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Abstract

Our understanding of how exposure to school microbiota affects the respiratory health of

staff and students in schools is limited. We examined the associations between exposure to
school microbiota and respiratory and gastrointestinal infections. We performed an epidemiologic
analysis of 1,529 school employees in the U.S. A questionnaire was administered to school

staff to collect health information, and floor dust was vacuumed from 500 classrooms in 50
schools. Fungal internal transcribed spacer region and bacterial 16S amplicon sequencing were
performed with extracted genomic DNA using Illumina Mi-Seq platform. The resulting DNA
sequences were clustered into operational taxonomic units (OTUs). Staff were assigned the
school-building-specific floor average number of bacterial or fungal OTUs from the same floor
as their exposure. We used logistic regression models to estimate adjusted odds ratios of reported
respiratory and gastrointestinal infections in the last 12 months. Exposure to the highest quartile
in number of OTUs (Q4, highest richness) of the bacterial phyla Firmicutes or Actinobacteria
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was associated with 28-61% lower odds of upper or lower respiratory infections compared to the
lower three quartiles (Q123). Higher Firmicutes diversity was more strongly associated with upper
respiratory infections, while greater Actinobacteria diversity showed a stronger association with
lower respiratory infections. Fungal diversity was not associated with any type of infection, and
neither bacterial nor fungal diversity was associated with gastrointestinal infections. Our study
suggests that exposure to a highly diverse bacterial microbiota in school environments may play an
important role in protecting school staff against respiratory infections.
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1.

Introduction

Indoor microbial exposure is an important contributing factor to occupants’ health. The
classroom is an indoor space where teachers and students spend the majority of their time
while in school [1-3]. In the United States, there were approximately 3.8 million teachers
for the 2020-2021 school year [4] and more than 49.6 million K-12 students were enrolled
in Fall 2022 [5]. In schools, upper and lower respiratory infections frequently occur among
teachers and students through the transmission of respiratory pathogens [6, 7].

Humans constantly inhale airborne environmental microbes encountered both indoors and
outdoors, and it has been hypothesized that the interaction between environmental and
endogenous microbiomes in the upper and lower respiratory tracts influences occupants’
susceptibility to infection from inhaled pathogens [8, 9]. A 2018 review article [10]
suggested that susceptibility to respiratory tract infections with airborne viruses or bacteria
may be influenced by changes in the nasal bacterial microbiota that can occur due to
environmental exposures as well as natural aging. The balanced microbial composition
colonizing the human respiratory tract that helps resist infection may also be strengthened
or disturbed by constant exposure to certain environmental microbiota [8, 11]. This implies
that environmental microbes in air we breathe may play an important role in maintaining
our respiratory health. In addition, inadvertent ingestion of indoor dust containing diverse
microbes may also affect the gut microbiota, potentially influencing gastrointestinal
infections [12, 13].

In indoor environments (e.g., classrooms) without combustion, cooking, or smoking, abiotic
and biotic resuspension is the primary source of airborne particulates [14]. It has been
estimated that resuspended dust from indoor surfaces can account for up to 60% of

the airborne indoor dust, and resuspended biological particles from the floor and other
surfaces are a primary source of inhalation exposure to microbes in densely occupied
indoor spaces [2, 15, 16]. Despite the importance of school indoor environments for student
and teacher health, the microbiological composition of schools is relatively less studied
than that in residential indoor environments. Similarly, epidemiologic studies of the effects
of environmental microbiota on infections in school staff have not been reported in the
literature. In this study, we examine these knowledge gaps and the associations between
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microbial richness in classroom floor dust and reported respiratory and gastrointestinal
infections as part of a large epidemiologic study of public school workers in Philadelphia,
Pennsylvania (PA) in the United States.

Methods
Epidemiologic Study.

We conducted a cross-sectional epidemiologic study of employees in 50 public elementary
schools in Philadelphia, PA during 2015 — 2016 [17, 18]. From a preliminary study that
assessed water damage within the school district, we selected 50 schools with more than
350 students each, representing a spectrum from no to substantial moisture damage, for
our study. During the summer of 2015, a total of 3,006 staff members from these schools
were invited to participate in a secure web-based health questionnaire survey. Information
pertaining to informed consent was included on the first page of the questionnaire, and
invitees were informed that completing the questionnaire would constitute consenting to
participate in the study. The study was reviewed and approved by the National Institute
for Occupational Safety and Health (NIOSH) Institutional Review Board (Protocol 1D:
13-DRDS-02XP).

Environmental Study.

In the summer of 2015, we collected one composite floor dust sample from each of the 500
classrooms (hard floorings: >97% of classrooms), with ten classrooms per school. These
ten classrooms were carefully selected from various floors within each school, considering
both spatial distribution and the number of study participants on each floor. To ensure
better representation, more classrooms were selected from the floor with a higher number of
participants. The details for the environmental sampling procedure were reported previously
[17, 18]. Briefly, we measured and marked the floor-wall junction around the entire
perimeter of each room, covering a total of 12 square feet. We then vacuumed the area for
eight minutes using a precleaned crevice tool attached to a L’il Hummer backpack vacuum
sampler (100 ft3/min, 1.5 horsepower, ProTeam Inc., Boise, ID, USA) equipped with a
polyethylene filter sock (Midwest Filtration Company, Fairfield, OH, USA). The collected
dust was sieved with a mesh (pore size: 250 um), homogenized, and then partitioned into
aliquots for analysis. Generally, all schools cleaned classrooms after school by vacuuming
the floors. On the sampling day, we requested custodians to hold off on vacuuming or
mopping the floors until we had completed our sample collection to ensure we maximized
our dust collection. Unfortunately, one classroom had been vacuumed and mopped with
water just before our sampling, and floor dust could not be collected from that classroom.
Therefore, a total of 499 classroom floor dust samples were analyzed for bacterial and
fungal DNA. The majority of the sampled classrooms relied on natural ventilation for

air circulation by opening the windows. We used the National Institute for Occupational
Safety and Health (NIOSH) Dampness and Mold Assessment Tool to collect dampness and
mold-related information for the classrooms (https://www.cdc.gov/niosh/docs/2019-114/)
and calculated average room dampness/mold scores.
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2.3. Genomic DNA Extraction.

We extracted genomic DNA (gDNA) from 499 samples and 30 reagent blanks (negative
controls) using the Roche High Pure PCR Template Preparation Kit (Roche Applied
Sciences, Penzberg, Germany) as previously described [17-19]. Briefly, 5 mg of dust was
suspended in the Kit’s tissue lysis buffer (250 uL), which was added to a 2 mL reinforced
tube containing 300 mg of glass beads (212-300 um, Sigma-Aldrich, St. Louis, MO) and
homogenized with a bead mill homogenizer at a rate of 4.5 m/s for 30 s. Then, the tubes
were centrifuged for two cycles at 20,000 x g for 1 min to collect the lysis supernatants.
The supernatants were placed in sterile 1.5 mL microcentrifuge tubes with 20 uL of CelLytic
B Cell Lysis reagent (Sigma-Aldrich) that was incubated at 37 °C for 15 min. We added
the Kit’s binding buffer (200 pL) and proteinase K solution (40 pL) into the tubes that
were incubated at 70 °C for 10 min. The samples were washed and eluted (Roche Applied
Sciences, Penzberg, Germany), and 20 pL aliquots were stored at =80 °C until analysis.

2.4. Bacterial 16S and Fungal ITS Region Amplification, Sequencing, and Taxonomic
Identification.

Extracted gDNA samples were shipped to RTL Genomics (Lubbuck, TX) for

Illumina Mi-Seq sequencing of the bacterial 16S rRNA genes and the fungal internal
transcribed spacer 1 (ITS1) region. Bacterial DNAs were amplified using the primer

pair (357wF: CCTACGGGNGGCWGC-AG; and 806R: GGACTACHVGGGTWTCTAAT)
and sequenced [20]. Fungal DNAs were amplified using the primer pair (ITS1F:
CTTGGTCATTTAGAGGAAGTAA,; and ITS2aR: GCTGCGTTCTTCATCGATGC) and
sequenced as previously described [20]. Sequences with failed reads, low-quality tags
and/or less than half the expected amplicon length were removed. Using the PEAR
Illumina paired end read merger, paired sequences were merged [21]. Using an RTL
Genomics internal trimming algorithm, the sequences were trimmed prior to clustering into
operational taxonomic units (OTUS) using a 96% similarity threshold with a USEARCH
clustering algorithm [20, 22, 23]. Using the UPARSE OTU selection algorithm [23],

OTUs were selected, and using the UCHIME chimera detection software chimeras were
checked [24]. Bacterial and fungal taxa of representative OTU sequences were identified
using a USEARCH global search algorithm [25] by comparing them to a database
maintained by RTL Genomics of high-quality sequences derived from the National Center
for Biotechnology Information database.

2.5. Statistical analyses.

The health outcome variables for respiratory and gastrointestinal infections in our statistical
models included self-reported influenza-like illness; lower respiratory infections such as
pneumonia or acute bronchitis; upper respiratory infections involving the nose, sinuses,
throat, ears, or the common cold; and gastrointestinal symptoms like a sudden onset of
nausea, vomiting, or diarrhea lasting one or more days—all within the last 12 months.
Influenza-like illness was defined as an episode of fever and cough that came on rapidly and
lasted one or more days, potentially accompanied by fatigue, muscle aches, or sore throat.
As not all the 1,529 questionnaire participants had a floor dust sample from their own room,
we assigned an average of the environmental measurements taken from classrooms on the
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same floor in each school building to those who spent most of their time on that floor for
their exposure assessment. The number of samples per floor in each school ranged from
one to nine, with a median of three. Out of the initial 1,529 participants who completed the
questionnaire, 116 were excluded from analysis because they either didn’t provide school
names, their school names weren’t listed among the selected 50 schools with environmental
samples, or their school floors lacked environmental measurements. Therefore, a total of
1,413 participants were assigned exposure values.

The number of bacterial and fungal OTUs representing microbial richness (the total number
of different types of microorganisms), a measure of alpha diversity (diversity within a single
community or sample) [26, 27], was our exposure of interest. To identify the bacterial

or fungal subgroups associated with infections, we also created richness variables for
Gram-positive and negative bacteria, bacteria in the phyla Actinobacteria and Firmicutes,
and yeasts for fungi by counting the number of OTUs for each subgroup classification.
Categorical variables were created using the quartile (four-level variables) in the number of
OTUs or the lowest three quartiles versus the highest quartile in the number of OTUs (binary
variables: Q123 versus Q4). We also performed multivariable logistic regression models
using richness (hnumber of OTUs) as a continuous variable.

To examine the difference in average age or proportion of characteristics of the participants
between teachers and non-teaching staff, a two-sample t-test for age and a two-sample test
for equality of proportion were used [28, 29]. An unadjusted two-sample test for equality
of proportions of respiratory and non-respiratory infections was also performed between
teachers and non-teaching staff, and low and high richness (Q123 versus Q4) of total fungi,
yeast, total bacteria, Actinobacteria, and Firmicutes [28, 29]. Unadjusted natural cubic spline
curves (degrees of freedom=3) of the probability of respiratory infections against bacterial
richness were examined. To examine adjusted associations between infections and bacterial
or fungal diversity, we used multivariable logistic regression models. The models were
adjusted for age, sex, race, ethnicity, current smoking, being a teacher, current asthma, hay
fever, classroom dampness/mold score, and home mold odour in the last 12 months that
could be independent risk factors or confounders. Due to the numerous infection variables
and the many subclass variables of bacteria and fungi, which required extensive analyses,
the statistical analysis began with a focus on the richness of Gram-positive or Gram-negative
bacteria. Gram-positive bacteria consist of Actinobacteria and Firmicutes, while Gram-
negative bacteria include all other phyla. Because the richness of Gram-positive bacteria
was significantly associated with most respiratory infections, we conducted further analysis
to determine which specific phylum within Gram-positive bacteria was driving the negative
associations. However, since Gram-negative bacteria were not significantly associated with
respiratory infections in the multivariable models, except for acute bronchitis, we did not
pursue further analysis for its subclass or phylum. Generalized additive models adjusted for
the covariates above were used to test for the non-linear exposure-response relationships
with penalized cubic spline regression with 30 knots [30]. All statistical analyses were
performed with R version 4.3.0 [31], and statistical significance was set at a=0.05 and
marginal significance at=0.1.
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3. Results

3.1 Demographics and distribution of richness.

The overall participation rate was 50.9%, with 1,529 respondents; however, response rates
for certain individual questions were lower due to some participants opting not to answer
specific questions on the survey (Table 1). Of these respondents, 82.1% were teachers,

and the average age was 44.5 years (standard deviation=11.2) with teachers being 6-years
younger on average than non-teachers (P-value < 0.01). The majority of the participants
were female (85%), white (70%), non-Hispanic (95.7%), and non-smokers (93.7%). While
16% of the respondents reported current asthma, more than half (56%) reported physician-
diagnosed hay fever. Eleven percent of participants reported mold odor in their homes in the
last 12 months. Compared to non-teaching staff, the teacher participant group was comprised
of significantly more white individuals, had fewer Hispanic individuals, and fewer current
smokers (P-values < 0.04, Table 1).

The 75 percentile of the assigned floor average number of OTUs for total bacteria

among the questionnaire participants was 460 (median=408) while the 75t percentile

for total fungi was 181 (median=160) (Figure S1). The 75™ percentile of the OTUs for
Gram-positive bacteria (Actinobacteria and Firmicutes) was 230, which was similar to that
for Gram-negative bacteria (229). Within Gram-positive bacteria, the 75! percentile of

the assigned OTUs in Actinobacteria was higher (122) than that in Firmicutes (108). On
average, yeast OTUs accounted for 15.6% of total fungal OTUs (Table 2 and Figure S1).
The 75t percentiles of the assigned OTUs were slightly lower than those in the original 499
samples (Table S1).

3.2. Unadjusted prevalence of infections.

Prevalences of acute bronchitis, pneumonia, and influenza-like illnesses in the last 12
months were 18%, 4.3%, and 53%, respectively (Table 3). Teachers reported more
influenza-like illnesses than non-teachers (54% versus 45%, P=0.01). Of the upper
respiratory infections, the common cold was the most prevalent (64%), followed by sinus
infection (55%), nasal infection (52%), throat infection (49%), and ear infection (25%).
All upper respiratory infections were more prevalent in teachers than non-teachers (P-
values<0.001), while the prevalence of ear infection was similar in two groups. Prevalences
of gastrointestinal infections were generally lower than those of respiratory infections and
also significantly (P-values<0.02) higher in teachers versus non-teachers. The most prevalent
gastrointestinal infection reported was diarrhea (35%) while vomiting was the lowest at
17%.

In unadjusted analyses, prevalences of all infections in the highest richness quartile (Q4)
for total bacteria were lower than those of the combined lower three quartiles (Q123)
(Table S2); however, the difference in prevalence was only significant (P=0.04) for diarrhea
(—6.5%); marginally significant (0.05< P-values <0.1) for the acute bronchitis, influenza-
like illness, common cold, sinus infection, and nausea (range of difference: —4.6% —
-5.9%); but not significant for the rest of the infections (-0.06% — —5.2%). The unadjusted
prevalences of infections in Q4 and Q123 were reassessed by examining these prevalences
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in relation to the diversity within the phyla Actinobacteria and Firmicutes. The observed
prevalence differences between Q4 and Q123 for OTUs within the phylum Actinobacteria
were increased compared to those associated with total bacterial richness. Specifically, for
influenza-like illness, this difference grew from —5.7% to —8.4%, representing a 47.4%
decrease in association; for common colds, from —5.4% to —7.9%, a 46.3% decrease; for
nasal infections, from —5.2% to —8.4%, a 61.5% decrease; for sinus infections, from —5.7%
to —7.5%, a 31.6% decrease; and for throat infections, from —2.4% to —5.3%, an increase
by a factor of 2.1 times. These heightened differences achieved statistical significance at

an alpha level of 0.05, as indicated in Tables S1 and 4. In contrast, the magnitude of

the negative associations between Actinobacteria and gastrointestinal infections diminished
and became statistically insignificant when compared to those observed with total bacteria
(Tables S1 and 4). Furthermore, we observed a consistent pattern in the shift of negative
associations with infections between total bacteria and the phylum Firmicutes—the latter
exhibited stronger negative associations with upper respiratory infections (Tables S1 and 5).
On the other hand, prevalences of ear and nose infections in Q4 of total fungi were lower
[difference: 6.1% for ear infection (P=0.03) and 5.6% for nasal infection (P=0.09)] than
Q123 while prevalence of vomiting in Q4 was marginally (P=0.06) higher than that of Q123
(Table S3). Richness of yeast as a sub-group of total fungi did not show any significant
difference in prevalences for any infections between Q4 and Q123 (Table S4).

3.3. Adjusted associations of infections with bacterial or fungal richness.

Multivariable logistic regression models using richness as a continuous variable indicated
that influenza-like illness, pneumonia, acute bronchitis, and sinus infections were linearly
and negatively associated with the Actinobacteria (P-values<0.05) (data not shown). The
common cold, and nose infections were linearly and negatively associated with the phylum
Firmicutes (P-values<0.05) (data not shown). Unadjusted exposure-response relationships
between probability of these infections and Actinobacteria or Firmicutes richness using
the cubic spline function with three degrees of freedom are presented in Figure S2.

In adjusted (multivariable) generalized additive models, the tests of non-linearity in the
exposure-response relationships did not indicate significant non-linear associations, except
for sinus infection with Firmicutes (P=0.025).

Multiple logistic regression models analyzing respiratory infections, with a binary variable
comparing Q4 versus Q123 in terms of total bacterial richness, indicated decreased odds
of infection in the group with the highest diversity (Tables 6 and S4). However, only

the odds ratios for acute bronchitis, common cold, and nasal infections (with a range of
odds ratios from 0.62 to 0.72) reached statistical significance (P-values < 0.05). However,
analyses from models utilizing sub-taxonomic groups of bacteria revealed that the decreased
odds associated with high diversity in the total bacterial community were primarily driven
by the diversity found within either the Actinobacteria or Firmicutes phyla. The odds

of all respiratory infections, except for ear infections, were significantly and inversely
associated with richness in the Actinobacteria or Firmicutes phyla. Moreover, the odds
ratios for the highest quartile of richness (Q4) within these phyla were similar to, or

even lower than, those observed for total bacterial richness (Table 6). The odds of lower
respiratory infections were significantly reduced—by 44% for acute bronchitis, 61% for

Build Environ. Author manuscript; available in PMC 2025 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

Page 8

pneumonia, and 34% for influenza-like illness—in association with the highest quartile of
richness in Actinobacteria (Q4 versus Q123). Furthermore, significant associations were
found between increased richness in both Actinobacteria and Firmicutes and decreased odds
of influenza-like illness, common cold, and nasal infection. However, all upper respiratory
infections—with the exception of ear infections—showed a tendency towards stronger negative
associations with increased richness in Firmicutes (average protection of 32%) compared

to Actinobacteria (25%). Only acute bronchitis was negatively associated (OR=0.54) with
richness in Gram-negative bacteria. The adjusted exposure-response relationships using the
quartile of Actinobacteria or Firmicutes richness for those significant associations indicated
that the odds of the infections in the fourth quartile were always significantly lower than
those in the first quartile (Figure 1).

None of the gastrointestinal infections were significantly associated with increased richness
of total bacteria, Actinobacteria, or Firmicutes in adjusted logistic regression models (Table
S5). Furthermore, the richness of total fungi or yeasts were not significantly associated
with any infections in adjusted regression models (data not shown). Individuals with
physician-diagnosed hay fever or asthma were generally found to report a greater number
of respiratory infections, with the notable exception of pneumonia (Tables S6 and S7).

For illustration, Table S8 presents the odds ratios for acute bronchitis associated with each
variable included in the multivariable model. The full results of the model indicated that
being older, female, being a teacher, having physician-diagnosed hay fever, and current
asthma were significantly or marginally associated with the increased odds of acute
bronchitis among the covariates.

4. Discussion

Our epidemiologic study of teaching and non-teaching staff from 50 schools has revealed
the following: 1) exposure to higher richness of total bacteria in floor dust was associated
with a 28-38% decrease in the odds of reporting acute bronchitis, the common cold,

and nasal infection compared to lower diversity; 2) within the total bacterial population,
exposure to higher richness in the phylum Actinobacteria was associated with a 44-61%
decrease in the odds of lower respiratory infections (acute bronchitis and pneumonia) and

a 34% decrease in the odds of influenza-like illness compared to lower diversity, while
exposure to Firmicutes was not associated with those infections; 3) within the total bacterial
population, exposure to higher diversity in the phylum Firmicutes was associated with a
32% decrease (on average) in the odds of upper respiratory infections (common cold, nasal,
sinus, and throat infections), which represents a 7% stronger association than that observed
for the phylum Actinobacteria (25%); 4) exposure to higher diversity in Gram-negative
bacteria was associated with a 46% decrease in the odds of acute bronchitis compared to
lower diversity; and 5) similar negative associations of diversity in fungi or yeasts with
respiratory infections were not observed. The exposure-response relationships for these
negative associations appeared to be linear. None of the bacterial or fungal richness was
associated with gastrointestinal infections in the multivariable regression models. Our study
findings demonstrate that exposure to a rich indoor microbiota, particularly within the
bacterial phyla Actinobacteria and Firmicutes, may play an important role in the respiratory
infections of school occupants.
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Respiratory infections and bacterial diversity

There is limited information on the effects of exposure to diverse bacterial and fungal
populations on respiratory infections. Furthermore, we are not aware of any epidemiologic
studies that have examined associations between indoor microbial diversity and respiratory
infections among school staff. A study of university students (n=357) living in dormitories
in China reported that richness of the class Actinobacteria in settled dust was negatively
associated with respiratory infections, indicating potential protective effects, whereas no
such association was found with total bacteria [32]. In this study, respiratory infections
were defined by the presence of symptoms such as the common cold, influenza, nasal
congestion, and coughing reported within the last three months. Fu et al.’s school study
involving 14- to 15-year-old students (n=308) in Malaysia documented that a higher
richness of total bacteria was associated with a 22% decrease in the odds of respiratory
infections (OR=0.78, P-value=0.09) [33]. In this study, the absolute abundance (the actual
number of microbial organisms) of bacterial and fungal taxa was calculated based on
gPCR results. They found that the absolute abundance of certain bacterial genera within
the phyla Actinobacteria, Proteobacteria, Deinococcota, Cyanobacteria, and Bacteroidetes
in floor and surface dust from 21 classrooms was negatively associated (ORs=0.13-0.62,
P-values<0.01) with reported respiratory infections. Similar to the findings of our study,
Fu et al. did not observe any significant associations between total fungal richness

or major fungal classes and respiratory infections. However, they did report significant
protective effects associated with the absolute abundance of four fungal genera— Devriesia,
Endocarpon, Sarcinomyces, and unclassified Herpotrichiellaceae-with odds ratios ranging
from 0.10 to 0.25 (P-values<0.001) for respiratory infections [33]. However, these fungal
genera were not found in our elementary school study [17]. The findings from these

two studies, which involved over 300 middle school and university students respectively,
are consistent with our study findings from adults working in schools. In our study, the
regression models were adjusted for demographic characteristics—age, sex, race, ethnicity,
and smoking status—as well as additional covariates including asthma, hay fever, home
mold odor, and classroom dampness scores that could be independently associated with
respiratory infections. Altogether, our epidemiologic research suggests that exposure to
higher diversity in indoor bacterial microbiota may offer protective effects against viral or
bacterial respiratory infections among adults in the school environment.

The nares of adults are primarily colonized by diverse bacterial genera that mainly belong
to the phyla Actinobacteria and Firmicutes, which are Gram-positive bacteria [9, 34].
Bessesen et al. reported that adults colonized with methicillin-resistant Staphylococcus
aureus (MRSA) in their nares, who are at an increased risk of staph infection, had
microbial diversity in the nose that was 2.2 times lower than that of non-colonized healthy
subjects [35]. They also demonstrated through in vitro experiments that competition among
certain bacterial species, such as Kocuria palustris (Actinobacteria), Lactobacillus gasseri
(Firmicutes), and Streptococcus mitis (Firmicutes), inhibits MRSA colonization in the
nose, thereby providing a protective effect against staph infection. In the study by De
Lastours et al., which included 338 U.S. adults, those infected with the influenza virus
(n=35) exhibited significantly increased and imbalanced colonization of Strepfococcus
pneumoniae and Staphylococcus aureus in their nasal passages and throat [36]. In contrast
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to pathological conditions, microbiota in respiratory tracts of healthy adults is characterized
by high diversity and low abundance [9]. These commensal bacteria inhabiting the nasal
passages can impact the local bacterial community and influence the host immune response
[8, 10, 37]. The healthy human nasopharynx is colonized by Gram-positive bacteria, such
as Staphylococcus, Streptococcus, Bifidobacterium, Dolosigranulum, and Corynebacterium,
as well as Gram-negative anaerobic bacteria, such as Veillonella, Prevotella, Leptotrichia
and Fusobacterium [9, 38]. However, an imbalance in the microbial composition of

the nasopharynx could allow a particular pathogen to outgrow or modify responses to
unexpected microbes in the lower airways [9, 38—40]. Lee et al. reported that higher
bacterial diversity in nasal passages and throat was associated with lower susceptibility

to influenza virus infection [41]. Bacterial diversity generally increases as it moves from the
anterior nose to the nasopharynx and to the oropharynx [38]. Those forementioned studies
indicate that microbial diversity, not dominated by a single species, but balanced among
resident species in respiratory tracts, appears crucial to resist colonization of pathogens

[8, 9]. Our epidemiologic study findings suggest that exposure to a more diverse array of
environmental bacteria, particularly from the phyla Actinobacteria and Firmicutes, may have
contributed to maintaining or strengthening a resilient microbiome in the respiratory tracts.
This might have led to increased resistance against colonization by inhaled pathogenic
microbes [8, 9], ultimately providing a protective effect against respiratory infections.

Respiratory infections and fungal diversity

Roles of fungi in the respiratory microbiota and their contribution to health are not well
understood [38, 42, 43]. Despite the paucity of studies, it appears that the respiratory tracts
of healthy people are also inhabited by diverse fungi, commonly including Cladosporium,
Eurotium, Penicillium, Aspergillus, Candida, and Pneumocystis [43]. In patients with cystic
fibrosis or chronic obstructive pulmonary disease, lower lung function was associated with
decreased fungal diversity that might have resulted from outgrowth of a single species

or loss of rare species [43, 44]. Additionally, cohort studies of U.S. children documented
that increased diversity in the genus Cryptococcus may provide a protective effect on
development of asthma in low-income Latino children [45] but that the fungal genus
Volutellahad an adverse effect on asthma severity in children with severe asthma [46].
However, it appears that no published studies have investigated the effects of fungal diversity
on both respiratory and non-respiratory infections. In our study of adult school workers,

we did not observe any adverse or protective effects of fungal diversity on respiratory and
gastrointestinal infections. Nonetheless, additional epidemiologic studies are warranted to
examine the impact of fungal diversity on respiratory infections in adult populations.

Microbiota in floor dust

From birth, inhaled microbes continuously interact with the microbiota of the respiratory
tracts [8, 9, 47]. A study in France examined the associations between micro- and mycobiota
in house dust and sputum from 22 adult patients with severe asthma (average age:

59.1). The results showed a higher proportion of shared fungal taxa between the sputum

and house dust in patients experiencing acute exacerbations compared to those without
exacerbations [48]. This study supports the notion that indoor environmental microbiota can
be transferred into the respiratory tracts through inhalation. It is also well acknowledged
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that in densely occupied spaces, such as school classrooms, the resuspension of biological
particles from indoor surfaces—including floors—due to occupants’ activities, could be a
primary source of airborne bacteria inhaled by those present [2, 16]. Dust collected from

the edges of classroom floors could better represent the accumulation of settled but once-
airborne particles over the past year, as it is likely to escape regular vacuuming and

mopping. Therefore, these floor dust samples may serve as a better proxy for long-term
inhalation exposure, given that personal air sampling of bacteria or fungi has limitations in
representing the temporal and spatial variation of airborne microbial concentrations [49-52].
Consequently, microbiomes in floor dust could significantly influence occupants’ respiratory
microbiome via resuspension and subsequent inhalation.

In our previous publication on bacterial microbiota in classroom floor dust in the same
schools, we reported that Proteobacteria was the richest (the most diverse) phylum,
followed by the phyla Firmicutes and Actinobacteria [18]. However, Firmicutes was the
most abundant phylum, with four genera—Lactobacillus, Streptococcus, Clostridium, and
Enterococcus-ranking among the top 10 most abundant genera. As a single class within

the identified phyla, Actinobacteria exhibited the greatest diversity of bacteria detected in
this study [18]. In addition, we found that bacterial genera associated with humans were
more diverse than those originating from outdoor environments, while genera linked to the
outdoors were more abundant in these schools compared to human-associated bacteria.

Our environmental analysis also revealed that fungal richness was less than half that

of bacterial richness, although the quantity of fungal DNA sequences exceeded that of
bacteria [17]. The top five richest fungal genera included Aspergillus, Penicillium, Candida,
Collectotrichum, and Alternaria species. We identified DNA sequences derived from 724
fungal genera, which included 62 yeast genera—36 from the phylum Ascomycota and 26
from Basidiomycota—representing about 20% of the total number of fungal DNA sequences
[17]. In each classroom, we identified on average 17 yeast genera, indicating that yeasts are
also prevalent fungi in these school environments. This environmental study demonstrated
highly diverse bacteria and fungi in classroom floor dust.

4.4. Strengths and limitations of the study

The strength of our study lies in the relatively large number of participants—over 1,500—from
50 schools in a major U.S. city, which afforded sufficient statistical power for the analyses.
By assigning school building-specific floor averages as exposures for most questionnaire
participants, we substantially increased the number of subjects included in the epidemiologic
analyses compared to using individual classroom-based exposure assessments. This group-
based exposure assignment resulted in less attenuated associations between exposure and
health (data not shown), similar to the results previously reported from another large office
building study by our group [53]. One limitation of our study is that we were unable

to analyze the associations between the concentrations of individual microbial taxa and
infections, as amplicon DNA sequencing yields only relative abundance information for
each taxon. However, existing literature suggests that diversity in the respiratory tract—
characterized by a lack of dominance by any single species—plays a more crucial role

in protecting against respiratory diseases [8, 9, 43, 44]. This supports our analytical

strategy of using the diversity index to examine our hypothesis, rather than focusing on
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the concentrations of individual taxa [8, 9]. Another potential limitation is the possibility of
inaccurate taxonomic assignment, especially at lower taxonomic levels, which may arise
from biases inherent in various stages of sample analysis. These stages include DNA
extraction, PCR amplification, primer selection, and bioinformatics analysis involved in
high-throughput sequencing. DNA amplicon sequencing does not indicate the viability of
the identified microbes, leaving us uncertain about the proportion of viable organisms.
This uncertainty represents a limitation if it is indeed only viable microbes that interact
with the respiratory tract microbiome of the workers. Nonetheless, the use of amplicon
sequencing and floor-average assignment for exposure categorization, as mentioned above,
likely resulted in nondifferential misclassification of dichotomous exposure to diverse
viable bacteria in floor dust. This would generally bias the associations towards the null
[54]. Lastly, the infections reported over the past 12 months in our health questionnaire
survey may have been subject to recall bias. Participants, unaware of their exposure

status, might under- or over-report infections, which could lead to an attenuation of the
actual associations. Nevertheless, our epidemiological study revealed significant negative
associations between bacterial diversity and the odds of various respiratory infections,
suggesting that the observed effects might have been even more pronounced in the absence
of such misclassification or recall bias.

5. Conclusions.

Our study’s finding indicates that exposure to highly diverse indoor microbiota may confer
protective effects against respiratory infections, suggesting that the inhalation of diverse
microbial communities in indoor environments could play a significant role in promoting
respiratory health. Exposure to high diversity in Actinobacteria may provide stronger
protection against lower respiratory infections than Firmicutes, while diversity within the
phylum Firmicutes may offer greater protection for upper respiratory infections compared
to Actinobacteria. These findings imply that instead of traditional cleaning methods that kill
most bacteria, a newly proposed probiotic cleaning—which introduces beneficial microbes
that can outcompete harmful pathogens—may be a good practice to promote a healthier
indoor microbial environment [55]. Therefore, probiotic intervention studies are needed

to assess the efficacy of any probiotic cleaning method in prevention of respiratory tract
infection before implementation.

In this adult population, we did not observe any protective effect of exposure to fungal or
yeast richness on respiratory and gastrointestinal infections. As demonstrated in our previous
publication on the bacterial microbiome of floor dust in these schools [18], exposure to a
variety of human-associated bacteria, along with a rich presence of natural environmental
bacteria such as Actinobacteria and Firmicutes, may contribute to a healthy and typical
indoor microbial community. This could potentially have a positive impact on the respiratory
health of the building’s occupants. Nonetheless, further research to identify beneficial
bacterial subgroups within the phyla Actinobacteria and Firmicutes—or variations within
those subgroups that may confer protective effects against respiratory infections—would be
valuable. This information may help us engineer healthier indoor microbiomes, promoting
occupant health and offering better protection against infections.

Build Environ. Author manuscript; available in PMC 2025 March 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Park et al. Page 13

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgement

We are grateful to our colleagues for their assistance in collecting environmental samples and to the school staff
for their participation in our study. We also extend our thanks to Drs. Allyson O’Connor and Noemi Hall for their
valuable review of our manuscript. The study was supported by the National Institute for Occupational Safety
and Health (NIOSH) intramural funding from the Public Health Practice Program and in part by an interagency
agreement between NIOSH and National Institute of Environmental Health Sciences (AES12007001-1-0-6) as a
collaborative National Toxicology Program research activity.

References

[1]. R.G. Goldring L; Bitterman A, Characteristics of Public and Private Elementary and Secondary
School Teachers in the United States: Results From the 2011-12 Schools and Staffing Survey.,
US Department of Education., Washington, DC, 2013.

[2]. National Academies of Sciences Engineering and Medicine, Microbiomes of the Built
Environment: A Research Agenda for Indoor Microbiology, Human Health, and Buildings, The
National Academies Press, Washington, D.C., 2017.

[3]. National Center for Education Statistics, School and staffing survey (sass), 2013. https://
nces.ed.gov/surveys/sass/tables/sass1112_2013314 tls_005.asp. (Accessed June 12 2024).

[4]. National Center for Education Statistics, Characteristics of Public School Teachers, 2023. https://
nces.ed.gov/programs/coe/indicator/clr/public-school-teachers. (Accessed June 12 2024).

[5]. National Center for Education Statistics, Enrollment in public elementary and secondary schools:
Fall 2021, 2021. https://nces.ed.gov/programs/digest/d23/tables/dt23_203.40.asp. (Accessed June
12 2024).

[6]. Centers for Disease Control and Prevention, Science Brief: Prevention and Control of Respiratory
and Gastrointestinal Infections in Kindergarten through Grade 12 (K12) Schools, 2024. https://
stacks.cdc.gov/view/cdc/156734. (Accessed June 12 2024).

[7]. Centers for Disease Control and Prevention, Everyday Actions for Schools to Prevent and
Control the Spread of Infections, 2024. https://www.cdc.gov/orr/school-preparedness/infection-
prevention/actions.html. (Accessed June 12 2024).

[8]. Huffnagle GB, Dickson RP, Lukacs NW, The respiratory tract microbiome and lung inflammation:
a two-way street, Mucosal Immunol 10(2) (2017) 299-306. 10.1038/mi.2016.108. [PubMed:
27966551]

[9]. Santacroce L, Charitos 1A, Ballini A, Inchingolo F, Luperto P, De Nitto E, Topi S, The Human
Respiratory System and its Microbiome at a Glimpse, Biology (Basel) 9(10) (2020). 10.3390/
biology9100318.

[10]. Bomar L, Brugger SD, Lemon KP, Bacterial microbiota of the nasal passages across the span
of human life, Curr Opin Microbiol 41 (2018) 8-14. 10.1016/j.mib.2017.10.023. [PubMed:
29156371]

[11]. Dinwiddie DL, Denson JL, Kennedy JL, Role of the Airway Microbiome in Respiratory
Infections and Asthma in Children, Pediatr Allergy Immunol Pulmonol 31(4) (2018) 236-240.
10.1089/ped.2018.0958. [PubMed: 30595952]

[12]. Goosey E, Harrad S, Perfluoroalkyl compounds in dust from Asian, Australian, European, and
North American homes and UK cars, classrooms, and offices, Environment international 37(1)
(2011) 86-92. 10.1016/j.envint.2010.08.001. [PubMed: 20810169]

[13]. Karahan F, Environmental Factors Affecting the Gut Microbiota and Their Consequences, Nat.
Cell Sci 2 (2024) 133-140. 10.61474/ncs.2024.00009.

[14]. Qian J, Peccia J, Ferro AR, Walking-induced particle resuspension in indoor environments,
Atmospheric Environment 89 (2014) 464-481. 10.1016/j.atmosenv.2014.02.035.

Build Environ. Author manuscript; available in PMC 2025 March 14.


https://nces.ed.gov/surveys/sass/tables/sass1112_2013314_t1s_005.asp
https://nces.ed.gov/surveys/sass/tables/sass1112_2013314_t1s_005.asp
https://nces.ed.gov/programs/coe/indicator/clr/public-school-teachers
https://nces.ed.gov/programs/coe/indicator/clr/public-school-teachers
https://nces.ed.gov/programs/digest/d23/tables/dt23_203.40.asp
https://stacks.cdc.gov/view/cdc/156734
https://stacks.cdc.gov/view/cdc/156734
https://www.cdc.gov/orr/school-preparedness/infection-prevention/actions.html
https://www.cdc.gov/orr/school-preparedness/infection-prevention/actions.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].
[23].

[24].

[25].

[26].

[27].

[28].
[29].
[30].
[31].

[32].

[33].

Page 14

Alshitwi MS, Awbi HB, Measurement and prediction of the effect of students’ activities on
airborne particulate concentration in a classroom, HVAC&R Research 17(4) (2011) 446-464.
10.1080/10789669.2011.583708.

Prussin AJ 2nd, Marr LC, Sources of airborne microorganisms in the built environment,
Microbiome 3 (2015) 78. 10.1186/s40168-015-0144-z. [PubMed: 26694197]

Park J-H, Lemons AR, Croston TL, Park Y, Roseman J, Green BJ, Cox-Ganser JM, Mycobiota
and the Contribution of Yeasts in Floor Dust of 50 Elementary Schools Characterized with
Sequencing Internal Transcribed Spacer Region of Ribosomal DNA, Environ Sci Technol 56(16)
(2022) 11493-11503. 10.1021/acs.est.2c01703. [PubMed: 35901271]

Park J-H, Lemons AR, Roseman J, Green BJ, Cox-Ganser JM, Bacterial community assemblages
in classroom floor dust of 50 public schools in a large city: characterization using 16S rRNA
sequences and associations with environmental factors, Microbiome 9(1) (2021) 15. 10.1186/
540168-020-00954-2. [PubMed: 33472703]

Green BJ, Lemons AR, Park Y, Cox-Ganser JM, Park J-H, Assessment of fungal

diversity in a water-damaged office building, J Occup Environ Hyg 14(4) (2017) 285-293.
10.1080/15459624.2016.1252044. [PubMed: 27786737]

Lemons AR, Hogan MB, Gault RA, Holland K, Sobek E, Olsen-Wilson KA, Park Y, Park J-H,
Gu JK, Kashon ML, Green BJ, Microbial rRNA sequencing analysis of evaporative cooler indoor
environments located in the Great Basin Desert region of the United States, Environ Sci Process
Impacts 19(2) (2017) 101-110. 10.1039/c6em00413j. [PubMed: 28091681]

Zhang J, Kobert K, Flouri T, Stamatakis A, PEAR: a fast and accurate lllumina Paired-End

reAd mergeR, Bioinformatics 30(5) (2014) 614-20. 10.1093/bioinformatics/btt593. [PubMed:
24142950]

Edgar RC, Search and clustering orders of magnitude faster than BLAST, Bioinformatics 26(19)
(2010) 2460-1. 10.1093/bioinformatics/btq461. [PubMed: 20709691]

Edgar RC, UPARSE: highly accurate OTU sequences from microbial amplicon reads, Nat
Methods 10(10) (2013) 996-8. 10.1038/nmeth.2604. [PubMed: 23955772]

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R, UCHIME improves sensitivity and speed
of chimera detection, Bioinformatics 27(16) (2011) 2194-200. 10.1093/bioinformatics/btr381.
[PubMed: 21700674]

Bokulich NA, Rideout JR, kopylova E, Bolyen E, Patnode J, McDonald D, Wolfe B, Maurice
CF, Dutton RJ, Turnbaugh PJ, Knight R, Caporaso JG, A standardized, extensible framework for
optimizing classification improves marker-gene taxonomic assignments, Peer J. Preprints (2015)
1-45. https://doi.org/10.7287/peerj.preprints.934v2.

Flores GE, Caporaso JG, Henley JB, Rideout JR, Domogala D, Chase J, Leff JW, Vazquez-Baeza
Y, Gonzalez A, Knight R, Dunn RR, Fierer N, Temporal variability is a personalized feature of
the human microbiome, Genome Biol 15(12) (2014) 531. 10.1186/s13059-014-0531-y. [PubMed:
25517225]

Jackson MA, Jeffery 1B, Beaumont M, Bell JT, Clark AG, Ley RE, O'Toole PW, Spector TD,
Steves CJ, Signatures of early frailty in the gut microbiota, Genome Med 8(1) (2016) 8. 10.1186/
$13073-016-0262-7. [PubMed: 26822992]

Eberhardt KR, Fligner MA, A Comparison of Two Tests for Equality of Two Proportions, The
American Statistician 31(4) (1977) 151-155. 10.1080/00031305.1977.10479225.

Little RJA, Testing the Equality of Two Independent Binomial Proportions, The American
Statistician 43(4) (1989) 283-288. 10.1080/00031305.1989.10475676.

Hastie T, Tibshirani R, Generalized Additive Models: Some Applications, Journal of the
American Statistical Association 82(398) (1987) 371-386. 10.1080/01621459.1987.10478440.
R Core Team, R: A language and environment for statistical computing., R Foundation for
Statistical Computing, Vienna, Austria, 2023.

Fu X, Li Y, Meng Y, Yuan Q, Zhang Z, Norbéck D, Deng Y, Zhang X, Sun Y, Associations
between respiratory infections and bacterial microbiome in student dormitories in Northern
China, Indoor Air 30(5) (2020) 816-826. 10.1111/ina.12677. [PubMed: 32304333]

Fu X, Yuan Q, Zhu X, Li Y, Meng Y, Hashim JH, Hashim Z, Ali F, Zheng YW, Lai XX,
Spangfort MD, Wen H, Wang L, Deng F, Hu Q, Norbéck D, Sun Y, Associations between

Build Environ. Author manuscript; available in PMC 2025 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

[34].

[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

Page 15

the indoor microbiome, environmental characteristics and respiratory infections in junior high
school students of Johor Bahru, Malaysia, Environ Sci Process Impacts 23(8) (2021) 1171-1181.
10.1039/d1em00115a. [PubMed: 34278392]

Gontang EA, Fenical W, Jensen PR, Phylogenetic diversity of gram-positive bacteria cultured
from marine sediments, Appl Environ Microbiol 73(10) (2007) 3272—82. 10.1128/aem.02811-06.
[PubMed: 17400789]

Bessesen MT, Kotter CV, Wagner BD, Adams JC, Kingery S, Benoit JB, Robertson CE,

Janoff EN, Frank DN, MRSA colonization and the nasal microbiome in adults at high risk of
colonization and infection, J Infect 71(6) (2015) 649-57. 10.1016/j.jinf.2015.08.008. [PubMed:
26335708]

R. Malosh DELV, Ramadugu K, Srinivasan U, Dawid S, Ohmit S, Foxman B, Co-colonization
by Streptococcus pneumoniae and Staphylococcus aureus in the throat during acute respiratory
illnesses, Epidemiol Infect 144(16) (2016) 3507-3519. 10.1017/s0950268816001473. [PubMed:
27535335]

de Steenhuijsen Piters WA, Heinonen S, Hasrat R, Bunsow E, Smith B, Suarez-Arrabal MC,
Chaussabel D, Cohen DM, Sanders EA, Ramilo O, Bogaert D, Mejias A, Nasopharyngeal
Microbiota, Host Transcriptome, and Disease Severity in Children with Respiratory

Syncytial Virus Infection, Am J Respir Crit Care Med 194(9) (2016) 1104-1115. 10.1164/
rcem.201602-02200C. [PubMed: 27135599]

Cleary DW, Clarke SC, The nasopharyngeal microbiome, Emerg Top Life Sci 1(4) (2017) 297-
312. 10.1042/etls20170041. [PubMed: 33525776]

Littman DR, Pamer EG, Role of the commensal microbiota in normal and pathogenic host
immune responses, Cell Host Microbe 10(4) (2011) 311-23. 10.1016/j.chom.2011.10.004.
[PubMed: 22018232]

Oh J, Conlan S, Polley EC, Segre JA, Kong HH, Shifts in human skin and nares microbiota

of healthy children and adults, Genome Med 4(10) (2012) 77. 10.1186/gm378. [PubMed:
23050952]

Lee KH, Gordon A, Shedden K, Kuan G, Ng S, Balmaseda A, Foxman B, The respiratory
microbiome and susceptibility to influenza virus infection, PLoS One 14(1) (2019) e0207898.
10.1371/journal.pone.0207898. [PubMed: 30625134]

Man WH, de Steenhuijsen Piters WA, Bogaert D, The microbiota of the respiratory

tract: gatekeeper to respiratory health, Nat Rev Microbiol 15(5) (2017) 259-270. 10.1038/
nrmicro.2017.14. [PubMed: 28316330]

Mitchell AB, Glanville AR, The Human Respiratory Microbiome: Implications and Impact,
Semin Respir Crit Care Med 39(2) (2018) 199-212. 10.1055/s-0037-1617441. [PubMed:
29579771]

Delhaes L, Monchy S, Fréalle E, Hubans C, Salleron J, Leroy S, Prevotat A, Wallet F, Wallaert
B, Dei-Cas E, Sime-Ngando T, Chabé M, Viscogliosi E, The airway microbiota in cystic fibrosis:
a complex fungal and bacterial community--implications for therapeutic management, PL0oS One
7(4) (2012) €36313. 10.1371/journal.pone.0036313. [PubMed: 22558432]

Dannemiller KC, Mendell MJ, Macher JM, Kumagai K, Bradman A, Holland N, Harley K,
Eskenazi B, Peccia J, Next-generation DNA sequencing reveals that low fungal diversity in house
dust is associated with childhood asthma development, Indoor Air 24(3) (2014) 236-47. 10.1111/
ina.12072. [PubMed: 24883433]

Dannemiller KC, Gent JF, Leaderer BP, Peccia J, Indoor microbial communities: Influence on
asthma severity in atopic and nonatopic children, J Allergy Clin Immunol 138(1) (2016) 76-83
el. 10.1016/j.jaci.2015.11.027. [PubMed: 26851966]

De Boeck I, Wittouck S, Wuyts S, Oerlemans EFM, van den Broek MFL, Vandenheuvel

D, Vanderveken O, Lebeer S, Comparing the Healthy Nose and Nasopharynx Microbiota
Reveals Continuity As Well As Niche-Specificity, Front Microbiol 8 (2017) 2372. 10.3389/
fmicb.2017.02372. [PubMed: 29238339]

Vandenborght LE, Enaud R, Urien C, Coron N, Girodet PO, Ferreira S, Berger P, Delhaes L,
Type 2-high asthma is associated with a specific indoor mycobiome and microbiome, J Allergy
Clin Immunol 147(4) (2021) 1296-1305.e6. 10.1016/j.jaci.2020.08.035. [PubMed: 32926879]

Build Environ. Author manuscript; available in PMC 2025 March 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Park et al.

[49].

[50].

[51].

[52].

[53].

[54].

[55].

Page 16

Douwes J, Pearce N, Invited commentary: is indoor mold exposure a risk factor for asthma?,
American journal of epidemiology 158(3) (2003) 203-206. 10.1093/aje/kwg148. [PubMed:
12882941]

Park J-H, Cox-Ganser J, Rao C, Kreiss K, Fungal and endotoxin measurements in dust associated
with respiratory symptoms in a water-damaged office building, Indoor air 16(3) (2006). 10.1111/
j.1600-0668.2005.00415.x.

Park J-H, Cox-Ganser JM, NIOSH dampness and mold assessment tool (DMAT): documentation
and data analysis of dampness and mold-related damage in buildings and its application,
Buildings 12(8) (2022) 1075. 10.3390/buildings12081075. [PubMed: 37206088]

Park J-H, Spiegelman DL, Burge HA, Gold DR, Chew GL, Milton DK, Longitudinal study

of dust and airborne endotoxin in the home, Environmental health perspectives 108(11) (2000)
1023-1028. 10.1289/ehp.001081023. [PubMed: 11102291]

Cho SJ, Cox-Ganser JM, Kreiss K, Park J-H, Evaluation of individual-based and group-based
exposure estimation of microbial agents in health effects associated with a damp building, J Expo
Sci Environ Epidemiol 23(4) (2013) 409-15. 10.1038/jes.2012.89. [PubMed: 22968350]

Lash TL, VanderWeele TJ, Rothman KJ, Measurement and Measurement Error, Fourth edition
ed., Wolters Kluwer, Philadelphia, PA, 2021.

Téubel M, Castagnoli E, Salthammer T, Morawska L, Salonen H, The impact of cleaning

on the microbiomes of indoor surfaces, Indoor Environments (2024) 100021. 10.1016/
j.indenv.2024.100021.

Build Environ. Author manuscript; available in PMC 2025 March 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Park et al.

Odds Ratio

Odds Ratio

(Acute Bronchitis— Lower) (Pneumonia- Lower)

Page 17

(Influenza- Lower/Upper)

254
1.5 1.5
2.0
1.5
1.0 ° 1.0 °
1.0 °
0.5 { 0.54 I 0.5 {
: " " " 0.0 ; . . ; ; : : :
Q1(Ref) Q2 Q3 Q4 Q1(Ref) Q2 Q3 Q4 Q1(Ref) Q2 Q3 Q4
Actinobacteria (OTU) Actinobacteria (OTU) Actinobacteria (OTU)
(Influenza- Lower/Upper) (Common Cold- Upper) (Nose Infection— Upper)
1.5 1.5 1.5
1.0 ° 1.0 ° 1.0 °
0.54 } 0.54 } { 0.5 {
Qi(Ref) Q2 Q3 Q4 Qi(Ref) Q2 Qs Q4 Q1(Ref) Q2 a3 Q4
Firmicutes (OTU) Firmicutes (OTU) Actinobacteria (OTU)
(Nose Infection— Upper) (Sinus Infection— Upper) (Throat Infection— Upper)
1.54 1.5 1.5
i)
T
14
1.04 ° 5 1.0 ° 1.0 °
©
(@]
0.54 0.54 0.5+
Q1(Ref) Q2 Q3 Q4 Q1(Ref) Q2 Q3 Q4 Q1(Ref) Q2 Q3 Q4
Firmicutes (OTU) Firmicutes (OTU) Firmicutes (OTU)
Figurel.

Exposure-response relationships: adjusted odds ratio (OR) and 95% confidence interval

(CI) of quartiles in bacterial richness for lower and upper respiratory infections that were
significantly associated with Actinobacteria or Firmicutes richness both in the linear and
binary (Q4 versus Q123) logistic regressions. The logistic regression models were adjusted
for age, sex, race, ethnicity, current smoker, being a teacher, current asthma, hay fever, home
mold odor, and floor average dampness scores. Red dot: adjusted OR; Whiskers of OR: 95%

Cl.
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Summary of the assigned floor average operational taxonomic units (OTUs) for health survey participants,

Table 2.

categorized by bacterial and fungal groups

Bacterial and Fungal Groups  giatistics, N = 1,4131

Total bacteria

Median (75 percentile) 408 (460)

Range 240-659
Gram positive bacteria

Median (75! percentile) 205 (230)

Range 107-366
Actinobacteria

Median (75 percentile) 110 (122)

Range 56-181
Firmicutes

Median (75! percentile) 98 (108)

Range 35-185
Gram negative bacteria

Median (75! percentile) 206 (229)

Range 116-334
Total fungi

Median (75! percentile) 160 (181)

Range 63-277
Yeasts

Median (75! percentile) 25 (30)

Range 6-49

N: due to incomplete information on schools and floors, 116 participants in the health questionnaire survey could not be assigned floor average

OTUs. Thus, the total number of observations in this table is 1,413, instead of 1,529.
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Table 6.

Page 23

Adjusted odds ratio (OR) and 95% confidence interval (Cl) of bacterial richness in floor dust (fourth quartile
versus reference group, the lower three quartiles in the number of OTUs) for respiratory infections in the past

12 months

Type of Infections | Type of bacteria | Adjusted OR (95% ClI) | P-value

Acute bronchitis

Total bacteria 0.62 (0.40-0.92) 0.02
Gram-positivel 0.61 (0.40-0.91) 0.02
Actinobacteria | 0.56 (0.37-0.84) 0.01
Firmicutes 0.83 (0.56-1.21) 0.34
Gram-negative 0.54 (0.35-0.82) <0.01
Pneumonia
Total bacteria 0.62 (0.27-1.28) 0.22
Gram-positive 0.83 (0.39-1.66) 0.62
Actinobacteria | 0.39 (0.14-0.88) 0.04
Firmicutes 1.13 (0.56-2.17) 0.73
Gram-negative 0.64 (0.28-1.32) 0.25
Influenza-like illness
Total bacteria 0.76 (0.57-1.02) 0.07
Gram-positive 0.72 (0.53-0.97) 0.03
Actinobacteria | 0.66 (0.49-0.89) 0.01
Firmicutes 0.70 (0.52-0.94) 0.02
Gram-negative 0.78 (0.58-1.04) 0.09
Common cold
Total bacteria 0.71 (0.52-0.97) 0.03
Gram-positive 0.67 (0.49-0.92) 0.01
Actinobacteria | 0.72 (0.52-0.98) 0.04
Firmicutes 0.70 (0.51-0.97) 0.03
Gram-negative 0.82 (0.60-1.12) 0.21
Nose infection
Total bacteria 0.72 (0.53-0.97) 0.03
Gram-positive 0.69 (0.51-0.95) 0.02
Actinobacteria | 0.72 (0.53-0.98) 0.03
Firmicutes 0.68 (0.50-0.92) 0.01
Gram-negative 0.79 (0.58-1.07) 0.12
Sinus infection
Total bacteria 0.75 (0.55-1.03) 0.07
Gram-positive 0.73 (0.53-1.00) 0.05
Actinobacteria | 0.76 (0.56-1.04) 0.09
Firmicutes 0.67 (0.49-0.92) 0.01
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Type of Infections | Type of bacteria Adjusted OR (95% CI) | P-value
Gram-negative 0.83(0.61-1.13) 0.23
Throat infection
Total bacteria 0.82 (0.60-1.11) 0.19
Gram-positive 0.86 (0.63-1.17) 0.33
Actinobacteria | 0.82 (0.61-1.11) 0.20
Firmicutes 0.68 (0.50-0.91) 0.01
Gram-negative 0.86 (0.64-1.16) 0.32
Ear infection
Total bacteria 0.92 (0.65-1.30) 0.65
Gram-positive 0.92 (0.65-1.31) 0.65
Actinobacteria | 0.86 (0.60-1.22) 0.41
Firmicutes 0.73 (0.51-1.04) 0.09
Gram-negative 1.03 (0.74-1.45) 0.87

Page 24

The logistic regression models were adjusted for age, sex, race, ethnicity, current smoker, being a teacher, current asthma, hay fever, and home

mold odor.

Gram-positive bacteria included two phyla- Actinobacteria and Firmicutes.
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