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Abstract: The marine cyanobacterium Prochlorococcus is a dominant photoautotroph in many
oligotrophic Low-Nutrients-Low-Chlorophyll (LNLC) regions. While the chemical impact of aerosols
upon interaction with surface seawater was documented in numerous studies, we show that
Prochlorococcus cells are affected also by bio-aerosols (potentially biological agents in the dust/aerosols
such as membrane-bound extracellular vesicles, small-size bacteria and/or viruses), resulting in lower
surface seawater abundances in the oligotrophic Mediterranean Sea. We conducted experimental
amendments of ‘live’ aerosol/dust particles and aerosol filtrates (<0.22-µm) to surface Southeastern
Mediterranean seawater or to pure Prochlorococcus cultures (MED4). Results show a significant decline
in cell biomass (<90%), while UV-sterilized aerosols elicited a much weaker and non-significant
response (~10%). We suggest that the difference is due to a negative effect of bio-aerosols specific to
Prochlorococcus. Accordingly, the dominance of Synechococcus over Prochlorococcus throughout the
surface Mediterranean Sea (observed mainly in spring when atmospheric aerosol levels are relatively
high) and the lack of spatial westward gradient in Prochlorococcus biomass as typically observed
for chlorophyll-a or other cyanobacteria may be attributed, at least to some extent, to the impact of
bio-aerosol deposition across the basin. Predictions for enhanced desertification and increased dust
emissions may intensify the transport and potential impact of bio-aerosols in LNLC marine systems.
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1. Introduction

Marine cyanobacteria of the genus Prochlorococcus comprise a large fraction of the photoautotrophic
biomass and are major contributors to gross primary production in many oligotrophic Low Nutrients
Low Chlorophyll (LNLC) regions [1–3]. One of the major controls on the spatiotemporal distribution
of cyanobacteria such as Prochlorococcus, especially in oligotrophic systems, is viral infection [4] and/or
bacterial vesicles [5]. Viral lysis accounts for >50% of the total cyanobacterial cell loss in the oligotrophic
subtropical northeastern Atlantic [6] and Prochlorococcus vesicles can support the growth of heterotrophic
bacteria, which have been shown to contribute to virulence [7] and cellular defense mechanisms [8].
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Another important constraint on Prochlorococcus biomass is nutrient bioavailability [9,10]. Several
experimental and modelling studies demonstrated that the supply of nutrients and trace metals
via atmospheric deposition may increase the biomass and carbon fixation rates of marine primary
producers, including cyanobacteria, thus playing a significant role in the nutrition and ecology of LNLC
regions [11,12]. Other studies, however, reported specific reduction in Prochlorococcus activity/biomass
following aerosol amendment in the tropical Northeast Atlantic Ocean, the Western Atlantic, the Pacific
Ocean, the Red Sea and the Southeast Mediterranean Sea [13–17]. These trends were attributed to the
potential release of toxic levels of trace metals from the aerosols [18].

In addition to micro- and macronutrients, aerosols also deliver airborne microbes including
bacteria, archaea, fungi and viruses [19–25], some of which remain viable during transport and
post-deposition [26]. Sea-spray and viral aerosolization [27], as well as material transport from land
(e.g., mineral dust) [22], are typical sources of bio-aerosols found over the ocean. We hypothesized
that aerosols constitute a transport vector for bacteria, vesicles and viruses and may therefore play
an important ecological role, especially in oligotrophic marine provinces where the standing stock of
biomass is low. Such regions consist ~60% of the global ocean surface area [11].

Here, we use enrichment microcosm experiments to show that airborne biological agents such as
membrane-bound extracellular vesicles, small-size bacteria (<0.22µm) and/or viruses (hereafter referred
to as bio-aerosols), along with airborne soluble chemical constituents, negatively affect Prochlorococcus
abundance. We further suggest that the relatively high mineral-aerosol content in the atmosphere above
the Mediterranean basin may explain the overall low and homogenous Prochlorococcus abundance
in surface water throughout the basin. This is in contrast to the typical east–west increase in total
phytoplankton (e.g., chlorophyll-a) or other cyanobacteria (i.e., Synechococcus) which are responding to
nutrient availability and are less affected by the aerosols [28].

2. Material and Methods

2.1. Aerosol Collection

Dry deposition of total suspended particles (TSP) which includes mineral dust and anthropogenic
constituents was collected on 15 February, 2015, during a major dust storm event using a pre-cleaned
glass deposition plate located on the Israel Oceanographic & Limnological Research institute (ILOR)
roof 20 meters from the coast (Latitude 32.28 N, Longitude 34.95 E). Aerosols were removed from
the plate using a clean plastic knife, transferred into pre-washed (10% hydrochloric acid) sterile
2 mL plastic tubes and stored at −20 ◦C until further analyses. In addition, TSP were collected daily
(every 24 h) by a high-volume sampler (Eco-tech High Volume Sampler, 60 m3 h−1) at different sites
across the Mediterranean basin onboard the research vessel METEOR (cruise number M84/3) using
pre-weighted and acid-washed Whatman 41-filters (high-quality cotton linters, GE Healthcare) during
April 2011 (Longitude ~34.05 E to Longitude 5.38 W, total of 21 filters). The filters were stored in
−20 ◦C until analyses [24]. Three-day back trajectories arriving at 100, 250 and 500 m altitude levels
were calculated using the HYSPLIT model from the Air-Resources Laboratory, NOAA (Figure S1).
Bulk Aluminum (Al) concentrations were measured after filter digestions [29] by an Agilent 280FS AA
atomic adsorption spectrometer.

Aerosols collected in the Southeastern Mediterranean Sea during a dust storm event that originated
in the Saharan Desert and had a prolonged marine transport prior to deposition (~3 days) were used in
a bioassay incubation experiment (Figure S1). Based on the Al concentration of the collected aerosol
(7.6% dry weight), a settling velocity of 1.8 cm s−1 [30], and the aerosol’s weight normalized to the
collection filter area and air volume pumped (1.40 mg dust m−3 air), we calculated that ~0.2 mg L−1

of dust was deposited in the upper 1 m mixed layer during this event. Previous nutrient leaching
measurements of Saharan desert aerosol samples collected at our study site contained ~20 nmol NOx
and ~2 nmol PO4 per mg dust (i.e., [31,32]). While leached nutrients were not measured for the aerosol
particles collected in February 2015 (which were used in the microcosm experiments), we expect that
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the aerosol had overall similar chemical characteristics. Therefore, the addition of 1.5 mg L−1 likely
resulted in a net increase of ~30 nM NOx and ~3 nM PO4. Given the ultra-oligotrophic characteristics
of the Southeastern Mediterranean Sea [33–35], such external nutrient addition from aerosol is expected
to increase the microbial activity and biomass [31,36,37].

2.2. Aerosol Re-Analysis Product

The aerosol optical depth (AOD) data was calculated from the Navy Aerosol Analysis and
Prediction System (NAAPS) global model using 1 × 1 degree and 6-hourly 550 nm re-analyses as
described in Lynch and co-authors [38].

2.3. Bioassay Experiments of Aerosol Additions to Seawater

Aerosol enrichment microcosm experiment was carried out in triplicate 1-L Nalgene bottles using
surface seawater collected in a coastal site in the Southeast Mediterranean Sea. The main objective of the
experiments was to examine whether pico-phytoplankton abundance changes with the addition of the
collected aerosol and to compare the response to UV-treated aerosols to assess the effect of the biological
component of the aerosols. We also investigated the dose-dependence of the response. Aerosols
collected on 15 February, 2015, were added at different concentrations (0.2–3.0 mg L−1) to Mediterranean
coastal surface seawater (~0.5 m, Latitude 32.84 N, Longitude 34.95 E) and the microcosm bottles
were placed in a seawater flow-through tank (~3 m3) to maintain ambient temperature and light
for 48 h. Parallel, a UV-killed treatment of the same aerosol was also added to coastal seawater to
eliminate airborne microbes (Figure S2), and therefore any change observed in cells abundance is
mainly attributed to the non-biological properties of the aerosol (e.g., leached trace metals). Although
the particle load of dust/aerosols, especially during large storms, can attenuate UV by more than
50% and shelter the airborne biological components against UV damage [39], our UV treatment is
prolonged and intense, ensuring a significant decline in any biological component associated with
the dust/aerosol (Figure S2 and see [17,23,32]). It is to be noted, though, that the UV treatment may
cause some alterations in the aerosol chemistry, namely the breakdown of organics, redox chemistry of
metals, destruction of metal-binding ligands, and changes in the molecular form of nutrients. In order
to test if the UV treatment we used induced any chemical alterations, we run an experiment comparing
the changes in Prochlorococcus abundance when using a gamma-ray aerosol treatment vs. UV aerosol
treatment vs. autoclave (the gamma-ray treatment should not have any effect on aerosol chemistry).
Our results show that both the UV- and gamma-treated aerosols induced a similar response, namely,
the same trends in Prochlorococcus abundance were observed following their addition (Figure 1).
This is in contrast to using autoclave sterilization that likely changed carbon chemistry/availability
of different molecules and therefore may ‘artificially’ affect Prochlorococcus cells resulting in skewed
trends. Therefore, while it is possible that the changes observed in Prochlorococcus abundance following
UV-killed aerosol addition may be partly triggered by chemical modification to the aerosol particles
due to the UV radiation, these changes are likely minimal.

Subsamples from each treatment were taken from the microcosm bottles at 0, 3, 6, 12, 36 and
49 h post addition for picophytoplankton abundance measurements using flow-cytometry. Blank
treatments contained only seawater without any aerosol amendment were also included. The plain
non UV-treated aerosols added leached nutrients, trace-metals and airborne microbes (prokaryotes,
fungi, eukaryotic algae and viruses) that are associate with the particles to the seawater, whereas in the
UV-treated aerosols (referred to as ‘UV-killed’ herein) the airborne microbes were damaged by the
UV light, hence only leached nutrients and trace-metals were added [23]. The difference between the
two treatments (‘live aerosol’ vs. ‘killed aerosol’), therefore, represents the contribution of airborne
microbes. The net contribution of airborne microbes was calculated as follows:

Net airborne contribution (%) =
(L−K)

K
× 100
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where ‘L’ stands for the changes recorded in Prochlorococcus abundance following ‘live aerosols’ addition
compared with the unamended control, and ‘K’ stands for the changes found post ‘UV-killed’ aerosol
addition relative to the control.
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the aerosols affect Prochlorococcus MED4 abundance. To this end, the same aerosol collected in 
February 2015 was used and the following experimental setup was carried out (Figure 2): [1] No 
addition (i.e., only cultured Prochlorococcus MED4 cells); [2] 1.5 mg L−1 ‘live’ aerosol addition 
(containing nutrients and airborne microbes and other biological agents); and [3] 1.5 mg L−1 UV-killed 
aerosol addition (containing only chemical constitutes, cell and viral debris). The bottles were 
incubated for 24 h under low light conditions (~50 µmol quanta m−2 sec−1, LI-COR LI-250A, 12:12 h 
dark:light) in a temperature-controlled room (20 °C). At the conclusion of the experiment, each bottle 
was filtered using a sterile 0.22-µm filter (Millex GV) and the filtrate (dissolved fraction which 

Figure 1. The effect of different aerosol’s sterilization approaches on Prochlorococcus abundance.
(A) Changes in the abundance of Prochlorococcus following ~0.8 mg L−1 aerosol addition; (B) The net
% change relative to the unamended controls. The letters above the column represents the statistical
differences between treatments (Analysis of variance (ANOVA), p < 0.05, n = 3).

2.4. Aerosol Filtrate Addition to Prochlorococcus MED4 Cultures

Two independent experiments of filtrate additions to Prochlorococcus cultures of axenic MED4 cells
grown in Pro99 media (initial abundance of ~2 × 105 cells mL−1 in all bottles) [40] were carried out:
one in April and the other in June 2017. The results presented are the average of these experiments.
The aim of these experiments was to examine if and how small-scale biological agents leached from the
aerosols affect Prochlorococcus MED4 abundance. To this end, the same aerosol collected in February
2015 was used and the following experimental setup was carried out (Figure 2): [1] No addition
(i.e., only cultured Prochlorococcus MED4 cells); [2] 1.5 mg L−1 ‘live’ aerosol addition (containing
nutrients and airborne microbes and other biological agents); and [3] 1.5 mg L−1 UV-killed aerosol
addition (containing only chemical constitutes, cell and viral debris). The bottles were incubated for
24 h under low light conditions (~50 µmol quanta m−2 s−1, LI-COR LI-250A, 12:12 h dark:light) in a
temperature-controlled room (20 ◦C). At the conclusion of the experiment, each bottle was filtered using
a sterile 0.22-µm filter (Millex GV) and the filtrate (dissolved fraction which includes the <0.22-µm
particles potentially including viruses and other sub-micron biological agents) was collected and
transferred to a fresh Prochlorococcus MED4 culture at a 1:9 filtrate to media ratio (v:v). The bottles
(containing fresh cultures + relevant filtrate) were incubated for additional 24 h under the same
conditions described above. Prochlorococcus abundance was quantified using flow-cytometry at the
start and conclusion of each experiment. We postulated that any response observed following the
addition of the ‘live’ filtrate may be attributed to the chemical components in the aerosol filtrate (e.g., N,
P), as well as biological airborne agents such as viruses, extracellular vesicles and/or small-sized bacteria
(<0.22-µm). In contrast, a similar addition with the ‘UV-killed’ dust filtrate (instead of ‘live-dust’
filtrate) will only induce a response related to the chemical components of the added aerosol filtrate on
Prochlorococcus MED4 abundance.
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2.5. Picophytoplankton Abundance and Characterization 

Seawater/culture samples (1.8 mL) were fixed with ultra-pure glutaraldehyde (Sigma-Aldrich 
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Figure 2. An illustration showing the experimental design with Prochlorococcus MED4 cultures.
The following treatments were carried out in triplicates: [1] No addition (control); [2] Addition of
1.5 mg L−1 aerosol (orange dots); and [3] Addition of 1.5 mg L−1 UV-killed aerosol (orange dots with
black outline). The bottles were incubated for 24 h under controlled light and temperature. At the
conclusion of the experiment, each bottle was filtered through a 0.22-µm filter and 10 mL of the
filtrate was transferred to 90 mL of fresh Prochlorococcus MED4 culture. The bottles were incubated
for additional 24 h under the same conditions. Prochlorococcus abundance was quantified using
flow-cytometry at the start and conclusion of each experiment.

2.5. Picophytoplankton Abundance and Characterization

Seawater/culture samples (1.8 mL) were fixed with ultra-pure glutaraldehyde (Sigma-Aldrich
G7651, flow-cytometry grade, final concentration 0.02%) and run in an Attune®Acoustic Focusing Flow
Cytometer (Applied Biosystems) equipped with 488- and 405-nm lasers to determine picophytoplankton
abundance [41]. Taxonomic discrimination was based on orange fluorescence of phycoerythrin
(cyanobacteria), red fluorescence (chlorophyll-a), side scatter, and forward scatter [42]. Beads (0.93 µm,
Polysciences) were used for size standardization.

2.6. Transmission Electron Microscopy (TEM) of Bio-Aerosol Particles

Representative samples of the Prochlorococcus cultures were fixed with glutaraldehyde-
formaldehyde solution and embedded in epoxy resin after dehydration. Ultrathin (50–70 nm)
sections were cut from the resin (10 from each treatment), collected onto copper grids (300-nm mesh),
and stained with uranyl for TEM observations. The grids were examined under a Carl Zeiss SMT
LIBRA 120 PLUS operated at 120kV and for analytical electron microscopy (AEM) under a FEI TITAN
G2 60–300 microscope (FEI, USA) with a high brightness electron gun (X-FEG) operated at 300kV and
equipped with a SUPER-X silicon-drift windowless EDX detector (at CIC, University of Granada).
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3. Results

3.1. Effects of Aerosol Filtrate on Prochlorococcus MED4 Cultures

The ‘UV-killed aerosol’ treatment represents the response to aerosol derived soluble nutrients,
trace metals and cell and viral debris, while the ‘live aerosol’ treatment includes both the chemical
constitutes and airborne microorganisms and other biological agents such as viruses and cell vesicles
(Figure S2). Both aerosol amendments resulted in a decrease in cell density; however, in the ‘live aerosol’
treatment the decrease was of ~33% relative to the non-amended control (ANOVA, p < 0.05), while the
‘UV-killed aerosol’ treatment resulted in a non-significant decrease of ~12% relative to the non-amended
control (ANOVA, p > 0.05) (Figure 3A,B). The ‘UV-killed aerosol’ filtrate addition did not induce
significant change in Prochlorococcus cells’ abundance (ANOVA, p > 0.05), while the ‘live aerosol’ filtrate
addition resulted in a significant decrease (32%) in Prochlorococcus abundance (ANOVA, p > 0.01)
(Figure 3A,B). Transmission electron microscopy (TEM) images of the Prochlorococcus cells from these
cultures showed icosahedra-shape bacteriophages present in the aerosol particles and infected cells
seen only in the ‘live aerosol’ bioassay, while no infected cells were observed in the ‘UV-killed aerosol’
or the non-amended control treatments (Figure 4). However, we cannot rule out that other small-sized
cellular biological agents such as membrane-bound extracellular vesicles or small-sized bacteria (i.e.,
Pelagibacter) may have also affected the trends observed (see discussion below).
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Figure 3. The effect of ‘live’ or ‘UV-killed’ aerosol addition on Prochlorococcus MED4 abundance.
(A) Changes in the abundance of Prochlorococcus MED4 cultures following 1.5 mg L−1 aerosol addition
(24 h post addition of aerosol or aerosol’s filtrate); (B) The net % change relative to the unamended
controls. Striped columns represent the addition of filtered (0.22 µm) culture (‘control’, ‘live aerosol’
or ’UV-killed aerosol’) to fresh Prochlorococcus culture (10% filtrate and 90% fresh culture). The letters
above the column represents the statistical differences between treatments (ANOVA, p < 0.05, n = 3–6).
* p < 0.05, ** p < 0.01.
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Figure 4. Transmission electron microscopy images showing icosahedral shape structure and/or vesicles
embedded within a Prochlorococcus MED4 cell following aerosol addition. Note we did not observe
infected cells in the ‘UV-killed aerosol’ or the non-amended control treatments.

3.2. Dose-Dependent Aerosol Addition to Coastal Seawater Pico-Phytoplankyton Populations

A similar deleterious effect on Prochlorococcus cells following aerosol amendment to coastal
Southeastern Mediterranean Sea surface water was observed (Figure 5). Prochlorococcus abundances
declined dramatically over 48 h following a concentration-gradient from low (0.2 mg L−1) to high
(3.0 mg L−1) aerosol additions, while Synechococcus and picoeukaryotes abundance were overall less
affected (Figure 5). The decrease in Prochlorococcus was dose-dependent, ranging from 25% reduction
in cells following the low aerosol addition (0.2 mg L−1) and up to 70% reduction in cells abundance
following high aerosol addition (3.0 mg L−1). These effects were significantly reduced once the
aerosol sample was treated with prolonged and intense UV-radiation before addition to damage the
‘biological component’ in the aerosol, with only 20% decrease in abundance for the high ‘UV-killed
aerosol’ addition (Figure 5). Contrary, Synechococcus and picoeukaryotes were similarly affected as in
the ‘live-dust’ addition (Figure 5). We postulate that airborne component/s within the aerosol used,
presumably viruses, small-sized bacteria and/or membrane vesicles, accounted for up to 90% of the
change recorded in ‘live aerosol’ additions (Figure 5C, calculated as the net difference between the
‘live’ and ‘killed’ aerosols divided by the overall change recorded post ‘live’ aerosol addition). These
results are in agreement with field observations in the same area [14], as well as in other oceanic
systems [13,15–17].
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Figure 5. A dose-dependent response of ‘live’ or ‘UV-killed’ aerosol addition on Prochlorococcus (A–C),
Synechococcus (D–F) and picoeukaryotes (G–I) abundances in samples collected in the SE Mediterranean
Sea following ‘live aerosol’ (A,D,G) or ‘UV-killed aerosol’ (B,E,H) addition; and the net contribution of
airborne microbes to the overall response (C,F,I). The different colors represent the concentrations of
dust added to the seawater: 0.2 mg L−1 (gray), 0.5 mg L−1 (red), 1.5 mg L−1 (green), 3 mg L−1 (yellow)
and no addition (white). * p < 0.05, ** p < 0.01 (n = 3).

3.3. The Relationship between Aerosol Deposition and Surface Cyanobacterial Populations across the
Mediterranean Sea during Spring

In addition to the microcosm experiments detailed above, we also examined if and how natural
Prochlorococcus (as well as Synechococcus and total phytoplankton biomass) at the surface Mediterranean
Sea may be affected/unaffected by aerosols. Aerosol and surface water samples collected during the
spring throughout the Mediterranean Sea show a high concentration of aluminum and ‘aerosol
optical depth’ (AOD) (Figure 6A) compared to open ocean settings like the North and South
Atlantic (P < 0.05) [43]. The AOD and aluminum levels were linearly and positively correlated
(R = 0.59, p = 0.006, n = 21), suggesting a high contribution of desert-dust aerosols [29,31]. In general,
surface-water in-situ Prochlorococcus abundances are low in the Mediterranean water compared to
the North and Tropical Atlantic Ocean [1] and shows no spatial trend within the basin (Figure 6B,
R = −0.28, p = 0.62). This is in contrast to the east–west cross-basin gradient of increased abundance of
Synechococcus (Figure 6C, R = −0.74, p < 0.01) and chlorophyll-a concentrations (Figure 6D, R = 0.79,
p < 0.01) westward [28]. We surmise that the sensitivity of Prochlorococcus to airborne biological agents
such as viruses or vesicles we observed in our bioassay experiments may explain the relatively low
surface water abundance of Prochlorococcus throughout the Mediterranean basin and the absence of an
east–west gradient in their abundance, especially during springtime when atmospheric aerosol levels
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are relatively high [29]. The lack of the expected fertilization effect of aerosol addition on Prochlorococcus
was also demonstrated in other onboard microcosm experiments from the offshore waters of the
Levantine basin (Eastern Mediterranean Sea) [14], highlighting the negative impact (40–50% reduction
in cell abundance) of atmospheric aerosols on ambient Prochlorococcus populations (Figure 6E,F).
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Figure 6. Longitudinal dispersal of Saharan dust and ultra-phytoplankton along the Mediterranean
Sea. (A) Spatial distribution of Aerosol Optical Depth at 550 nm and Al concentration (compiled
from [24]). The striped area represents the ‘typical’ Al background in the North and South Atlantic with
no dust storm episodes [43]. The climatological global average AOD over the ocean (excluding polar
regions) is ~0.12 [38]. (B) Surface (~5 m) Prochlorococcus abundance along the ship track throughout
the Mediterranean Sea during April 2011 [28]. The striped area represents the ‘typical’ Prochlorococcus
abundance in the surface (0–45 m) of the North and Tropical Atlantic [1]. (C) Surface (~5 m) Synechococcus
abundance [28]; and (D) Surface (~5 m) chlorophyll-a biomass [28]. (E) The relationship between
Prochlorococcus and aerosol dry deposition. Prochlorococcus data was compiled from [13–17,28,44]
and this study. (F) The corresponding % change in Prochlorococcus abundance to aerosol addition
(Herut et al., 2005; Chung et al., 2011 and this study). The black lines in panels A, C, D, and F show the
linear relationship between variables.
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4. Discussion

Marine photosynthesis in LNLC oceans is dominated by single-cell cyanobacteria,
where Prochlorococcus is usually one of the most abundant taxa [1,2]. Our results suggest that
surface-water Prochlorococcus biomass may be top-down regulated by viruses or other dust-borne
biological agents such as extracellular vesicles associated with atmospheric aerosols either as free
viruses/vesicles or within infected airborne Prochlorococcus cells, in addition to their role as sources of
limiting nutrients (e.g., N, P and Fe) [11,29,45]. Vesicles are small-sized (~20 to 200 nm in diameter),
spherical, lipid membrane-bound structures, which enable microbes, including Prochlorococcus,
to interact with their surroundings, and are also involved in pathogenesis, virulence, nutrient
acquisition, biofilm formation and cellular defense [46,47]. Vesicles release is believed to be regulated
by stress conditions and other environmental factors [48] and may, therefore, play a significant role
in the ecology of marine microbial ecosystems [5,47]. Biller et al., [5] reported that vesicles contain
a diverse set of proteins, including nutrient transporters and porins that may be used to increase
nutrient uptake in LNLC regions. Prochlorococcus-specific vesicles may act the increase the uptake of
dust-born trace metals by Prochlorococcus cells. Thus, airborne vesicles can indirectly negatively affect
Prochlorococcus through facilitating the increased uptake of toxic-levels of trace metals [18].

Declines in abundances following aerosol additions were previously reported for Prochlorococcus
in the tropical northeast Atlantic [15], the Western Atlantic Ocean [16], the northwest Pacific Ocean, [13],
the northern Red Sea [17] and the offshore waters of the southeastern Mediterranean Sea [14]. These
previous reports attributed the decline in Prochlorococcus abundance solely to toxic quantities of trace
metals (such as Cu) leached from the aerosols [18,49], ignoring potential interactions with airborne
microbes and/or other biological agents. Our results clearly indicate that airborne biological agents
may impose additional negative effects. Based on these results, we hypothesize that Prochlorococcus
abundance in marine oligotrophic provinces may be negatively affected by airborne biological
agents. This ‘biological’ impact can rival the ‘chemical’ effects (i.e., nutrient fertilization or metal
toxicity) on Prochlorococcus abundances (Figures 3 and 5). Similarly, airborne viruses were reported
to terminate an Emiliania huxleyi bloom (coccolithophores, unicellular eukaryotic algae) in the North
Atlantic [27]. Indeed, bacteriophages are abundant in seawater and have been observed in Saharan
top-soils [22,25]—a well-recognized source of aerosols above the Mediterranean Sea [50]. We postulate
that in LNLC areas subjected to relatively high atmospheric dry deposition, where the standing stock
of biomass is low and cyanobacteria are the dominating autotrophic organisms (i.e., Mediterranean Sea,
N Atlantic Ocean, Red Sea) [11], airborne biological agents may play an important ecological role in
controlling the abundance and productivity of selected species. The decrease in Prochlorococcus biomass
following aerosol deposition, while no similar trend was observed for other primary producers such
as Synechococcus and picoeukaryotes (Figure 5, and see [17]), affect the diversity and distribution of
primary producers and may ultimately affect top-down grazing by higher trophic levels [51]. These
ecosystem changes may also impact the rate of carbon flux from the euphotic layer to the deep-aphotic
waters, as species-dependent cell size potentially affects sinking rates [52].

The Mediterranean Sea may serve as a natural laboratory for oligotrophic LNLC marine
provinces impacted by relatively high background levels and intense events of mineral-aerosols
depositions [29,31,53]. We hypothesize that the species-dependent impact of bio-aerosols may explain
the bias in the Prochlorococcus spatial (longitudinal) trend in abundance in the Mediterranean as
compared to Synechococcus and chlorophyll-a (Figure 6 and [28]). In summer, a period in which aerosol
levels were relatively low across the Mediterranean Sea (June–July 2008, the BOUM campaign [54]),
surface Prochlorococcus abundances were higher, and exhibited a weak, yet notable, spatial gradient (i.e.,
higher values in the western basin over the eastern, in accordance with the Mediterranean Sea general
anti-estuarine circulation; [55]). The negative relationship between Prochlorococcus abundance and the
amount of mineral-aerosol concentration added in the bioassay incubations (Figure 6E) suggests that
an aerosol concentration of ~0.6 mg L−1 would result in a 50% decrease in Prochlorococcus abundance
(calculated based on the assumption of the linear correlation equation established in Figure 6F:
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y = 24.5 x − 33.6, where y stand for Prochlorococcus abundance and the x for aerosol concentration,
R = −0.52, p = 0.03). We surmise that airborne viral lysis or vesicles’ effects may regulate the
surface-water Prochlorococcus population across the Mediterranean Sea during seasons with relatively
high aerosol deposition. Our results clearly indicate that bio-aerosols affect, at least to some extent,
primary production in this LNLC system. It is to be noted, though, that some viruses may infect both
Prochlorococcus and Synechococcus [56,57]. Here, however, no such response was observed (Figure 5),
suggesting that only Prochlorococcus-specific viruses/vesicles were delivered with the specific aerosol
sample used in our study. Nevertheless, much remains to be elucidated concerning the potential
contribution of airborne vesicles/viruses on marine bacteria.

5. Conclusions

Aerosol deposition to the surface LNLC oceans is an important source of limiting nutrient to
phytoplankton (e.g., N, P and Fe), yet its in situ consequence on autotrophic and heterotrophic
prokaryotic microorganisms is not always a positive fertilization effect (e.g., cells increase, enhanced
production). Here, we show that airborne viruses or other biological agents such as extracellular
vesicles may play a pivotal role in controlling the abundance and productivity of select cyanobacterial
species. Specifically, we show that the decline in Prochlorococcus abundance often observed in the surface
of the LNLC oceans following dust deposition may be attributed to airborne biological components in
aerosols in addition to the effects of chemical toxicity. This observation differs from previous studies
who hypothesized that this phenomenon is governed solely by toxic quantities of trace metals (such
as Pb or Cu) leached from the aerosols. Further, the literature surveyed in conjunction with our
microcosm results suggests that significant dust storms supplying ~0.6 mg L−1 to the upper mixed
layer may result in a Prochlorococcus cell loss of ~50%, thereby affecting not only autotrophic microbial
composition (e.g., Synechococcus > Prochlorococcus) but potentially also primary productivity rates.

Finally, the impact of atmospheric aerosol deposition will likely become even more important in
the future, as many climate models predict enhanced desertification and reduction in soil humidity,
resulting in larger amounts of mineral aerosols [58] and probably more intense transport of airborne
viruses/vesicles (and other microorganisms). It is suggested to further study the potential ecological
role and cell interactions of bio-aerosols in LNLC marine environments through field (on spatial
scales), laboratory (e.g., virus isolation, viral gene expression, viral half-life under different atmospheric
conditions, different methods to remove/shut down airborne microbial viability than UV light, vesicle
role, etc.) and model simulations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/5/540/s1,
Figure S1: Air mass back trajectories derived from backward trajectories model NOAA/ARL HYSPLIT-4
(www.noaa.gov) showing the course and origin of the aerosol used for the laboratory and field experiments 72 h
prior its collection. The different colors show the altitude of the air masses during transport; 100 m (green), 250 m
(blue) and 500 m (red). More details can be found in the lower panel, Figure S2: Prokaryotes (bacteria and archaea)
abundance in sterile filtered seawater (FSW, grey, 0.22 µm) following addition of ‘UV-killed’ (white, 48 h) and ‘live’
(yellow) aerosols collected in February 2015. Cells were first stained with the nucleic acid SYTO9 for 10 min in the
dark before counted 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.
The letters above the bars represent statistically significant differences (ANOVA, P < 0.05) for mean values of
prokaryotes in the different treatments (n = 3).
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