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ABSTRACT 

Regional haze episodes frequently affect developing countries, causing severe air pollution and potential health risks. However, 
conventional air quality monitoring often overlooks the biological components of airborne particulate matter (PM). This study 
investigates microbial contamination associated with fine (PM₂.₅) and coarse (PM₁₀) particulates in Kuala Lumpur during the 
Southwest Monsoon and Inter-monsoon II periods. Samples were collected using High Volume (HVS) and Low Volume Samplers 
(LVS) equipped with glass microfibre filters. Culture-based enumeration on Tryptone Soy Agar (TSA) and shotgun metagenomic 
sequencing were performed to quantify bacterial loads and characterize community composition. The highest bacterial counts in 
PM10 were recorded during the Southwest Monsoon and Inter-monsoon II, at 5.42 ± 0.49 and 5.40 ± 0.73 log CFU/g, respectively. 
No significant differences were observed between monsoon periods (p > 0.05), and bacterial abundance was not correlated with 
PM concentration. Metagenomic analysis revealed greater bacterial diversity during the Southwest Monsoon, dominated by 
Firmicutes and Pseudomonadota, including potentially pathogenic genera such as Staphylococcus, Bacillus and Burkholderia. In 
contrast, Bacillus and Clostridium predominated during Inter-monsoon II. These findings highlight seasonal variations in airborne 
bacterial communities and emphasize the need to incorporate microbial assessment into air quality monitoring frameworks. 
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1. Introduction 
 

Airborne particulate matter (PM), particularly fine (PM₂.₅) and coarse (PM₁₀) fractions, is a key 
urban pollutant with serious environmental and health risks. These particles are not merely chemical 
and physical entities, but also serve as carriers for bioaerosols, comprising the bacteria, fungi and 
viruses, collectively known as the airborne microbiome. The biological fraction of PM has gained 
increasing attention due to its potential influence on atmospheric processes, human health and 
disease transmission. The coexistence of these bacterial fractions reflects the complex and dynamic 
nature of the airborne microbiome, influenced by environmental conditions and anthropogenic 
activities. Bacteria associated with PM can exist in both culturable and non-culturable states. 
Culturable bacteria can be isolated and quantified using traditional microbiological techniques, while 
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non-culturable bacteria, which may remain viable but undetectable by conventional methods, 
require molecular-based approaches, such as metagenomic sequencing for identification.  

Seasonal variations, particularly the Southwest Monsoon and Inter-monsoon II periods, critically 
influence the airborne microbiome in tropical cities like Kuala Lumpur. The Southwest Monsoon’s 
dry, windy weather increases PM levels and disperses bacteria over long distances [1]. In contrast, 
the Inter-monsoon II period reported by Zulkifle et al., [2], washes the air with heavy rain, despositing 
particles and altering microbial communities through wet scavenging effects. Since key 
meteorological factors like temperature, humidity, wind speed and rainfall, directly control the 
concentration and viability of these airborne microbes, it is essential to understand their specific 
effects on both culturable and non-culturable bacteria associated with PM₂.₅ and PM₁₀. This 
understanding, in turn, is key to assessing microbial air quality and protecting public health in urban 
tropical environments. 

 
2. Methodology  
2.1 Sample Collection 

 
Particulate matter (PM) sampling was conducted on the rooftop of the Faculty of Health Sciences, 

Universiti Kebangsaan Malaysia, Kuala Lumpur (3°8ʹ20.4108ʺN, 101°41ʹ12.678ʺE), during the 
Southwest Monsoon (May–September) and Inter-monsoon II (October–November). Glass microfibre 
filters (Whatman QMA, UK) were prepared according to Li et al., [3], including sterilised at 450°C for 
4 h, stored in a desiccator for 24 h and weighed before use. A high-volume sampler (HVS) (Tisch 
Environmental HVS 300–3X) was used for PM₂.₅ and a low-volume sampler (LVS) (MiniVol TAS–5.0) 
for PM₁₀ collection. PM₂.₅ was collected for 24 hours at 1.13 m³/min, while PM₁₀ was collected for 
120 hours at 0.010 m³/min. All procedures were conducted aseptically [4]. Twelve samples were 
collected each season and blank filters were processed as controls. Meteorological parameters were 
recorded in situ and validated with data from the Malaysian Meteorological Department. 
 
2.2 Cultivation of Airborne Bacteria 
 

Half of each PM₂.₅ and PM₁₀ filter were used based on their particulate loads. Filters were cleaned 
with 75% ethanol, cut into 1 × 1 cm pieces, and placed in 50 mL tubes with phosphate buffer saline 
(PBS) and 0.1% Tween 20 to aid microbial release. Following the procedure outline by Luhung et al., 
[5], samples were sonicated at 65°C for 30 minutes, vortexed for 15 minutes, and centrifuged at 2500 
rpm for 10 minutes to separate cells and free DNA. Approximately 1 mL aliquot of the homogenised 
mixture was transferred into a microcentrifuge tube for analysis. Tenfold serial dilutions were also 
conducted by using 0.85% NaCl and 0.1 mL from each dilution was plated on tryptone soya agar (TSA) 
in duplicates [6]. Plates were incubated at 37°C for 24 hours to determine the total bacterial plate 
count. 
 
2.3 Molecular Identification of Airborne Bacteria 

 
Genomic DNA was extracted from particulate matter retained on the sampling filters using the 

DNeasy PowerSoil Pro Kit (Qiagen, Germany) according to the manufacturer’s protocol and optimised 
for low biomass environmental samples as reported by Pan et al., [7]. Following Ma et al., [8], DNA 
concentration and purity were determined using a NanoDrop spectrophotometer by measuring 
absorbance at 260 nm, while integrity was verified by agarose gel electrophoresis, ensuring suitability 
for downstream sequencing. Approximately 200 ng of high-quality genomic DNA per sample was 
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used for next-generation sequencing (NGS) library preparation. DNA was randomly fragmented to an 
average size of 300-350 bp using a Covaris system, followed by end-repair, adapter ligation, and PCR 
amplification (8 cycles). The resulting libraries were purified and evaluated for fragment size 
distribution and quality using the Agilent 2100 Bioanalyser. As described by Alcock et al., [9], only 
libraries meeting the required quality thresholds were subjected to paired-end sequencing (2 x 150 
bp) on the Illumina NovaSeq platform. 
 
2.4 Statistical and Bioinformatic Analysis 
 
 The concentrations of PM₂.₅ and PM₁₀ in Kuala Lumpur’s ambient air during the Southwest 
Monsoon and Inter-monsoon II were analysed to assess microbial contamination and characterise 
bacteria. Descriptive analysis, one-way ANOVA, and Pearson’s correlation were conducted using SPSS 
version 29.0 to compare seasonal variations and examine the relationship between particulate 
concentration and microbial load. The raw sequences from the shotgun metagenomic sequencing 
were assessed with FastQC v0.12.1 and filtered using Trimmomatic v0.39 to remove adapters and 
low-quality bases (Q<20) [10]. Clean reads were assembled using SPAdes v4.1.0 (metaSPAdes), and 
assembly quality was verified with QUAST v5.3.0 (MetaQUAST) [11]. 
    
3. Results  
 

The concentration of particulate matter (PM₂.₅ and PM₁₀) and associated bacterial loads 
showed temporal variation between the Southwest Monsoon and Inter-monsoon II periods in Kuala 
Lumpur (Table 1). The mean concentration of PM₂.₅ (10.3 ± 3.1 µg/m³) and PM₁₀ (15.9 ± 4.1 µg/m³) 
was higher during the Southwest Monsoon compared to Inter-monsoon II (PM₂.₅: 6.7 ± 0.8 µg/m³; 
PM₁₀: 9.9 ± 1.0 µg/m³). The increase in particulate matter during the monsoon season could be 
attributed to drier atmospheric conditions and stronger surface winds, which promote the 
resuspension of soil dust, vehicular emissions and secondary aerosols [2]. In contrast, the higher 
humidity (78.8 %) and rainfall intensity (14.7 mm) during Inter-monsoon II likely enhanced wet 
deposition, reducing airborne particle concentrations [12]. 
 

Table 1  
Meteorological parameters and sampling information for particulate matter samples collected 
during Southwest monsoon and Inter-monsoon II 

 
Variables 

SW Monsoon Inter-monsoon II 
6 July – 19 Sept 2025 1 Oct – 19 Nov 2025 

Bacterial Count in PM2.5 (log CFU/g) 3.40 ± 0.4 3.04 ± 0.6 
Bacterial Count in PM10 (log CFU/g) 5.42 ± 0.49 5.40 ± 0.73 
PM2.5 Concentration (µg/m3) 10.3 ± 3.1 6.7 ± 0.8 
PM10 Concentration (µg/m3) 15.9 ± 4.1 9.9 ± 1.0 
Temperature (°C) 30.2 ± 1.3 28.0 ± 0.7 
Wind Speed (m/s) 0.6 ± 0.0 0.6 ± 0.0 
Relative Humidity (%) 65.9 ± 0.0 78.8 ± 2.7 
Rainfall Density (mm) 3.9 ± 1.8 14.7 ± 1.3 
 
Bacterial abundance followed a similar seasonal trend. The highest bacterial counts were 

recorded in PM₁₀ samples during both the Southwest Monsoon (5.42 ± 0.49 log CFU/g) and Inter-
monsoon II (5.40 ± 0.73 log CFU/g) while PM₂.₅ samples exhibited comparatively lower bacterial 
concentrations (3.40 ± 0.4 log CFU/g and 3.04 ± 0.6 log CFU/g, respectively). Statistical analysis 
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indicated no significant difference (p >0.05) between seasons, suggesting that bacterial load was 
relatively stable despite meteorological variation. This aligns with previous study reported by Wang 
et al., [13] that airborne microbial concentrations are influenced more by local resuspension sources 
than by short-term climatic fluctuations. Meteorological parameters strongly shape microbial 
behaviour in the atmosphere. During the Southwest Monsoon, elevated temperature (30.2°C) and 
lower humidity (65.9%) may have enhanced bacterial aerosolisation from the soil and vegetative 
surfaces [2]. Conversely, the low temperature (28.0°C) and more humid (78.8%) conditions of Inter-
monsoon II favoured microbial deposition through wet scavenging, leading to lower viable bacterial 
counts as reported by Yan et al., [12]. The average wind speed remained stable at 0.6 m/s during 
both monsoon periods, implying a limited effect on local dispersion. However, long range air mass 
movement could still contribute to bacterial transport [14]. 

Metagenomic sequencing revealed distinct shifts in bacterial community composition 
between seasons (Figure 1). The Southwest Monsoon exhibited higher bacterial diversity, dominated 
by Firmicutes and Pseudomonadota, particularly genera, such as Staphylococcus, Bacillus, 
Burkholderia, and Ralstonia. These taxa are commonly associated with soil, vegetation and 
anthropogenic sources, such as vehicular exhaust and human activity, consistent with increased 
resuspension during dry periods [1]. The Inter-monsoon II samples, in contrast, were largely 
dominated by Bacillus and Clostridium, genera known for their spore-forming capabilities and 
tolerance to environmental stress [2]. This aligned with previous study conducted by Rahim et al., 
[14] who suggested that the prevalence of these taxa under humid conditions influenced their 
resilience to moisture-driven deposition and limited dispersal. The presence of potentially 
pathogenic genera, such as Staphylococcus and Burkholderia highlights possible public health 
implications [15]. As noted by Long et al., [16], urban populations may be exposed to opportunistic 
pathogens via inhalation, especially during dry monsoon periods when PM carrying bacteria remain 
suspended longer. These findings underscore the importance of incorporating bioaerosol monitoring 
into conventional air quality frameworks, as physical PM measurements alone may underestimate 
biological exposure risks. 

Overall, the study demonstrates that both meteorological conditions and particle size 
influence bacterial abundance and diversity in urban air. The Southwest Monsoon favoured higher 
PM and bacterial concentrations, while the Inter-monsoon II period exhibited compositional shifts 
toward stress-resistant genera. Continuous monitoring combining culture-based and molecular 
approaches is therefore essential for understanding seasonal microbial dynamics in tropical urban 
atmospheres, such as Kuala Lumpur. 
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Fig. 1. Relative abundance of genus in bacterial communities across Southwest monsoon and Inter-
monsoon II 

 
 
4. Conclusions 
 

This study documented distinct seasonal shifts in the bacterial communities associated with PM₂.₅ 
and PM₁₀ in Kuala Lumpur. While overall bacterial concentrations did not differ significantly between 
the Southwest Monsoon and Inter-monsoon II periods, the taxonomic composition changed 
significantly. The Southwest Monsoon featured higher bacterial diversity, dominated by Firmicutes 
and Pseudomonadota, while the Inter-monsoon II was characterised by a predominance of Bacillus 
and Clostridium. The compositional shifts are likely driven by meteorological factors, such as 
temperature, humidity, rainfall and wind speed that influence microbial dispersion and survival. The 
findings highlight that particulate matter acts as a key vector for bacterial transport and underscore 
the need for continuous bioaerosol monitoring to assess public health risks in urban environments. 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Bacillus
Staphylococcus

Listeria
Enterococcus

Streptococcus
Clostridium

Rhodococcus
Mycobacterium

Pseudomonas
Klebsiella

Escherichia
Enterobacter

Legionella
Rickettsiella

Bradyrhizobium
Sphingopyxis

Sphingomonas
Sphingobium
Burkholderia

Ralstonia
Flavobacterium

Bacteroides
Spirosoma

Mucilaginibacter
Pedobacter

Relative Abundance of Genus in Bacterial Communities Across Southwest and 
Intermonsoon II

Southwest Monsoon Intermonsoon II



Semarak Proceedings of Natural and Environmental Sciences  
Volume 4, Issue 1 (2026) 13-19 

18 
 

Acknowledgement 
This work is funded by the Malaysia Ministry of Higher Education under the Fundamental Research 
Grant Scheme (FRGS/1/2023/STG03/UKM/02/1).  
 
References 
[1] Abd Aziz, Azilah, Kwangyul Lee, Byeonghyeok Park, Hongjae Park, Kihong Park, In-Geol Choi, and In Seop 

Chang. "Comparative study of the airborne microbial communities and their functional composition in 
fine particulate matter (PM2.5) under non-extreme and extreme PM2.5 conditions." Atmospheric 
Environment 194 (2018): 82-92. https://doi.org/10.1016/j.atmosenv.2018.09.027 

[2] Zulkifle, Nurul Tasha, Muhammad Ikram A Wahab, Hui-min Neoh, and Siti Shahara Zulfakar. 
"Environmental factors attributed on dissemination of antibiotic-resistant bacteria (ARB) and antibiotic 
resistance genes (ARGs) through PM2.5 and PM10." Aerobiologia (2025): 1-22. 
https://doi.org/10.1007/s10453-025-09870-0 

[3] Li, Jing, Junji Cao, Yong-guan Zhu, Qing-lin Chen, Fangxia Shen, Yan Wu, Siyu Xu et al. "Global survey of 
antibiotic resistance genes in air." Environmental science & technology52, no. 19 (2018): 10975-10984. 
https://doi.org/10.1021/acs.est.8b02204 

[4] Bao, Yang, Ying Chen, Fanghui Wang, Zongjun Xu, Shengqian Zhou, Ruihua Sun, Xiaowei Wu, and Ke Yan. 
"East Asian monsoon manipulates the richness and taxonomic composition of airborne bacteria over 
China coastal area." Science of The Total Environment 875 (2023): 162581. 
https://doi.org/10.1016/j.scitotenv.2023.162581 

[5] Luhung, Irvan, Akira Uchida, Serene BY Lim, Nicolas E. Gaultier, Carmon Kee, Kenny JX Lau, Elena S. 
Gusareva et al. "Experimental parameters defining ultra-low biomass bioaerosol analysis." NPJ biofilms 
and microbiomes 7, no. 1 (2021): 37. https://doi.org/10.1038/s41522-021-00209-4 

[6] Karimi, Hossein, Mahnaz Nikaeen, Sahar Gholipour, Maryam Hatamzadeh, Akbar Hassanzadeh, and 
Yaghoub Hajizadeh. "PM2.5-associated bacteria in ambient air: Is PM2.5 exposure associated with the 
acquisition of community-acquired staphylococcal infections?." Journal of Environmental Health Science 
and Engineering 18, no. 2 (2020): 1007-1013. https://doi.org/10.1007/s40201-020-00522-8 

[7] Pan, Yuanyuan, Zhiwei Zuo, Xueyun Huang, and Renguo Zhu. "Airborne fungal communities are more 
susceptible to anthropogenic activities than bacteria." Journal of Environmental Sciences 149 (2025): 
564-573. https://doi.org/10.1016/j.jes.2023.12.028 

[8] Ma, Lixin, Stephen Dauda Yabo, Lu Lu, Jinpan Jiang, Fan Meng, and Hong Qi. "Seasonal variation 
characteristics of inhalable bacteria in bioaerosols and antibiotic resistance genes in Harbin." Journal of 
Hazardous Materials 446 (2023): 130597. https://doi.org/10.1016/j.jhazmat.2022.130597 

[9] Alcock, Brian P., William Huynh, Romeo Chalil, Keaton W. Smith, Amogelang R. Raphenya, Mateusz A. 
Wlodarski, Arman Edalatmand et al. "CARD 2023: expanded curation, support for machine learning, and 
resistome prediction at the Comprehensive Antibiotic Resistance Database." Nucleic acids research 51, 
no. D1 (2023): D690-D699. https://doi.org/10.1093/nar/gkac920 

[10] Nurk, Sergey, Dmitry Meleshko, Anton Korobeynikov, and Pavel A. Pevzner. "metaSPAdes: a new 
versatile metagenomic assembler." Genome research 27, no. 5 (2017): 824-834. 
https://doi.org/10.1101/gr.213959.116 

[11] Buchfink, Benjamin, Klaus Reuter, and Hajk-Georg Drost. "Sensitive protein alignments at tree-of-life 
scale using DIAMOND." Nature methods 18, no. 4 (2021): 366-368. https://doi.org/10.1038/s41592-
021-01101-x 

[12] Yan, Xu, Jiahui Ma, Xinqing Chen, Miao Lei, Tianning Li, and Yunping Han. "Characteristics of airborne 
bacterial communities and antibiotic resistance genes under different air quality levels." Environment 
international 161 (2022): 107127. https://doi.org/10.1016/j.envint.2022.107127 

[13] Wang, Qing, Shaoyue Guo, Zelin Hou, Huai Lin, Haiyin Liang, Litao Wang, Yi Luo, and Hongqiang Ren. 
"Rainfall facilitates the transmission and proliferation of antibiotic resistance genes from ambient air to 
soil." Science of the Total Environment 799 (2021): 149260. 
https://doi.org/10.1016/j.scitotenv.2021.149260 

https://doi.org/10.1016/j.atmosenv.2018.09.027
https://doi.org/10.1007/s10453-025-09870-0
https://doi.org/10.1021/acs.est.8b02204
https://doi.org/10.1016/j.scitotenv.2023.162581
https://doi.org/10.1038/s41522-021-00209-4
https://doi.org/10.1007/s40201-020-00522-8
https://doi.org/10.1016/j.jes.2023.12.028
https://doi.org/10.1016/j.jhazmat.2022.130597
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.1101/gr.213959.116
https://doi.org/10.1038/s41592-021-01101-x
https://doi.org/10.1038/s41592-021-01101-x
https://doi.org/10.1016/j.envint.2022.107127
https://doi.org/10.1016/j.scitotenv.2021.149260


Semarak Proceedings of Natural and Environmental Sciences  
Volume 4, Issue 1 (2026) 13-19 

19 
 

[14] Rahim, Nur Alis Addiena A., Norazian Mohamed Noor, Izzati Amani Mohd Jafri, Ahmad Zia Ul-Saufie, 
Norazrin Ramli, Nor Amirah Abu Seman, Ain Nihla Kamarudzaman, Mohd Remy Rozainy Mohd Arif 
Zainol, Sandu Andrei Victor, and Gyorgy Deak. "Variability of PM10 level with gaseous pollutants and 
meteorological parameters during episodic haze event in Malaysia: Domestic or solely transboundary 
factor?." Heliyon9, no. 6 (2023). https://doi.org/10.1016/j.heliyon.2023.e17472  

[15] Sharma, Shambhavi, Ahtesham Bakht, Muhammad Jahanzaib, Minkyeong Kim, Hyunsoo Lee, Choonsoo 
Park, and Duckshin Park. "Characterization of bacterial species and antibiotic resistance observed in 
Seoul, South Korea's popular Gangnam-gu area." Heliyon 9, no. 11 (2023). 
https://doi.org/10.1016/j.heliyon.2023.e21751 

[16] Long, Tengfa, Ziwei Ye, Yanchun Tang, Jiaxin Shi, Jianhui Wen, Chunqiang Chen, and Qiang Huo. 
"Comparison of bacterial community structure in PM2.5 during hazy and non-hazy periods in Guilin, 
South China." Aerobiologia 39, no. 1 (2023): 87-103. https://doi.org/10.1007/s10453-022-09777-0

 

https://doi.org/10.1016/j.heliyon.2023.e17472
https://doi.org/10.1016/j.heliyon.2023.e21751
https://doi.org/10.1007/s10453-022-09777-0

