
DOI OF PUBLISHED VERSION: 1 

http://dx.doi.org/10.1016/j.scitotenv.2017.03.199 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 



Influence of seasonality and air mass origin on airborne bacterial 18 

community structure and particulate matter chemical composition in 19 

the Po Valley, Italy 20 

 21 

Elena Innocentea, Stefania Squizzatoa,b, Flavia Visina, Chiara Faccaa, Giancarlo Rampazzoa, 22 

Valentina Bertolinic, Isabella Gandolfic, Andrea Franzettic, Roberto Ambrosinic, Giuseppina 23 

Bestettic 24 

 25 

aDepartment of Environmental Sciences, Informatics and Statistics (DAIS), Università Ca’ Foscari 26 

Venezia, Campus Scientifico, Via Torino 155, 30172 Mestre (VE), Italy 27 

 28 

bCenter for Air Resources Engineering and Science, Clarkson University, Box 5708, Potsdam, NY 29 

13699-5708, USA 30 

 31 

cDepartment of Earth and Environmental Sciences (DISAT) –University of Milano-Bicocca, Piazza 32 

della Scienza 1, 20126 Milano, Italy 33 

 34 

 35 

 36 

Corresponding author: 37 

Elena Innocente, PhD 38 

e-mail: elena.innocente@unive.it 39 

Department of Environmental Sciences, Informatics and Statistics (DAIS), Università Ca’ Foscari 40 

Venezia, Campus Scientifico, Via Torino 155, 30172 Mestre (VE), Italy 41 

Tel: +39 041 2348639 42 



Abstract  43 

The integration of chemical and biological data in aerosol studies represents a new challenge in 44 

atmospheric science. This new approach aims to couple chemical composition of particulate matter 45 

(PM) with airborne bacterial community structure in order to gain a clearer and deeper 46 

comprehension of biogeochemical cycles in the atmosphere. In this view, this study aimed to 47 

investigate the relationships occurring between bacterial populations and PM chemical composition 48 

in one of the most polluted and urbanized areas in Europe: the Po Valley (Italy). Moreover, 49 

seasonality, long- and short-range transports were also evaluated to investigate the influence on 50 

airborne bacterial communities.  51 

PM samples were collected in two cities of the Po Valley (Milan and Venice) characterized by 52 

different meteorological conditions and atmospheric pollutant sources. Samples were analysed for 53 

water-soluble inorganic ions (WSIIs) and bacterial community structure. Chemical and biological 54 

data were jointly processed by using redundancy discriminate analysis (RDA), while the influence 55 

of atmospheric circulation was evaluated by using wind ground data and back-trajectories analysis. 56 

Results showed strong seasonal shifts of bacterial community structure in both cities, while a 57 

different behaviour was observed for air mass circulation at Milan ad Venice : long-range transport 58 

significantly affected bacterial populations in Milan whereas, local ground wind had more influence 59 

in the Venetian area. 60 

 61 

 62 

 63 

 64 
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1. Introduction 66 

The increasing awareness on the poor air quality conditions in the industrialized countries and 67 

urbanised areas has promoted of studies focusing on chemical composition, source distribution, and 68 



health effects of atmospheric particulate matter (PM). An increasing interest in understanding 69 

origins, dispersion, transformation and fate of air pollutants emerged, in order to prevent damages 70 

on ecosystems, cultural heritage and human health (Heinrich et al., 2013; Pope and Dockery, 2006). 71 

Recently, studies on the atmospheric PM have been extended to bioaerosol, a complex 72 

mixture of viable and non-viable microorganisms and other biomass (Gandolfi et al., 2013). The 73 

reason of this increasing interest on bioaerosol is mainly due to the presence in the atmosphere of 74 

endotoxins and pathogenic bacteria that are of great concern for their harmful effects on human 75 

health (Kim and Kim, 2007; Mueller-Anneling et al., 2004; Peccia et al., 2008). In fact, it has been 76 

recognized that bioaerosol could be a direct cause of infectious (tuberculosis, pneumonia, etc.) and 77 

non-infectious diseases (irritation, inflammation) (Peccia and Hernandez, 2006). Furthermore, it is 78 

well known that bacteria could affect ecosystems and agriculture productivity (Shinn et al., 2000).  79 

The microbial communities of different atmospheric environments (urban, rural, remote, 80 

etc.) have been extensively investigated so far, and some potential local sources of airborne bacteria 81 

have been identified (Bowers et al., 2009, 2011a, 2011b). Furthermore, the abundance of total 82 

bacteria and of some specific populations of interest (for instance, pathogens) has been evaluated 83 

through different methods (Bertolini et al., 2013; Fahlgren et al., 2010). In recent years, studies 84 

were conducted to investigate differences among the bacterial communities sampled at different 85 

altitudes and to evaluate the influence of pollution on community structures at different atmospheric 86 

levels (near-surface, troposphere, etc.) (Maki et al., 2013; Zweifel et al., 2012). Therefore, the 87 

characterization of bioaerosol in specific circumstances has been widely explored.  88 

The effect of both origin and local provenience of air masses on community assembly 89 

processes of airborne bacteria has been extensively assessed in previous studies. Bacterial long-90 

range transport has been studied through the characterisation and the origin of tropospheric bacteria 91 

(Smith et al. 2012; DeLeon-Rodriguez et al. 2013; Maki et al. 2013) and through the assessment of 92 

the impact of dust events on the airborne microbial populations (Hervàs et al. 2009; Jeon et al. 93 

2011; Polymenakou et al. 2008; Mazar et al. 2016; Meola et al., 2015). Previous literature 94 



consistently indicated that bacterial tropospheric transport and dust events significantly shape 95 

airborne microbial communities. Short-range bacterial transport in the atmosphere has been 96 

previously evaluated through the analysis of air with known local provenience such as vegetated 97 

area (Lymperopoulou et al., 2016) and marine/coastal environments (Seifried et al., 2015), or 98 

inferred by the similarity between the structures of airborne communities and those obtained from 99 

local potential sources like soil, lakes, leaves and faeces (Bowers et al., 2011a,b;Bertolini et al., 100 

2013). However, in all the above-cited papers, only qualitative insights into these bacterial 101 

dispersion processes were provided and quantitative assessment of the contribution of short- and 102 

long-range bacterial transports to the airborne bacterial community structures is still lacking. 103 

In this study, a PM sampling campaign was carried out in two cities located in the Po Valley 104 

(Northern Italy), one of the most polluted and urbanized areas in Europe (Larsen et al., 2012). 105 

Samples were analysed for bacterial community structure, obtained by sequencing a fragment of the 106 

16S rRNA gene, and for water-soluble inorganic ions (WSIIs). Data were processed to assess the 107 

effect of PM composition on the abundance of specific bacterial populations and to evaluate the 108 

influence of environmental conditions on the structure of bacterial communities associated to PM. 109 

To this end, air mass movements were investigated both at local and regional scale by using wind 110 

ground data and back-trajectories analysis, respectively. Relationships between bacterial 111 

communities and environmental conditions (seasons and air mass origin) were investigated by using 112 

RDA analysis, a widely applied chemometric technique to analyse biological data coupled to 113 

environmental data (Wakelin et al., 2006; Feinstein et al., 2009;Wang et al., 2012). 114 

The obtained results integrated those reported in a previous paper, in present work relationship 115 

between water soluble inorganic ions and bacteria population were investigated, highlighting also 116 

differences due to long- and short- range transport. 117 

 118 

2. Materials and methods 119 

2.1 Study area and sampling sites 120 



The presence of several pollution emission sources and unfavourable weather conditions in the Po 121 

Valley (Northern Italy) generally determine high PM and gaseous pollutant concentrations in this 122 

area, especially in cold seasons, when low temperatures, weak winds, and thermal inversion occur 123 

(Larsen et al., 2012; Masiol et al., 2012a; Canepari et al., 2014). Several studies showed that local 124 

topography and meteorological conditions, natural and anthropogenic emissions and regional 125 

transport processes make this area one of the most polluted in Europe (e.g.,Carnevale et al., 2010; 126 

Larsen et al., 2012).  127 

Three sampling sites were located in Venice, a coastal city in the eastern part of the Po Valley, 128 

influenced by the presence of a lagoon and a wide industrial area (Rampazzo et al., 2008; Masiol et 129 

al., 2012b). A fourth sampling site was located in Milan, a big city in the middle of the Valley, 130 

characterised by highly dense residential and commercial premises and a very high volume of 131 

vehicular traffic (Marcazzan et al., 2001) (Figure 1): 132 

• (I) Venice, Via Lissa (VL) ( 45°29’12.4’’N, 12°13’20.3’’E) is an urban background site 133 

settled in a high density residential zone of Mestre, at 50 m from main traffic roads and few 134 

meters from the railway (Masiol et al., 2014); 135 

• (II) Venice, downtown (VD) (45°25’54.8’’N 12°19’13.2’’E) is an urban background site in 136 

the historical city centre,in the middle of the lagoon; 137 

• (III) Venice, Malcontenta (MC) ( 45°26’18.6’’N, 12°12’13.3’’E) is an industrial site in the 138 

area of Porto Marghera, downwind from the industrial settlement (Squizzato et al., 2014).  139 

• (IV) Milan, Via Cozzi (MI) ( 45°30’35.4’’N, 9°12’38.5’’E) is an urban traffic site in the 140 

northern part of the city. 141 

 142 

2.2 Sample collection 143 

Samples were collected during four periods representative of different seasons to evaluate PM 144 

levels, chemical composition and bacterial community structures in different environmental 145 



conditions: July 2011 (summer), October 2011 (autumn), January 2012 (winter) and March-April 146 

2012 (spring). 147 

Daily samples (24 h) were collected simultaneously at each site(32 samples at MC, VL and MI; 24 148 

samples at VD), on quartz fibre filters (Whatman QMA) by using high volume samplers equipped 149 

with PM10 (at MC, VL and MI) and total suspended particulate (TSP, at VD) inlets at 30 m3 h-1 (VL 150 

MC and VD) and 12m3 h-1 (MI). Filters were UV sterilized before sampling. All collected filters 151 

were stored at -20°C until further processing as suggested by Heinrich et al. (2003).  152 

At VL and MC sites, PM10 samples were also collected on quartz fibre filters (Whatman QMA, Ø 153 

47 mm) by using a low volume sampler in order to measure PM10 concentration via gravimetric 154 

determination. At MI site, PM10 data were provided by ARPA Lombardia (Environmental 155 

Protection Agency of Lombardy Region).  156 

 157 

2.3 DNA extraction and building of Illumina 16S rRNA fragment libraries 158 

Total DNA was extracted from the quartz fibre filters using the FastDNA Spin for Soil kit (MP 159 

biomedicals, Solon, OH, USA). A quarter of each filter was cut into small pieces and loaded into 160 

the bead tube of the FastDNA Spin kit for Soil after adding 1M CaCO3 in order to increase the pH, 161 

and shaking at 200 rpm for 60 min. The remaining steps of the DNA extraction were performed 162 

according to the manufacturer’s instructions (Gandolfi et al., 2015). 163 

For Illumina HiSeq sequencing, the V5-V6 hypervariable regions of the 16S rRNA gene were 164 

amplified, pooled and purified as previously reported (Bertolini et al., 2013). Multiplexed 165 

sequencing of all the pooled samples were performed on a single Illumina HiSeq 1000 lane, using a 166 

paired-end 2 × 100 base-pair protocol and the 4.0 sequencing chemistry. The cluster extraction and 167 

base-calling processing analyses were performed by using the Illumina CASAVA Analysis 168 

software, version 1.8. Illumina HiSeq 1000 sequencing was carried out at BMR Genomics, Padua, 169 

Italy.  170 

 171 



2.4 Sequence analysis 172 

Sequence data were deposited at the European Nucleotide Archive (ENA) with the study accession 173 

number PRJEB7001 (sample accession numbers from ERS528729 to ERS528823). 174 

Reads from sequencing were demultiplexed according to the indexes. UPARSE pipeline was used 175 

for the following elaborations (Edgar, 2013). Forward reads were quality filtered with default 176 

parameters. Suspected chimeras and singletons sequences (i.e. sequence appearing only one time in 177 

the whole data set) were removed both from the whole dataset and from each sample file. 178 

Operational Taxonomic Units (OTUs) were defined on the whole data set clustering the sequences 179 

at 97% similarity and defining a representative sequence for each cluster. A subset of 10,000 180 

random sequences was chosen from each sample and the abundance of each OTU was estimated by 181 

mapping the sequences of each sample against the representative sequence of each OTU at 97% 182 

similarity. Taxonomic classification of the OTU representative sequences was obtained using RDP 183 

classifier (Wang et al., 2007) 184 

 185 

2.5 Chemical analysis 186 

Water-soluble inorganic ions (WSIIs) were extracted in ultrasonic bath for 60 min in 20 mL of 187 

ultrapure water (resistivity 18 MΩ cm). Water temperature was kept <35 °C to prevent artefacts and 188 

evaporation, then samples were stored at 4°C until ion determination. After filtration through 189 

microporous PTFE membranes (PALL Acrodisc CR, pore size 0.45 mm),four cations (Ca2+, Na+, 190 

Mg2+, NH4
+) and three anions (NO3

-, Cl-, SO4
2-) were analysed by ion chromatography (IC, Dionex 191 

DX500), using a guard column (DionexIonpac CG12 for cations and AG14 for anions), a separation 192 

column (DionexIonpac CS12 for cations and AS14 for anions), a self-regenerating suppressed 193 

conductivity detector (Dionex ED40) and a gradient pump (Dionex GP40). An isocratic flow of 1.2 194 

mL min-1 3.5 mM Na2CO3/NaHCO3 base eluent was used for anion detection, whereas an isocratic 195 

flow 1 mL min-1 20 nM CH3SO3H acid eluent was used for cation analyses (Squizzato et al., 2012). 196 



Accuracy of analysis was evaluated using standard reference material NIST 1648 “Urban 197 

particulate matter”. All recoveries were in the range of 85-100%. 198 

 199 

2.6 Statistical methods: Redundancy Discriminant Analysis 200 

Differences in the structure of bacterial communities at different sampling sites were investigated 201 

by Redundancy Discriminant Analysis (RDA). The Hellinger transformation was applied to OTU 202 

relative abundance before the analyses. Singletons were removed before all the analyses.  203 

As described in Yergeau et al. (2009), relative OTU abundance was used as “species data”, whereas 204 

sampling site was used in the analysis as the “environmental” variable. This first analysis revealed 205 

significant differences among sampling sites (which were expected on the basis of the results of a 206 

previous work).Therefore, all the following analyses were run on data from each site separately. 207 

This analysis was followed by post-hoc pairwise comparisons between sampling sites performed by 208 

running separate RDAs on each pair of sampling locations and adjusting significance of these tests 209 

according to the False Discovery Rate (FDR) procedure of Benjamini and Yekutiely (2001). 210 

 211 

2.6.1 RDA between bacterial communities and chemical composition 212 

The structure of bacterial communities was investigated in relation to the chemical composition 213 

applying the RDA analysis performed by using CANOCO 4.5 (Wakelin et al., 2006; Feinstein et 214 

al., 2009; Wang et al., 2012; Vidal-Liñán et al., 2014; Brix et al., 2012; Braga Bertini et al., 2014). 215 

Chemical data were employed in the analysis as “environmental” variables. Environmental 216 

variables significantly related and that best explained OTUs were determined by Monte Carlo tests 217 

with 499 unrestricted permutations (Chen et al., 1997; Lindström, 2000). Since data were not 218 

normally distributed, a log transformation of data was performed before the analyses. Only OTUs 219 

that showed fitness over 20% to RDA analysis were considered relevant, related to chemical data 220 

and represented in the results. These OTUs were assigned the RDP taxonomic classification at the 221 

deepest level possible. 222 



 223 

2.6.2 RDA between bacterial communities and environmental conditions 224 

RDAs on data from each sampling site were run by separately entering season, back-trajectories and 225 

local wind clusters as “environmental” variables. These analyses were performed with the VEGAN 226 

package (Oksanen et al., 2016) of R 3.1.2 (R Core Team 2015). 227 

The variation partitioning (VarPart) in canonical analyses was used to investigate the amount of 228 

variation in airborne bacterial communities explained separately and jointly by each predictor 229 

(season, back-trajectories cluster and local wind clusters), while controlling for the effect of the 230 

other ones. Overall, the implemented framework of analysis is similar to that fully described in 231 

Borcard et al. (2011). 232 

Predictors were preliminarily investigated to understand if they were redundant. Since all predictors 233 

entered in our models were factors, redundant (aka aliased) variables could occur only when a level 234 

of one factor always occurred concomitantly to a level of a second factor, thus determining the 235 

impossibility of disentangling their effects (redundant contrasts). For example, the only air mass 236 

originating from area n. 5 was sampled in Malcontenta on 1 and 2 February 2012. The same air 237 

mass was the only one coming locally from area n. 1. Thus, it is impossible to assess whether any 238 

variation of airborne bacterial communities was due to an effect of origin or local provenience of 239 

this air mass. Thus, origin and local provenience of air masses could not be both included in the 240 

VarPart unless samples with a unique combination of origin and local provenience areas were 241 

excluded, in order to remove redundant contrasts.  242 

RDAs were not affected by this problem because they were run by including each predictor 243 

separately. However, in order to run all the analyses on the same datasets, we performed also RDAs 244 

by removing samples collected from air masses with a unique combination of origin and local 245 

provenience. 246 

 247 

2.7 Atmospheric circulation analysis 248 



To understand the origin of air masses that could influence microbiological and chemical 249 

composition of PM in study areas, back-trajectories cluster analysis was applied to identify the 250 

origin of air masses. The NOAA HYSPLIT (Hybrid Single Particle Lagrangian Integrated 251 

Trajectory) model (Draxler and Rolph, 2015) was used to compute -96 hour backward trajectories 252 

using GDAS1 (Global Data Assimilation System) meteorological data at starting height of 150 m 253 

over ground level by using MI and MC as starting points. A single back-trajectory was calculated 254 

once on sampling days and calculation was limited to -96 h because accuracy of back trajectory 255 

reconstruction decreases with distance and time due to model assumptions and spatial and temporal 256 

resolution of the meteorological data. Moreover, clustering back-trajectories reduces errors 257 

associated to single trajectories (Stohl, 1998). Cluster analysis was performed by using the 258 

HYSPLIT tool in order to classify all daily backward trajectories in a small number of groups of 259 

similar history (Makra et al., 2011), i.e. similar advection path and velocity. Origin area of air 260 

masses was therefore defined as the area where each air mass was located 96 h before reaching the 261 

sampling site. At all sites a proper number of clusters was set on the basis of total spatial variance 262 

analysis. 263 

It is also well known that at receptor site air pollutant levels are influenced not only by 264 

dispersion and long-range transport in atmosphere, but also by local ground winds, resulting in 265 

changes of pollutant concentrations in relation to wind direction (Squizzato and Masiol, 2015). 266 

Therefore, a cluster analysis on wind data was performed to group days with similar ground 267 

circulation pattern. The hourly data of wind speed and direction were decomposed in their scalar 268 

components u and v relative to the North–South and West–East axes. Then, a hierarchical cluster 269 

analysis was performed by using the Ward's method and the squared Euclidean distance measure, 270 

on the daily resultant vector of air movement obtained from the sum of hourly values(Squizzato and 271 

Masiol, 2015). 272 

WSIIs and bacterial community data were then coupled with back-trajectories and local wind 273 

clusters, in order to investigate the influence of long-range transport and local wind. 274 



 275 

3. Results and discussion 276 

3.1 PM and WSIIs concentrations 277 

Table 1 summarizes the average concentrations of PM10and WSIIs over the whole period and for 278 

each season. 279 

PM10 concentrations were quite similar at all the sampling sites (49 μg m-3, 37 μg m-3and 53μg m-3 280 

on average at VL, MC and MI, respectively). That similarity was probably due to the orographic 281 

and climatic conditions of Northern Italy, that promote pollutant stagnation enhancing 282 

homogeneous PM levels. This situation is exacerbated during cold periods: the typical atmospheric 283 

stability and thermal inversion cause the formation of cold masses at the ground level. Moreover, 284 

humidity is often high in this area, generating fog in winter and intermediate seasons, with low 285 

dispersion and increasing concentration of pollutants (Pecorari et al., 2013). In fact, the maximum 286 

concentration is reached in winter at all sites equal to126 μg m-3, 88 μg m-3 and 157 μg m-3at VL, 287 

MC and MI, respectively. 288 

Generally, MI samples exhibited the highest concentrations of nitrate and sulphate all over the 289 

period (8.4 μg m-3 and 4.2 μg m-3on average of NO3
- and SO4

-, respectively). VD was characterized 290 

by the highest levels of Cl-(2.2 μg m-3) and Na+ (1.8 μg m-3), probably due to the proximity of the 291 

sampling site to the Adriatic Sea and the Venice Lagoon and to the size of the sampled particles 292 

(TSP). 293 

 294 

3.2 Correlations between ions and bacterial populations 295 

RDA analysis was performed in order to investigate the potential relationships between ion 296 

concentrations and OTU abundance. Only correlations between ion concentrations and OTU 297 

abundances that were significant in two or more sites were described. An example of RDA analysis 298 

is reported in Figure 2 whereas all the other graphs are reported as supplementary materials (Figure 299 

SI1, SI2 and SI3). 300 



 Sulphate was removed from RDA analysis in all sites, because inflation factor, used to eliminate 301 

collinear environmental variables (Sikkink et al., 2007), was too high (>20) and could affect RDA 302 

analyses. For the same reason sodium was removed in MC and VD : in this case inflation factor is 303 

high probably due to the strong correlation of Na+ concentrations with those of Cl- (r=0.95; r=0.81 304 

in VD and in MC, respectively) reflecting the marine origin of these ions (Querol et al., 2006). The 305 

cumulative percentage variance of species-environment correlations explained by the first two axes 306 

was 63.1% in VL, 53.7% in MC, 61.6% in MI and 74.5% in VD. 307 

NH4
+was correlated with Dyella(OTU 16) in MI and VD and Herbaspirillum(OTU 20) in MI and 308 

VL. All these bacteria are typical of soil (Xie and Yokota, 2005, Baldani et al., 1986).Furthermore, 309 

NH4
+ was correlated with Ralstonia (OTU1, OTU41) in VD and MI and with Betaproteobacteria 310 

(OTU 119) in VL and MC. Calcium ion is considered a crustal ion originated from erosion and 311 

resuspension of soil (Perrone at al., 2010). In MI and MC, Ca2+ concentration was correlated with 312 

abundance of soil bacteria such as Hymenobacter (OTU38) (Oren et al., 2006) and Sphingomonas 313 

(OTU 19) (White et al. 1996); this relationship could suggest a common origin from soil of both 314 

these bacteria and Ca2+. 315 

On the contrary, calcium ion was inversely correlated with abundance of Propionibacterium (OTU 316 

33), Delftia (OTU 11, OTU70, OTU95, OTU142), Escherichia/Shigella (OTU169, OTU802, 317 

OTU1027) and Stenotrophomonas (OTU51)in MC and VD sites. 318 

 319 

3.3 Influence of environmental conditions on PM and bacterial populations 320 

Results from cluster analysis on wind data and back-trajectories and RDAs between bacterial 321 

populations and environmental variables are discussed in this section.Sampling days were grouped 322 

on the basis of season, the provenience of air masses considering both local and distant transports 323 

and then the changes on bacterial populations considered more relevant (relative abundance> 1%) 324 

and WSIIs data for each group were discussed. Changes in ion composition and bacterial 325 



community for each group were first investigated and, subsequently, RDAs analyses were run by 326 

entering separately season, local air masses and air masses provenience. 327 

 328 

3.3.1 Spatial and seasonal variability of ions and bacterial communities 329 

As shown in previous studies (e.g., Perrone et al., 2010; Squizzato et al., 2013), ionic composition 330 

of PM varies on seasonal basis. Among the analysed ions, NO3
- dominated in PM during spring, 331 

autumn and winter whereas sulphate represented the most abundant ion in summer    (Figure SI4). 332 

This behavior can be explained by the semi-volatility of ammonium nitrate (Terzi et al., 2010; 333 

Squizzato et al., 2013). Generally, sulphate and nitrate concentrations resulted significantly 334 

correlated between Milan and Venice (r = 0.5, p-value < 0.05) with statistically similar 335 

concentrations along the analysed period on the base of Kruskal-Wallis non-parametric test (p-value 336 

> 0.05). Other ions presented different patterns and concentrations among sites and seasons. 337 

Bacterial communities were dominated by 28 OTUs that exceed the 1% of relative 338 

abundance in all sampling sites (abundant OTUs) (Figure SI5-SI8). The most abundant OTU in all 339 

sampling sites and all seasons belonged to the genus Ralstonia (OTU 1), which is known to be a 340 

plant-associated microorganism (Schonfeld et al., 2003). This OTU was particularly abundant in 341 

MC where it represented from 18% to 82% of the abundant OTUs in spring and winter, 342 

respectively.  343 

Spring samples from VL, VD and MC showed similar bacterial communities with a dominance of 344 

Ralstonia (OTU 1) and marine bacteria belonging to the family Rhodobacteraceae (OTUs 2, 9, 12, 345 

15, 34 and 35) (Hwang and Cho 2008; Dang et al., 2008). In Milan, spring samples were 346 

characterized by the presence of soil bacteria (Acinetobacter (OTU 3), Acidovorax (OTU 4)) and by 347 

Lactobacillus (OTU 25), Actinomycetales(OTU 26) and Staphylococcus (OTU 13). 348 

During summer, Bordetella (OTU 14) increased at all sites. VL was also characterised by an 349 

increase of Mesorhizobium (OTU 10), Propionibacterium (OTU 7) and Delftia (OTU 11). 350 



Similarly, MI showed samples enriched in Propionibacterium (OTU 7 and 33) and also in 351 

Acidovorax (OTU 4) and Acinetobacter(OTU 3). 352 

Samples collected at VL site were dominated, in autumn, by bacteria typical of soil such as 353 

Acetobacter (OTU 22) and Herbaspirillum (OTU 20) (Baldani et al., 1986) whereas VD samples 354 

were characterised by higher abundances of Bordetella (OTU 14) and Staphylococcus (OTU 13) 355 

and MI samples were enriched in Sphingomonas (OTU 19), Pelomonas (OTU 23) and Dyella (OTU 356 

16) 357 

Winter samples were characterized at VL sites by other soil bacteria such as Acinetobacter 358 

(OTU 3), Acidovorax (OTU 4), Sphingobium (OTU 30) (Li et al., 2011; Krizova et al., 2014; 359 

Takeuchi et al., 2001) and also by marine bacteria such as Alteromonadaceae (OTU 5) (Kwak et al., 360 

2012). At MI site, winter samples significantly differed from the other seasons for the increase of 361 

Dyella (OTU 16), Herbaspirillum (OTU 20) and Pseudomonas (OTU 18).  362 

 363 

3.3.2 Local ground wind circulation 364 

Five groups of days characterized by different ground circulation patterns were defined by cluster 365 

analysis (Figure 3) both in Milan and Venice area. Investigated areas presented strong differences in 366 

wind regimes. Venice exhibited the sea-land breeze regime common to most coastal areas. It 367 

represents a complex atmospheric circulation pattern, with wind blowing from north-east and south-368 

east, affecting weather, climate dynamics and the formation and transport of pollutants between sea 369 

and mainland (Masiol et al., 2010). Milan showed relative lower average wind speed (1.8 m s-1) but 370 

less wind calm hours (1%) compared to Venice (2.5 m s-1, 5%) and wind blowing from east and 371 

south.  372 

Table 2 reports the average ion concentrations and Figure 4 shows the relative abundance of 373 

the 28 most common bacterial OTUs in each wind group. In the Venice area strong winds from NE 374 

(group 1, mean speed 6.8 m s-1) brought to generally low concentrations of all ions except sulphate 375 



at VL and MC site. Group 2 exhibited the lowest mean speed (1.4 m s-1) and was associated to an 376 

increase of some ions, in particular nitrate and ammonium at all Venice sites. 377 

An increase of marine and crustal components can be observed in group 3 at VL and MC, 378 

whereas nitrate increased at VD. Group 4 showed a wind rose similar to that referred to the full 379 

period, resulting in ion concentrations quite similar to the average PM composition. Sea salt 380 

components (Cl- and Na+) strongly increased in group 5, characterized by strong winds from SE 381 

(3.0 m s-1), at all Venice sites. Moreover, an increase in sulphate concentration can be observed at 382 

VD. Among analysed ions, chloride presented statistically significant differences at all Venice sites 383 

(p-value < 0.05) whereas nitrate statistically changed only at VL and MC sites. At MC site also 384 

sulphate exhibited concentrations statistically different among the identified groups. 385 

At MI, PM composition showed a weaker wind direction dependence: although the 386 

prevalent wind direction changed between the wind groups, ion concentrations seemed more 387 

correlated to the wind speed. Group 1, 2 and 3 exhibited the highest mean speed (2.1 m s-1, 3.0 m s-1 388 

and 2.1 ms-1, respectively) and the lowest ion concentrations whereas an increase be observed in 389 

group 4 and 5, characterised by the lowest mean speed. Statistically significant differences were 390 

observed only for nitrate and calcium ion (p-value < 0.05). 391 

The relative abundance of considered bacterial populations showed the most evident 392 

differences at the Venice sites (Figure 4) and in particular at VD. Marine bacteria 393 

(Rhodobacteraceae, OTU 2, 12, 15 and 35) increased at all sites in group 3, 4 and 5 when wind 394 

blew from SE with a statistically significant difference at VD (p-value < 0.05).  395 

At VD site, group 1 is characterized by a strong increase of Acinetobacter that may be due to the 396 

resuspension of soil particles enhanced by the high wind speed. Furthermore, soil bacteria 397 

(Mesorhizobium, OTU 10 and Sphingobium OTU 30) showed significant differences across the 398 

groups. 399 

At VL, an increase on Acinetobacter (OTU 3), a soil bacterium, can be observed in group 2 and 3 400 

when a western wind component is present. Moreover, Propionibacterium (OTU 7) and 401 



Ochrobactrum (OTU 32) exhibit significant differences among the wind groups. At MC, only 402 

Staphylococcus (OTU 13) showed significant differences. 403 

At MI sites west winds (group 2) were associated to an increase in Sphingobium (OTU 30) and 404 

Bordetella (OTU 14). Acinetobacter increased in group 1 and 5 and Herbaspirillum (OTU 20), 405 

another soil bacterium, increased in group 3, 4 and 5. However, these increases did not seem related 406 

to a specific wind direction. Moreover, statistically significant difference was observed for 407 

Rhodobacteraceae (OTU 2) and Herbiconiux (OTU 24). 408 

 409 

3.3.3 Long-range transport 410 

Identified clusters on back-trajectories are shown in Figure 5. The 50% of Back trajectory were 411 

characterized by local air masses that passed across the Po Valley, but the other 50% in Both the 412 

analysed areas, Milan and Venice, were characterised by distant air masses, coming north-west 413 

Europe (United Kingdom) and Germany,. Moreover, a south-west group can be observed at MI site 414 

coupled to air masses originated in southern France (Provence), whereas in Venice air masses from 415 

southern Italy and Eastern Europe were also present. The effects of long-transport processes on PM 416 

and its composition and sources were discussed in previous studies both in Milan (Kukkonen et al., 417 

2005; Lonati et al., 2007) and Venice area (Masiol et al., 2012a; Masiol et al., 2012b; Squizzato et 418 

al., 2012; Squizzato et al., 2014; Squizzato e Masiol, 2015). In this study, statistically significant 419 

differences on WSIIs concentrations were detected at all sites for Cl- (VL, MC, VD and MI), Mg2+ 420 

and Na+ (MC and VD), NH4
+ and SO4

2- (MI). 421 

Average WSIIs concentrations for each back-trajectory cluster are shown in Table 3 and Figure 6 422 

reports the relative abundance of the 28 most common bacterial OTUs in each cluster. 423 

Group 1 gathered together days characterised by local air masses that spent most of the time 424 

over the Po Valley. PM composition is quite similar to that referred to the full period and bacterial 425 

populations did not present significant changes compared to the full period at Venice sites whereas 426 

at MI an increase of Acinetobacter (OTU 3), a soil and water microorganism (Li et al., 2011; 427 



Krizova et al., 2014), could be observed. At MI, abundances of Acinetobacter (OTU 3), Acidovorax 428 

(OTU 4), Propionibacterium (OTU 7) and Sphingobium (OTU 30) were statistically higher 429 

compared to other groups (p-value < 0.05). 430 

At VL, MC and MI, air masses from Germany (Group 2) were characterized by higher 431 

concentrations of NH4
+, NO3

- and SO4
2-. At MI, higher concentrations of chloride were also 432 

observed but only 20% of chloride was attributable to marine origin; thus, the greatest part could be 433 

attributed to anthropogenic activities as previously observed in Turin by Malandrino et al. (2013). 434 

Among the sites, only at VL and MI significant increases of some bacterial OTUs were reported: 435 

Gammaproteobacteria (OTU 21) and Bordetella (OTU 14) at VL and Herbaspirillum (OTU 20), 436 

Pseudomonas (OTU 18) and Acetobacter (OTU 22) at MI. Pseudomonas and Herbaspirillum were 437 

classified as water or soil bacteria from Xie and Yokota (2005). 438 

In Venice area air masses coming from South Italy and Adriatic Sea (Group 3) were 439 

characterized by an enrichment in marine ions, Cl-, Na+ and Mg2+, marine bacteria as 440 

Rhodobacteraceae (OTU 2 and 35), nitrogen fixing bacteria originated from soil (Mesorhizobium, 441 

OTU 10), and Propionibacterium (OTU 33) (Kaspar 1982; Jarvis et al., 1997; Xu et al., 2007). 442 

These bacteria presented abundances statistically different at MC (OTU 33) and VD (OTU 2, 35 443 

and 10).  444 

At MI, air masses from Provence were associated to Group 3. In this group, chloride 445 

concentration is lower than in the other groups, but 48% of chlorine, calculated as proposed in 446 

Pakkanen (1996), was of marine origin. Bacteria such as Acinetobacter (OTU 3), 447 

Alteromonadaceae (OTU 5) and Acetobacter (OTU 22) were specific of this cluster and could be 448 

addressed to a marine origin (Kaspar, 1982; López-Pérez and Rodriguez-Valera, 2014). 449 

Air masses coming from United Kingdom and crossing France composed Group 4. At MI 450 

this group presented days slightly enriched in soil or river sediment bacteria such as 451 

Actinomycetales (OTU 26), Sphingobium (OTU 30) (Takeuchi et al., 2001; Ushiba et al., 2003), or 452 

bacteria isolated from animal, human and environmental samples (Bordetella, OTU 14) (Wang et 453 



al., 2007). Different types of bacteria such as Staphylococcus (OTU 13), Actinomycetales (OTU 454 

26), Lactobacillus (OTU 25), showed a slightly increase at VD whereas Acidovorax (OTU 4) and 455 

Acinetobacter (OTU3) increased both at VD and VL site. Acidovorax and Acinetobacter could be 456 

addressed to a soil or water origin (Trujillo et al., 2005), Lactobacillus and Actinomycetales were 457 

associated to plant debris and Staphylococcus is a well know human pathogen (CorbiereMorot-458 

Bizot et al., 2004). 459 

The last cluster grouped air masses coming from Eastern Europe and it was only detected in 460 

the Venice area associated with an increase in sulphate concentrations at VL and MC. 461 

Sphingomonas (OTU 19) is peculiar of this group showing the highest abundances and resulting 462 

statistically different from other groups at all sites. It can be found in a lot of environments such as 463 

water, soil, associated with plants and clinical specimens and it is also pathogen for humans and 464 

animals (White et al., 1996). Pseudomonas (OTU 18), Ochrobactrum (OTU 32) and 465 

Alteromonadaceae (OTU 5) exhibited an increase in the relative abundances at MC, whereas 466 

Acetobacter (OTU 22) increased at VD. Ochrobactrum and Pseudomonas can be found in different 467 

environments such as soil, water or clinical specimens (Trujillo et al., 2005). 468 

 469 

3.3.4 Environmental conditions and bacterial community structures 470 

RDA analyses run by entering separately season, long distance air masses and local air masses, 471 

showed that season was a significant factor in all sampling sites whereas local air masses  were 472 

significant at all sites except at MI (Table 4). Conversely, long distance air masses significantly 473 

affected the structure of the bacterial communities only at Milan sampling site.  474 

Bacterial community structure differed significantly among sampling sites (F3,115 = 2.305, 475 

P= 0.001), with significant differences among all sites, as indicated by post-hoc tests (F1,55 ≥ 1.551, 476 

PFDR ≤ 0.005 in all cases) (Table 4). These results confirmed the seasonal differences among the 477 

communities of airborne bacteria already reported in previous studies (Gandolfi et al. 2013; Smets 478 

et al. 2016). Results seem also to suggest that local air masses influenced the microbial community 479 

https://paperpile.com/c/y6HfrK/L1cM+jZfo
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assembly in Venice, whereas long distance air masses affected the microbial communities in Milan 480 

bioaerosol.  481 

However, if the amount of variation in air bacterial communities explained separately by each 482 

predictor (e.g.:[S|O+P]) were investigated while controlling for the effect of the other ones, results 483 

show that the independent contributions of both origin and local provenience of air masses were not 484 

significant. This probably reflects the fact that both origin and local provenience of air masses had a 485 

strong seasonal correlation which prevents disentangling the effect of the variables and suggests 486 

that longer and more intensive sampling campaigns should be planned to detect and quantify the 487 

effect of bacterial transport processes. Conversely, season per se explained a significant fraction of 488 

variation in the structure of bacterial communities observed in all sampling locations. It is worth 489 

noting that season is a categorical variable that accounts for variation in a number of environmental 490 

conditions which are known to affect the structure of airborne microbial communities, such as 491 

temperature, humidity, solar radiation, and sources of air PM. It is therefore reasonable that some 492 

effects on airborne bacterial populations due to local and distant air masses were captured by the 493 

variable season.  494 

 495 

4. Conclusions 496 

This study investigated the relationships occurring between bacterial populations, PM chemical 497 

composition and environmental conditions in one of the most polluted and urbanized area in 498 

Europe: the Po Valley (Italy). The effects of season and long- and short-range transport of bacteria 499 

via air mass movements was investigated by using different chemometric tools. The main findings 500 

can be summarised as follows: 501 

• Results showed a correlation between NH4
+, NO3

- and bacteria considered involved in 502 

nitrogen cycle.  503 



• Marine bacteria such as Rhodobacteraceae were more abundant in air masses with a marine 504 

origin. Other species were not clearly influenced by long-range transport, in opposition to 505 

the ionic composition. 506 

• Such difference in taxonomic composition was probably due to the characteristics of 507 

sampling sites rather than to the influence of air mass origin, both local and distant. 508 

Moreover, it is therefore reasonable that some effects on airborne bacterial populations due 509 

to local and distant air masses were captured by the variable season. 510 

• This evidence could suggest that, while PM composition is influenced by long-range 511 

transport, bacterial populations are affected, besides transport, by other factors (i.e., season 512 

and sampling site location). 513 
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 762 

Table captions 763 

Table 1. Seasonal and all period (all) mean (μgm−3) and LOD (μgm−3) of WSIIs and PM10 (μgm-3) 764 

determined in sampling sites. 765 

 766 

Table 2.Average concentration of WSIIs for each group identified by cluster analysis on wind 767 

ground data compared to the full period average.Concentrations are expressed in µg m-3. 768 

 769 

Table 3. Average concentration of WSIIs for each group identified by cluster analysis on back-770 

trajectories compared to the full period average.Concentrations are expressed in µg m-3. 771 

 772 

Table 4. Results from RDA and partial RDAs. [S], [O] and [P]: fractions of total variation in 773 

community structure explained by season S, origin O, and local provenience P of air masses. First 774 

lines report the results of RDA run by entering each predictor separately. Following lines report 775 

marginal effects for each predictor included in the model. [S|O+P], [O|S+P] and [P|S+O]: variation 776 

fractions identifying pure effects of, respectively, season, origin and local provenience of air masses 777 

calculated by partial RDAs. Significance of RDAs and partial RDAs was assessed by a 778 

randomization procedure (Legendre andLegendre 1998). 779 

 780 

Figure captions 781 

Figure 1. Sampling sites and areas of interest. 782 

Figure 2. Example of RDA analysis between bacteria and WSIIs for VL samples. 783 

Figure 3.Wind rose computed for each group identified by qHCA at Venice and Milan sites. 784 

Figure 4.Bacterial community structures for each cluster of wind data 785 

Figure 5. Clusters obtained by back-trajectories cluster analysis. 786 

Figure 6.Bacterial community structures for each back-trajectories cluster. 787 
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