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Introduction: Biogenic fraction of airborne PM10 dominated by bacteria and fungi, has been recognized as serious environmental and human health issues in cities.
Methods: In the present study, we combined a high-throughput amplicon sequencing of the bacterial 16S rRNA gene and the fungal internal transcribed spacer (ITS) region, with elemental analysis of airborne particulate matter (PM10) to investigate the community compositions and structures of PM10-associated bacteria and fungi across four different seasons in three urban sites of Rome with differential pollution rate.
Results: In this study, а clear seasonal shift of bacterial and fungal community structure driven by PM10 mass concentrations and environmental factors, such as temperature and precipitations, has been identified. In addition, the seasonal impact of local sources and long-range transported air masses on the community structures of the microbes has been also postulated. Our data revealed that the lack of precipitation and the subsequent resuspension of dust produced by vehicular traffic might contribute to the maximum abundance of soil-associated microbes in winter and summer. However, the increase of PM10 concentrations favoured also by climatic conditions, domestic heating and dust advection event from African desert further shaped the community structure of winter. Across three seasons, the pollutant removal-hydrogen oxidation bacteria and the opportunist-human pathogenic fungi progressively increased with pollution levels, in the sequence from green to residential and/or polluted area close to the traffic roads, with highest fraction during winter.
Discussion: Hence, our results highlight a close interrelationship between pollution, climatic factors and abundance of certain bacterial and fungal predicted functional groups also with potential implications for human health.
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INTRODUCTION
Particulate matter (PM) is a common air pollutant, recognized as serious environmental and human health issues in cities and mega cities. PM10 is considered harmful to human health due to small dimensions determining high inhalability and lung penetration capacity. PM10 consists of a complex and heterogeneous mixture of biotic and abiotic particles, variable in time and space. Bacteria and fungi propagules constitute a dominant fraction of the total concentration of PM10 organic matter which includes other viable and not-viable material such as viruses, green algae, pollen, plant debris and microbial fragments (Fröhlich-Nowoisky et al., 2016). Once aerosolized from different equally diverse environments, including soils, aquatic environments, plant communities and animals, airborne microorganisms have a relative long atmospheric persistence due to their small size, ubiquity, and adaptable metabolic pathways (Cao et al., 2014). They can be also transported across continents by air masses prior to both wet and dry deposition (Cáliz et al., 2018; Maki et al., 2019). While their persistence in the atmosphere influences hydrogeological cycle and climate by acting like ice nuclei and promoting cloud formation (Morris et al., 2014), once deposited or inhalated, the airborne microbes can have harmful effects on plant, animal, and human health (Fröhlich-Nowoisky et al., 2016). Airborne pathogenic microorganisms are of considerable interest since they can induce diseases such as skin and internal organs infections, cardiovascular diseases, and respiratory problems (Chen et al., 2020; Moelling, and Broecker, 2020).
Although considerable efforts have been made in last decades to characterize the elemental composition of PM10 and identify its natural and anthropogenic sources in different environments and geographic areas (Werner et al., 2014; Padoan et al., 2016; Massimi et al., 2020), it wasn't until fairly recently that the development of next-generation sequencing techniques coupled to DNA metabarcoding analysis provided culture-independent robust tools for a fine-scale molecular characterization of airborne microbial communities (Dommergue et al., 2019; Ferguson et al., 2019). In this context, studies on the PM-associated microbial taxa in urban environments are still geographically scattered and conducted over a short timescale, leading to a lack of general conclusions about their dynamics, sources, composition and functions (Ruiz-Gil et al., 2020). The urbanization and the invariability of land use can promote the homogenization of the airborne microbiota in urban areas as well as lead to a decrease of species richness (Bowers et al., 2011; Liu et al., 2019). However, multiple and site-specific factors might have great influence on the airborne microbial community structure of metropolitan areas such as degree of urbanization, topography, industrial activities (Bowers et al., 2011; Stewart et al., 2020), climate (Uetake et al., 2019), short- and long-range transport of air masses (Liu et al., 2019) as well as adventitial events including dust storms (Gat et al., 2017) and peaks of pollution (Yan et al., 2018). The relationships of these variables with prokaryotic and eukaryotic diversity have been also attested in PM10 samples collected in one of the most polluted and urbanized areas of Northern Italy (the Po Valley, Franzetti et al., 2011; Innocente et al., 2017) as well as in suburban coastal site of Southeastern Italy (Lecce, Romano et al., 2020; Fragola et al., 2021). A strong seasonal shift of airborne microbial communities has been detected partially depending on microorganisms trophic mode and synchronization with life cycles of higher organisms such as plant growth and decay (Tignat-Perrier et al., 2020). Hence, the process of understanding atmospheric microbial diversity in urban areas is complex and needs more location-specific data to support policy decisions related to air quality and human health.
In a preliminary study we investigated the microbial community variations and the source-sink relationships associated to PM10, and their main local sources in the surrounding environment (paved road surfaces and leaf surfaces of Quercus ilex) in three urban sites of Rome, characterized by differential pollution rate during fall 2020 (Pollegioni et al., 2022). It was highlighted that an increase of extremotolerant microbes and opportunistic human pathogenicity in fungal communities was related to an increase of pollution levels. However, up to now, an overview of seasonal variations of airborne microbial communities are still missing in Rome. Similarly, information about the influence of air mass movements and local sources on microbial structure thought the year is lacking. In this study, we collected PM10 samples in the same urban macro-areas of Rome: urban park, residential area and an area polluted by traffic. We combined an marker gene (ie 16S or ITS) metabarcoding approach with air pollution analysis in order to 1) investigate the community compositions and structures of PM10-associated bacteria and fungi across four different seasonal periods for a one-year comparison, 2) analyze the inferred ecological functions of the microbial taxa in the airborne samples, 3) evaluate the impact of air mass transport and other potential drivers on seasonal community structures/functions of microbes, and 4) highlight putative variations in bacterial and fungal functional compositions across a gradient of urbanization and traffic density in Rome.
MATERIAL AND METHODS
Sites description
In this study, the PM10 samples were collected in Rome (Italy) from 6 to 12 October 2020 (fall), 23 February to 3 March 2021 (winter), 25 to 31 May 2021 (spring) and 23 to 30 July 2021 (summer). As described in Pollegioni et al. (2022), three functional sites, different in terms of the anthropogenic load, have been selected: a) South-Western Road Traffic zone (Enrico Fermi Square, 41.864025 Long. 12.469712) characterized by dense population and intense traffic, b) Central Residential zone (Arenula street, Lat. Lat. 41.87184 Long. 12.46953) situated in a residential restricted traffic area and near to a small public garden, c) North-Eastern Urban Park zone (Villa Ada Park, Lat. 41.933001.12 Long. 12.507532) the second largest urban Park in the city (Figure 1A). Continuous monitoring of PM10 by the Regional Agency for Environmental Protection (ARPA Lazio) in each site corroborated the differences in terms of anthropogenic load among them (Figure 1B).
[image: Figure 1]FIGURE 1 | Geographic location of the three urban sites (Urban Park, Residential and Road Traffic) selected in Rome (A) and their PM10 mass concentration recorded from 01 September 2020 to 31 August 2021 (B). Four sampling campaigns of Early Autumn 2020, Late Winter 2021, Late Spring 2021 and Mid-Summer 2021 were reported as yellow shaded areas.
Meteorological data including wind speed and direction, temperature, relative humidity, and rainfall level were also provided by ARPA Lazio by using a weather station (Lat 41.90850, Long 12.49356), located at roof level in the city center and approximately at the same distance (∼4–6 km) from the three urban sites (Supplementary Figures S1, S2). In total accordance with the global description of the climate, three meteorological variables, temperature, relative humidity, and rainfall, were also monitored by ARPA Lazio at the three functional sites of Rome during the sampling campaigns. Finally, the air masses reaching Rome at 100 m and 500 m above the ground level at 12:00 UTC were determined by six-day analytical back-trajectory analysis, with the HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory) model (http://ready.arl.noaa.gov) for each week of sampling. All samples were categorized as either continental meaning of Eurasian continent origin, Pacific or African based on their latitude/longitude location 144 h prior to arriving at Rome. This methodology allowed us to identify the possible influence of long-range transported air masses and North African dust outbreaks on the levels of PM10 and on their chemical compositions.
Sample collection
PM10 membrane filters have been used as matrix for metabarcoding and chemical analysis. In each urban site, two active PM10 samplers were installed 3 m above the ground within an environmental monitoring station (property of ARPA Lazio). As fully reported in Pollegioni et al. (2022), for chemical analysis, PM10 sample collection was carried out with a HSRS (High Spatial Resolution Sampler, Fai Instruments, Rome, Italy) at 2 L/min flow rate on Polytetrafluoroethylene (PTFE) membrane filters (47 mm diameter, 0.45 μm pore size). In order to get sufficient genetic material because of low environmental concentration of bio-aerosols, UV-sterilized polycarbonate filters (47 mm diameter, 0.8 μm pore size) were used to collect PM10 with an Impact Sampler (SKC, Dorset, England) at 10 L/min flow rate (Ferguson et al., 2019). To improve the DNA recovering efficiency, each polycarbonate filter was changed every 48 h at each sampling period. Once collected, filters were transported and immediately processed in the laboratory. In total, three polycarbonate filters and 1 PTFE filter were available from each urban site and for each season.
DNA extraction and 16S/ITS metabarcoding
The three polycarbonate filters were aseptically pooled per each urban site for each season and used for the DNA extraction with DNeasy PowerWater Kit (Qiagen) as previously described in Pollegioni et al. (2022). The extracted DNA was amplified via PCR using universal primer pairs: Forward: 341F 5′-CCTACGGGNGGCWGCAG-3′ and Reverse: 805R 5′-GACTACHVGGGTATCTAATCC-3′which target the hypervariable V3-V4 regions of the bacterial 16S rRNA gene (Klindworth et al., 2013) and Forward: ITS1 5′-TCC​GTA​GGT​GAA​CCT​GCG​G-3′ and Reverse: ITS2 5′- GCT​GCG​TTC​TTC​ATC​GAT​GC -3′ targeting the ITS1-5.8S region of the fungal rRNA gene (White et al., 2013). In order to integrate relevant flow-cell binding domains and unique indices, dual indexed libraries were generated using Nextera XT library preparation technology according to manufacturer’s protocol (Illumina, San Diego, CA, United States). Eighteen equimolar single-stranded DNA libraries were pooled and then pair-ended sequenced (2 × 300 cycles) on Illumina MiSeq platform by Sequentia Biotech company (Barcelona, Spain).
Bioinformatic analysis
Demultiplexed Illumina paired-end raw reads of the two amplicons libraries (16S and ITS1) were pre-processed to generate Amplicon Sequence Variants (ASVs) using DADA2 R package (Callahan et al., 2016). Briefly, primers were removed, sequences forward and reverse trimmed based on the Quality score plots (forward 280 bp, reverse 270 for 16S and forward 250 bp, reverse 200 for ITS1). The filtered reads were then used to train the error model using machine learning approach. Forward and reverse reads were dereplicated to generate unique sequences and denoised (collapsed) in amplicon sequence variants (ASVs) applying the trained error model. Finally, forward and reverse reads were merged and checked for chimera sequences. Representative sequences for each ASV were taxonomic assigned using the naive Bayesian classifier (Wang et al., 2007) against SILVA database (version 132) for 16S amplicons and against UNITE ITS database (Kõljalg et al., 2013) for ITS amplicon. ASVs assigned to chloroplast, mitochondria or “unknown” (i.e., that could not be classified at the kingdom level) were removed and excluded from analyses.
Analyses of chemical components
PTFE membrane filters were used for the gravimetric assessment of PM10 mass concentration, using an automated microbalance (Sartorius R180D Analytical Balances, Sartorius AG, Göttingen, Germany). Separation and sub-sequent chemical analysis of both the water-soluble and insoluble fraction of PM10 were performed following the protocols of Canepari et al. (2006a); Canepari et al. (2006b). This two-step chemical analytical method is highly efficient for increasing the selectivity of PM10 elemental components as specific source tracers, for both natural and anthropogenic emission sources (Massimi et al., 2020). Content of 38 elements in PM10 (Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, K, La, Li, Mg, Mn, Mo, Na, Nb, Ni, Pb, Rb, Sb, Se, Sn, Sr, Te, Ti, Tl, U, V, W, Zn, and Zr) in the two solubility fractions was estimated by analysing water-extracted and acid-digested solutions with inductively coupled plasma mass spectrometry (ICP-MS, Bruker 820-MS, Billerica, MA, United States), The limits of detection (LODs; Supplementary Tables S9–S11) were set at 3 times the standard deviation (SD) of 5 replicate blank determinations. Further details on the preparation of external standards for the calibration and internal standards to control the nebulizer efficiency are reported in Massimi et al. (2020).
Statistical analysis
All the exploratory statistical analyses were carried out using R v3.6.0 programming language (R Development Core 2019) and the cited associated packages.
In order to mitigate the impact of differences in the sequence count on the species richness evaluation, ASV tables were normalized to the second lowest number of reads, 13,925 for 16S and 46,859 for ITS region, using the function rarefy from the vegan R package (Oksanen et al., 2015). Significant seasonal differences in percentage of relative abundance of Phyla, Classes and Orders were inferred by non-parametric Kruskal-Wallis test for equal medians and subsequent Mann-Whitney pairwise test. Three alpha diversity descriptors, Species Richness, Chao1 and Shannon entropy index, were calculated on the rarefied dataset for bacterial and fungal communities using phyloseq v1.32 package (McMurdie and Holmes, 2013). Significant seasonal differences in the values of alpha diversity estimators, PM10 content, temperature, relative humidity, and precipitation were tested by using non-parametric Kruskal-Wallis analysis, and then post-hoc Dunn tests with package agricolae (de Mendiburu, 2021). Correlation matrices between multiple variables, including alpha diversities, PM10 mass concentration, the three meteorological data and 18 selected pollution tracers (Al_ins, Cr_ins, Cs_sol, Cs_ins, Cu_ins, Fe_ins, Li_ins, Mg_sol, Mn_ins, Mo_ins, Na_sol, Pb_ins, Rb_sol, Rb_ins, Sb_ins, Ti_ins, Tl_sol, and Tl_in), were generated by computation of Spearman’s correlation index with Bonferroni correction using the ggcorrplot package (Kassambara, 2019).
Beta-diversity was used to evaluate changes in bacterial and fungal community composition across seasons and urban sites. Normalized datasets were Hellinger transformed then a hierarchical cluster analysis of samples based on pairwise Bray-Curtis dissimilarity matrix were performed with the hclust function (average distance) implemented in vegan. Bootstrap support for each node was determined by resampling 1,000 times. Principal Coordinate Analysis (PCoA) was also used to display the Bray-Curtis dissimilarities in the microbial composition between samples. Likewise, to test for dissimilarity differences between microbial communities based on two factors, season and type of urban sites, we applied a non-parametric two-way ANOSIM test implemented in the vegan package (anosim function), with the number of permutations set to 9,999. Finally, the most abundant taxa (at the genus level) of each community were correlated to the ordinations of PCoA, and statistically significant correlations between them were computed with envfit function implemented in the vegan package.
The relationships between ASV relative abundances in microbial communities and environmental metadata (PM10 content, temperature, relative humidity, and precipitation) were explored by Bray-Curtis distance-based redundancy analysis (dbRDA). However, predictors were preliminary investigated to understand if they were collinear and then redundant. Linear dependencies between environmental variables were assessed i) using function vif.cca and ii) considering Spearman’s correlation index. In this way, we excluded relative humidity from further analysis based on its strong negative correlation with temperature. The significance of the model was confirmed with an analysis of variance (ANOVA) for the dbRDA and variables that were significantly associated to community variation were detected (anova.cca function for “terms”). Statistically significant variance (adjusted R2) explained by each predictor was computed applying model selection with function ordiR2step and anova.cca in the vegan package. In addition, Principal Component Analysis was also performed with R-package ggbiplot (Vu, 2011) to explore the seasonal and urban site-specific patterns of selected chemical components in the aerosol samples. The variables were selected depending on their ability to selectively trace PM10 emission sources (Massimi et al., 2020).
Finally, two-step functional classification was also introduced to describe the predominant habitats/ecological function profiles of the microbial species identified in the aerosol samples. First, as described by Romano et al. (2020), we classified the bacterial phyla based on their main habitats: terrestrial and aquatic environments, soil, marine and fresh water, human, animal, and insect, and other. Then, metabolic or other ecologically relevant functions of microbial taxa were predicted using Functional Annotation of Prokaryotic Taxa (FAPROTAX) database (http://www.loucalab.com/archive/FAPROTAX/lib/php/index.php?section=Home), as implemented in microeco R package (Liu et al., 2021), which extrapolates putative functional profiles based on the literature of cultured bacterial taxa. Fungal functional traits were predicted using the FUNGuild (Nguyen et al., 2016) and FungalTraits (Põlme et al., 2020) databases. As an additional functional group, the human opportunistic-pathogenic fungi were also identified following the classification scheme found in de Hoog et al. (2020). The 27 most abundant functional groups (relative abundance ≥1%) in bacteria and fungi at species-level were shown by a bubble diagram using ggplot2 and reshape2 (Francis, 2017) R packages. Finally, Cluster Analysis based on Euclidean distance and Complete linkage was performed to investigate the relationships between the PM10 content, the chemical components used as pollution tracers, and the predominant habitats/ecological function profiles of the microbes detected in our samples using ClustOfVar R package (Chavent et al., 2012).
RESULTS
Mass concentrations, meteorological parameters and air masses
The PM10 mass concentration varied among the three sampling sites across each season, progressively increasing from the Urban Park to Residential and Road Traffic area (Figure 1B). Although the PM10 mass concentrations were also characterized by overall significant seasonal variations, the Dunn-test results revealed little difference in terms of PM10 between fall, spring and summer. On the contrary, the PM10 content in winter was significantly higher compared to other seasons, reaching the maximum values of 53.9″ μg m-3″, 55.5″ μg m-3″, and 79.7″ μg m-3″, at Urban Park, Residential and Traffic Road, respectively (Table 1).
TABLE 1 | PM10 mass concentration (ug/m3), and alpha-diversity parameters for all bacterial and fungal ASVs found at species-level in the aerosol samples collected in three urban sites of Rome (Urban Park, Residential and Road Traffic) during the sampling campaign of Autumn 2020, Winter 2021, Spring 2021 and Summer 2021. Observed Species Richness, Chao1 index and Shannon_H index calculated on data rarefied to the second smallest library size were reported. For comparisons between the seasons, mean values showing different letters were significantly different at P ˂ 0.05 according to the non-parametric post-hoc multiple Dunn test after providing significance within the Kruskal-Wallis analysis.
[image: Table 1]Meteorological data including mean wind speed and direction, temperature, relative humidity, and rainfall level were recorded from September 2020 and August 2021 (Supplementary Figures S1, S2). In particular, the minimum average atmospheric temperature in the center of Rome was recorded during winter sampling (12.69°C ± 0.90°C) and average maximum during summer sampling (29.21°C ± 0.82°C), corresponding to a seasonal decline of atmospheric humidity (HR) from winter to summer, with an average maximum value of 70.63% ± 4.04% and average minimum of 43.38% ± 4.14%, respectively (Supplementary Table S1). In correspondence with a Mediterranean weather, the rainy seasons were fall and spring. All sampling campaigns were conducted in the periods characterized by low precipitation with a highest sum of 14.47 ± 6.11 mm during fall. Two predominant clusters of local airflows were observed during sampling: southwest (SW) and northeast (NE) (Supplementary Table S1; Supplementary Figure S2). The prevailing wind direction was north-east in winter, while it was south-west in spring and summer with wind lowest mean speed value registered in winter. The backward trajectory model indicated that the source regions of air masses shifted from Pacific to Continental twice during sampling campaigns, from fall to winter, and from spring to summer, with temporary dust intrusions from Saharan regions observed in Rome from 24th to 27th February 2021 (Supplementary Figures S3).
Alpha diversity of bacterial and fungal communities
After sequence preprocessing, a total of 8,274 and 4,858 amplicon sequence variants (ASVs) were obtained for bacteria and fungi, respectively. The rarefied values of the alpha-diversity estimators for bacteria and fungi are summarized in the Table 1. In the three urban locations (Urban Park, Residential and Road Traffic), no significant differences were detected for the alpha-diversity estimators among sites, either for bacteria (Kruskal-Wallis tests p ≥ 0.92) or fungi (Kruskal-Wallis tests p ≥ 0.79) (Figure 2). Seasonal patterns were characterized by significantly higher average values of Chao1 for both bacteria and fungi in autumn (Kruskal-Wallis tests p ≤ 0.05), While for the winter season, Chao1 recorded the lowest value. (Table 1; Figure 2). For bacteria, winter and spring periods were characterized by significant lower Shannon-diversity than in summer and fall samples. On the contrary, mean Shannon-diversity estimates of fungal communities were relatively low in all seasons except for fall where the highest mean value of Shannon index was observed (Table 1; Figure 2). Alpha diversity seasonal variation of bacterial and fungal communities wasn’t significantly associated (Spearman Correlations, p > 0.05) to variation in either meteorological or PM10 mass concentrations (Supplementary Figure S4). Despite the lack of the overall correlation, the microbial communities of Rome sampled during the cold season showed the lowest diversity estimators as well as the highest PM10 content at each urban site (Table 1).
[image: Figure 2]FIGURE 2 | Three alpha diversity estimators (Observed Species Richness, Chao1 index and Shannon_H index) of bacterial (A) and fungal (B) communities of PM10 samples collected in three urban sites of Rome across four seasons (Fall, Winter, Spring and Summer).
Taxonomic composition and structure of microbial communities
Bacterial communities
Bacterial communities included 40 phyla, 78 classes and 182 orders (Supplementary Table S2). The predominant phyla in the total dataset included the Proteobacteria (29.88% ± 10.93%), followed by Actinobacteria (24.48% ± 7.27%), Firmicutes (24.39% ± 14.77%), Bacteroidetes (8.37% ± 2.59%), Synergistetes (2.41% ± 4.91%), Thermotogae (2.24% ± 4.80%), and Chloroflexi (1.69% ± 1.01%), with a relative abundance greater than 1% (Figure 3A). The composition of the community structure varied across seasons, with Proteobacteria (fall: 43.49 ± 6.17%a, summer: 30.22 ± 4.72%b, winter: 28.29 ± 5.67%b, spring: 17.51 ± 5.60%c, Mann-Whitney pairwise test p < 0.05), Firmicutes (spring: 45.49 ± 10.47%a, summer: 21.13 ± 6.95%b, winter: 20.16 ± 5.06%b, fall: 10.79 ± 2.86%c, Mann-Whitney pairwise test p < 0.05) and Actinobacteria (summer: 32.78 ± 4.73%a, fall: 26.01 ± 2.29%b, winter: 20.62 ± 6.30%c, spring: 18.52 ± 4.84%c, Mann-Whitney pairwise test p < 0.05) as the predominant phylum for fall, spring and summer, respectively. In addition, Synergistetes (winter: 9.53 ± 5.0%a, spring: 0.06 ± 0.08%b, summer: 0.02 ± 0.04%b, fall: 0.02 ± 0.01%b, Mann-Whitney pairwise test p < 0.05) and Thermotogae (winter: 8.96 ± 6.03%a, spring: 0.00%b, summer: 0.00%b, fall: 0.00%b, Mann-Whitney pairwise test p < 0.05) were abundant only in winter (Figure 3A). Seasonal changes at class (Supplementary Figure S5) and order levels (Figure 3C) showed, during fall, the most abundance of Sphingomonadales (8.74% ± 1.84%), Rhodobacterales (7.19% ± 4.02%), Rhizobiales (5.19% ± 1.27%), Betaproteobacteriales (5.21% ± 1.42%) and Pseudomonadales (3.33% ± 0.80%) which were also present on summer and winter samples barely comprising ∼25% and ∼17% of reads on average, respectively. However, four orders, Clostridiales, Lactobacillales, Selenomonadales and Bacteroidales accounted for ∼52% of relative abundance in the spring communities. Micrococcales (summer: 15.87 ± 1.24%a, fall: 9.96 ± 1.49%b, winter: 8.55 ± 1.34%c, spring: 6.90 ± 2.28%c, Mann-Whitney pairwise test p < 0.05) was substantially enriched in summer microbes. Instead, Synergistales (winter: 9.53 ± 5.59%a, spring: 0.06 ± 0.07%b, summer: 0.02% ± 0.03% b, fall: 0.02% ± 0.01% b, Mann-Whitney pairwise test p < 0.05) and Petrotogales (winter: 8.96 ± 6.03%a, spring: 0.00%b, summer: 0.00%b, fall: 0.00%b, Mann-Whitney pairwise test p < 0.05) bacterial orders were detected only in microbiome isolated from winter samples (Figure 3C).
[image: Figure 3]FIGURE 3 | The most abundant (frequency ≥2%) bacterial and fungal phyla (A,B) and orders (C,D) in each PM10 sample collected in three urban sites of Rome across four seasons (Fall, Winter, Spring and Summer).
Standing on the Bray-Curtis dissimilarity matrix calculation, bacterial communities of airborne PM10 grouped only by season (Figures 4A, B). In particular, the composition of bacteria in winter was quite different from that in other seasons. Venn diagram highlighted that 22.6% of ASVs was shared among all bacterial samples with the large percentage of private ASVs detected in winter and fall (14.8% and 12.5%) (Supplementary Figure S6A). In agreement, statistical differences among samples were detected by season (R = 0.77, p < 0.01, ANOSIM) but not for sampling location (R = 0.25, p = 0.29, ANOSIM). To find which taxa are mainly responsible for the observed seasonal gradients, we fitted the most abundant genera to the ordinations. Taxa with most significant correlations with sample ordinations are shown as correlation arrows in Supplementary Figure S7A. Out of 12 most abundant genera accounting for a total relative abundance of ≥20%, ten were mainly responsible for the observed seasonal gradients of airborne samples such as Petrotoga and Acetomicrobium for winter (Supplementary Figure S7A). Fall and summer samples were also especially enriched in Sphingomonas, Methylobacterium, Massilia, Rubellimicrobium, Paracoccus, Blastococcus, Nocardioides, and Kocuria. The differential abundance of Streptococcus and Actinomyces accounted for the main divergence of spring samples from the remaining microbial communities. Finally, despite this sharp seasonal repartition of airborne communities, Spearman’s rank correlation between the PM10 mass and the relative abundance of the top functional groups highlight that Paracoccus (e.g., P. contaminans) gradually increase in the airborne communities passing from Urban Park, to Residential and Traffic Road in three sampling seasons, fall, winter and summer (Supplementary Figure S8).
[image: Figure 4]FIGURE 4 | Clustering analysis (A,C) and distance-based redundancy analysis (db-RDA) (B,D) of airborne microbial community composition over four consecutive seasons at three urban sites of Rome (Urban Park, Residential and Traffic Road). Clusters and db-RDA plots are constructed from a Bray-Curtis distance matrix calculated from Hellinger-transformed ASV counts data for bacteria and fungi. Constrained ordinations of samples grouped by seasonal period with environmental factors are shown. The total variance (in percent) explained by each axis is indicated in parentheses. Asterisks represent significance of the environmental variables under permutation tests (1,000 permutations): ***p < 0.001; **p < 0.01; *p < 0.05.
Fungal communities
Fungal communities were composed by 9 phyla, 33 classes and 99 orders (Supplementary Table S3). The predominant fungal phyla were Ascomycota and Basidiomycota across all samples (Figure 3B). However, the average relative abundance of Basidiomycota was 78.80 ± 1.36%a in the fall communities, higher (Mann-Whitney pairwise tests p < 0.001) than in winter (27.21 ± 3.86%b), spring (23.80% ± 10.56% bc) and summer samples (16.96% ± 1.04% c). Fungal taxa clearly showed an equally strong seasonal pattern at order levels. The most abundant fungal classes of fall samples were Agaricomycetes (77.43% ± 1.48%) followed by Dothideomycetes (15.89% ± 1.03%), and Eurotiomycetes (2.46% ± 1.22%), in contrast with spring and summer samples mostly composed by Dothideomycetes (∼67%), followed by Agaricomycetes (8.34%–11.29%), Eurotiomycetes (1.61%–8.27%), Tremellomycetes (3.22%–4.02%), Microbotryomycetes (1.55%–7.66%) and Leotiomycetes (∼3%), with winter samples showing intermediate microbial profiles (Supplementary Figure S5). The fungal orders most responsible for these marked differences included the Polyporales (fall: 29.35 ± 1.23%a, winter: 8.40 ± 0.78%b, summer: 6.12 ± 1.10%c, spring: 4.17 ± 1.36%d, Mann-Whitney pairwise test p < 0.01), Agaricales (fall: 20.05 ± 1.23%a, winter: 8.12 ± 4.11%b, spring: 2.36 ± 0.68%c, summer: 0.57 ± 0.24%d, Mann-Whitney pairwise test p < 0.05), Cantharellales (fall: 3.93 ± 1.03%a, winter: 0.58 ± 0.28%b, summer: 0.25 ± 0.19%bc, spring: 0.24 ± %c, Mann-Whitney pairwise test p < 0.05), Hymenochaetales (fall: 8.59 ± 0.91%a, winter: 1.15 ± 0.25%b, spring: 0.78 ± 0.47%b, summer: 0.24 ± 0.06%c, Mann-Whitney pairwise test p < 0.05), Russulales (fall: 4.34 ± 0.82%a, spring: 2.56 ± 3.07%b, winter: 1.81 ± 1.98%b, summer: 0.16 ± 0.12%b, Mann-Whitney pairwise test p < 0.05), and Auriculariales (fall: 3.19 ± 0.25%a, winter: 1.74 ± 0.35%b, spring: 0.32 ± 0.25%c, summer: 0.30 ± 0.06%c, Mann-Whitney pairwise test p < 0.05), highly enriched in the fall microbes and Capnodiales (spring: 58.93 ± 4.69%a, summer: 52.3 ± 5.45%a, winter: 18.52 ± 5.83%c fall: 9.67 ± 1.05%d, Mann-Whitney pairwise test p < 0.05), and Pleosporales (summer: 12.21 ± 1.06%a, spring: 7.21 ± 3.16%b, fall: 5.27 ± 0.47%b winter 3.17 ± 0.94%c, Mann-Whitney pairwise test p < 0.05) predominant in spring and summer communities (Figure 3D). Clustering analysis of ASVs confirmed that the three fungal communities collected in Urban Park, Residential and Traffic Road were seasonally grouped, with fall and winter samples strongly differentiated from those of spring and summer (Figures 4C, D). In agreement with bacterial community structure, statistically significant differences were detected among different seasons (R = 0.85, p = 0.02, ANOSIM) but not for sampling location (R = 0.08, p = 0.65, ANOSIM). Taxa with most significant correlations with sample ordinations are shown as correlation arrows in Supplementary Figure S7B Similar to bacterial microbiome, up to 12 most abundant fungal genera accounting for a total relative abundance of ≥30%, appeared as robust indicator taxa of the sampling periods (Supplementary Figure S7B). In particular, Mycosphaerella, Cladosporium, and Alternaria were assigned to Ascomycota phylum and made up a remarkable fraction of eukaryotic communities across spring and summer. Conversely, Ceripodia, Xylodon and Phlebia belonging to Basidiomycota were prevalent during fall as well as Trametes, Bjerkandera, Aspergillum and Penicillum in winter (Supplementary Figure S7B). None of most abundant fungal genera has been shown to gradually increase passing from Urban Park, to Residential and Traffic Road during each sampling season.
Impact of environmental and pollution variables on airborne microbial structure
The environmental variables (temperature, relative humidity, and precipitation) and PM10 mass concentrations at three urban sites of Rome were not all independent. Temperature showed a significant negative correction with relative humidity (r = −0.96. p > 0.001) as expected from the climatic Mediterranean conditions of Rome. To assess the impact of different meteorological and pollution parameters on seasonal changes in community composition, we applied the dbRDA. Three explanatory variables, temperature, precipitation and PM10, were selected based on their lack of collinearity. As reported in Supplementary Table S4 and showed in Figure 4B, seasonal trends in bacterial community diversity were significantly explained by the temperature gradient (6.87% of the explained variance), followed by concentration of PM10 (6.70% of the explained variance) and precipitation level (6.00% of the explained variance). Temperature was also a dominant environmental factor explaining seasonal variations in fungal communities (17.03% of the explained variance). Similarly, the composition of fungal communities was strongly influenced by rain levels (17.44% of the explained variance) followed by PM10 mass concentration (6.13% of the explained variance) (Figure 4D, Supplementary Table S4).
Impact of PM10 elemental components on airborne microbial community function
The Principal Component Analysis (PCA) applied to the mean elemental concentrations of PM10 revealed that the winter samples were mostly characterized by a prevalence of the insoluble fractions of elements which are known as tracers of anthropogenic emission sources (Figure 5A) (Massimi et al., 2020). Among these elemental components, such as lead (Pb_Ins), antimonium (Sb_Ins), iron (Fe_ins), and manganese (Mn_Ins), are tracers of the non-exhaust emission of vehicular traffic, being components of brake pads ‘wear, disks and tires (Namgung et al., 2016). The soluble fraction of three main tracers of biomass burning emissions, cadmium (Tl_sol), rubidium (Rb_Sol) and cesium (Cs_Sol), were clearly detectable in the PM10 of all urban sites at high levels during winter. In the same latter season as well as in summer, high concentrations of the insoluble fractions of allumium (Al_Ins), rubidium (Rb_Ins), lithium (Li_Ins), cesium (Cs_Ins), tallium (Tl_Ins) and titanium (Ti_Ins) were also found. These elements are constituents of soils and often attributed to the removal and resuspension of deposited material from the ground to the atmosphere, both for natural (i.e., wind) and anthropogenic activities (i.e., vehicular traffic) (Massimi et al., 2021). Two main tracers of sea salt source, magnesium (Mg_Sol) and sodium (Na_Sol), were mostly recorded in the fall and spring airborne PM10 samples (Figure 5A; Supplementary Tables S5–S8).
[image: Figure 5]FIGURE 5 | Principal Component Analysis of the selected elemental components of PM10 mass (A), percentage contribution of the habitat-types, terrestrial and aquatic environments (TAE), soil (SOI), marine and fresh water, human (MFW), animal, and insect and other (HAI) associated with the bacterial phyla detected in the aerosol PM10 samples in four seasons (B), and the hierarchical cluster analysis between selected elemental components of PM10 mass and the percentage contribution of habitat types based on Euclidean distance and Complete linkage (C) were reported.
Most of the bacterial taxa at the phylum level were also classified as likely coming from terrestrial and aquatic habitats, followed by soil, human, animal, and insect origin and marine-fresh water environments (Figure 5B; Supplementary Table S9). Bacterial phyla with soil origin, negatively correlated to seasonal precipitation (Spearman Index = −0.65, p = 0.022), were found in greater proportion in winter (39.50% ± 2.27%) and summer (33.42% ± 4.35%) than in spring (18.80% ± 5.48%) and fall (27.46% ± 3.20%). In contrast, terrestrial and aquatic phyla, positively impacted by seasonal precipitation (Spearman Index = 0.63, p = 0.029), were substantially enriched on average in bacteria isolated during fall (64.96% ± 3.73%) and spring (75.24% ± 5.43%) in comparison to winter (54.98% ± 2.57%) and summer (61.16% ± 4.12%). Cluster analysis of PM10 content, pollution tracers, and the predominant functional habitats of bacteria identified two main groups of variables (Figure 5C). The three main tracers of biomass burning emissions, cadmium (Tl_sol), rubidium (Rb_Sol) and cesium (Cs_Sol), and the insoluble fractions of lead (Pb_Ins), lithium (Li_Ins), cesium (Cs_Ins), tallium (Tl_Ins) and titanium (Ti_Ins), constituents of soils, tend to cluster together with PM10 content and the relative abundance of bacteria showing soil origin (Figure 5C). The second cluster included the remaining chemical tracers such as two main tracers of sea salt source, magnesium (Mg_Sol) and sodium (Na_Sol), and the percentage of bacterial taxa likely coming from terrestrial and aquatic habitats, human, animal, and insect origin and marine-fresh water environments (Figure 5C).
In addition, functional prediction revealed the presence of 74 predicted functions for bacterial community. Chemoheterotrophy (53.17% ± 13.76%; aaerobic 32.30% ± 14.04% and anaerobic 20.87% ± 17.54%), fermentation (21.08% ± 18.82%), and animal parasites or symbionts (8.37% ± 5.66%), attributed to C cycling and were the most abundant groups (Figure 6A, Supplementary Tables S10, S11). At seasonal level, anaerobic chemoheterotrophy (47.81% ± 10.70%), fermentation (50.32% ± 11.06%), and animal parasites or symbionts (16.74% ± 4.21%) were the predominant groups in spring. Within the S cycling functional group, bacteria involved in respiration of sulfur compounds and sulfate respiration were preferentially recorded in winter. It is worth noting that Spearman’s rank correlation between the PM10 mass and the relative abundance of the top functional groups highlight that bacteria with the functional capacity for hydrogen oxidation and nitrogen cycling showed an increasing trend in terms of relative abundance, transitioning from the Urban Park to the most polluted site, Traffic Road, during three sampling seasons (fall, winter and summer). (Figure 6A; Supplementary Figure S8). The Cluster Analysis based on Euclidean distance indicated that bacteria belonging to hydrogen_oxidation function group or involved in the nitrogen and sulfur cycles were linked to the levels of PM10, soluble cadmium (Tl_sol), rubidium (Rb_Sol) and cesium (Cs_Sol), the insoluble lead (Pb_Ins), lithium (Li_Ins), cesium (Cs_Ins), tallium (Tl_Ins) and titanium (Ti_Ins) detected in Rome across four seasons (Figure 7A).
[image: Figure 6]FIGURE 6 | Relative abundance of ASVs (%) assigned to the top 27 functional groups in the four seasonal samples of airborne bacteria (A) and fungi (B) at three urban sites of Rome (Urban Park, Residential and Traffic Road) based on the FAPROTAX, FUNGuild, and FungalTraits databases.
[image: Figure 7]FIGURE 7 | Hierarchical Cluster Analysis based on Euclidean distance and Complete linkage of the PM10 content, the chemical components used as pollution tracers, and the top 27 functional groups of airborne bacteria (A) and fungi (B) at three urban sites of Rome (Urban Park, Residential and Traffic Road) from Fall 2020 to Summer 2021.
Fungal communities were dominated by taxa of soil origin and to slightly less extent by fungi frequently associated to plants, with a clear seasonal trend (Figure 6B; Supplementary Tables S12–S13). The majority of the identified taxa were saprotrophs in fall (85.80% ± 1.02%) and in summer (70.79% ± 2.96%), as it is the case for many fungi found in soil. Especially frequent in this group were taxa related to wood decay in both seasons, fall (49.56% ± 0.85%) and summer (54.30% ± 3.49%). Many of the fungal taxa were also identified as plant pathogens and endophytes, especially in spring (pathogens: 73.39% ± 9.90%; endophytes: 31.09% ± 0.70%) and summer (pathogens:71.19% ± 2.40%; endophytes: 49.38% ± 2.83%), with similar frequency distributions across sampling sites (Figure 6B; Supplementary Table S12). Cluster analysis did not reveal any sharp agglomeration between the PM10 content, the chemical components used as pollution tracers, and the predominant ecological function profiles of fungi (Figure 7B).
Potentially human pathogens taxa
Although 70 ASVs (0.85%) was assigned to human-pathogens group (Figure 6A), the distribution of human-pathogenic bacteria is homogenous across seasons and in different urban sites (Supplementary Figure S8A, and Supplementary Tables S10, S11). Although potential entero-pathogens such as, Acinetobacter lwoffii, Alcaligenes faecalis, Salmonella enterica and Escherichia coli were mostly found in fall and winter, their presence was scattered into few samples and with low abundance. Conversely, a total of 95 opportunistic fungi from 59 genera belonging to 42 families, 23 orders, 13 classes and 4 divisions were found and classified as human-pathogenic fungi showing distinct seasonal and site-specific patterns (Figure 6B; Supplementary Figure S8B; Supplementary Tables S12, S13). The percentage of pathogenic fungi was higher in winter (11.00%–13.74%) than in spring (4.41%–7.23%), summer (4.46%–7.57%) and fall (2.52%–3.09%). Among them, members of the genera Alternaria (A. alternata, A. angustiovoidea, A. armoraciae, A. chlamydospore, A. metachromatica) showed the highest relative abundance across seasons, especially in summer (6.80%–7.88%) and spring (1.64%–4.98%), together with two Basidiomycota species, Bjerkandera adusta for winter (4.67%–1.44%), and Ceriporia lacerata for fall (12.02%–8.98%). Furthermore, the detection of positive significant Spearman’s rank correlation between the PM10 mass and the relative abundance of the human-pathogenic fungi indicated that human-pathogenic fungi tended to progressively increase in terms of fraction and relative abundance passing from the Urban Park to the most polluted site Traffic Road in fall, spring and summer (Figure 6B; Supplementary Figures S9, S10; Supplementary Tables S12, S13).
DISCUSSION
Influence of seasonal features on airborne microbial communities
Seasonal shifts of airborne microbes have been detected in different urban environments of Eurasia (Ruiz-Gil et al., 2020). Innocente et al. (2017), and Romano et al. (2019) identified the meteorological conditions, physicochemical factors such as concentrations of particulate matter and chemical pollutants, and long-range transported air masses, as key factors affecting the diversity and dispersion of airborne microbial communities in the atmosphere across seasons in Southern and Northern Italy. However, a clear identification of the environmental factors that actually affect the structure of airborne communities is challenging, since their variations are often tightly related to seasonality. Disentangling the effects of each environmental factor is in fact difficult to perform. In agreement, our data confirmed that structure and composition of airborne microbial communities of Rome can be in part influenced by seasonal variation of temperature and precipitation, air masses origin as well as PM10 chemical compositional pattern.
Rome exhibits typical Mediterranean climate conditions, characterized by hot and dry summers, cold and dry winters, and demi-seasons with more rainfall. In agreement with Massimi et al. (2021), winter is the season of Rome with the highest concentrations of particular matter (PM10). The analysis of PM10 elemental components confirmed that the seasonal PM10 increment partially derived from biomass burning, vehicle exhaust and fuel combustion activities that can promote haze events. These anthropogenic sources, together with stationary atmospheric layers related to winter temperature decrease, lack of precipitation and high humidity, maintained high levels of pollutants in the urban macro areas of Rome (Innocente et al., 2017; Massimi et al., 2021). The winter period was also characterized by significantly lower species richness and diversity for airborne samples in comparison to warmer summer/early fall airs hosting more diverse bacterial and fungal communities. Du et al. (2018) observed that air pollution in hazy weather decreased the species richness and community diversity of bacteria in Beijing. Atmospheric temperature and precipitation can strongly influence the airborne seasonal communities across the urban Mediterranean areas (Genitsaris et al., 2017; Romano et al., 2019, Núñez et al., 2021). Similarly, to what had been detected for Northern Italy (Gandolfi et al., 2015), exposure to high levels of chemical pollutants at low temperatures might have affected the microbial growth and reduced the species diversity of microbial communities of Rome in winter. Indeed, high temperature can directly accelerate metabolic rates promoting the microbial proliferation (Zhou et al., 2016) and also contribute to physical detachment and dispersion of fungi (Jones and Harrison, 2004) and bacteria (Genitsaris et al., 2017) from soil surfaces in summer season. Likewise, precipitation can play a role altering the structure of the soil communities (Shi et al., 2020), promoting production of conidia or spore released by fungi (Jones and Harrison, 2004) and favoring the activity and survival of airborne bacterial concentrations, mostly in the rainy season such as early fall (Uetake et al., 2019).
Seasonal variations were mainly manifested as changes in the abundance of the most representative taxa, some of which are especially adapted to particular environmental conditions. Airborne communities in the atmosphere mainly comprised of Proteobacteria, Actinobateria, Firmicutes and Bacteroidetes as prokariotic phyla and as Ascomycota and Basidiomycota as eukaryotic phyla. In agreement with previous studies performed in Spain (Núñez et al., 2021) and Italy (Franzetti et al., 2011; Innocente et al., 2017; Romano et al., 2020), few taxa were dominant and served as seasonal indicators. In particular, gram-positive members of Actinobacteria which can be found in soil (Delgado-Baquerizo et al., 2018), were predominant indicators for the summer season. Summer samples of Rome were in fact enriched in Nocardiodes, Kocuria, and Blastococcus, usually resistant to high temperature, irradiation and dryness. Similarly, in this study three core fungal genera all assigned to Ascomycota, Mycosphaerella, Cladosporium and Alternaria, were mostly abundant in summer and correlated to high temperature. The highest concentrations of Alternaria and Cladosporium spores frequently occurred from June to September in many parts of Europe (Grinn-Gofron and Bosiacka, 2015), including the Mediterranean Basin (Sakiyan and Inceoglu, 2003). These data corroborated the theory that temperature has a strong effect on both fungal and bacterial composition of airborne samples during the warmest season of Rome (Núñez et al., 2021).
When we explored the community structure of PM10 winter samples, we noted that taxonomic composition of bacteria varied considerably at phylum level, with high relative abundance of Proteobacteria, Firmicutes, Bacteroidetes, and two seasonal-specific phyla, Thermotogae and Synergistetes, at each urban site. Previous studies demonstrated that Proteobacteria, Firmicutes and Bacteroidetes were prevalent in the airborne microbial communities sampled in cold periods of Italian Peninsula, except for Thermotogae and Synergistetes (Franzetti et al., 2011; Innocente et al., 2017; Romano et al., 2019). In particular, most of the Thermotogae species have optimal growth temperatures in the range of 45°C–80°C and great tolerance to NaCl (Lanzilli et al., 2020). Synergistetes have been described as member of dust-borne bacterial communities, extremely stress-resistant, isolated during a severe Saharan dust intrusion in the Iberian Peninsula (González-Toril et al., 2020). Two most abundant genera, Petrotoga and Acetomicrobium, belonging to Thermotogae and Synergistetes respectively, are capable to colonize a plenty of environmental niches due to its thermotolerance and osmotolerance. As already suggested by Pollegioni et al. (2022), such characteristics, typical of extremotolerant microbes, can contribute to microbial survival under conditions of dryness due to lack of precipitation in the typical harsh-polluted urban environments of Rome in winter. In this season, the persistence of three fungal genera, Aspergillum, and Penicillium and Trametes, which showed remarkable differences between heavy-haze and non-haze PM10 samples in Beijing (Yan et al., 2016), reinforced this view. Similar to Rome, the Chinese capital has been in fact suffering from frequent and heavy smog events caused mainly by exhaust emission in the cold periods. However, the back-trajectory pathway analysis also indicated that the Central Mediterranean basin was affected by an African dust outbreak from 24th to 27th February 2021. Federici et al. (2018) reported that airborne Saharan dust loaded a highly abundant and diverse bacterial community as well as persistent organic pollutants in Central Italy. In agreement with our findings in winter, samples collected during dust events had a significantly more diverse microbiome than samples collected in dust-free days, with a predominance of Proteobacteria, Firmicutes, and Bacteroidetes. In addition, a progressive increment of sulfates driven by seasonal evolution from winter to spring were often associated to mineral dust transport events in Rome (Massimi et al., 2021). Considering the highest relative abundance of S-cycling and dust-carried bacteria in the winter communities, as well as the presence of bacterial species typical of deserts such as Synergistetes, we cannot rule out that dust from African deserts represented an important long-distance particle emission source for Rome in late winter. Overall, we can hypothesize the coexistence of a highly diverse microbial community resistant to high concentrations of organic pollutants in winter, with aerosols from Sahara acting as a vector for introducing soil-associated microbes into local seasonal-specific communities. Finally, it's worth noticing that, coupled with the most prevalence of soil-inhabiting bacteria and fungi, a marked increment of insoluble fractions of allumium (Al_Ins), rubidium (Rb_Ins), lithium (Li_Ins), cesium (Cs_Ins), tallium (Tl_Ins) and titanium (Ti_Ins) has been also recorded in two different seasons, winter and summer. These elements are considered reliable tracers for soil resuspension, which can be favored, as in this specific case, by the passage of vehicles, particularly during warm and/or dry periods (Soleimanian et al., 2019). As proved by Pollegioni et al. (2022), road dust can be a primary local source of out-door air bacteria and fungi in urban environments of Rome. These results suggest that the lack of precipitation and the subsequent resuspension of dust produced by vehicular traffic might have further contributed to the maximum abundance of soil-associated microbes in winter and summer and induced changes to the microbial community structure.
Pollutant factors influencing airborne bacterial communities
In the current study, we observed a consistent decline of airborne microbial richness passing from less (fall, summer and spring) to most polluted season (winter). On the contrary, an overall correlation between three species diversity indices and air pollution levels of urban sites hasn’t been inferred. A significant positive correlation between PM10 and the concentration of total microbes has been verified in the Eurasian continent (Ruiz-Gil et al., 2020). The coarse particles were reported to act as carriers or refuges and provide energy sources for the microbes attached to the particles (Smets et al., 2016). As observed in Pollegioni et al. (2022), the resuspension or deposition of road dust favored by heavy traffic loads accelerates the movement of convective air and further increased the airborne microbial diversity in Residential and Traffic Road areas of Rome. Therefore, the variation in microbial concentration across urban macro areas was determined by the influence of two contrasting factors. We can postulate that the resuspension of the most wind-dispersible soil particles rich in microorganisms might have served as important sources of airborne bacteria and fungi, and balanced the adverse impacts of high level of chemical pollutants on microbial growth at the most polluted urban site of Rome at each season. However, despite the lack of a correlation between seasonal alpha diversity and PM10 levels, a trend of gradual increase in terms of relative abundance of few bacterial taxa has been observed, passing from green to polluted or residential areas. In particular, functional annotation revealed that the relative abundance of Paracoccus sp. and bacteria involved in N-cycles and dark hydrogen oxidation gradually increased from Urban Park to Traffic Road passing through Residential zone during each season, with the highest fraction occurring in winter. Notably, Paracoccus (e.g., P. contaminans), which has been often identified as a key taxon in airborne bacterial communities from winter samples (Yan et al., 2018), is one of the most represented genera of hydrogen-oxidizing bacteria and strongly associated with denitrification processes (Lin et al., 2022). Nitrogen in various forms is one of the primary contributors to the formation of particulate matter (e.g., anions such as NO3−) that is transported by particles and can cause significant cardiovascular effects and oxidative stress in humans (Ghio et al., 2012; Alessandria et al., 2014; Rezaei et al., 2014). Our data indicated that members of Paracoccus may benefit from nitrogen compounds present in airborne particulate matter and use nitrate as a terminal electron acceptor in anaerobic respiration to drive the oxidation of organic compounds under extremotolerant conditions (Gong et al., 2020). Irrespective of seasonality, we can assume that PM10 levels associated with dust road resuspension and traffic activities promotes an increase of the extremotolerant and pollutant removal-hydrogen oxidation bacteria in the most polluted urban site of Rome.
Potential health threats
Daily, a human individual inhales approximately 11,000 L of the air. Since the species richness of airborne microbial community is high, comparable to those measured in the soil (Gao et al., 2018), our immune system is constantly exposed to this great biological diversity. Pathogenic and opportunistic microorganisms make part of airborne community and airborne transmission is highlighted as a possible infection root (Casadevall and Pirofski, 2007; Jones and Brosseau, 2015; Wang et al., 2021). In order to be able to control the spread of airbone-trasmitted diseases, it is crucial to get into the factors which affect the distribution and persistence in the air of related pathogens.
In this study, relative abundance of pathogenic bacteria in Rome air varied between 1.0% to 6.3% which is in the range reported for Hangzhou (China) for the air of good and moderate quality (range approx. 2%–6% Liu et al., 2018) and for different functional zones of Xiamen (China) (range 3.03%–6.77%, Li et al., 2021). Both studies report an increase in the abundance of bacterial pathogens with worsening of the air quality in time (Liu et al., 2018) and space (Li et al., 2021). For Rome, such observation cannot be confirmed. Indeed, abundance of bacteria pathogens in Madrid (Spain) over 2 years of periodic measurements accounted on average to 12% - almost 5 times higher than the observed average abundance in Rome (2.5%) (Núñez et al., 2021). While average annual temperatures between Madrid and Rome are similar, Madrid is characterized by much drier climate. So, although the air quality in the period of sampling in Madrid was good and never reached values measured for winter in Rome, harsh environmental conditions might favor extremotolerant features. Similarly, pathogenic and opportunistic traits allow such microorganisms to cope better with the adverse environment than normal microflora explaining the Madrid pattern (Gostinčar et al., 2018; Pollegioni et al., 2022). Vicinity and density of such local sources of pathogenic bacteria as farming sector and waste treatment plants should also be considered alongside climatic and environmental variables (Lai et al., 2009; Gao et al., 2018; Song et al., 2021).
Finally, a total of 95 opportunistic fungi were found in Rome with combined relative abundance of 9.8%. This value is higher than what has been identified in similar studies in Chinese cities where pathogens accounted to 12–17 species (Li et al., 2021; Jiang et al., 2022; Nie et al., 2023) with relative abundance varying in the range of 0.99–1.31 (Li et al., 2021). Yet, methodological differences in accounting related for example to a pool size (most abundant pool vs. all identified species) or databases used should be considered. In Lecce (Italy), 7 potentially pathogenic genera were detected among the most representative taxa (Fragola et al., 2021). In this study, the inferred human-pathogenic fungi showed in part a seasonal trend and tended to progressively increased in terms of fraction and relative abundance passing from the Urban Park to the Traffic Road zone in fall, spring and summer. In spring and summer, Alternaria infectoria (Ascomycota) dominated in all urban sampling sites. This species is a saprotroph capable of causing skin infections in immunocompromised patients (Schuermans et al., 2017). The dominance of Alternaria genus is also inferred in the air of Tianjin (China) from April to July (Nageen et al., 2023), as well as in summer in France (Tignat-Perrier et al., 2020). In autumn, Ceriporia lacerate, causing bronchopulmonary infection in patients with concomitant chronic lung diseases, dominated in all functional areas (Singh et al., 2013). During this season, the highest relative abundance of opportunistic species in relation to other groups (14%–16%) was noted, which is also reported by other authors (Núñez et al., 2021; Jiang et al., 2022). However, as observed in Beijing (Yan et al., 2016), the highest percentage of fungal pathogens were found in winter with peak value at the Traffic Road site. Bjerkandera adusta dominated among all opportunistic fungi in our urban sites. B. adusta has been implicated as an agent responsible for chronic cough as well as bronchial asthma (Chowdhary et al., 2013). In addition, consistent with a previous study (Pollegioni et al., 2022), our data suggested that the opportunistic-pathogenic fungi increased with PM10 levels of urban sites at each season in Rome. To infect the human body, opportunistic and pathogenic fungi should be capable to overcome multiple barriers such as elevated body temperature, unfavorable pH and humidity, epithelial and mucus obstacles. The opportunist fungi are not specialized for infection of mammals but their acquired adaptability and stress tolerance allow the establishment in the host (Pollegioni et al., 2022). Our data confirmed that such characteristics can contribute to microbial survival in harsh-polluted urban environments of Rome, ensuring the possibility of opportunism.
CONCLUSION
In the present study, we identified large changes in airborne microbial community compositions across four seasons and their close relationship with specific atmospheric factors, such as temperature and precipitation, local sources, long-distance air mass and pollution degree of three urban sites in Rome. Our data revealed that the lack of precipitation and the subsequent resuspension of dust produced by vehicular traffic might contribute to the maximum abundance of soil-associated microbes in winter and summer. However, the increase of PM10 concentrations favoured also by climatic conditions, domestic heating and dust advection event from African desert further shaped the community structure of winter. In addition, our results highlight a close interrelationship between PM10 content and abundance of certain predicted functional bacterial and fungal groups also with potential implications for human health. Across three seasons, the pollutant removal-hydrogen oxidation bacteria and the opportunist-human pathogenic fungi progressively increased with pollution levels, in the sequence from green to residential and/or polluted area close to the traffic roads, with highest fraction during winter.
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