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Abstract

:

Airborne prokaryotes are transported along with dust/aerosols, yet very little attention is given to their temporal variability above the oceans and the factors that govern their abundance. We analyzed the abundance of autotrophic (cyanobacteria) and heterotopic airborne microbes in 34 sampling events between 2015–2018 at a coastal site in the SE Mediterranean Sea. We show that airborne autotrophic (0.2–7.6 cells × 103 m−3) and heterotrophic (0.2–30.6 cells × 103 m−3) abundances were affected by the origin and air mass trajectory, and the concentration of dust/aerosols in the air, while seasonality was not coherent. The averaged ratio between heterotrophic and autotrophic prokaryotes in marine-dominated trajectories was ~1.7 ± 0.6, significantly lower than for terrestrial routes (6.8 ± 6.1). Airborne prokaryotic abundances were linearly and positively correlated to the concentrations of total aerosol, while negatively correlated with the aerosol’s anthropogenic fraction (using Pb/Al or Cu/Al ratios as proxies). While aerosols may play a major role in dispersing terrestrial and marine airborne microbes in the SE Mediterranean Sea, the mechanisms involved in the dispersal and diversity of airborne microorganisms remain to be studied and should include standardization in collection and analysis protocols.
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1. Introduction


The atmosphere is a major transport vector for aerosols, including mineral dust and anthropogenic constituents, which supply nutrients to the surface ocean (e.g., N, P, Fe), thus fueling microbial activity, biomass and growth [1,2,3]. Airborne microbes are also transported along with the dust/aerosols [4,5,6] and may therefore play a pivotal role in the biochemistry of the receiving environment (oceans, lakes or land). Airborne microbes can contribute to bacterial production, N2 fixation and viral infections [7,8,9,10] and affect diverse atmospheric processes (e.g., formation of clouds and snow, [11]). Currently, estimates of airborne prokaryotic microorganisms (bacteria and archaea) over large water bodies such as the ocean and lakes are limited, despite the vast coverage of these water bodies on Earth’s surface [12]. A recent study covering the tropical and subtropical ocean in the Atlantic, Pacific and Indian basins showed that airborne bacteria are highly abundant (~1021 cells) and originate from both marine and terrestrial environments [12]. Airborne prokaryotic diversity may depend on the dust/aerosol’s origin and route prior to deposition [9,13,14], while their viability may depend on other factors such as damaging levels of UV radiation, desiccation, the atmospheric temperature amplitudes, and atmospheric acidity [15]. Nevertheless, up to ~20% of all airborne prokaryotes remain viable during atmospheric transport [16]. Further, since airborne prokaryotic cells are mostly attached to soil particles [17], they may have an advantage accessing nutrients associated with aerosol, and therefore their cell-specific growth rate following deposition may be higher than that of ambient microbial populations [9,18].



In this study, we estimated the temporal variability of heterotrophic and autotrophic airborne prokaryotic microbes off the SE Mediterranean coast for 3 years (2015–2018). Our data show that airborne microbes were abundant throughout the year and that their metabolic carbon acquisition mechanism (i.e., autotrophic or heterotrophic microbe) varied based on their place of origin (marine or terrestrial source/air-mass back trajectories).




2. Material and Methods


Dust/aerosol collection—Air particles were collected from the SE Mediterranean coast onto 4 Supor sterile 47 mm polycarbonate filters (PALL, Product ID: 66234) using a custom-made total suspended particle sampler located on the rooftop of the Israel Oceanographic and Limnological research (IOLR) institute, ~20 m above sea level. The sampler’s air pump was set to 40 m3 h−1 and samples collection ranged between 7–63 h (Figure 1). Thirty-four samples were collected in total between 2015–2018 and were analyzed for autotrophic and heterotrophic prokaryotic (bacteria and archaea) abundance and for bulk concentration (total digestion) of select trace metals (Al, Pb, and Cu). Concurrent air mass back trajectories arriving at 10 m altitude were also computed using the HYSPLIT model [19] and compared to the prokaryotes reads. Additional air-mass backward trajectory simulations arriving at 100, 250, and 500 m altitudes were also run and compared to the 10 m maps, with no significant differences (not shown). The GDAS 0.5-degree meteorology data was used to run the backward trajectories using a vertical velocity motion. Aerosol/dust origin was then classified to either terrestrial or marine origin based on the time (hours) the particles (and air masses) spent over the different media.



Trace metals concentration—Suspended particles were collected in parallel to airborne microbes (Figure 1) on acid-clean (HCl, 10%) and pre-weighted Whatman 41 filters using a second high-volume sampler as described in Herut et al. (2001). After collection, the Whatman 41 filters were dried in a desiccator for 24 h before being reweighed. Trace metals (Al, Cu, and Pb) were measured after total digestion with hydrogen fluoride (HF) following the procedure of ASTM (1983) as described in Herut et al [20]. The concentrations were measured on an atomic absorption spectrometer Agilent 280FS AA and graphite furnace Agilent 240Z AA. Dry deposition rates were calculated based on total Al concentration of the collected aerosol, a settling velocity of 1.8 cm s−1 [21], and the particles’ weights collected on the filter for the volume pumped during the collection time.



Airborne prokaryotes abundance—Collected material from filters was re-suspended in 3 mL of filtered seawater (0.2 µm) from the study site and sonicated (Symphony) for 1 min. The filtered seawater was then preserved with microscopy-grade glutaraldehyde solution (Sigma-Aldrich G7651, final concentration 0.2%) and frozen in liquid nitrogen before being transferred to −80 °C. Before analyses, samples were defrosted in a 37 °C water bath, well mixed for 30 s, and 100 µL aliquot was stained with SYTO9 (1:105v:v) for 10 min in the dark. Cell counts in the samples were determined using an Attune® Acoustic Focusing Flow Cytometer (Applied Biosystems) equipped with 488 and 405-nm lasers at 25 µL min−1 using a discrimination threshold of green fluorescence and forward-scatter. Cyanobacterial abundance was determined on non-stained samples at 100 µL min−1 with taxonomic discrimination set on the orange and red fluorescence, on side-scatter and on forward-scatter [22,23]. Beads (0.93 µm, Polysciences) were used as a size standard. Three filters in each event (out of total 4 collected) were used for bacterial abundance measurements and 1 filter served as a negative control where no air was pumped through it. Further, the reads retrieved from the filtered seawater (<10% of total events) were also used as a negative control and were subtracted from the total cell reads.



Statistical analyses—All statistical analyses were performed using the XLSTAT software (a Microsoft Excel add-in product). Pearson regression correlation analyses were carried out at p-value < 0.05. A Shapiro-Wilk normality test (Gaussian distribution) was conducted to make sure the data is normally distributed before running the parametric test. The differences in airborne microbes between sites/studies were evaluated using a one-way analysis of variance (ANOVA), followed by a Fisher Least Significant Difference (LSD) multiple comparison post-hoc test with a confidence level of 95% (α = 0.05).




3. Results and Discussion


Mean daily dust deposition to the Southeastern Mediterranean Sea waters ranged from ~0.01–0.2 g m−2 based on Al concentration and using an average Al to total mineral dust of 7%, and a settling velocity of 1.8 cm s−1 [21]. These values concur with previous studies showing that areas close to desert sources, such as the SE Mediterranean, receive 1–50 g dust m−2 year−1 [2,24]. Three-day backward trajectories were calculated for each sample with transects arriving at 10 m (Figure 2). These trajectories show varying origin locations, routes, distances, altitudes, and distributed to the following sectors: Europe (Northwest, 39% of all events), the Sahara Desert (Southwest, 37%), the Arabian Peninsula (Southeast, 12%) and Iraq/Syria (Northeast, 12%). In 16 events (47% of all events investigated in this study) a marine air-mass route was observed prior dust/aerosol collection, whereas in the other 18 events (53%) the trajectories exhibited a terrestrial route. Previous studies showed that the dust/aerosol’s atmospheric route has a significant effect on the number of prokaryotic microorganisms in the sample [9], as well as on the microbial diversity of the aerosol particle source [9,14,25,26]. Furthermore, the atmospheric route and conditions during transport (humidity, cloud cover, acidity) may affect the in-situ responses triggered in the surface oceans post-deposition. For example, addition of polluted aerosol particles resulted in a larger/stronger “biological” response than with Saharan dust particles in a mesocosm experiment at the Eastern Mediterranean waters [3,27,28], likely due to the higher solubility of macro and micronutrients of this source [29]. Thus, trajectories are an important factor to consider when assessing the transport and biogeography of airborne microbes [25], as well as the corresponding activity/functions (viability, metabolic functions, etc.) of the associated microbial community [7,9,10,30,31].



Our measurements show that heterotrophic and autotrophic (cyanobacteria) airborne prokaryotes were abundant throughout the study period (2015–2018, Figure 3). Heterotrophic prokaryotic microorganisms ranged from 188–30,601 cells m−3 air (Figure 3A), in accordance with measurements taken throughout the Atlantic [12,32], Pacific and Indian oceans [12], and the Sea of Japan [33], yet lower by an order of magnitude than recently reported in the central Red Sea [34] (Figure 4). The variability in the prokaryotic cell abundances may be attributed to the distance from nearby shore/land [12], the atmospheric route (i.e., height, duration), the concentration of dust/aerosol, as well as to differences in methodology of aerosol collection and procedure for assessing cell numbers (i.e., microscopy, qPCR, culture-based methods) [12,33,35]. Further, different meteorological conditions such as wind speed, humidity, and atmospheric pH may also affect airborne microbial community structure [36,37].



Airborne cyanobacterial abundance was usually lower than the abundance of heterotrophic microbes (t-test, p < 0.01), and ranged from 163–7575 cells m−3 (Figure 3A), as has been reported from pollen traps in Southwest Spain [38]. The occasional peaks in airborne microbial abundances were linearly correlated to the concentration of dust (as estimated using Al) (Figure 3C, Pearson correlation, p < 0.05), while seasonal variations in airborne microorganism’s abundance were not statistically significant (ANOVA, p = 0.27, Figure 3A). This is opposing to some previous studies showing that air temperature may affect airborne bacterial community composition [39,40,41]. However, monitoring of airborne bacteria in the Sea of Japan also showed a 10-fold higher abundance associated with severe Asian dust events than in “typical” (non-dusty) days, while seasonal variations were not observed [33]. The higher microbial abundance associated with mineral dust content may be attributed to the shielding and protection of microbes associated with soil particles from UV radiation in the atmosphere and the higher humidity around the particles due to water adsorption [17,42]. The lack of apparent seasonality and the positive correlation between dust/aerosols concentrations and airborne microbial abundance highlight the “episodic nature” of intense dust/aerosol events that inject airborne microbes into the surface oceans. Such episodic “pulses” can transport indigenous microbial communities such as Methylobacterium, Pseudomonas, and Enterobacteriales downwind of the sources areas, as described for the Gobi Desert region [33]. These data suggest that desert dust may contribute to the migration of prokaryotic microbes on a global scale (trans-oceanic, trans-continental), thus being an important source of microbial diversity in the earth’s ecosystem and may explain the global distribution of some microbial organisms throughout the worlds’ ocean. We hypothesize that such organisms may be those that are more abundant in aerosol and have a higher survival rate during transport. A more detailed comparison between airborne microbial diversity/viability and microbes that are cosmopolitan in water bodies will substantiate (or refute) this hypothesis.



The averaged ratio between heterotrophic and autotrophic prokaryotes in marine-origin trajectory events was ~1.7 ± 0.6 (median = 1.7), regardless of the date of sampling and the overall airborne cell concentration (Figure 3B). On the contrary, the averaged ratio between heterotrophic and autotrophic prokaryotes when terrestrial-origin events occurred was significantly larger (6.8 ± 6.1) and more variable (~1–18, median = 4.4, t-test, p = 0.02) (Figure 3B). Airborne cyanobacteria (and other eukaryotic algae) originate primarily from seawater (e.g., aerosolized by waves action and sea-foam) and to a lesser extent from soil surfaces, tree barks, rocks etc. [43]. Thus, it is not surprising that marine-originating trajectories carried relatively more cyanobacteria than terrestrial, resulting in the observed different heterotrophic to autotrophic prokaryotes ratio (Figure 3B). Further, the heterotrophic/cyanobacterial ratio in dust/aerosol samples arriving from the Southeast (Saudi Arabia, terrestrial origin) was higher than in events originating from other terrestrial trajectories that were closer to the Mediterranean Sea (Figure 3D). This is consistent with the notion that most of the airborne cyanobacteria in our samples had a marine origin.



Interestingly, while the ratio between heterotrophic microbes and cyanobacteria at the surface SE Mediterranean Sea is usually ~10:1 [44,45,46], airborne ratios were usually lower (median < 5:1, both for marine and terrestrial origins, Figure 3B). This difference may suggest that cyanobacteria are more efficiently aerosolized and/or that they better survive during transport in the air than heterotrophic microorganisms. It is possible that this is because cyanobacteria tend to be free living in seawater while heterotrophic bacteria are preferentially associated with larger marine particles and aggregates [47,48,49]. Moreover, many algal and cyanobacteria species have dormant life-stages which enable them to survive harsh conditions such as those found in the atmosphere [50,51]. Indeed, it has already been shown in the early 1960s that wind can transfer algal cysts which can become viable once deposited in sterile water [52]. It is to be noted, though, that some heterotrophic bacteria can also form spores or have the genetic machinery to tolerate the harsh atmospheric conditions. For example, Firmicutes sp., which are often found in dust samples [4,9,53], can form spores to facilitate atmospheric survival [33]. Thus, the viability and survival of airborne microorganisms (both autotrophic and heterotrophic) faced with the multi stressors often found in the atmosphere depends on their genetic capabilities to regulate protective proteins [54], their abundance in the source particles [17,55], their association with aerosol particle surfaces during transport, the aerosol’s size spectrum, as well as climatic and meteorological conditions that determine the humidity and UV exposure during transport [17,42].



The anthropogenic fraction in aerosols is enriched in dust after passing over populated and industrialized urban areas such as Europe [3,56]. Previous studies in the East Mediterranean demonstrated that the anthropogenic components in aerosols are enriched in trace metals (e.g., Cd, Pb, Zn, Cu) relative to Al [57,58], as well as in nitrogen and phosphorus compounds derived from combustion and/or agricultural sources [3,59,60]. Once these trace metals are deposited in seawater they can either relieve nutrients limitation for phytoplankton/bacteria in the surface water [61,62,63], or cause the opposite response by toxifying specific microbial populations [64,65]. Here, we found a reverse exponential relationship between Pb/Al or Cu/Al (as indicators for anthropogenic fraction and other metals toxicity) and the number of airborne prokaryotes in our samples (Figure 5). While it is unlikely that airborne microbes are active during atmospheric transport, previous studies demonstrated that once deposited in sea/lake water some of them become viable [7,9,10,30]. We postulate that viable airborne microorganisms attached to aerosol particles with relatively high anthropogenic fraction (e.g., Pb/Al or Cu/Al) may be more likely to experience toxic levels of trace metals upon transport and deposition—even more than the ambient microbial populations (i.e., [64,65]), as many of them are attached to the aerosol particles. Thus, assuming dust events will become more frequent in the future [24], increasing the removal of anthropogenic aerosols during transport, airborne microbes may become less viable upon deposition in water bodies. Alternatively, this association may provide ecological survival advantages to specific microbial populations who are less susceptible to trace metals toxicity, thus impacting microbial diversity. Therefore, trace metals such as Pb and Cu may act as important selective agents for the successful dispersal and establishment of airborne microbes in sea/lake water.




4. Conclusions


We show that airborne microbes are common over the SE Mediterranean Sea throughout the year and that their abundance in air is mostly affected by their source and atmospheric route prior to deposition, as well as the concentration of dust/aerosols in the air. Yet, the mechanisms involved in the dispersal, activity, and diversity of airborne microorganisms remain to be studied. Such efforts should include standardization in collection protocols (i.e., instrumentation) and consistent methods for quantifying airborne microbes’ abundances and diversity (i.e., microscopy, qPCR, different culturing techniques). Applying metagenomics approaches as well as evaluating the mechanisms that allow for their survival during transport and after deposition would increase our understanding of the biodiversity of microbes in the air and after deposition on land and in the ocean with their dispersal and relevance to biogeography. Given the pivotal role of airborne microbes, especially in marine areas close to deserts, we stress that future models should consider the contribution of the biological component in aerosols/dust to marine biogeochemistry.
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Figure 1. A schematic illustration of the custom-made air volume sampler used to collect dust and corresponding airborne microbes on the rooftop of the IOLR (~20 m above sea level) between 2015–2018. Dust/aerosol particles in the air were vacuum pumped at ~40 m3 h−1 for 7–63 h onto sterile 47 mm polycarbonate filters. 
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Figure 2. (A) Backward trajectories calculated with NOAA HYSPLIT model arriving at 10 m altitude to Tel-Shikmona, Haifa (SE Mediterranean coast) between 2015–2018 (n = 34). (B) A summary of the main trajectories computed/calcified based on the route prior collection; marine (blue) and terrestrial (brown). 
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Figure 3. (A) Temporal variability of dust-associated airborne heterotrophic (white) and autotrophic (green) bacteria between 2015–2018 at the SE Mediterranean coast. Values presented are the averages and corresponding standard deviation in each time point (n = 3). (B) The relationship between autotrophic and heterotrophic airborne prokaryotes based on air-mass back trajectories. The dashed red line signifies the “typical” heterotrophic to autotrophic prokaryotic ratio in the SE Mediterranean seawater. (C) The relationship between Al concentration and airborne heterotrophic (white) and autotrophic (green) bacteria (Pearson linear regression, p < 0.05). (D) The relationship between autotrophic and heterotrophic airborne prokaryotes based on the main backward trajectory prior dust/aerosols collection. The horizontal line within the box represents the median value. The letters above the box-plots represent significant differences (ANOVA, p < 0.05) for mean values between sampling sites. 
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Figure 4. Compilation of airborne prokaryotes abundance over the oceans. Data was compiled from References [12,32,33,34] and this study. Box-Whisker plots show the interquartile range (25th–75th percentile) of the data set. The horizontal line within the box represents the median value. The letters above the box-plots represent significant differences (ANOVA, p < 0.05) for mean values between sampling sites. 
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Figure 5. The relationship between the Pb/Al (A,B) and Cu/Al (C,D) ratios and heterotrophic prokaryotes (A,C) and autotrophic prokaryotes (B,D) abundance. 
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