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A B S T R A C T   

Background: Indoor microbiome exposure is associated with asthma, rhinitis and eczema. However, no studies 
report the interactions between environmental characteristics, indoor microbiome and health effects in a 
repeated cross-sectional framework. 
Methods: 1,279 and 1,121 preschool children in an industrial city (Taiyuan) of China were assessed for asthma, 
rhinitis and eczema symptoms in 2012 and 2019 by self-administered questionnaires, respectively. Bacteria and 
fungi in classroom vacuum dust were characterized by culture-independent amplicon sequencing. Multi-level 
logistic/linear regression was performed in two cross-sectional and two combined models to assess the 
associations. 
Results: The number of observed species in bacterial and fungal communities in classrooms increased signifi-
cantly from 2012 to 2019, and the compositions of the microbial communities were drastically changed (p <
0.001). The temporal microbiome variation was significantly larger than the spatial variation within the city (p 
< 0.001). Annual average outdoor SO2 concentration decreased by 60.7%, whereas NO2 and PM10 concentra-
tions increased by 63.3% and 40.0% from 2012 to 2019, which were both associated with indoor microbiome 
variation (PERMANOVA p < 0.001). The prevalence of asthma (2.0% to 3.3%, p = 0.06) and rhinitis (28.0% to 
25.3%, p = 0.13) were not significantly changed, but the prevalence of eczema was increased (3.6% to 7.0%; p <
0.001). Aspergillus subversicolor, Collinsella and Cutibacterium were positively associated with asthma, rhinitis and 
eczema, respectively (p < 0.01). Prevotella, Lactobacillus iners and Dolosigranulum were protectively (negatively) 
associated with rhinitis (p < 0.01), consistent with previous studies in the human respiratory tract. NO2 and 
PM10 concentrations were negatively associated with rhinitis in a bivariate model, but a multivariate mediation 
analysis revealed that Prevotella fully mediated the health effects. 
Conclusions: This is the first study to report the interactions between environmental characteristics, indoor 
microbiome and health in a repeated cross-sectional framework. The mediating effects of indoor microorganisms 
suggest incorporating biological with chemical exposure for a comprehensive exposure assessment.   
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1. Introduction 

Asthma is an allergy-related chronic disease that affected more than 
260 million people worldwide in 2019 and caused about 460,000 deaths 
(WHO, 2021). Rhinitis and eczema (allergic dermatitis) are often co-
morbid with asthma, and commonly develop before school age (Ma 
et al., 2021; Tsang et al., 2020). Since children have a narrower upper 
respiratory airway than adults, childhood asthma could have more se-
vere airway obstruction than adult asthma (Vijayasekaran, 2020). Many 
factors are involved in triggering the onset and development of these 
diseases, including chemical exposures (cigarette smoking and air 
pollution, NO2, SO2 and PM), biological exposures (indoor mould and 
microbiome), personal characteristics and lifestyles (genetic predispo-
sition, obesity, diet and low birth weight) (Caillaud et al., 2018; Castro- 
Rodriguez et al., 2016; Lu et al., 2020a; Lu et al., 2020b; von Mutius and 
Smits, 2020). 

Indoor microbial exposure is important for respiratory health. 
Nowadays, people spend almost 90% of their time in enclosed buildings 
(Klepeis et al., 2001). Millions of microorganisms, microbial fragments 
and microbial metabolites can be inhaled from the indoor air to the 
human respiratory tract per hour, exerting a substantial and persistent 
influence on occupants’ health and immune system (Hospodsky et al., 
2012; Nevalainen et al., 2015). Two recent studies showed that indoor 
microorganisms derived from the outdoor environment, such as 
Alphaproteobacteria and Actinobacteria, are protectively associated 
with asthma, and indoor microorganisms derived from humans, such as 
Clostridia, are risk factors against asthma (Fu et al., 2021a; Fu et al., 
2020d). Environmental, building and occupants’ characteristics affect 
indoor microbial composition (Fu et al., 2020c). For instance, a study in 
Malaysian schools reported that indoor microbial composition differed 
between classrooms with high and low NO2 concentrations (Fu et al., 
2021b). The classrooms with low NO2 levels were enriched with bac-
terial class Bacilli, Flavobacteria, and Clostridia, and the classrooms 
with high NO2 levels were enriched with Alphaproteobacteria, Chiti-
nophagia and Cytophagia. 

Previous indoor microbiome-health studies assess indoor micro-
biome exposure at a single time point. However, there are three major 
limitations to this approach. First, a single-time exposure assessment can 
produce false-positive associations since the relationships were assessed 
from one observation. No subsequent data can verify the associations. 
Second, the long-term temporal variation of the indoor microbiome is 
unclear. Third, it is challenging to disentangle the associations between 
indoor microbiome, environmental characteristics and health with a 
cross-sectional dataset, especially when multiple factors are intercorre-
lated. Compared with a single cross-sectional framework, a repeated 
cross-sectional study can reduce the false-positive associations from 
multiple surveys, reveal microbiome dynamics and disentangle complex 
associations. 

To solve the issue, we conducted a repeated cross-sectional study in 
Taiyuan, China in 2012 and 2019. Taiyuan is an industrial city in China. 
Air pollution was a severe environmental problem before 2012, but new 
environmental-friendly regulations greatly improved the air quality af-
terward. Thus, the city represents an excellent model to study the impact 
of air pollution on indoor microbiome and health. A previous cross- 
sectional epidemiological study in 2010 reported that the prevalence 
of asthma (wheeze), rhinitis and eczema in Taiyuan (14.1%, 24.0%, 
4.8%) is lower than in other major cities of China, such as Beijing 
(16.7%, 45.5%, 15.8%) and Shanghai (21.6%, 43.7%, 13.7%) (Zhang 
et al., 2013), and the prevalence of these symptoms was not surveyed 
since then. The aim of this study is to: 1) characterize indoor microbiome 
variation across seven years; 2) assess the associations between indoor 
microbial community and asthma, allergy, and eczema symptoms in 
preschool children; 3) assess the impact of building characteristics and 
outdoor air pollutants on indoor microbial composition and the related 
health effect. 

2. Materials and methods 

2.1. Study design and ethical permission 

Health data and indoor dust in preschools were collected in Taiyuan, 
China. The city of Taiyuan is located in northern China and is home to 
approximately four million residents. Taiyuan is the capital of Shanxi 
province, a central coal-production province in northern China, and the 
city is termed as “the coal capital of China”. The city had heavy indus-
trial pollution and ranked as one of the world’s worst polluted cities two 
decades ago (Richter et al., 2005). The local government adopted new 
environmental-friendly policies and regulations that closed down more 
than 1600 coal mines from 2012 to 2019. The remaining 988 coal mines 
also transformed from traditional coal production to clean energy pro-
duction. The number of private cars increased from 788,000 to 
1,684,000 from 2012 to 2019 in Taiyuan. 

Two repeated cross-sectional studies were performed among pre-
school children in March 2012 (Phase I) and November 2019 (Phase II). 
Ten and thirteen preschools in Taiyuan city were randomly selected in 
Phase I and II, respectively. Three preschools were sampled once in 
Phase I and once in Phase II. The other preschools were only sampled 
once in Phase I or Phase II, as some preschools were closed, moved to a 
new place or inaccessible for the survey after seven years. Preschools 
were randomly selected. In each preschool, children from 3 to 6 years 
old in 2 to 4 classes were randomly selected. Vacuum dust from 34 
(Phase I) and 52 (Phase II) classrooms were sampled. Personal and 
health data were collected through a self-administered questionnaire, 
and 1,279 (Phase I) and 1,121 (Phase II) children responded to the 
survey. The study was approved by the School Board of Taiyuan city, the 
Ethics Committee at Fudan University and Shanxi University and prin-
cipals and teachers in preschools. The informed consent was obtained 
from the parents or legal guardians of the participating children, and the 
records were kept at Fudan University and Shanxi University. All ex-
periments, including questionnaire and vacuum dust collection, were 
performed following relevant guidelines and regulations. 

2.2. Assessment of ambient air pollutants and the characteristics of 
classrooms 

The characteristics of classrooms were recorded, including the con-
struction year of the building, the number of plants in the classroom, 
indoor renovation within one year and curtains in the classroom. All 
classrooms had natural ventilation. No visible dampness/mould was 
observed in selected classrooms. Annual levels of outdoor air pollutants 
(PM10, NO2 and SO2) were obtained from the local air monitoring sta-
tions. We calculated the annual average concentration of air pollutants 
for each preschool according to the location of preschools and moni-
toring stations by an inverse distance weighted (IDW) method (Bell, 
2006; Norbäck et al., 2019). The pollutant concentration was calculated 
from the three nearest monitoring stations:  

Ck = (Cs1/d1
2 + Cs2/d2

2 + Cs3/d3
2)/(1/d1

2 + 1/d2
2 + 1/d3

2)                          

Ck is the annual average concentration of an air pollutant (PM10/ 
NO2/SO2) in preschool; Cs1, Cs2 and Cs3 are the annual average con-
centration of an air pollutant in the first to the third nearest monitoring 
station from the preschool; d1, d2 and d3 are the distances from the 
preschool to the first to the third nearest monitoring station. The loca-
tion of preschools and monitoring stations of air pollutants are presented 
in Fig. 1. The distances from the preschool to the three nearest moni-
toring stations were all <10 km. 

Annual precipitation and green space in Taiyuan were collected on 
the China Statistical Yearbook website (https://www.yearbookchina. 
com/). 
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2.3. Health data collection for preschool children 

A self-administered questionnaire in Chinese was distributed to 
participants in Phase I and Phase II to collect their personal information 
(age, gender, parental asthma and allergy) and the health data, 
including wheeze, rhinitis and eczema symptoms. Questions about the 
child’s body weight at birth, family income level, the parent’s education 
levels were added in Phase II questionnaire. Health questions were ob-
tained from the International Study of Asthma and Allergies in Child-
hood (ISAAC) study (Beasley, 1998), including: 

asthma symptoms - “In the last 12 months, have you had wheezing or 
whistling in the chest when you DID NOT have a cold or the flu?”; 

rhinitis symptoms - “In the last 12 months, have you had a problem 

with sneezing, or a runny or a blocked nose when you DID NOT have a 
cold or the flu?”; 

eczema symptoms - “Have you ever had an itchy rash which was 
coming and going for at least 6 months? If yes: In the last 12 months, 
have you had this itchy rash at any time? If yes: 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”. 

The parents of preschool children answered the questionnaire, and 
the children and their parents had no information regarding the sample 
and data collected in the classrooms. 

Fig. 1. Location of preschools sampled in 2012 (Phase I) and 2019 (Phase II). Three preschools were sampled in 2012 and 2019 (green), and seven (blue) and ten 
(yellow) preschools were sampled only in Phase I and Phase II of the study. Air pollutant data were available in three monitor stations in 2012 (red) and were 
available in seven monitor stations in 2019 (red and black). (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.) 

Y. Sun et al.                                                                                                                                                                                                                                      



Environment International 161 (2022) 107137

4

2.4. Vacuum dust sampling, DNA extraction and amplicon sequencing 

Classroom dust was collected by a vacuum cleaner (400 W) equipped 
with a dust sampler (ALK Abello, Copenhagen, Denmark). The dust 
sampler was equipped with a Millipore filter made of cellulose acetate 
with a pore size of 6 µm. The Millipore filter could retain 74% of par-
ticles in the 0.3–0.5 µm size range, 81% of particles in 0.5–1.0 µm, 95% 
of particles in 1–10 µm and 100% particles >10 µm. Trained master 
students vacuumed the room for 4 min, vacuumed for 2 min on the floor 
and vacuumed for 2 min on the upper surfaces of desks, chairs, book-
shelves and teaching platforms. The vacuum dust samples were further 
sieved through a 0.3-mm mesh screen to obtain fine dust. The fine dust 
was stored in a − 80 ◦C freezer until DNA extraction. 

DNA extraction, library construction and amplicon sequencing were 
conducted at Personal Biotechnology Co., Ltd (Shanghai, China). 
Approximately 0.1 g of fine dust was used for DNA extraction. Total 
bacterial and fungal DNA was extracted from the fine dust by an E.Z.N.A 
Soil DNA Isolation Kit D5625-01 (Omega Bio-Tek, Inc., Norcross, GA, 
USA) and a FastDNA SPIN kit (MP Biomedicals, Santa Ana, CA, USA). 
The quality of DNA was assessed by a NanoDrop ND-1000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel 
electrophoresis. The bacterial 16S rRNA V3–V4 hypervariable region 
was amplified by primer 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 
806R (5′-GGACTACHVGGGTWTCTAAT-3′), and the fungal internal 
transcribed spacer 1 (ITS1) region was amplified by primer ITS5F (5′- 
GGAAGTAAAAGTCGTAACAAGG-3′) and ITS1R (5′- 
GCTGCGTTCTTCATCGATGC-3′). Sample-specific barcode sequences (7 
bp) were incorporated in the primers for multiplexed sequencing. The 
PCR amplicons were purified by VAHTS DNA Clean Beads (Vazyme, 
Nanjing, China) and quantified by Quant-iT PicoGreen dsDNA Assay Kit 
(Invitrogen, Carlsbad, CA, USA). The PCR amplicons were pooled in 
equal amounts in the NovaSeq PE250 platform with a pair-end 2x250 bp 
sequencing strategy. The FASTQ formatted raw sequence data were 
deposited in the European Nucleotide Archive (ENA) at EMBL-EBI under 
accession number PRJEB46207. 

2.5. Microbiome data analysis 

In total, 9.9 million bacterial 16S rRNA and 11.3 million fungal ITS 
(internal transcribed spacer) amplicon sequences were produced. After 
removing low quality and chimerical sequence, the median sequencing 
depth was 85,939 bacterial 16S rRNA sequences (interquartile range/ 
IQR, 70,621–94,502) and 115.943 fungal ITS sequences (IQR, 
104,170–124,718) in samples. Microbiome data were mainly analyzed 
by the QIIME2 (Quantitative Insights Into Microbial Ecology 2, 
v2020.11) platform (Bolyen et al., 2019). The raw sequence data were 
first de-multiplexed according to the barcode sequence by Cutadapt 
(v2.0) (Martin, 2011). Primers, low-quality reads and chimeric reads 
were removed, and an amplicon sequence variant (ASV) table was 
constructed to record the number of variants by DADA2 (v1.6.0) (Call-
ahan et al., 2016). Singleton ASVs were removed from further analyses. 
The taxonomic annotation of ASVs was conducted by the naïve-Bayes 
classifier implemented in QIIME2 (Bokulich et al., 2018). Alpha di-
versity indices, including observed species and Shannon diversity index, 
were calculated using the ASV table. Beta diversity was analyzed based 
on Bray-Curtis metrics and visualized by nonmetric multidimensional 
scaling (NMDS). Microbiome community variation between Phase I and 
II was assessed by bivariate permutation analysis (PERMANOVA/Adonis 
function in R) with 10,000 permutations (McArdle and Anderson, 2001). 

2.6. Associations between indoor microbiome, environmental 
characteristics and health symptoms 

Association analysis was performed to determine the asthma-rhinitis 
and eczema-associated microbial taxa by the regression model in Sta-
taSE 15.0 (StataCorp LLC). Multi-level logistic regression models were 

performed for the associations between microbial diversity/abundance 
and asthma, rhinitis and eczema symptoms. For two single cross- 
sectional analyses (independent analysis for Phase I or Phase II), the 
classroom was set as the second level of random effect. For two repeated 
cross-sectional models (all schools in Phase I and II and three common 
schools in Phase I and II), the classroom was set as the second level, and 
the phase was set as a third level. Gender and parental asthma and al-
lergy were included as adjustments in all models. No significant differ-
ences were observed for body weight at birth and the presence of 
asthma, rhinitis, and eczema symptoms in Phase II (chi-square test, p >
0.2), and thus it was not used in the model as a cofounding factor. The 
family income level, the parent’s education level in phase II were not 
associated with all the three health outcomes (p > 0.1, Table S1), and 
were not included as confounders in the multiple-level regression 
models. All the values of microbial abundance applied in regression 
models were log-transformed, calculated as log10 (relative abundance of 
the taxa * 105 + 1). After the transformation, the variable follows a 
normal distribution. The microbial richness was presented as the num-
ber of bacterial and fungal ASVs. In the association analysis between 
microbial composition and the health outcomes, we only included the 
frequent microbial genus with an average relative abundance > 0.3% in 
all samples in order to reduce the number of multiple comparisons. The 
false discovery rate (FDR) was calculated by the p.adjust function in R 
(v3.6.1) with the Benjamini-Hochberg procedure. Associations with p- 
value < 0.01 and FDR (false discovery rate) < 0.1 were considered 
significant. 

To assess the impact of environmental characteristics on microbial α- 
and β-diversity, bivariate permutation analyses were performed by 
PERMANOVA (Adonis function in R v3.6.1) with 10,000 permutations. 
Environmental characteristics included annual average concentration of 
outdoor SO2, NO2 and PM10, age of the building, number of plants, 
having curtains and having recent renovation in the classroom. The 
Bray-Curtis dissimilarity matrix was used to represent the microbial 
community variation. A three-level logistic regression model calculated 
associations between environmental characteristics and asthma, rhinitis 
and eczema symptoms with classroom and sampling batch as the second 
and third level and gender and parental asthma and allergy as adjust-
ments. Mixed linear regression was performed to calculate the associa-
tions between environmental characteristics and asthma-, rhinitis- and 
eczema-associated taxa, with the sampling batch as the second level. 
For the environmental characteristic associated with both the health 
outcome and the health-associated microbial taxon, a causal mediation 
analysis was conducted to characterize the potential path and mediator 
(Hicks and Tingley, 2011). The analysis was calculated by the medeff 
command in Stata:  

medeff (regress M T) (logit Y T M), treat(T) mediate(M) sims(1000) seed(1)  

M is the relative abundance of a microbial taxon (mediator); T is the 
annual average concentration of an air pollutant (treatment); Y is the 
health observation. 

3. Results 

3.1. Drastic indoor microbiome variation in preschools of Taiyuan 

Indoor microbiome exposure was characterized in 10 preschools (34 
classrooms) in 2012 (Phase I) and in 13 preschools (52 classrooms) in 
2019 (Phase II). Preschools were randomly selected in Taiyuan, China. 
We found drastic indoor bacterial variation between Phase I and II. In 
Phase I, phylum Proteobacteria (mean relative abundance 84.6%) 
dominated indoor bacteria. Bacteroidetes, Firmicutes, and Actino-
bacteria accounted for 7.5%, 3.7%, and 1.9% of total abundance 
(Fig. 2A). In Phase II, Proteobacteria was still the most abundant bac-
terial phylum (44.2%), but Firmicutes and Actinobacteria also accoun-
ted for 20.6% and 22.4% of total abundance. In Phase I, the top bacteria 
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genera included Cupriavidus (20.6%), Acinetobacter (15.3%), uc Bur-
kholderiaceae (13.3%, “uc” means uncharacterized), uc Rhizobiaceae 
(11.6%) and Aquabacterium (4.1%); these bacteria only accounted for 
0.01%, 3.6%, 0.4%, 0.2% and 0.2% of abundance in Phase II (Fig. 2B; 
Table S2). In Phase II, the top bacteria genera included Haemophilus 
(8.4%), Streptococcus (7.0%), Moraxella (6.5%), Kocuria (3.5%), Para-
coccus (2.3%) and Dolosigranulum (2.3%), and these bacteria were also 
present in minor abundance in Phase I (0.02%, 0.1%, 0.01%, 0.05%, 
0.07% and 0.02%). Phase II had a significantly higher number of 

observed species and Shannon diversity index than Phase I (α-diversity, 
p < 0.001, Kruskal-Wallis test; Fig. 2C). Rarefaction analysis showed 
that sequencing depth did not affect the conclusion (Fig. S1A). NMDS 
ordination analysis showed that Phase I and II samples clustered sepa-
rately at the left and right sides of NMDS1 (β-diversity, Fig. 2D). We also 
observed geographic microbiome variation within each phase. For 
example, in Phase I, the abundance of Acinetobacter is 75.7% in one 
classroom of school number 2, but only 6–7% in two classrooms of 
school number 10. However, the temporal bacterial variation was 

Fig. 2. Bacterial taxonomical composition and diversity in preschools of Taiyuan, China. The relative abundance of bacteria taxa at the (A) phylum and (B) genus 
levels. Samples from Phase I (2012, N = 34) were presented at the left side of the figure, and samples from Phase II (2019, N = 53) were presented at the right side of 
the figure. (C) Box plot and comparison of bacterial alpha diversity between Phase I and II samples. Two alpha diversity indexes (observed species, Shannon diversity) 
were presented. The horizontal line and the box represent the median and interquartile range (IQR, Q1-Q3). The bottom and top whiskers represent Q1-1.5*IQR and 
Q3 + 1.5*IQR. (D) NMDS ordination plot of preschool microbiome composition. The NMDS ordination was calculated based on the Bray-Curtis distance matrix, and 
axes NMDS1 and NMDS2 are shown in the figure. 
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significantly higher than the geographic variation (Adonis R2 = 0.35, p 
< 0.001; Anosim, R = 0.96, p < 0.001). The same analysis was also 
performed for the three common preschools, and similar results were 
observed (observed species and Shannon diversity index, p < 0.001; 
Adonis R2 = 0.44, p < 0.001). 

Drastic indoor fungal variation was also found between Phase I and II 
(Fig. 3). In Phase I, phyla Ascomycota (51.0%), Basidiomycota (26.9%) 
and Mucoromycota dominated indoor fungi (4.4%). In Phase II, the 
phylum Ascomycota increased to 76.0%, and the phyla Basidiomycota 
and Mucoromycota decreased to 6.3% and 0.02% (Fig. 3A). At the genus 
level, the abundance of Didymella (19.7% to 27.4%), Alternaria (3.6% to 
13.6%), un Didymellaceae (0.6% to 7.4%), Mycosphaerella (3.2% to 
4.7%) and Aureobasidium (0.3% to 1.9%) increased from 2012 to 2019, 

and the abundance of Aspergillus (8.6% to 5.0%), Cutaneotrichosporon 
(8.8% to 0.1%), Malassezia (4.6% to 0.7%) and Rhizopus (4.2% to 
0.01%) decreased from 2012 to 2019 (Fig. 3B and Table S3). Phase II 
had a significantly higher number of observed species (p < 0.001) than 
Phase I, but the Shannon diversity was similar between Phase I and II 
(Fig. 3C and Fig. S1B). The NMDS analysis showed different fungal 
compositions between Phase I and II (Fig. 3D). The compositional dif-
ference was also observed between classrooms within each phase. For 
example, in School 1 in Phase II, the relative abundance of Aspergillus 
was 4.1% and 3.9% in two of the classrooms and 64.5% and 35.1% in the 
other two. However, the overall temporal variation between Phase I and 
II was also significantly higher than the geographic variation within 
each Phase (Adonis R2 = 0.13, p < 0.001; Anosim, R = 0.68, p < 0.001). 

Fig. 3. Fungal taxonomical composition and diversity in preschools of Taiyuan, China. The relative abundance of fungal taxa at the (A) phylum and (B) genus levels. 
Samples from Phase I (2012, N = 34) were presented at the left side of the figure, and samples from Phase II (2019, N = 53) were presented at the right side of the 
figure. (C) Box plot and comparison of fungal alpha diversity between Phase I and II samples. Two alpha diversity indexes (observed species, Shannon diversity) were 
presented. The horizontal line and the box represent the median and interquartile range (IQR, Q1-Q3). The bottom and top whiskers represent Q1-1.5*IQR and Q3 +
1.5*IQR. (D) NMDS ordination plot of preschool microbiome composition. The NMDS ordination was calculated based on the Bray-Curtis distance matrix, and axes 
NMDS1 and NMDS2 are shown in the figure. 
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Analysis in three common preschools also supported these observations 
(observed species, p < 0.001; Adonis R2 = 0.25, p = 0.001). 

3.2. Environmental characteristics and indoor microbiome variation 

The air pollutants were drastically changed between Phase I and II of 
the study (Table 1; Table S4). The annual average concentration of SO2 
was significantly decreased from 56.0 µg/m3 in 2012 to 22.0 µg/m3 in 
2019 (p < 0.001), indicating reduced industrial pollution in Taiyuan. 
The annual average concentration of NO2 increased from 30.5 µg/m3 to 
49.8 µg/m3 (p < 0.001), indicating increased traffic pollution. PM10, a 
pollutant sourced from industrial and traffic pollution and construction 
resuspension, increased from 78.3 µg/m3 to 109.6 µg/m3 (p < 0.001). 
The age of the preschool buildings was older in Phase II than in Phase I, 
and more classrooms had a curtain in Phase II than Phase I (p < 0.001). 
The number of plants in classrooms and the proportion of classrooms 
with a recent renovation were not different between Phase I and II. For 
the three common preschools, air pollutants were also changed from 
2012 to 2019 (p < 0.05), but indoor characteristics, including the 
number of plants and curtains and having a recent renovation in class-
rooms, were not significantly changed (p > 0.2). 

We further tested the association between environmental charac-
teristics and indoor microbiome variation in preschools by permutation 
analyses. Variation in NO2, SO2 and PM10 concentration between 2012 
and 2019 was significantly associated with variation in indoor micro-
biome diversity and composition in both repeated cross-sectional 
models (p < 0.05; Table 2). Air pollutants explained a high proportion 
of microbial variation (R2) in all preschools and common preschools 
(Table 2). Age of building and having curtains in classrooms were also 
significantly associated with bacterial and fungal variation in all pre-
schools, but these factors explained a relatively small proportion of the 
variation than air pollutants. The other indoor characteristics were not 
significantly associated with indoor microbiome variation. 

Besides air pollutants, the annual precipitation (42.8 to 31.3 cm) and 
green space in Taiyuan (39.1% to 44.7%) also changed from 2012 to 
2019, potentially affecting the indoor microbiome. However, as only 
one data point is available for the whole city, we cannot test the effect on 
microorganisms in the statistical model. 

3.3. Bivariate associations between environmental characteristics, indoor 
microbiome and health symptoms 

Prevalence of asthma, rhinitis and eczema symptoms were surveyed 
by self-administered questionnaires from 1,279 (Phase I) and 1,121 
(Phase II) preschool children. In all preschools, asthma symptom was 
borderline significantly increased from 2012 to 2019 (p = 0.06, 2.0% vs 
3.3%; Table 3). Rhinitis symptom was not significantly changed from 
2012 to 2019 (p = 0.13). Eczema was significantly increased from 2012 
to 2019 (p < 0.001, 3.6% vs 7.0%). In three common preschools, the 
trend was the same as in all preschools: eczema was increased (p =
0.006), and rhinitis and asthma were not significantly changed (p >
0.10). 

No environmental characteristic was associated with asthma symp-
toms (p > 0.3; Table 4). The outdoor NO2 and PM10 concentrations were 
negatively associated with rhinitis symptoms (p = 0.02 and 0.01). The 
NO2 and PM10 concentrations were positively associated with eczema 
symptoms (p = 0.02 and 0.03). 

Total bacterial richness and richness in major bacterial classes were 
not associated with the prevalence of asthma, rhinitis and eczema 
symptoms (FDR > 0.1, Table S5-S7). Total fungal richness was not 
associated with asthma and rhinitis symptoms but was positively asso-
ciated with eczema (p = 0.02, FDR = 0.09). Similarly, taxa richness in 
three major fungal classes, including Dothideomycetes, Eurotiomycetes 
and Sordariomycetes, was positively associated with eczema (p < 0.05, 
FDR = 0.1), indicating that exposure to diverse fungal taxa increases the 
odds of eczema. 

The association between the relative abundance of microbial taxa 
and asthma, rhinitis and eczema symptoms were analyzed. A fungal 
mould species, Aspergillus subversicolor, was positively associated with 
asthma symptoms in Phase I and the combined model with all preschools 
(p = 0.005, FDR < 0.1; Table 5). Collinsella from Actinobacteria was 
positively associated with rhinitis in Phase II and the combined model 
with all preschools (p = 0.001, FDR < 0.1). Prevotella from Bacteroidetes 
and Lactobacillus iners and Dolosigranulum from Firmicutes were pro-
tectively (negatively) associated with rhinitis in Phase I or Phase II and 
the combined model with all preschools (p < 0.01, FDR < 0.1). Cuti-
bacterium from Actinobacteria was positively associated with eczema in 
Phase II and the combined model with all preschools (p < 0.01, FDR <
0.1). The same trend was observed in the three common preschools 
model, validating the health associations (Table 5). But as the number of 
subjects was smaller in this model, the association had less statistical 
power, and the p-values were mainly<0.10. 

The association between environmental characteristics and health- 
related taxa was also analyzed (Table S8). Annual average NO2 and 
PM10 concentration was positively associated with three rhinitis pro-
tective species, including Prevotella, L. iners and Dolosigranulum (p <
0.05). 

3.4. Multivariate mediation analysis among environmental 
characteristics, microbial taxa and health symptoms 

Outdoor PM10 and NO2 levels were protectively associated with 
rhinitis, contradicting our expectations, and they were also associated 
with the health-associated microbial taxa. To disentangle the potential 
interactive mechanisms, we conducted causal mediation analyses. 

In the multivariate mediation model, the potential protective effect 
of outdoor PM10 and NO2 on rhinitis was significantly fully mediated by 
the potential protective indoor microorganisms, mainly Prevotella (p <
0.001; Table 6). In the final model, the NO2 concentration was positively 
associated with rhinitis with the adjustment of Prevotella (p = 0.049 and 
p < 0.001), and the PM10 concentration had a small trend to be posi-
tively associated with rhinitis with the adjustment of Prevotella (p = 0.13 
and p < 0.001; Table 6). Thus, the negative association between PM10/ 
NO2 and rhinitis was reversed with the presence of Prevotella. L. iners 

Table 1 
Annual average air pollutant concentrations and built characteristics in preschools of Taiyuan, China. The statistics were calculated for all preschools (a) and for three 
common preschools (c) in Phase I and Phase II of the study. aP-values were calculated by unpaired t-test and Chi-square test. bP-values were calculated by paired t-test 
and Chi-square test.  

Environmental Characteristics Phase I (a) 
Median (Q1-Q3) 

Phase II (a) 
Median (Q1-Q3) 

p-valuea Phase I (c) 
Median (range) 

Phase II (c) 
Median (range) 

p-valueb 

Outdoor SO2 (µg/m3) 56.0 (53.0–60.0) 22.0 (21.0–24.4)  <0.001 53.5 (53.1,108.6) 20.9 (20.9,29.2)  0.046 
Outdoor NO2 (µg/m3) 30.5 (30.1–30.9) 49.8 (49.0–51.3)  <0.001 30.8 (29.0–30.9) 50.8 (50.2–51.0)  <0.001 
Outdoor PM10 (µg/m3) 78.3 (77.3–79.3) 109.6 (106.9–110.8)  <0.001 77.5 (77.4–80.0) 103.7 (103.2–116.1)  0.006 
Age of building 27 (23–27) 33 (28–62)  <0.001 20 (9–30) 27 (16–37)  <0.001 
Number of plants in classroom 7 (5–10) 4 (0–20)  0.12 8 (4–11) 3 (0–27)  0.50 
Having curtains in classroom (%) 23.50% 44.20%  <0.001 40.00% 58.3%  0.39 
Having recent renovation in classroom (%) 26.50% 23.10%  0.94 20.00% 33.3%  0.28  
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also mediated the health effect of NO2 on rhinitis (p = 0.046). The 
mediated effect (indirect effect/total effect) was > 100%, a situation 
termed as “inconsistent mediation”. This is because direct and indirect 
effects have opposite directions, and thus the total effect (calculated as 
direct effect + indirect effect) is less than the indirect effect. Thus, the 
protective effects of NO2 and PM10 were entirely due to the indirect 
pathway through Prevotella and L. iners. The results indicate that 
increasing NO2 and PM10 concentration may increase the relative 
abundance of Prevotella and L. iners in indoor environment in Taiyuan. 

4. Discussion 

In this study, we found a drastic city-scale indoor microbiome vari-
ation between 2012 and 2019 in Taiyuan, an industrial city in northern 
China. Decreased industrial pollution and increased traffic pollution 
were associated with the temporal indoor microbiome variation. Five 
bacterial and one fungal genera were associated with asthma, rhinitis 

and eczema symptoms in preschool children. The health effects of 
annual average NO2 and PM10 concentrations were fully mediated by 
the potential protective microorganisms. 

4.1. Strengths and limitations of the study 

This is the first study to characterize long-term indoor microbiome 
variation and their health effects in a repeated cross-sectional frame-
work. The indoor microbiome is related to many chronic diseases, such 
as asthma and rhinitis. However, previous health-association studies 
survey indoor microbial exposure in a single time point (Dannemiller 
et al., 2016; Fu et al., 2020a; Karvonen et al., 2019; Kirjavainen et al., 
2019), In this study, we built four models to test the health effects of 
indoor microorganisms: two models used single cross-sectional data in 
2012 and 2019, and two models used combined data from two time 
points, including all preschools or only common preschools. Microbial 
taxa with consensus support from multiple models were reported, 
reducing the false-positive identifications. We also applied FDR con-
trolling procedure to reduce further the false positives. Furthermore, the 
associations between environmental characteristics, indoor microbiome 
and health outcomes were examined by mutual mediation analysis. The 
analysis showed that indoor microorganisms mediated the health effects 
of air pollutants, revealing more insights into the interactive 
mechanisms. 

There are also limitations in this study. First, the indoor dust was 
only sampled and characterized twice in the study. Frequent sampling 
could reveal more comprehensive dynamic changes. Second, as several 
preschools were closed, moved to a new place or inaccessible for sam-
pling and survey after seven years, only three preschools (22 classrooms 
in total) were commonly sampled in 2012 and 2019. This leads to 
reduced statistical power in the common preschool model. However, the 
results from this model were consistent with the other models, 

Table 2 
Bivariate permutation analyses between environmental characteristics and bacterial and fungal richness (observed species, α-diversity) and composition (β-diversity). 
P-values were calculated based on 10,000 permutation analyses (Adonis). The analyses were calculated for all preschools (a) and for three common preschools (c) in 
Phase I and Phase II of the study.  

Environmental 
characteristics 

Bacteria (a) Fungi (a) Bacteria (c) Fungi (c) 

Richness Composition Richness Composition Richness Composition Richness Composition 

R2 p-value R2 p-value R2 p-value R2 p-value R2 p-value R2 p-value R2 p-value R2 p-value 

Outdoor SO2  0.40  <0.001  0.27  <0.001  0.57  <0.001  0.12  <0.001  0.24  0.02  0.30  <0.001 0.49  <0.001  0.19  <0.001 
Outdoor NO2  0.55  <0.001  0.34  <0.001  0.70  <0.001  0.14  <0.001  0.45  <0.001  0.44  <0.001 0.71  <0.001  0.25  <0.001 
Outdoor PM10  0.59  <0.001  0.34  <0.001  0.66  <0.001  0.14  0.001  0.60  <0.001  0.40  <0.001 0.61  <0.001  0.26  <0.001 
Age of building  0.25  <0.001  0.08  <0.001  0.12  0.004  0.04  0.002  0.09  0.185  0.05  0.33 0.01  0.60  0.04  0.43 
Number of plants 

in classroom  
0.004  0.57  0.02  0.067  0.03  0.16  0.01  0.311  0.27  0.02  0.07  0.152 0  0.87  0.04  0.69 

Having curtains in 
classroom  

0.07  0.03  0.08  <0.001  0.15  0.002  0.04  0.003  0.15  0.112  0.34  <0.001 0.46  0.001  0.13  0.01 

Having recent 
renovation in 
classroom  

0.001  0.77  0.01  0.592  0.01  0.37  0.02  0.157  0.23  0.02  0.13  0.007 0.41  <0.001  0.08  0.09  

Table 3 
Prevalence of asthma, rhinitis and eczema symptoms of Phase I (2012, N =
1,279) and Phase II (2019, N = 1,121) among children in Taiyuan, China. The 
prevalence was calculated for all preschools in Phase I (2012, N = 1,279) and 
Phase II (2019, N = 1,121) and for three common preschools in Phase I (2012, N 
= 430) and Phase II (2019, N = 215). P-values were calculated by the Chi-square 
test. Significant p values (p < 0.05) were formatted with bold font.   

Phase I 
(a) 

Phase II 
(a) 

p-value Phase I 
(c) 

Phase II 
(c) 

p- 
value 

Symptoms of 
children       

Asthma  2.0%  3.3%  0.06  1.6%  3.4%  0.15 
Rhinitis  28.0%  25.3%  0.13  28.3%  26.4%  0.62 
Eczema  3.6%  7.0%  <0.001  2.8%  7.4%  0.006  

Table 4 
Associations between environmental characteristics and asthma, rhinitis and eczema symptoms among preschool children in Taiyuan, China (N = 2,400). В coefficient 
and 95% confidence interval (CI) were calculated by 3-level logistic regression models adjusted for gender and parental asthma and allergy. β was calculated for 10 µg/ 
m3 increase in NO2 and SO2 concentration and 10 µg/m3 increase in PM10 concentration. Associations with p < 0.05 were considered significant and formatted with 
bold font.  

Environmental characteristics Asthma Rhinitis Eczema 

β (95%CI) p-value β (95%CI) p-value β (95%CI) p-value 

Outdoor SO2 0.91 (0.78,1.03)  0.17 1.05 (0.99,1.09)  0.05 0.92 (0.82,1.02)  0.12 
Outdoor NO2 1.24 (0.93,1.53)  0.13 0.86 (0.75,0.98)  0.02 1.29 (1.06,1.53)  0.02 
Outdoor PM10 1.16 (0.97,1.35)  0.10 0.91 (0.83,0.98)  0.01 1.17 (1.02,1.32)  0.03 
Age of building 1.01 (0.98,1.04)  0.40 1.00 (0.99,1.01)  0.62 1.01 (0.99,1.03)  0.28 
Number of plants in classroom 0.99 (0.95,1.03)  0.59 1.00 (0.99,1.02)  0.62 1.01 (0.99,1.03)  0.50 
Having curtains in classroom 0.89 (0.48,1.67)  0.72 0.99 (0.77,1.27)  0.93 1.68 (0.97,2.91)  0.06 
Having recent renovation in classroom 1.04 (0.53,2.06)  0.90 1.29 (1.00,1.67)  0.05 0.89 (0.54,1.48)  0.65  

Y. Sun et al.                                                                                                                                                                                                                                      



Environment International 161 (2022) 107137

9

suggesting a solid result even in the reduced dataset. Third, as the air 
pollutants were highly correlated, it is impossible to disentangle each 
pollutant’s effect on the microbiome community. Also, other environ-
mental characteristics, like the precipitation or the green space, may 
also affect the indoor microbial community. However, for those data, we 
only have average values for the whole city, including annual precipi-
tation and ratio of green space. Therefore, we cannot assess their effects 
in a statistical model. In addition, other factors may also affect asthma, 
rhinitis and eczema, including genetic predisposition, epigenetic modi-
fication, use of antibiotics and diet (Castro-Rodriguez et al., 2016). 
Future studies incorporating comprehensive environmental and genetic 
characteristics could further disentangle the interactions. Fourth, we can 
only apply amplicon sequencing (bacterial 16S rRNA and fungal ITS) 
rather than whole-genome shotgun metagenomics to characterize 
microbiome composition due to dust amount limitation. Thus, this study 
cannot assess the role of functional genes. 

4.2. Health associated microorganisms and their mediation effects 

The abundance of A. subversicolor was positively associated with 
asthma symptoms, and it is the fourth most abundant fungal species in 
preschools of Taiyuan. Aspergillus is one of the most common mould 
species, and the genus has been widely detected in homes, schools and 
hotels crossing the globe (Amend et al., 2010; Fu et al., 2020c; Fu et al., 
2021c; Nevalainen et al., 2015). Aspergillus and its spores can be inhaled 
into the alveoli of indoor occupants, which can trigger a hypersensitive 
reaction in the respiratory tract for asthmatic patients (Nevalainen et al., 
2015). Aspergillus is a diverse fungal genus, including approximately 200 
species. The health effects have been reported intensively but mainly in 
a few common species, such as Aspergillus fumigatus, Aspergillus flavus 
and Aspergillus versicolor. To our knowledge, this study is the first 
reporting associations between health and A. subversicolor. 

Collinsella and Cutibacterium were positively associated with rhinitis 
and eczema, respectively. Collinsella is a group of bacteria in the human 
gut and oral cavity and can ferment many carbohydrates. A previous 
study reported that Collinsella aerofaciens could be detected in IBD 

Table 5 
Associations between the abundance of indoor microbial taxa and asthma, rhinitis, and eczema symptoms among preschool children in Taiyuan, China (N = 2,400). 
Odds ratio and 95% confidence interval (CI) were calculated by 2-level or 3-level logistic regression models adjusted for gender and parental asthma and allergy. 
Regression was conducted for Phase I, Phase II, Phase I and II (all preschools), and Phase I and II (three common preschools). Regression analyses were conducted for 
genera with mean relative abundance > 0.3% in all preschools to reduce the number of multiple comparisons. In total, 54 bacterial and 42 fungal genera were 
analyzed. Only genera with p < 0.01 and FDR (false discovery rate) < 0.1 in Phase I or II are presented in this table. Some genera can be further resolved at the species 
level, and thus the species associations were presented. FDR was calculated by the Benjamini-Hochberg (BH) procedure.  

Symptoms Domain/Kingdom Phylum Genus/Species Model Median abundance (Q1-Q3) (%) OR (95% CI) p-value FDR 

Asthma Fungi Ascomycota Aspergillus subversicolor I 
II 
I + II (a) 
I + II (c) 

1.776 (0.005,5.300) 
0.184 (0.053,0.740) 
0.278 (0.038,2.381) 
0.184 (0.031,1.941) 

1.77 (1.18, 2.63) 
1.22 (0.83, 1.81) 
1.46 (1.12, 1.89) 
1.28 (0.83, 1.98) 

0.005 
0.31 
0.005 
0.27 

0.10  

0.04  

Rhinitis Bacteria Actinobacteria Collinsella I 
II 
I + II (a) 
I + II (c) 

0 (0,0) 
0.014 (0.001,0.061) 
0.005 (0,0.025) 
0 (0,0.025) 

1.51 (1.08, 2.12) 
1.30 (1.11, 1.52) 
1.30 (1.12, 1.52) 
1.65 (0.91, 3.01) 

0.017 
0.001 
0.001 
0.10  

0.05 
0.02  

Bacteroidetes Prevotella I 
II 
I + II (a) 
I + II (c) 

0.004 (0,0.023) 
0.140 (0.065,0.257) 
0.055 (0.005,0.167) 
0.061 (0.004,0.270) 

0.70 (0.55, 0.84) 
0.80 (0.64, 1.00) 
0.77 (0.69, 0.86) 
0.83 (0.68, 1.01) 

0.0003 
0.05 
<0.0001 
0.06 

0.01  

<0.01  

Firmicutes Lactobacillus iners I 
II 
I + II (a) 
I + II (c) 

0 (0,0.005) 
0.042 (0.019,0.102) 
0.018 (0,0.063) 
0.010 (0,0.049) 

1.06 (0.81, 1.37) 
0.73 (0.59, 0.90) 
0.83 (0.73, 0.94) 
0.84 (0.66, 1.08) 

0.81 
0.003 
0.004 
0.17  

0.07 
0.04  

Firmicutes Dolosigranulum I 
II 
I + II (a) 
I + II (c) 

0.006 (0,0.012) 
1.020 (0.412, 2.840) 
0.239 (0.007,1.270) 
0.319 (0.005,1.724) 

1.08 (0.86, 1.36) 
0.76 (0.64, 0.92) 
0.89 (0.82, 0.96) 
0.85 (0.75, 0.98) 

0.52 
0.004 
0.005 
0.02  

0.07 
0.04  

Eczema Bacteria Actinobacteria Cutibacterium I 
II 
I + II (a) 
I + II (c) 

0 (0,0) 
0.076 (0.035,0.187) 
0.023 (0,0.101) 
0.012(0,0.076) 

0.52 (0.09, 3.03) 
1.81 (1.17, 2.81) 
1.42 (1.15, 1.75) 
1.81 (1.06, 3.08) 

0.47 
0.008 
0.001 
0.03  

0.10 
0.02   

Table 6 
Mediation analyses between environmental characteristics, microbial taxa and rhinitis (N = 2,400). In the final mutual mediation model, the associations between 
environmental pollutants/indoor microorganisms and rhinitis were presented, and significant associations (p < 0.05) were coded with red (positively associated with 
rhinitis) and green (negatively associated with rhinitis) color. β was calculated for 10 µg/m3 increase in NO2 concentration and 10 µg/m3 increase in PM10 
concentration.  
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(inflammatory bowel disease) patients and healthy controls, but 
C. aerofaciens coated with IgA could only be detected in IBD patients 
(Palm et al., 2014). Another case-control study in the UK reported that 
Collinsella was a proinflammatory taxon in the human gut and was 
associated with biopsy-proven nonalcoholic steatohepatitis (Astbury 
et al., 2020). In a dormitory microbiome study in Shanxi University, 
Taiyuan, China, Fu et al. reported that the abundance of Collinsella was 
positively associated with asthma symptoms (Fu et al., 2021a). These 
results indicate Collinsella can trigger immune responses and chronic 
inflammatory diseases in various human body sites. Cutibacterium is a 
common skin commensal in humans, but some species in the genus can 
also act as opportunistic pathogens. For example, Cutibacterium acnes 
can produce virulent factors, including CAMP factors, porphyrins and 
hyaluronate lyase, to activate the innate immune response, leading to 
skin inflammation and acne vulgaris (Dréno et al., 2018). Cutibacterium 
acnes phylotype III can upregulate the expression of TNF-α and PAR-2 
and trigger inflammation in skin explants (Yu et al., 2016). These re-
sults confirm the proinflammatory potentials of Cutibacterium. 

Prevotella, L. iners and Dolosigranulum were protectively associated 
with rhinitis symptoms. Prevotella is a diverse genus that has been found 
in multiple human body sites, including the gastrointestinal tract, skin 
and oral cavity (Segata et al., 2012; Tett et al., 2021). The abundance of 
Prevotella was significantly higher in non-westernized populations than 
westernized populations, and these studies suggest that a high Prevotella 
diversity is beneficial for the human gut (Smits et al., 2017; Sonnenburg 
and Sonnenburg, 2019; Tett et al., 2021). Also, Prevotella can reduce the 
pro-inflammatory cytokines (IL-12p70, IL-23, IL-10, TNF-α) in dendritic 
cells and lung immune cells, suggesting that Prevotella has a low-grade 
immune stimulatory effect and may modulate the immune tolerance 
in the respiratory tract (Larsen, 2017; Larsen et al., 2015). Similarly, 
L. iners and Dolosigranulum were also present in multiple human body 
sites, providing beneficial effects (Brugger et al., 2020; Petrova et al., 
2017). For example, the nasal species Dolosigranulum pigrum can coop-
erate with Coryebacterium and inhibit the growth of pathogenic micro-
organisms in vitro, including Staphylococcus aureus and Streptococcus 
pneumonia (Brugger et al., 2020). Overall, the beneficial effects of these 
taxa have been reported in the human gut and airway, but this is the first 
study to report their effects for inhaled exposure, suggesting a potential 
intervention strategy by manipulating the indoor microbiome. 

In this study, the concentrations of outdoor NO2 and SO2 were 
negatively associated with rhinitis in a bivariate model, but a causal 
mediation analysis revealed that the indoor microorganisms fully 
mediated the air pollutants’ protective effects on rhinitis. The air pol-
lutants could indirectly affect occupants’ health by regulating the 
abundance of health-related microorganisms. These results can be used 
to explain previous inconsistent associations between air pollutants and 
health outcomes. For example, a meta-analysis study reported NO2, NO 
and PM increased the odds of childhood asthma and wheeze (Gasana 
et al., 2012). However, two studies in Germany and Switzerland re-
ported that NO2 and traffic pollution were not associated with atopic 
sensitization and airway hyperresponsiveness in children (Hirsch et al., 
1999; Wyler et al., 2000). We found that NO2 and SO2 concentrations 
were protectively associated with rhinitis in bivariate models but posi-
tively associated with rhinitis after adjusting Prevotella. The result 
demonstrates it is important to integrate microbial exposure with air 
pollutants in the exposome study to disentangle the hiding pattern and 
mediating route. 

4.3. Large-scale indoor microbiome variation in Taiyuan 

We found drastic indoor microbiome variation spanning seven years 
in Taiyuan. The range of variation is much larger than the previously 
reported short-term (seasonal) indoor or outdoor microbiome variation 
within a year. For example, studies in offices, shopping malls and day-
care centers reported microbial variation is mainly stable across seasons 
in a year (Prussin et al., 2016; Zhou et al., 2020). Studies in European 

and East Asian cities reported significant seasonal microbiome variation 
(Lee et al., 2017; Qin et al., 2020; Zhen et al., 2017), but the variation is 
much smaller than the long-term microbiome variation in Taiyuan. For 
example, Zhen et al. reported a seasonal bacteria variation in outdoor air 
in Beijing ranging from 22 to 25% for Actinomycetales, 6%-20% for 
Bacillales and 4%-14% for Rhodobacterales (Zhen et al., 2017). This is 
one order of magnitude smaller than what we observed in Taiyuan, such 
as Cupriavidus (20.6% in 2012 to 0.01% in 2019), Acinetobacter (15.3% 
to 3.6%), uc Burkholderiaceae (13.3% to 0.4%), Haemophilus (0.02% to 
8.4%) and Streptococcus (7.0% to 0.1%). 

Another interesting phenomenon was that the temporal indoor 
microbiome variation was much larger than the spatial indoor micro-
biome variation in Taiyuan. Previous studies reported that the indoor 
microbiome was geographically patterned and varied across regions 
(Adams et al., 2013a; Fu et al., 2020b). We still observed the geographic 
microbiome variation in Taiyuan, but the range is much smaller than the 
long-term temporal variation. Several studies showed that urbanization 
and environmental pollutants (PM2.5, PM10, CO, SO2 and NO2) could 
lead to airborne bacterial and fungal homogenization within the city 
(Barberán et al., 2015; Liu et al., 2019), which could explain the pattern 
we observed. Also, we propose that the temporal indoor microbiome 
variation in Taiyuan is mainly attributed to the temporal variation in air 
pollutants. It is interesting to verify the hypothesis in other polluted or 
non-polluted cities. 

4.4. Driving forces for indoor microbiome variation 

A meta-analysis study reported that indoor bacteria were mainly 
sourced from the outdoor environment (>70%) than humans (4–30%) 
(Adams et al., 2016). We found a similar pattern in this study. Acineto-
bacter, Kocuria, Paracoccus, Pseudomonas, Corynebacterium and Sphingo-
monas were the top bacterial taxa in Taiyuan, and these were common 
bacteria in outdoor air (data from EMP, Earth Microbiome Project) 
(Thompson et al., 2017). The other top taxa in Taiyuan, including 
Burkholderiaceae, Streptococcus and Haemophilus, can be detected in 
both the outdoor environment and the human skin (EMP and HMP, 
Human Microbiome Project) (Byrd et al., 2018; Thompson et al., 2017). 
These taxa could be partly derived from human sources. Indoor fungi are 
also mainly sourced from the outdoor environment, with only a few 
exceptions from humans (Adams et al., 2013b). The common outdoor 
environmental fungi Didymella, Alternaria and Aspergillus were present in 
high abundances in Taiyuan, and Candida, a fungus commonly detected 
in human skin and body, was present in minor abundance. Overall, our 
results suggest that outdoor air is a major source of indoor bacteria and 
fungi in preschools, and the proportion of human-derived microorgan-
isms was small. 

We measured traffic and industrial pollutants and found that NO2, 
SO2 and PM10 concentrations were significantly associated with the 
microbiome variation in Taiyuan. A study demonstrated that outdoor 
airborne PM2.5 and PM10 particles accommodated and affected the 
abundance of airborne microbial species (Qin et al., 2020). Two studies 
showed that PM2.5 could alter the lung and gut microbiome in mice (Li 
et al., 2020; Wang et al., 2018), and a gut microbiota survey in Southern 
California reported that higher NO2 exposure was associated with higher 
Firmicutes in the human gut (Fouladi et al., 2020). Our data and these 
studies indicate that the drastically changed air pollutants could be a 
major force driving the city-scale microbial community variation, 
providing new insights into the restructured indoor microbiome under 
environmental pressure. 

4.5. Implications for the prevention of asthma and allergies 

Currently, we do not have a practical prevention strategy for asthma 
and allergies. For patients with respiratory allergies, the suggestion is 
usually to avoid the risk exposures, including chemical irritation and 
exposure to allergens (D’Amato et al., 2020). However, the indoor 
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microbial community is an essential part of the indoor environment, and 
a healthy indoor microbiome can help prevent the development of 
asthma and allergies. In this study, multiple indoor microbial taxa were 
associated with asthma, rhinitis and eczema. Thus, prevention strategies 
to increase the abundance of beneficial microorganisms and decrease 
the adverse ones should be considered for disease control. 

Our results suggested that the abundance of indoor microorganisms 
also varies along with the ambient environmental changes. In this study, 
the concentration of NO2 exposure was significantly increased from 
2012 to 2019 due to growing private cars in Taiyuan city, but the 
prevalence of rhinitis did not increase due to indirect mediation effects 
of indoor Prevotella and Lactobacillus. The complex interaction suggests 
that, under the universal trend of air pollution control, the monitoring of 
indoor microbial communities is important for accurate health assess-
ment and prediction, especially for high-risk candidates for asthma and 
allergies (like children with parental allergic history). 

5. Conclusions 

This is the first study to explore the long-term city-scale indoor 
microbiome variation and health-related indoor microorganisms from a 
repeated cross-sectional perspective. A drastic indoor microbiome 
variation was observed from 2012 to 2019, which is suggested to be 
driven by the variation of the industrial and traffic pollutants (SO2, NO2 
and PM10). Five bacterial and one fungal taxa were associated with 
wheeze, rhinitis, and eczema in preschool children from multiple 
repeated regression models. A multivariate mediation analysis showed 
that the indoor microorganisms fully mediated the health effects of air 
pollutant levels (NO2 and PM10) on rhinitis. This study provides new 
insights into the environment, epidemiology and microbiome studies 
and indicates the importance of indoor microbiome assessment in future 
exposome studies. 

6. Ethics approval and consent to participate 

The study was approved by the Ethics Committee at Fudan Univer-
sity (IRB#08-03-0119), Shanghai, China, and all participants gave their 
informed consent. 

7. Availability of data and materials 

The FASTQ formatted raw sequence data were deposited in the Eu-
ropean Nucleotide Archive (ENA) at EMBL-EBI under accession number 
PRJEB46207 (https://www.ebi.ac.uk/ena/browser/view/PRJEB46207). 

Funding 

This work was supported by the Natural Science Foundation of 
Guangdong Province (2020A1515010845 and 2021A1515010492), the 
Joint Fund of National Natural Science Foundation of China and 
Guangdong Province (U1901207), Natural Science Foundation of China 
(42177419), and Shanxi One Hundred Excellent Experts Project (nr 9). 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

We thank Personalbio (www.personalbio.cn) for assistance in 
sequencing and bioinformatics analysis. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.envint.2022.107137. 

References 

Adams, R.I., Bhangar, S., Dannemiller, K.C., Eisen, J.A., Fierer, N., Gilbert, J.A., Green, J. 
L., Marr, L.C., Miller, S.L., Siegel, J.A., Stephens, B., Waring, M.S., Bibby, K., 2016. 
questions concerning the microbiomes of buildings. Build. Environ. 109, 224–234. 

Adams, R.I., Miletto, M., Taylor, J.W., Bruns, T.D., 2013a. Dispersal in microbes: fungi in 
indoor air are dominated by outdoor air and show dispersal limitation at short 
distances. ISME J. 7 (7), 1262–1273. 

Adams, R.I., Miletto, M., Taylor, J.W., Bruns, T.D., Nielsen, K., 2013b. The Diversity and 
Distribution of Fungi on Residential Surfaces. PLoS ONE 8 (11), e78866. https://doi. 
org/10.1371/journal.pone.007886610.1371/journal.pone.0078866.g00110.1371/ 
journal.pone.0078866.g00210.1371/journal.pone.0078866.g00310.1371/journal. 
pone.0078866.t00110.1371/journal.pone.0078866.t00210.1371/journal. 
pone.0078866.s00110.1371/journal.pone.0078866.s00210.1371/journal. 
pone.0078866.s00310.1371/journal.pone.0078866.s00410.1371/journal. 
pone.0078866.s00510.1371/journal.pone.0078866.s00610.1371/journal. 
pone.0078866.s00710.1371/journal.pone.0078866.s00810.1371/journal. 
pone.0078866.s00910.1371/journal.pone.0078866.s01010.1371/journal. 
pone.0078866.s011. 

Amend, A.S., Seifert, K.A., Samson, R., Bruns, T.D., 2010. Indoor fungal composition is 
geographically patterned and more diverse in temperate zones than in the tropics. 
Proc. Natl. Acad. Sci. USA 107 (31), 13748–13753. 

Astbury, S., Atallah, E., Vijay, A., Aithal, G.P., Grove, J.I., Valdes, A.M., 2020. Lower gut 
microbiome diversity and higher abundance of proinflammatory genus Collinsella 
are associated with biopsy-proven nonalcoholic steatohepatitis. Gut Microbes 11 (3), 
569–580. 

Barberán, A., Ladau, J., Leff, J.W., Pollard, K.S., Menninger, H.L., Dunn, R.R., Fierer, N., 
2015. Continental-scale distributions of dust-associated bacteria and fungi. PNAS 
112 (18), 5756–5761. 

Beasley, R., 1998. Worldwide variation in prevalence of symptoms of asthma, allergic 
rhinoconjunctivitis, and atopic eczema: ISAAC. Lancet 351 (9111), 1225–1232. 

Bell, M., 2006. The use of ambient air quality modeling to estimate individual and 
population exposure for human health research: A case study of ozone in the 
Northern Georgia Region of the United States. Environ. Int. 32 (5), 586–593. 

Bokulich, N.A., Kaehler, B.D., Rideout, J.R., Dillon, M., Bolyen, E., Knight, R., Huttley, G. 
A., Gregory Caporaso, J., 2018. Optimizing taxonomic classification of marker-gene 
amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome 6, 90. 

Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C.C., Al-Ghalith, G.A., 
Alexander, H., Alm, E.J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J.E., Bittinger, 
K., Brejnrod, A., Brislawn, C.J., Brown, C.T., Callahan, B.J., Caraballo-Rodríguez, A. 
M., Chase, J., Cope, E.K., Da Silva, R., Diener, C., Dorrestein, P.C., Douglas, G.M., 
Durall, D.M., Duvallet, C., Edwardson, C.F., Ernst, M., Estaki, M., Fouquier, J., 
Gauglitz, J.M., Gibbons, S.M., Gibson, D.L., Gonzalez, A., Gorlick, K., Guo, J., 
Hillmann, B., Holmes, S., Holste, H., Huttenhower, C., Huttley, G.A., Janssen, S., 
Jarmusch, A.K., Jiang, L., Kaehler, B.D., Kang, K.B., Keefe, C.R., Keim, P., Kelley, S. 
T., Knights, D., Koester, I., Kosciolek, T., Kreps, J., Langille, M.G.I., Lee, J., Ley, R., 
Liu, Y.-X., Loftfield, E., Lozupone, C., Maher, M., Marotz, C., Martin, B.D., McDonald, 
D., McIver, L.J., Melnik, A.V., Metcalf, J.L., Morgan, S.C., Morton, J.T., Naimey, A.T., 
Navas-Molina, J.A., Nothias, L.F., Orchanian, S.B., Pearson, T., Peoples, S.L., Petras, 
D., Preuss, M.L., Pruesse, E., Rasmussen, L.B., Rivers, A., Robeson, M.S., Rosenthal, 
P., Segata, N., Shaffer, M., Shiffer, A., Sinha, R., Song, S.J., Spear, J.R., Swafford, A. 
D., Thompson, L.R., Torres, P.J., Trinh, P., Tripathi, A., Turnbaugh, P.J., Ul-Hasan, 
S., van der Hooft, J.J.J., Vargas, F., Vázquez-Baeza, Y., Vogtmann, E., von Hippel, 
M., Walters, W., Wan, Y., Wang, M., Warren, J., Weber, K.C., Williamson, C.H.D., 
Willis, A.D., Xu, Z.Z., Zaneveld, J.R., Zhang, Y., Zhu, Q., Knight, R., Caporaso, J.G., 
2019. Reproducible, interactive, scalable and extensible microbiome data science 
using QIIME 2. Nat. Biotechnol. 37, 852–857. 

Brugger, S.D., Eslami, S.M., Pettigrew, M.M., Escapa, I.F., Henke, M.T., Kong, Y., 
Lemon, K.P., D’Orazio, S.E.F., 2020. Dolosigranulum pigrum Cooperation and 
Competition in Human Nasal Microbiota. mSphere 5 (5). https://doi.org/10.1128/ 
mSphere.00852-20. 

Byrd, A.L., Belkaid, Y., Segre, J.A., 2018. The human skin microbiome. Nat. Rev. 
Microbiol. 16 (3), 143–155. 

Caillaud, D., Leynaert, B., Keirsbulck, M., Nadif, R., 2018. Indoor mould exposure, 
asthma and rhinitis: findings from systematic reviews and recent longitudinal 
studies. Eur. Respiratory Rev. 27 (148), 170137. https://doi.org/10.1183/ 
16000617.0137-201710.1183/16000617.0137-2017.Supp1. 

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P., 
2016. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. 
Methods 13 (7), 581–583. 

Castro-Rodriguez, J.A., Forno, E., Rodriguez-Martinez, C.E., Celedon, J.C., 2016. Risk 
and Protective Factors for Childhood Asthma: What Is the Evidence? J. Allergy Clin. 
Immunol. Practice 4, 1111–1122. 

D’Amato, G., Ortega, O.P.M., Annesi-Maesano, I., D’Amato, M., 2020. Prevention of 
Allergic Asthma with Allergen Avoidance Measures and the Role of Exposome. Curr. 
Allergy Asthma Rep. 20, 8. 

Dannemiller, K.C., Gent, J.F., Leaderer, B.P., Peccia, J., 2016. Indoor microbial 
communities: Influence on asthma severity in atopic and nonatopic children. 
J. Allergy Clin. Immunol. 138 (1), 76–83.e1. 

Y. Sun et al.                                                                                                                                                                                                                                      

https://www.ebi.ac.uk/ena/browser/view/PRJEB46207
http://www.personalbio.cn
https://doi.org/10.1016/j.envint.2022.107137
https://doi.org/10.1016/j.envint.2022.107137
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0005
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0005
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0005
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0010
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0010
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0010
https://doi.org/10.1371/journal.pone.007886610.1371/journal.pone.0078866.g00110.1371/journal.pone.0078866.g00210.1371/journal.pone.0078866.g00310.1371/journal.pone.0078866.t00110.1371/journal.pone.0078866.t00210.1371/journal.pone.0078866.s00110.1371/journal.pone.0078866.s00210.1371/journal.pone.0078866.s00310.1371/journal.pone.0078866.s00410.1371/journal.pone.0078866.s00510.1371/journal.pone.0078866.s00610.1371/journal.pone.0078866.s00710.1371/journal.pone.0078866.s00810.1371/journal.pone.0078866.s00910.1371/journal.pone.0078866.s01010.1371/journal.pone.0078866.s011
https://doi.org/10.1371/journal.pone.007886610.1371/journal.pone.0078866.g00110.1371/journal.pone.0078866.g00210.1371/journal.pone.0078866.g00310.1371/journal.pone.0078866.t00110.1371/journal.pone.0078866.t00210.1371/journal.pone.0078866.s00110.1371/journal.pone.0078866.s00210.1371/journal.pone.0078866.s00310.1371/journal.pone.0078866.s00410.1371/journal.pone.0078866.s00510.1371/journal.pone.0078866.s00610.1371/journal.pone.0078866.s00710.1371/journal.pone.0078866.s00810.1371/journal.pone.0078866.s00910.1371/journal.pone.0078866.s01010.1371/journal.pone.0078866.s011
https://doi.org/10.1371/journal.pone.007886610.1371/journal.pone.0078866.g00110.1371/journal.pone.0078866.g00210.1371/journal.pone.0078866.g00310.1371/journal.pone.0078866.t00110.1371/journal.pone.0078866.t00210.1371/journal.pone.0078866.s00110.1371/journal.pone.0078866.s00210.1371/journal.pone.0078866.s00310.1371/journal.pone.0078866.s00410.1371/journal.pone.0078866.s00510.1371/journal.pone.0078866.s00610.1371/journal.pone.0078866.s00710.1371/journal.pone.0078866.s00810.1371/journal.pone.0078866.s00910.1371/journal.pone.0078866.s01010.1371/journal.pone.0078866.s011
https://doi.org/10.1371/journal.pone.007886610.1371/journal.pone.0078866.g00110.1371/journal.pone.0078866.g00210.1371/journal.pone.0078866.g00310.1371/journal.pone.0078866.t00110.1371/journal.pone.0078866.t00210.1371/journal.pone.0078866.s00110.1371/journal.pone.0078866.s00210.1371/journal.pone.0078866.s00310.1371/journal.pone.0078866.s00410.1371/journal.pone.0078866.s00510.1371/journal.pone.0078866.s00610.1371/journal.pone.0078866.s00710.1371/journal.pone.0078866.s00810.1371/journal.pone.0078866.s00910.1371/journal.pone.0078866.s01010.1371/journal.pone.0078866.s011
https://doi.org/10.1371/journal.pone.007886610.1371/journal.pone.0078866.g00110.1371/journal.pone.0078866.g00210.1371/journal.pone.0078866.g00310.1371/journal.pone.0078866.t00110.1371/journal.pone.0078866.t00210.1371/journal.pone.0078866.s00110.1371/journal.pone.0078866.s00210.1371/journal.pone.0078866.s00310.1371/journal.pone.0078866.s00410.1371/journal.pone.0078866.s00510.1371/journal.pone.0078866.s00610.1371/journal.pone.0078866.s00710.1371/journal.pone.0078866.s00810.1371/journal.pone.0078866.s00910.1371/journal.pone.0078866.s01010.1371/journal.pone.0078866.s011
https://doi.org/10.1371/journal.pone.007886610.1371/journal.pone.0078866.g00110.1371/journal.pone.0078866.g00210.1371/journal.pone.0078866.g00310.1371/journal.pone.0078866.t00110.1371/journal.pone.0078866.t00210.1371/journal.pone.0078866.s00110.1371/journal.pone.0078866.s00210.1371/journal.pone.0078866.s00310.1371/journal.pone.0078866.s00410.1371/journal.pone.0078866.s00510.1371/journal.pone.0078866.s00610.1371/journal.pone.0078866.s00710.1371/journal.pone.0078866.s00810.1371/journal.pone.0078866.s00910.1371/journal.pone.0078866.s01010.1371/journal.pone.0078866.s011
https://doi.org/10.1371/journal.pone.007886610.1371/journal.pone.0078866.g00110.1371/journal.pone.0078866.g00210.1371/journal.pone.0078866.g00310.1371/journal.pone.0078866.t00110.1371/journal.pone.0078866.t00210.1371/journal.pone.0078866.s00110.1371/journal.pone.0078866.s00210.1371/journal.pone.0078866.s00310.1371/journal.pone.0078866.s00410.1371/journal.pone.0078866.s00510.1371/journal.pone.0078866.s00610.1371/journal.pone.0078866.s00710.1371/journal.pone.0078866.s00810.1371/journal.pone.0078866.s00910.1371/journal.pone.0078866.s01010.1371/journal.pone.0078866.s011
https://doi.org/10.1371/journal.pone.007886610.1371/journal.pone.0078866.g00110.1371/journal.pone.0078866.g00210.1371/journal.pone.0078866.g00310.1371/journal.pone.0078866.t00110.1371/journal.pone.0078866.t00210.1371/journal.pone.0078866.s00110.1371/journal.pone.0078866.s00210.1371/journal.pone.0078866.s00310.1371/journal.pone.0078866.s00410.1371/journal.pone.0078866.s00510.1371/journal.pone.0078866.s00610.1371/journal.pone.0078866.s00710.1371/journal.pone.0078866.s00810.1371/journal.pone.0078866.s00910.1371/journal.pone.0078866.s01010.1371/journal.pone.0078866.s011
https://doi.org/10.1371/journal.pone.007886610.1371/journal.pone.0078866.g00110.1371/journal.pone.0078866.g00210.1371/journal.pone.0078866.g00310.1371/journal.pone.0078866.t00110.1371/journal.pone.0078866.t00210.1371/journal.pone.0078866.s00110.1371/journal.pone.0078866.s00210.1371/journal.pone.0078866.s00310.1371/journal.pone.0078866.s00410.1371/journal.pone.0078866.s00510.1371/journal.pone.0078866.s00610.1371/journal.pone.0078866.s00710.1371/journal.pone.0078866.s00810.1371/journal.pone.0078866.s00910.1371/journal.pone.0078866.s01010.1371/journal.pone.0078866.s011
https://doi.org/10.1371/journal.pone.007886610.1371/journal.pone.0078866.g00110.1371/journal.pone.0078866.g00210.1371/journal.pone.0078866.g00310.1371/journal.pone.0078866.t00110.1371/journal.pone.0078866.t00210.1371/journal.pone.0078866.s00110.1371/journal.pone.0078866.s00210.1371/journal.pone.0078866.s00310.1371/journal.pone.0078866.s00410.1371/journal.pone.0078866.s00510.1371/journal.pone.0078866.s00610.1371/journal.pone.0078866.s00710.1371/journal.pone.0078866.s00810.1371/journal.pone.0078866.s00910.1371/journal.pone.0078866.s01010.1371/journal.pone.0078866.s011
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0020
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0020
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0020
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0025
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0025
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0025
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0025
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0030
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0030
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0030
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0035
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0035
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0040
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0040
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0040
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0045
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0045
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0045
https://doi.org/10.1128/mSphere.00852-20
https://doi.org/10.1128/mSphere.00852-20
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0060
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0060
https://doi.org/10.1183/16000617.0137-201710.1183/16000617.0137-2017.Supp1
https://doi.org/10.1183/16000617.0137-201710.1183/16000617.0137-2017.Supp1
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0070
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0070
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0070
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0075
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0075
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0075
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0080
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0080
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0080
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0085
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0085
http://refhub.elsevier.com/S0160-4120(22)00063-0/h0085


Environment International 161 (2022) 107137

12
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Nevalainen, A., Täubel, M., Hyvärinen, A., 2015. Indoor fungi: companions and 
contaminants. Indoor Air 25 (2), 125–156. 
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