O© 00O N O O b WN P

e =
N R O

=
>~ W

=
o ol

=
o ~

S
o ©

NN
N -

NN
B~ w

B W W W W W wWwwwww N NDDNDDNDDN
O ©W 0O N O Ol A WNPFP O OWOo0o~NO O,

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.06.445733; this version posted June 6, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Title
Airborne bacteria over the oceans shed light on global biogeodiversity patterns

Short title
Aerobiome Biogeography over Oceans

Authors
Naama Lang-Yona®, J. Michel Flores?, Rotem Haviv!, Adriana Alberti®#, Julie
Poulain®#, Caroline Belser®#, Miri Trainic?, Daniella Gat?, Hans-Joachim Ruscheweyh?®,
Patrick Wincker®#, Shinichi Sunagawa®, Yinon Rudich?, llan Koren®”, Assaf Vardi®”

Affiliations

!Department of Plant and Environmental Science, Weizmann Institute of Science,
7610001 Rehovot, Israel.

2Department of Earth and Planetary Sciences, Weizmann Institute of Science, 7610001
Rehovot, Israel.

3Génomique Métabolique, Genoscope, Institut Frangois Jacob, CEA, CNRS, Univ Evry,
Université Paris-Saclay, 91057 Evry, France.

*Research Federation for the study of Global Ocean Systems Ecology and Evolution,
FR2022/Tara Oceans GOSEE, 3 rue Michel-Ange, 75016 Paris, France.

Department of Biology and Swiss Institute of Bioinformatics, ETH Zirich, Vladimir-
Prelog-Weg 4, 8093 Zirich, Switzerland.

®Kinneret Limnological Laboratory, Israel Oceanographic and Limnological Research,
14950 Migdal, Israel.

“Corresponding author: Ilan Koren (llan.Koren@weizmann.ac.il) and Assaf Vardi
(assaf.vardi@weizmann.ac.il)

Abstract

Microbes play essential roles in biogeochemical processes in the oceans and atmosphere.
Studying the interplay between these two ecosystems can provide important insights into
microbial biogeography and diversity. We simultaneously mapped the microbial diversity
of airborne and marine bacterial communities across 15,000 kilometers in the Atlantic and
Pacific oceans. Higher variability in microbial community composition was observed in the
atmosphere than in the surface waters. In addition, a greater similarity was observed
between oceans as compared to their overlaying atmosphere, and between atmospheric
samples than with the ocean beneath. We detected higher coverage and relative abundance
of marine bacteria in the Pacific atmosphere as compared to the Atlantic, while the dominant
fraction in the Atlantic atmosphere was annotated as soil-associated bacteria. This study
advances our understanding of microbial dispersion over oceans, and of their potential
impact on ecology, and biogeochemistry.
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Introduction

Microbes are ubiquitous in oceanic and atmospheric environments. Within the oceanic
environment, they account for approximately 70% of the total marine biomass (1), playing
a crucial role in biogeochemical cycles (such as the carbon, nitrogen and sulfur cycles) (2).
In the atmosphere, the microbial community comprises a major part of atmospheric
bioaerosols (3, 4), but little is known about the factors that affect their diversity, abundance
(5-7), and role in this environment (5, 8, 9).

Understanding role of the oceans as a source and sink of microorganisms and the
atmospheric transport of airborne bacteria can provide important insights into microbial
biogeography and diversity as well as information on the interplay between terrestrial
communities and their transmission over oceanic regions. Over land, airborne bacteria are
emitted from a wide range of sources, from anthropogenic to natural ecosystems. Over the
oceans, bacteria can be locally emitted as sea spray aerosols (SSASs), generated at the
ocean’s surface by wind-driven processes, or transferred into the marine atmosphere
through long-range transport from terrestrial sources (6). Due to their aerodynamic sizes, it
has been hypothesized that all airborne bacteria can disperse globally and may proliferate
in any habitat with suitable environmental conditions (10, 11). Thus, it can be expected that
the airborne bacterial community aloft a given marine environment would exhibit a large
fraction of the local marine microbiome.

Indeed, biodiversity studies indicated a link between microbial community composition and
geographic locations (11). Nevertheless, the geo-distribution of microorganisms in the
interface between the ocean and the atmosphere is still underexplored, as the type, amount,
and efficiency of particle emissions from the ocean (especially from SSA formation
processes) or deposition from the atmosphere hold large uncertainties. Exploring such
distributions and microbial fluxes can improve our understanding of the metabolic
capabilities introduced into the ocean and the enrichment of local marine diversity and
associated functional traits (12). Characterizing such biogeographical patterns is of great
importance, as they may affect the biochemical and biogeochemical processes upon
deposition of bacteria into the ocean or their release to the atmosphere.

In this study, we present the spatially-resolved composition of bacterial communities in
the atmospheric marine boundary layer (AMBL) and the ocean surface along two basin-
scale oceanic transects: The North Atlantic Ocean and the western Pacific Ocean, covering
approximately 15,000 kilometers. We first explore microbial community compositions in
the atmospheric and oceanic environments, revealing larger similarities between different
oceans, in contrast to their overlaying atmospheres. By focusing on specific genera, we
track terrestrial -associated bacteria in the airborne community and show distinct patterns
of marine bacterial emission into the atmosphere. We thus suggest that bacterial geo-
distribution theories and models should include constraints between the hydrosphere and
atmosphere.

Results

Regional distribution of airborne and surface water bacterial phyla in the Pacific

and Atlantic oceans

The two open ocean sailing transects examined in this study were as follows: western
Pacific, starting from Keelung, Taiwan, towards Fiji (Fig. 1A), and the Atlantic crossing
from Lorient, France, to Miami, U.S.A. (Fig. 1B). In the surface water, we found a relatively
homogeneous phyla distribution within each transect, with Proteobacteria dominating both
oceans (58 + 3% in the Pacific and 66 £ 4% in the Atlantic; Fig. 1C and D, respectively).
Cyanobacteria (29 £ 2% and 9 + 4%) and Bacteroidetes (9 £ 1% and 17 + 2%) were the next
two most abundant phyla. When comparing to other marine microbiome studies, the phyla
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90 distribution of the near-surface water environment is similar (2, 13). For example, the
91 Cyanobacteria to Proteobacteria ratios in our study are 0.49 + 0.06 and 0.14 £ 0.07 in the
92 Pacific and Atlantic surface water, respectively. Similarly-calculated ratios characterized in
93 these oceanic regions are 0.43 and 0.16, for the Pacific (13) and Atlantic (2) regions,
94 respectively.
95 In the AMBL, Proteobacteria was also the most dominant airborne bacterial phylum in both
96 the Pacific and Atlantic oceans, with 69 + 12% and 64 + 8% average percentile abundance,
97 respectively (Fig. 1E and F). However, we found a more heterogeneous distribution of
98 bacterial phyla than that in ocean surface water samples (Fig. S1), even when considering
99 an air mass presence of at least 120 hours over an oceanic path prior to sampling (Fig. 1A
100 and 1B, colored lines). Other abundant phyla in the Pacific AMBL included Cyanobacteria
101 (11 = 9%), Bacteroidetes (8 £ 3%), Firmicutes (8 £ 3%), Actinobacteria (4 + 3%), and
102 Planctomycetes (2 + 1%). In the Atlantic AMBL, the abundant phyla included
103 Actinobacteria (11 £ 5%), Firmicutes (10 + 6%), and Bacteroidetes (6 + 3%; Fig. 1F), while
104 Cyanobacteria was observed with an average abundance less than 0.5%.
105 Firmicutes, Actinobacteria, Fusobacteria, Deinococcus-Thermos and Acidobacteria were
106 higher in abundance in the atmospheric samples of both oceans compared to the surface
107 waters. Firmicutes were predominantly observed in the airborne samples (8 £ 3% and 10 =
108 6% in the Pacific and Atlantic AMBL, respectively), with low (<1% in average) to non-
109 significant abundance in the surface water samples. Firmicutes were previously detected in
110 the oceanic environment, specifically the Bacillus genus (14), and Sul et al. found in low
111 relative abundance (< 6% on average) across latitudes with little latitudinal dependence
112 (15). Actinobacteria abundance was also significantly higher in the Atlantic AMBL
113 compared to the surface water (t-test, p-value < 0.0001). Airborne Actinobacteria and
114 Firmicutes likely represent a terrestrial source, as both phyla have been previously
115 connected to desert dust samples in the Eastern Mediterranean (16-19), and detected in
116 numerous studies of airborne bacteria (20-23). In addition, Firmicutes are usually more
117 abundant in soils than in marine surface water (2, 14).
118 Members of the airborne-detected Fusobacteria, Deinococcus-Thermos and Acidobacteria
119 phyla exhibit high physiological diversity in cell shapes and sizes (14, 24). Their presence
120 in remote locations, such as Antarctica (25), airborne dust (16), and precipitation over the
121 alpine (26), together with their detection above the remote western Pacific Ocean, after at
122 least 120 h transport above the ocean before sampling, suggests that they are ubiquitous in
123 the atmospheric environment. Furthermore, Deinococcus-Thermus are known to be highly
124 resistant to extreme conditions such as high temperatures and dry environments. These traits
125 can also enable the survival of these bacteria under extreme atmospheric conditions (27,
126 28), and therefore, they may remain viable in the marine lower atmosphere for a long time
127 (29).
128 The local primary production imprint in the AMBL was estimated by calculating the ratio
129 of autotrophic to heterotrophic bacteria in the atmospheric and oceanic samples (Fig. S2A
130 and b). The ratios in the Pacific atmosphere were more than an order of magnitude higher
131 than those measured in the Atlantic atmosphere (mean values: 0.113 + 0.109 and 0.006 +
132 0.009, respectively, two sample t-test p-value <0.001; Fig. S2A and B). Additionally, the
133 average ratio in the Pacific surface water is approximately four times higher than that in the
134 Atlantic (0.392 £ 0.083, compared to 0.103 + 0.052, respectively; two sample t-test p-value
135 <0.001). Similarly, a significantly higher relative abundance of cyanobacterial 16S rRNA
136 gene was observed in the Pacific compared to the Atlantic atmosphere (Fig. S2C and D,
137 Table S3) based on gPCR analysis of DNA extracted from the same air samples (30). The
138 observed difference in oceanic cyanobacterial abundance is consistent with results reported
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139 by Flombaum et al., showing a higher abundance of Prochlorococcus and Synechococcus
140 in the Pacific compared to the Atlantic. Flombaum et al. attributed this difference to the
141 impact of temperature and photosynthetically active radiation (31). The depletion of
142 cyanobacteria in the Atlantic atmosphere can also result from the dilution of the local
143 emissions with dust-transported bacteria.

144 In general, the atmospheric phyla composition showed high variations between samples,
145 whereas in the marine microbiome, a more homogeneous and stable community structure
146 was observed. This can be attributed to the differences in the characteristic advection and
147 mixing scales in the two media. While advection in the atmosphere is in the order of 10 m
148 s, typical advection and mixing speeds in the ocean are two orders of magnitude smaller
149 (32, 33). Furthermore, while the wind-driven surface water currents show connectivity

150 between oceans with time scales of years, the atmospheric circulation time scales are in
151 the range of days to weeks (34, 35).

152 Similarities and differences in the atmospheric and oceanic microbiomes

153 To further explore the differences between the Pacific and Atlantic atmospheric
154 microbiomes, we analyzed the marine and atmospheric microbiomes at the amplicon
155 sequence variant (ASV) level. We found the variability in the airborne bacterial diversity
156 and composition to be significantly higher compared to the surface water samples (Fig. 2A
157 and B; Two-sample t-test, p-value < 0.001, and ANOSIM, p-value = 0.043, respectively),
158 with a distinct difference between the air and water ASV composition (Fig. 2C; AMOVA,
159 p-value < 0.01 between the atmosphere and surface water samples of both Atlantic and
160 Pacific environments).

161 The ocean surface water biomes shared 166 taxa (comprising 28% of all ocean taxa; Fig.
162 2D), and the AMBL biomes shared 341 taxa (comprising 25% of all airborne taxa). Only
163 78 taxa in the Atlantic (7% of all Atlantic taxa) and 134 in the Pacific (15% of all Pacific
164 taxa) were shared between an ocean and its corresponding atmosphere. We found different
165 oceans to have a greater resemblance to one another than to their overlaying AMBL, and
166 atmospheric samples from distinct locations (at least 13,000 km apart from each other) share
167 more common taxa than with the ocean beneath. This suggests that the proximity of the
168 sampled biomes is second in significance to the type of sampled environment. The high
169 portions of shared airborne taxa suggest a potentially higher pool of air-resident bacteria
170 with efficient long-range transport in the atmosphere.

171 A phylogenetic tree based on the bacterial 16S amplicon sequences provides an overview
172 of the bacterial community and genetic distances between them in the observed marine

173 environment (Fig. S3). Among the shared groups in the Atlantic and Pacific atmospheric
174 biomes, the main phyla occurrences included 44% Proteobacteria, 19% Actinobacteria,

175 19% Firmicutes, and 10% Bacteroidetes. The high diversity in the common airborne

176 bacterial taxa in both the Atlantic and Pacific is most likely a consequence of a short

177 turnover time of the air mass, leading to continuously changing and dynamic community
178 composition in the AMBL.

179 Spatial distributions of bacteria across the Pacific and Atlantic environments

180 The spatial distribution of specific bacteria in the AMBL allows the identification of
181 transported bacteria and indicates a nonrandom contribution from the marine environment.
182 The bacterial ASVs were clustered into taxonomic groups, and >5% taxon occurrences were
183 ranked based on the averaged abundance of the different phyla (Fig. 3 and listed in Tables
184 S4-S6). The most abundant Proteobacteria in the AMBL, which was not detected in the
185 surface water samples, was Paracoccus (Table S4). Paracoccus strains have been isolated
186 from soil (36), marine sediments (37), sewage (38), and biofilters (39), and have been
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187 detected in other atmospheric bacterial studies (19, 40, 41). Some Proteobacteria, abundant
188 in the air samples, were continuously detected in the surface water (e.g., Halomonas,
189 Pseudomonas, ldiomarina, and Methylobacterium; Table S5), and thus assumed to be
190 emitted from the local marine environment.

191 The most abundant genus in the phylum Actinobacteria was Actinomarina, which appeared
192 in the surface waters of both oceans and in the Pacific air samples (Table S5).

193 The main Firmicutes included Bacillus, known for their endospores that can remain
194 dormant for years. Bacillus is a common bacterium found in transported desert dust (16,
195 42), and the deep marine environment (43). Some Bacillus species are known for their
196 unique metabolites and antagonistic activity against pathogens (44, 45). We further explored
197 the differences between the surface waters and the atmospheric Firmicutes population,
198 which was dramatically under-represented in the water samples, with a focused
199 phylogenetic tree targeting only Firmicutes ASVs (Fig. S4).

200 Firmicutes ASVs were rarely detected in the surface water samples and differed
201 phylogenetically from the atmospheric ASVs. The rare abundance of marine bacilli in the
202 surface water may result from the preferential growth environment of the deep sea, coral
203 and sediments (43, 46), and their copiotrophic property (i.e., flourishing in environments
204 with high nutrient availability) (47). Notably, Tumebacillus, and Clostridium
205 saccharobutylicum, spore-forming Firmicutes, were detected in the Atlantic AMBL.
206 Endospores can survive harsh and dry conditions and thus might be transported through the
207 air at higher survival rates than others. Tumebacillus have been isolated from permafrost
208 (48), soil and algal scum (49, 50). We also found ASVs assigned to genera that are known
209 to include human-associated microbes (i.e., Micrococcus, Actinomyces; Table S4).
210 Although not detected in the blank filters, we cannot exclude the possibility that those taxa
211 may originate from the human activity onboard Tara. Nevertheless, the abundance of these
212 genera is low, ranging on average between ~0.1 — ~2.7 % of the ASVs per filter.

213 The most abundant genus in the phylum Bacteroidetes found in the atmospheric samples
214 was Sediminibacterium (Table S5). This genus was previously found to contribute to the
215 coral microbiome (51) and detected in air samples over the Great Barrier Reef (20) and the
216 Mediterranean Sea (41). Nevertheless, in this study, it was detected in the surface water of
217 the Pacific Ocean solely, with low relative abundance (< 0.01%) and spatial coverage.

218 We continuously detected water-originated species in the air samples, with higher relative
219 abundance in the Pacific AMBL. One such genus is the Cyanobacteria Prochlorococcus,
220 considered a key and most abundant autotroph (52), found mainly in oligotrophic oceans
221 (53). A notable difference in the relative abundance and appearance of marine bacteria in
222 the Pacific compared to the Atlantic AMBL is also seen for different phyla, including

223 Proteobacteria, Bacteroidetes, Verrucomicrobia, Planctomycetes, etc. (Fig. 3, and Table
224 S5). While the increased fraction of dust-borne bacteria could partially explain the

225 reduction in relative abundance of the local marine bacteria, marine-associated taxa were
226 absent from a significantly high fraction of the sampled Atlantic atmosphere, suggesting
227 other factors may also play a role in the observed difference between the two AMBLs. A
228 clear case of such difference is seen for the Pelagibacterales (SAR-11 clade), representing
229 approximately one-third of the oceanic surface water microbial community (54), and

230 highly abundant in both oceans’ surface water samples. Their appearance in the

231 atmospheric samples is significantly lower (Two-sample t-test, p-value < 0.0001 in both
232 tests; Fig. S4B). However, while in the Atlantic AMBL, the spatial coverage is minimal,
233 the Pacific AMBL show almost a full spatial coverage of SAR-11 ASVs in these samples,
234 with significantly higher relative abundance than the Atlantic (two-sample t-test, p-value <
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235 0.001; Tables S5). A reduced aerosolized fraction of SAR-11 compared to the seawater
236 was also observed in the Arctic Sea by Fahlgren et al. in a marine bacterial aerosolization
237 efficiency study (55). The difference in abundance between the Atlantic and Pacific

238 AMBLs could be related to properties of the sea-surface microlayer (SML), including

239 thickness, concentration, and chemical composition, which was shown to differ according
240 to changes in heat exchanges, microbial composition, oceanic waves, pollution and dust
241 storms (56). However, to fundamentally understand the causing factors for the reduced

242 detection of marine bacteria in the Atlantic AMBL, further investigation is required.

243 Relationships between bacterial taxa in the marine boundary layer and other

244 ecosystems

245 To predict the extent of the biogeography of the measured microbiome, from both the
246 surface water and the AMBL, we performed an environmental ontology (ENVO) analysis
247 on all bacterial ASVs (57). The ENVO analysis allows a comparison of our dataset to
248 published microbiomes found in other environments, by grouping all environments where
249 the ASVs were previously detected (Fig. 4 and Table S7 detailing the annotations grouped
250 into the five environments presented).

251 The surface water samples showed 7% nonoceanic-annotated bacterial ASVs in the Pacific
252 compared to 16% in the Atlantic (Fig. S5). Of these, 0.5%, in both environments, were from
253 anthropogenic-annotated bacteria. In the Atlantic surface water samples, 9% were annotated
254 as terrestrial bacteria, and might originate from sedimentation of dust particles or high
255 maritime transportation activity in this environment (58).

256 The microbiome in the Pacific AMBL exhibited a higher fraction of marine-annotated
257 bacteria, 47 + 20% compared to 12 + 5% in the Atlantic (Fig. 4A), while the Atlantic
258 aerobiome was dominantly annotated as terrestrial (59 £ 16% compared to 35 + 18% in the
259 Pacific; Fig. 4B). A previous study by Mayol et al. (59) determined that overall, 25%
260 (median) of the airborne bacteria over the ocean originate from the marine environment,
261 and 42% originate from terrestrial sources based on parameterizations of sea spray and
262 deposition flux calculations, assuming steady-state conditions. Higher soil-borne ENVO
263 annotation was also observed in Firmicutes-targeted analysis (Fig. S6). This suggests that
264 Firmicutes over the ocean may originate from terrestrial long-range transport, but the extent
265 in which their sedimentation and proliferation in the ocean is yet to be determined.
266 Anthropogenic-annotated ASVs were higher in the Atlantic AMBL, with 19 + 6%,
267 compared to 9 £ 6% in the Pacific).

268 Both environments presented freshwater annotations (6 £ 3% and 5 = 3% in the Pacific and
269 Atlantic AMBL, respectively). The contribution of bacteria to the formation of water
270 precipitation is of high interest, and studies revealed bacterial proteins can promote droplet
271 freezing (60) and even detected such bacterial activity in clouds (22). The freshwater
272 annotation of the AMBL bacteria may indicate the presence of such bacteria in this
273 environment.

274 Flores et al. (61) measured the air sampled on the Tara Pacific Expedition for the same
275 transects investigated in the current study and found that Atlantic airborne particulates were
276 composed of higher concentrations of larger particles related to the deposition of mineral
277 dust compared to the Pacific. Other studies report massive dust quantities crossing over the
278 Atlantic Ocean (58, 62), which may introduce bacteria into this environment. The ENVO
279 annotation retrieved from genomic databases corroborate these findings and emphasize the
280 vast contribution of terrestrial dust-borne bacteria into the Atlantic Ocean. Additionally, we
281 detected significantly higher DNA biomass in the Atlantic air filters compared to the Pacific
282 (average of 639.6 + 468.2 and 128.4 + 54.4 pg m3, respectively, t-test, p-value < 0.0001),
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283 implying a higher concentration of microbial cells per air volume in this region. It has been
284 reported that the imprint of dust transport and human activity on the Pacific Ocean is
285 relatively small (63), and that this area is considered a pristine and remote environment,
286 while the Atlantic Ocean experiences high loads of dust, and anthropogenic impact, with a
287 fast pace of change (64). Although with lower rates, the terrestrial annotations observed in
288 the Pacific environment emphasize the long-range transport and dispersion of bacteria in
289 this remote environment, implying that it cannot be considered a pristine environment, as
290 observed in the Southern Ocean of Antarctica, where marine contribution was reported to
291 span between 33 — 91% of ASVs, with negligible levels of terrestrial contribution (65).

292 To obtain a more comprehensive overview of the differences between the Atlantic and
293 Pacific AMBLs, we performed environmental ontology analysis for the shared and unique
294 ASVs of each environment (Fig. 4C-E). The unique ASVs detected in the Pacific samples
295 were mainly annotated as marine (37%) and terrestrial (34%) (1,703 ASVs in total; Fig.
296 4C). The airborne Pacific-Atlantic shared bacterial ASVs were also composed mostly of
297 marine (47%) and terrestrial (32%) annotated bacteria (220 ASVs in total; Fig. 4D). A large
298 percentage of unique Atlantic airborne bacteria (62%) were annotated as terrestrial bacteria,
299 whereas anthropogenic- (16%) and marine (15%)-annotated bacteria were less abundant
300 (1,511 ASVs in total; Fig. 4E).

301 Higher wind speed values increase aerosol emissions from the ocean (66). Indeed, when
302 correlating wind speed with bacterial taxa diversity in the air samples, significant, positive
303 correlations were observed for marine bacteria (Pearson correlation, Table S8) in both the
304 Pacific and Atlantic environments.

305 The ubiquity of shared species found only in the atmospheric samples of the Atlantic and
306 Pacific oceans suggest that some bacteria may occupy this environment as their growth
307 niche, at least for transient phase (67). Specific conditions of humidity, and their attachment
308 to airborne particles (such as dust) may allow their long-range transportation and survival.
309 Nevertheless, to prove this hypothesis, additional analysis of RNA and bacterial activity is
310 needed.

311 It seems that boundaries might be drawn between the atmosphere and hydrosphere, allowing
312 a nonrandom distribution of species between them. One case is the underrepresentation of
313 marine bacteria in the Atlantic air, and others are airborne taxa (e.g., Firmicutes species) not
314 detected in the surface water samples. Thus, we propose another constraint to the
315 hypothesis, referring to the geo-distribution of bacteria depending not only on distance and
316 time but also on the chemical and physical differences between these ecosystems, dictating
317 a selective transport of different bacteria.

318  Discussion

319 We mapped the microbial biodiversity in the oceans and the marine atmosphere across
320 thousands of kilometers in the North Atlantic and western Pacific oceans. Our main findings
321 are summarized schematically in Figure 5.

322 We found the atmospheric microbial composition to strongly vary even with air masses
323 spending more than 120 hours over the open ocean (Fig. 5A), whereas the marine surface
324 water showed a more stable and homogeneous microbial composition, even across latitudes
325 and different oceans (Fig. 5B). This contrast can be attributed to the orders of magnitude
326 differences in the characteristic advection and mixing scales in the two media, with higher
327 stability and longer mixing cycles in the ocean and rapid changes of days to weeks in the
328 atmosphere.
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329 Furthermore, the Atlantic and Pacific surface water samples showed greater resemblance to
330 one another than to the atmosphere atop, and thousands of kilometer distant atmospheric
331 samples shared more common taxa than with the ocean beneath (Fig. 5C). This suggests
332 that the proximity of the sampled biomes is less influential compared to the type of sampled
333 environment.

334 We additionally detected differences in the relative abundance of marine bacteria in the
335 Pacific compared to the Atlantic atmosphere, with a significantly reduced spatial coverage
336 in the Atlantic’s (Fig. 5D). This observation may be linked to the dilution effect in the
337 Atlantic AMBL due to the relatively high terrestrial-associated bacteria in this environment.
338 Nevertheless, the consistent low appearance of these taxa in the Atlantic air, together with
339 the high sequencing coverage (Fig. S13) of the air samples, suggests an additional
340 mechanism. Differences in the properties of these environments and of their SMLs could
341 impact the aerosolization efficiency of local marine bacteria, and explain the biases in their
342 atmospheric abundance, but this needs further validation. Although reduced in the Atlantic
343 air, the airborne autotrophic cyanobacteria maintained a similar ratio vs. heterotrophs as in
344 the surface waters in both environments (Fig. 5E).

345 While we found bacterial taxa associated with terrestrial environment (e.g., Firmicutes) to
346 be significantly present in both oceans’ AMBL, we did not detect them in the oceanic
347 surface waters, suggesting no preferential proliferation there (Fig. 5F). Since prokaryote
348 concentrations in the atmosphere are orders of magnitude smaller compared to the ocean (~
349 103-10* m® in the atmosphere (6, 59) vs. ~ 108-10%2 I'* in the surface waters (14, 59)),
350 sedimentation of terrestrial-originated bacteria from the atmosphere to the ocean are not
351 expected to induce significant change in the water composition, unless proliferating.
352 Nevertheless, it cannot be excluded that difference in atmospheric microbial composition
353 could impact surface water composition and function.

354 In addition, we show that the local marine bacterial community in the AMBL is enriched
355 by long-range transported bacteria, associated with particle transport from terrestrial and
356 anthropogenic environments (Fig. 5G). Thus, even remote locations such as the atmospheric
357 environment of the western Pacific Ocean cannot be defined as pristine.

358 Finally, we showed that the microbial composition of Atlantic aerosols is associated with
359 dust sources, making these bacteria suitable biomarkers to trace dust transport (Fig. 5H).
360 This study depicts a new and high-resolution mapping of the spatial biodiversity and the
361 transport mechanisms between the ocean and the atmosphere, at both local and global
362 scales. This interplay between the ocean surface and atmospheric feedback provides new
363 opportunities for future studies to further explore the selective properties of marine microbes
364 within both spheres and how they in turn may affect biogeochemical cycles.
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365 Materials and Methods

366 Sampling

367 Details of the expedition and sampling system used are described extensively in Flores et
368 al. (61). In short, marine aerosols were collected aboard the R/V Tara during the first year
369 of the Tara Pacific Expedition (68, 69). Airborne particles were collected at ~15 m above
370 sea level (ASL) during the Atlantic crossing from Lorient, France, to Miami, U.S.A. After
371 Miami, the inlet was relocated to ~27 m ASL. The inlet was constructed out of conductive
372 tubing of 1.9 cm inner diameter and a funnel (allowing the collection of all diameters) and
373 mounted on the rear backstay of Tara.

374 A custom-made aerosol filter system consisting of four 47 mm filter holders and one

375 vacuum pump (Diaphragm pump ME 16 NT, VACUUBRAND BmbH & Co KG,

376 Wertheim, Germany) was installed at the end of the inlet and used to collect the marine
377 particles.

378 The flow through the filter system was 80 Ipm (20 Ipm for each filter) during the Atlantic
379 crossing and 120 Ipm (30 Ipm for each filter) for the Pacific crossing. Three of the four
380 filter holders were loaded with PVDF filters (47 mm diameter, 0.45 pm pore size, PAL,
381 Port Washington, New York), and were used for the current study. The flow rates of each
382 filter holder were monitored continuously and recorded at the beginning and the end of
383 each sampling event. Aerosols were collected for periods between approximately 12 — 24
384 hours (see Table S1 for the exact times). The filters were folded into a 2 ml cryotube and
385 immediately dropped into liquid nitrogen, and these conditions were maintained while on
386 board. Blank filters were collected by placing filters on the filter holders, closing the

387 system for a few seconds, reopening the holders, folding the filters into cryotubes, and

388 immediately dropping them into liquid nitrogen. These conditions were maintained while
389 on board. Thorough validation tests were conducted in order to verify no boat-originated
390 contamination masked the airborne bacterial population composition (See SI).

391 Surface water sample collection. The surface water sample collection is described in detail
392 in Gorsky et al. (69). In short, a “Dolphin sampler”, collecting < 2000 um size particles,
393 and connected to a large volume peristaltic pump installed on the deck (max flow rate = 3
394 m?® h™1), was used for surface water sampling. Each sample endured for ~ 120 min. Water
395 serial filtration (<0.22, 0.22-3, and 3-20 um) was performed using 142 mm diameter

396 polycarbonate filters (Millipore, Burlington, Massachusetts), and the 0.22-3 um fraction,
397 where free bacteria are expected to be concentrated, was used for the current study. The
398 filters were folded into a 5 ml cryotube and immediately dropped into liquid nitrogen, and
399 these conditions were maintained while on board. The samples were shipped to the

400 laboratory on dry ice and kept at -80°C until DNA extraction was carried in the laboratory.
401 Back-Trajectory Analysis

402 The air mass origins were tracked using the National Oceanic and Atmospheric

403 Administration HYSPLIT trajectory model and Global Data Assimilation System

404 meteorological data (70). Although the average residence time for 3 um particles is of

405 about 4.7 days,(5) as considerable terrestrial influence was observed, the model was run to
406 obtain the 240-hour (10 days) back trajectories using the “Ensemble option™ at an

407 endpoint height of 250 m, which is the minimum height for an optimal configuration of
408 the ensemble. The presented back trajectories in Fig. 1 are the average of the 27 back

409 trajectories produced by the Ensemble option.
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410 DNA extraction and sequencing

411 DNA extraction from 0.22-3 um water filters was performed as described in Alberti et al.
412 (71). Extraction of DNA from the air filters, with minute amounts of DNA, was carried
413 out using the DNeasy PowerWater Kit (Qiagen, Hilden, Germany), following thorough
414 optimization procedure for the extraction of low DNA concentrations from air filters (see
415 Sl text and Fig. S8). The processing of the water and air samples was performed

416 separately, with random DNA extraction order for the different transects, thus preventing
417 cross-contaminations between the different environments, and geographic location (72).
418 The DNA concentrations were evaluated with a Qubit® 3.0 Fluorometer (ThermoFischer,
419 Massachusetts, U.S.A), using the DeNovix (Wilmington, Delaware) dsDNA Ultra High
420 Sensitivity Assay. For DNA sequencing, the bacterial V4-V5 region of the 16S rRNA
421 gene (515Fa: 5’-GTGYCAGCMGCCGCGGTAA-3’, and 926R: 5’—

422 CCGYCAATTYMTTTRAGTTT-3") (73), was amplified. A PCR mix of 25 ul was

423 prepared in triplicate using 1X Mytaq mix (Bioline, London, UK), 0.2 uM primers, 4 pl
424 DNA extract, and PCR-grade water (Sigma Aldrich). A no-template control was included
425 in all runs, as well as DNA from a mock community (ZymoBIOMICS Microbial

426 Community DNA Standard; Zymo). The PCR products were validated on 1% agarose gel,
427 and triplicates were pooled and sent to Genoscope, the French National DNA Sequencing
428 Facility. The PCR products of the surface water samples from the Pacific transect were
429 sent to the DNA Sequencing Facility at the University of Illinois at Chicago.

430 DNA sequencing in both facilities was conducted using Illumina MiSeq sequencing

431 technology (maximum read length of 2x300 base pairs). No batch effects were observed,
432 as validated by mock community positive control sequencing.

433 Quantitative PCR

434 The concentrations of universal bacterial and cyanobacterial genes in the sampled oceanic
435 air were determined by guantitative PCR (qPCR, QuantStudio 3 real-time PCR system,
436 Applied Biosystems), using [926F: 5'-AAACTCAAAKGAATTGACGG-3' and 1062R:
437 5-CTCACRRCACGAGCTGAC-317 (74), and [16SCF: 5'-

438 GGCAGCAGTGGGGAATTTTC-3"and CYAN 377R: 5'-

439 GTMTTACCGCGGCTGCTGG-3 (30) primers for universal and cyanobacterial 16S
440 genes, respectively. Calibration curves of counted cells mL-1 were conducted using DNA
441 extracted from Sulfitobacter D7 for total bacteria and Prochlorococcus MIT604 for

442 cyanobacteria. Triplicates of 10 pl reaction mixtures consisted of 1X fast SYBR Green
443 master mix (Applied Biosystems), 1 pl extracted DNA, 0.2 uM of each primer, and PCR-
444 grade water (Sigma Aldrich). The thermal cycling conditions consisted of an initial 20 s
445 denaturation and enzyme activation at 95 °C, followed by 40 cycles of denaturation at
446 95 °C and 20 s annealing and extension at 60 °C.

447 Given the length of our inlet tubes and the differences in the sampling height between the
448 Atlantic and the Pacific, we corrected the airborne DNA biomass concentrations for each
449 transect based on the particle loss calculation following Flores et al 2020 (61).

450 Sequence Processing

451 Raw amplicon reads provided from the Genoscope sequencing facility were processed
452 using the Tara Pacific metabarcoding (16S) pipeline up to the read margin stage using
453 usearch v11 (75), followed by the DADA2 pipeline (version 1.12) (76), using R (dada2
454 package). The merged reads (provided as fastq files) were trimmed and filtered by

455 removing reads exceeding the maximum expected error of 2 bp or an ambiguous read. The
456 reads were dereplicated to acquire unigue sequences, which were used to infer sequence
457 variants with the trained error model. After chimeric sequence removal, amplicon
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458 sequence variants (ASVs) were used to assign taxa. ASVs were taxonomically assigned
459 using DADAZ2, with two steps: classification of sequences against the SILVA nr version
460 132 training dataset, followed by an exact matching between ASVs and the SILVA

461 species assignment dataset (version 132) providing species-level assignment. Raw reads
462 provided from the sequencing facility of the University of Illinois were also processed
463 using the DADAZ pipeline. Forward and reversed reads were merged after trimming and
464 filtering steps. Dereplication and annotation processes were carried out as described

465 above. A total of 11,577 bacterial ASVs were obtained after error correction, chimera,
466 Archean, chloroplast, and mitochondrial DNA removal. Possible shifts in microbial

467 composition due to differences in analyses were excluded by comparing mock community
468 positive controls sequenced and analyzed using both methods.

469 The microbial population sequencing analysis was performed only after a thorough

470 decontamination procedure, to mitigate putative contamination in sequence libraries from
471 the air samples with low microbial biomass (72), as described in details in the SI.

472 Environmental ontology

473 Environmental descriptive terms were extracted from the closest matches (97% identity)
474 using the SEQenv pipeline for Python (version 1.3.0) with default parameters (77, 78) and
475 ENVO terms. The input data included FASTA files of sequences after quality control

476 check and removal of blank contaminants per each sample, to be compared to highly

477 similar sequences from public repositories (such as GenBank, using the NCBI nucleotide
478 data base). Detailed description of the pipeline flow is given in the Sl file. In the current
479 study, the terms were further clustered into five main groups: marine, terrestrial, fresh
480 water, anthropogenic, and unclassified, as detailed in Table S7.

481 Statistical analysis

482 Statistical significance was analyzed using R (3.5.2) and Origin 2019. Analysis of

483 similarities (ANOSIM) was used to verify the significance of the nonmetric

484 multidimensional scaling (NMDS) ordination for taxonomic grouping (using the Bray-
485 Curtis dissimilarity score, vegan package), as well as differences in phyla composition
486 between environments. Analysis of molecular variance (AMOVA) was used to verify

487 significance of the Bray-Curtis dissimilarity differences of bacterial composition between
488 biomes. Alpha diversity values were represented by the Shannon index and were tested for
489 differences using analysis of variance (ANOVA) after normal distribution was verified.
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Fig. 1. Regional distribution of airborne bacterial phyla above the Pacific and Atlantic
oceans. Air-sampling locations and back trajectories, with height above mean sea levels
(MSL) indicated with color scale for the Pacific (A) and Atlantic (B) atmospheric samples.
Phyla relative abundance in the water (C and D) and the air (E and F) for taxa observed in
> 5% of the samples in the Atlantic and Pacific transects, respectively.
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761 Fig. 2. Similarities and differences in bacterial microbiomes of different oceanic
762 environments. Biome-based diversity (based on the Inverse Simpson index) of amplicon
763 sequence variants (ASVs) detected in more than 5% of the samples (A) and clusters
764 represented by nonmetric multidimensional scaling (NMDS) ordination, based on Bray-
765 Curtis dissimilarity metrics (B), with 95% confidence ellipses. The distance in ASV
766 composition is presented in a heatmap of the Bray-Curtis dissimilarity between all analyzed
767 samples (Bray-Curtis index varies between 0, for an identical ASV composition, and 1, for
768 most distant ASVs on the samples) (C). A Venn diagram (VennDiagram 1.6.20)
769 summarizes the number and the percentage out of the total number of bacterial taxa that
770 were observed in the different biomes (D).
771

Page 18 of 21


https://doi.org/10.1101/2021.06.06.445733

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.06.445733; this version posted June 6, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

772 Figure 3.

Pacific air Atlantic air  Pacific water Atlantic water

Phyla

W Lentisphaerae

Chloroflexi

W Acidobacteria

Fusobacteria
W Deinococcus Thermus
Kiritimatiellacota

B Planctomycetes

Verrucomicrobia

B Cyanobacteria

Bacteroidetes

o

W Firmicutes

1
l

I
1

i
'll. I

II"|I

Actinobacteria
B Proteobacteria

Il

(R B
|||
|

|'F |
i
{

A e

Log (Relative

(IR
|

l 1
1

fohe

= S abundance)
o -4
= e 8
— ey
'_—, -16
773 Latitude
774 Fig. 3. Spatial distribution of specific airborne microorganisms across the Atlantic and
775 Pacific transects. The 16S amplicon sequence variants (ASVs) of Pacific air, Atlantic Air,
776 Pacific water, and Atlantic water samples are categorized based on abundance for each
777 phylum. ASVs were aggregated according to sequences and taxa annotation, and ASVs
778 covering > 5% of all four environments are presented. Phyla are distinguished based on
779 color code.
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Fig. 4. Association of airborne bacterial communities with other environments. The
relative environmental ontology (ENVO) annotation of all amplicon sequence variants
(ASVs) identified in the air samples clustered into five main groups (detailed terms are
listed in Table S6) for the Pacific (A) and Atlantic (B) transects, as well as for Pacific air-
unique ASVs (C), Pacific and Atlantic air-shared ASVs (D), and Atlantic air-unique ASVs
(E).
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Fig. 5. Trends and transitions in bacterial abundance and richness between marine
and atmospheric environments. The main findings of this study are presented as a
conceptual model: Residence time induces fluctuations in microbial composition rather than
physical mixing (A, and B). The microbial compositions of similar environments (e.g.,
Atlantic and Pacific Oceans) are more similar than geographical relations (e.g., Pacific
atmosphere and surface water; C). The marine bacterial aerosolization efficiency is different
for different oceans (D), and aerosolized autotrophs kept a higher ratio vs. heterotrophs in
the Pacific compared to the Atlantic, similarly as in the water (E). The atmospheric
contribution to marine ecology was not detected in the framework of this study (F), but it
cannot be excluded that difference in atmospheric microbial composition could impact
deposition and surface water composition and function. A terrestrial signature was detected
in a remote oceanic environment (G), with a significant contribution of dust-associated
bacteria in the Atlantic atmospheric marine boundary layer (H).

Page 21 of 21


https://doi.org/10.1101/2021.06.06.445733

Pacific

Atlantic

Relative abundance

A 120 140 160 180 -170 150
D
O
-
i
e
(O
-1
1.00 -
O
=, 075-
c bioRv preprint doi: fps//dol.o dbyp Wz)lo{choem:i1 SN VErs oMgesiet ne o, 2021, The copyrght h pld er (908
Q.
QO 050-
(-
—
‘EU 0.25 -
0.00 -
1.00 &
S 575
>
-
Q.
= 050 -
©
. -
<GEJ 0.25 -

0.00 -

Fi.| P iii TH

3000
2500
2000
1500
1000
500

SN 9A0Qe SIS}aN

Phyla

= Rare

m Lentisphaerae

= Chloroflexi

m Acidobacteria
Fusobacteria

m Delnococcus
Thermus
Kiritimatiellaeota

= Planctomycetes

= Verrucomicrobia

m Cyanobacteria
Bacteroidetes

® Firmicutes
Actinobacteria

m Proteobacteria


https://doi.org/10.1101/2021.06.06.445733

>
0o

1000 - I
X
(D)
© 750-
(oo reprind o gl r0.110112021.06.06.445733: tis verson psted e 6 2021 Th copyright oder o i prepin (which
= : %
@) 6 :
& 500 o) Biome
Q. 2
.(% Z ® Atlantic air
250 - e )
> O Pacific air
- .
— O Atlantic water
b | | T ' | | | | B Pacific water
Atlantic Pacific Atlantic Pacific 1.0 -0.5 0 0.5
air air water water N |V| D S 1
C Atlantic Atlantic  Pacific  Pacific D

ar water ol water Pacific Water Atlantic Water

Atlantic
air

Pacific Air

Atlantic Air

Atlantic

water 164/13%

Pacific

40.5% /N
air . |

Bray-Curtis
distance

Pacific
water



https://doi.org/10.1101/2021.06.06.445733

Pacific air Atlantic air Pacific water Atlantic water

e — :_T__ — ‘___ j__ -;E_E- :‘;'E—-——;;'- ::'—-—_—_'-'? = i
—————=== = |- - _ =z = T— -

PlDGh’OfDODOGUS)_z L = __ _-__ T o= - _:___ : l
= = -_L___:::‘:_——_ = r E‘-:-: i —=— =z - |
= - — = _ _m| | == =TT o -]
- B L - T m - - am - - - — T T
- == == = = I — - _T= -~ =
= e ——am T - - = - - L R _ S
= :-:_- - _ _ :_- :f i ) = __ R e = — e

Bacilus ) - - IS - = == P hyl d

s amm = = TE = _ |
e e - B E eI B Lentisphaerae
— == = = - .= _ L= _—
= = e = =" - - = = = o= .
= == == . - = F e T R Chloroflexi
T - = o |[AE = ==F = =
_—= = - ==E = o= == = = B Acidobacteria
e B = =~ |
T= = TS == & Fusobacteria
-= - _ o = - B Deinococcus Thermus

bioRxiv preprint doi: https://doi.qrg/10.1101/2021.06706.445733; this vereien_posted June 6, 2021?he.mpyri?1t holde i
was not certified by peetreview) is the=author/funder. All rights reserved. No reuse allowed without permissi

SAR11
Paracoccus )

Kiritimatiellaeota

¥ Planctomycetes

Taxa

Verrucomicrobia
———eee— |l Cyanobacteria
e ————— ——————— Bacteroidetes
e e e o It = = e e —— .
i s e e hwm R ST m— F T —— L _— - =B ® Firmicutes
- S ———= -t s e =0 --—-— - — g/ - = | |
= SE-—m -~ "o | rIFFTRaE . -z === == e Actinobacteria
R — = | F -=T =T === = — pE e
R e~ — _— i == - == W= — — - I
— - — - e~ = _ __ L - T __ — = m_m=  om e = = E________ - [ PrOteObaCterla
=] Bl s e =EmE==== =
B =Lt sr=lie =T =l I [ o
- S =f | T— - F=- ||~ - o - “—— M Log (Relative
-t == _ q|-- T - LT T e/ abundance)
— — - - = - — T— - - — =
- - . - - - "= T - T3 - - — = = T — -4
- T = e e - - S - — - _ =
B I - T e -8
- __- - - E--_ ___:-_ —_E-_ :;: 7 - : - B ____—_ N = — = : = _ = . - _12
- =T T - || L S e e e
s T ; T T TITITITT T T T T T T e i 16

186G —

v6'9C |

69'9¢ _

LE8E —

160 —

88'Cy —

oGy —

¢S6C _
e _

8L LL-—
0Tve —|
09'SZ —
18'52 —
68'GC _
G EE

6L €~ —
A
oy 9-
CGEl——


https://doi.org/10.1101/2021.06.06.445733

Pacific

A

i
-
D O

-
E 5 88 _
n%m.m.m
2 89oc-3p
> 2 E Q5 S
C D <L F =2
Il m oo mm

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

Atlantic

uoINQIIU0D BANR|9Y
OANA3 |elidy

I

B e

_ m

]

s &5 8 8§ 8

UOIINCLIIUOD BANBI9Y
OANA3 [elidy

Latitude

1%

Atlantic Air - Unique

Air - Shared

Pacific Air - Unique


https://doi.org/10.1101/2021.06.06.445733

A Higher fluctuations in
atmospheric biodiversity

Terrestrial signature of
pbacterial taxa over oceans

F Proliferation of Air-borne
pbacteria in the oceans

G

H Dust-associated b,a'gteria

5 [
L "
5 ;
& ' . * :
y . '
it 8 ll‘f n
B - . :
5 . 3 .
[
= F -
‘= '
T i 3
. % - .
il
i \

L X v B More homogeneous marine
@N ¢ Iy compared to atmospheric

2 o - biodiversity
E Airborne cyanobacterial fraction
similar to marine borne

Selectivity in emission of
marine bacteria

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.06.445733; this version posted June 6, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

C Community composition between oceans is closely
similar compared to the overlaying atmospheres

Atlantic



https://doi.org/10.1101/2021.06.06.445733

