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A B S T R A C T

The hospital indoor air microbiome, a diverse range of microorganisms, gains prominence amid the COVID-19
pandemic. Elevated awareness underscores implications for patient and staff well-being. Concerns about risks
to indoor air quality persist due to prolonged indoor exposure, necessitating further research on specific threats
within the hospital environment. In this study, an independent culture-based approach was used to analyze the
baseline core microbiome present in hospital environments, utilizing amplicon sequencing on the next-
generation sequencing technology to target the V3 region of the 16S rRNA gene. Firmicutes, Proteobacteria,
and Actinobacteria were the main bacterial phyla that were most isolated from the wards and clinics with
different orders of abundance; Firmicutes being associated more in clinics and Actinobacteriota in wards. The
bacteria Niallia taxi, Methyloversatilis universalis, unclassified Rummeliibacillus, unclassified Clostridium, and un-
classified Sphingomonadaceae dominated the clinic area while ward areas reported Pseudonocardia bannensis,
Rubrobacter aplysinae, unclassified Brachybacterium, unclassified Bradyrhizobium, and unclassified Mycobacterium
to be the top five features. While the alpha-diversity index showed no significant differences, the beta-diversity
analysis showed a significant difference between clinic and ward areas (p<0.05). Certain bacterial species
associated with opportunistic pathogens as well as normal skin flora such as Methylobacterium spp., Cutibacterium
spp., unclassified Sphingomonadaceae, and Anoxybacillus B spp., were also identified across all samples. The
methods described in this research aim to establish a rapid and sensitive screening process that could be valuable
for disease surveillance within the healthcare setting, shedding light on the potential impacts of the hospital
microbiome on human illness.

1. Introduction

The outbreak of the SARS-CoV-2 virus had caused more than a
million deaths worldwide. The COVID-19 pandemic has significantly
increased people’s attention to microbial exposure in indoor air due to
its implications for human health. People spend 80–90 % of their time
indoors, where the air contains a complex mixture of volatile and non-
volatile organic compounds, particulate matter, and microbes (Horve

et al., 2020). The collective microbial community within the indoor air
is known as the indoor air microbiome, which includes bacteria, fungi,
viruses, protozoa, and algae (Carrazana et al., 2023). The composition of
the indoor air microbiome within a hospital is influenced by several key
factors, including the presence of patients and healthcare staff, potential
interaction with therapy animals, the operation of heating, ventilation,
and air-conditioning (HVAC) systems, and the external environment
(Sibanda et al., 2021; Prussin and Marr, 2015). Understanding how
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these elements impact the hospital’s indoor microbiome is crucial for
ensuring a safe and healthy environment for patients and medical
personnel.

The scrutiny of microbial exposure within the indoor air of hospitals
has garnered significant medical interest, primarily owing to its capacity
to serve as a reservoir for a diverse range of pathogenic microorganisms
(Li et al., 2019). Such exposure has been correlated with the occurrence
of secondary bacterial infections in immunocompromised patients and
individuals admitted with COVID-19. This phenomenon would prolong
hospital stays up to weeks and add extra costs (Sebastian et al., 2022).
Besides, the air microbiome is also a significant contributing factor to
the increase in the prevalence of nosocomial infections or
hospital-acquired infections (HAIs). Nosocomial infections are a global
issue affecting not only patients but healthcare workers and visitors
(Baviskar et al., 2019; Zainulabid et al., 2022). However, the profiling of
airborne bacteria that potentially impact health has not yet been fully
elucidated. Studies on indoor air microbiomes may help understand the
potential causative agents contributing to nosocomial infections.

In many occasions, microbial communities in an environment,
especially the indoor air of a building, were primarily identified using
culture-dependent methods (Hassan et al., 2020; Sarah Fatihah Tamsi
et al., 2022; Adhikari et al., 2017). These techniques involved collecting
samples and culturing bacteria on agar plates following various
methods, including the NIOSH Manual Analytical Method (NMAM)
0800 protocol (Haig et al., 2016; Cox et al., 2020a). While effective,
these methods faced limitations, such as the inability to culture some
microbes and time-consuming. With advancements in DNA sequencing
technology, culture-independent methods have gained prominence.
These methods, which do not require culturing, involve DNA extraction,
amplification of the 16S rRNA gene, and sequencing (Mat-Hussin et al.,
2024). Next-generation sequencing (NGS) has emerged as a widely used
tool for profiling microbial diversity in indoor dust samples, and it can
detect both live and dead organisms. However, NGS techniques also
have their limitations. They cannot distinguish between viable and
non-viable microbes, and analyzing NGS data is complex, requiring
specialized bioinformatics tools and expertise (Boers et al., 2019).
Despite these challenges, NGS’s rapid and comprehensive profiling ca-
pabilities make it a valuable approach for studying live and dead mi-
crobial communities in various environments.

Furthermore, sequencing technology allows for the direct analysis of
the different types of collected environmental samples (Mucci et al.,).
This study used surface swabs and settled dust from the supply and re-
turn ventilation unit for analysis. Supply and return vents located in
each clinic and ward are part of the HVAC systems that circulate and
filter the air in a building but could also distribute microorganisms,
making them critical components for microbial dispersion (Božić et al.,
2019). Sampling dust from these vents provides insights into the indoor
microbiome and helps identify microbial accumulation and transmission
within healthcare settings (Kwan et al., 2020; Bonadonna et al., 2021
Jun). Passive sampling methods, like surface swabs and settled dust
collections, are commonly used as they are less complex and do not
disrupt the surrounding air (Cox et al., 2020b). Dust samples represent
an accumulation of particles over time, which include bacteria that were
once airborne. These integrated samples can provide a broader picture
of the bacterial community, including transient and less abundant spe-
cies that might not be captured in short-term air samples commonly
using the active sampling method (Villanueva et al., 2022; Efthymio-
poulos et al., 2021).

Dust samples can complement air samples by providing additional
information about the indoor microbiome. While air samples give a
snapshot of the airborne community, dust samples offer a cumulative
perspective, enhancing the overall understanding of the indoor bacteria
ecosystem (Hanson et al., 2016; Sun et al., 2020). This temporal inte-
gration offered by dust samples can be particularly valuable in under-
standing long-term exposure and trends. In addition, dust sampling is
more sampling efficient as it is more straightforward, less

time-consuming, inexpensive, and does not require specialized equip-
ment (Mucci et al., 2020). This efficiency is significant because this
study was conducted in many wards and clinics with limited time frame
concerns. Researchers were given limited time for sampling as the
hospital management was concerned the sampling procedure might
disturb the patients’ and healthcare officers’ jobs and duties. Future
studies could combine dust and air sampling to provide a more
comprehensive understanding of the bacterial communities in indoor
environments.

This study examines the method that could be an alternative option
to help in collecting indoor air samples in a more convenient way,
minimize disturbances due to the sampling process, and offer fast as well
as reliable results at the same time – over the dependent-culture
approach. In addition, this study also examines the pathogenic and
commensal microflora that are normally related to humans. Moreover,
we also examined the microbial distribution and investigated the dif-
ferences in bacterial community profiling between sampling locations
such as clinics and wards in the hospitals. We hypothesized that there
would be a significant difference in bacterial composition between
wards and clinics in the same hospitals.

2. Materials and methods

2.1. Sample collection

A passive sampling method was applied to collect dust samples from
clinics and hospital wards. Prior to sample collection, a walkthrough
building inspection was conducted to identify and randomly select the
sampling locations. Sampling was conducted during clinics and wards’
operating hours. In order to minimize the confounding effects of bacteria
brought into the hospitals by visitors, no sampling activities were con-
ducted during visiting hours, which are from 12:00 pm to 2:00 pm and
5:00 pm to 7 pm.

With the help of hospitals’ technical staff, a total of 16 dust samples
were collected from both the supply and return vents located within the
clinics and wards using sterile cotton swabs with wooden sticks (HmbG,
China) and placed in sterile conical 15 mL tubes made from poly-
propylene (Eppendorf) containing 5 mL phosphate buffer solution. As
the supply and return vents are on the ceiling, the technical staff needs to
climb the portable stairs to get the dust samples. Surface swab sampling
was conducted on each component in size of a 20 cm2 surface area.
Sampling was conducted during clinic and ward operation hours that is
between 8:00 am to 12:00 pm and 2:00 pm to 5:00 pm. No sampling was
conducted during visiting and break hours that is from 12:00 pm to
2:00 pm to minimize bias from occupants and visitors from the outside
of hospitals. Samples from eight wards were labeled as Locale A, B, C, D,
E, F, G, and P, while samples from eight clinics were labeled as Locate H,
I, J, K, L, M, N, and O, not to disclose the name of sampling areas as
requested by the hospital management. Samples were kept at room
temperature during the sampling process and brought back to the lab on
the same day to be kept in a − 20◦C freezer before further analysis was
done in a week.

2.2. DNA extraction, library preparation, and sequencing

The bacterial DNA extraction from the dust samples was conducted
using QIAamp PowerFeacal Kit (QIAGEN, Hilden, Germany) with some
modifications (Mat-Hussin et al., 2024). Briefly, dust samples were
soaked in 2 mL centrifuge tubes containing 200 µL of phosphate buffer
solutions (PBS) for 15 minutes and vortex for 5 minutes to homogenize
the samples. Next, 800 µL of CD1 was placed into the samples and
incubated in a water bath set at 65◦C for at least one hour. After that,
samples were placed in a PowerBead ProTube provided by the manu-
facturer in the extraction kit. Samples were then vortexed for 15 minutes
for homogenization before centrifugations. After that, the rest of the
procedure was performed according to the manufacturer’s protocol. The
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quality and quantity of extracted DNA were then examined using 1 % gel
electrophoresis and Qubit 4 Fluorometer (Thermo Fisher Scientific,
Invitrogen, USA). Samples were then kept at − 20◦C for downstream
application.

For bacterial characterization, the library preparation was prepared
using amplification by polymerase chain reaction (PCR) method that
targeted the 16S rRNA V3 region using the primers sequences: 341 F –
CCTACGGGNGGCWGCAG, and 518 R – ATTACCGCGGCTGCTGG
(Hasain et al., 2022; Ayob et al., 2023). The PCR mixtures were prepared
by mixing Promega GoTaq Green Mastermix with forward and reverse
primers as well as the DNA template with one tube leaved without the
DNA template as the negative control. This procedure was performed in
a biosafety cabinet (BSC) to avoid cross contaminations. The mixtures
were then subjected to an amplification process in an Eppendorf 5331
MasterCycle Gradient Thermal Cycler (Eppendorf, Germany) with initial
denaturation at 95◦C for 2 minutes followed by 30 cycles of denatur-
ation at 95◦C for 10 seconds, annealing at 50◦C for 10 seconds, and
extension at 72◦C for 10 seconds. The final extension was set at 72◦C for
30 seconds. The completed PCR products were visualized using 2 % gel
electrophoresis and purified using SPRI bead. The index PCR was per-
formed on the purified product to incorporate Illumina-specific barcodes
and the remaining Illumina adapter sequences with initial denaturation
at 95◦C for 2 minutes followed by 8 cycles of denaturation at 95◦C for
10 seconds, annealing at 55◦C for 10 seconds, and extension at 72◦C for
10 seconds and lastly the final extension was set at 72◦C for 30 seconds.
The concentration of final pool was examined using Qubit Fluorometric
Quantification (Thermo Fisher Scientific). Finally, the amplicon li-
braries were sequenced on Illumina Novaseq6000 (Illumina, San Diego,
CA).

2.3. Amplicon data analysis

Amplicon data was prepared by overlapping the raw paired-end
reads using fastp (Chen et al., 2018) which was followed by the use of
Cutadapt v4.4 (Martin, 2011) to trim out the primers. The overlapped
reads were imported to QIIME2 where DADA2 (Callahan et al., 2016) for
denoising and table count construction. Additionally, classification of
the Amplicon Sequence Variant (ASV’s) was conducted using
qiime2-feature-classifier and trained on the GTDB 16S rRNA V3 region
database (r207 release). The taxonomic classification and ASV table
were formatted manually to be uploaded to the webserver of Micro-
biomeAnalyst for data visualization.

2.4. Statistical analysis

Statistical analysis of microbiome data was performed using Micro-
biomeAnalyst 2.0 to profile the bacterial community found in indoor air
with adjustments. The data was filtered at a minimum count of zero and
an interquartile range of 10 %. The number of features that remain after
the data filtering step was 1021. The filtered data was then normalized
using cumulative sum scaling (CSS) with no data transformation being
performed. The taxonomy composition for samples was generated in bar
plot at phylum, genus, and species level. In profiling abundance at
phylum level, certain phyla were included if they reported an abundance
of 0.5 % or greater within at least 25 % of all samples. While useful in
indicating overall trends, analysis at the phylum level may not be able to
provide enough resolution in inferring the significant differences across
bacterial communities; hence the analysis at the genus level was
included to circumvent such issues.

For diversity analysis, the permutational multivariate analysis of
variance (PERMANOVA) was employed using the Bray-Curtis dissimi-
larity index to assess the significant difference between groups. Mean-
while, a mixture of different indices was used in the alpha diversity
analysis to investigate the bacterial diversity within a group, with p-
value <0.05 considered significant. These metrics were the Shannon
diversity index, Chao1, and observed features. A community profiling

approach was performed to describe the diversity of air microbiome in
clinics and wards of hospitals. Alpha-diversity refers to the total species
diversity of the samples and can be defined as the similarity or distance
found between sample groups. In this analysis three diversity indices
were used which were the observed features index, Chao1 index, and
Shannon diversity index where the first two are normally used to test for
richness while the latter is used to test for both evenness and richness.
Beta-diversity on the other hand is a measure that can be used to
compare the composition or feature similarity found between samples.
In this analysis, the Bray-Curtis dissimilarity index was utilized.

3. Results

Results showed a wide variety of bacterial compositions within each
sample. After quality control and sequence filtering of 16 dust samples, a
total of 1052163 sequence reads, with an average of 65760 sequence
reads per sample (min 186, max 248317) were created, corresponding to
a total of 1135 operational taxonomic units (OTUs).

3.1. Bacterial community profiling

The profiling of bacterial community abundance in dust samples was
classified at phylum, genus, and species levels. Overall, 20 bacteria
phyla were found in dust samples, with 474 bacterial genera and 659
bacterial species present within the indoor air of sampled locations. The
top 20 phyla, genus, and species were presented in stacked bar plots. The
results showed varying compositions of bacteria in each sample at
different taxonomy levels. Fig. 1 showed the top 20 bacterial phyla
found within indoor air across the 16 dust samples. Figs. 2 and 3 showed
the top 20 for bacterial genus and species, respectively, within the in-
door air across the 16 dust samples. Features ranked lower than the top
20 were grouped together and marked as others.

At the phylum level, the most abundant phyla that dominated the
indoor air were Firmicutes, Proteobacteria, and Actinobacteria, which
were shown to be present at differing levels between ward and clinic
locations. Within clinic areas, in order of abundance, the bacterial phyla
observed were Firmicutes (72 %), Proteobacteria (27 %), and Actino-
bacteria (1 %). In contrast, within ward areas, the order of abundance
reported Actinobacteria (64 %) to be first, followed by Proteobacteria
(24 %), and Firmicutes (6 %). Samples from wards C and D were shown
to have the highest presence of Actinobacteria. Investigation at the
genus level showed different top seven bacterial genera between clinic
and ward settings. For clinic locations, the top seven genera were re-
ported to be Niallia (34 %), Methyloversatilis (21 %), Rummeliibacillus
(9 %), Clostridium (7 %), Methylobacterium (3 %), unclassified Sphingo-
monadaceae (1 %), and Pseudonocardia (0.2 %) while ward locations
reported the top features to be Pseudonocardia (23 %), Rubrobacter
(12 %), Brachybacterium (8 %), Bradyrhizobium (5 %), Mycobacterium
(4 %), Salinisphaera (4 %), and Methylobacterium (3 %).

The composition of bacterial genera between the two areas was
shown to be quite different, with features such as Niallia, Methyl-
oversatilis, Rummeliibacillus, and Clostridium being more abundant within
clinic areas. In contrast, ward areas showed overall more diversity, with
features like Pseudonocardia, Rubrobacter A, and Brachybacterium being
more prevalent within the dataset. Additionally, samples obtained from
locations B, C, D, and N were the most diverse across all the samples. As
for bacterial species, a similar pattern was observed for the top 5 species
shown between the two areas. For clinic areas, the top species observed
were Niallia taxi (35 %), Methyloversatilis universalis (21 %), unclassified
Rummeliibacillus (9 %), unclassified Clostridium (7 %), unclassified
Sphingomonadaceae (1 %). In comparison, ward areas reported Pseudo-
nocardia bannensis (21 %), Rubrobacter aplysinae (12 %), unclassified
Brachybacterium (8 %), unclassified Bradyrhizobium (5 %), and unclas-
sified Mycobacterium (4 %) to be the top five features. Similarly, samples
obtained from wards B, C, D, and clinic N contained the most diversity
compared to the other locations from clinics and wards.
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3.2. Alpha and beta diversity

Fig. 4 showed the results of the diversity analysis. Alpha-diversity
reported no significant results, whereas beta-diversity analysis was

considered significant.
In alpha diversity analysis, the boxplot showed a higher observed

diversity within the ward compared to the clinic areas. However, sta-
tistical tests showed that these differences were not significant when

Fig. 1. Relative abundance of the 20 bacterial phyla observed across the 16 dust samples obtained from ward and clinic areas.

Fig. 2. Relative abundance of the 20 bacterial genera observed across the 16 dust samples obtained from ward and clinic areas.
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examined using the Shannon diversity index, suggesting that the overall
community diversity is similar between the two areas. In contrast, we
found significant statistical differences when we evaluated species
richness through the Chao1 index and the observed feature index. This
may indicate that while the evenness of species may be comparable, the
species richness in the ward and clinic areas differ significantly.
Furthermore, our beta diversity analysis showed statistically significant
results, demonstrating that the bacterial composition between the clinic

and ward areas is distinct and unique. These findings highlight the
complexity of microbial communities and underscore the importance of
considering both richness and evenness when interpreting alpha di-
versity metrics.

3.3. Common and location-specific core indoor microbiome

The core microbiome refers to microbes that are consistently found

Fig. 3. Relative abundance of the 20 bacterial species observed across the 16 dust samples obtained from ward and clinic areas.

Fig. 4. Results for diversity analysis where (a) represented not significant alpha-diversity results (p =0.6681) using Shannon diversity index as boxplots while (b)
represented significant beta-diversity results (p = 0.015) as 2D PCoA plots using the Bray-Curtis dissimilarity.
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in all dust samples. A feature needs to be present at least at an abundance
of 1 % at a minimum within at least 75 % of all samples used for the
microbiome analyses to be defined as a part of the core microbiome (Cox
et al., 2020b). Results for the core microbiome analysis can be found in
Fig. 5 which showcased the bacterial phyla that dominate the indoor air
across all samples and Fig. 6 which showcased the prominent members
of indoor air bacteria at genus and species levels.

Core microbiome results showed the bacterial phyla Proteobacteria,
Actinobacteriota, and Firmicutes to be quite prevalent within the indoor
air, being relatively present as high as 21 % within all samples. At the
genus level, features such as Methylobacterium, Cutibacterium, unclassi-
fied Sphingomonadaceae, and Anoxybacillus B were shown to be core
members, with the latter being the highest with a prevalent up to 4 %
across all samples. Other notable members at the genus level included
Bacillus M and Brachybacterium. At the species level, core members
included Cutibacterium acnes, unclassified Sphingomonadaceae, Methyl-
obacterium fujisawaense, and Anoxybacillus vitaminiphillus with the latter
being the most prevalent up to 4 % across all samples. Another notable
species member is Bacillus M halodurans.

4. Discussion

In this study, dust samples from the return and supply vents of HVAC
systems from clinics and wards were collected using culture-
independent techniques. Bacterial DNA was successfully extracted and
analyzed using next-generation sequencing to profile the bacterial
community of indoor air within a healthcare setting. Complex and
unique interactions of numerous microbial communities have been
observed in the hospital air space as some of the microbes present are
pathogenic to humans, and some act as opportunistic pathogens, espe-
cially to immunocompromised patients, causing harmful effects and
potential agents for nosocomial infections, while others exist as
commensal or normal microflora (Fakunle et al., 2023; Chandika et al.,
2021). In contrast, exposure to certain microbes during childhood may
also have protective and beneficial effects in lowering the risk of getting
asthma (Fu et al., 2020).

Our study identified Proteobacteria, Actinobacteria, and Firmicutes
as the top core microbiome bacterial phyla found in the collected dust
samples from the ventilation systems in wards and clinics. This aligns
with findings from previous studies conducted in various indoor envi-
ronments, including hospitals, homes, and schools across different
geographical regions (Fakunle et al., 2023; Fu et al., 2021; Kirjavainen
et al., 2019). The consistent presence of these bacteria phyla suggests a
shared core microbiome of indoor air, potentially influenced by their
presence in the pulmonary microflora (Salonen et al., 2020; Matys et al.,
2024). The presence of these bacteria in ventilation systems of health-
care settings is particularly concerning given their potential role in

nosocomial infections, such as lower tract respiratory infections, which
remains a significant source of morbidity and mortality (Baviskar et al.,
2019; Rozaidi et al., 2001). This underscores the urgent need to profile
the taxonomic composition of bacterial communities in indoor air,
especially in hospitals where the spread of nosocomial infections is a
critical concern.

Interestingly, while certain bacterial strains within Actinobacteriota
phyla have been associated with protective effects against childhood
asthma (Fu et al., 2022), others may serve as opportunistic pathogens,
particularly in immunocompromised patients (Fakunle et al., 2023).
This dual role underscores the complexity of microbial ecology in hos-
pital environments and highlights the importance of taxonomic profiling
to better understand the pathogenic potential of these bacteria in
developing effective strategies for preventing and controlling nosoco-
mial infections.

Further analysis of the dataset at the species level showed Cuti-
bacterium acnes, unclassified Sphingomonadaceae, Methylobacterium fuji-
sawaense, and Anoxybacillus B vitaminiphilus were moderately prevalent
across the samples. Cutibacterium acnes is the bacterial commensal pre-
sent in the healthy skin flora, which belongs to the Actinobacteriota
phylum (Dréno et al., 2018). The discovery of C. acnes in the ventilation
system in wards and clinics attracts a closer examination of its potential
role in nosocomial infection and prosthetic joint infections. There is
concern that C. acnes from the airspace can contaminate the surgical
sites, medical devices, or open wounds, especially during procedures
involving implants like prosthetic joints. C. acnes pathogenicity is
attributed to several virulence factors, including its ability to form
biofilm on the surfaces, which enhances its survival and resistance to
antibiotics (Salar-Vidal et al., 2021). Besides, the diagnosis of C.
acnes-related infections is often complicated by the bacterium’s slow
growth rate, which can take up to 14 days for culture to give a result.
This delay can lead to misdiagnosis or underdiagnosis, as C. acne is
commonly regarded as a contaminant rather than a pathogen. Immu-
nocompromised patients are especially at risk, as C. acne can also lead to
respiratory or systemic infections if inhaled or if in contact with mucous
membranes (Abdullah et al., 2021). Considering the challenges and
costs associated with managing such infections, it becomes increasingly
important to investigate and ensure stringent infection control measures
in healthcare settings.

In addition, the presence of Sphingomonas spp. is worrying for
healthcare personnel and patients as it is an opportunistic pathogen
previously found in hospitals’ indoor air and water tanks (Gao et al.,
2018). Methylobacterium fujisawaense is an opportunistic gram-negative
rod bacteria that is ubiquitous within multiple environments.
M. fujisawaense rarely causes infections in healthy individuals but can
cause secondary bacterial infections among immunosuppressive pa-
tients (Fanci et al., 2010). Thus, the presence of this bacteria species

Fig. 5. Results for core microbiome showing core bacteria members for indoor air across all 16 dust samples for phylum level.
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within the healthcare setting may be dangerous, especially for cancer
patients and those undertaking immunosuppressive therapy. Besides,
bacteria Anoxybacillus B vitaminiphilus are motile, anaerobic
spore-forming, intermediate thermophilic bacteria (Zhang et al., 2013).
The finding of these anaerobic bacteria shows the advantage of using
culture-independent methods in analyzing bacteria, as most
culture-dependent methods use a procedure that incubates agar plates
with aerobic conditions. Thus, leaving the anaerobic bacteria, especially
the obligatory anaerobic bacteria, unidentified. Table 1

Interesting findings were discovered after further analyzing the
composition of bacterial genera between clinic and ward areas, where
significant differences and unique bacterial community compositions
were observed between these two areas. Niallia spp., Methyloversatilis
spp., Rummeliibacillus spp., and Clostridium spp., were more abundant
within clinic areas while Pseudonocardia spp., Rubrobacter A spp., and
Brachybacterium spp., were more prevalent within the ward area. Both
Niallia spp., and Clostridium spp., belongs to the Firmicutes phyla (Gupta
et al., 2020) while Methyloversatilis spp., and Rummeeliibacillus spp., are
from phyla Proteobacteria and Bacillota respectively. Most of these
bacterial genera originated from soil and water, which suggests that the
bacteria that dominated the air space at sampling locations come from
the environment. This can be due to the clinic and ward setting area
being open to the outpatients, visitors, and healthcare practitioners,
suggesting influences from human traffic moving in and out of the lo-
cations and bringing inside the environmental microbes from their

clothes (Yousefzadeh et al., 2022). This suggests that dust can act as a
reservoir for many environmental microbes. This would explain the
higher presence of environmental microbes within the indoor air of
hospitals rather than human-associated microbes or human flora. Be-
sides, this finding also brings a new insight as most of the studies con-
ducted in the indoor air found bacterial genera that dominated those
environments to be closely related to human flora (Hanson et al., 2016;
Yousefzadeh et al., 2022). A summary of the bacteria most identified in
both clinics and wards and their pathogenicity was presented in Table 2.

The presence of Rubrobacter spp., in the ward is worrying as some
species like Rubrobacter radiotolerans RSPS-4 are extremely resistant to
gamma and UV radiation (Egas et al., 2014). This resilience could
potentially allow these bacteria to survive and persist in critical areas
like operation theater (OT) and Intensive Care Unit (ICU) wards where
other bacteria might be eradicated, posing a risk to both patients and
healthcare workers. Thus, thorough identification and characterization
of the Rubrobacter spp. present is crucial to mitigate the potential threat
of nosocomial infections and ensure the safety and sterility of the ward.

In addition, these bacteria have not yet been reported in other studies
on indoor air in schools, houses, and hospitals. Studies that focus on
bacteria exposure do not mention Niallia spp., Methyloversatilis spp., and
Rummeeliibacillus spp. This suggests that this culture-independent
method can profile wider bacteria compared to the culture-dependent
method of sampling and analysis. These findings were expected as by
utilizing different methods, different conclusions may be made. How-
ever, this finding suggests that culture-independent methods can profile
more bacteria. Further research should be conducted in the future to
compare both methods at the same locations and at the same time as the
bacterial community may be varies by the factors of temporal and sea-
sonal variations, time of sampling, and building occupants (Núñez and
García, 2023; Naumova and Kabilov, 2022).

The B, C, and D wards had the most diverse bacterial community as
compared to clinics, suggesting high humans traffic, including patients,

Fig. 6. Results for core microbiome showing core bacteria members for indoor air across all 16 dust samples for (a) genus and (b) species level.

Table 1
Table alpha-diversity results using different diversity
indices.

Diversity Indices P-value

Observed feature index 0.0398
Chao 1 0.0398
Shannon diversity index 0.6681
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visitors, healthcare workers, and caregivers, as well as medical students,
into the wards. Clinics receive less human traffic as most of the cases are
scheduled by appointment, and there are few walk-in cases. Further-
more, the arrangement and sanitation for maintaining the cleanliness in
the clinics are frequently and regularly made while in the wards, due to
the high number of people contributed to the sanitation and cleanliness
process less effective (Yousefzadeh et al., 2022). Besides, the clinics
were operated during office hours, unlike wards that operated for
24 hours, thus lowering the effectiveness of cleaning frequency.

5. Conclusions

This study suggests a new sampling technique, which is collecting
dust to successfully profile the bacterial community in the indoor air by
performing DNA extraction and next-generation sequencing. The bac-
terial phyla Actinobacteria, Firmicutes, and Proteobacteria dominated
the collected dust from the ventilation system of healthcare settings.
New bacterial species were found by using this technique suggesting an
improvement in using the culture-independent method as compared to
the culture- dependent method in terms of sampling and analysis. In
addition, significant differences were found in bacterial composition
between clinics and wards, with a high divergence of bacteria found in
wards.
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