane filters were placed at 2 ml screw cap
micro tubes containing 0.25 ml zirconia beads (0.1 mm diameter,
BioSpec, Oklahoma, United States) and lysis buffer mixture containing
200 ul TNS buffer (50 mM Tris, 150 mM NacCl, 10 % Sucrose, pH 8.0)
and 650 ul sodium phosphate buffer solution (112.9 mM Na2HPO4,
7.1 mM NaH2PO4), the tubes were subjected to bead beating at 50 oscil-
lations s~ * for 1 min using a TissueLyser LT 2500 (Qiagen Company,
Hilden, Germany), followed by incubation in a thermomixer with
600 rpm at 50 °C. After lysis step, the mixture was centrifuged for
10 min at 19,000 x g at 4 °C. The nucleic acids from the supernatant
were purified with an equal volume of phenol:chloroform:isoamyl alco-
hol (25:24:1, vol:vol:vol; Sigma Aldrich, Missouri, United States),
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followed by purification with an equal volume of chloroform: isoamyl
alcohol (24:1, vol:vol; Sigma Aldrich, Missouri, United States). One ml
polyethylene glycol 8000 (Sigma Aldrich, Missouri, United States)
was used to precipitate DNA at 4 °C overnight, then centrifuged at
19,000 x g for 30 min. The precipitates were rinsed with an ice cold
70 % ethanol solution, dried in the air, and dissolved in 80 ul TE buffer
(10 mM Tris, 1 mM EDTA, pH 8.0) before being kept at —20 °C.

The three commercial kits were used according to manufacturers'
instructions with the following refinement: the bead-beating step
was carried out in a TissueLyser bead-beating machine for 10 min
at50s™ "

Two DNA extraction studies were performed. In the first DNA extraction
study, the dust collected from EDC cloth simultaneously was used for the
five DNA extraction methods and DNA yields were determined by quantita-
tive PCR (gPCR). In the second DNA extraction study, the two most efficient
methods were compared using qPCR and MiSeq sequencing of the V3-V4
region of bacterial 16S rRNA genes.

2.4. Combined DNA and endotoxin extraction

After achieving the first aim of the study, improving the amount
of DNA extraction from settled dust. In this study we tested co-
extraction of DNA and endotoxin from a single EDC cloth and compared
the endotoxin yield to the established method described by Noss et al.
(2008).

In the Combined DNA and endotoxin extraction, 10 % of 40 ml liquid
containing the dust extracted from the EDC cloth were transferred to a
15 ml Falcon tube for endotoxin analysis. The cell debris was removed by
centrifugation at 1000 x g for 15 min and the supernatants were stored in
glass vial as aliquots at —20 °C until analysis.

Following the classical method described by Noss et al. (2008),
the EDC cloth was placed in glass Erlenmeyer flasks containing 20 ml
0.05 % Tween 20 buffer and shaken on a horizontal shaker (160 recip-
rocations/min) for 60 min at room temperature. 10 % of the extraction
volume (2 ml) was harvested, centrifuged at 1000 x g for 15 min, and
supernatants were stored as aliquots in glass vials at —20 °C until anal-
ysis. The supernatants from the two extraction methods were analysed
with the quantitative kinetic chromogenic LAL assay (Lonza, Basel,
Switzerland).

2.5. Optimization of the combined extraction method

After establishing the combined extraction method, we aimed at opti-
mizing the method by changing extraction buffers. Dust was extracted
from replicate EDC clothes collected in the living room. Replicate EDCs
were extracted by (i) double washing of the EDC with 100 mM Tris-10
mM EDTA buffer, (ii) double washing the EDC with 0.05 % Tween 20
buffer, (iii) first washing EDC with 0.05 % Tween 20 buffer followed by
rinsing the EDC with 30 ml PFW. To compare between different buffers
used, the DNA was extracted by PowerSoil kit and DNA yield was deter-
mined by qPCR. The endotoxin concentrations were measured by the
kinetic chromogenic LAL assay.

2.6. Mock community

The ZymoBIOMICS™ Standardized microbial community (D6300)
(mock community) (Zymo Research,Irvine, California,USA) with total cell
concentration of ~1.4 x 10'° cells/ml was used to assess the DNA extrac-
tion efficiency a of different buffer system used. The bacterial cell numbers
were estimated using qPCR targeting16S rRNA genes. The 16S rRNA
operon copy number of 4.2 (Vétrovsky and Baldrian, 2013) was used to
convert 16S rRNA gene copies obtained from by the qPCR into bacterial
cell numbers. Across protocols that were tested, the DNA was eluted in
80 ul of TE buffer. The efficiency of the DNA extraction methods as a func-
tion of bacterial cell number was calculated according to the formula
below. The expected bacterial cell number loaded on the unexposed EDC
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cloth were compared to actually retrieved bacterial cell number calculated
by the formula.

16S rRNA gene copies per ul x 80

B i -
acterial cell number i

First, the mock community was used to assess efficiency of DNA extrac-
tion as a function of different cell loads by double washing EDC cloths with
0.05 % Tween 20 buffer. The efficiency was determined using qPCR
targeting 16S rRNA genes. The unloaded EDC cloths were spiked with
known bacterial cell loads spanning between 7.71 x 10*and 7.71 x 108
cells per EDC cloth. Three EDC clothes for each cell load were extracted.
Secondly, the mock community was used to test the effect of additional rins-
ing with PFW on DNA yield, therefore 12 blank EDC cloths were spiked
with7.71 x 10° bacterial cells and extracted using the following two buffer
systems: i) double washing only with 0.05 % Tween 20 buffer or ii) single
washing with 0.05 % Tween 20 buffer followed by 1-3 rinses with 30 ml
PFW. Thirdly the mock community was used to test the efficiency of
PowerSoil kit to extract DNA by adding 7.71 x 10° bacteria directly into
pre-filled bead tubes.

Additionally, the mock community was used to test the ability of the
combined extraction method (single washing EDC cloth with 0.05 %
Tween 20 buffer followed by rinsing once with PFW) to extract DNA across
bacterial taxa using 16S RNA sequencing.

2.7. Quantification of bacterial abundance

The bacterial abundance was measured by 16S qPCR as previously
described by Vestergaard et al. (2018). The reactions were performed
using a MX3005p qPCR machine (Agilent, Santa Clara, California, United
States) and carried out in a 20 ul reaction volume containing 10 ul SYBR
Green 1Master-2 X, 2 ul bovine serum albumin (BSA; 10 mg/ml), 1 ul
forward primer Bac908F (50-AAC TCA AAK GAA TTG ACG GG-30), 1 ul
reverse primer Bacl075R (50-CAC GAG CTG ACG ACA RCC-30)
(10 pmol/ml) (Ohkuma and Kudo, 1998), 4 ul dH20, and 2 ul template
DNA. Controls were obtained by substituting DNA template with ddH20
(double-distilled water). Standard curves were obtained using serial dilu-
tions of a plasmid containing a full-length 16S rRNA gene related to
Sphingomonadales. The thermal cycling conditions were one cycle of initial
denaturation for 5 min at 95 °C, followed by 45 cycles at 95 “C for 30 s, 56 °C
for 30 s, 72 °C for 20 s, and 80 °C for 7 s.

2.8. 16S rRNA amplicon sequencing

Using Bac341F (5’-CCT ACG GGN GGC WGC AG-3’) and Bac805R
primers (5-GAC TAC GGT ATC TAA TCC-3’), the 16S rRNA gene V3 and
V4 region was amplified. (Krop et al., 2014). The Illumina protocol
(16S Metagenomic Sequencing Library Preparation) was followed with
changes described in Vestergaard et al. (Kilburg-Basnyat et al., 2015). The
library preparation included three PCR reactions. The first PCR amplified
the 16S rRNA gene's V3 and V4 regions using bacteria-specific primers.
The Illumina overhang adaptors were added in the second PCR, and the
Nextera XT Index primers were used for the third PCR. AMPure XP
magnetic beads were employed to clean the PCR products after each PCR
step. The Quant-iTTM dsDNA assay kit and a FLUOstar Omega fluorometric
microplate reader (BMG LABTECH, Ortenberg, Germany) were used to
measure the concentration of the PCR products. Following that, the samples
were diluted to around 3 ng/ml DNA and pooled together prior to being
sequenced with MiSeq sequencing (Illumina, San Diego, California,
United States).

2.9. Bioinformatic and statistical analysis
The sequencing data was processed in R (version 4.1.2) first by primer

trimming using the cutadapt wrapper (Martin, 2011). The trimmed
sequences were further processed using DADA2 (Divisive Amplicon
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Denoising Algorithm 2) pipeline version 1.18.0 (Callahan et al., 2016)
which used to infer true bacterial sequences from reads following the online
tutorial. We added one modification into the DADA2 analysis pipeline
using the shortread package version 1.48.0 (Morgan et al., 2009) to ran-
domly subsample all sequences to 50,000 reads following quality filtering
in order to make richness comparisons accurate. The ASVs were taxonomi-
cally classified up to the species level. The reference database used in the
current study was the SILVA database version 138 (Quast et al., 2012).
The decontam package version 1.10.0 (Davis et al., 2018) was used to
eliminate ASVs from contaminating reads. For contaminate detection, the
decontam package employed the “prevalence” method, where the identifi-
cation of contaminates was based on the presence or absence taxa in the
true positive samples (exposed EDC cloths) compared to the prevalence of
these taxa in negative controls (unexposed EDC clothes and template-free
PCR controls).

Heatmaps depicting the relative abundance of distinct bacterial taxa
were created using the Ampvis2 package version 2.6.8. (Andersen, 2018)
Phyloseq version 1.27.6 (McMurdie and Holmes, 2013) was used to gener-
ate two diversity measures for alpha diversity observed and the Shannon
index. The Aitchison dissimilarity matrix was constructed using the “dist”
function in the coda.base package version 0.3.1 and used to compare the
microbial communities between different samples. PCoA ordination was
carried out using the ape package version 5.5 (Paradis et al., 2004). Accord-
ing to Shapiro-Wilks test, the data were not normally distributed, so the
Wilcoxon Rank Sum test which is included in the “wilcox.test” function in
R version 4.1.2, was used to investigate the differences in bacterial abun-
dance measured by qPCR and endotoxin yield measured by the LAL assay.

2.10. LAL assay

The supernatants from the two extraction methods (combined and
classical method) were analysed without prior dilution. To study the effect
of Tween 20 on LAL assay 10 supernatants were measured in three dilutions
as 25x, 50 x and undiluted. The 25x and 50 X dilution showed higher
endotoxin yield than undiluted supernatants. However, no significant

DNeasy PowerSoil DNeasy PowerWater

100000000 -,

16S rRNA gene copy number /ul

MagAttract PowerWater

100000 -
) | | || | |||
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differences were seen (Supplementary Fig. 2). The supernatants from the
other experiments were diluted 50-times in PFW and analysed with the
quantitative kinetic chromogenic LAL assay (Kinetic-QCL 50-650 U Kkit,
Lonza, Walkersville, Maryland, USA). Escherichia coli O55:B5 reference
standard endotoxin was used. Twelve concentrations spanning between
25 EU/ml and 0.012EU/ml were used for the standard curve. The detection
limit for Vmax obtained by the kinetic LAL Assay was defined as the aver-
age of the assay blanks plus two times the standard deviation of these
blanks. Results were given in EU m-2.

3. Results
3.1. DNA extraction studies

In the first DNA extraction study we compared amount of DNA yield by
qPCR between the five DNA extraction methods. We found that protocol A
and PowerSoil kit resulted in the highest DNA yields among the five DNA
extraction methods (Fig. 2). The second DNA extraction study was
conducted to compare the two best performing extraction techniques
using qPCR and 16S rRNA bacterial gene sequencing. Protocol A resulted
in more consistent DNA yields than PowerSoil kit when the first and the
second DNA extraction study were compared (Fig. 3). After the decontam-
ination procedures, samples retained on average (mean) 97 % of their
reads, with a minimum of 85 % and a maximum of 100 %. The PowerSoil
kit produced less contamination by fraction reads compared to protocol
A, on average samples extracted by the PowerSoil kit retained 98 % of
their reads compared to 95 % for protocol A. One sample extracted by
the PowerSoil kit was removed from subsequent analysis due to a high
(>50 %) contamination rate. (Supplementary Fig. 3).

In terms of bacterial composition, all samples from a specific location
clustered together, while there was no clustering based on the method
used. This indicates that variation between samples is greater than the var-
iation caused by the two methods (Supplementary Fig. 4). The community
composition at the phylum level was reproducible across the two methods
for each home and contained a mixture of Actinobacteria, Bacteroidetes,

Protocol B
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Fig. 2. Quantitative PCR measurements of the 16S rRNA of five EDC batches (each contain 9 EDC clothes) extracted by five DNA extraction methods. NC_1 and NC_2:

Negative controls (unexposed EDC cloth).
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Protocol A

. 1st DNA extraction study
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Fig. 3. Quantitative PCR measurements of the 16S rRNA genes using two replicate EDC batches extracted by PowerSoil kit and protocol A.

Cyanobacteria, Firmicutes, and Proteobacteria. The PowerSoil kit yielded a
higher fraction of Actinobacteria and Firmicutes extraction, while protocol
A generally yielded a higher fraction of Proteobacteria (Supplementary
Fig. 5).

Protocol A consistently resulted in a higher Shannon diversity index and
raw richness and in terms of reproducibility protocol A also performed
better (Fig. 4). Contamination did not explain the higher bacterial diversity,
or the higher bacterial richness obtained by protocol A as compared to the
PowerSoil kit (Supplementary Figs. 6 and 7).

Comparing DNA yield obtained from the centrifugation-based proto-
col where the dust pellet resuspends in 1.5 ml 0.05 % Tween 20 before

DNA extraction using the PowerSoil kit in Vestergaard et al. (2018)
with the filtration-based protocol using the same DNA extraction kit
showed that collecting the dust pellet on a membrane filter before
DNA extraction significantly increased DNA yield (P value = 0.001)
(Supplementary Fig. 1). Both samples from the two studies were from
suburban homes.

3.2. Combined DNA and endotoxin extraction study

The combined method generally yields higher endotoxin concentra-
tions, although the difference was not statistically significant (P = 0.51)
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Fig. 5. Bar-plot of endotoxin concentration extracted by classic endotoxin extraction
and combined extraction method.

compared to method commonly used for endotoxin extraction by Noss et al.
(2008). However, the patterns were preserved (Fig. 5).

3.3. Optimization of the combi

d extraction study

We obtained a higher DNA and endotoxin yield when the EDC cloths
were extracted using 0.05 % Tween 20 buffer in comparison to 100 mM
Tris-HCl 10 mM EDTA buffer (Fig. 6). The 50-x dilution for Tris-HCI
EDTA supernatants were just below detection limit of the LAL assay
(0.012 EU/ml) compared to the 50-x dilution for Tween 20 supernatants
that was above the detection limit of the LAL assay. We also showed that
exchanging 0.05 % Tween 20 buffer with PFW during the second wash
increased both DNA and endotoxin yield.
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3.4. Mock community

Using a standardized mock community, we found that the efficiency of
DNA extraction by double washing the EDC with 0.05 % Tween 20 buffer
ranged from 2 to 4.4 %, with higher bacterial cell numbers giving higher
DNA yields (data not shown). In a second mock community study, rinsing
with PFW after single wash with 0.05 % Tween 20 buffer resulted in higher
DNA yields (7.3 %) than washing twice with 0.05 % Tween 20 (5.8 %). A
second rinsing step with PFW resulted in same range DNA yield (7.4 %),
and a third rising step led to a decreased DNA yield (5.4 %) (Fig. 7). We
also tested the efficiency of the PowerSoil kit to extract DNA directly
from a standardized bacterial community and found that the PowerSoil
kit was able to extract 57 % of the mock community's bacterial DNA.

Using the final proposed combined extraction method which included
single washing of the EDC cloth with Tween 20 buffer, rising with PFW
and DNA extraction using the PowerSoil kit, we could extract DNA from
all bacterial taxa from the mock bacterial community (Fig. 8).

4. Discussion

The aim of this study was to optimize dust and DNA extraction from air-
borne dust collected using EDCs and to establish a method to jointly extract
DNA and endotoxin from a single EDC cloth. We optimized DNA yields by
rinsing an EDC cloth with PFW after the wash with 0.05 % Tween 20 buffer.
We also show that deploying a single EDC cloth is sufficient to accurately
determine DNA and endotoxin exposure. This possibility promotes cost
and time-efficient analysis in large epidemiological studies.

Previously, DNA has been extracted from settled dust collected by EDC
cloths as described by Adams et al. (2015): these were centrifugation-based
protocols where the dust from the EDC was collected as pellets and subse-
quently resuspended in 0.05 % Tween extraction buffer for DNA extraction.
This method, however, results in low DNA yields, especially in studies of
suburban homes that characterized by low dust exposure compared to
farmers homes and stables as showed by Amin et al. (n.d.). In this study,
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Fig. 6. A) Quantitative endotoxin measurement. B) quantitative PCR measurements of the 16S rRNA genes. Extracted by 1) Single washing with Tween 20 buffer followed by
rinsing with PFW (Tween 20 & PFW), 2) Double washing 0.05 % Tween 20 buffer (Tween 20), 3) Double washing with 100 mM Tris 10 mM EDTA buffer (TrisHCL/EDTA).
The significance of the differences depicted in this figure is demonstrated by the Wilcoxon Rank Sum test results.
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Fig. 7.16S rRNA genes copy numbers obtained from EDC cloths spiked with 7.71 x
10° bacterial cells (32.3 x 10° 16S rRNA gene copies) and extracted with four
ways: Double washing with 0.05 % Tween 20 buffer, single washing with Tween
20 buffer followed by 1-3 rinsing with PFW. Each bar represent average of three
replicates.

16S rRNA copies / EDC cloth

35 out 100 samples were removed after the filtration quality step duo to
low number of reads. Switching to a filtration-based DNA extraction proto-
col, i.e., by collecting extracted dust pellets on membrane filters, showed a
significant increase in DNA yield measured by quantitative PCR using
similar DNA extraction methods.

In the DNA extraction study, the PowerSoil kit and DNA extraction
method (protocol A) described by Lever et al. (2015) showed the highest
DNA yields. Therefore, we performed another round of the DNA extraction
using these two methods on replicate EDCs to study reproducibility of the
DNA extraction in terms of DNA yield, bacterial richness, and bacterial
composition. Protocol A resulted in more consistent DNA yields compared
to the PowerSoil kit. However, the DNA yield obtained with the PowerSoil
kit was sufficient and above the detection limit. Protocol A showed higher

1.00- . !
Bacterial species
[ acilus subtiis
. Enterococcus faecalis
0.75- . Escherichia coli
. Lactobacillus fermentum
® . Listeria monocytogenes
g . Pseudomonas aeruginosa
§ 0.50- . Salmonella enterica
E . Staphylococcus aureus
0.25-
0.00-

Theoretical

ComBined

Fig. 8. Comparing the community composition of combined extraction method
with the theoretical composition of the ZymoBIOMICS™ Microbial Community
Standard. The combined stacked bar plot shows average community-level
composition of species retrieved from 6 EDC clothes spiked with 10° bacterial
cells from the standardized mock community and extracted by PowerSoil kit. For
comparison, we show the theoretical composition of the 16S rRNA gene
abundance for the standardized mock community.
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diversity and richness for all EDC cloths, which indicates the ability of the
method to extract more bacterial taxa from EDC cloths compared to the
PowerSoil kit. Community composition obtained through both methods
was comparable. However, the PowerSoil kit seemed to be better in detect-
ing gram-positive bacteria such as Firmicutes and Actinobacteria than proto-
col A, suggesting that PowerSoil is able to break down the harder cell wall
of gram-positive bacteria which is likely due to the bead-beating procedure.
Depending on the downstream analysis and the scale of the study, we
would recommend prioritizing one of the two protocols. Protocol A is better
suited for deep metagenomic sequencing and for smaller studies where
absolute quantification and reproducibility is of major importance. On
the other hand, the PowerSoil kit's straightforward and fast procedure
makes it amenable to large-scale epidemiological studies that may involve
a large number of samples.

Comparing the combined extraction of DNA and endotoxin with the
classical method for extraction of endotoxin (Noss et al., 2008) using repli-
cate EDCs showed largely similar results. This is likely due to same extrac-
tion buffer used in the two methods (0.05 % Tween 20). Therefore, we
conclude that a single EDC cloth can be used for extraction of both DNA
and endotoxin allowing more flexibility in study design for epidemiological
studies and reduced time required for sample analysis.

Optimization of the combined extraction method testing different
buffers showed that Tween 20 resulted in a higher DNA and endotoxin
yield compared to Tris HCL EDTA buffer. This could be due to the ability
of surfactant (Tween 20) to separate dust particles from fibrous material
such as the EDC cloths. Hoppe Parr et al. (2017) reported approximately
two-fold increase in endotoxin units measured by LAL assay when using
Tris HCL EDTA buffer compared to Tween 20 buffer (Hoppe Parr et al.,
2017). However, they used house and barn dust collected by a high-
volume small surface sampler and brushed off horizontal surfaces, respec-
tively, while our study used airborne dust passively settled on the EDC
cloths and therefore a low volume of material (Hoppe Parr et al., 2017).
This indicates that Tween 20 is better for extracting dust from electrostatic
EDC cloths compared to Tris HCl EDTA buffer.

Using a standardized mock community, we discovered that exposing
EDC clothes to more bacterial cells result in higher relative DNA yields.
However, in general, washing the EDC cloth with 0.05 % Tween 20 buffer
twice produced a low DNA yield. Therefore, we further optimized the
extraction for higher DNA yields. The dust extraction consists of two rounds
washing the EDC cloth with 0.05 % Tween 20 buffer to extract the dust
particles out of the EDC cloth. Recently, Shin et al. (2018) revealed the
mechanism behind the removal of soil particles from fibrous materials
using surfactant gradients produced via rinsing with fresh water that drives
diffusiophoresis of soil particles out of fibrous materials (Shin et al., 2018).
Using replicate EDC cloths, we showed that rinsing EDC cloth with PFW
instead of second wash with Tween 20 buffer increases both DNA and
endotoxin yields. This suggests that the washing step with PFW increases
diffusiophoresis of dust particles out of the EDC cloth as explained
by Shin et al. (2018). Subsequent washing steps did not further increase
the yield and excessive washing with PFW actually decreased the
DNA yield. Therefore, we chose to rinse the EDC cloth once with PFW
after one single Tween 20 buffer wash to save time and decrease risk of
contamination.

EDC cloths analysed using our developed protocol were successfully
able to detect all bacterial taxa in the standardized mock community
indicating the ability of the developed protocol to identify different bacte-
rial taxa on the EDC cloths. However, the PowerSoil method revealed
more gram-positive bacteria such as Bacillus subtilis. Previous studies have
demonstrated that the microbial composition is primarily influenced by
the efficacy of cell lysis rather than DNA recovery (Salonen et al., 2010;
Scupham et al., 2007). A higher representation of Bacillus subtilis could be
due to a prolonged bead beating (cell lysis) step, which could result in
gram-negative genomic DNA shredding and thereby lower their representa-
tiveness. This is also in line with our observation that PowerSoil extraction
of indoor dust resulted in a higher proportion of gram-positive Phyla
Firmicutes and Actinobacteria. Thus, further optimization of the PowerSoil
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DNA extraction method by decreasing the duration of the bead beating step
might lead to a better species abundance representation.

Despite the ability of the developed protocol to extract different bacte-
rial cell types without affecting the endotoxin quantification, one current
limitation of the current study is that it does not test for the viability of
bacteria collected on the membrane filter. Therefore, if the method is to
be extended to studies of pathogen exposure, which rely on understanding
the viability of pathogenic microorganisms, techniques such as cultivation
or differential staining coupled with flow cytometry or fluorescent micros-
copy should be included. The main focus of the study was to address our
ability to analyse airborne bacterial loads, diversity and community compo-
sition simultaneously with endotoxin analysis. Hence, we have not focused
on other parts of the microbiota, such as fungi and glucans.

The developed protocol for simultaneous extraction of DNA and endo-
toxin from a single EDC cloth was planned as part of a large epidemiological
study where hundreds of EDCs were collected. The detailed final protocol
and materials used for combined DNA and endotoxin extraction from a sin-
gle EDC cloth can be found in the supplementary material (see also Fig. 1).

5. Conclusion

After a series of pilot studies using different DNA extraction methods
and different buffer systems, we finalized a joint protocol for DNA and
endotoxin extraction using a single EDC cloth. Combined extraction of
DNA and endotoxin would notably reduce the time and cost required for
analysis of samples as well as allow other EDC cloths to be used in studying
other analytes. Overall, in large epidemiological investigations addressing
airborne exposure, that require a large number of samples, our technique
supports a high quality to price ratio.
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ABSTRACT: Airborne bacteria and endotoxin may affect asthma
and allergies. However, there is limited understanding of the
environmental determinants that influence them. This study
investigated the airborne microbiomes in the homes of 1038
participants from five cities in Northern Europe: Aarhus, Bergen,
Reykjavik, Tartu, and Uppsala. Airborne dust particles were
sampled with electrostatic dust fall collectors (EDCs) from the
participants’ bedrooms. The dust washed from the EDCs’ clothes
was used to extract DNA and endotoxin. The DNA extracts were |
used for quantitative polymerase chain (QPCR) measurement and
16S rRNA gene sequencing, while endotoxin was measured using
the kinetic chromogenic limulus amoebocyte Iysate (LAL) assay.
The results showed that households in Tartu and Aarhus had a
higher bacterial load and diversity than those in Bergen and Reykjavik, possibly due to elevated concentrations of outdoor bacterial
taxa associated with low precipitation and high wind speeds. Bergen-Tartu had the highest difference (ANOSIM R = 0.203) in $
diversity. Multivariate regression models showed that a diversity indices and bacterial and endotoxin loads were positively associated
with the occupants’ age, number of occupants, cleaning frequency, presence of dogs, and age of the house. Further studies are
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needed to understand how meteorological factors influence the indoor bacterial community in light of climate change.

KEYWORDS: Northern Europe, airborne microbiome, meteorological data, 16S rRNA and occupants’ age

1. INTRODUCTION

Today most humans have largely removed themselves from the
outdoor environments in which they evolved, and spend >90%
of their time indoors, i.e, in houses, offices, and schools."
Exposure to bacterial communities inside the indoor environ-
ment can impact human health.” Early life exposure to
increased microbial load and diversity has been shown to be
protective against allergic outcomes such as allergic asthma.’
Researchers have used endotoxin concentrations as a proxy
measure of bacteria exposure to understand the link between
bacterial exposure and health outcomes in farming and
nonfarming populations."'S Using next-generation sequencing
techniques, it has been shown that specific bacterial taxa are
associated with asthma and atopy in both children and
adults.”™® Studies of differences in house dust microbiome
composition between farm and nonfarm homes of Finnish and
German birth cohorts showed that the protective microbiome
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against asthma and atopy had a low abundance of
Streptococcaceae relative to outdoor-associated bacterial taxa
such as Sphingobacteria and endotoxin-producing bacteria
belonging to the Alphaproteobacteria class.”

The indoor air environment is populated by different
bacterial communities that originated from different sources,
including human and animal occupants as well as outdoor
air.'”"> Despite the proposed importance of the indoor
microbiome on health, the relative contributions of these
sources, as well as factors influencing the composition of the
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Table 1. Characteristics of the Study Population

season of sampling
summer
winter
no. of occupants in the home
one
two or more
occupant’s age mean (SD)
dog in bedroom
cat in bedroom
kitchen fan use
never
sometimes
all of the time
window open at night
never
sometimes
all of the time
cleaning frequency
less than 1 time per week
1-3 times per week
4—7 times per week
use of bleach
use of ammonia
house age (years, mean (SD))
mattress age (years, mean (SD))
central heating
ducted heating
electric heating
open coal heating
radiator in bedroom
air condition
airbrick bedroom
damp spots in bedroom
condensation on window
mold odor
mold
water damage
no. of rooms
one
two
three or more
floor level
ground floor
first floor
higher than first floor
rug in bedroom
fitted carpet in bedroom
bedroom size (m? mean (SD))b
floor heatingb
bedroom wallpaper”
painted ﬁberglassl'
wall vent”
ceiling exhaust”
house type”
apartment building
detached house
farmhouse
terraced house
precipitation rate (mm/day, mean (SD))
temperature (C°, mean (SD))

Aarhus
(N = 160)

21
139

23

137

53 (£6.5)
31

15

8
37
109

94
12
53

60

83

17

26

23

50 (+36)
7.1 (£5.5)
143

S

11

11

138

0

34

8

76

18

43

45

1
8
151

1
86
73
33
40
15 (7.1)
22
4
15
34
2

27
76

8

38

1.8 (£0.94)
6.6 (+4.8)

Bergen
(N =300)

123
175

34
216

53 (6.8)
25

23

7
66
174

97
42
107

62

163

21

106

8s

41 (£34)
7.7 (£5.8)
11

23

238

78

S

41

s

7

48

10

35

65

235

20
94
136
52

13 (£3.9)
34

88

72

156

82
138

5

63

8.3 (£37)
2.5 (£52)

Reykjavik
(N = 346)

150
194

33

312

55 (+7.1)
47

36

89
164
89

56
102
187

103

188

54

86

6

34 (x22)
8.0 (£5.5)
338

1

0

0

326

5

0

11

49

23

34

98

15 (£5.8)

123
116

s

83

4.4 (£2.3)
4.1 (£3.6)

Tartu
(N = 84)

70
14

15
69
52 (x7.1)
6
19

36
20
28

63
12
9

13

63

8

1

1

41 (£26)
7.7 (£8.8)
51

1

40

7

53

14

1

0

30

11

23

43

1.9 (+0.70)
6.0 (£7.1)

Uppsala Total

(N = 148) (N = 1038)“
63 427 (41.5%)
78 600 (58.5%)
17 122 (12.6%)
106 840 (87.4%)
56 (£7.2) 54 (£7.0)
10 119 (12.4%)
18 111 (11.4%)
4 144 (15.2%)
36 323 (34.1%)
80 480 (50.7%)
83 393 (42.3%)
21 189 (20.4%)
18 374 (40.2%)
27 265 (27.7%)
86 583 (60.8%)
10 110 (11.5%)
22 241 (33.4%)
9 124 (14.7%)
49 (+28) 41 (£30)
64 (£5.1) 7.5 (£5.9)
102 645 (67.1%)
24 55 (5.7%)
31 320 (33.3%)
16 112 (11.6%)
117 639 (66.5%)
10 70 (7.3%)
78 118 (11.3%)
1 27 (2.9%)
22 225 (23.5%)
4 66 (6.9%)
16 151 (15.8%)
39 290 (31%)
1 12 (1.3%)

6 54 (5.6%)
118 894 (93.1%)
2 32 (3.3%)
47 400 (41.6%)
73 529 (55.1%)
69 256 (26.7%)
3 68 (7.1%)
15 (x4.9) 14 (£5.4)

1 75 (9.4%)
102 204 (27.4%)
9 120 (16.4%)
31 454 (52%)
17 39 (4.8%)
44 276 (30.8%)
65 395 (44.1%)
4 22 (2.4%)
19 203 (22.7%)
22 (£1.1) 4.7 (£3.6)
3.7 (£7.9) 4.1 (£5.5)
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Table 1. continued

Aarhus Bergen
(N = 160) (N =300)

relative humidity (%, mean(SD)) 91 (+3.6) 90 (+4.9)
wind speed (m/s, mean (SD)) 6.2 (+0.75) 3.1 (+0.53)

Reykjavik Tartu Uppsala Total
(N = 346) (N = 84) (N = 148) (N = 1038)"
86 (£5.8) 89 (+6.8) 90 (+8.1) 89 (£6.1)
5.3 (+1.5) 5.2 (+0.84) 2.2 (£0.21) 43 (x1.7)

“Information was missing for season (n = 11, 1%), All of the other characteristics were missing for around 80 participants (7—9%). Variables

extracted from the EDC questionnaire.

indoor airborne bacterial communities, are largely unknown.
Understanding the determinants of the indoor bacterial
community is pivotal to be able to influence the indoor
microbiome and ultimately prevent negative health effects. A
better understanding of the relationship between exposure to
specific microorganisms and asthma and allergies is urgently
needed, particularly in regions such as northern Europe, where
the prevalence of allergic diseases and asthma has increased
dramatically in recent decades."

Hitherto, studies of the indoor microbial community and
environmental determinants associated with the indoor
environment have been limited to single geographical sites
and small sample sizes (~100)."*'®* Many environmental
determinants such as building materials, occupant behaviors,
and climate factors such as the precipitation rate and relative
humidity affecting outdoor bacterial taxa are rather uniform
within single geographical sites.'” To identify the factors that
affect indoor bacterial community variation, studies on a
regional scale with complementary and comprehensive
environmental data are required. Therefore, we studied the
indoor bacterial air community in more than 1038 homes in
ECRHS III. The goals of our study, in which we focused on
the bacterial community and endotoxin, were (1) to make an
inventory of the indoor airborne bacterial community
composition, including @ and g diversity, in five medium-
sized northern European cities, and (2) to identify environ-
mental factors associated with the composition of the bacterial
communities and endotoxin concentration indoor.

2. MATERIALS AND METHODS

2.1. Study Populations. The present study initially
comprised 1080 homes of the participants of the ECRHS III
from Aarhus (Denmark), Bergen (Norway), Reykjavik (Ice-
land), Tartu (Estonia), and Uppsala (Sweden). The ECRHS
(European Community Respiratory Health Survey) is an
international multicentre population-based study aiming to
determine the prevalence of and risk factors for the
development of asthma and allergic diseases in adults living
in Europe and Australia.”® The participants were between 22
and 44 years at baseline around 1990. From 2011 to 2014, all
of the participants invited for ECRHS III clinical examinations
and interview questionnaires were asked to collect settled dust
using an electrostatic dust fall collector (EDC) (Supporting
Figure 1). Except for the Tartu study center, all participants
filled in a short questionnaire related to the EDC (EDC
questionnaires). The samples where participants reported that
the EDC fell on the floor (23 samples) as well as samples that
did not reach defined quality standards (better number of
reads) in 16S rRNA amplicon sequencing (19 samples) were
removed from the analysis. As a result, the total number of
persons and samples included in the analysis was 1038.
Information about environmental determinants was extracted
from ECRHS III interviews and the EDC questionnaires. Local
ethics committees at each center approved the study protocols.

For detailed information about questionnaires, we refer to the
official ECRHS website: http://www.ecrhs.org/. The study
centers, number of participants from each center, and other
environmental determinants of the study object are listed in
Table 1.

2.2. Dust Sampling. Between March 2011 and January
2014, settled airborne dust was collected in participants’
bedrooms over a 14-day period using EDCs (Supporting
Figure 1) with an exposure area of 209 cm? The EDCs were
placed 1.5 m above the floor.”’ The participants were
instructed to return the EDCs by mail, along with the EDC
questionnaires. All EDC samples were stored at —20 °C until
dust extraction.

2.3. Dust, Endotoxin, and DNA Extraction. In 2022, the
EDC clothes were handled as described previously, where dust,
endotoxin, and DNA extraction from EDC clothes were
optimized to obtain a comprehensive representation of the
airborne bacterial communities.”” For a detailed description of
the dust, endotoxin, and DNA extraction, see the methods
section in the Supporting Information.

2.4. 16S rRNA Amplicon Sequencing. 16S rRNA genes
from the samples (including 35 control samples and 20 PCR
controls) were amplified using the bacteria-specific primers
targeting the V3 and V4 regions of the 16S rRNA gene. The
Mlumina protocol (16S Metagenomic Sequencing Library
Preparation) was used for amplification of the 16S rRNA
gene. The detailed description of the primers and the protocol
for 16S rRNA gene sequencing is described in the methods
section in the Supporting Information.

2.5. Quantitative PCR. The qPCR reactions targeting 16S
rRNA genes were carried out using an MX3005p gqPCR
machine (Agilent, Santa Clara, CA). For a detailed description
of the primers, the qPCR reaction components, and thermal
cycling conditions, see the methods section in the Supporting
Information.

2.6. LAL Assay. Each extract was diluted 50 times in PEW
before analysis with the quantitative kinetic chromogenic LAL
assay to overcome the masking effect of Tween 20 on the
assay22 (Kinetic-QCL 50—650 U kit, Lonza, Walkersville,
Maryland). Endotoxin from Escherichia coli OS5:BS was used
as a standard. To create a standard curve, 13 serial dilutions
were employed, covering a range of values between 25 and
0.006 EU/mL. The cut-off signals (V,,,,) of the kinetic LAL
Assay were defined as the average of the assay blanks plus two
times the standard deviation of these blanks. The results were
presented in EU m-2 units.

2.7. Bioinformatic and Statistical Analysis. All
sequence data processing and statistical analyses were carried
out in R version 4.2.1.>* The raw data processing is described
in detail in the Supporting Information.

Microbiome version 1.15.0°* was used to assess a bacterial
diversity (Shannon index, which reflects both richness and the
relative abundance of each taxon), and bacterial richness
(observed number of ASVs). The relative abundances of
Gram-positive and Gram-negative bacteria were assigned,
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Figure 1. Boxplot of gPCR results of (A) cities’ households, (B) number of occupants per household (one vs two or more), (C) older occupant age
group (55—67 years old) compared vs younger age group (40—S4 years old), (D) cleaning frequency. P values based on pairwise sample
comparison in Wilcoxon signed-rank test. Only the significant pairwise comparison is shown.

based on relative abundances of phyla across samples from the
five cities (Supporting Table 1).To identify specific bacterial
taxa (genus level) whose abundances significantly differ
between different environmental determinants (e.g, city and
season), we applied analysis of compositions of microbiomes
with bias correction (ANCOM BC) version 1.62.>° We
removed genera that accounted for less than 0.01% relative
abundance and adjusted for the variables that showed
association with Analysis of similarity (ANOSIM) test. The
remaining taxa are affiliated to 201 bacterial genera. The
ANOSIM test from the vegan package version 2.5-7°° that is
based on the Aitchison dissimilarity matrix was used to
compare bacterial community structures between different
environmental determinants. Continuous variables such as age
of the house and the occupants’ age were dichotomized based
on the median.

The sampling period was split into two seasons, based on
the monthly average temperature in the five cities obtained
from the weather-base website (https://www.weatherbase.
com/). The coldest months were assigned to winter
(November, December, January, February, March, April),

and the warmest months were assigned to summer (May, June,
July, August, September, October).

To study the association between normally distributed
dependent variables, i.e., bacterial diversity (Shannon index,
Supporting Figure 2A) and bacterial richness (Number of
bacterial taxa, Supporting Figure 2B), and independent
variables, i.e.,, environmental determinants, we used multiple
linear regression (stats package version 4.0.4>*) based on two
approaches to ensure robust regression analysis. In the first
approach, we performed univariate analysis for all independent
variables, and in the next step, we ran a multivariate model
including the variables that showed associations (P < 0.25 as
arbitrary value) with the dependent variables.

In the second approach, we included the environmental
determinants in three consecutive models. For each model,
variables that showed association (P < 0.25) with the
dependent variables were kept in the model. In the first
model, we included key determinants (city and season), while
in the second model, we further included occupant and
occupant-related behavior determinants (the presence of dog
and cat, the number of occupants, the occupant’s age, and

https://doi.org/10.1021/acs.est.3c01616
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cleaning frequency). The third model considers indoor factors
such as house age, type of heating system, presence of mold,
condensation on the window, and ventilation. The reason
behind the sequence of the models mentioned is that we
expected that key determinants would be the ones with the
strongest effect on indoor bacterial profiles, followed by
occupant and indoor determinants based on the literature."*’

To study the association between non-normal distributed
dependent variables (bacterial load (16S rRNA gene copies/
m?, Supporting Figure 2C) and endotoxin load (EU/m?
Supporting Figure 2D)) and environmental determinants, we
used quantile regression from package “quantreg” version
5.86>° and followed the same two approaches as for the
multivariate linear regression models mentioned earlier.

2.8. Meteorological Data. The monthly average mete-
orological data for the precipitation rate (mm/day), temper-
ature (C°), relative humidity (%), and wind speed (m/s) for
each sample were extracted from the NASA Langley Research
Center POWER Project (https://power.larc.nasa.gov/) based
on the city of sample collection and the EDC opening date
reported by the study participants between 2011 and 2014.
The precipitation rate (mm/day) represents the total depth of
rainwater (mm) for 24 h.

3. RESULTS

3.1. Quality Filtering and Study Characteristics. After
quality filtering and downsampling to 20,000 reads per sample,
a total of 1038 EDCs from Aarhus (n = 160), Bergen (n =
300), Reykjavik (n = 346), Tartu (n = 84), and Uppsala (n =
148) were included in the analysis. When performing analyses
utilizing the EDC questionnaire, the Tartu samples were
excluded since this questionnaire was not filled out by the
Tartu participants. Thus, yielding a subgroup of 954. The
characteristics of the study population based on the ECRHS III
interview, the EDC questionnaire, and meteorological data
during sampling the indoor dust are presented in Table 1.

3.2. Bacterial Load. In the first approach based on the
univariate regression (Supporting Table 2), the multivariate
quantile regression model showed the following determinants
to be significant: cities, number of occupants, and occupant age
(Supporting Table 3). Similar results were shown when the
determinants were introduced in three consecutive models.
Additionally, we found that cleaning more than 4 times per
week was associated with a higher bacterial load compared to
cleaning less than 1 time/week (Supporting Table 4).

Bergen households showed significantly lower bacterial load
compared to those from other Nordic cities. There was no
significant difference in bacterial load between Tartu and
Aarhus and between Reykjavik and Uppsala households
(Figure 1A). Reporting more than 1 person in the house was
significantly associated with higher bacterial load (P = 0.01)
(Figure 1B). The occupants within the youngest age group
(40—54 years old) showed a significantly higher bacterial load
compared to the older age group (55—67 years old) (Figure
IC). A high cleaning frequency was associated with a
significantly higher bacterial load (Figure 1D).

3.3. Bacterial Diversity and Richness. With the first
approach to study the association between indoor determi-
nants and bacterial diversity (Shannon index) and richness
(observed number of ASVs), based on the univariate
regression (Supporting Table S), the multivariate regression
revealed that study site (the cities), keeping a dog in the
bedroom, number of occupants, occupants’ age, and age of the

house to be significantly associated with both indices
(Supporting Table 6). Season, condensation of water on
window, and cleaning frequency (less than one time per week
vs 4—7 times per week) showed significant association with the
Shannon index only (Supporting Table 6).

Similar results were shown when the determinants were
introduced in three consecutive models. We further found that
the presence of mold was associated with increased bacterial
diversity and that a rug in the bedroom increased the number
of bacterial taxa (Supporting Table 7).

In a complete case analysis with data from both ECRHS III
main interviews and EDC questionnaires, we found that
bedroom size was significantly associated with increasing
bacterial richness and diversity, while wall vent was associated
with a decrease in bacterial diversity (Supporting Table 8).

In terms of Shannon index and number of bacterial ASVs,
Bergen households had the lowest bacterial diversity while
Tartu households had the highest bacterial diversity and
bacterial richness (Figure 2A,B). The number of occupants in
the house (Figure 2C,D) was significantly associated with both
bacterial diversity and bacterial richness. Older age of the
occupants (Figure 2E,F) and the presence of a dog in the
bedroom (Figure 2G,H) were both associated with increased
bacterial richness and diversity.

3.4. Dissimilarity of Bacterial Communities (# Diver-
sity). Aitchison’s dissimilarity matrix, as well as the ANOSIM
test for categorical variables and Mantel tests for continuous
variables were used to investigate differences in the
composition of the airborne bacterial community composition
as a function of environmental determinants. We found a
statistically significant difference in f diversity between all five
cities’ households using pairwise comparisons (Supporting
Table 9). The pairwise comparison between cities showed the
highest difference in f# diversity between Bergen and Tartu
households (ANOSIM R = 0.304, P = 0.001) followed by
Reykjavik vs Tartu households (ANOSIM R = 0.203, P =
0.001) while the lowest difference in f diversity was found
between Bergen and Reykjavik households (ANOSIM R =
0.042, P = 0.001). The difference in the § diversity between all
cities’ households was significant (R = 0.1803, P value =
0.001).

The presence of a dog in the bedroom was associated with a
significant difference in # diversity (ANOSIM R = 0.296, P =
0.001), whereas the presence of a cat in the bedroom was not
(ANOSIM R = 0.0507, P = 0.09). Determinants which also
showed significant association with § diversity of the indoor
microbiomes were cleaning frequency, having the window
open during night, wall vent, having a rug in the bedroom, and
the number of rooms in the house (Supporting Table 9).
Mantel test for continuous variables revealed that the
occupants’ age (Mantel R = 0.04, P = 0.002) and the age of
the house (Mantel R = 0.04, P = 0.01) showed significant
association with /8 diversity of indoor microbiome (Supporting
Table 10).

3.5. Bacterial Community Composition and Differ-
ential Abundance Analysis. The indoor airborne bacterial
communities in the five cities’ households were dominated by
five phyla: Firmicutes, Proteobacteria, Actinobacteria, Myxococco-
ta, and Bacteroidetes, which made up about 97% of the total
communities (Supporting Figure 3A). We found higher
relative abundance for Actinobacteria in Bergen and Reykjavik
households, whereas the relative abundance of Proteobacteria
was higher in Aarhus and Tartu households. Family-level

https://doi.org/10.1021/acs.est.3c01616
Environ. Sci. Technol. XXXX, XXX, XXX—XXX



Environmental Science & Technology

pubs.acs.org/est

A

TM7a

Thermus
Streptococcus
Sphingomonas
Skermanella
Schlegelella
Salinicoccus
Rubellimicrobium
Rhodococcus
Pseudonocardia
Paracoccus
Nocardioides
Microterricola
Microlunatus
Methylocella
Massilia
Marmoricola
Leuconostoc
Lactococcus
Kocuria
llumatobacter
Friedmanniella
Enterococcus
Dietzia
Dermacoccus
Deinococcus
Curvibacter
Curtobacterium
Clostridium sensu stricto 13
Clostridium sensu stricto 1
Brochothrix
Brevibacterium
Blastococcus
Arthrobacter
Amaricoccus
Allo-Neo-Para-Rhizobium
Aerococcus
Actinomyces
Acinetobacter
Acidiphilium

Variovorax

Turicibacter

Truepera
Terrisporobacter
Sporosarcina
Sphingomonas
Skermanella

Shimwellia
Rubellimicrobium
Romboutsia
Rhodococcus
Rathayibacter
Pseudonocardia
Pedobacter

Paracoccus

Nocardioides
Nakamurella
Microterricola
Methylobacterium-Methylorubrum
Massilia

Marmoricola

Kocuria

Klenkia

Kineococcus
llumatobacter
Friedmanniella
Dermacoccus
Curvibacter
Curtobacterium
Clostridium sensu stricto 1
Candidatus Alysiosphaera
Blastococcus

Bacillus

Aureimonas

Arthrobacter
Amaricoccus
Allo-Neo-Para-Rhizobium
Actinomyces
Acinetobacter

0.063
0.084
5.003
1.185
0.133
0.030
0.062
0.201
0.092
0.098
[4.111
0.242
0.047
0.020
0.027
0.294
0.079
0.106
0.414
3195
0.030
0.070
0.037
0.717
0.710
0.565
0.064
0.059
0.096
0.431
0.093
0.375
0.234
0.200
0.142
0.137
0.164
0.536
1.303
0.491

3.195
0.034
0.036
0.030
0.070
0.710
0.064
0.059
0.431
[0.111
0.234
0.784
0.068
0.200
0.142
0.137
0.043
1.303

Differential abundant genera in Tartu vs. Bergen

—

— 33—

g =

=
=

Log Fold Change

——

0 1

Differential abundant genera in Aarhus vs. Bergen

)

—=

—J—

=
=

—3—

_'—
——
o
—3—

—_—
0 1
Log Fold Change

=

Figure 3. Differential abundant bacterial genera (A) in Tartu compared to Bergen households and (B) in Aarhus compared to Bergen households.
Number in parentheses shows the relative abundance of the bacterial genera in the total number of samples. Positive log fold changes indicate an
increase, and negative log fold changes indicate a decrease in the abundance of bacterial taxa compared to the reference group.

G

https://doi.org/10.1021/acs.est.3c01616
Environ. Sci. Technol. XXXX, XXX, XXX—XXX



Environmental Science & Technology

Article

pubs.acs.org/est

A Differential abundant genera in dog vs. no dog

=
=

05 00 1's

Truepera
Thermus
Streplococcus
Sporosarcina
Sphingomonas
rmanella
Rubellimicrobium

Psychrobacter
Porphyromonas
Nocardioides
Nakamurella

Microlunatus
Memylobaclenum-Me’(v:vylorubrum
ar

Macrococcus

enkia
llumatobacter

Clostridium sensu stricto 13
Clostridium sensu stricto 1
ellulomonas

Abiotrophia

05 1o
Log Fold Change

Cc Differential abundant genera in use of bleach vs. not
Skermanella [0.133) u—E
Shimwellia [0.223)- »—E
Rathayibacter [0.025)- E
Pseudonocardia (0.098) - E
Pedobacter [0.135]- »—E
Blastococcus [0.234] - E
Actinomyces [0.536) - E—t
ae v o
Log Fold Change
E Differential abundant genera in opening window vs. not
Skermanella [0.133] - D—E
Pseudonocardia [0.098] - P—E
wemnsapon |
Latilactobacillus [0.265) - 3—4
llumatobacter [0.030] - E
Dermacoccus [0.710) - E—(
Deinocacaus (0.565)- E
a5 a0 05
Log Fold Change
G Differential abundant genera in rug vs no rug

TM7a [0.063)-

—_

Sphingomonas [1.185)- |— -
Pseudonocardia [0.098] - ——
Friedmanniella [0.070]- [N —

oo o2
Log Fold Change

Differential abundant genera in older vs. younger age occupants

B

—t

=]

—f

Rothia [0.568)-
Peptoniphilus [0.838)-
Paracoccus [4.111]-

Micrococcus [14.84] -
Leptotrichia [0.114]-
Latilactobacillus [0.265)-
Lactococcus [0.414] -
Lactobacillus [0.966] -
Faecalibacterium [0.170] -
Enhydrobacter [1.798]-
Citricoccus [0.293]-
Campylobacter [0.071)-
Brochothrix [0.093] -
[0.454)-

Blautia 0.210)-
Anaerococcus [2.626)-

——
—
—=m

05 0.0 s
Log Fold Change

Differential abundant genera in use of ammonia vs. not

Skermanella [0.133]-

i

Rubellimicrobium [0.201)+  |—1—]

Methylocella [0.027) -

-

00 s
Log Fold Change
F Differential abundant genera in old vs. new houses

Hocncoes B0 E
Homatobacer 0031 ﬁ

[ ——

e

04

Shimwellia [0.223] -

Friedmanniella [0.071]-

Curtobacterium [0.059)-

Allo-Neo-Para-Rhizobium [0.137)-

02
Log Fold Change

Figure 4. Differential abundant bacterial genera: (A) presence of dog in bedroom compared to absence, (B) older occupant age group compared to
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composition showed that Gram-negative bacterial families such
as Rhodobacteraceae and Sphingomonadaceae are more abun-

dant in Aarhus and Tartu households (Supporting Figure 3B)
than in Bergen, Reykjavik, and Uppsala households. The three
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Figure 5. (A) Boxplot of endotoxin result of five cities’ households; (B) relative abundance of Gram-negative and Gram-positive bacteria of the five
cities; (C) boxplot of endotoxin measurements of dog in bedroom (no vs yes); (D) boxplot of endotoxin result for older houses compared to more
recently built houses. P values based on pairwise sample comparison in Wilcoxon signed-rank test. Only the significant pairwise comparison is

shown.

most abundant bacterial families in the five cities were Gram-
positive: Micrococcaceae, Staphylococcaceae, and Corynebacter-
iaceae (Supporting Figure 3B). On the genus level, the three
most abundant genera were Micrococcus, Staphylococcus, and
Corynebacterium, which belong to the three most abundant
bacterial families (Supporting Figure 3C).

For the determination of the differential abundance of
bacterial genera, we focused on the environmental determi-
nants that showed significant association with £ diversity
(ANOSIM and Mantel tests) as well as other determinants
such as water damage, season of sampling, and number of
occupants, based on the literature.">”*’

We found 40 out of 201 bacterial genera to be differentially
abundant between Bergen and Tartu households (Figure 3A).
Many of the bacterial genera which were differentially
abundant between Bergen and Tartu households were also
differentially abundant between Bergen and Aarhus households
(Figure 3B). In general, members of the phylum Proteobacteria,
such as Acinetobacter, Skermanella, Paracoccus, and Sphingomo-
nas genera, were significantly higher in abundance in Aarhus

and Tartu households compared to other cities’ households.
Other pairwise differential abundance analysis between the five
cities” households can be found in Supporting Figures 4—7.
The determinants related to the occupants which showed
association with genera that expressed differential abundances
were dog in bedroom and occupants’ age. The presence of a
dog in the bedroom was associated with a higher abundance of
25 bacterial genera (Figure 4A). There was no difference in the
abundance of genera when a cat was present in the bedroom.
Ten bacterial genera were more abundant within the older age
group (55—67 years old) and 6 genera were less abundant
compared to the younger age group (40—54 years old) (Figure
4B). Occupant behavior, such as cleaning frequency, did not
affect the composition of the bacterial communities. However,
the use of cleaning agents such as bleach and ammonia was
associated with the abundance of nine and three bacterial
genera, respectively (Figure 4C,D). Opening the window at
night was associated with the abundance of several bacterial
genera. Having the window open all the time compared to
never was associated with differences in the abundance of 8
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Figure 6. Box plots of monthly average meteorological data for the five cities during sampling of settled indoor airborne dust: (A) precipitation rate
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genera (Figure 4E). The indoor determinants associated with
differentially abundant genera were house age and having a rug
in the bedroom. Houses that were >35 years old showed 6
more abundant genera than houses that were <35 years old
(Figure 4F). The presence of a rug in the bedroom was
associated with an increase in the abundance of three bacterial
genera (Figure 4G).

3.6. Endotoxin Load. Out of 1038 samples, extracts from
758 samples (73%) had endotoxin concentrations above the
background level (unexposed EDC cloths). 16 covariates were
identified from the univariate analyses (Supporting Table 11).
Using the first approach, only cities and age of the house
showed significant association with endotoxin load (Support-
ing Table 12). These results were confirmed by the second
approach, in which the environmental determinants were
introduced in three consecutive models. (Supporting Table
13). A sensitivity analysis with complete data from both the
ECRHS III main interview and the EDC questionnaires
(without Tartu) showed that a dog in the bedroom was
significantly associated with a higher endotoxin load
(Supporting Table 14).

Bergen households had a significantly lower endotoxin load
than the other cities except Reykjavik households. Tartu
households, on the other hand, had significantly higher

endotoxin load compared to the other four cities’ households

(Figure SA). A higher relative abundance of Gram-negative
bacteria was found in the Tartu and Aarhus households than in
the other cities (Figure SB). We found endotoxin concen-
tration to be significantly correlated with the relative
abundance of the three most abundant Gram-negative phyla,
Proteobacteria (r = 0.32) followed by Bacteroidota (r = 0.17)
and Myxococcota (r = 0.071) (Supporting Figure 8). Based on
the Wilcoxon signed-rank test, there was a significant increase
in endotoxin concentration in the indoor dust when dogs were
allowed inside the bedroom and in older house groups
compared to newer buildings (Figure SC,D).

3.7. Meteorological Data. The average monthly precip-
itation rate during sampling of settled indoor dust was
significantly higher in Bergen compared to the other cities.
There was no statistically significant difference between
precipitation rates in Aarhus and Tartu (Figure 6A). Wind
speed and temperature were significantly higher in Aarhus and
in Tartu compared to other cities (Figure 6B,C). The relative
humidity was not significantly different between the cities
except for Reykjavik, which had significantly lower relative
humidity than other cities (Figure 6D).

The precipitation rate was negatively correlated with indoor
air bacterial diversity, bacterial load, and endotoxin load. On
the other hand, wind speed was positively correlated with both
bacterial and endotoxin load. Bacterial diversity was found to
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Table 2. Spearman Rank Correlation Coefficients between the Meteorological Data and Indoor Airborne Bacterial

Measurement
Shannon index Bacterial load Endotoxin load
r value P value r value r value P value r value
precipitation rate —0.16 <0.001 —0.13 <0.001 —0.19 <0.001
wind speed —0.003 091 0.11 <0.001 0.12 0.001
temperature 0.14 <0.001 0.08 0.008 —0.02 0.9
relative humidity —-0.10 0.001 —0.02 0.49 0.06 0.1

be positively correlated with temperature and negatively
correlated with relative humidity (Table 2). Scatter plots of
the correlation coefficient between the meteorological data and
indoor air bacterial diversity, bacterial load, and endotoxin load
can be found in Supporting Figures 9—11.

4. DISCUSSION

We investigated the role of occupants and indoor determinants
on the bacterial microbiome of airborne indoor dust from 1038
households in five Nordic cities and showed that the variation
in the airborne bacterial community is associated with six
environmental determinants: geographical location, occupant’s
age, number of occupants, presence of a dog, cleaning, and
house age. Furthermore, we found a meteorological character-
istic to be correlated with the indoor airborne bacterial
community. Here we emphasize precipitation, which was
negatively correlated with the diversity and the load of the
indoor airborne bacterial community.

4.1. Sources of Indoor Airborne Microbiome. In all five
cities, the human body microbiome was the major contributor
to the indoor bacterial microbiome. Indoor dust samples were
dominated by Gram-positive bacteria, including a subset of
bacterial genera known to be associated with humans
(Staphylococcus, Streptococcus, Micrococcus, Corynebacterium,
and Lactobacillus). Not surprisingly, many bacterial genera
could be traced back to the human skin, although gut and oral
environments also contribute.'”'****! Outdoor bacteria for
example Sphingomonas, Rhodococcus, and Arthrobacter con-
tributed to the composition of the indoor microbiome in all
cities.”> > These bacteria may enter houses via windows and
doors or could be transferred from shoes onto floors and
carpets and then become resuspended in indoor air. This is in
line with previous studies that showed that both the occupants
and outdoor environments are the major sources of micro-
organisms found indoors.">""

The taxa from outdoor sources such as Sphingomonas,
Rhodococcus, and Arthrobacter were more abundant in Tartu
and Aarhus household compared to other cities, which might
explain the higher bacterial load and bacterial diversity in these
two cities’ households as outdoor bacteria are among key
sources of bacteria in indoor. An increase in the relative
abundance of Gram-negative bacterial taxa that mainly
originate from outdoor sources such as Protobacteria,
Acinetobacter, and Skermanella'®*° and the increase in the
bacterial load might together explain the higher endotoxin (i.e.,
a cell component of Gram-negative bacteria) load in Tartu and
Aarhus compared to other cities’ households that were
characterized by fewer outdoor bacterial taxa.

The weaker link between endotoxin and indoor character-
istics, compared to bacterial diversity and load observed
throughout the current study, may be due to the dominance of
Gram-positive bacteria from human skin indoors, which lack
endotoxin. Factors related to humans and their behavior such

as cleaning frequency, number of occupants, and occupants’
age explain variations in bacterial diversity and load indoors
but not endotoxin levels. In contrast, outdoor bacteria, rich in
Gram-negative bacteria (containing endotoxin), contribute to
higher endotoxin levels, influenced by outdoor activities like
owning a dog.

4.2. Geographical Location and Meteorological Data.
The meteorological factors, which are known to impact
outdoor microbial communities,”” might explain why there
are different amounts of outdoor bacterial taxa in households
located in different cities. In a previous study using wipes from
the external surfaces of approximately 1200 households located
across the United States, the authors found continental-scale
distributions of the outdoor bacteria and suggested that change
could be related to climate factors.>® In the current study,
Tartu and Aarhus were characterized by lower precipitation
rates and higher wind speeds compared to other cities, while
the temperature and relative humidity were within similar
ranges. Fu et al. recently reported that the microbial
community inside a building is affected by different outdoor
environmental factors, such as geoagraphical characteristics,
precipitation, and relative humidity.” In the current study,
wind speed and temperature were positively correlated with
bacterial load and diversity, while precipitation was negatively
correlated with bacterial diversity, bacterial load, and
endotoxin load. High wind speeds might have increased the
outdoor bacterial concentrations and thus the amount of
outdoor bacterial taxa that infiltrated from outdoor air into
indoor air in Aarhus and Tartu. Thus, indoor bacterial diversity
and load were both higher in these two cities. Yafeng et al.
measured the outdoor and indoor PM2.5 (Particulate Matter
2.5) concentrations, which is an important carrier medium for
bacteria. The author found the indoor infiltration rate of
PM2.5 to be positively correlated with outdoor wind speed and
temperature.***! Bergen was characterized with higher
precipitation than other cities which might explain the lower
abundance of outdoor bacterial taxa in Bergen households
compared to the households in other cities through decreased
infiltration of outdoor air particles. Rainfall is known to
scavenge atmospheric particles, including bacteria, and trans-
port them to the ground in a process known as “wet
deposition,” which increases with rainfall intensity.** However,
the impact of raindrops on various surfaces on the ground
might triggers the emission of surface-associated bacteria into
the atmosphere,'”** which likely depends on the type of
source environments.** So, it is likely the combinations of
these two processes that will determine the concentration and
type of airborne bacteria in outdoor air. Huffman et al. found
that in a forest ecosystem the concentration of airborne
biological particles increased significantly due to rainfall.*®
Tian et al.*® established that the concentration of coarse
aerosol particles (>2.5 ym in diameter) in urban environments
was reduced by rain,***® which fits well with our observation
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that heavier rainfall is associated with reduced outdoor bacteria
indoors. In addition, rainfall was found to alter the
composition of airborne bacterial community at a suburban
site with an increase in the relative abundance of Actinobacteria
and a decrease in the relative abundance of Proteobacteria,
which matches the bacterial profile of Bergen, a city known for
heavy rainfall."

Exposure to a variety of microorganisms has been inversely
associated with the risk of developing asthma and atopy.**’~*
With this in mind, Kirjavainen et al.” found that the protective
“farm-like” microbiota against asthma and atopy had a higher
abundance of outdoor-associated bacterial taxa, including
Sphingobacetria and Alphaproteobacteria bacteria. These taxa
were less abundant in Bergen compared to Aarhus and Tartu
which might be related to higher precipitation and lower wind
speeds that hinder the outdoor taxa to enter the homes in
Bergen. The intensity of precipitation is expected to intensify
with global warming,so’Sl and if our assumption is correct, this
will increase wet deposition of outdoor particulates and
particles associated with bacteria. As a result, fewer outdoor
bacteria will contribute to the indoor microbiome and the
intensity of exposures to environmental bacteria and
endotoxins will decrease, with possible negative consequences
for the development and maintenance of a tolerogenic immune
status.>

4.3. Occupants’ Age. Human skin microbiota is
considered a principal source of indoor airborne bacteria.'®
The occupant’s age was for the first time associated with an
increase in bacterial diversity, a reduction in bacterial load, and
a change in the composition of the bacterial community.
However, we are aware that in the current study, only the age
of the participant in the ECRHS study was known, while the
age of other occupants who used the same bedroom where
settled dust samples were collected was unknown.

The human skin microbiome undergoes age-associated
changes that reflect underlying age-related alteration in the
cutaneous structure and the physiological function of the
skin.>> Several studies have shown that bacterial species
richness and diversity increase gradually with advancing
age.”>™*° Howard et al. investigated the skin microbiome of
158 females aged 20—74 years old and showed that bacterial
diversity increased with age. The authors also found a change
in the relative abundance of several bacterial taxa between
different age groups.”® This supports our ANCOM BC results
showing that 16 bacterial genera were differentially abundant
between the two age groups in the current study. The number
of bacteria on the skin tends to decrease with age, which also
supports the results of our study. According to Lyden et al.
sebum secretion levels decrease with age. As sebum is rich in
triglycerides and free fatty acids, this leads to a decline in
nutrients and consequently to a decrease in bacterial
numbers.>®

4.4. Level of Occupancy. The number of occupants was
associated with an increase in both bacterial diversity and
richness. This is in line with previous results, demonstrating
that high occupancy leads to an accumulation of human-
associated microorganisms.'®*"*” The increase in bacterial
diversity with increased human occupancy could be attributed
to several causes: (1) bacteria emitted from occupants could
differ between individuals’**” and (2) a higher density will
lead to enhanced activity and thus, more resuspension of floor
dust particles, in addition to more trans%)ort of outdoor
bacteria attached to clothes and shoes.””®’ In the present

study, increasing occupancy was associated with an increase in
bacterial load, which has also been shown in other
studies.'”'®*” Qian et al, studying the microbiome of
classrooms, found that the bacterial load was much higher
during the active school days than during vacation.

4.5. Pets. While dogs significantly contributed to the
indoor airborne bacterial community both in terms of
composition and diversity, cats had little influence on the
indoor microbiome. These results are consistent with previous
reports on the impact of cats and dogs.””**** An ANCOM BC
analysis showed an increased abundance of several bacterial
taxa we assume are either introduced by the dogs from the
outdoor environment such as Rhodococcus, Sphingomonas, and
Arthrobacter'®**~** or stem from the dogs’ own microbiome
itself such as Moraxella and Fusobacterium, common members
of a dog’s oral and gastrointestinal tract microbiome.®>*® This
is in line with the finding of Dunn et al. who found that
households with dogs had a higher relative abundance of
bacterial taxa associated with dog microbiota.'” The presence
of a dog in a household was also associated with a higher
endotoxin load. This is in line with Fuertes et al. reporting that
endotoxin concentration in air was associated with dogs but
not with cats.” In the current study, higher endotoxin loads
might be explained by the dp(g’s own microbiota, such as
Moraxella and Fusobacterium®>®® These Gram-negative bac-
teria were found to be the most abundant taxa in the indoor air
of the dog owners’ households, in addition to the Gram-
negative environmental bacteria brought in by the dog from
the outdoors.

4.6. Cleaning and Use of Disinfectant. Higher cleaning
frequencies were associated with an increase in bacterial
diversity and load of the indoor air. Cleaning might lead to
resuspension of settled dust and air mixing, thus increasing the
number of bacterial taxa collected by the EDCs. This could
explain the increase in bacterial diversity and load associated
with higher cleaning frequency. Thus, cleaning frequency is
one of the behavioral choices that can influence our daily
exposure to different bacterial species. Sordillo et al.*® observed
that frequent cleaning increases muramic acid levels in indoor
air, a component of Gram-positive bacteria’s cell wall, which is
consistent with our current finding.

Use of cleaning and disinfecting agents was related to a
lower abundance of several Gram-negative and Gram-positive
taxa, especially when bleach (sodium hypochlorite) was used.
Due to the lack of selectivity, common disinfection practices
such as the use of sodium hypochlorite, would indiscriminately
kill indoor air microorganisms." In the current study, samples
were collected between 2011 and 2013. However, with the
advent of the COVID-19 pandemic, the deployment of
chemical disinfectants such as sodium hypochlorite has
increased dramatically in various building environments.”” In
a recent study conducted during the COVID-19 pandemic,
regularly disinfecting school classrooms by spraying disinfec-
tant and wiping indoor surfaces was found to reduce airborne
bacteria. which is in line with our ﬁndings.70 Yet, it is necessary
to conduct further research to understand the implications of
altering the microbiome through intensified disinfection use on
the health of individuals occupying the space.

4.7. House Age and Indoor Characteristics. In the
present study, the age of the house was associated with an
increase in bacterial diversity and richness. Previously,
Kettleson et al.”” showed that an increase of fungal diversity
was associated with the age of the building. They did not find
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the same association with bacterial diversity. However, the
small sample size (n = 35) compared to our study (n = 1038)
might have masked some of the patterns. An increase in
bacterial diversity in older houses may be caused by leaky
plumbing systems, providing access for bacteria that will be
further transferred to the indoor air through the ventilation
system.'”'” We have shown previously in ECRHSII that old
buildings have more dampness and water leakages.”" In the
present study, the differential abundance analysis showed that
in older buildings, there was an increased abundance of
bacterial taxa belonging mostly to aquatic environments,
including Friedmanniella, Ilumatobacter, and Microlunatus.”*™"°
This implies that differences in the plumbing systems between
old and new houses may affect the composition of the indoor
airborne microbiome. Additionally, the age of the house was
associated with an increased endotoxin load. Similarly, in a
nationwide-scale study in the United States involving more
than 800 homes, the authors found that the age of buildings
was an important predictor of endotoxin concentration.”®

Two indoor characteristics were associated with an increase
in bacterial richness: type of bedroom floor and bedroom size.
Maybe a bigger room size is accompanied by a bigger or larger
window, which would increase the infiltration of outdoor
bacterial taxa. Small-scale structured floors (ie. rugs)
contained more bacterial taxa than uniform surfaces such as
fitted carpets. This was also reported by Weikl et al. who found
that floor dust from rugs had a more diverse bacterial
community composition than samples from carpets.”’ The
composition of airborne indoor bacterial communities showed
a significant association with the presence of a rug in the
bedroom. Studies report a significant increase in the
abundance of three bacterial genera: Sphingomonas, Pseudono-
cardia, and Friedmanniella, which are also found out-
doors."*”77® Most rugs are made of textile materials with
high porosity, which facilitates the adherence of dust and
organic compounds. In addition, the pores may also retain
sufficient moisture.”” In combination, these factors might
facilitate bacterial growth and persistence due to increased
levels of organics and moisture."

4.8. Ventilation. According to the ANOSIM test, the
ventilation achieved by opening the window during sleep
(natural ventilation) as well as the presence of wall vents,
designed to supply fresh air to a residential building, in the
bedroom (mechanical ventilation) were both associated with a
minor but significant change in the composition of the
bacterial community. This is in line with results published by
Bragoszewska et al. who observed differences in bacterial
community composition in dust samples collected from a
mixed-use building with half of the offices using natural
ventilation and the other half using a conventional mechanical
ventilation system.** Ventilation with wall vents was associated
with lower bacterial diversity and richness. Kembel and
colleagues found that mechanically ventilated rooms have
less diverse bacterial communities than naturally ventilated
rooms.'® A possible reason behind the lower bacterial diversity
with mechanical ventilation compared to natural ventilation
systems is the use of filters in mechanical ventilation system,
which prevents fractions of the outdoor bacteria taxa and
particulates from entering the building."

4.9. Moisture and Mold. Condensation of water on
windows during winter was associated with a decrease in the
bacterial diversity. Condensation is a sign of an increase in
moisture (air relative humidity) and is the result of relatively

warm and moist air getting into contact with cold window
surfaces.”’ High relative humidity in the air reduces the
aerosolization of microbes from indoor surfaces and thereby
reduces dust resuspension into the air by occupant movements
in comparison to low relative humidity, which increases the
potential for aerosols to stay aloft longer and travel further."¥**
This might explain a decrease in bacterial diversity associated
with condensation on windows during the winter.

Equilibrium relative humidity (ERH) is used to assess
moisture at the material’s surface. When the ERH reaches
certain threshold (e.g., 70% for wooden materials), the material
surface may become a target for microbial growth allowing
mold germination and proliferation.'”** In the current study,
visible mold was in fact associated with increased bacterial
diversity. In line with our findings, Gupta et al. found that
bacterial and fun§al diversity values were positively correlated
in the bed dust.* In a study done in Finland that investigated
41 severely water-damaged homes with mold growth, the
authors found that the bacterial diversity of house dust
decreased significantly after the water damage was fixed.** This
shows that there is a link between excessive surface moisture
and an increase in the number of bacteria and fungi in indoor
air.

4.10. Implications, Strengths, and Limitations. In the
current study, we utilized 1083 EDC samples from the
bedrooms of private homes across northern Europe. The large
size of the samples enabled robust statistical comparisons to be
made, resulting in reliable information about the factors that
influence indoor microbiome compared to studies that have
been limited to single geographical sites and small sample sizes.
We observed that the indoor bacterial microbiome differed
substantially by geographical location, and we conclude that
the difference in the abundance of outdoor bacteria in the
households may be due to different weather events, especially
the wind speed and the precipitation. We speculate that future
predicted increase in precipitation rates due to global warming
could impact our indoor bacterial exposure and might have
negative consequences for our immune system. Our study was
limited by not having simultaneous outdoor sampling.
Therefore, further studies including both indoor and outdoor
samples, as well as recordings of meteorological data may be
necessary to provide a more complete understanding of the
effects of weather on the contribution of outdoor bacterial taxa
to the indoors. Another limitation of the current study is that
we lacked information on land use which could, in
combination with metrological factors, affect the composition
of indoor microbiome.*®

Age of the occupant of the homes was associated with higher
diversity but lower microbial load. We suggest that this is due
to the age-related changes in skin microbiome. Furthermore,
our results suggest that general lifestyle choices such as the
number of occupants, types of pets, cleaning frequency of the
household, and use of chemical disinfectants impact the indoor
microbiome. Thus, the presence of a dog increases, whereas
the use of disinfectants decreases microbial exposure. The use
of disinfectants has increased dramatically since the COVID-19
pandemic, and our results lead us to conclude that it is urgent
to study further the effects of excessive use of disinfectants on
the indoor airborne bacterial community as it may have
negative consequences on human health. In conclusion, our
study identifies (1) several factors that may be subject to
intervention to improve our indoor microbiome and (2) that
further research to establish causality is urgently needed.
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ECRHS Ill MAIN QUESTIONNAIRE

Centre number

Personal number | |
Sample

Date LT I T

You were last seen as part of this survey in (month) (year)

| AM GOING TO ASK YOU SOME QUESTIONS. AT FIRST THESE WILL BE MOSTLY ABOUT
YOUR BREATHING. WHEREVER POSSIBLE, | WOULD LIKE YOU TO ANSWER 'YES' OR 'NO'.

1. Have you had wheezing or whistling in your chest at any time in the last NO  YES

12 months? I:l I:l

IF 'NO' GO TO QUESTION 2, IF 'YES'":
NO YES

1.1 Have you been at all breathless when the wheezing noise was present? |:| |:]

1.2. Have you had this wheezing or whistling when you did not have NO  YES
a cold? I:l I:l
YEARS

1.3 How old were you when you first had wheezing or whistling in your chest?
(If started ‘as a baby’ enter ‘01°)

1.4 How frequently have you had wheezing or whistling in the last 12 months? TICK ONE BOX ONLY
everyday 1
at least once a week, but not everyday 2
occasionally 3
2. Have you woken up with a feeling of tightness in your chest at any time in NO YES
the last 12 months? I:l I:l
3. Have you had an attack of shortness of breath that came on during the day NO YES
when you were at rest at any time in the last 12 months? |:| |:]

IF 'NO' GO TO QUESTION 4, IF 'YES":

3.1 How old were you when you first had an attack of shortness of breath that came on YEARS
during the day when you were at rest?

4.  Have you had an attack of shortness of breath that came on following NO YES
strenuous activity at any time in the last 12 months? I:l I:I
5. Have you been woken by an attack of shortness of breath at any time in the NO YES

last 12 months? |:| |:|

6. Have you been woken by an attack of coughing at any time in the last 12 YES

NO
months? I:l I:l

7. How often have you experienced bouts or spasms of coughing in the last 12 months?  TICK ONE BOX ONLY

less than once a month 1
every month, but less than every week 2
every week, but not every day 3
every day 4

NO  YES

Version 1.0 1% June 2011



ECRHS Ill MAIN QUESTIONNAIRE
8. Do you usually cough first thing in the morning in the winter?
[IF DOUBTFUL, USE QUESTION 9.1 TO CONFIRM]
9. Do you usually cough during the day, or at night, in the winter?
IF 'NO' GO TO QUESTION 10, IF 'YES':

9.1 Do you cough like this on most days for as much as three months
each year?
IF 'NO' GO TO QUESTION 10, IF 'YES":
9.2 How many years have you had this problem (coughing on most days for as
much as three months each year?

10. Do you usually bring up any phlegm from your chest first thing in the
morning in the winter?
[IF DOUBTFUL, USE QUESTION 11.1 TO CONFIRM]

11. Do you usually bring up any phlegm from your chest during the day, or
at night, in the winter?

IF 'NO' GO TO QUESTION 12, IF 'YES":

11.1 Do you bring up phlegm like this on most days for as much as three
months each year?

IF 'NO' GO TO QUESTION 12, IF 'YES':

11.2 How many years have you had this problem (of bringing up phlegm from
your chest on most days for as much as three months each year)?

IF ‘'NO’ TO QUESTIONS 3-11 GO DIRECT TO QUESTION 13;
IF ‘YES’ TO ANY OF QUESTIONS 3-11 PLEASE COMPLETE QUESTION 12

12. In the last 12 months, have you had any episodes/times when your symptoms
(cough, phlegm, shortness of breath) were a lot worse than usual?

IF ‘'NO’ TO QUESTION 12 GO TO QUESTION 13; IF ‘YES’

In the last 12 months:
12.1 How many times have these episodes occurred?

12.2 How many times have these episodes forced you to consult your doctor?
12.3 How many times was your therapy changed after these episodes?
12.4 How many times have you visited a hospital casualty department or
emergency room or have you spent a night in hospital after these episodes?
13. Do you ever have trouble with your breathing?

IF 'NO' GO TO QUESTION 14, IF 'YES':

13.1 Do you have this trouble
a) continuously so that your breathing is never quite right?

b) repeatedly, but it always gets completely better?
c) only rarely?
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14. Are you disabled from walking by a condition other than heart or lung YES

NO
disease? I:I I:'

IF 'YES' STATE CONDITION AND GO TO QUESTION 15,

IF 'NO':

14.1 Are you troubled by shortness of breath when hurrying on level NO YES
ground or walking up a slight hill? I:I I:I

IF 'NO' GO TO QUESTION 14.2, IF 'YES'":
14.1.1 Do you get short of breath walking with other people of YES

NO
your own age on level ground? I:l I:I

IF 'NO' GO TO QUESTION 14.2, IF 'YES':
14.1.1.1 Do you have to stop for breath when walking at NO YES

your own pace on level ground? I:l I:l

IF 'NO' GO TO QUESTION 14.2, IF 'YES':
14.1.1.1.1 Do you ever have to stop for breath after walking NO YES
about 100 yards (or after a few minutes) on level ground? I:l I:I

IF 'NO' GO TO QUESTION 14.2, IF 'YES':
14.1.1.1.1.1 Are you too short of breath to leave NO YES
the house OR short of breath on dressing or undressing? |:| |:]

14.2 How much shortness of breath are you having right now? Please indicate by marking the height of the

column. If you are not experiencing any shortness of breath at present circle the marker at the bottom
of the column
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—T—  Shortness of breath
as bad as can be

1]

Height in mm
(NB total height =100mm)

No shortness of breath
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15. Have you ever had asthma? I:l I:I

IF 'NO' GO TO QUESTION 16, IF 'YES":

NO YES
15.1 Was this confirmed by a doctor? I:I I:I
YEARS
15.2 How old were you when your asthma was confirmed by a doctor?
YEARS
15.3 How old were you when you had your first attack of asthma? I:l:l
YEARS

15.4 How old were you when you had your most recent attack of asthma?

15.5.1-6 Which months of the year do you usually have attacks of asthma?

NO
15.5.1 January / February
15.5.2 March / April
15.5.3 May / June
15.5.4 July / August
15.5.5 September / October
15.5.6 November / December
Il%l YES
A

15.6 Have you had an attack of asthma in the last 12 months?
IF ‘NO’ GO TO 15.9, IF YES
15.7 How many attacks of asthma have you had in the last 12 months?

15.8 How many attacks of asthma have you had in the last 3 months?

15.9 How many times have you woken up because of your asthma in the

last 3 months? TICK ONE BOX ONLY
every night or almost every night 1
more than once a week, but not most nights 2 |
at least twice a month, but not more than once a week 3 |
less than twice a month 4 1
not at all 5 1|
15.10. How often have you had trouble with your breathing because of your asthma
in the last 3 months? TICK ONE BOX ONLY
continuously 1
about once a day 2 | |
at least once a week, but less than once a day 3 |
less than once a week 4 |
not at all 5 |
NO YES
15.11 Are you currently taking any medicines including inhalers, I:l I:I
aerosols or tablets for asthma?
NO  YES
15.12 Do you have a peak flow meter of your own? I:I I:I
IF 'NO' GO TO QUESTION 15.13, IF 'YES":
15.12.1 How often have you used it over the last 3 months? TICK ONE BOX ONLY
never 1
some of the days 2
most of the days 3
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15.13 Do you have written instructions from your doctor on
how to manage your asthma if it gets worse or if you have an attack?
Has a doctor ever told you that you have chronic bronchitis?
IF 'NO' GO TO QUESTION 17, IF 'YES':

16.1 How old were you when you first had a diagnosis of chronic bronchitis?

Has a doctor ever told you that you have chronic obstructive pulmonary disease (COPD)?

IF 'NO' GO TO QUESTION 18, IF 'YES
17.1 How old were you when you first had a diagnosis of COPD?
Has a doctor ever told you that you have emphysema?
IF 'NO' GO TO QUESTION 19, IF 'YES':
18.1 How old were you when you first had a diagnosis of emphysema?
Have you ever been diagnosed with any other lung disease (excluding asthma,
chronic bronchitis, COPD and emphysema)?

IF 'NO' GO TO QUESTION 20, IF 'YES":

19.1 What is that lung disease called?

Do you have any nasal allergies, including hay fever?
IF ‘'NO’ GO TO Q21, IF’ YES’:

20.1 How old were you when you first had hay fever or nasal allergy?

Have you ever had a problem with sneezing, or a runny or a blocked
nose when you did not have a cold or the flu?

IF ‘NO’ GO TO Q22, IF ‘YES’:

21.1. Have you had a problem with sneezing or a runny or a blocked
nose when you did not have a cold or the flu in the last 12 months?

IF ‘NO’ GO TO Q22, IF’ YES’:
21.1.1. Has this nose problem been accompanied by itchy or watery eyes?

21.1.2. In which months of the year did this nose problem occur?
21.1.2.1. January/February
21.1.2.2. March/April
21.1.2.3. May/June
21.1.2.4. July/August
21.1.2.5. September/October
21.1.2.6 November/December
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NO YES
21.1.3 Have you had this problem for more than 4 days in any one week I:l I:l
in the last 12 months?
IF ‘NO’ GO TO Q21.1.4, IF’ YES’:
NO YES
21.1.3.1 Did this happen for more than 4 weeks consecutively? |:| |:|
21.1.4. For each of the following problems, please indicate how important it has been
over the last 12 months. (SHOW A CARD WITH THE FOLLOWING OPTIONS)
1. No problem (symptom not present)
2. A problem that is/was present but not disturbing
3. A disturbing problem but not hampering day time activities or sleep
4. A problem that hampers certain activities or sleep
CODE

Please enter code 1-4 in each of the five boxes

21.1.4.1 a watery runny nose

21.1.4.2  ablocked nose (feeling of being unable to breath through your nose)
21.1.4.3 anitchy nose

21.1.4.4 sneezing, especially violent and in bouts

21.1.4.5 watery, red itchy eyes

NO YES
22. Since the last survey have you used any medication to treat nasal disorders? I:I l:l
IFNO GO TO Q23, IF YES
NO  YES
22.1 Have you used any of the following nasal sprays for the treatment El l:l
of your nasal disorder? {SHOW LIST OF STEROID NASAL SPRAYS}
IFNO GO TO Q22.2, IF YES
YEARS
22.1.1 How old were you when you first started to use this sort
of nasal spray?
YEARS
22.1 2 How many years have you been taking this sort of nasal spray?
NO YES
22.1.3 Have you used any of these nasal sprays in the last 12 months? I:l I:l
NO YES
22.1.4. Have you used this sort of nasal spray every year in the last 5 years?
IF ‘NO’ GO TO QUESTION 22.2 IF ‘YES’
MONTHS

22.1.4.1 On average how many months each year have you taken them ?

NO YES
22.2 Have you used any of the following pills, capsules, or tablets I:I l:l
for the treatment of your nasal disorder? {SHOW LIST OF ANTIHISTAMINES}
IF ‘NO’ GO TO Q23, IF ‘YES’
NO YES

22.2.1 Have you used any of these pills, capsules or tablets in the last 12 months? I:I l:l
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23. Has your nose been blocked for more than 12 weeks during the last 12 months?

24. Have you had pain or pressure around the forehead, nose or eyes for more than
12 weeks during the last 12 months?

25. Have you had discoloured nasal discharge (snot) or discoloured mucus in the
throat for more than 12 weeks during the last 12 months?

26. Has your sense of smell been reduced or absent for more than 12 weeks
during the last 12 months?

27. Has a doctor ever told you that you have 27.1.1 chronic sinusitis?
27.1.2 nasal polyps?

IF ‘'NO’ TO Q27.1 and 27.2 GO TO Q 28, IF ‘YES’

27.2 How old were you when a doctor told you had chronic sinusitis?

27.3 How old were you when a doctor told you had nasal polyps?
(enter 00 if question not applicable)

28. Have you ever had eczema or any kind of skin allergy?
IF ‘NO’ TO Q28 GO TO Q 29, IF ‘YES’
28.1 How old were you when you first had eczema or skin allergy?
28.2 Did/does your eczema or skin allergy affect your hands?

28.3 Have you noticed that contact with certain materials, NO YES
chemicals or anything else in your work makes your eczema worse? |:|

29. Have you ever had an itchy rash that was coming and going for at

least 6 months?

IF 'NO' GO TO QUESTION 30, IF 'YES":
29.1.. Have you had this itchy rash in the last 12 months?

IF 'NO' GO TO QUESTION 30, IF 'YES':
29.1.1. Has this itchy rash at any time affected any of the following places:
the folds of the elbows, behind the knees, in front of the ankles
under the buttocks or around the neck, ears or eyes
29.1.2 Has this itchy rash affected your hands at any time in the last 12 months?

30. What was the highest level of education your mother had? TICK

a) Up to the minimum school leaving age
b) Secondary school/technical school past the minimum age
c) College or University

31. What was the highest level of education your father had? TICK

a) Up to the minimum school leaving age
b) Secondary school/technical school past the minimum age
c) College or University
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YES DK

NO
32. Were you delivered by Caesarean section? I:l I:I I:l
YES DK

NO
33. Is your biological mother still alive? |:| |:] |:|
IF 'NO' GO TO QUESTION 33.2
IF 'DON’T KNOW’' GO TO QUESTION 34, IF 'YES'": YEARS
33.1 How old is your mother now?
NOW GO TO QUESTION 34
YEARS

i

33.2 How old was your mother when she died ?

NO YES D

=

34. Is your biological father still alive?
IF 'NO' GO TO QUESTION 34.2
IF 'DON’T KNOW’' GO TO QUESTION 35, IF 'YES': YEARS
34.1 How old is your father now?

i

NOW GO TO QUESTION 35
YEARS
34.2 How old was your father when he died? l:l:l
35. Did your biological parents ever suffer from any of the following?
MOTHER FATHER
NO YES DK NO YES DK
35.1.1 Asthma 35.1.2 L]
35.2.1 Chronic bronchitis, emphysema and/or COPD 35.2.2 .
35.3.1 Heart disease 35.3.2 .
35.4.1 Hypertension 35.4.2 |
35.5.1 Stroke 35.5.2 ]
35.6.1 Diabetes 35.6.2

NUMBER

i

36. How many children do you have?

IF ANSWER TO Q36 INDICATES PARTICIPANT HAS CHILDREN GO TO Q36.1; If NO CHILDREN GO TO QUESTION 37

Please | Year of Did this child Did this child Has this child Has this child Was this
start birth have asthma have asthma ever had ever had child a
with (eg 1995) before the after the nasal eczema or boy or girl
first age of ten age of ten allergies, atopic (Boy=1,
born years? years? including hay | dermatitis? Girl=2)
fever?
NO YES NO YES NO YES NO YES Sex

36.1 | Child1

36.2 | Child 2

36.3 | Child 3

36.4 | Child4

36.5 | Child5

36.6 | Child 6

36.7 | Child7

36.8 | Child8
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You took part in the last survey in [month] in [year]. At that time you described your job as [‘current’ job from last
occupational matrix]

37. 1 would like to ask you to list all jobs that you have had since the last survey. | am interested in each one of the
jobs that you have done for three months or more. These jobs may be outside the house or at home,_excluding
homemaking or housework, full time or part time, paid or unpaid, including self employment, for example in a
family business. Please include part time jobs only if you had been doing them for 20 or more hours per week.
Please start with your current or last held job.

Occupation Start Start year End End year
ronth | (et o
Job | pro viqe a emplmitrgzzz (o‘fzghy:tusre{x;:ezrdoes CURRENT)
deta.lle.d (did) it provide?
description
of the job
1
2
3
4
5
6
7
8
9
10
IF JOBS ARE GIVEN GO TO QUESTION 37.1; IF NO JOBS GIVEN GO TO Q38
NO YES

37.1 Have you had to change or leave any of these jobs because it affected your breathing? I:I I:I
IF ‘NO’ GO TO QUESTION 38; IF ‘YES’:

37.1.1-10 Please indicate which job(s) you had to change or leave (use numbers from question 37).
NO VS
37.1.1Job1
37.1.2 Job 2
37.1.3Job 3
37.14Job 4
37.1.5Job 5
37.1.6Job 6
37.1.7Job 7
37.1.8Job 8
37.1.9Job 9
37.1.10 Job 10

38. What best describes your current main activity? TICK ONE BOX ONLY
Employed (including employed by temping agencies) 1
Self-employed (entrepreneur, freelance or other) 2
Full time student 3
Full time housewife/househusband 4
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Unemployed looking for work 5
Unemployed not looking for work 6
Retired 7
Other 8
IF NOT 'EMPLOYED' OR NOT 'SELF-EMPLOYED' GO TO QUESTION 38.1
IF 'EMPLOYED' OR SELF-EMPLOYED' GO TO QUESTION 38.2;
NO YES
38.1 Were you forced to give up working all together because of asthma, wheezing |:| |:|
shortness of breath or other respiratory or lung problems?
IF 'NO' GO TO QUESTION 39, IF 'YES':
MONTH YEAR
38.1.1 When did this occur? | | | | | | | |
NOW GO TO QUESTION 39
NO YES
38.2 In your current job, are you regularly exposed to vapours, gas, dust or fumes? I:l I:I
NO YES
38.3 . Does being at your current workplace ever cause breathing problems I:I I:I

(chest tightness,wheezing, coughing)?
IF ‘NO’ GO TO QUESTION 38.4, IF ‘YES’:
38.3.1-5 Can you indicate what gives you breathing problems in your current workplace?

NO YES
38.3.1 Physical exertion
38.3.2 Exposure to mist, hot or cold temperature
38.3.3 Exposure to vapours gas dust or fumes
38.3.4 Other peoples cigarette smoke
38.3.5 Stress
NO YES
38.3.6 Do these breathing problems diminish or stop during the weekend I:l I:I
or during holidays?
NO YES
38.4. Within the last 12 months have there been wet or damp spots on surfaces I:l I:I
in the room where you usually work (for example on walls, wall paper,
ceilings or carpets)?
NO YES
38.5. Within the last 12 months has there been mould or mildew on any surfaces I:l I:l
in the room where you usually work?
NO YES
38.6. At any time in the last 12 months have you noticed the odour of mould or |:| |:]
mildew (not from food) in the room where you usually work?
NO YES
38.7. Do you regularly use cleaning products or disinfectants in your current job? I:l I:l

IF 'NO' GO TO QUESTION 39, IF 'YES":

38.7.1-13 In the last 12 months, on how many days a week have you used the following
products at work? (SHOW CARD WITH FOLLOWING OPTIONS)

Never

<1 day/week
1-3 days/week
4-7 days/week

o
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CODE

Enter code 1-4 for all boxes

38.7.1 Bleach

38.7.2 Ammonia

38.7.3 Stain removers or other solvents

38.7.4 Acids (including decalcifiers, liquid scale removers, vinegar, hydrochloric acid, ...)
38.7.5 Floor polish or floor wax

38.7.6 Liquid or solid furniture polish or wax

38.7.7 Furniture sprays (atomisers or aerosols)

38.7.8 Sprays for mopping the floor

38.7.9 Glass cleaning sprays (atomisers or aerosols)

38.7.10 Degreasing sprays including oven cleaning sprays (atomisers or aerosols)
38.7.11 (Ethyl) alcohol
38.7.12 Soaps or foams or any other chemical product for disinfecting hands

38.7.13 Any other chemical disinfectant (for example, glutaraldehyde,

formaldehyde, chloramine-T, quaternary ammonium compounds)

NO YES
39 Have you ever been involved in an incident at home, work or elsewhere that exposed I:l I:l
you to high levels of vapours, gases, dusts or fumes?
IF 'NO' GO TO QUESTION 40, IF 'YES':
YEAR

39.1 When did this occur?

In case of more than one incident, please report on the most recent incident.

39.2. Could you please classify this incident TICK ONE BOX ONLY
A fire or an explosion 1
A leakage or spill 2 |
An inhalation related to mixing of cleaning products 3 |
Something else 4

39.3. Where did this happen? TICK ONE BOX ONLY
In your own home 1
In your workplace 2 |
Somewhere else indoors 3 ]
Outdoor 4

NO  YES
39. 4 Did you experience respiratory symptoms within 24 hours following this incident? |:| |:|

IF 'NO' GO TO QUESTION 40, IF 'YES':

NO  YES
39.4.1 Did you seek medical treatment for these symptoms? I:l I:l

40. How often do you usually exercise so much that you get out of breath or sweat ? TICK ONE BOX ONLY

every day 1
4-6 times a week 2
2-3 times a week 3
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once a week

once a month

less than once a month
never

41. How many hours a week do you usually exercise so much that you
get out of breath or sweat?

none

about % hr

about 1 hour

about 2-3 hours

about 4-6 hours

7 hours or more

42. Do you avoid taking vigorous exercise because of breathing problems?
43. When was your present home built?
44. How many years have you lived in your current home?

45. Which best describes the building in which you live?
a) a one family house detached from any other house?
b) a one family house attached to one or more houses?
c) a building for two families?
d) a building for three or four families?
e) a building for five or more families?
f) other:

N o v s

TICK ONE BOX ONLY

TICK ONE BOX ONLY
2

ooV~ W

NB THERE IS NO CODE 1 and NO CODE 7

NUMBER

46. How many rooms does your home have? (exclude kitchen, bathroom, toilet, laundry)

47. How many people live in your home?

48 Does your home have any of the following?
48.1 central heating
48.2 ducted air heating (forced air heating)
48.3 air conditioning

49. Which of the following appliances do you use for heating or for hot water?
49.1 open coal, coke or wood fire

49.2 open gas fire

49.3 electric heater

49.4 paraffin heater

49.5 gas-fired boiler(located inside the home)

49.6 oil-fired boiler

49.7 portable gas heater

49.8 gas fired boiler (located outside the home eg: balcony)
49.9 fully enclosed wood/coal burning stove

49.10 other:

50. What kind of stove do you mostly use for cooking?
a) coal, coke or wood (solid fuel)?

b) gas (gas from the mains)?

c) electric?
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d) paraffin (kerosene)? 4
e) microwave 5
f) gas (gas from bottles or other non-mains source) 6
g) other: 7
50.1 IF YOU USE GAS FOR COOKING Which of the following do you have? YES
50.1.1 gas hob ( the area on top for heating for example saucepans)
50.1 2.gas oven (the enclosed area used, for example, for baking or for roasting)
MINUTES
51. On average how long have you spent cooking with your cooker I:I:I:l

(hob or oven) each day over the last four weeks?

52. Over the last four weeks when you were cooking did you have a door or window to the
outside air open TICK ONE BOX ONLY

a) most of the time 1
b) some of the time 2
c) rarely (or only occasionally) 3
d) | do not have a door or window that opens to the outside in my kitchen 4
e) never 5

YES

53. Do you have an extractor fan over the cooker? I:l I:l I:I

IF 'NO' OR 'DON'T KNOW' GO TO QUESTION 54, IF 'YES":

53.1 When cooking, do you use the fan TICK ONE BOX ONLY

a) all of the time? 1

b) some of the time? 2

c) none of the time? 3

YES
53.2 Does the fan take the fumes outside the house? |:| |:| |:|

54. Has there been any water damage to the building or its contents, YES
for example, from broken pipes, leaks or floods? I:I l:l l:l
IF 'NO' OR 'DON'T KNOW' GO TO QUESTION 55, IF 'YES": NO YES DK

54.1 Has there been any water damage in the last 12 months?

55. Within the last 12 months have you had wet or damp spots on surfaces

inside your home other than in the basement (for example on walls, wall paper, YES
ceilings or carpets)? |:| l:l
56. Has there ever been any mould or mildew on any surface, other than YES DK

food, inside the home? I:l I:l |:|

IF ‘'NO’ OR ‘DON’T KNOW’ GO TO QUESTION 57, IF ‘YES’

56.1. Has there ever been any mould or mildew on any surface inside the home YES DK

in the last 12 months? I:l I:l I:l

IF 'NO' OR 'DON'T KNOW' GO TO QUESTION 57, IF 'YES":

56.1.1-6 Which rooms have been affected?

NO  YES
56.1.1 bathroom(s)
56.1.2 bedroom(s)
56.1.3 living area(s)
56.1.4 kitchen
56.1.5 basement or attic
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56.1.6 other:

57. Have you noticed the odour of mould or mildew (not from food) in your home at any time
in the last 12 months?

58. Does the room which you use most at home during the day
58.1 have fitted carpets covering the whole floor?
58.2 contain rugs?
58.3 have double glazing/triple glazing?
58.4 have visible wet or damp spots?
58.5 have an airbrick or open chimney?

59. On what floor is the room which you use most at home during the day?
(Basement = 00 ,Ground floor=1, First floor=2, Second floor=3 etc)
60. Does your bedroom

60.1 have fitted carpets covering the whole floor?

60.2 contain rugs?

60.3 have double glazing/triple glazing

60.4 have visible wet or damp spots

60.5 have an airbrick or open chimney

60.6 have radiators that are the main source of room heating
60.7 get condensation on the window especially in the winter

61. On what floor is the room in which you sleep?
(Basement = 00 ,Ground floor=1, First floor=2, Second floor=3 etc)

62 How old is the mattress you currently sleep on??

63. Do you sleep with the windows open at night during winter?
IF 'NO' GO TO QUESTION 64, IF 'YES'":
63.1 Do you sleep with the windows open
a) all of the time?
b) sometimes?
c) only occasionally?

64. Do you keep a cat?
IF 'NO' GO TO QUESTION 65, IF 'YES'
64.1 Is your cat (are your cats) allowed inside the house?
64.2 Is your cat (are your cats) allowed in the bedroom?

65. Do you keep a dog?
IF 'NO' GO TO QUESTION 66, IF 'YES':
65.1 Is your dog (are your dogs) allowed inside the house?
65.2 Is your dog (are your dogs) allowed in your bedroom?

66. Do you keep any birds?
IF 'NO' GO TO QUESTION 67, IF 'YES'":
66.1 Are any of these birds kept inside the house?

1]

NO YES

1]

NO  YES

TICK ONE BOX ONLY

1
2
3

67. In the last 12 months, how often have you done any of the cleaning in your own home? TICK ONE BOX ONLY

a) Never
b) On less than 1 day per week
c) On 1 to 3 days per week

Version 1.0 1% June 2011

1
2
3



ECRHS Ill MAIN QUESTIONNAIRE

d) On 4 to 7 days per week 4 I:l
IF 'NEVER' GO TO 68, IF 'EVER":

67.1 In the last 12 months, on how many days a week have you personally used the following
cleaning products in your own home? (SHOW CARD WITH FOLLOWING OPTIONS)
1. Never
2. <1 day/week
3. 1-3 days/week
4. 4-7 days/week
CODE

Enter code 1-4 for all boxes
67.1.1 Bleach (NOT bleach used for laundry)
67.1.2 Ammonia
67.1.3 Stain removers or other solvents

67.1.4 Acids (including decalcifiers, liquid scale removers, vinegar, hydrochloric acid, ...)

67.1.5 Floor polish or floor wax

67.1.6 Liquid or solid furniture polish or wax

67.1.7 Furniture sprays (atomisers or aerosols)
67.1.8 Sprays for mopping the floor

67.1.9 Glass cleaning sprays (atomisers or aerosols)

67.1.10 Degreasing sprays including oven cleaning sprays (atomisers or aerosols)

68. How often are the following used in your home? (SHOW CARD WITH FOLLOWING OPTIONS)
1. Never
2. <1day/week
3. 1-3 days/week
4. 4-7 days/week CODE
Enter code 1-4 for all boxes

68.1 Liquid or solid perfumes or scents
68.2 Plug-in or other electric air fresheners

68.3 Air refreshing sprays (atomisers or aerosols)

IF NEVER USE AIR FRESHENER SPRAYS GO TO QUESTION 69: IF USE AIR FRESHENER CODE
Enter code 1-4

68.4 How often do you use air freshening sprays(atomisers or aerosols)
yourself inside your home?

69. How often are the following used in your home? (SHOW CARD WITH FOLLOWING OPTIONS)
1. Never
2. Sporadically
3. Depending on the season
4. The whole year round CODE

Enter code 1-4 for all boxes

69.1 Insecticides or other pesticides in powder form

69.2 Plug-in or other electric insecticides/pesticides

69.3 Insecticides or other pesticides in spray form

IF NEVER USE SPRAY INSECTICIDES GO TO QUESTION 70:IF USE SPRAY INSECTICIDES CODE
Enter code 1-4
69. 4 How often do you use insecticides or other pesticides in spray form
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yourself inside your home?
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70.1 How often do cars pass your house?
a) more than 80 per hour
b) between 21 and 80 per hour
c) between 5 and 20 per hour
d) less than 5 per hour

70.2 How often do heavy vehicles (trucks/buses) pass your house?
a) more than 80 per hour
b) between 21 and 80 per hour
c) between 5 and 20 per hour
d) less than 5 per hour

71. How many days per week do you commute to work

IF ‘0’ GO TO QUESTION 72; IF ONE OR MORE DAYS

71.1 On average, how much time do you spend travelling to and from work each

day (total for both directions)?
71.2 What is your main method of commuting?

TICK ONE BOX ONLY

TICK ONE BOX ONLY

1

2
3
4

1

2
3
4

NUMBER

[ ]

MINUTES

TICK ONE BOX ONLY

a) Walking or cycling
b) In a private car

c) Bus

d) Train

e) Other

72. Have you ever had an illness or trouble caused by eating a particular
food or foods?
IF 'NO' GO TO QUESTION 73, IF 'YES':
72.1 Have you nearly always had the same illness or trouble after eating
this type of food?
IF 'NO' GO TO QUESTION 73, IF 'YES':
72.2 Was this food any of the following?

NO YES

72.2.1 Cow’s milk*

72.2.2 Hen’s eggs

72.2.3. Fish

72.2.4 Shrimp or Lobster

72.2.5 Peanut

72.2.6 Hazelnut

72.2.7 Walnut

72.2.8 Peach

72.2.9 Apple

72.2.10 Kiwi fruit

72.2.11 Bananas

72.2.12 Melon

72.2.13. Tomato

72.2.14 Celery

72.2.15 Carrot

72.2.16 Soybean

72.2.17 Lentils

72.2.18 Wheat**

Version 1.0 1 June 2011
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72.2.19 Buckwheat

72.2.20 Corn

72.2.21 Rice

72.2.22 Sesame seed

72.2.23 Mustard seed

72.2.24 Sunflower seed

72.2.25 Poppy seed

* _Including other cow’s milk products such as butter, cheese, yoghurt, creme fraiche, fromage frais....

** Including wheat products such as bread and breakfast cereals

72. 3 Have you had any problems eating any other food or foods?

IF 'NO' GO TO QUESTION 72.4, IF 'YES PLEASE LIST THESE FOODS:

YES

.

CODE
72.3.1Food 1

CODE
72.3.2 Food 2

CODE
72.3.3 Food 3

72.4 Please answer each of these questions for the three foods causing the main problems. Please identify the
food from the list of foods given (q72.2.1-25). If than three foods are given in the list provide information on foods
in 72.3.1-3. Please list in order of the most severe reaction

FOOD ONE

Version 1.0

72.4.1 Please confirm the name of this food

72.4.2-11 Did this iliness or trouble include

72.4.2 arash or itchy skin?

72.4.3 diarrhoea or vomiting?

72.4.4 runny or stuffy nose?

72.4.5 severe headaches?

72.4.6 breathlessness?

72.4.7 itching, tingling or swelling in the mouth, lips or throat?

72.4.8 difficulty swallowing?

72.4.9 fainting or dizziness?

72.4.10 symptoms so severe you had an emergency injection from a
doctor, or had to use an epipen

72.4.11 other

72.4.12 . How soon after eating this food did you get the first symptoms?

a) Less than half an hour

b) Half an hour to one hour
c) One hour to two hours
d) Two hours to four hours
e) More than four hours

72.4.13 How old were you when you first had this attack?

72.4.14 How old were you when you last had this attack?

1* June 2011
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72.4.15 How many times has this occurred during your life?

FOOD TWO

72.5.1 Please confirm the name of this food

72.5.2-11 Did this iliness or trouble include

72.5.2 a rash or itchy skin?

72.5.3 diarrhoea or vomiting?

72.5.4 runny or stuffy nose?

72.5.5 severe headaches?

72.5.6 breathlessness?

72.5.7 itching, tingling or swelling in the mouth, lips or throat?
72.5.8 difficulty swallowing?

72.5.9 fainting or dizziness?

72.5.10 symptoms so severe you had an emergency injection from a

doctor, or had to use an epipen
72.5.11 other

NUMBER

CODE

10

72.5.12 . How soon after eating this food did you get the first symptoms?  TICK ONE BOX ONLY

a) Less than half an hour

b) Half and hour to one hour
c) One hour to two hours

d) Two hours to four hours
e) More than four hours

72.5.13 How old were you when you first had this attack?

72.5.14 How old were you when you last had this attack?

72.5.15 How many times has this occurred during your life?

FOOD THREE

Version 1.0

72.6.1 Please confirm the name of this food

72.6.2-11 Did this iliness or trouble include

72.6.2 a rash or itchy skin?

72.6.3 diarrhoea or vomiting?

72.6.4 runny or stuffy nose?

72.6.5 severe headaches?

72.6.6 breathlessness?

72.6.7 itching, tingling or swelling in the mouth, lips or throat?

72.6.8 difficulty swallowing?

72.6.9 fainting or dizziness?

72.6.10 symptoms so severe you had an emergency injection from a
doctor, or had to use an epipen

72.6.11 other

72.6.12 . How soon after eating this food did you get the first symptoms?

a) Less than half an hour

1* June 2011

B WN

(%]

YEARS

YEARS

NUMBER

CODE

1]
TICK ONE BOX ONLY

v [



ECRHS Ill MAIN Q - MARCH VERSIONS

b) Half and hour to one hour
c) One hour to two hours

d) Two hours to four hours
e) More than four hours

72.6.13 How old were you when you first had this attack?

72.6.14 How old were you when you last had this attack?

72.6.15 How many times has this occurred during your life?

73. When you are near animals, such as cats, dogs or horses, do you ever

73.1 start to cough?

73.2 start to wheeze?

73.3 get a feeling of tightness in your chest?

73.4 start to feel short of breath?

73.5 get a runny or stuffy nose or start to sneeze?
73.6 get itchy or watering eyes?

IF NO TO ALL SYMPTOMS GO TO QUESTION 74;IF YES TO ONE OR MORE SYMPTOMS

73.7.1-4 Do you have such symptom/s when you are near
73.7.1 cat?
73.7.2 dog?
73.7.3 horse?
73.7.4 other?

74. When you are in a dusty part of the house, or near pillows or duvets do you ever

74.1 start to cough?

74.2 start to wheeze?

74.3 get a feeling of tightness in your chest?

74.4 start to feel short of breath?

74.5 get a runny or stuffy nose or start to sneeze?
74.6 get itchy or watering eyes?

75. When you are near trees, grass or flowers, or when there is a lot of pollen

about, do you ever
75.1 start to cough?
75.2 start to wheeze?
75.3 get a feeling of tightness in your chest?
75.4 start to feel short of breath?
75.5 get a runny or stuffy nose or start to sneeze?
75.6 get itchy or watering eyes?
IF 'YES' TO ANY OF THE ABOVE:
75.7.1-4 Which time of year does this happen?
75.7.1 winter
75.7.2 spring
75.7.3 summer
75.7.4 autumn

76. Have you ever smoked for as long as a year?

['YES' means at least 20 packs of cigarettes or 12 oz (360 grams) of tobacco
in a lifetime, or at least one cigarette per day or one cigar a week for one year]

IF 'NO' GO TO QUESTION 77, IF 'YES'":

Version 1.0 1 June 2011
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YEARS
76.1 How old were you when you started smoking?
YEARS
76.2 How old were you when you started smoking daily?
Never smoked daily please enter 88 NO YES
76.3 Do you now smoke, as of one month ago? |:| |:|
IF 'NO' GO TO QUESTION 76.4, IF 'YES":
76.3.1-4 How much do you now smoke on average? NUMBER
76.3.1 number of cigarettes per day
76.3.2 number of cigarillos per day
76.3.3 number of cigars a week
76.3.4 pipe tobacco in a) ounces / week
b) grams / week I
NO YES
76.4 Have you stopped or cut down smoking? I:l I:I
IF 'NO' GO TO QUESTION 76.5, IF 'YES': NO YES
76.4.1 Did you stop or cut down due to breathing problems? I:l I:l
YEARS
76.4.2 How old were you when you stopped or cut down smoking? l:l:l

76.4.3.1-4 On average of the entire time you smoked, before you
stopped or cut down, how much did you smoke? NUMBER
76.4.3.1 number of cigarettes per day
76.4.3.2 number of cigarillos per day
76.4.3.3 number of cigars a week
76.4.3.4 pipe tobacco in a) ounces / week
b) grams / week |

NO YES
76.5 Do you or did you inhale the smoke? I:I I:I
77. Have you been regularly exposed to tobacco smoke in the last 12 NO YES
months? ['Regularly' means on most days or nights] I:l I:l
IF 'NO' GO TO QUESTION 78, IF 'YES':
77.1. Not counting yourself, how many people in your household smoke NUMBER
regularly?
NO YES
77.2 Do people smoke regularly in the room where you work? I:l I:l
77.3 How many hours per day are you exposed to other people's HOURS
tobacco smoke?
77.4 How many hours per day, are you exposed to other peoples tobacco
smoke in the following locations? HOURS
at home
at workplace
in bars, restaurants, cinemas or similar social settings
elsewhere
78. Have you used any inhaled medicines to help your breathing at any time NO YES

in the last 12 months? |:| |:|

IF NO' GO TO QUESTION 79, IF 'YES':
Which of the following have you used in the last 12 months?
NO YES

78.1 short acting beta-2-agonist (only) inhalers I:l I:I

(Please include combinations that include beta 2 and steroids in section 78.6)
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78.1.1 If used, which one?
78.1.2 What type of inhaler do you use?

NUMBER

78.1.3. What is the dose per puff (in micrograms)?
78.1.4. In the last 3 months, how have you used them: TICK ONE BOX ONLY

a) when needed 1

b) in short courses 2

¢) continuously 3

d) not at all 4
If answer to 78.1.4 is when needed: NUMBER
78.1.5 Number of puffs per month :l:l
If answer to 78.1.4 is in short courses NUMBER

78.1.6 number of courses

78.1.7 number of puffs per day

78.1.8 average number of days per month
If answer to 78.1.4 is continuously NUMBER
78.1.9 number of puffs per day

NO  YES
78.2 long acting beta-2-agonist inhalers |:| |:|

(Please include combinations that include long acting beta 2 and steroids in section 78.6)
78.2.1 If used, which one?
78.2.2 What type of inhaler do you use?

1]

NUMBER

i

78.2.3. What is the dose per puff (in micrograms)?

78.2.4. In the last 3 months, how have you used them: TICK ONE BOX ONLY
a) when needed 1
b) in short courses 2
c) continuously 3
d) not at all 4
If answer to 78.2.4 is when needed: NUMBER
78.2.5 Number of puffs per month CI:I
If answer to 78.2.4 is continuously NUMBER

i

78.2.6 number of puffs per day

NO YES
78.3 short acting anti-muscarinic inhalers I:l I:l
78.3.1 If used, which one?
78.3.2 What type of inhaler do you use?
NUMBER

ﬁ

78.3.3. What is the dose per puff (in micrograms)?

78.3.4. In the last 3 months, how have you used them: TICK ONE BOX ONLY
a) when needed
b) in short courses
c) continuously
d) not at all

B WN P

If answer to 78.3.4 is when needed: NUMBER
78.3.5 Number of puffs per month

i
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If answer to 78.3.4 is continuously: NUMBER
78.3.6 Number of puffs per day

NO YES
78.4 long acting anti-muscarinic inhalers |:| |:|
78.4.1 If used, which one?
78.4.2 What type of inhaler do you use?
NUMBER
78.4.3. What is the dose per puff (in micrograms)?
78.4.4. In the last 3 months, how have you used them: TICK ONE BOX ONLY
a) when needed 1
b) in short courses 2
¢) continuously 3
d) not at all 4
If answer to 78.4.4 is when needed: NUMBER
78.4.5 Number of puffs per month
If answer to 78.4.4 is continuously: NUMBER
78.4.6 Number of puffs per day
NO YES
78.5 inhaled steroids (ONLY) I:l I:l
(Please include combinations that include beta 2 and steroids in section 78.6)
78.5.1 If used, which one? |
78.5.2 What type of inhaler do you use? L]
NUMBER
78.5.3. What is the dose per puff (in micrograms)?
78.5.4. In the last 3 months, how have you used them: TICK ONE BOX ONLY
a) when needed 1
b) in short courses 2
c) continuously 3
d) not at all 4
If answer to 78.5.4 is when needed: NUMBER
78.5.5 Number of puffs per month :I:l
If answer to 78.5.4 is in short courses NUMBER

78.5.6 number of courses
78.5.7 number of puffs per day
78.5.8 average number of days per month
If answer to 78.5.4 is continuously NUMBER
78.5..9 number of puffs per day

NUMBER

78.5.10 How many times over the last 3 months have you temporarily
increased this treatment because your symptoms became worse?

NO YES

78.6 inhaled steroids and beta2 agonists (combined therapy) I:l I:l
78.6.1 If used, which one? |
78.6.2 What type of inhaler do you use?
NUMBER
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78.6.3. What is the dose per puff (in micrograms)?

(Please insert the dose of the inhaled steroid)

78.6.4. In the last 3 months, how have you used them:

a) when needed
b) in short courses
c) continuously
d) not at all
If answer to 78.6.4 is when needed:
78.6.5 Number of puffs per month
If answer to 78.6.4 is in short courses
78.6.6 number of courses
78.6.7 number of puffs per day

78.6.8 average number of days per month

If answer to 78.6.4 is continuously
78.6.9 number of puffs per day

TICK ONE BOX ONLY

78.6.10 How many times over the last 3 months have you temporarily
increased this treatment because your symptoms became worse?

78.7 inhaled cromoglycate/nedocromil

78.7.1 If used, which one?

78.7.2. What is the dose per puff (in milligrams)?

78.7.3. In the last 3 months, how have you used them:

a) when needed
b) in short courses
c) continuously
d) not at all
If answer to 78.7.3 is continuously:
78.7.4 Number of puffs per day

78.8 inhaled compounds

78.8.1 If used, which one?

TICK ONE BOX ONLY

NO YES

78.8.2 What type of inhaler do you use?

NUMBER
78.8.3. What is the dose per puff (in micrograms)?
79. Have you used any pills, capsules, tablets or medicines, other than NO  YES
inhaled medicines, to help your breathing at any time in the last 12 months? I:l I:I

IF 'NO' GO TO QUESTION 80, IF 'YES":
Which of the following have you used in the last 12 months?

79.1 oral beta-2-agonists

79.1.1 If used, which one?

YES

0

79.1.2 what dose of tablet

79.1.3. In the last 3 months, how have you used them:

a) when needed

Version 1.0 1 June 2011
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b) in short courses 2
c) continuously 3
d) not at all 4

If answer to 79.1.3 is continuously: NUMBER
79.1.4 Number of tablets per day I:l:l
NO YES

79.2 oral methylxanthines I:l I:l

79.2.1 if used, which one?

79.2.2 what dose of tablet |

79.2.3. In the last 3 months, how have you used them: TICK ONE BOX ONLY
a) when needed 1

b) in short courses 2 ||

c) continuously 3 |

d) not at all 4 | |

If answer to 79.2.3 is continuously: NUMBER

79.2.4 Number of tablets per day

YES

NO
79.3 oral steroids |:| |:|

79.3.1 If used, which one?
79.3.2 what dose of tablet |

79.3.3. In the last 12 months, how have you used them: TICK ONE BOX ONLY

a) when needed 1

b) in short courses 2 ||

c) continuously 3 |

If answer to 79.3.3 is when needed: NUMBER
79.3.4 number of tablets per month

If answer to 79.3 3 is in short courses NUMBER

79.3.5 number of courses

79.3.6 tablets per day

79.3.7 average number of days per month
If answer to 79.3.3 is continuously NUMBER

79.3.8 tablets per day

NO YES
79.3.9. Have you used them in the last 3 months? I:l I:l

NO  YES

79.4 oral anti-leukotrienes |:| |:|

79.4.1 If used, which one?

79.4.2 what dose of tablet |

79.4.3. In the last 3 months, how have you used them: TICK ONE BOX ONLY
a) when needed 1|

b) in short courses 2 ||

c) continuously 3 ||

d) not at all 4 | |

If answer to 79.4.3 is continuously: NUMBER

79.4.4 Number of tablets per day
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NO YES
80. Have you ever used inhaled steroids (show list, including combined therapy)? I:l I:l
IF NO GO TO QUESTION 81;IF YES YEARS
80.1 How old were you when you first started to use inhaled steroids?
YEARS
80.2 How old were you when you last use inhaled steroids?
NO YES
80.3. Have you used inhaled steroids every year since the last survey? I:l I:l
IF ‘NO’ GO TO QUESTION 80.4: IF ‘YES’ MONTHS
80.3.1 On average how many months each year have you taken them?
NOW GO TO QUESTION 81
YEARS
80.4 How many of the years since the last survey have you taken inhaled steroids?
IF ‘'NONE’ ENTER 00 AND GO TO QUESTION 81;IF ‘YES’ MONTHS
80.4.1 On average how many months of each of these years have you taken
them? NO YES
81. Have you had a course of antibiotics in the last 12 months to help your breathing? I:l I:l
IF NO GO TO QUESTION 82;IF YES NUMBER
81.1 How many courses of antibiotics? I:I:l
NO  YES
82. Have you used antibiotics for nasal/sinus problems in the last 12 months? |:| |:|
NO YES
83. Have you ever had any vaccinations or injections for the treatment of allergy I:l I:I
or had a course of desensitisation?
IF NO GO TO QUESTION 84;IF YES CODE
83.4.1 What was this treatment?
NO  YES
83.4.2 Have you had this treatment in the last 12 months? I:l I:l
IF HAS HAD ANOTHER VACCINATION,INJECTION OF DESENSITISATION CODE
83.4.3 What was this treatment? I:I:l
NO  YES
83.4.4 Have you had this treatment in the last 12 months? I:l I:l
NO YES
84. Are you usually vaccinated against flu? |:| |:|
IF NO GO TO QUESTION 85;IF YES NO YES
84.1 Were you vaccinated against flu in the last winter period? I:I I:I
NO YES DK
85. Have you been vaccinated against pneumonia (Pneumovax) in the last 5 years? I:l I:l l:l
86. Have you used any other remedies to help your breathing at any time in NO  YES

the last 12 months? I:l I:l

IF 'NO' GO TO QUESTION 87 IF 'YES":
86.1. What remedies?

87. Has your doctor ever prescribed medicines, including inhalers, for your YES

NO
breathing? I:l |:|

IF 'NO' GO TO QUESTION 88, IF 'YES':
87.1 If you are prescribed medicines for your breathing, do you normally

take TICK ONE BOX ONLY
a) all of the medicine? 1
b) most of the medicine? 2
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c) some of the medicine? 3
d) none of the medicine? 4

87.2 When your breathing gets worse, and you are prescribed

medicines for your breathing, do you normally take TICK ONE BOX ONLY
a) all of the medicine? 1
b) most of the medicine? 2
c) some of the medicine? 3
d) none of the medicine? 4

87.3 Do you think it is bad for you to take medicines all the time to help YES

NO
your breathing? |:| |:|

87.4 Do you think you should take as much medicine as you need to get NO  YES
rid of all your breathing problems? I:l I:l

88. What medication, regardless of cause, have you taken regularly for more than 6 of the last 12 months? (DO NOT include
the respiratory medication given in previous questions)

IF NONE, PROCEED TO Q89, OR COMPLETE THE TABLE

Medication (name) A N N A A N N
88.1
88.2
88.3
88.5
88.6
88.7
88.8
88.9
88.10
A=letter N=digit (of seven alphanumeric ATC code)
89. How often do you take paracetamol? TICK ONE BOX ONLY
a) never 1| |
b) less than once a month 2 ||
c) more than once a month but not every week 3 |
d) at least once a week 4 | |
e) every day 5 ||
IF LESS THAN WEEKLY GO TO QUESTION 90; IF ‘WEEKLY’ OR ‘DAILY’
89.1 Please give the main reason that you take paracetamol? TICK ONE BOX ONLY
a) headache 1
b) backache or arthritis 2 ||
c) chest problems 3 |
d) menstrual pain 4 | |
e) other — please describe 5 ||
90. How often do you take pain killers other than paracetomol? TICK ONE BOX ONLY
a) never 1 |
b) less than once a month 2 ||
¢) more than once a month but not every week 3 |
d) at least once a week 4 | |
e) every day 5 ||
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IF LESS THAN WEEKLY GO TO QUESTION 91; IF ‘WEEKLY’ OR ‘DAILY’
90.1 Please give the main reason that you take these other painkillers?
a) headache
b) backache or arthritis
c) chest problems
d) menstrual pain
e) other — please describe

91. Do you have or have you ever had any of the following ilinesses. If yes, please indicate
diagnosed with the disease?

TICK ONE BOX ONLY
1

v b wWwN

the age you were first

NO YES YEARS
91.1.1 Stroke 91.1.2 Age diagnosed
91.2.1 Angina, heart attack, 91.2.2 Age diagnosed
coronary heart disease
91.3.1 Insulin dependent diabetes 91.3.2 Age diagnosed
91.4.1 Non-insulin dependent 91.4.2 Age diagnosed
diabetes
91.5.1 Cancer 91.5.2 Age diagnosed 91.5.3 Type of
cancer
91.6.1 Depression 91.6.2 Age diagnosed
Code for 91.5.3
91.7.1 Hypertension 91.7.2 Age diagnosed 1= breast
91.8.1 Osteoporosis 91.8.2 Age diagnosed 2= prostate
91.9.1 Crohns Disease 91.9.2 Age diagnosed 3=lung
91.10.1 | Migraine 91.10.2 | Age diagnosed 4= Gl tract
91.11.1 | Rheumatoid arthritis 91.11.2 | Age diagnosed 5= other
91.12.1 | Ankylosing spondylitis, 91.12.2 | Age diagnosed
psoariatic arthritis
91.13.1 | Gastro-oesophagel reflux 91.13.2 | Age diagnosed
hiatus hernia or oesophagitis
92 Do you have any long term limiting illness not mentioned above and not including NO YES
asthma, COPD, chronic bronchitis or emphysema?? l:l l:l
IF 'NO' GO TO QUESTION 93, IF 'YES':
CODE
92.1 Please name this condition
93. Since the last survey, have you visited a hospital casualty department NO YES
or emergency room (for any reason, apart from accidents and injuries)? I:l I:l
IF ‘NO’ GO TO QUESTION 94. IF ‘YES’: NO YES
93.1. Was this due at least once to breathing problems? I:l I:l
93.2 Have you visited a hospital casualty department or emergency room NO YES
(for any reason, apart from accidents and injuries) in the last 12 months?
IF ‘NO’ GO TO QUESTION 94, IF ‘YES’: TIMES
93.2.1 How many times in the last 12 months? El:l
TIMES
93.2.2 Among these ones, how many times because of breathing problems?
[Write ‘0’ if s/he had not visited the emergency room for breathing problems]
94. Since the last survey, have you spent a night in hospital NO YES
(for any reason, apart from accidents and injuries)? I:l I:I
IF ‘NO’ GO TO QUESTION 95, IF ‘YES’: NO YES
94.1 Was this due at least once to breathing problems? I:l I:l
94.2 Have you spent a night in hospital (for any reason, apart from NO YES
accidents and injuries) in the last 12 months? |:| |:|
IF ‘'NO’ GO TO QUESTION 95, IF ‘YES’: NIGHTS
94.2.1 How many nights in the last 12 months? I:I:l
NO YES

94.2.2 Was this due at least once to breathing problems?
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IF ‘NO’ GO TO QUESTION 95, IF ‘YES’:

94.3.1-5 In the last 12 months how many nights have you been hospitalized

in each of the following types of ward for breathing problems? NIGHTS
94.3.1 general

94.3.2 chest medicine
94.3.3 rehabilitation
94.3.4 intensive care unit

94.3.5 other
95. In the last 12 months have you been seen by a general practitioner NO YES
(for any reason, apart from accidents and injuries)? I:I I:I
IF ‘NO’ GO TO QUESTION 96, IF ‘YES’: TIMES
95.1 How many times in the last 12 months? I:I:l
TIMES
95.2 Of these, how many were for breathing problems?
[Write ‘0’ if not been seen by general practitioner in the last 12 months for breathing problems]
96. In the last 12 months have you seen a specialist (for any reason, apart from NO YES
accidents and injuries)? I:I I:I
IF ‘NO’ GO TO QUESTION 97, IF ‘YES’: TIMES
96.1 How many times in the last 12 months? I:l:l
96.2 How many times have you seen a specialist (chest physician,
allergy specialist, internal medicine specialist, ENT doctor) TIMES
because of breathing problems in the last 12 months?
[ write ‘0’ if not been seen by a specialist in the last 12 months for breathing problems]
97. Are you given regular appointments to be seen by a doctor (or nurse) NO YES
because of breathing problems? |:| |:|
98. In the last 12 months how many times have you visited the following
because of breathing problems? TIMES
98.1 nurse
98.2 physiotherapist
98.3 practitioner of ‘alternative’ medicine
99. In the last 12 months have you had any clinical or laboratory tests NO YES
because of health problems (apart from accidents and injuries)? |:| |:|
IF ‘'NO’ GO TO QUESTION 100, IF ‘YES’: NO YES
99.1 Was this due at least once to breathing problems? |:| |:|

IF ‘NO’ GO TO QUESTION 100, IF ‘YES’:

99.1.1-5 In the last 12 months how many times have you had the following tests
for breathing problems? TIMES
99.1.1 breathing test in a laboratory specially for lung function measures
99.1.2 skin test for allergy
99.1.3 blood test for allergy
99.1.4 x-rays
99.1.5 thorax CT

NO YES  HAVE NOT WORKED
100. In the last 12 months have you lost days of work because of health problems IN THE LAST 12 months
(apart from accidents and injuries)?
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IF NOT WORKED OR HAS NOT LOST DAYS OF WORK GO TO QUESTION 101; IF ‘YES’ DAYS
100.1 How many days in the last 12 months?
100.2 Among these ones, how many because of breathing problems?
[ Write ‘000’ if not lost any days due to breathing problems]

101. Since the last survey were you forced to give up working altogether because of health NO  YES
problems (apart from accidents and injuries)? I:l I:l
IF 'NO' GO TO QUESTION 102, IF 'YES': MONTH YEAR
101.1 When did this occur ? [ ] | L1
NO  YES
101.2 Were you forced to give working altogether because of breathing problems? I:l I:I
102. In the last 12 months have there been any days when you have had to give up activities
other than work (e.g. looking after children, the house, studying) because of health NO YES
problems (apart from accidents and injuries)? |:| |:|
IF ‘'NO’ GO TO QUESTION 103, IF ‘YES’: DAYS
102.1 How many days on average each month? ::l
DAYS
102.2 Among these ones, how many because of breathing problems? I:I:l
[Write ‘0’ if s/he has not had any days of activity lost due to breathing problems]
103. Interview type TICK ONE BOX ONLY
1 face to face interview at clinic
2 telephone
3 face to face at home
4 other
104. Date of birth check. What is the date of birth of this participant? DAY MONTH YEAR

L LT

105. Which of the following best describes you?
TICK ONE BOX ONLY

1Single

2 Married/cohabiting

3 Separated/Divorced

4 Widowed

5 Other or do not wish to answer
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