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Introduction: Air flow driven by air-conditioner has a significant impact on the indoor environment, however, the bacterial contamination conditions in the different parts of air-conditioners have not been fully elucidated.

Methods: In this study, we assessed the bacterial pollution in the four parts, including air outlet, filter net, cooling fin and water sink, of ten household air-conditioners quantitatively and qualitatively from Chengdu, southwestern China.

Results: The microbial cultivation results showed the large total bacterial counts of 5042.0, 9127.6, 6595.1, and 12296.2 CFU/cm2 in air outlet, filter net, cooling fin, and water sink. Furthermore, the sequencing data showed that these four parts displayed different bacterial characteristics. At the level of genus, Caproiciproducens and Acidipropionibacterium were predominant in air outlet. Bacillus, Acinetobacter, Paracoccus, and Corynebacterium were detected as the characteristic bacteria in filter net. For cooling fin, Rhodococcus, Achromobacter, and Nocardioides were the dominant bacteria. The genera of Methylobacterium-Methylorubrum, Brevibacterium, Stenotrophomonas, and Psychrobacter were identified as the bioindicators in water sink. The bioinformatic analysis on the sequencing data illustrated that the bacteria from air-conditioners were associated with metabolic disturbance.

Discussion: This study reveals the distinct bacterial compositions in the different parts of air-conditioner, and provides new clues for the non-negligible bacterial pollution in this common appliance from Chinese households.
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1 Introduction

With worsening global warming, the demand for air conditioners has soared in recent years. Air conditioner sales in China rose from 51.5 million units in 2010 to nearly 100 million units in 2020 (1), and China has been the world's largest country of air conditioner consumption (2). It is generally accepted that people spend almost 90% of their time in indoor environments (3), and a long use duration of air conditioners has been reported in Chinese households (4). The internal moist environment in air conditioners provides ideal living conditions for the growth and survival of various bacteria (5). Compared with only natural-ventilated buildings, sick building syndrome (SBS) morbidity in buildings with air conditioners has increased by 30–200% (6). It has been reported that there is a significant association between using an air conditioner and the presence and severity of asthma and rhinitis (7). The outbreak of Legionnaires' disease (221 cases with 34 deaths) in Philadelphia in 1976 aroused people's attention to the microbial contamination of air conditioners (8). Moreover, the frequent detection of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) in air-conditioning filters in recent years has highlighted the microbial contamination in air-conditioning systems (9).

Few studies to date have focused on the bacterial pollution of air conditioners in residential households. The multitudinous bacteria released by air conditioners have been detected and reported in several developed countries, including the USA (10), Japan (11), and Singapore (12). Abundant bacteria, including pathogens, could be loaded on air conditioner filter microfibers, which widely exist in indoor air and would pose health risks (13). More seriously, the pathogenic phylum of Proteobacteria is present in greater proportion in air conditioner filter dust samples than in other dust samples from indoor environments (14). These findings all suggested that the air conditioner was a non-negligible source of indoor bacterial contamination. Compared with developed countries, Chinese residents generally lack awareness of cleaning household appliances, which may promote the breeding and spread of microorganisms in air conditioners.

Currently, the sampling part in the daily monitoring of air conditioner hygiene by the Centers for Disease Control and Prevention is air outlets (15). Apart from air outlets, air conditioners also have internal structures, such as air filters and cooling and water sinks. Each part of the air conditioner has different temperature and relative humidity conditions (16), which may result in distinct bacterial features. The cooling coil of the air conditioner has been found to become the source and colonization of bacteria (5, 17, 18). A recent study from Shanghai revealed bacterial contamination in residential air-conditioning filters (19). Interestingly, distinct characteristic bacteria have been found in the cooling coil and air filter (20), suggesting bacterial diversity in the different parts. Distinguishing the bacterial bioindicators in the different parts using high-throughput sequencing would provide a comprehensive understanding of the bacterial contamination of air conditioners.

In this study, we hypothesized that air conditioners were prone to microbial contamination and that different parts had distinct bacterial compositions. We performed a combination of microbial cultivation and 16S ribosomal ribonucleic acid (RNA) gene sequencing to explore the bacterial pollution in the air outlet, filter net, cooling fin, and water sink of air conditioners in the megacity of Chengdu, Southwest China. This study uncovers the detailed bacterial diversity in these parts and provides a basic clue for air conditioners as a bacterial contamination source in indoor environments in Chinese households.



2 Materials and methods


2.1 Study design and sample collection

The study site was set in Chengdu, Southwest China. Samples were collected from 10 household air conditioners, including five cabinet air conditioners and five wall-hanging air conditioners, from September to November 2022 using convenience sampling. Each air conditioner had four sampling parts: an air outlet, a filter net, a cooling fin, and a water sink. The information about these air conditioners was recorded through a user questionnaire. Microbial samples were collected using a 5 × 5 cm (25 cm2) sterile specification board with S-shaped smearing by a cotton swab soaked with 1 mL saline. The smeared part of the cotton swab was cut off into the sample tube with 9 mL 0.9% saline solution, and the dilatability of the original sample was regarded as 10−1. We collected samples before and after a thorough air conditioner cleaning through the disassembly of inner parts by a professional commercial company, respectively.



2.2 Detection of total bacterial count

The total bacterial count was detected for the four parts of the air conditioner using the plate count method according to Chinese national standard GB/T 18204.4-2013 (21) to reflect the sanitary conditions. Briefly, the original smeared samples (regarding 10−1 dilatability) were diluted into 10−2, 10−3, 10−4, and 10−5. Subsequently, 1 mL of each diluted sample was added to a plate with two parallels, followed by 20 mL 45°C nutrient agar medium (Luqiao Biological Technology Co. Ltd., Beijing, China) poured onto the plate. The plates were then incubated at 37°C for 48 h. Colony counts of 30 and 300 colony-forming units (CFUs) in plates were counted, and the bacterial count unit for each sample was calculated using the following equation based on the two adjacent dilutions (Equation 1):
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N is the colony-forming unit, CFU/cm2, ∑C is the sum of the colonies on the plates, n1 is the plate number of low dilatability and the value is 2, n2 is the plate number of high dilatability and the value is 2, d is the dilution factor of low dilatability, and S is the sampling area of 25 cm2.

If the plates in a single dilution had a colony count of 30–300, the colony-forming unit was directly calculated by the Equation (2):
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Where N is the colony-forming unit, CFU/cm2, C1, and C2 are the number of colonies on the parallel plates, b is the fold of dilution, and S is the sampling area of 25 cm2.



2.3 Measurement of total fungal count

A total fungal count in the air conditioner was also evaluated using the plate count method according to the Chinese national standard GB/T 18204.4-2013 (21) to reflect the sanitary conditions. The original samples were regarded as having 10−1 dilatability and the samples were further diluted into 10−2, 10−3, and 10−4. Then, 1 mL of each diluted sample was added to a plate with two parallels, followed by 20 mL of 45°C Rose Bengal Medium (Luqiao Biological Technology Co. Ltd., Beijing, China) poured onto the plate. Afterwards, the plates were incubated at 27°C for 1 week. Colony counts between 5 and 50 colony-forming units (CFUs) in plates within the same dilution were counted, and the fungi count unit was calculated by the Equation (3):
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Where N is the colony-forming unit, CFU/cm2, C1, and C2 are the number of colonies on the parallel plates, b is the fold of dilution, and S is the sampling area of 25 cm2.



2.4 DNA extraction and 16S ribosomal RNA (rRNA) gene sequencing

A total of 40 samples of 4 parts from the 10 air conditioners before the machine cleaning were filtered by a 0.22 μm sterile filter membrane and the total microbial DNA extraction was performed using a commercial kit (Tiangen Biotech, Beijing Co., Ltd., China) according to the manufacturer's instructions. DNA concentration and purity were determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Rochester, NY, USA). All samples were sent to Majorbio Biotech (Shanghai, China) for 16S rRNA gene sequencing. The sequencing data were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive database and the BioProject accession number was PRJNA1028381.



2.5 Microbial diversity analysis

The sequencing data were analyzed by the Majorbio online system (https://cloud.majorbio.com/). The coverage index was used to reflect the real situation of the microorganisms detected in the samples. Alpha-diversity reflected bacterial diversity and richness and was expressed as the Chao index and Shannon index in this study by Mothur (version 1.30.2). Beta diversity showed the differences in bacterial composition between samples or groups. We used principal coordinate analysis (PCoA), principal component analysis (PCA), and non-metric multidimensional scaling (NMDS) to show beta diversity in this study. In addition, analysis of similarities (ANOSIM) and partial least squares discriminant analysis (PLS-DA) were used to compare microbial diversity between the different groups.



2.6 Cluster analysis

A Venn diagram was used to show the number of microbial intersections between the four groups at the genus level. We used the barplot of the bacterial community to express the relative bacterial abundance of the 40 samples, or the four groups, at the phylum level. A Linear discriminant analysis Effect Size (LEfSe) barplot was used to identify specific species that were differentially distributed between the four groups at the genus level. For LEfSe analysis, the linear discriminant analysis (LDA) score threshold was set at >3.0. A circular phylogenetic tree at the genus level was used to show the taxonomic bacterial profiling of the 40 samples. The detailed evolutionary relationship and expression differences of the microbial community between the four groups were also shown in a phylogenetic tree at the genus level.



2.7 Prediction of phenotype and gene function

Metabolic pathway analysis by Clusters of Orthologous Groups (COGs) of proteins and functional annotation by the Kyoto Encyclopedia of Genes and Genomes (KEGG) were performed to analyze the enriched pathways of bacterial genes from the air conditioners. These data suggest the potential effects of bacterial contamination from air conditioners on human health. We also used BugBase to annotate microbiome phenotypes, including stress tolerance, mobile elements, Gram-negative, Gram-positive, and biofilms.



2.8 Statistical analysis

The results were illustrated as the average value ± standard deviation. The difference in microbial cultivation before and after the air conditioner cleaning was analyzed using a paired sample t-test. Differences in microbial culture results, alpha diversity and microbial phenotype of the four sampling parts were analyzed using one-way analysis of variance (ANOVA), followed by the Student–Newman–Keuls post-hoc test. Beta diversity was expressed based on weighted UniFrac matrices. We performed the ANOVA analysis using the Statistical Package for the Social Sciences (SPSS; IBM Inc., Chicago, IL, USA), version 21.0. A statistical significance was set at P < 0.05. The sequencing data were statistically analyzed by the Majorbio online system.




3 Results


3.1 Data information on collected samples

In our study, 40 samples were collected from the air outlet, filter net, cooling fin, and water sink of 10 air conditioners from 10 households in Chengdu, Southwest China (Figure 1A). The samples were collected before and after a thorough machine cleaning by the disassembly of inner parts, respectively (Table 1). There were five cabinet air conditioners and five wall-hanging air conditioners in this study (Table 2). The information on sample ID, using years and the last machine cleaning time was also listed in Table 2.


[image: Figure 1]
FIGURE 1
 The sampling parts of air conditioners and the representative images of microbial cultivation. (A) The samples from the air outlet, filter net, cooling fin, and water sink were collected with soaked cotton swabs. (B) Representative result images of bacteria and fungi.



TABLE 1 Information on the number of samples and the detection indexes.
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TABLE 2 Sample ID and the data of using years.
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3.2 Microbial counts in the different parts of air conditioners

Representative images of microbial cultivation are shown in Figure 1B. The average total bacterial counts were 5,042.0 ± 1,149.8, 9,127.6 ± 2,053.5, 6,595.1 ± 1,253.8, and 12,296.2 ± 711.7 CFU/cm2 in the air outlet, filter net, cooling fin, and water sink before the air conditioner cleaning, respectively (Table 3 and Supplementary Table 1). For total fungal count, the average numbers were 818.0 ± 305.1, 1,462.0 ± 269.4, 1,080.0 ± 258.7, and 1,650.0 ± 231.9 CFU/cm2 in the air outlet, filter net, cooling fin, and water sink before the machine cleaning, respectively (Table 3 and Supplementary Table 2). As expected, the machine cleaning of the air conditioner by disassembly of the inner parts remarkably reduced bacterial and fungal counts in all samples (Table 3), indicating the importance of daily machine cleaning in reducing microbial contamination of domestic air conditioners.


TABLE 3 The data of microbial culture results.

[image: Table 3]

We further analyzed the difference in microbial count between the four sampling parts, including the air outlet, filter net, cooling fin, and water sink. The total bacterial count was the highest in the water sink, followed by the filter net, cooling fin, and air outlet (Figure 2A). Moreover, the water sink had the highest total fungal count, and the air outlet had the lowest total fungal count (Figure 2B). In addition, total bacterial and fungal counts showed no difference between the cabinet air conditioners and wall-hanging air conditioners in all sampling parts (Figures 2C, D). Furthermore, the total bacterial count was significantly increased in the group of the last machine cleaning time >3 years compared to the group of 0–3 years in the air outlet and water sink (Figure 2E). For total fungal count, the numbers were significantly increased in the group of the last machine cleaning time >3 years compared to the group of 0–3 years in the four sampling parts (Figure 2F). Taken together, total bacterial and fungal counts were expressed differently in the different parts of the air conditioner and increased with the increase in uncleaned years.


[image: Figure 2]
FIGURE 2
 The microbial culture results of different sampling parts in air conditioners. (A) Total bacterial count in the air outlet, filter net, cooling fin, and water sink. (B) Total fungal count in the air outlet, filter net, cooling fin, and water sink. (C) Total bacterial count in the different parts of the air conditioners: cabinet and wall-hanging. (D) Total fungal count in the different parts of the air conditioners: cabinet and wall-hanging. (E) Total bacterial count of the last machine cleaning time >3 and 0–3 years in the different sampling parts. (F) Total fungal count of the last machine cleaning time >3 and 0–3 years in the different sampling parts. *P < 0.05, **P < 0.01, ***P < 0.001, compared to the corresponding group indicated by the horizontal line.




3.3 Different parts of the air conditioner had distinct microbial diversity

The bacterial composition of 50 samples before the machine cleaning was further detected to provide insight into the microbial contamination of the air conditioner by using 16S rRNA gene sequencing. The sample ID in the gene sequencing is listed in Supplementary Table 3. The raw data were deposited in the NCBI Sequence Read Archive database, and the BioProject accession number was PRJNA1028381 (https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1028381). The values of the coverage index were higher than 99.0% in all groups of the four sampling parts (Figure 3A), indicating the high quality of the sequencing data. As indicators of alpha diversity, the Chao index and Shannon index reflected species richness. In this study, the values of the Chao index and Shannon index in the filter net were significantly higher (P < 0.001) than the groups of air outlet, cooling fin, and water sink (Figures 3B, C).
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FIGURE 3
 Comparisons of the bacterial diversity in the different parts of air conditioners. (A) Coverage index to show alpha diversity. (B) Shannon index to show alpha diversity. (C) Chao index to show alpha diversity. (D) Analysis of similarities (ANOSIM). (E) Principal component analysis (PCA) to show beta diversity. (F) Principal coordinate analysis (PCoA) to show beta diversity. (G) Non-metric multidimensional scaling (NMDS) to show beta diversity. (H) Partial least squares discriminant analysis (PLS-DA). Group A: air outlet; Group B: filter net; Group C: cooling fin; and Group D: water sink. Sample ID: AC (air conditioner) + The household number + A (before the machine cleaning) + Sampling parts (1 represented air outlet, 2 represented filter net, 3 represented cooling fin, 4 represented water sink). ***P < 0.001, compared to the corresponding group indicated by the horizontal line.


At the genus level, analysis of similarities (ANOSIM) showed that the difference between the four parts was significantly greater (P < 0.01) than the difference within each group (Figure 3D), indicating that bacteria in these parts had their own composition characteristics. We further used diverse beta-diversity indexes to explore the difference in community compositions between the different groups in the four sampling parts. PCA results showed that the samples of filter net had a different bacterial composition from the other three groups (Figure 3E). In PCoA analysis, samples of the cooling fin and water sink showed distinct bacterial compositions, while there was an overlap between the air outlet and filter net (Figure 3F). In addition, NMDS results showed that each group had a separate circle of community composition (Figure 3G). The PLS-DA results displayed the detailed distribution of bacterial composition for each sample (Figure 3H). Taken together, these results indicated that different parts of the air conditioner had distinct microbial diversity.



3.4 Different parts of the air conditioner had characteristic microbial bioindicators

Overall, 48 phyla, 133 classes, 324 orders, 571 families, 1,455 genera, and 2,918 species were detected in this study. The four sampling parts showed an overlap of 385 genera (Figure 4A). The group of water sinks showed the highest relative abundance of Proteobacteria (Figure 4B), followed by the cooling fin, filter net, and air outlet. In addition, the phyla of Firmicutes, Actinobacteriota, and Cyanobacteria had different relative abundances in each group (Figure 4B). The community heatmap at the phylum level showed detailed information on relative abundance for each sample and illustrated that Proteobacteria, Actinobacteriota, Bacteroidota, Firmicutes, and Cyanobacteria were dominant in the air conditioner (Figure 4C). Notably, the hierarchical clustering tree further showed that Bacteroidota and Cyanobacteria had a relatively high abundance in filter net samples (Figure 4D).
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FIGURE 4
 Analysis of the microbial composition among different parts of air conditioners. (A) The Venn diagram at the phylum level. (B) Community barplot analysis of groups at the phylum level. (C) Community heatmap at the phylum level. (D) Community barplot analysis of samples at the phylum level. (E) Linear discriminant analysis Effect Size (LEfSe) barplot at various taxonomic levels. (F) Circular phylogenetic tree at the genus level. (G) Phylogenetic tree analysis based on the sequencing reads of different groups. Group A: air outlet; Group B: filter net; Group C: cooling fin; Group D: water sink. f-, o-, c-, and p- represented the level of family, order, class, and phylum, respectively.


The bacterial indicators for each group at the genus level were further analyzed. LEfSe barplot showed that the genus Caproiciproducens (belonging to the family Ruminococcaceae, phylum Firmicutes) and the genus Acidipropionibacterium (belonging to the family Propionibacteriaceae, phylum Actinobacteriota) were the predominant bacteria in the group of air outlets (Figure 4E). The genus Bacillus (belonging to the family Bacillaceae, phylum Firmicutes), the genus Acinetobacter (belonging to the family Moraxellaceae, phylum Proteobacteria), the genus Paracoccus (belonging to the family Rhodobacteraceae, phylum Proteobacteria), and the genus Corynebacterium (belonging to the family Corynebacteriaceae, phylum Actinobacteriota) had relatively high abundance in the filter net (Figure 4E).

For cooling fins, the genus Rhodococcus (belonging to the family Nocardiaceae, phylum Actinobacteriota), the genus Achromobacter (belonging to the family Alcaligenaceae, phylum Proteobacteria), and the genus Nocardioides (belonging to the family Nocardioidaceae, phylum Actinobacteriota) were the dominant bacteria (Figure 4E). Furthermore, the genus Methylobacterium-Methylorubrum (belonging to the family Beijerinckiaceae, phylum Proteobacteria), the genus Brevibacterium (belonging to the family Brevibacteriaceae, phylum Actinobacteriota), the genus Stenotrophomonas (belonging to the family Xanthomonadaceae, phylum Proteobacteria) and the genus Psychrobacter (belonging to the family Moraxellaceae, phylum Proteobacteria) expressed predominantly in water sinks (Figure 4E). The circular phylogenetic tree showed the evolutionary difference between the dominant bacteria at the genus level (Figure 4F). At the genus level, the combination of evolutionary relationships and expression differences of important bacteria between the four groups was shown in a phylogenetic tree graph (Figure 4G). All these results illustrated that different parts of the air conditioner had distinct bacterial bioindicators.



3.5 Potential adverse effects of bacteria from air conditioners on residents

The potential adverse effects of bacteria from air conditioners on residents were further analyzed by the bioinformatic method. The COG function classification showed that the bacteria from the air conditioner were associated with amino acid transport and metabolism, carbohydrate transport and metabolism, lipid transport and metabolism, and energy production and conversion (Figure 5A). Accordingly, KEGG analysis illustrated that the bacteria from the air conditioner were tightly associated with the pathways of carbohydrate metabolism, amino acid metabolism, energy metabolism, metabolism of cofactors and vitamins, bacterial infectious disease, and antimicrobial drug resistance (Figure 5B).
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FIGURE 5
 Functional profiling of the microbial community in air conditioners. (A) Analysis of metabolic pathways by Clusters of Orthologous Groups (COG) of proteins. (B) Functional annotation by the Kyoto Encyclopedia of Genes and Genomes (KEGG). (C) Functional profiling between the different parts. (D) The comparison of stress tolerance between the different groups. (E) The comparison of mobile elements between the different groups. (F) The comparison of Gram-negative bacteria between the different groups. (G) The comparison of biofilm formation between the different groups. Group A: air outlet; Group B: filter net; Group C: cooling fin; Group D: water sink. *P < 0.05, **P < 0.01, ***P < 0.001, compared to the corresponding group indicated by the horizontal line.


For microbial phenotypes, bacteria from the different parts of the air conditioner had distinct characteristics of being stress-tolerant, mobile elements, Gram-negative, Gram-positive, and biofilms (Figure 5C). Specifically, bacteria showed an increased trend in stress tolerance in the air outlet, filter net, cooling fin, and water sink (Figure 5D). Bacteria from the cooling fin and water sink showed a higher ability to move than the parts of the air outlet and filter net (Figure 5E). Gram-negative bacteria had the least proportion in the air outlet (Figure 5F). Moreover, bacteria from the filter net, cooling fin, and water sink showed a high ability to form biofilms (Figure 5G). All these results suggested the potential adverse effects of bacteria from air conditioners on residents.




4 Discussion

Currently, microorganisms released by air conditioners in hospital wards are strictly monitored and controlled (22, 23). Moreover, the hygiene of air conditioners in public places is monitored by the Centers for Disease Control and Prevention. However, in household settings, evaluations of the bacterial pollution of air conditioners have only been reported in a few studies from developed countries (10–12). At present, the data on microbial pollution in Chinese air conditioners is limited. Our study highlighted the microbial contamination in household air conditioners and further identified the distinct bacterial features in the air outlet, filter net, cooling fin, and water sink, advancing novel insights on the air conditioner as a microbe intermediary for the indoor environment in Chinese households (Figure 6).


[image: Figure 6]
FIGURE 6
 Microbial pollution in the different parts of Chinese household air-conditioner.


Total bacterial and fungal counts reflect the overall microbiological hygiene and are strictly restricted to < 500 CFU/cm2 on the surface of public air-conditioning outlets in the Chinese hygienic standard of GB/T 18204.5-2013 (24). However, the microbial count in the household environment has not been regulated. In this study, the total bacterial and fungal counts from household air conditioners greatly exceeded the limits regulated by hygienic standard GB/T 18204.5-2013. The average total bacterial counts were 5,042.0, 9,127.6, 6,595.1, and 12,296.2 CFU/cm2 in the air outlet, filter net, cooling fin, and water sink before the air conditioner was cleaned, respectively (Table 3 and Supplementary Table 1). These results were consistent with the bacterial concentration of 103-104 copies/cm2 reported by the study from Shanghai (19), indicating the severe microbial pollution of Chinese household air conditioners.

As the most common sampling part, the average bacterial DNA concentrations on the filter surface of the air conditioner were reported to be 0.02–3.3 ng per cm2 from a Singaporean study (12). US research reported that the median bacterial concentration from air conditioner filter dust was 1.1 × 106 CFU/g (14). Our study further suggested that samples from the filter net showed a higher bacterial richness than the other three parts of the air outlet, cooling fin, and water sink. For the species composition, our results were consistent with published sequencing analysis that Proteobacteria, Actinobacteria, and Firmicutes were the common phylum in air conditioners (11, 12, 20). Our PCoA results were similar to those of a Japanese study where air outlet and filter net samples were plotted close together (20). In this study, decentralized air conditioners were sampled, and Legionella was not detected in our sequencing data. Indeed, it is often suggested that Legionella is frequently detected in public centralized air-conditioning systems rather than in household decentralized air conditioners (25). Moreover, Legionella might have been outcompeted by other predominant bacteria in our samples. In addition, a handful of non-tuberculous Mycobacteria (NTM) species have been implicated in pulmonary diseases (26) and can be transmitted through the central air-conditioning systems in public buildings (27). Although NTM species were not detected in our study, the risk of strain distribution in household air conditioners cannot be neglected.

Caproiciproducens and Acidipropionibacterium were found predominantly in air outlets and filter nets in our study. These genera are associated with malodor formation (28, 29) and have been detected in washing machines in our recently published study (30). Bacillus, Acinetobacter, Paracoccus, and Corynebacterium had relatively high abundances in the filter net. Bacillus and Acinetobacter strains have been found to cause localized wound and eye infections (31, 32). Moreover, Paracoccus and Corynebacterium have been reported to colonize skin lesions (33–35). For the biomarkers found in cooling fins, Rhodococcus and Achromobacter have been recognized as pathogenic bacteria (36, 37). For the bioindicators found in the water sink, Methylobacterium-Methylorubrum colonizes moist areas and can survive in harsh environments (38). It has been reported that Brevibacterium, Stenotrophomonas, and Psychrobacter serve as global opportunistic pathogens (39–41).

Increasing evidence has shown that the energy metabolism of carbohydrates, amino acids, and lipids plays a vital role in immunometabolic crosstalk during bacterial infection (42, 43). The bacterial interference on metabolism in indoor environments has raised growing concerns in recent years (44–46). Our results suggested the potential risk of bacterial disturbance in human metabolism from the source of the air conditioner. Bacteria with the structure of biofilm can be protected and acquire resistance against harsh environmental conditions (47). In addition, airborne antibiotic resistance has raised growing concerns in indoor environments (48). The results of the biofilm phenotype further suggested that the air conditioner served as a bacterial source for indoor microbial contamination.

Admittedly, there were two limitations in this study. First, the causal relationship between pathogenic bacteria identified in this study and indoor infection has not been demonstrated and needs further study. Second, several factors, such as climate conditions and usage habits, were not considered in this study.



5 Conclusion

This study revealed the severe bacterial and fungal pollution of household air conditioners in Chengdu, Southwest China, suggesting this appliance is a non-ignorable microbial contamination source. The characteristic bacterial genera of air outlet, filter net, cooling fin, and water sink were further identified, representing a fundamental understanding of the distinct bacterial compositions at the different sites of air conditioners. This study reminds the public of the importance of the hygiene of household air conditioners.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

DS: Conceptualization, Funding acquisition, Methodology, Writing – original draft. LT: Methodology, Writing – review & editing. KL: Investigation, Methodology, Writing – review & editing. WS: Software, Writing – review & editing. ZZ: Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by a grant from the Postdoctoral Research Funding Project of Sichuan University (No. 2023SCU12032) to DS.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.1429626/full#supplementary-material



References

 1. Duan HB, Ming X, Zhang XB, Sterner T, Wang SY. China's adaptive response to climate change through air-conditioning. IScience. (2023) 26:106178. doi: 10.1016/j.isci.2023.106178

 2. Karali N, Shah N, Park WY, Khanna N, Ding C, Lin J, et al. Improving the energy efficiency of room air conditioners in China: costs and benefits. Appl Energy. (2020) 258. doi: 10.1016/j.apenergy.2019.114023

 3. Klepeis NE, Nelson WC, Ott WR, Robinson JP, Tsang AM, Switzer P, et al. The National Human Activity Pattern Survey (NHAPS): a resource for assessing exposure to environmental pollutants. J Expo Anal Environ Epidemiol. (2001) 11:231–52. doi: 10.1038/sj.jea.7500165

 4. Liu HM, Qian Y, Yan D. Analysis of large scale air conditioner user behaviour in China based on data mining method. In: 16th Conference of the International-Building-Performance-Simulation-Association (IBPSA). Rome (2019).

 5. Bakker A, Siegel JA, Mendell MJ, Prussin AJ, Marr CL, Peccia J. Bacterial and fungal ecology on air conditioning cooling coils is influenced by climate and building factors. Indoor Air. (2020) 30:326–34. doi: 10.1111/ina.12632

 6. Liu Z, Ma S, Cao G, Meng C, He BJ. Distribution characteristics, growth, reproduction and transmission modes and control strategies for microbial contamination in HVAC systems: a literature review. Energy Build. (2018) 177:77–95. doi: 10.1016/j.enbuild.2018.07.050

 7. Li J, Huang Y, Lin X, Zhao D, Tan G, Wu J, et al. Factors associated with allergen sensitizations in patients with asthma and/or rhinitis in China. Am J Rhinol Allergy. (2012) 26:85–91. doi: 10.2500/ajra.2012.26.3751

 8. Iliadi V, Staykova J, Iliadis S, Konstantinidou I, Sivykh P, Romanidou G, et al. Legionella pneumophila: the journey from the environment to the blood. J Clin Med. (2022) 11:6126. doi: 10.3390/jcm11206126

 9. Mouchtouri VA, Koureas M, Kyritsi M, Vontas A, Kourentis L, Sapounas S, et al. Environmental contamination of SARS-CoV-2 on surfaces, air-conditioner and ventilation systems. Int J Hyg Environ Health. (2020) 230:113599. doi: 10.1016/j.ijheh.2020.113599

 10. Stanley NJ, Kuehn TH, Kim SW, Raynor PC, Anantharaman S, Ramakrishnan MA, et al. Background culturable bacteria aerosol in two large public buildings using HVAC filters as long term, passive, high-volume air samplers. J Environ Monit. (2008) 10:474. doi: 10.1039/b719316e

 11. Hatayama K, Oikawa Y, Ito H. Bacterial community structures in air conditioners installed in Japanese residential buildings. Antonie Van Leeuwenhoek. (2018) 111:45–53. doi: 10.1007/s10482-017-0925-4

 12. Luhung I, Wu Y, Xu S, Yamamoto NV, Chang W, Nazaroff WW. DNA accumulation on ventilation system filters in university buildings in Singapore. PLoS ONE. (2017) 12:e186295. doi: 10.1371/journal.pone.0186295

 13. Chen Y, Li X, Gao W, Zhang Y, Mo A, Jiang J, et al. Microfiber-loaded bacterial community in indoor fallout and air-conditioner filter dust. Sci Tot Environ. (2023) 856:159211. doi: 10.1016/j.scitotenv.2022.159211

 14. Noris FJ, Siegel A, Kinney KA. Evaluation of HVAC filters as a sampling mechanism for indoor microbial communities. Atmos Environ. (2011) 45:338–46. doi: 10.1016/j.atmosenv.2010.10.017

 15. Li X, Wang X, Guo X, Tan J, Guo X. Hygienic evaluation of central air conditioning system in China Center for Disease Control and Prevention. Chin J Public Health Eng. (2021) 20:1–13. doi: 10.19937/j.issn.1671-4199.2021.01.001

 16. Ito Y. Technology and application of the room air conditioner. Refrigeration. (2012) 87:242–6.

 17. Wu Y, Chen A, Luhung I, Gall ET, Cao Q, Chang VW, et al. Bioaerosol deposition on an air-conditioning cooling coil. Atmos Environ. (2016) 144:257. doi: 10.1016/j.atmosenv.2016.09.004

 18. Bakker A, Siegel JA, Mendell JM, Peccia J. Building and environmental factors that influence bacterial and fungal loading on air conditioning cooling coils. Indoor Air. (2018) 28:689. doi: 10.1111/ina.12474

 19. Geng X, Nie C, Wang L, Li L, Li D, Nishino A, et al. ITS and 16S rRNA gene revealed multitudinous microbial contaminations of residential air conditioning filters in megacity Shanghai, China. Environ Health. (2024) 2:34–41. doi: 10.1021/envhealth.3c00145

 20. Watanabe K, Yanagi U, Shiraishi Y, Harada K, Ogino F, Asano K. Bacterial communities in various parts of air-conditioning units in 17 Japanese houses. Microorganisms. (2022) 10:2246. doi: 10.3390/microorganisms10112246

 21. Ministry of Health of the People's Republic of China. GB/T 18204.4-2013: Examination Methods for Public Places. Beijing (2013).

 22. Eslami A, Karimi F, Karimi Z, Rajabi Z. A survey of the quantity and type of biological aerosols in selected wards of a teaching hospital in Ghazvin. Electron Physician. (2016) 8:2281–5. doi: 10.19082/2281

 23. Fonseca JDG, Gómez-Hernández C, Barbosa CG, Rezende-Oliveira K. Identification of T3 and T4 genotypes of Acanthamoeba sp. in dust samples isolated from air conditioning equipment of Public Hospital of Ituiutaba-MG. Curr Microbiol. (2020) 77:890–5. doi: 10.1007/s00284-019-01869-4

 24. Ministry of Health of the People's Republic of China. GB/T 18204.5-2013: Examination Methods for Public Places-Part 5: Central Air Conditioning Ventilation System. Beijing (2013).

 25. Gleason JA, Cohn PD. A review of legionnaires' disease and public water systems—scientific considerations, uncertainties and recommendations. Int J Hyg Environ Health. (2022) 240:113906. doi: 10.1016/j.ijheh.2021.113906

 26. Gopalaswamy R, Shanmugam S, Mondal R, Subbian S. Of tuberculosis and non-tuberculous mycobacterial infections—a comparative analysis of epidemiology, diagnosis and treatment. J Biomed Sci. (2020) 27:74. doi: 10.1186/s12929-020-00667-6

 27. BaoYing Z, XiaoJun L, HaiQun B, Fan L, LiuBo Z. Contamination and transmission of Mycobacteria in indoor environments of public buildings. Cent Eur J Public Health. (2022) 30:26–31. doi: 10.21101/cejph.a5198

 28. Babot JD, Argañaraz-Martínez E, Apella CM, Perez Chaia A. Rapid identification of new isolates of Acidipropionibacterium acidipropionici by fluorescence in situ hybridization (FISH). Rev Argent Microbiol. (2022) 54:263–7. doi: 10.1016/j.ram.2022.02.006

 29. Choi JY, Cho G, Park JE, Choi SH, Kim JS, Lee J, et al. Caproiciproducens faecalis sp. nov, isolated from Cow Faeces. Curr Microbiol. (2023) 80:65. doi: 10.1007/s00284-022-03169-w

 30. Sun D, Sun W, Tang L, Huang W, Zhang Z. Bacterial contamination in the different parts of household washing machine: new insights from Chengdu, Western China. Curr Microbiol. (2024) 81:114. doi: 10.1007/s00284-024-03630-y

 31. Wong D, Nielsen TB, Bonomo RA, Pantapalangkoor P, Luna B, Spellberg B. Clinical and pathophysiological overview of acinetobacter infections: a century of challenges. Clin Microbiol Rev. (2017) 30:409–47. doi: 10.1128/CMR.00058-16

 32. Ehling-Schulz M, Lereclus D, Koehler TM. The Bacillus cereus group: Bacillus species with pathogenic potential. Microbiol Spectr. (2019) 7:10. doi: 10.1128/microbiolspec.GPP3-0032-2018

 33. Jiang X, Radko Y, Gren T, Palazzotto E, Jørgensen TS, Cheng T, et al. Distribution of ε-poly-l-lysine synthetases in coryneform bacteria isolated from cheese and human skin. Appl Environ Microbiol. (2021) 87:e01841–e01820. doi: 10.1128/AEM.01841-20

 34. Salemi SZ, Memar MY, Kafil HS, Sadeghi J, Ghadim HH, Alamdari HA, et al. The prevalence and antibiotics susceptibility patterns of Corynebacterium minutissimum isolates from skin lesions of patients with suspected erythrasma from Tabriz, Iran. Can J Infect Dis Med Microbiol. (2022) 2022:4016173. doi: 10.1155/2022/4016173

 35. Reiter O, Leshem A, Alexander-Shani R, Brandwein M, Cohen Y, Yeshurun A, et al. Bacterial skin dysbiosis in darier disease. Dermatology. (2024) 2024:537714. doi: 10.1159/000537714

 36. Lin WV, Kruse RL, Yang K, Musher DM. Diagnosis and management of pulmonary infection due to Rhodococcus equi. Clin Microbiol Infect. (2019) 25:310–5. doi: 10.1016/j.cmi.2018.04.033

 37. Liu Z, Xu W. Neutrophil and macrophage response in Acinetobacter Baumannii infection and their relationship to lung injury. Front Cell Infect Microbiol. (2022) 12:890511. doi: 10.3389/fcimb.2022.890511

 38. Moura JB, Delforno TP, do Prado PF, Duarte IC. Extremophilic taxa predominate in a microbial community of photovoltaic panels in a tropical region. FEMS Microbiol Lett. (2021) 368:105. doi: 10.1093/femsle/fnab105

 39. Flores-Treviño S, Bocanegra-Ibarias P, Camacho-Ortiz A, Morfín-Otero R, Salazar-Sesatty HA, Garza-González E. Stenotrophomonas maltophilia biofilm: its role in infectious diseases. Expert Rev Anti Infect Ther. (2019) 17:877–93. doi: 10.1080/14787210.2019.1685875

 40. Shweta F, Gurram PR, O'Horo JC, Khalil S. Brevibacterium species: an emerging opportunistic cause of bloodstream infections. Mayo Clin Proc. (2021) 96:1093–4. doi: 10.1016/j.mayocp.2021.01.022

 41. Kumaria A, Crusz SA, Lister MM, Kirkman A, Macarthur DC. Psychrobacter piechaudii shunt infection: first report of human infection. Childs Nerv Syst. (2022) 38:1385–8. doi: 10.1007/s00381-021-05401-7

 42. Manske C, Schell U, Hilbi H. Metabolism of myo-inositol by Legionella pneumophila promotes infection of amoebae and macrophages. Appl Environ Microbiol. (2016) 82:5000–14. doi: 10.1128/AEM.01018-16

 43. Rosenberg G, Riquelme S, Prince A, Avraham R. Immunometabolic crosstalk during bacterial infection. Nat Microbiol. (2022) 7:497–507. doi: 10.1038/s41564-022-01080-5

 44. Novak Babič M, Gostinčar C, Gunde-Cimerman N. Microorganisms populating the water-related indoor biome. Appl Microbiol Biotechnol. (2020) 104:6443–62. doi: 10.1007/s00253-020-10719-4

 45. Ta LDH, Tay CJX, Lay C, de Sessions PF, Tan CPT, Tay MJY, et al. Household environmental microbiota influences early-life eczema development. Environ Microbiol. (2021) 23:7710–22. doi: 10.1111/1462-2920.15684

 46. Chawla H, Anand P, Garg K, Bhagat N, Varmani SG, Bansal T, et al. A comprehensive review of microbial contamination in the indoor environment: sources, sampling, health risks, and mitigation strategies. Front Public Health. (2023) 11:1285393. doi: 10.3389/fpubh.2023.1285393

 47. Khan F, Pham DTN, Kim YM. Alternative strategies for the application of aminoglycoside antibiotics against the biofilm-forming human pathogenic bacteria. Appl Microbiol Biotechnol. (2020) 104:1955–76. doi: 10.1007/s00253-020-10360-1

 48. Li N, Chai Y, Ying GK, Jones C, Deng W. Airborne antibiotic resistance genes in Hong Kong kindergartens. Environ Pollut. (2020) 260:114009. doi: 10.1016/j.envpol.2020.114009

Copyright
 © 2024 Sun, Tang, Long, Sun and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Bacterial contamination in the different parts of household air conditioners: a comprehensive evaluation from Chengdu, Southwest China



		1 Introduction



		2 Materials and methods



		2.1 Study design and sample collection



		2.2 Detection of total bacterial count



		2.3 Measurement of total fungal count



		2.4 DNA extraction and 16S ribosomal RNA (rRNA) gene sequencing



		2.5 Microbial diversity analysis



		2.6 Cluster analysis



		2.7 Prediction of phenotype and gene function



		2.8 Statistical analysis







		3 Results



		3.1 Data information on collected samples



		3.2 Microbial counts in the different parts of air conditioners



		3.3 Different parts of the air conditioner had distinct microbial diversity



		3.4 Different parts of the air conditioner had characteristic microbial bioindicators



		3.5 Potential adverse effects of bacteria from air conditioners on residents







		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/math_3.gif
G+
>

bys

)





OPS/images/math_2.gif
N

Gi+G)
>

xb/s

@





OPS/images/math_1.gif
= —
—oind

[©











OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Public Health







OPS/images/fpubh-12-1429626-g005.gif





OPS/images/fpubh-12-1429626-g006.gif
L dR

Bacicil ad Fgal Conaminstion

Disinc Bcteial Composiion i he
Difen Parts.
RO P Coting i, W S

Metbolsnreence
Bacteral InfocosDissse





OPS/images/fpubh-12-1429626-g003.gif





OPS/images/fpubh-12-1429626-g004.gif
2 S8
T,





OPS/images/fpubh-12-1429626-t003.jpg
ampling pa otal ba ota
Before clea g e ea Before clea e ea
Air outlet 5,042.0 + 1,149.8"** 153+24 818.0 & 305.1%** 77£32
Filter net 9,127.6 £2,053.5** 156+ 1.7 1,462.0 £ 269.4*** 10.0£2.0
Cooling fin 6,595.1 % 1,253.8*** 157£13 1,080.0 & 258.7*** 10.5£3.3
Water sink 12,296.2 & 711.7%* 192£27 1,650.0 & 231.9*** 1.5+ 1.8

Data are presented the means = SD.

*A thorough machine cleaning by the disassembly of inner parts.
#+Compared with the count after the air-conditioner machine cleaning, P < 0.001.






OPS/images/fpubh-12-1429626-t001.jpg
Afte e a

Before clea g e ore clea g a
Air outlet 10 10 Total bacterial count, total fungi count, Total bacterial count, total fungi count
165 rRNA gene sequencing
Filter net 10 10
Cooling fin 10 10
Water sink 10 10

* A thorough machine cleaning by the disassembly of inner parts.






OPS/images/fpubh-12-1429626-t002.jpg
Household Using years = The last machine cleaning tim Sample ID
Prior to the After the machine
machine cleaning cleaning

1 Cabinet >1 0-3 years ACOIA ACO1B
2 Cabinet >3 >3 years ACO2A AC02B
3 Cabinet >2 0-3 years ACO3A AC03B
4 Cabinet >6 >3 years AC04A AC04B
5 Cabinet >5 >3 years ACO5A ACO5B
6 Wall-hanging >3 0-3 years ACO6A ACO6B
7 Wall-hanging >3 0-3 years ACO7A ACO7B
8 Wall-hanging >2 0-3 years ACO8A ACOSB
9 Wall-hanging >4 >3 years AC09A AC09B
10 Wall-hanging >5 >3 years ACI0A AC10B

*A thorough machine cleaning by the disassembly of inner parts.





OPS/images/cover.jpg
@ frontiers | Frontiers in Public Health

Bacterial contamination in the
different parts of household air
conditioners: a comprehensive
evaluation from Chengdu,
Southwest China





OPS/images/fpubh-12-1429626-g001.gif
=

FilrNet

Ema

Cooling Fin Woter Sink






OPS/images/fpubh-12-1429626-g002.gif





