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Abstract

The advent of high-throughput sequencing methods allowed researchers to fully char-
acterize microbial community in environmental samples, which is crucial to better
understand their health effects upon exposures. In our study, we investigated bacterial
and fungal community in indoor and outdoor air of nine classrooms in three elementary
schools in Seoul, Korea. The extracted bacterial 16S rRNA gene and fungal ITS regions
were sequenced, and their taxa were identified. Quantitative polymerase chain reac-
tion for total bacteria DNA was also performed. The bacterial community was richer
in outdoor air than classroom air, whereas fungal diversity was similar indoors and out-
doors. Bacteria such as Enhydrobacter, Micrococcus, and Staphylococcus that are generally
found in human skin, mucous membrane, and intestine were found in great abundance.
For fungi, Cladosporium, Clitocybe, and Daedaleopsis were the most abundant genera in
classroom air and mostly related to outdoor plants. Bacterial community composition
in classroom air was similar among all classrooms but differed from that in outdoor air.
However, indoor and outdoor fungal community compositions were similar for the same
school but different among schools. Our study indicated the main source of airborne
bacteria in classrooms was likely human occupants; however, classroom airborne fungi

most likely originated from outdoors.

KEYWORDS
classroom air, elementary school classrooms, microbial communities, next-generation
sequencing

Practical Implications

e Bacterial community composition in classroom air was similar among all classrooms but dif-
ferent from outdoor air.

e Indoor and outdoor fungal community compositions were similar for the same school but dif-
ferent among the schools.

e Our study indicated that the main source of airborne bacteria in classrooms was likely human

occupants whereas most fungi in classroom air likely originated from outdoors.

Min-Kyeong Yeo and Ju-Hyeong Park equally contributed to this work.

© 2021 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Indoor Air. 2021;31:1553-1562.

wileyonlinelibrary.com/journal/ina 1553


www.wileyonlinelibrary.com/journal/ina
mailto:﻿
https://orcid.org/0000-0003-4419-9341
mailto:﻿
https://orcid.org/0000-0003-1353-7627
mailto:bioclass@khu.ac.kr
mailto:gzp8@cdc.gov
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fina.12825&domain=pdf&date_stamp=2021-03-29

LEE ET AL.

1554
—I—Wl LEY

e Our finding that the amount of total bacterial DNA in outdoor air was higher than indoors also

underscores the importance of controlling infiltration of outdoor microbes into classrooms.

1 | INTRODUCTION

Most people in modern society spend more than 80% of their
time indoors.>? Therefore, indoor environmental quality has a sig-
nificant effect on health and quality of life, especially for groups
disproportionately affected such as children, adolescents, the el-
derly, and people suffering from respiratory diseases.® Children
may also be exposed to airborne pollutants more than adults
because their respiration rate per unit weight is higher.4 In addi-
tion, the high activity level of students in elementary schools may
also contribute to increase classroom airborne concentrations of
particulate matter (PM) through resuspension of settled surface
dusts.®

Indoor PM consists of biological particles, organic compounds
adsorbed onto particles, transition metals, ions, reactive gases,
particle core of carbonaceous material, and minerals.®’” Exposures
to indoor bacteria and fungi have been associated with the oc-
currence of infectious diseases, and exacerbation of asthma and
allergies.® While reducing exposures to pathogens and bacterial
toxins in the indoor environments is important,9 exposures to
human-associated indoor microbiomes may also provide bene-
ficial effects on occupants' health.1012 Hygiene hypothesis sug-
gests that infants need to get sufficiently exposed to symbiotic
microorganisms to properly develop the immune system that will
prevent development of allergic diseases.'® Thus, exposure to in-
door microbes might have both beneficial and adverse effects in
occupants.14

It has been challenging to study the microbial community with the
traditional culture method because most microorganisms existing in
the environment are not easily cultured with selected media.*>™*®
Nonetheless, the microbial management standard for indoor air in
Republic of Korea is based on the colony-forming units using the cul-
ture method that is likely to neglect some important indoor microor-
ganisms. As metagenome analysis using next-generation sequencing
becomes more readily available, studying microbial communities ex-
isting in the environment draws more attention from researchers.*’
Nevertheless, only a limited number of studies exist that charac-
terize microbial communities in school classroom air and examine
their associations with classroom environments. Furthermore, the
management of microbial community in indoor air in multi-user fa-
cilities has become a major issue during the pandemic of coronavirus
disease 2019.%° In this study, we selected three elementary schools
located near busy roads with high vehicular traffic in Seoul, Republic
of Korea to: (1) characterize microbial communities in classroom
air; and (2) compare microbiomes inside and outside classrooms by
bacterial 16S rRNA gene and fungal ITS (internal transcribed spacer)
region sequencing.

2 | MATERIALS AND METHOD

2.1 | Site selection and sample collection
Three elementary schools adjacent to major roads with an average
daily traffic volume of over 100 000 vehicles in Seoul, Korea, were
selected.?! The schools were, on average, 226 + 49 m apart from the
main roads. Air samples were collected from nine classrooms (one
per classroom and two to four classrooms per school) with natural
ventilation made through opening interior windows between the
classroom and the corridor during October through December 2019.
We selected 1st, 2nd, and 3rd graders' classrooms considering their
higher classroom activity levels compared to the higher grades.
Indoor and outdoor air filter samples for total suspended partic-
ulate matter were simultaneously collected during school hours on
weekdays and during the absence of students on holidays or week-
ends. Three indoor sampling pumps (Sensidyne) were placed on the
lockers at the back of the classroom at a height of 130 cm, similar to

22 and

the average height of elementary school students in Korea,
two outdoor sampling pumps at the school playground (Figure S1).
The sampling pumps connected to 37-mm closed cassettes loaded
with polyvinyl chloride filters (pore size: 5 pm, SKC, Inc.) were op-
erated at 2.5 L/min indoors and 4 L/min outdoors from 8:00 a.m to
3:30 p.m. To secure enough genomic DNA in samples for the 16S
rRNA gene and ITS region sequencing, three indoor filters were
combined for each classroom and two outdoor filters for the cor-
responding outdoor sample. All equipment, materials, and supplies
were sterilized before use. After completion of sampling, the filters
were placed in a sterile filter container and sealed with parafilm
using a sterile technique. The sealed filters were then placed in a
cooler with ice packs to maintain cool temperature and minimize po-
tential changes in the microbial community during transportation to
the laboratory where all filter samples were stored at —~80°C until
the analysis. Environmental conditions of the classrooms were re-
corded on the day when the air samples were collected and they
included the number of students, temperature, relative humidity,
natural ventilation time, and air cleaner operation time. Outdoor
wind speed, precipitation, temperature, and relative humidity on the

sampling day were also recorded.

2.2 | Genomic DNA extraction

Genomic DNA (gDNA) in sampled filters was extracted using High
Pure PCR Template Preparation Kit (Roche). The filter was put
in a 2 mL screw-cap microcentrifuge tube along with 300 mg of
212-300 um sterilized glass beads (Sigma) and 650 uL of ultrapure
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water. It was pulverized twice for 30 s at 1484 g using a homogenizer
(Allsheng).?>?* After centrifugation at 20 000 g for 1 min, the super-
natant was collected and centrifuged again at 20 000 g for 1 min. A
400 puL aliquot of the supernatant was collected and used as a pre-
treatment sample. Then, the sample was eluted from the column as
recommended by the kit manufacturer and stored at -20°C.

2.3 | Microbial diversity analysis

Each sample was prepared according to the Illlumina 16S
Metagenomic Sequencing Library protocols. The amount and pu-
rity of DNA were measured using the QuantiFluor dsDNA System
(Promega) and VICTOR Nivo (PerkinElmer). The samples that did not
meet minimum cDNA concentration (10 ng/pL) were excluded from
the 16S rRNA gene and ITS region sequencing (Table S1). ITS3-ITS4
region of fungal DNAZ® and 16S V3-V4 region of bacterial DNA%¢
were used for gene amplification with the primer sequences shown
in Table 1. The amplification step was performed to add multiplex-
ing indices and lllumina sequencing adapters. The final products
were normalized and pooled using the PicoGreen, and the size of
libraries was verified using the TapeStation DNA screentape D1000
(Agilent). And then sequencing was performed using the Illumina
MiSeq™ platform (lllumina).

Sequence analysis was performed using Quantitative Insights
Into Microbial Ecology2 (QIIME2, v.2017.6.0), such as Caporaso
et al.?” At the Demultiplex phase, each sequence was divided into
samples using DADA2 (ver.1.1.1) and quality checked to eliminate
low quality.?® The subsequent process also utilized DADA?2 to filter
out noisy sequences, correct errors in ambient sequences, and cor-
rect amplicon errors through the process of removing chimeric se-
quences and singletons. The clustering process used the g2-vsearch
(ver.2019.7) tool and proceeded with an open reference OTU picking
method. Sequences with similarity greater than 97% were clustered
into Operational Taxonomic Units (OTUs), and OTUs were analyzed
through SILVA and UNITE.2%3°

2.4 | Quantitative analysis of bacteria

For the quantitative analysis of the total bacterial DNA, gPCR (quan-
titative polymerase chain reaction) was performed by using 518F and

800R (Table 1) among 16S rRNA region.31 The reaction mixture was
prepared with 4 pL of 5 x HOT FIREPol EvaGreen qPCR Supermix
(Solis BioDyne), 14.6 pL of Nuclease-Free Water (QIAGEN), and for-
ward and reverse primer that were mixed with 0.2 and 1 pL of DNA
template, respectively. Initial denaturation was carried out at 95°C
for 12 min, and 40 cycles of three-step process were carried out—
denaturation at 95°C for 15 s, annealing at 55°C for 20 s, and elonga-
tion at 72°C for 30 s.

For gPCR, a LineGene 9600 (BIOER) was used. Using the gPCR
absolute quantification method,*? gPCR was performed with the
diluted Escherichia coli (E. coli) sample. PCR efficiency (R? = 0.993;
PCR efficiency = 102.2%) was verified through a standard curve,
and specificity was confirmed through a melting curve. The amount
of bacterial cDNA in sample was calculated according to the cycle
threshold value (C, value) of the diluted E. coli sample. To calculate
the copy number in the bacterial sample, the C, value of the diluted
E. coli and the C, value of the sample were compared. The OD600
value of the undiluted standard solution of E. coli sample used in
the experiment was 0.7, and the corresponding DNA concentration
measured after DNA extraction was 55.0 ng/pL. The E. coli standard

sample solution was serially diluted to 107° times by a factor of 10.

2.5 | Statistical analysis

Alpha and beta diversity were calculated and visualized using q2-
diversity (ver.2019.7) in the QIIME2 plugin. Unidentified genera
were excluded from the analysis. A rarefaction curve was created
for each sample to estimate bacterial and fungal richness as a func-
tion of sequencing depth at genus level.®® To explore the abun-
dance and uniformity of bacterial and fungal taxa in the samples,
a Shannon-Wiener index (HI), which is a diversity index consider-
ing both abundance and diversity, and Pielou's evenness index (El),
which represents the evenness of a community, were calculated.
Using principal coordinates analysis (PCoA), we evaluated similarity
of the microbial community among schools and between different
sample types (inside vs. outside classroom) with Bray-Curtis dissimi-
larity index. Spearman's correlation coefficients among the diversity
indices and environmental factors were calculated by sample loca-
tion (indoors and outdoors). For bacteria, the DNA copy numbers
from the gPCR analysis were also included in the correlation analy-
sis. All statistical analyses were conducted in R version 4.0 (CRAN)

TABLE 1 The primer sequences used for gene sequencing and gPCR experiments

Primer Sequence
Bacteria V3-V4 Forward
Reverse
518F Forward
800R Reverse
Fungi ITS3-ITS4 Forward

Reverse

5' CCTACGGGNGGCWGCAG 3’

5" GACTACHVGGGTATCTAATCC 3’

5' CCAGCAGCCGCGGTAATACG 3’

5" TACCAGGGTATCTAATCC 3’

5' TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCATCGATGAAGAACGCAGC 3’
5" GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCTCCGCTTATTGATATGC 3’
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and statistical significance set at p < 0.05 and marginal significance
atp <0.1.

3 | RESULTS AND DISCUSSION

3.1 | Classroom characteristics and outdoor
weather conditions

All nine classrooms in three schools had wood flooring, and the number
of students per occupied classroom ranged from 21 to 26 with an aver-
age of 23. Classroom average temperature was 22.6 + 1.6°C, and the
average relative humidity was 42.2 + 3.2% (Table 2). The average time
of natural ventilation made through opening interior windows between
the classroom and the corridor was 47.8 + 80.5 min/day, while the aver-
age operating time of a classroom air purifier was 151.7 + 142.5 min/day.
Outdoor temperature during the sampling campaign varied widely from
-0.5 (in December) to 17.0°C (in October), but was significantly lower
than classroom temperature (p < 0.01). The outdoor average relative hu-
midity was 62.5 + 11.2% and significantly higher than indoors (p < 0.01).
Average wind speed during outdoor sampling was 7.7 £ 2.5 m/s. It rained
during the sampling period for classrooms 1, 3, and 4 in school “b,” and
the average precipitation was 3.3 + 6.7 mm.

3.2 | Qualitative analysis of microbial community
in classroom and outdoor air

Richness of bacterial and fungal samples is presented using the rare-
faction curves (Figure 1). As rarefaction curve reached the asymptote
(represented by a straight line with a zero slope), sufficient sequenc-
ing depth was confirmed. For bacteria, the indoor average OTUs
were 240.3 + 70.7, which were lower than outdoors (310.9 + 81.4).
For fungi, the average OTUs of classroom and outdoor samples were
similar-120.7 + 27.1 and 122.2 + 37.7, respectively. This indicated
that bacteria in outdoor air samples were more diverse and more
variable in diversity than classroom air, while fungal diversity was
similar indoors and outdoors (similar in average richness) but more
variable in diversity in outdoor air samples. The number of bacterial
OTUs was significantly (p < 0.01) higher than fungal OTUs, indicating
that bacterial taxa in both indoor and outdoor air were more diverse
than fungal taxa. This result was similar to the studies that found
more diverse bacteria than fungi in soil, sugarcane (roots, shoots,
and leaves), and floor dust of homes.34-3¢

Diversity and evenness (uniformity) of bacteria and fungi in the
classroom and outdoor air is presented in Figure 2. Shannon-Wiener
index (HI) of classroom airborne bacteria was lower (marginally sig-
nificant, p = 0.09) than outdoors, but Pielou's evenness indices (EI)
indoors and outdoors were similar while HI for fungi was not differ-
ent between indoors and outdoors even if significance level was set
at 0.1 although fungal taxa were more evenly distributed in class-
room air than outdoor air (p = 0.09). Kembel et al¥’ reported that di-
versity in the outdoor bacterial community was significantly greater

than indoors, which was similar to our study finding. Comparison of
bacterial and fungal diversities in our study indicated that both HI
and El for bacteria were significantly (p < 0.01) higher than fungi,
which is consistent with the findings of Kettleson et al® report.

The top 30 bacterial and fungal genera in relative abundance are
illustrated in the stacked bar graphs for the classroom and outdoor air
samples (Figure 3). The average cumulative relative abundance of the
top 15 genera accounted for 35.6 + 9.0% of total abundance for class-
room bacterial samples, 22.3 + 7.0% for outdoor bacterial samples,
56.3 £ 7.8% for classroom fungal samples, and 62.7 + 8.0% for outdoor
fungal samples (Figure S2). For bacteria, Enhydrobacter, Streptococcus,
and Micrococcus were the most abundant top three genera in
classroom air while Methylobacterium, Pseudomonas, and Deinococcus
were the most abundant top three genera in outdoor air (Figure 3A).
The literature showed the main source of Enhydrobacter, Micrococcus,
Staphylococcus, Streptococcus, Neisseria, and Haemophilus in indoor
environments that were also found within the top 22 genera in our
study was human occupants. These bacterial genera live in the human
skin, mucous membrane, and the intestine.3®4% Methylobacterium, a
genus living in soil and water and existing widely in the environment,**
was found in both indoor and outdoor environments as we observed
in our study. Kocuria inhabits the human skin, mucous membrane,
and larynx and was also detected in indoor dust.*>*¢ Acinetobacter
is widely distributed in the environment such as soils and water and
also found in hospital settings because it can survive exposure to var-
jous disinfectants.*” For fungi, Cladosporium, Trametes, Aureobasidium,
Sistotrema, and Alternaria were most abundant in both indoor and
outdoor samples (Figure 3B). Cladosporium was the most commonly
found genus inside and outside the classrooms.*® Fungal spores of
some species of Alternaria are allergens that cause hypersensitivity
reactions, allergic asthma, keratitis, and skin infection.*”*° Chronic
exposure to Aureobasidium pullulans (a black and yeast-like fungus
found in various environments such as soil, water, air, and limestone)
from a contaminated humidifier or air conditioner may result in hyper-
sensitivity pneumonitis (extrinsic allergic alveolitis).?'>2 Of the top 30
fungal genera in our study, 20 were parasitic or symbiotic on plants.
Cladosporium, Trametes, Phlebia, Daedaleopsis, Clitocybe, and Irpex that
were found to be relatively abundant in our study were mostly related
to trees.”* ¢ Our finding that more abundant bacterial generaindoors
than outdoors were mostly related to humans is consistent with other
study findings suggesting that students and teachers are likely to be a
strong source of these airborne bacteria in classrooms; however, fungi
in classroom air likely originate from outdoors.”*”%8

To confirm the main source of microbes in classroom air, we
examined the similarity of bacterial and fungal community compo-
sitions among schools, classrooms, and outdoor air samples using
principal coordinates analysis. Our results showed that bacterial
community compositions in classroom air in all three schools were
generally similar (clustered together) but different from those in out-
door air that also varied widely by school (Figure 4A). On the other
hand, fungal community compositions in the samples were gener-
ally clustered by school (different location) regardless of indoor or
outdoor samples, indicating that fungal communities in indoor and
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FIGURE 1 Rarefaction curves of (A) bacteria and (B) fungi in the samples. IN, classroom sample; OTUs, operational taxonomic units; OUT,
outdoor sample; school ID: Sa, Sb, Sc. Two to four classrooms per school were sampled
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occupied classroom; OUT, outdoor sample; school ID: Sa, Sb, or Sc and classroom ID: 1, 2, or 3. The sample collected from “Unoccupied-Sa”

was not sequenced because the amount of cDNA was too low

outdoor air were similar within the same school but different among
schools (Figure 4B). However, we did not observe different commu-
nity compositions among classrooms with or without operating air
cleaner. These results of community composition confirmed that
human occupants were likely to be the major factor determining
bacterial community composition in classroom air whereas outdoor
air was likely the main source contributing to fungal community
composition in classroom air as described in Burge's report.”’

3.3 | Quantitative analysis of bacteria in
classroom and outdoor air

The copy number of bacterial DNA in the occupied classroom air
was lower than that in outdoor air samples on the same day for
the most samples, except for the classroom “1” in school “a” (Sal)
and classroom “1” in school “c” (Sc1) (Figure 5). For the classroom
in the school “a” (Sal), the highest number of students (26) in the
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occupied classroom; OUT, outdoor sample; School ID: Sa, Sh, or Sc and classroom ID: 1, 2, or 3

classroom might have influenced the concentration of airborne
bacterial DNA in the classroom air. On the day of sampling at
school “c,” outdoor temperature was below zero, and the sub-zero
temperature might have influenced bacterial concentration in
outdoor air. The copy number of bacterial DNA in the unoccupied
classroom was similar to that in corresponding outdoor air. Our
quantitative PCR results (amount of airborne bacterial DNA) were
also consistent with the results of the semi-quantitative analyses
of rarefaction curves and alpha diversity presented in the previ-
ous sections.

3.4 | Correlations between environmental
factors and microbial community

Evenness index for bacteria in classroom air samples was signifi-
cantly and positively correlated (correlation coefficient = 0.81,
p < 0.05) with classroom temperature (Figure S3A). The number
of students was positively correlated with the number of bacterial
DNA copies but not statistically significant. For outdoor bacterial
air samples, temperature was negatively correlated with evenness
index (-0.83, p < 0.01) but positively correlated with DNA copy
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FIGURE 5 Copy number of bacterial DNA by indoor and
outdoor sample for the same school and classroom. OC, occupied
classroom; OUT, outdoor sample; School ID: Sa, Sb, or Sc and
Classroom ID: 1,2, 0r 3

numbers (0.74, p < 0.05) (Figure S3B). For fungi, the number of
students indoors was positively correlated with evenness index
(0.70, p < 0.05) (Figure S3C) whereas outdoor wind speed and
evenness index of outdoor fungi had a positive correlation (0.77,
p < 0.05) (Figure S3D). However, relative humidity, natural ventila-
tion time, air cleaner operation time, and precipitation were not
correlated with the microbial diversity indices both indoors and
outdoors.

One of the limitations in our study was the small sample size,
which might limit generalizability of the study findings. The small
sample size also did not allow us to statistically evaluate the effects
of environmental conditions on microbial community in classroom
air. Future studies with a large number of schools and classrooms
in different areas and seasons might provide more generalizable re-
sults. Nonetheless, our study findings provide useful information to
better understand airborne bacterial and fungal microbiome includ-
ing their major sources in occupied classrooms.

4 | CONCLUSIONS

From our study, we found that bacterial microbiota in occupied
classroom air was likely associated with humans and different from
that in outdoor air, indicating that human occupants may be the
major source of indoor airborne bacteria. However, fungal micro-
bial community in classroom air is similar to those in outdoor air,
indicating that outdoor airborne fungi may be the major contribu-
tor to indoor airborne fungi. Our findings from a study of Korean
school classrooms were in line with those from studies conducted
in other countries. However, health effects of human occupant-
originated bacteria in school classrooms are largely unknown and
thus epidemiologic studies of classroom microbiomes and health in
schoolteachers and students are warranted. Our findings of higher
number of bacterial DNA copies in outdoors than indoors, and

outdoor airborne fungi as the main source of classroom fungi might
indicate the importance of properly controlling infiltration of out-

door microbes into classrooms.
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