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Terrestrial and marine influence on atmospheric
bacterial diversity over the north Atlantic and
Pacific Oceans
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The diversity of microbes and their transmission between ocean and atmosphere are poorly
understood despite the implications for microbial global dispersion and biogeochemical
processes. Here, we survey the genetic diversity of airborne and surface ocean bacterial
communities sampled during springtime transects across the northwest Pacific and sub-
tropical north Atlantic as part of the Tara Pacific Expedition. We find that microbial com-
munity composition is more variable in the atmosphere than in the surface ocean. Bacterial
communities were more similar between the two surface oceans than between the ocean and
the overlying atmosphere. Likewise, Pacific and Atlantic atmospheric microbial communities
were more similar to each other than to those in the ocean beneath. Atmospheric community
composition over the Atlantic was dominated by terrestrial and specifically, dust-associated
bacteria, whereas over the Pacific there was a higher prevalence and differential abundance of
marine bacteria. Our findings highlight regional differences in long-range microbial exchange
and dispersal between land, ocean, and atmosphere.

1Department of Plant and Environmental Science, Weizmann Institute of Science, 7610001 Rehovot, Israel. 2 Department of Earth and Planetary Sciences,
Weizmann Institute of Science, 7610001 Rehovot, Israel. 3 Génomique Métabolique, Genoscope, Institut Francois Jacob, CEA, CNRS, Univ Evry, Université
Paris-Saclay, 91057 Evry, France. 4 Research Federation for the study of Global Ocean Systems Ecology and Evolution, FR2022/Tara Oceans GOSEE, 3 rue
Michel-Ange, 75016 Paris, France. 5Department of Biology and Swiss Institute of Bioinformatics, ETH Zirich, Vladimir-Prelog-Weg 4, 8093

Ziirich, Switzerland. ®Present address: Civil and Environmental Engineering, Technion - Israel Institute of Technology, 3200003 Haifa, Israel. ’Present
address: Université Paris-Saclay, CEA, CNRS, Institute for Integrative Biology of the Cell (I2BC), 91198 Gif-sur-Yvette, France. ®email: ilan.koren@weizmann.ac.il;
assaf.vardi@weizmann.ac.il

COMMUNICATIONS EARTH & ENVIRONMENT | (2022)3:121 https://doi.org/10.1038/s43247-022-00441-6 | www.nature.com/commsenv 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-022-00441-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-022-00441-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-022-00441-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-022-00441-6&domain=pdf
http://orcid.org/0000-0002-2650-2127
http://orcid.org/0000-0002-2650-2127
http://orcid.org/0000-0002-2650-2127
http://orcid.org/0000-0002-2650-2127
http://orcid.org/0000-0002-2650-2127
http://orcid.org/0000-0003-3609-286X
http://orcid.org/0000-0003-3609-286X
http://orcid.org/0000-0003-3609-286X
http://orcid.org/0000-0003-3609-286X
http://orcid.org/0000-0003-3609-286X
http://orcid.org/0000-0002-8108-9910
http://orcid.org/0000-0002-8108-9910
http://orcid.org/0000-0002-8108-9910
http://orcid.org/0000-0002-8108-9910
http://orcid.org/0000-0002-8108-9910
http://orcid.org/0000-0002-0595-4626
http://orcid.org/0000-0002-0595-4626
http://orcid.org/0000-0002-0595-4626
http://orcid.org/0000-0002-0595-4626
http://orcid.org/0000-0002-0595-4626
http://orcid.org/0000-0001-7473-6086
http://orcid.org/0000-0001-7473-6086
http://orcid.org/0000-0001-7473-6086
http://orcid.org/0000-0001-7473-6086
http://orcid.org/0000-0001-7473-6086
http://orcid.org/0000-0003-3065-0314
http://orcid.org/0000-0003-3065-0314
http://orcid.org/0000-0003-3065-0314
http://orcid.org/0000-0003-3065-0314
http://orcid.org/0000-0003-3065-0314
http://orcid.org/0000-0003-3149-0201
http://orcid.org/0000-0003-3149-0201
http://orcid.org/0000-0003-3149-0201
http://orcid.org/0000-0003-3149-0201
http://orcid.org/0000-0003-3149-0201
http://orcid.org/0000-0001-6759-6265
http://orcid.org/0000-0001-6759-6265
http://orcid.org/0000-0001-6759-6265
http://orcid.org/0000-0001-6759-6265
http://orcid.org/0000-0001-6759-6265
mailto:ilan.koren@weizmann.ac.il
mailto:assaf.vardi@weizmann.ac.il
www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00441-6

icrobes are ubiquitous in oceanic and atmospheric
M environments. Within the ocean, they account for

approximately 70% of the total marine biomass!,
playing a crucial role in biogeochemical cycles (such as the car-
bon, nitrogen, and sulfur cycles)2. In the atmosphere, the
microbial community comprises a major part of atmospheric
bioaerosols?, but little is known about the factors that affect their
diversity, abundance?, and role in the air?, as well as the microbial
exchange between the two environments®.

Understanding the ocean's role as a source and sink of
microorganisms and the transport of airborne bacteria can pro-
vide important insights into microbial spatial distribution,
diversity, and the interplay between terrestrial communities and
their transmission over oceanic regions. Overland, airborne bac-
teria are emitted from a wide range of sources, from anthro-
pogenic to natural ecosystems. Over the oceans, bacteria can be
locally emitted as sea spray aerosols, generated at the ocean’s
surface by wind-driven processes, or transferred into the marine
atmosphere through long-range transport from terrestrial
sources*. 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”>8. Thus, it
can be expected that the airborne bacterial community aloft in 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 locations3-10. Never-
theless, the geo-distribution of microorganisms in the interface
between the ocean and the atmosphere is still mostly under-
explored, as the type, amount, and efficiency of particle emissions
from the ocean or atmosphere deposition 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! 12, They
may also affect biogeochemical processes upon deposition of
bacteria into the ocean or their release into 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 km. The similar seasons
during which sampling occurred, both located in the northern
hemisphere (except for a few sampling points in the Pacific
Ocean, south of the Equator), allow us to focus on non-seasonal
changes in the microbial communities across these transects. We
first explore microbial community compositions in the atmo-
spheric and oceanic environments, revealing larger similarities
between different oceans, in contrast to their overlaying atmo-
spheres. 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.
Finally, we suggest that theories and the attempt for estimating
microbial distribution between environments should include
constraints between the hydrosphere and atmosphere.

Results and discussion

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 included the western
Pacific path, sampled in May 2017 from Keelung, Taiwan,
towards Fiji (Fig. 1a and Supplementary Data 1), and the Atlantic
crossing, sampled in June 2016 from Lorient, France, to Miami,
USA (Fig. 1b and Supplementary Data 1). In the water, we found
a higher homogeneity in phyla distribution within each transect
(significantly lower Euclidean distances between centered log-

ratio (CLR)-converted phyla counts (betadispar): Atlantic: 0.3212
compared to 0.4229 in the air, ANOVA (with Tukey’s post hoc),
P <0.0001; Pacific: 0.1865 compared to 0.3891 in the air, ANOVA
(Tukey’s post hoc), p < 0.0001; Tables S1-S4), with Proteobacteria
dominating both oceans (58 +3% in the Pacific and 66 +4% in
the Atlantic; Fig. 1c, d, respectively). Cyanobacteria (29 + 2% and
9 +4%) and Bacteroidetes (9+1% and 17 +2%) were the next
two most abundant phyla. When compared to other marine
microbiome studies, the phyla distribution of the near-surface
water environment was similar>!3. For example, the Cyano-
bacteria to Proteobacteria ratios in our study are 0.49 + 0.06 and
0.14 +0.07 in the Pacific and Atlantic surface water, respectively.
Similarly-calculated ratios characterized in these oceanic regions
were 0.43 and 0.16, for the Pacific!®> and Atlantic? regions,
respectively.

In the AMBL, Proteobacteria was also the most dominant
airborne bacterial phylum in both the Pacific and Atlantic oceans,
with 69+12% and 64+8% average percentile abundance,
respectively (Fig. le, f). However, we found a more heterogeneous
distribution of bacterial phyla than in ocean surface water
samples (Fig. S1), even when considering air masses spending at
least 120 h over an oceanic path prior to sampling (Fig. 1a, b,
colored lines). Other abundant phyla in the Pacific AMBL
included Cyanobacteria (11 +9%), Bacteroidetes (8 + 3%), Firmi-
cutes (8+3%), Actinobacteria (4+3%), and Planctomycetes
(2+1%). In the Atlantic AMBL, the abundant phyla included
Actinobacteria (11 *+ 5%), Firmicutes (10 + 6%), and Bacteroidetes
(6 £3%; Fig. 1f), while Cyanobacteria was observed with an
average abundance of less than 0.5%. In general, while
Proteobacterial abundance is high in both air and water, there
is a distinct difference in Bacteroidetes (higher in oceanic
samples, Two-sample ¢-test, performed on CLR values, equal
variance (F= 1.174, p = 0.341), t = 14.889; p = 1.91 x 10~22),

Firmicutes were predominantly observed in the air samples
(8+3% and 10+6% in the Pacific and Atlantic AMBL,
respectively), with low (<1% in average) to non-significant
abundance in the water samples (unequal variance t-test on
CLR values (F=5171.823, p=12x10"%3), ¢=25716;
p=2.1x1073%). Actinobacteria abundance was also significantly
higher in the Atlantic AMBL compared to the water (unequal
variance t-test on CLR values (F=68.383, p=4.6x1073),
t=17.117, p =12 x 10729). Airborne Actinobacteria and Firmi-
cutes have been previously connected to desert dust samples in
the Eastern Mediterranean!4-19, and detected in different studies
of airborne bacterial7-1. In addition, Firmicutes are usually more
abundant in soils than in marine surface water>29, where
specifically the Bacillus genus was detected?0. Sul et al. found
marine Firmicutes in low relative abundance (<6% on average)
across latitudes with little latitudinal dependence?!. Therefore, the
airborne Firmicutes most likely represent a terrestrial source.

Members of the airborne-detected Fusobacteria, Deinococcus-
Thermos, and Acidobacteria phyla (Fig. le, f) exhibit high
physiological diversity in cell shapes and sizes?%22. Their presence
in remote locations, such as Antarctica??, airborne dust!4, and
precipitation over the alpine?4, together with their detection in
the current study above the western Pacific Ocean, after 120 h
transport above the ocean, suggests that they are ubiquitous in the
atmospheric environment.

The local primary production impact on the AMBL was
estimated by calculating the ratio of known autotrophic to
heterotrophic bacterial amplicon sequence variant (ASV; as listed
in Table S5)%° in the atmospheric and oceanic samples (Fig. S2).
The ratios in the Pacific AMBL were more than an order of
magnitude higher than those measured in the Atlantic AMBL
(mean values + SE: 0.186 +0.029 and 0.005 + 0.002, respectively,
Wilcoxon rank test, p = 7.44 x 1079; Fig. S2a, b). Additionally,
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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
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log-ratio; CLR- converted abundance) in the water (¢, d) and the air (e, f) for taxa observed in >5% of the samples in the Atlantic and Pacific transects,

respectively.

the average ratio in the Pacific surface water is approximately four
times higher than in the Atlantic (0.406 +0.010, compared to
0.104 + 0.010, respectively; Wilcoxon rank test, p = 2.98 x 10798),
Similarly, a significantly higher relative abundance of cyanobac-
terial 16S rRNA gene to total bacterial 16S rRNA gene was
observed in the Pacific compared to the Atlantic air samples
(mean values + SE: 0.171 £0.016 and 0.001 + 0.000, respectively,
Wilcoxon rank test, p = 1.863 x 10~9; Fig. S2c, d and Table S6)
based on qPCR analysis (Supplementary Note 8). The observed
difference in oceanic cyanobacterial abundance is consistent with
results reported by Flombaum et al., showing a higher abundance
of marine Synechococcales in the Pacific compared to the
Atlantic?®.

Similarities and differences in the atmospheric and oceanic
microbiomes. The marine and atmospheric microbiomes were
further analyzed at higher taxonomic resolution. We found the
airborne bacterial diversity to be significantly higher compared to
the water samples (Fig. 2a; DivNet for Shannon diversity,
Wilcoxon rank test, p=2.98x 1079 for the Atlantic, and

p = 2.587 x 1079 for the Pacific), as well as the airborne bacterial
composition distances (Fig. 2b; ANOSIM R = 0.7519, p =0.01).
In addition, both mean Euclidean distances (Fig. 2¢
Kruskal-Wallis chi-squared = 1321.9, df=1, p<22x10716
Wilcoxon rank test, p < 2.2 x 10716 for both Atlantic and Pacific
environments) show that for each environment, the surface water
sample distances are significantly smaller compared to the AMBL
samples, indicating a more homogeneous and stable community
structure in the marine surface water.

The surface water environments shared 166 taxa between the
Atlantic and Pacific oceans, and the AMBL biomes shared 341
taxa (comprising 28% of all ocean taxa vs. 25% of all airborne
taxa; Fig. 2d). Only 78 taxa in the Atlantic and 134 in the Pacific
(7% of all Atlantic taxa vs. 15% of all Pacific taxa) were shared
between an ocean and its corresponding atmosphere. The
ubiquity of shared species found only in the atmospheric samples
of the Atlantic and Pacific oceans suggests a potentially higher
pool of air-resident bacteria with efficient long-range transport in
the atmosphere. In addition, different oceans are found to have a
greater resemblance to one another than to their overlaying
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represent outliers.

AMBL, and atmospheric samples from distinct locations (at least
13,000 km apart from each other) share more common taxa than
the ocean beneath. This suggests that the proximity of the
sampled biomes is second in significance to the type of sampled
environment.

A phylogenetic tree based on the bacterial 16S amplicon
sequences provides an overview of the bacterial community and
genetic distances between them in the observed marine environ-
ment (Fig. S3). Among the shared groups in the Atlantic and
Pacific atmospheric biomes, the main phyla occurrences included
44% Proteobacteria, 19% Actinobacteria, 19% Firmicutes, and
10% Bacteroidetes.

While the wind-driven surface water currents show connectiv-
ity between oceans with time scales of years, the atmospheric
circulation time scales are in the range of days to weeks?”-28.
Therefore, the high diversity and variations between samples of
airborne bacteria in both the Atlantic and Pacific is most likely a
consequence of a short turnover time of the air mass, leading to
continuously changing and dynamic community composition in
the AMBL.

Spatial distributions of bacteria across the Pacific and Atlantic
environments. To better understand possible nonrandom
exchanges between the ocean and the atmosphere, we explored
the association between bacterial taxa and geographic locations
(Atlantic vs. Pacific), as well as different environments (air vs.
water). The differential (CLR-converted) abundance of the mar-
ine taxa detected in the pacific AMBL samples was 19.5%, while
only 2.6% in the Atlantic AMBL (Fig. 3a). The highest bacterial
prevalence in the AMBL samples was observed for Pseudomonas
(with 88 and 64% prevalence in air and water, respectively),
continuously detected in the two environments. This taxon was
significantly classified as associated with the air environment

4

(Taxon 09 in Fig. 3a and Supplementary Data 4, MaAsLin2
Coeff. =2.570, q<0.0001). The contribution of bacteria to the
formation of water precipitation is of high interest, and studies
revealed bacterial proteins e.g., Pseudomonas sp., can promote
droplet freezing?® and even detected bacterial activity in clouds!®.
Paracoccus, a Proteobacterium detected only in the AMBL, was
found in 84% of air samples, with a significant association with
the air environment (Taxon 22 in Fig. 3a and Supplementary
Data 4, MaAsLin2 Coeff. = 2.457, q <0.0001). Paracoccus strains
have been isolated from different environments including soil3°,
marine sediments®!, sewage32, and have been detected in other
atmospheric bacterial studies33-34,

The most observed Firmicutes genus that appeared exclusively
in the air samples was Bacillus, found in 81% of air samples, with
significant association with the Pacific air environment (Taxon 23
in Fig. 3a and Supplementary Data 4, MaAsLin2 Coeff. =2.717,
and 1261 for air and the pacific associations, respectively,
q<0.0001 in both cases). This genus is known to contain
endospores that can remain dormant for years. Bacillus is a
common bacterium found in transported desert dust!43°, and the
deep marine environment3®. Some Bacillus species are known for
their unique metabolites and antagonistic activity against
pathogens®’. The rare abundance of marine bacilli in the water
may result from the preferential growth environment of the deep
sea, coral, and sediments3®, and their copiotrophic property (i.e.,
flourishing in environments with high nutrient availability)38.
Notably, additional spore-forming Firmicutes, e.g., Tumebacillus>®,
were detected in the Atlantic AMBL (Taxon 76 in Fig. 3a and
Supplementary Data 5). Endospores can survive harsh and dry
conditions and thus might be transported through the air at higher
survival rates than others.

The underrepresentation of Firmicutes in the water samples
was further explored in a focused phylogenetic analysis targeting
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Fig. 3 Spatial distribution of specific airborne microorganisms across the Atlantic and Pacific transects. The 100 Bacterial taxa, with the highest score
and significance of <0.05 for association with a specific environment (Atlantic or Pacific; air or water; tested using MaAsLin2 for multivariable association
discovery in population-scale studies) are clustered based on phylogenetic similarity and scaled in a heatmap based on centered log-ratio (CLR)-converted
abundance (a). Highlighted taxa in the text are indicated with an asterisk and specified in Supplementary Data 5. The MaAsLin2 score per phylum are
presented with association to water and air (b), and Atlantic and Pacific (¢). Error bars represent the standard error of the MaAsLin2 coefficient.

only Firmicutes ASVs (Fig. S5a). The few detected water ASVs
differed phylogenetically from the atmospheric ASVs. Additionally,
in a supportive environmental ontology (ENVO) analysis*® on
airborne Firmicutes ASVs in the Atlantic and Pacific (Fig. S5b, ¢
and Supplementary Note 7), a higher relative contribution of soil-
borne ENVO annotations was observed in both environments.

Since prokaryote concentrations in the atmosphere are orders
of magnitude smaller compared to the ocean (~103-10*m~3 in
the atmosphere®*! vs. ~1011-101> m—3 in the surface waters20:41),
sedimentation of terrestrial-originated bacteria to the ocean are
not expected to induce a significant change in the microbial
diversity in the water, unless profound proliferation takes place.
Thus, we conjecture that the airborne Firmicutes most probably
originate from terrestrial long-range transport, but the extent to
which their sedimentation and proliferation occur in the ocean is
yet to be determined.

We have detected bacterial genera that are known to include
human-associated microbes (i.e., Micrococcus, Actinomyces;
Fig. 3a and Supplementary Data 5). Although not detected in
the blank filters, we cannot exclude the possibility that those taxa
may originate from the human activity onboard Tara. Never-
theless, the prevalence of these genera is low, ranging on average
between ~0.1-~2.7% of the ASVs per filter.

The most prevailing Actinobacteria was Actinomarina, a
marine bacterium, appearing in all oceanic samples and in the
Pacific air samples (Taxon 05, in Fig. 3a and Supplementary

Data 5). Its presence suggests that the surface water contributes to
the overlying atmosphere, yet to a limited extent. The highest
occurring Bacteroidetes genera found in the atmospheric samples
were Chryseobacterium and Sediminibacterium (Taxa 82, and 45
in Fig. 3a, found in 43, and 40% of the air samples, respectively;
Supplementary Data 4, 5). Sediminibacterium (MaAsLin2
Coeff. =2.022 and 1.686 for air and the pacific associations,
respectively, g <0.0001 in both cases) was previously found to
contribute to the coral microbiome*? and detected in air samples
over the Great Barrier Reefl” and the Mediterranean Sea*3. In our
study, it was detected in 40% of the air samples, and in the water
samples of the Pacific Ocean solely, with low relative abundance
(<0.01%) and spatial prevalence.

We continuously detected water-borne species, known from
the literature, in the air samples, with higher relative abundance
in the Pacific AMBL. One such genus is the Cyanobacteria
Prochlorococcus (Taxon 01 in Fig. 3a and Supplementary Data 5)
considered a key and most abundant autotroph*4, found mainly
in oligotrophic oceans®®, with 100% prevalence in the ocean
compared to 54% in the air, from which 75% were in the Pacific
AMBL (Wilcoxon rank test, p = 3.03 x 10-06),

Terrestrial-associated airborne bacteria. Key species found in
our analysis to be significantly dominant in the Atlantic air (e.g.,
Paracoccus, Methylobacterium, Mesorhizobium, etc.; Fig. 3a), are
known as terrestrial-40-48 and specifically, dust->>4° associated
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bacteria. The ENVO annotation (Fig. S6) retrieved from genomic
databases corroborates these findings and emphasizes a sig-
nificantly higher terrestrial-annotated bacteria predicted to be a
partial source for the Atlantic AMBL (Wilcoxon rank test,
p =149 x 10798). Additionally, we detected significantly higher
DNA biomass in the Atlantic air samples compared to the Pacific
(average of 639.6 +468.2 and 128.4 + 54.4 pgm—3, respectively;
Two-sample t-test, unequal variance (F=74.097, p<0.001),
t=4.7288, p=0.0002), implying a higher concentration of
microbial cells per air volume in this region.

A previous study by Mayol et al.#! determined that overall,
25% of the airborne bacteria over the ocean originated from the
marine environment, and 42% originated from terrestrial sources
based on parameterizations of sea spray and deposition flux
calculations. Flores et al.>%>! have found higher concentrations of
larger particles related to the deposition of mineral dust in
aerosols sampled in the Atlantic compared to the Pacific transect.
Together with other studies reporting on massive dust quantities
crossing over the Atlantic Ocean®>%3, they support our findings
indicating a vast contribution of terrestrial-borne and specifically,
dust-associated bacteria into the Atlantic Ocean.

Selectivity in the emission of marine bacteria. While the
increased fraction of terrestrial-associated bacteria in the Atlantic
AMBL could partially explain the reduction in the relative
abundance of the local marine bacteria, marine-associated taxa
were absent from a significantly high fraction of the sampled
Atlantic AMBL, suggesting other factors may also play a role in
the observed difference between the two AMBLs. A clear case of
such difference is seen for the Pelagibacterales (SAR-11 clade;
(Taxon 03, 06, 08, and others in Fig. 3a and Supplementary
Data 5), representing approximately one-third of the oceanic
surface water microbial community>4, and highly abundant in
both oceans’ samples. Their prevalence ratio between atmo-
spheric and oceanic samples is significantly lower than Pro-
chlorococcus (Wilcoxon rank test for the Atlantic (p = 0.006), and
Pacific (p=4.847 x 10796); Supplementary Data 4). However,
while the prevalence is minimal in the Atlantic, the Pacific AMBL
shows a 79% prevalence of SAR-11 ASVs in these samples, sig-
nificantly higher than the Atlantic (Wilcoxon signed-rank test,
P =3.182 x 1079; Supplementary Data 4). A reduced aerosolized
fraction of SAR-11 compared to the seawater was also observed in
the Arctic Sea by Fahlgren et al.>>. Part of the difference in
abundance between the Atlantic and Pacific AMBLs could be
related to properties of the sea-surface microlayer, including
thickness, concentration, and chemical composition, which was
shown to differ according to changes in heat exchanges, microbial
composition, oceanic waves, pollution, and dust storms>®>7.
However, to fundamentally characterize the causing factors for
the reduced detection of marine bacteria in the Atlantic AMBL,
further investigation is required.

Possible boundaries between air and water. Environmental
associations between air and water (Fig. 3b) were found to be
more profound than those between the Atlantic and Pacific
environments (Fig. 3c). This strengthens our findings that the
type of the environment (air vs. water) is higher in contribution
compared to the geographic location (Atlantic vs. Pacific) in
influencing the microbial composition. A notable difference in
the abundance and prevalence of marine bacteria in the Pacific
AMBL compared to the Atlantic AMBL is also seen for different
phyla, including Bacteroidetes, Verrucomicrobia, and Plancto-
mycetes (Fig. 3c). Supportive evidence derived from ENVO
analysis of the Atlantic and Pacific AMBLs similarly indicates a
higher fraction of marine-annotated bacteria in the Pacific

(Fig. S6a, b; 47 £ 20% compared to 12 + 5% in the Atlantic), while
the Atlantic aerobiome was dominantly predicted to be from
a terrestrial origin (Fig. S6c¢, d; 59 + 16% compared to 35 + 18% in
the Pacific).

It seems that boundaries might be drawn between the
atmosphere and hydrosphere, allowing a nonrandom distribution
of species between them. One case is the underrepresentation of
marine bacteria in the Atlantic air, and others are airborne taxa
(e.g., Firmicutes species) not detected in the water samples. Zhou
& Ning (2017)!10 have reviewed stochastic vs. deterministic
mechanisms controlling microbial ecology and environmental
processes that impact the balance between the two mechanisms.
However, the effect of environmental interphases, such as the sea-
surface microlayer on microbial biogeography and their impact
on selective transmission from the ocean to the atmosphere, is
still underexplored. We, therefore, propose that the chemical and
physical properties of the sea-surface microlayers may determine
in part the extent of selective transport of different bacteria from
the ocean to the atmosphere.

Conclusions

This study illustrates microbial landscape in the interface between
the ocean and the atmospheric boundary layer and their spatial
diversity and suggests mechanisms of dispersal at both local and
global scales (Fig. 4). We observed a significant difference in
microbial diversity between the atmospheric and oceanic micro-
biomes, across thousands of kilometers in the north Atlantic and
western Pacific oceans. A highly variable airborne microbial
composition was detected (Fig. 4a), compared to a relatively more
stable, and homogeneous composition of the surface-water
microbiome, even across latitudes and different oceans
(Fig. 4b). The contrast in microbial composition fluctuations may
be attributed to the orders of magnitude differences in the
characteristic advection and mixing scales in the two media. The
oceanic microbial composition can be influenced by additional
short-scale scenarios e.g., microalgal blooms, extreme weather
events, anthropogenic pollution, as well as seasonal differences,
but was not captured in this survey.

The Atlantic and Pacific water samples showed greater
resemblance to one another than to the atmosphere atop, and
thousands of kilometers distant atmospheric samples shared
more common taxa than the ocean beneath (Fig. 4c). This sug-
gests that the proximity of the sampled biomes might be less
influential compared to the unique ecosystem (i.e., water vs. air).

Differences in the differential abundance of marine bacteria
were observed in the Pacific compared to the Atlantic AMBL,
with a significant reduction in their prevalence in the Atlantic
(Fig. 4d). This observation is probably not linked with a dilution
effect of additional terrestrial particulates in the Atlantic AMBL,
as these taxa were consistently low in appearance in the Atlantic
air and presented high sequencing coverage (Fig. S13). Differ-
ences in the properties of these environments and of their sea-
surface microlayers could impact the aerosolization efficiency of
local marine bacteria and explain the differences in their atmo-
spheric abundance, but this hypothesis requires further valida-
tion. Although reduced in the Atlantic air, the airborne
autotrophic cyanobacteria maintained a similar ratio vs. hetero-
trophs as in the surface waters in both environments, while other
species (e.g., SAR-11) were significantly reduced in the Atlantic
AMBL, although highly abundant in the surface waters (Fig. 4e).
This difference in the air to water ratio might suggest a selectivity
in the emission of specific bacterial species. Therefore, theories
and future estimates of microbial distribution between environ-
ments should include constraints between the ocean surface and
its overlaying atmosphere.
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Fig. 4 A conceptual model presenting the main findings of this study. Higher distances between microbial composition in air samples is probably induced
by residence time rather than by physical mixing (a, 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; ). The marine bacterial aerosolization seems to be selective (d) and differs
in efficiency for different oceans (e). The atmospheric contribution to the marine ecosystem was not detected in the framework of this study (f), but it
cannot be excluded that differences 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 terrestrial- and dust-associated bacteria in the

Atlantic atmospheric marine boundary layer compared to the Pacific (h).

While bacterial taxa associated with the terrestrial environment
(e.g., Firmicutes) were found to continuously appear in the
AMBL of both oceans, they were detected in only one surface
water sample, suggesting no preferential proliferation there
(Fig. 4f). Nevertheless, it cannot be excluded that the atmospheric
microbial community could potentially affect bacterial composi-
tion and function in the surface water upon deposition.

In addition, we suggest that the local marine bacterial com-
munity emitted into the AMBL is enriched by long-range trans-
ported bacteria, associated with particle transport from terrestrial
ecosystems (Fig. 4g). This observation is more evident in the
Atlantic AMBL, where the microbial composition of Atlantic
aerosols is associated with terrestrial and in particular, dust
sources (e.g., Methylobacterium, Mesorhizobium; Fig. 4h).

This study depicts a high-resolution spatial diversity of air-
borne bacteria and their shifts between the ocean and the over-
lying atmosphere during the northern hemisphere springtime at
both local and global scales. The interplay between the ocean
surface and atmospheric feedback provides new opportunities for
future studies to further explore the selective properties of marine
microbes within both environments and how they in turn may
affect biogeochemical cycles.

Methods

Sampling. Details of the expedition and sampling system used are described
extensively in Flores et al.>’. In short, marine aerosols were collected aboard the R/
V Tara during the first year of the Tara Pacific Expedition®8. Airborne particles
were collected at ~15 m above sea level during the Atlantic crossing from Lorient,
France, to Miami, USA. After Miami, the inlet was relocated to ~30 m above sea
level. The inlet was constructed out of conductive tubing of 1.9 cm inner diameter
and a funnel (allowing the collection of all diameters) and mounted on the rear
backstay of Tara. A custom-made aerosol filter system consisting of four 47 mm
filter holders and one vacuum pump (Diaphragm pump ME 16 NT, Vacuubrand

BmbH & Co KG, Wertheim, Germany) was installed at the end of the inlet and
used to collect the marine particles.

The flow through the filter system was 80 Ipm (20 Ipm for each filter) during the
Atlantic crossing and 120 lpm (30 Ipm for each filter) for the Pacific crossing. Three
of the four filter holders were loaded with PVDF filters (47 mm diameter, 0.45 pum
pore size, PAL, Port Washington, New York, USA), and were used for the current
study. The flow rates of each filter holder were monitored continuously and
recorded at the beginning and the end of each sampling event. Aerosols were
collected for periods between approximately 12-24 h (see Supplementary Data 1
for the exact times). The filters were folded into a 2 ml cryotube and immediately
dropped into liquid nitrogen, and these conditions were maintained while on
board. Blank filters were collected by placing filters on the filter holders, closing
them, reopening the holders, folding the filters into cryotubes, and dropping them
into liquid nitrogen. These conditions were maintained while on board. Thorough
validation tests were conducted to verify no boat-originated contamination masked
the airborne bacterial population composition (See Supplementary Note 2, 6). The
surface water sample collection is described in detail in Gorsky et al.>8. In short, a
“Dolphin sampler”, collecting <2000 pm size particles of the ocean surface water,
and connected to a large volume peristaltic pump installed on the deck (max flow
rate =3 m3 h~1), was used for water sampling. Each sample endured for ~120 min.
Water serial filtration (<0.22, 0.22-3, and 3-20 pm) was performed using 142 mm
diameter polycarbonate filters (Millipore, Burlington, Massachusetts, USA), and
the 0.22-3 um fraction, where free bacteria are expected to be concentrated, was
used for the current study. The filters were folded into a 5 ml cryotube and
immediately dropped into liquid nitrogen, and these conditions were maintained
while on board. The samples were shipped to the laboratory on dry ice and kept at
—80 °C until DNA extraction was carried in the laboratory.

Back-trajectory analysis. The air mass origins were tracked using the National
Oceanic and Atmospheric Administration HYSPLIT trajectory model and Global
Data Assimilation System meteorological data®. Although the average residence
time for 3 um particles is of about 4.7 days>, as a considerable terrestrial influence
was observed, the model was run to obtain the 240-h (10 days) back trajectories
using the “Ensemble option” at an endpoint height of 250 m, which is the mini-
mum height for an optimal configuration of the ensemble. The presented back
trajectories in Fig. 1 are the average of the 27 back trajectories produced by the
Ensemble option.
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DNA extraction and sequencing. DNA extraction from 0.22-3 um water filters
was performed as described in Alberti et al.?0. Extraction of DNA from the air and
Blank filters, with minute amounts of DNA, was carried out using the DNeasy
PowerWater Kit (Qiagen, Hilden, Germany), following a thorough optimization
procedure for the extraction of low DNA concentrations from air filters (see
Supplementary Note 1 and Fig. S7). To avoid a covariant effect on the results, we
extracted DNA from both air and blank samples without knowing their collection
date, location, or type (i.e., air or blank sample). Each sample was labeled with a
numbered barcode, and the date and sampling data were specified only in the
metadata. This allowed randomizing sample order in extraction and analysis. The
processing of the water and air samples was performed separately, with random
DNA extraction order for the different transects, thus preventing cross-
contaminations between the different environments and geographic locations.

The DNA concentrations were evaluated with a Qubit” 3.0 Fluorometer
(Thermo Fischer, Massachusetts, USA), using the DeNovix (Wilmington,
Delaware, USA) dsDNA Ultra High Sensitivity Assay. For DNA sequencing, the
bacterial V4-V5 region of the 16S rRNA gene (515Fa: 5'~-GTGYCAGCMGCC
GCGGTAA-3, and 926 R: 5'~-CCGYCAATTYMTTTRAGTTT-3")°!, was
amplified. A PCR mix of 25 pl was prepared in triplicate using 1X Mytaq mix
(Bioline, London, UK), 0.2 uM primers, 4 ul DNA extract, and PCR-grade water
(Merck, Darmstadt, Germany). A no-template control was included in all runs, as
well as DNA from a mock community (ZymoBIOMICS Microbial Community
DNA Standard; Zymo, Irvine, CA, USA). The PCR products were validated on 2%
agarose gel, and triplicates were pooled and sent to Genoscope, the French National
DNA Sequencing Facility. The PCR products of the water samples from the Pacific
transect were sent to the DNA Sequencing Facility at the University of Illinois at
Chicago.

DNA sequencing in both facilities was conducted using Illumina MiSeq
sequencing technology (maximum read length of 2 x 300 base pairs). No batch
effects were observed, as validated by mock community positive control
sequencing.

Sequences processing. Raw amplicon reads provided by the Genoscope
sequencing facility were first merged using usearch (v11, -fastq_mergepairs; -fas-
tq_pctid 90 commands)®?, followed by the DADA2 pipeline (V 1.12)%3, using R
(dada2 package). The merged reads (provided as.fastq files) were trimmed and
filtered by removing reads exceeding the maximum expected error of 2 bp or an
ambiguous read. The reads were dereplicated to acquire unique sequences, which
were used to infer sequence variants with the trained error model. After chimeric
sequence removal, ASVs were used to assign taxa. ASVs were taxonomically
assigned using dada2, with two steps: classification of sequences against the SILVA
training dataset (nr_V 132, https://doi.org/10.5281/zenodo.1172783), followed by
an exact matching between ASVs and the SILVA species assignment dataset (V
132) providing species-level assignment®®, Raw reads provided by the sequencing
facility of the University of Illinois were also processed using the dada2 pipeline.
Forward and reversed reads were merged after trimming and filtering steps.
Dereplication and annotation processes were carried out as described above. A total
of 11,577 bacterial ASVs were obtained after error correction, chimera, Archean,
chloroplast, and mitochondrial DNA removal. Possible shifts in microbial com-
position due to sequence facility variation were excluded by comparing mock
community positive controls sequenced and analyzed in both sequencing facilities
and pipelines described above. The microbial population sequencing analysis was
performed only after a thorough decontamination procedure, to mitigate putative
contamination in sequence libraries from the air samples with low microbial
biomass®, as described in Supplementary Note 3.

Calculating autotrophs/heterotrophs rates. The ratio of known autotrophic to
heterotrophic bacterial ASV was calculated, to estimate the fractal primary pro-
duction potential in the AMBL?>. A list of the autotrophic bacteria we referred to in
our analysis is detailed in the SI (Table S5).

Environmental ontology. Environmental descriptive terms were extracted from
the closest matches (97% identity) using the SEQenv pipeline for Python (version
1.3.0) with default parameters® and ENVO terms. The input data included FASTA
files of sequences after quality control check and removal of blank contaminants
per each sample, to be compared to highly similar sequences from public reposi-
tories (such as GenBank, using the NCBI nucleotide database). The unassigned
ASVs were removed from the analysis and included 26.4 and 27.6% for the Atlantic
and Pacific air, respectively, and 10 and 28% for the Atlantic and Pacific water,
respectively. The Firmicutes assignment of ENVO terms was the lowest, with 52
and 57% non-assigned ASVs in the Atlantic and Pacific Firmicutes, respectively.
The relative abundance of the ASVs associated with several ENVO terms were
multiplied by the relative contribution of each term, as specified in Table S7, S8
(https://doi.org/10.6084/m9.figshare.19354610.v1). The terms were further clus-
tered into five main groups: marine, terrestrial, freshwater, anthropogenic, and
unclassified, as detailed in Supplementary Data 6. A detailed description of the
pipeline flow is given in Supplementary Note 7.

Statistical analysis. Statistical and communal-diversity analyses were conducted
using R software. The ASV analysis was performed using phyloseq (V. 1.36.0)%7.
Analysis of similarities (ANOSIM, vegan V. 2.5-7)%8 was used to verify the sig-
nificance of the nonmetric multidimensional scaling (NMDS) ordination for
taxonomic grouping (using the Bray-Curtis dissimilarity score), and differences in
phyla composition between environments. The CLR-transformation of ASV
abundance into differential abundance was conducted (compositions, V. 2.0-2),
following zero-counts adjusted (zCompositions, V. 1.3.4). Analysis of molecular
variance (AMOVA, ade4 V. 1.7-17)% was used to verify the significance of the
Bray-Curtis dissimilarity differences in bacterial composition between biomes.
Alpha diversity values were represented by the Shannon index and were tested for
differences using the Wilcoxon rank test (DivNet V. 0.4.0)79. Most likelihood
phylogenetic trees were constructed based on bacterial ASVs observed in more
than one sample. The trees were drawn using the interactive tree of life tool, iTOL,
from a.tre file prepared from aligned sequences in R using the ape (V. 5.5)7!
package (with the Neighbor-Joining Tree Estimation function; njs). Significance in
the association between bacterial taxa and environmental variables was tested using
MaAsLin2 (V. 1.6.0)72

Data availability

The raw 16S amplicon sequences were deposited in the European Nucleotide Archive at
EMBL-EBI (accession numbers: PRJEB39048 and PRJEB38899). Tables S7 and S8 were
deposited in Figshare.com (https://doi.org/10.6084/m9.figshare.19354610.v1).
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