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To assess the diversity and composition of airborne fungi associated with particulate matters (PMs) in Beijing, China, a total of 81 PM samples were collected, which were derived from PM2.5, PM10 fractions, and total suspended particles during haze and non-haze days. The airborne fungal community in these samples was analyzed using the Illumina Miseq platform with fungi-specific primers targeting the internal transcribed spacer 1 region of the large subunit rRNA gene. A total of 797,040 reads belonging to 1633 operational taxonomic units were observed. Of these, 1102 belonged to Ascomycota, 502 to Basidiomycota, 24 to Zygomycota, and 5 to Chytridiomycota. The dominant orders were Pleosporales (29.39%), Capnodiales (27.96%), Eurotiales (10.64%), and Hypocreales (9.01%). The dominant genera were Cladosporium, Alternaria, Fusarium, Penicillium, Sporisorium, and Aspergilus. Analysis of similarities revealed that both particulate matter sizes (R = 0.175, p = 0.001) and air quality levels (R = 0.076, p = 0.006) significantly affected the airborne fungal community composition. The relative abundance of many fungal genera was found to significantly differ among various PM types and air quality levels. Alternaria and Epicoccum were more abundant in total suspended particles samples, Aspergillus in heavy-haze days and PM2.5 samples, and Malassezia in PM2.5 samples and heavy-haze days. Canonical correspondence analysis and permutation tests showed that temperature (p < 0.01), NO2 (p < 0.01), PM10 (p < 0.01), SO2(p < 0.01), CO (p < 0.01), and relative humidity (p < 0.05) were significant factors that determine airborne fungal community composition. The results suggest that diverse airborne fungal communities are associated with particulate matters and may provide reliable data for studying the responses of human body to the increasing level of air pollution in Beijing.

Keywords: airborne fungi, fungal community composition, PM2.5, PM10, TSP, haze, high-throughput sequencing

INTRODUCTION

In recent years, particulate matters (PMs) have become a major air pollutant in densely populated cities or urban areas, and their impact to the public health may be profound (Zhang et al., 2010; Cheng et al., 2013; Evans et al., 2013; Beelen et al., 2014; DeFranco et al., 2015). PM pollutants are usually highly toxic to humans and can cause severe sickness or even death. Different PMs may affect various parts of the human body. For example, total suspended particles (TSP, <100 μm) cause skin allergy, PM10 (<10 μm) deposit mainly in the head airways, and PM2.5 (<2.5 μm) are more likely to penetrate and deposit deeper in the tracheobronchial and alveolar regions (Brook et al., 2004). Historical data suggest that exposure to high level of atmospheric PM pollutants, particularly PM2.5, increases morbidity and mortality, and thereby shortening the life span (Hunt et al., 2003; Pope et al., 2009).

While the physical and chemical properties of PM pollutants have been extensively studied (Putaud et al., 2004; Kim et al., 2005; Kuhn et al., 2005; Bressi et al., 2013; Li et al., 2013; Huang et al., 2014; Yang et al., 2016), relatively little is known about microbes associated with PMs, especially airborne fungi. Fungal spores can account for large proportions of air PMs, and some fungi are major pathogens or allergens for humans, animals, and plants. Moreover, air is the primary medium for fungal dispersal (Adhikari et al., 2004). Hitherto, a few studies carried out provide only limited insight into airborne fungi associated with PMs. Airborne fungi associated with PMs have been reported from different regions of the world, including Beijing (China; Cao et al., 2014; Gao et al., 2015), Xi'an (China; Li et al., 2015), Hong Kong (China; Woo et al., 2013), Denver and Greeley (USA; Bowers et al., 2013), New Haven (USA; Yamamoto et al., 2012), Berkeley (USA; Adams et al., 2013), Rehovot (Israel; Dannemiller et al., 2014), Graz (Austria; Haas et al., 2013), Manaus (Brazil; Womack et al., 2015), and Mainz (Germany; Fröhlich-Nowoisky et al., 2009).

Most previous studies focused on the fungal diversity associated with PMs using traditional isolation methods (Awad et al., 2013; Haas et al., 2013; Almaguer et al., 2014; Gao et al., 2015; Li et al., 2015). However, the cultured method cannot reflect the actual diversity of airborne fungi because of its selectivity. In addition, a few studies surveyed PMs-associated airborne fungi using conventional DNA-based molecular methods (e.g., cloning approaches, q-PCR, DGGE; Fröhlich-Nowoisky et al., 2009; Li et al., 2010; Rittenour et al., 2014). In recent years, diversity and community composition of PMs-associated airborne fungi have been revealed by high-throughput sequencing (Yamamoto et al., 2012, 2014; Woo et al., 2013; Cao et al., 2014; Dannemiller et al., 2014; Emerson et al., 2015; Womack et al., 2015), which can significantly enhance the characterization of fungal diversity compared to traditional methods.

Beijing, the capital of China with a population of over 20 million, in recent years, has been suffering from frequent smog events caused mainly by PMs (Zhang et al., 2010, 2012; Cheng et al., 2013; Cao et al., 2014; Gao et al., 2015). While previous findings have improved our understanding of air fungal diversity in urban area of Beijing (Cao et al., 2014; Gao et al., 2015), the fungal community associated with PMs during haze and non-haze days are not well-understood. The aim of this study was to use high-throughput sequencing to investigate the PMs-associated air fungal community in Beijing to address the following questions: (1) what are air fungal diversity and community composition associated with PMs, (2) does the fungal community composition differ among various PMs (PM2.5, PM10, and TSP), and (3) does the fungal community composition vary among different air quality levels?

MATERIALS AND METHODS

Sample Collection

Samples for PM2.5, PM10, and TSP were collected from the roof top of the Conference Building at Institute of Medicinal Biotechnology, Chinese Academy of Medical Sciences (39°52′43″N, 116°23′21″E, ~8 m above the ground, ~400 m from Temple of Heaven Park), an area without major pollution sources nearby. Sampling was conducted by three portable ambient air samplers (Air Metrics, USA), one of which, impactors were removed from the filter holder for TSP samples, the other one was assembled with PM10 impactor for PM10 samples, and another one was assembled with both PM10 and PM2.5 impactors for PM2.5 samples. Ambient air was drawn at an average flow rate of 5 L/min for 24 h (12:00 p.m. to 12:00 p.m. at next day) per sampling day. PM samples were collected on 47-mm quartz aerosol collection filters (Pall, USA). Prior to sampling, all the filters were sterilized by autoclaving at 121°C for 20 min. The filter holders were cleaned with 75% ethanol and all the tools used for changing new filters were autoclaved every day to avoid contamination. After sampling, the filters were kept in a 2-ml centrifuge tube and stored at −20°C.

A total of 81 PM samples were collected for 27 days (June–November 2014) during different air quality levels (Table 1). The air quality index (AQI), which is an index for reporting daily air quality (Wang et al., 2006), was used to indicate the pollutant level. We define a day with AQI lower than 100 as a non-haze day, that with AQI in the range of 100–200 as a light-haze day, and that with AQI higher than 200 as a heavy-haze day. The environmental variables such as PM2.5, PM10, CO, SO2, and NO2 were recorded from the monitoring data of Temple of Heaven Park site (~800 m from sampling site) of Beijing Municipal Environmental Monitoring Center (http://zx.bjmemc.com.cn/). Temperature (Temp) and relative humidity (RH) were recorded according to the reports of Chinese National Meteorological Center (http://www.nmc.cn/). The air environmental variables are listed in Table S1.

Table 1. Summary data for sequencing data from the 81 particulate matter samples in the present study.
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DNA Extraction and PCR Amplification

To obtain high total DNA yield, a half filter was cut into small pieces by scissor. Genomic DNA was extracted using PowerSoil DNA isolation kit (MoBio, USA) according to manufacturer's protocols. The internal transcribed spacer 1 (ITS1) region of the fungal ribosomal RNA gene was amplified by PCR (95°C for 3 min, followed by 35 cycles at 95°C for 30 s, 55°C for 40 s, and 72°C for 45 s, and a final extension at 72°C for 10 min) using primers ITS5 (5′-barcode-GGAAGTAAAAGTCGTAACAAGG-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′; Bellemain et al., 2010), where barcode is an 8-base sequence unique to each sample. PCR amplification was conducted using high fidelity TransStart Fastpfu DNA Polymerase (Transgen, China). PCR reactions were performed in triplicate in 20 μL mixtures containing 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase, and 10 ng of template DNA.

Illumina MiSeq Sequencing

Amplicons were purified using AxyPrep DNA Gel Extraction Kit (Axygen, USA) according to the manufacturer's instructions and quantified using QuantiFluor™-ST (Promega, USA). Purified amplicons were pooled in equimolar and paired-end sequenced (2 × 250 bp) on an Illumina MiSeq platform according to the standard protocols. The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database under accession number SRP068265.

Processing of Sequencing Data

Raw files were demultiplexed, quality-filtered using QIIME (version 1.18; Caporaso et al., 2010) with the following criteria: (i) The 300 bp reads were truncated at any site receiving an average quality score <20 over a 50-bp sliding window, discarding the truncated reads that were shorter than 50 bp; (ii) exact barcode matching, two nucleotide mismatch in primer matching, reads containing ambiguous characters were removed; (iii) only sequences that overlap longer than 10 bp were assembled according to their overlap sequence. Reads which could not be assembled were discarded.

Statistical Analyses

All samples were normalized at the same sequence depth (9840 reads). Operational taxonomic units (OTUs) were clustered with 97% similarity cutoff using UPARSE (version 7.1, http://drive5.com/uparse/); chimeric sequences were identified and removed using UCHIME. The OTUs were used as a basis for calculating alpha diversity and beta diversity metrics. The taxonomy of each ITS1 sequence was analyzed by RDP Classifier (Wang et al., 2007) against the Unite database (Release 7.0, http://unite.ut.ee/index.php; Kõljalg et al., 2013) using confidence threshold of 70%. Statistical analyses of the OTU diversity of each air sample via Chao1, Good's coverage estimator, and Shannon's index (H′) were performed using QIIME 1.8.0 software (Caporaso et al., 2010). Statistical comparisons of Chao1 and Shannon indices among different samples were made by one-way analysis of variance (ANOVA) using Statistical package for the social sciences (SPSS, version 23.0). An analysis of similarities (ANOSIM) was performed using QIIME 1.8.0 software (Caporaso et al., 2010) to determine whether various types of air samples had significantly different fungal communities. Metastats analysis (White et al., 2009) was used to identify the significantly different fungal genera in different types of air samples using Mothur software (Version 1.35.1). The program Metastats can use count data from annotated sequences to compare two populations in order to detect differentially abundant features and then produce a tab-delimited table displaying the mean relative abundance of a feature, variance, and standard error together with a p-value and q-value to describe significance of the detected variations (http://metastats.cbcb.umd.edu/).

RESULTS

Airborne Fungal Richness and Diversity

A total of 797,040 reads with 9840 reads per sample passed quality filtering, subsampled, and were clustered into 1633 unique OTUs (97% sequence similarity). The alpha diversity in each sample was estimated by Chao1, Good's coverage estimator, and Shannon's indices (Table 1). The rarefaction curves and Shannon index curves indicated that high-throughput sequencing captured the dominant phylotypes (Figure S1). On average, there were 94 (from 34 to 216), 155 (from 59 to 285), and 153 (from 80 to 244) OTUs in samples of PM2.5, PM10, and TSP, respectively.

ANOVA showed that TSP and PM10 samples had higher Chao1-values as compared with PM2.5 samples (p < 0.05), which indicated higher richness in TSP and PM10 samples. A relatively lower Shannon index in PM10 and TSP samples was also observed, but there was no significant difference (p > 0.05). Samples in heavy-haze days showed a higher value of Shannon index, which indicated a higher diversity than non-haze and light-haze days (p < 0.05), whereas there was no significant difference between non-haze and light-haze days (Figure 1).
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FIGURE 1. Statistical comparisons of Chao1 and Shannon indices among three PM types (PM2.5, PM10, and TSP) and three air quality levels (non-haze, light-haze, and heavy-haze). (A) Values of Chao1 in three particulate matter samples; (B) Values of Shannon index in three particulate matter samples; (C) Values of Chao1 in three air quality levels; (D) Values of Shannon index in three air quality levels.



Taxonomic Composition of Airborne Fungal Community

A total of four phyla, 71 orders, and 368 genera were identified in the present study. The airborne fungal community was dominated by the Ascomycota, followed by the Basidiomycota, Zygomycota, and Chytridiomycota (Figure 2). The dominant orders were Pleosporales (29.39%), Capnodiales (27.96%), Eurotiales (10.64%), and Hypocreales (9.01%; Figure S2), which belonged to Ascomycota. The abundant orders in Basidiomycota included the Ustilaginales (4.99%), Polyporales (3.57%), and Agaricales (2.78%; Figure S2). Two genera Cladosporium and Alternaria were the most abundant in fungal community, followed by Fusarium, Penicillium, Sporisorium, and Aspergilus (Figure 3).
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FIGURE 2. The relative abundances of different phyla in 81 samples.
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FIGURE 3. The relative abundances of different genera in 81 samples.



Cladosporium and Alternaria were two dominant genera in all types of PM samples. Unlike in PM2.5 and PM10 samples, Alternaria was more abundant than Cladosporium in TSP samples. Fusarium was the third abundant genus in PM2.5 and PM10 samples and the fourth abundant genus in TSP samples. Epicoccum was one of the dominant genera in TSP samples, whereas there was only a few Epicoccum in PM2.5 and PM10 samples. Sporisorium showed more abundant in PM2.5 samples. The top three genera in PM2.5 and PM10 samples were same (i.e., Cladosporium, Alternaria, and Fusarium; Table S2).

In addition, Cladosporium and Alternaria were two dominant genera in non-haze and light-haze days, whereas, Alternaria was most abundant in heavy-haze days. Sporisorium showed more abundant in none-haze and light-haze days but not (<1%) in heavy-haze days. Trametes was the fourth abundant in non-haze days but not in both light-haze and heavy-haze days. Fifteen dominant genera accounted for 82% of total reads and more diverse genera were observed in heavy-haze days (Table S3).

Airborne Fungal Communities Associated with Different PMs and Air Quality Levels

ANOSIM (R = 0.175, p = 0.001) indicated that there was a significant effect of particle size on airborne fungal community composition and a Venn diagram showed that 462 OTUs were shared among PM2.5, PM10, and TSP (Figure 4A). Moreover, there was a significant difference in fungal communities among non-haze, light-haze, and heavy-haze samples (R = 0.076, p = 0.006). In addition, the Venn diagram showed that there were 433 OTUs shared among non-haze, light-haze, and heavy-haze days (Figure 4B).
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FIGURE 4. Venn diagrams illustrating the number of unique and shared OTUs among (A) three PM types (PM2.5, PM10, and TSP) and (B) three air quality levels (non-haze, light-haze, and heavy-haze).



A heatmap diagram illustrated the distributions of abundant fungal genera in PMs collected from various air quality days (Figure 5). For examples, Aspergillus increased as the haze got heavy and decreased as the particle got bigger; Penicillium and Malassezia were more abundant in PM2.5 samples and increased during heavy-haze days, especially in PM2.5 and PM10 samples; Alternaria was more abundant in TSP samples when compared with PM10 and PM2.5 samples; Cladosporium was less during heavy-haze days; Fusarium was more abundant in PM2.5 and TSP samples during non-haze days, whereas it is most abundant in PM10 samples during heavy-haze days; Epicoccum showed significant abundance in TSP samples.
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FIGURE 5. A heatmap diagram showing the distribution of fungal genera in three PM types (PM2.5, PM10, and TSP) and three air quality levels (non-haze, light-haze, and heavy-haze).



Metastats analysis demonstrated that some fungal genera showed significant differences among samples of PM2.5, PM10, and TSP. For example, many fungal genera, including Alternaria, Penicillium, Aspergillus, Epicoccum, Malassezia, Nigrospora, Talaromyces, Funalia, Emericella, Neurospora, and Oedocephalum, showed significant differences between samples of PM2.5 and TSP (Table 2). In addition, some fungal genera showed significant differences among non-haze, light-haze, and heavy-haze days. For example, Cladosporium, Aspergillus, Trametes, Davidiella, Schizophyllum, Nigrospora, Talaromyces, Flammulina, Emericella, Ustilago, Irpex, Phaeoacremonium, Periconia, Chaetomium, Fimetariella, Torula, Mycosphaerella, Bjerkandera, Tilletiopsis, Trichoderma, and Hyphodiscus showed significant differences between non-haze and heavy-haze days (Table 3).

Table 2. Metastats analysis showing the fungal genera which are significantly different among three PM types.
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Table 3. Metastats analysis showing the fungal genera which are significantly different among three air quality levels.
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The Effects of Environmental Factors on the Airborne Fungal Community

A Pearson correlation analysis was used to examine the relationships between the environmental factors and fungal diversity (Table S4). Values of Shannon index were significantly correlated with RH (r = 0.350, p < 0.01), PM2.5 (r = 0.339, p < 0.01), CO (r = 0.331, p < 0.01), NO2 (r = 0.264, p < 0.05), PM10 (r = 0.239, p < 0.05), and SO2 (r = 0.224, p < 0.05).

Canonical correspondence analysis (CCA, Figure 6) and permutation tests (Table S5) were performed to examine the relationships between the environmental factors and fungal community composition. Six environmental factors, including temperature (r2 = 0.2792, p < 0.01), NO2 (r2 = 0.2173, p < 0.01), PM10 (r2 = 0.1692, p < 0.01), SO2 (r2 = 0.1382, p < 0.01), CO (r2 = 0.1522, p < 0.01), and RH (r2 = 0.0977, p < 0.05), showed significant correlations with airborne fungal community composition.
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FIGURE 6. Canonical correspondence analysis showing the relationships between environmental factors and airborne fungal community composition.



DISCUSSION

The aim of the present study was to analyze the airborne fungal community associated with PMs in Beijing using high-throughput sequencing. This study demonstrated the diversity and composition of airborne fungal community from different PM types and air quality levels, which was not clarified before in Beijing.

In the present study, 1633 OTUs (34–285 OTUs per sample) were obtained, which indicated the high richness of airborne fungi associated with PMs. These results are somewhat consistent with a previous study that the fungal OTU numbers associated with the PMs in Rehovot (Israel) were 121–178 OTUs (Dannemiller et al., 2014). Furthermore, the number of OTUs associated with PM10 and TSP was higher than those that were associated with PM2.5 samples. Raisi et al. (2013) found that the highest concentrations of the airborne fungi were determined at aerodynamic diameters between 2.1 and 3.3 μm. In addition, during heavy-haze days, the values of Shannon index were significantly higher than those in non-haze and light-haze days, which are consistent with the concentration of airborne fungi in a culture-dependent study (Li et al., 2015). A high number of particulate matters were observed in haze days as compared with non-haze and light-haze days, which would provide a number of favorable substrates for fungal colonization. Therefore, the fungal diversity in haze days was increased.

The phyla Ascomycota and Basidiomycota dominated the PMs-associated fungal community in Beijing. This result is similar to the previous studies of fungi in the atmosphere (Bowers et al., 2013; Dannemiller et al., 2014; Oh et al., 2014; Womack et al., 2015). Moreover, this result makes sense in light of feature of the Ascomycota, which have single-celled or filamentous vegetative growth forms that are small to become aerosolized, whereas most of the Basidiomycota are too large to be easily aerosolized (Womack et al., 2015). However, some other studies showed that the abundance of Basidiomycota was more than Ascomycota (Barnes et al., 2001; Yamamoto et al., 2014).

In the phylum Ascomycota, Capnodiales and Pleosporales were two abundant orders. Capnodiales have been previously detected in air samples (Oh et al., 2014; Rittenour et al., 2014; Emerson et al., 2015). Pleosporales also have been reported in Kansas City as a broadly cross-reactive and important allergenic fungal order to local residents (Barnes et al., 2001; Sáenz-de-Santamaría et al., 2006; Rittenour et al., 2014). Alternaria and Cladosporium were the most abundant fungi in our study which is consistent with a previous study (Yamamoto et al., 2012).

Different PMs may affect various regions of the human body: TSP cause skin allergy, PM10 deposit mainly in the head airways, and PM2.5 are more likely to penetrate and deposit deeper in the tracheobronchial and alveolar regions (Brook et al., 2004). Therefore, it is possible to estimate certain fungal infections based on the PM type and haze severity. In the present study, most of the pathogenic and allergenic fungi increased with the air quality levels. For example, the relative abundance of Aspergillus significantly increased during heavy-haze days, making human body more susceptible to this pathogenic and allergenic genus in haze days. In addition, some fungal genera which were dominant genera (>1%) and showed significant differences between heavy-haze and non-haze samples may serve as indicators for assessment to the severity of the haze days with other environmental variables. For example, Davidiella and Trametes showed remarkable differences between heavy-haze and non-haze samples, especially in PM10 and TSP samples. The fungal genus Schizophyllum also dramatically changed between heavy-haze and non-haze samples in PM2.5 samples. Previous studies also demonstrated that these three genera were prevalent in the atmosphere (Yamamoto et al., 2012, 2014; Oh et al., 2014; Rittenour et al., 2014).

Fungal DNA detected in airborne filter samples may be from spores or fragments of fungal hyphae. The genera Alternaria and Epicoccum were much abundant in TSP samples as compared with PM2.5 and PM10, which may owe to their large spore diameters (>10 μm; McCartney et al., 1993; Yamamoto et al., 2012). In addition, the airborne fungal composition may be related to the release of fungal spores in the air and the release of spores would depend on environmental factors, such as relative humidity, and wind speed (Pasanen et al., 1991; Kildesø et al., 2003). For example, spores of Aspergillus and Penicillium were released at air velocity of 0.5 ms−1, whereas the release of Cladosporium spores required at least a velocity of 1.0 ms−1 (Pasanen et al., 1991). Therefore, Cladosporium showed less abundant and Aspergillus and Penicillium were more abundant in heavy-haze days, which is always associated with less wind as compared with non-haze and light-haze days.

Multiple environmental variables may determine the fungal community composition in the atmosphere. PMs were significantly correlated with fungal diversity and community composition in our study, which indicated that PMs might influence the colonization of different fungi. These results are consistent with previous studies that both PM2.5 and PM10 showed positive correlation with culturable fungi concentration (Haas et al., 2013; Liu et al., 2014). In the present study, RH and temperature were also significantly correlated with fungal diversity and community composition. These environmental factors might impact the fungal spores concentration and fungal growth (Troutt and Levetin, 2001; Rodríguez-Rajo et al., 2005; Erkara et al., 2008; Almaguer et al., 2014), and they might show spatial and temporal patterns. For example, the distinct differences of Alternaria and Cladosporium were observed among the summer and autumn samples, indicating the temporal changes of fungal groups. In addition, some low levels of genera in most of the samples, in our study, showed abundant in a few samples and these irregular changes may owe to the accidental event, such as rainfalls or strong winds (Barnes et al., 2001). Similarly, the airborne fungal communities in Hong Kong were best explained by spatial and temporal factors (Woo et al., 2013). Woo et al. (2013) found that the airborne fungal communities were obviously different among locations (i.e., mid-western urban US locations and Hong Kong locations) and months. In addition, there are many other factors influencing the fungal community in the atmosphere such as wind speed and time of sunlight. Therefore, airborne fungal communities should be surveyed for a long time and their relationships with spatial–temporal factors require further study.

In summary, we have provided an integrated characterization of the airborne fungal community associated with different sizes of particles in Beijing using high-throughput sequencing. Nevertheless, the ecological roles of airborne fungi and their physiological functions remain poorly understood. In the further study, a combination of different technologies, such as traditional culture-based method and metatranscriptomics, may help to answer the pending questions.
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