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A B S T R A C T   

Background: Microbial exposures in early childhood direct the development of the immune system and their 
diversity may influence the risk of allergy development. We aimed to determine whether the indoor microbial 
diversity at early-life is associated with the development of allergic rhinitis and inhalant atopy. 
Methods: The study population included children within two birth cohorts: Finnish rural-suburban LUKAS (N =
312), and German urban LISA from Munich and Leipzig study centers (N = 248). The indoor microbiota diversity 
(Chao1 richness and Shannon entropy) was characterized from floor dust samples collected at the child age of 
2–3 months by Illumina MiSeq sequencing of bacterial and fungal DNA amplicons. Allergic rhinitis and inhalant 
atopy were determined at the age of 10 years and analyzed using logistic regression models. 
Results: High bacterial richness (aOR 0.19, 95%CI 0.09–0.42 for middle and aOR 0.12, 95%CI 0.05–0.29 for 
highest vs. lowest tertile) and Shannon entropy were associated with lower risk of allergic rhinitis in LISA, and 
similar trend was seen in LUKAS. We observed some significant associations between bacterial and fungal di-
versity measured and the risk of inhalant atopy, but the associations were inconsistent between the two cohorts. 
High bacterial diversity tended to be associated with increased risk of inhalant atopy in rural areas, but lower risk 
in more urban areas. Fungal diversity tended to be associated with increased risk of inhalant atopy only in LISA. 
Conclusions: Our study suggests that a higher bacterial diversity may reduce the risk of allergic rhinitis later in 
childhood. The environment-dependent heterogeneity in the associations with inhalant atopy – visible here as 
inconsistent results between two differing cohorts - suggests that specific constituents of the diversity may be 
relevant.   
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1. Introduction 

The prevalence of allergic rhinitis in the population varies by 
geographic location from 10% to 40%, thus being the most common 
allergic respiratory disease (Wise et al., 2018). It can negatively affect 
sleep, tolerance of physical exercise, productivity or cognitive perfor-
mance (Wise et al., 2018), and increase risk of sinusitis (Huang 2000). In 
addition, both allergic rhinitis and inhalant atopy during childhood can 
predispose to asthma later in life (Rochat et al., 2010; Wang et al., 2009). 
Thus, it is important to identify key determinants affecting the devel-
opment of allergic rhinitis and atopy. 

Years of epidemiological research have established inverse associa-
tions between growing up in farming environment and the risk of 
asthma, hay fever and atopy, in which contact with farm animals and 
consumption of raw milk have been especially linked with protection 
against asthma and allergy (von Mutius and Vercelli 2010). Previously 
microbial diversity (Ege et al., 2011), and more recently, farm-like in-
door microbiota (Kirjavainen et al., 2019) has been shown to offer 
protection from asthma, but not from atopy, and the latter, irre-
spectively of living in farming or other environments. In a large multi-
center RHINE III study, growing up on farm and urban-rural gradient 
were inversely associated with allergic rhinitis in adulthood, which was 
suggested to be related to microbial diversity in early childhood 
(Christensen et al., 2016). 

Most of the studies utilizing high throughput sequencing (HTS) ap-
proaches have explored the link between indoor microbial exposure and 
asthma (Birzele et al., 2017; Dannemiller et al., 2014; Dannemiller et al., 
2016; Karvonen et al., 2019; O’Connor et al., 2018; Stein et al., 2016) 
and atopy (Kirjavainen et al., 2019; Lynch et al., 2014; Tischer et al., 
2016). In a study by Tischer et al. (2016) using data from the urban LISA 
Munich sub-cohort and pre-HTS DNA-profiling methods, high fungal 
Simpson diversity index in early childhood was inversely associated 
with inhalant atopy at 6 years of age, but this effect attenuated towards 
the age of 10 years. In a birth cohort study with high-risk urban children 
in the US, bacterial richness was associated with atopy at the age of 3 
years (Lynch et al., 2014), but no such association was found at the age 
of 7 years (O’Connor et al., 2018). In a cross-sectional study using DNA 
fingerprinting method, bacterial diversity in mattress dust was inversely 
associated with inhalant atopy in children aged 6–12 years (Valkonen 
et al., 2015). 

There are no earlier studies utilizing HTS methods that have inves-
tigated allergic rhinitis as an outcome. A cross-sectional school study 
from Europe found that total viable molds and fungal quantitative po-
lymerase chain reaction (qPCR) increased the risk of rhinitis past 12 
months (Simoni et al., 2011). In contrast, one sub-urban study among 
adults with 5 years follow-up found an inverse association between di-
versity (the number of detected 19 qPCRs) and rhinitis only among 
random sample of 196 observations, however, no associations were 
found within atopic or non-atopic subgroups (Juel Holst et al., 2020). 

In this study we aimed to gain understanding on the relationship 

between early-life microbial diversity in house dust and the develop-
ment of allergic rhinitis and inhalant atopy later in childhood. In order 
to define the homogeneity of the associations in different environments 
and populations, we conducted analyses in a Finnish rural-suburban 
(LUKAS) and a German urban (LISA) birth cohort studies. We used 16 
S and ITS amplicon sequencing for a thorough characterization of the 
bacterial and fungal diversity in house dust collected at early life. 

2. Materials and methods 

Study population and design. LUKAS, a Finnish, rural-suburban 
birth cohort consists of children born in Middle and Eastern Finland: 
the first half of the study population (children were born between 
September 2002 and May 2004, N = 214) is part of a European birth 
cohort (PASTURE) among farmers with cattle and non-farmers (von 
Mutius et al., 2006), while the second half of the cohort is an extension 
to LUKAS study with unselected children born between May 2004 and 
May 2005 (LUKAS2, N = 228) (Karvonen et al., 2009). Dust samples 
were collected from living room floors/rugs at the age of 2 months. 
Questionnaires on socioeconomic factors were collected from parents 
during pregnancy, and on environmental exposures and health ages 2, 
12, and 18 months, annually between ages 2–6 years, and at the age of 
10.5 years. The study protocol was approved by the Research Ethics 
Committee of the Hospital District of Northern Savo, Kuopio, Finland 
(Karvonen et al., 2009). A written informed consent was obtained from 
the parents. 

LISA is a German birth cohort comprising term-born, healthy chil-
dren with normal birthweight. Pregnant women, whose children were 
born between 1997 and 1999 in Munich, Leipzig, Wesel and Bad Hon-
nef, were recruited (n = 3094) (Heinrich et al., 2002). House dust 
samples from child’s bedroom floor (see details below) were collected in 
Leipzig and Munich populations (n = 2443). Questionnaires on envi-
ronmental exposures, health and socioeconomic factors were collected 
from parents at child’s birth and ages 6, 12, 18, 24 months, 4, 6, 10 and 
15 years. The present study population was selected based on a 
case-cohort design originally for asthma or ADHD analyses, with at least 
3 out of 4 follow-ups between ages 4 and 15 years, and dust samples 
collected during early life; detailed information on this case-cohort 
design is provided elsewhere (Casas et al., 2019). For the present anal-
ysis, participants with available information on sequencing data and 
10-year outcomes were included. A description of the selection of the 
present study populations are provided in the Supplemental Material 
(Supplemental figure S1). All study protocols were approved by the local 
ethics committees (Department of Medicine (LMU), Medical Faculty of 
the University of Leipzig, Bavarian Board of Physicians and Board of 
Physicians of Saxony, respectively). 

Inhalant atopy. Venous blood samples were collected from 270 
children at the age of 10.5 years (mean age 10.46 years, SD 0.31) in 
LUKAS and from 181 children at the age of 10 years in LISA (mean age 
10.20, SD 0.21). In LUKAS, samples were analyzed for allergen-specific 
immunoglobulin E (sIgE) against 13 inhalant allergens (Mediwiss Ana-
lytic, Moers, Germany): two house dust mites (Dermatophagoides pter-
onyssinus and D. farinae), 7 pollens (alder, birch, European hazel, grass 
pollen mixture, rye, mugwort and plantain), cat, horse and dog dander, 
and the mold Alternaria alternata. In LISA, specific serum IgE concen-
trations were assayed by the CAP-RAST FEIA system (Pharmacia Di-
agnostics, Freiburg Mediwiss Analytic, Moers, Germany) according to 
the manufacturer’s instructions. First, a screening test (SX1) was used to 
test inhalant allergic sensitization and then, if positive, specific allergens 
against 8 inhalant allergens were analyzed: house dust mite 
(D. pteronyssinus), four pollens (timothy grass, birch, rye, and mugwort), 
cat and dog dander, and the mold Cladosporium herbarum. Inhalant atopy 
was defined as sensitization against at least one of the 13 or 8 tested 
specific inhalant allergens (≥0.70 kU/l) in LUKAS or in LISA, 
respectively. 

Allergic rhinitis. The definition of allergic rhinitis was based on 
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sensitization to at least one specific inhalant allergen (≥3.50 kU/L) and 
parent reported rhinoconjunctivitis, which was based on positive an-
swers to both of the following two The International Study of Asthma 
and Allergies in Childhood (ISAAC, 1998) questions in the 10-year 
questionnaires: “During the last 12 months, has your child had attacks 
of sneezing or runny, blocked or itchy nose without having a cold?” and 
“Has your child ever had itchy or runny eyes along with these nose 
symptoms?“. Higher threshold for inhalant atopy (≥3.50 kU/L) was 
selected for the definition of allergic rhinitis in order to increase speci-
ficity, to exclude subjects for example with vasomotor rhinitis. 

Dust samples. In LUKAS study, dust samples were collected from 422 
homes when the children were 2 months of age. The dust sample was 
vacuumed from living room floor using a nylon dust sampling sock 
(Karvonen et al., 2014). Sample processing and DNA extraction were 
done from 401 samples which had enough dust left (≥10 mg), and these 
processed have been previously described in detail (Karvonen et al., 
2019; Kirjavainen et al., 2019). 

In LISA, the microbial exposure was evaluated from child’s bedroom 
floor (N = 284) and living room floor (N = 142) dust samples collected 
at the age of 3 months. Samples were collected on ALK filters with a 
vacuum cleaner. Sampling and processing of house dust samples in the 
LISA cohort as well as DNA extraction has been described in detail 
earlier (Casas et al., 2019). In brief, the floor dust samples were collected 
at the child’s age of 3 months from the child’s bedroom, and part of the 
houses also form living rooms, onto ALK filters with a vacuum cleaner, 
stored at − 20 ◦C and shipped to the analyzing laboratory at Finnish 
Institute for Health and Welfare, Kuopio, on dry ice in 2016. After the 
dust samples were homogenized through a sterile strainer to remove 
larger particles (same procedure as in LUKAS cohort samples) and ali-
quoted, DNA was extracted from a target amount of 20 mg of dust, using 
bead-milling technique on MiniBeadbeater-16 (Biospec Products, Inc. 
USA) for mechanical cell disruption (Haugland et al., 2002), and 
Chemagic DNA Plant-Kit (PerkinElmer chemagen Technologie GmbG, 
Germany) for cleaning the extracted DNA. The DNA was stored at − 20 
◦C and shipped on dry ice to the sequencing service provider. Due to 
lower number of samples from living room, bedroom floor samples were 
used for health analyses. 

Amplicon sequencing. Targeted DNA amplification using primers 
targeting the V4 region of the bacterial 16 S rRNA gene (Caporaso et al., 
2011) and the fungal ITS1 region (Smith and Peay 2014) and amplicon 
sequencing on Illumina MiSeq® v3 platform producing 300bp paired 
end reads was performed, and processing were performed as previously 
described (Casas et al., 2019; Jayaprakash et al., 2017). 

Bioinformatic analyses. Sequence processing was performed sepa-
rately for both birth cohorts with similar fashion. In brief, sequence 
processing largely relied on QIIME (Quantitative Insights Into Microbial 
Ecology) (Caporaso et al., 2011). Negative reagent controls were 
included in DNA extraction, PCR, sequencing and sequence processing 
to identify contaminants and to inform sequence number threshold for 
inclusion of samples and rarefaction in diversity calculations. In LUKAS, 
samples with less than 2150 sequences for bacteria (n = 7) and 2700 
sequences for fungi (n = 19) were excluded from the analysis; in LISA, 
the respective values were 1026 (n = 5) and 996 (n = 9) for bacteria and 
fungi. The same values were used as rarefaction values for calculation of 
alpha diversity measures in QIIME, and presented as a mean of ten it-
erations. The bacterial and fungal richness in the samples was estimated 
using the Chao1 richness estimate predicting the number of different 
OTUs detectable in a sample. Shannon diversity index was calculated as 
an estimate of ‘true’ taxa diversity taking into account both richness and 
evenness of individual OTU’s (homogeneity of abundance) in a sample. 

Statistical analyses. All analyses were conducted separately for both 
birth cohorts. Differences in the diversity indices in relation to outcomes 
were tested with Mann-Whitney U test and weighted Mann-Whitney U 
test in LUKAS and LISA, respectively. Comparisons of prevalence of 
outcomes, microbial diversity indices and differences of living envi-
ronments were tested with Chi square, Spearman’s rank correlation, 

Kruskal-Wallis, and post hoc Scheffe test. Adjusted associations between 
each microbial diversity index and the outcomes were tested with lo-
gistic regression models in LUKAS and weighted logistic regression in 
LISA using cohort-specific tertiles as cut offs. Based on the original case- 
cohort study design in LISA, observations in the random sample were 
weighted with 1/(250/1353) and observations in the asthma and 
ADHD-enriched samples were not weighted. Due to probability differ-
ence between selection process, the observations from the random 
sample were weighted with 5.412 (multiplied by 5.412) and the ob-
servations that belonged to the enrichment groups were weighted with 1 
(i.e. no weighting was performed) in Mann-Whitney U statistic test and 
weighted logistic regression analyses. Results remained unchanged 
when the models were rerun without farm home samples (n = 2) or 
when three participants, who had received immunotherapy for allergic 
rhinitis but were categorized as no allergic rhinitis, were excluded from 
the analyses of allergic rhinitis in LISA. In LISA, diversity indices be-
tween samples, which were taken from bedroom and living room floors 
(N = 120 with both samples), were compared using paired T-test and 
Spearman rank correlation. 

Models were adjusted for a set of a priori selected confounders, 
which included gender, parental atopy (either mother or father report-
ing asthma, eczema or hay fever, if at least one of the parents were 
answered the question) and number of older siblings in both cohorts; 
maternal education, living on a farm and cohort in LUKAS; and parental 
education (the highest level of either parent) and study center (Munich, 
Leipzig) in LISA. Additional confounders (birth weight, mode of de-
livery, season of dust sampling, environmental tobacco smoke exposure, 
dog or cat ownership, duration of breastfeeding, day care attendance 
under in age 1 years or less, maternal age at delivery, building structure 
of the house, and mold or moisture damage in the home) were tested in 
the model with bacterial richness and allergic rhinitis separately in both 
cohorts: confounders, which changed the estimates more than 10% were 
included in the final adjusted models. Thus, the final models included all 
a priori selected confounders and the following additional confounders: 
season of dust sampling in both cohorts; the number of different pet 
species indoors in LUKAS; and age of the mother during delivery in LISA. 

Three level living environment variable was created using informa-
tion on inclusion criteria (farm/non-farm, but rural) in the LUKAS1; and 
with a question inquired from the pregnant mother in LUKAS2: “Do you 
live in a 1) center of a town, 2) suburban area, 3) built-up area in the 
country side (village or village community), or 4) rural areas in the 
country side?” In LUKAS2, positive answers to options 1 or 2 were 
recoded as living in suburban areas, and positive answer to options 3 or 
4 as rural areas. Due to relatively low number of observations and cases 
in the stratified analyses of three living environments in LUKAS (espe-
cially with allergic rhinitis: amongst the 96 children living on farms and 
56 children from suburban areas in LUKAS, only 9 and 7 children had 
allergic rhinitis, respectively), no multivariate logistic regression models 
were performed, and the inhalant atopy models were performed without 
adjusting for the number of different pet species. 

The study populations in the bacterial and fungal sequencing ana-
lyses were 395 and 382 in LUKAS, and 284 and 260 in LISA, respec-
tively, and in the analyses with bacterial and/or fungal sequencing data, 
allergic rhinitis and/or inhalant atopy, and the confounders, were 312 in 
LUKAS and 248 in LISA. Out of 312 children, 88% at the age of 2 years, 
and 74% at the age of 6 years, lived in the same house as from where the 
dust sample was collected at the age of 2 months (mean age 2.2 months, 
SD 0.8) in LUKAS. The respective figures in LISA were 80% and 57%, but 
this information was only available from families participating through 
the Munich study center (N = 147). The mean age for dust sampling was 
3.2 months (SD 0.6) in LISA. The data were analyzed using SAS 9.3 SAS 
for Windows (Institute Inc., Cary, NC, USA) and R version 3.6.0 (R: A 
language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria, https://www.R-project.org/). 
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3. Results 

The prevalence of allergic rhinitis and atopy were 11.5% and 46% in 
LUKAS and 10% and 42% in LISA, respectively (Table 1). 

The most prevalent sensitization against specific inhalant allergens 
varied between cohorts, and the biggest difference between cohorts was 
found with sensitization against Dermatophagoides pteronyssinus (3% in 
LUKAS and 25% in LISA) (Supplement Table S1). Among LUKAS pop-
ulation, 31% of the children lived in farm houses, whereas LISA homes 
were mainly located in urban environment (Table 1). The number of 
older siblings was higher in LUKAS than in LISA. The prevalence of 
allergic rhinitis and inhalant atopy were lower in LUKAS children who 
lived in farms compared to rural and suburban areas, but the differences 
were not statistically significant. Description of the levels of bacterial 
and fungal diversity metrics in both cohorts are presented in Supple-
mental Table S2. 

3.1. Comparison between living environments in LUKAS 

Bacterial richness and Shannon entropy and fungal richness were 
significantly different in farm, rural and suburban houses (Kruskal- 
Wallis test, p <0.001): the highest levels were measured in farm homes, 
then rural homes and the lowest in suburban homes (Supplemental 
figure S2). In the post hoc tests, the levels of these diversity indices in 
house dust were significantly higher in farm houses than in rural or 

suburban homes, and only fungal richness was significantly higher in 
rural (non-farm) homes than in suburban homes (Scheffe post hoc test, 
p-value <0.05). Fungal Shannon entropy did not differ between three 
different groups of living environment (Kruskal-Wallis test, p = 0.41). 

3.2. Sampling locations within the home in LISA 

In a subgroup of homes in LISA, dust samples were taken from both 
bedroom and living room floors (N = 120). Bacterial but not fungal 
diversity was significantly lower in bedroom than living room samples 
(Supplemental Table S3). Accordingly, the correlation between the di-
versity measures between bedroom and living room were lower for the 
bacterial (r= 0.39 and 0.36) than fungal richness and Shannon entropy 
(r = 0.55 and 0.58, respectively). 

3.3. Bacterial diversity in house dust versus allergy outcomes 

In unadjusted (Fig. 1 and Supplement Table S4) and adjusted 
(Table 2) analyses, the measures of bacterial richness and Shannon en-
tropy in the early-life house dust were significantly lower in the homes 
of children with allergic rhinitis than in the homes of children without 
allergic rhinitis at 10 years of age in LISA. No significant differences 
were found in LUKAS, though the associations had the same direction as 
in LISA. Due to low number of children with allergic rhinitis in farms and 
suburban areas, only unadjusted stratified analyses were performed: no 
significant differences were found between levels of bacterial diversity 
in the homes of children with allergic rhinitis than in the homes of 
children without allergic rhinitis in three living areas (Supplemental 
figure S3). 

Few consistent associations were seen with atopy. Bacterial richness 
in house dust tended to be inversely associated with inhalant atopy in 
LISA, but not in LUKAS, and the middle tertile of Shannon entropy was 
positively associated in LUKAS, but not in LISA (Table 2). In stratified 
analyses in LUKAS, the associations between bacterial Shannon entropy 
in dust samples and inhalant atopy in children were different depending 
on whether they had grown up on farms, rural (non-farm) or suburban 
areas (p-value for interaction term, p = 0.11, Table 3). Bacterial Shannon 
entropy was positively associated with the risk of inhalant atopy in rural 
children and similar tendency was seen among farm children while in 
suburban children the association was inverse (Table 3). Similar sug-
gestion was found with bacterial richness. 

3.4. Fungal diversity and allergy outcomes 

The fungal richness and Shannon entropy were neither associated 
with allergic rhinitis nor with inhalant atopy in either cohort in unad-
justed analyses (Supplement Table S4). After adjustments, no dose- 
dependent associations were found with allergic rhinitis in both co-
horts, however, the middle tertiles of fungal richness and Shannon en-
tropy were positively associated with inhalant atopy only in LISA 
(Table 2). In stratified analyses in LUKAS, the associations between 
fungal Shannon entropy and inhalant atopy in children tended to be 
different depending on the living environment (p-value for interaction 
term, p = 0.12, Table 3). Fungal Shannon entropy tended to be positively 
associated with the risk of inhalant atopy in suburban children, but had 
an opposite tendency with farm or rural children (Table 3). 

3.5. Sensitivity analyses 

Compared to results with bacterial and fungal richness and Shannon 
entropy with allergic rhinitis, the results were very similar when rhi-
noconjunctivitis was analyzed (without inhalant atopy restriction) in 
LUKAS and LISA (Supplemental Table S5). Only associations between 
fungal Shannon entropy and rhinoconjunctivitis were different in three 
environments in LUKAS (interaction term, p-value 0.001): protective in 
farms and suburban areas, but were a risk factor for children in rural 

Table 1 
Description of the two study populations.   

LUKAS 
(N = 312)  

LISA 
(N = 248)  

n % n % 

Inhalant atopy Yes 123 45.6  76 42.0 
Allergic rhinitis Yes 36 11.5  25 10.2 
Gender Girls 156 50.0  113 45.6 
Parental history of allergic 

diseases 
Yes 230 73.7  144 58.1 

Number of older siblings None 101 32.4  142 57.3  
One 109 34.9  83 33.5  
≥2 102 32.7  23 9.3 

Season of dust sampling Winter 84 26.9  65 26.2  
Spring 92 29.5  63 25.4  
Summer 80 25.6  54 21.8  
Autumn 56 18.0  66 26.6 

Cohort (LUKAS)/Center 
(LISA) 

LUKAS2/ 
Munich 

153 49.0  162 65.3 

Living on a farm Yes 96 30.8  2 0.9 
Number of pet species indoors None 123 39.4  173 70.0  

One 124 39.7  53 21.5  
≥2 65 20.8  21 8.5 

Maternal age during delivery 
(years) 

<29.5 12 38.5  78 21.5  

29.5–33.5 92 29.5  93 37.5  
>33.5 100 32.0  77 31.1 

Education level  65 20.8  178 71.8 

Footnote: Data from bacterial and fungal sequencing missing n = 1 and n = 11 
in LUKAS and n = 4 and n = 7 in LISA, respectively. Inhalant atopy at 10 years 
was defined as any tested 13 or 8 inhalant allergen ≥0.70 kU/L in LUKAS and 
LISA, respectively. The number of missing information with inhalant atopy was 
42 in LUKAS and 67 in LISA. Allergic rhinitis was based on parent reported 
rhinitis symptoms and positive result in inhalant atopy (≥3.50 kU/L). The 
information on allergic rhinitis was missing in 2 observations in LISA. Parental 
history of allergic diseases was defined as either parent reported of asthma, 
allergic rhinitis and/or atopic eczema. Cohort is referring to LUKAS and center 
to LISA. Living on a farm was enquired at birth in LUKAS and at the age of 4 
years in LISA (missing information on 14 observations in LISA). The infor-
mation on the number of pet species is missing from one observation in LISA. 
Education level: maternal academic education in LUKAS and high parental 
education level in LISA. 
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areas (data not shown). When different cut-offs were used in the 
inhalant atopy (i.e. ≥0.35 or ≥3.50kU/L) analyses, the results with 
bacterial diversity results were more robust (i.e. showing same direction 
in the associations) than fungal diversity results (data not shown). In 
LISA, the results did not change when analyses were rerun only in 
random sample (i.e. without weighting, data not shown). 

When excluding children who moved to a new home before the age 
of 2 years from the analyses, the estimates and p-values were closely 
similar compared to the original models of bacterial and fungal diversity 
and both outcomes in LUKAS and LISA (data not shown). Neither did 
moving prior to the age of 6 years have influence on the results in 
LUKAS. Unfortunately we cannot perform similar sensitivity analyses 
among Munich participants because almost half of them moved prior to 
the age of 6 years making the subgroup of non-movers too small for 
statistical analyses, however, no differences were found in the levels of 
bacterial and fungal diversities between non-movers and movers before 
the age of 6 years in the LISA (weighted Mann Whitney U test, p-values 
>0.1) (data not shown). 

4. Discussion 

In the present study we showed in two separate study populations 
that high bacterial diversity in early-life home was associated with 
protection from allergic rhinitis later in life. The effect was significant 

only in the urban LISA cohort in Germany, although similar suggestion 
was observed also in the rural-suburban LUKAS cohort in Finland. No 
significant associations were found between fungal diversity and allergic 
rhinitis. Few consistent associations were seen with inhalant atopy. 
Bacterial diversity was associated with increased odds of inhalant atopy 
only in rural areas in LUKAS, whereas it tended to be opposite in sub-
urban or urban areas in both cohorts. Fungal diversity, on the other 
hand, tended to be associated with increased risk of inhalant atopy only 
in LISA. 

This is, to our knowledge, the first prospective study to investigate 
the associations of allergic rhinitis and both fungal and bacterial expo-
sure using high-throughput sequencing for an accurate determination of 
the indoor microbiota. Sampling was performed at early childhood, i.e. 
during the crucial developmental phase of the immune system. Children 
growing up in farm environments are exposed to high bacterial richness 
(Kirjavainen et al., 2019) and it has been consistently shown that 
allergic rhinitis is less common among children who grow up on farms 
(von Mutius and Vercelli 2010), although the role and importance of 
microbial exposure in this association is not established. Our study is the 
first prospective study to provide evidence for an association between 
allergic rhinitis and bacterial exposure. Earlier studies have shown in-
verse associations between high exposure to microbial cell wall markers, 
such as endotoxin (Braun-Fahrländer et al., 2002; Celedón et al., 2007) 
and allergic rhinitis in both rural and urban environments in 
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Fig. 1. Comparisons between the levels of bacterial richness (Chao1) and Shannon entropy in dust samples collected from homes of children with or without allergic 
rhinitis at the age of 10 years in LUKAS (grey boxes) and LISA (white boxes) cohorts. 
The boxplots present 5th percentile, first quartile, median, third quartile, and 95th percentile. An asterisk shows statistically significant difference (p = 0.001 for 
richness and 0.009 for Shannon entropy) from weighted Man-Whitney U –test. Allergic rhinitis LUKAS, bacteria: n/N = 35/311 and fungi 35/301 and respectively in 
LISA 24/242 and 22/23. Associations with microbial richness/diversity were analyzed within each cohort and visualized separately because the absolute richness 
and diversity values are not fully comparable between cohorts due to separate sample analysis and sequence processing steps. 
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cross-sectional and prospective studies. However, in some 
cross-sectional urban/rural studies such associations have not been seen 
at all or they have been only suggestive (Gehring et al., 2002, 2008; 
Marinho et al., 2007; Moniruzzaman et al., 2012). Thus, our findings on 
the importance of bacterial diversity support earlier observations that 
high environmental bacterial exposure at early age may be essential for 
stimulating immune development. Our findings also indicate that the 
protective effect of high bacterial diversity on the development of 
allergic rhinitis can be achieved not only on farms but also in urban 
environments. 

We observed that the protective effect of bacterial diversity against 
development of allergic rhinitis was more pronounced in the German 
urban study compared to Finnish rural-suburban cohort. The results 
were unchanged when only random sample was used in the analyses in 
German cohort and thus, the observed associations were not result of the 
weighting in the models. Unfortunately, the numbers of children with 
allergic rhinitis were too low to perform stratified multivariable ana-
lyses in suburban and farm environments in the Finnish cohort, and we 
may have also been underpowered to show any difference in the un-
adjusted analyses either. Another explanation could be that children 
growing up on farms with cattle may be misclassified by exposure more 
than children who grow up on suburban or urban areas, because their 
true exposure – considering short term visits in or in vicinity of stables 
for example - can be 5- to 7-fold higher than measured in house dust, as 
previously reported by Schram et al. (2005). Therefore, an effect of 
early-life home microbiota on allergic disease development may be more 
difficult to observe in this sub-population, as has been hypothesized also 
in earlier studies (Valkonen et al., 2015). 

Present study did not find association between fungal diversity and 
allergic rhinitis, which has not been studied earlier in children. Due to 
currently limited and inconsistent results with fungal exposure from the 
present study with two cohorts, further prospective studies are needed to 
discover the role of fungal diversity in the development of allergic 
rhinitis. 

Few consistent associations were seen with inhalant atopy between 
cohorts. Bacterial diversity was associated with increased risk of 
inhalant atopy only in rural areas in LUKAS, whereas it tended to be 
opposite in suburban or urban areas. This is in accordance with some 
previous reports where bacterial richness has been inversely associated 
with atopy in urban children at 3 years of age (Lynch et al., 2014), but 
not in farm children at school age (Ege et al., 2011). In a study based on 
DNA fingerprinting, bacterial Shannon diversity in mattress dust was 
inversely associated with inhalant atopy in children aged 6–12 years, 
and the protective effect was stronger in non-farm children although 
visible in the whole study population (Valkonen et al., 2015). Even if 
methods for determination of bacterial richness from house dust varied 
between studies, bacterial richness seems to have stronger protective 
effect on atopy in urban areas than in farms where the overall microbial 
exposure is much higher than in urban environments. 

In our study, high fungal diversity in house dust tended to predispose 
for developing inhalant atopy in the urban cohort LISA. In the same 
cohort an inverse association has been reported between fungal Simpson 
diversity in early childhood and inhalant atopy at the age of 6 but not 10 
years of age (Tischer et al., 2016). However, the study population was 
smaller than in the present study, including only Munich study center. 
Also, the association between fungal diversity and inhalant atopy re-
ported by Tischer et al. (2016) was not dose-dependent but rather in-
verse U-shape. Partly inconsistent findings may be due to differences 
between sampled room (living room vs bedroom), and methods to 
characterize microbiome (tRELP vs 16 S rRNA/ITS amplicon) in the 
earlier and present report. Differences in calculating Simpson versus 
Shannon diversity indices do not explain the differences observed in the 
studies, because these two indices were highly correlated in our study (r 
= 0.97). Studies using earlier DNA-profiling methods detect only the 
more prevalent taxa in a sample and will provide generally lower res-
olution of richness compared to next generation sequencing, thus are Ta
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methodologically not fully comparable to the current study. 
The main strength of our study is the relatively large sample size and 

utilizing two birth cohort studies from different countries. To our 
knowledge this is the first HTS study on early-life microbial exposure 
and allergic rhinitis later in childhood and the first study to report re-
sults from two cohorts including children from both urban and rural 
environments. It should be noted that the laboratory method of deter-
mining specific IgE against inhalant allergens and statistical methods 
were different in the two cohorts. However, in sensitivity analyses, the 
results were fairly robust when different cut offs were used, and when 
the results were rerun only using random sample in the LISA. Another 
limitation is that we used information on the symptoms of allergic 
rhinitis at the age of 10 years and thus cannot exclude those who had 
earlier onset with remission. Also, we cannot rule out the possibility that 
some of the children may have received immunotherapy and could have 
been misclassified as children with no allergic rhinitis in the LUKAS 
study, but based on the results from the LISA where only three out of 
fourteen participants who had received immunotherapy were catego-
rized as having no allergic rhinitis, this seems unlikely or at least to be a 
very rare event. Due to practical and financial reasons, microbial 
exposure in early life was evaluated from dust samples collected from 
floors or rugs rather than active air samples. We have previously shown 
that the microbial composition in carpet dust may not fully reflect the 
inhalation exposure of the infant due to differences in resuspension of 
different microbial taxa from floor dust (Hyytiäinen et al., 2018). 
However, children are exposed to environmental microbes also through 
other exposure routes (dermal contact, ingestion) for which floor dust 
could be a decent surrogate sample (Kirjavainen et al., 2019). Lastly, we 
are unclear whether different methods of collecting dust samples (nylon 
dust socks vs. ALK) in these cohorts would impact on the microbial di-
versity in dust due to no one has performed validation in the context of 
amplicon sequencing, although these methods have been previously 
compared for allergen and endotoxin measurements (Wickens et al., 
2004): higher dust sample amounts was collected with the nylon sock 
compared to the ALK filter cassette. 

In conclusion, our study suggests that higher bacterial diversity in 
early-life home may reduce the risk of allergic rhinitis later in childhood. 
The environment-dependent heterogeneity in the associations with 
inhalant atopy suggests that specific constituents of the measured di-
versity may be relevant, but future studies will need to follow-up on this 
indication. 
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Table 3 
Adjusted associations between bacterial and fungal diversity and inhalant atopy in LUKAS, stratified by living environment.   

Inhalant atopy  

Living on farms Living in rural areas Living in suburbans  

Bacterial diversity Tertile N % aOR (95%CI) N % aOR (95%CI) N % aOR (95%CI) p 
Richness Lowest 3 33.3 1 61 44.3 1 24 62.5 1   

Middle 18 38.9 2.26 (0.14, 35.54) 58 44.8 1.34 (0.57, 3.15) 13 30.8 0.09 (0.01, 0.70)   
Highest 65 38.5 1.43 (0.11, 18.70) 20 65.0 3.63 (1.05, 12.56) 7 57.1 0.74 (0.07, 7.92) 0.26 

Shannon entropy Lowest 4 25.0 1 64 39.1 1 21 57.1 1   
Middle 19 63.2 5.67 (0.4, 79.77) 58 51.7 1.83 (0.84, 3.98) 15 40.0 0.59 (0.12, 2.90)   
Highest 63 31.8 1.43 (0.12, 17.5) 17 64.7 3.86 (1.06, 14.11) 8 62.5 2.09 (0.24, 18.44) 0.11 

Fungal diversity            
Richness Lowest 17 47.1 1 47 46.8 1 25 52.0 1   

Middle 25 32.0 0.28 (0.06, 1.29) 45 40.0 0.88 (0.36, 2.16) 12 50.0 0.80 (0.14, 4.48)   
Highest 39 41.0 0.48 (0.12, 1.97) 44 56.8 1.95 (0.72, 5.31) 6 50.0 0.26 (0.02, 4.09) 0.87 

Shannon entropy Lowest 30 43.3 1 39 48.7 1 17 35.3 1   
Middle 28 28.6 0.37 (0.11, 1.26) 46 45.7 0.76 (0.30, 1.89) 14 71.4 5.11 (0.73, 36.04)   
Highest 23 47.8 0.81 (0.22, 2.96) 51 49.0 0.78 (0.31, 1.96) 12 50.0 1.98 (0.28, 14.17) 0.12 

Footnote: N number of observations in a class, and % percentage of observations of the outcome in a class. aOR adjusted odds ratios, (95%CI) their 95% confidence 
intervals from adjusted logistic regression models for maternal education, cohort, gender, parental history of allergic diseases, older siblings, and season for dust 
sampling. p-values for interaction term. Significant associations (p < 0.05) are indicated in bold. 
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