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ABSTRACT
Although bacteria are an important biological component of aerosol particles, studies of bacterial communities in remote marine aerosol are largely lacking. In this study, aerosol samples were collected over the
western Pacific Ocean, the northern Pacific Ocean, the Arctic Ocean, and the Norwegian Sea during the Fifth
Chinese National Arctic Research Expedition (CHINARE 5). The diversity and structure of aerosol bacterial
communities, based on 454 pyrosequencing, were explored in these samples. The bacterial community in the
aerosols collected over the Pacific Ocean was more diverse than over the Norwegian Sea. Both temporal and
spatial variations in aerosol bacterial communities were observed based on phylogenetic analysis. These
results suggest that the source of air masses shape bacterial communities in aerosol particles over remote
marine regions. Aerosols are clearly important for long-range transport of bacteria. Since potential human
pathogens (e.g., Streptococcus sp.) were retrieved in this study, further investigation is needed to evaluate the
potential for their long-distance migration via aerosol.

1. Introduction
Aerosol bacteria, an important component of aerosol
particles, have been studied for decades (Williamson
and Gotaas 1942; Burrows et al. 2009; Després et al.
2012). Indoor aerosol bacteria have attracted more attention than outdoor counterparts because of their
closer links with human health (Kedjarune et al. 2000;
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Chang and Chou 2011; Hospodsky et al. 2012; Leung
et al. 2014). However, in recent years, the importance of
outdoor aerosol bacteria in ecosystems and their influence on human economies has been recognized.
Outdoor aerosol bacteria also play a role as cloud condensation nuclei (Bauer et al. 2003; Sun and Ariya 2006;
Morris et al. 2011). Both Maron et al. (2005) and Bowers
et al. (2011) suggested that outdoor aerosol bacteria
could be used as an indicator for source, level, and type
of pollution. In addition, the dispersion of aerosol bacteria could be influencing global microbial biodiversity (Hervàs et al. 2009; Yukimura et al. 2009; Peter
et al. 2014).
Marine aerosols have two main sources: one is marine
particles, and the other is the crustal input from land
carried by wind (Kellogg and Griffin 2006). Marine
aerosols originate from the marine environment
through ‘‘bubble bursting’’; they may contain sea salt,
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TABLE 1. Sampling and pyrosequencing information for this study.

NS-A
WP-J
NP-S
WP-S

Location

Sampling
time

Average wind
speed (m s21)

Raw
sequences

High-quality
sequences

OTU
No.

Coverage

Chao
index

Shannon
index

Norwegian Sea
Western Pacific Ocean
Northern Pacific Ocean
Western Pacific Ocean

1–14 Aug
3–12 Jul
4–15 Sep
15–24 Sep

8.97
5.57
6.58
6.43

31 823
23 388
40 673
69 929

28 200
20 099
34 537
61 146

69
121
283
337

1
0.9984
0.9984
0.9991

68
116.5
167.5
164.5

1.5011
1.8679
2.4101
1.8042

marine organic particles, marine microorganisms, and
fragments of marine life (Blanchard 1983; Pósfai et al.
2003; Leck and Bigg 2008). Unlike terrestrial aerosols,
which originate from soil and mainly contain Grampositive and spore-forming bacteria, such as Bacillus sp.
(Griffin et al. 2003; Merrill et al. 2006), marine aerosols
contain a high abundance of Gram-negative bacteria
originating from seawater (Pósfai et al. 2003; Cho and
Hwang 2011).
Although the abundance of bacteria in marine air is
markedly lower than their abundance in continental air
(Burrows et al. 2009), marine bacterial aerosol has
global ecological significance. Marine aerosol plays a
role as a vector in the long-distance dispersal of bacterial
species, resulting in cosmopolitan distributions of some
bacteria (Aller et al. 2005). The dispersal of some bacteria and viruses, which have similar genomic structure
to human pathogens, could potentially threaten human
health (Thompson et al. 2005). However, the study of
marine aerosol bacteria, especially in remote marine
areas, is hindered by their low abundance (Burrows et al.
2009) and inherent sampling difficulty. Thus, knowledge
of bacterial community composition of marine aerosol is
still very limited.
Traditional microbiological techniques based on isolation are widely applied to study aerosol bacterial communities (Kellogg and Griffin 2006). Since many of these
bacteria, especially marine bacteria, are uncultivable,
these techniques usually underestimate the diversity of the
marine aerosol bacterial community. However, the recently developed culture-independent molecular techniques can portray a more exact picture of this bacterial
community. To date, there has only been one study on
remote marine aerosol bacterial community composition
using molecular methods, carried out by Cho and Hwang
(2011) in the East Sea (Korea). This study found that the
abundance of marine aerosol bacteria ranged from 0.7 to
1.2 3 103 cells per cubic meter and was dominated by
Gammaproteobacteria and Bacteroidetes. Cho and Hwang
(2011) also suggested that many uncultured bacteria occur
in marine aerosol, suggesting that the bacterial community
in marine aerosol is complex and diverse.
The goal of this study was to document the composition of bacterial communities in aerosol samples

collected over the Pacific Ocean, Norwegian Sea, and
the Arctic Ocean during the Fifth Chinese National
Arctic Research Expedition (CHINARE 5) cruise
based on 454 pyrosequencing. To the best of our
knowledge, this is the first study that applies highthroughput next-generation sequencing techniques to
investigate marine aerosol bacterial community composition. Compared with clone library analysis, which is
widely used in molecular ecology studies, pyrosequencing
technology provides larger coverage and deeper sequencing depth, resulting in a better understanding of
bacterial community composition (Sogin et al. 2006).

2. Methods
a. Sample collection and backward trajectory analysis
CHINARE 5 was carried out from July to September
2012. During the cruise, bulk aerosol samples were
collected by a high-volume bulk sampler (Model M241;
University of Miami, Florida), with a wind direction and
speed controller, installed on the upper deck of the
Research Vessel Xue Long. Samples were collected on a
20 cm 3 25 cm glass fiber filter (1.0-mm pore size; Pall
Corporation, New York) for around 9–14 days, with a
sampling flow rate of approximately 1 m3 min21 (Table 1).
The wind direction and speed controller was used during
sampling to avoid contamination from the ship stack
emission. In addition, a filter installed in a sampler with
the pump turned off was collected as a blank control to
evaluate potential contamination.
Four aerosol samples were collected over the western
Pacific Ocean in July (WP-J) and September (WP-S),
the northern Pacific Ocean in September (NP-S), and
the Norwegian Sea in August (NS-A) (Fig. 1). These
filters were frozen at 2808C immediately after
sampling.
The Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) transport and dispersion model
from the NOAA Air Resources Laboratory (available
online at http://www.arl.noaa.gov/ready/hysplit4.html)
(Draxler and Rolph 2003) was applied to calculate airmass backward trajectories (BTs) for the samples. For
each sample, 5-day backward trajectories were traced
from the start to end points of the sampling interval, with
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FIG. 1. Trace of the CHINARE 5 cruise and the locations of the aerosol samples for bacterial
diversity analysis.

12-h steps, at various heights (0, 100, and 500 m) above
sea level.

b. DNA extraction
Bacterial deoxyribonucleic acid (DNA) was extracted
from aerosol samples and blank controls using a modified enzyme/phenol–chloroform protocol (Tsai and
Olson 1991). A 30 mm 3 30 mm piece of membrane
sample was cut into small pieces and put into a 15-mL
tube with 4 mL of solution I buffer [Tris-HCl 25 mM,
ethylenediaminetetraacetic acid (EDTA) 10 mM, and
sucrose 50 mM; pH 8.0]. Before adding phenol–
chloroform, the following steps were applied. First, the
sample was mixed well by vertex and sonicated for
2 min. Next, 40 mL of 40 mg mL21 lysozyme was added
and incubated at 378C for 2 h; then 400 mL of 10% sodium dodecyl sulfate (SDS) and 40 mL of 20 mg mL21
proteinase K were added, and this was incubated at 558C
for 2 h. Finally, the tube was centrifuged at 1700 g for
10 min, and the supernatant was transferred into new
1.5-mL tubes and added to 5 M NaCl (225 mL NaCl per
4-mL sample). After phenol–chloroform extraction,

DNA was purified using PureLink Genomic DNA kits
and eluted in a 30-mL elution buffer (Thermo Fisher
Scientific, California).

c. PCR and sequencing
The bacterial 16S ribosomal ribonucleic acid (rRNA)
gene was amplified using universal 16S rRNA gene
primers (27F and 1492R) (Ludwig and Schleifer 1994)
and barcoded primers (341F and 806R) (Yu et al. 2005).
The first round of polymerase chain reaction (PCR) used
the primers 27F and 1492R, and its products were used as
templates for the second round of PCR, using barcoded
primers 341F and 806R. The 25-mL PCR reaction mixture contained a final concentration of 0.5 mM MgCl2,
0.5 mM of each primer, 0.8 mM of each deoxynucleotide
(dNTP), 1.0 unit of hot start polymerase (Thermo Fisher
Scientific) and 1 mL temperate DNA. The PCR cycles
started with a 5-min initial denaturation at 958C, followed
by 30 cycles at 958C for 30 s, 558C for 30 s, and 728C for
60 s. A final extension of 728C for 5 min was included
before holding at 48C. All the reactions were done in
triplicate. PCR products were gel purified using a
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QIAquick gel purification kit (Qiagen, Germany) as described by the manufacturer. The amplicons were then
mixed in equal amounts and sequenced using a GS FLX
pyrosequencing system (Roche, 454 Life Sciences, Connecticut). No 16S ribosomal RNA (rRNA) gene was
amplified from the blank control filters, indicating bacteria contamination in the filters over the sampling period
was too low to influence our results.

d. Phylogenetic and statistical analysis
Analysis of 16S rRNA sequences was conducted using
the microbial ecology community software program
mothur (available online at http://www.mothur.org/
wiki/Download_mothur; Schloss et al. 2009). The reads
were processed by removing tags and primers. Only
reads with an average quality score above 20 and read
lengths between 300 and 500 nt were accepted. The sequence denoise was carried out using the command
shhh.seqs. Sequences that did not align in the same region as most other sequences were screened and removed. Chimeras were analyzed using the mothur
software package with the command chimera.uchime
(Schloss et al. 2011). The operational taxonomic units
(OTUs) containing only one sequence were also discarded.
Sample coverage, abundance-base coverage estimator
(ACE) richness estimators, and the Shannon diversity index
were calculated at 97% similarity. Sequences were classified
using the greengenes database (http://greengenes.lbl.gov/
cgi-bin/nph-index.cgi) (DeSantis et al. 2006). An unweighted pair group method with arithmetic mean
(UPGMA) analysis was applied to compare the bacterial community compositions in the aerosol samples
using Primer 5 (Primer-E, Ltd., United Kingdom;
available online at http://www.primer-e.com).
From each sample, 20 000 sequences were randomly
extracted and classified. Each classification result was
summarized and used to generate a Venn diagram using
R. A neighbor-joining phylogenetic tree of 16S rRNA
genes was constructed in Molecular Evolutionary Genetics Analysis software, version 4 (MEGA 4; Tamura
et al. 2007), using representative sequences at a 0.03 genetic distance. Nearest relatives were retrieved from the
National Center for Biotechnology Information (NCBI)
database (Sayers et al. 2011). A heat map showing the
relative abundance of each OTU was generated in the
Interactive Tree of Life (iTOL; Letunic and Bork 2007).

3. Results
a. Backward trajectory analysis
Analysis of airmass backward trajectories shows all
samples were collected from mixed continental and
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oceanic air masses (Fig. 2 and supplemental material
Fig. S1). The continental air masses collected by NP-S
and WP-S were mainly from northern China, while
those collected by WP-J were mainly from eastern
China (Fig. 2). Marine air masses collected by WP-J and
WP-S mainly originated from the Bering Sea and the
central Pacific Ocean, respectively (Figs. 2a,d). The air
masses for NS-A were from the Arctic Ocean, the
Norwegian Sea, and Greenland (Fig. 2b).

b. Pyrosequencing analysis
We obtained 165 813 raw 16S rRNA gene sequences
from four samples. After removing the noise, poorquality reads, and chimera sequences, 143 982 highquality sequences remained for further analysis. All raw
sequences obtained from this study have been deposited
in the NCBI Sequence Read Archive (SRA) under accession numbers SRR1735298–SRR1735301. At 97%
similarity, Good’s coverage estimates of all samples were
higher than 0.99 (Table 1), which indicates the sequencing effort covered the major extent of the taxonomic diversity. Rarefaction curves for all samples reached
saturation (Fig. 3a), indicating the sequencing capacity
covered most of the taxonomic units. At 3% phylogenetic
distance, after removing rare OTUs that contained only a
single sequence, 601 OTUs remained. Numbers of OTUs
in samples collected from the Pacific Ocean were higher
than from the Norwegian Sea. In the Pacific Ocean, more
OTUs occurred in September than in July (Table 1).

c. Diversity of aerosol bacteria communities
Bacterial community diversity was estimated using
the Shannon and ACE indices. The Shannon diversity
index of the four aerosol bacterial communities ranged
from 1.50 to 2.41. NS-A had the lowest bacterial species
richness and diversity, while the highest community diversity was detected in NP-S (Table 1). In aerosols over
the western Pacific Ocean, bacterial species richness was
higher in September than in July. Based on the mothur
thetayc calculator, NP-S and WP-S had the highest similarity (54.4%) (Fig. 3b). Distances between NP-S and
other samples were larger than 99.9%, which indicates
that the bacterial community composition of NP-S was
markedly different from the other aerosol samples.

d. Bacterial community composition in aerosol
samples
Both Gram-negative and Gram-positive bacteria
were detected in all aerosol samples. The percentage of
Gram-positive bacteria was higher than that of Gramnegative bacteria in the samples collected over the Pacific Ocean, while the opposite pattern was observed in
the sample collected from the Norwegian Sea. In the
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FIG. 3. (a) Rarefaction curves and (b) UPGMA plotting of aerosol
bacterial communities at the 97% sequence similarity cutoff value.

aerosol particles over the Pacific Ocean, the percentage
of Gram-negative bacteria was lowest in July (Fig. 4a).
Based on the greengenes database, all 16S rRNA gene
sequences were affiliated with five known bacterial
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phyla, with confidence score thresholds of 60%. As a
whole, the most abundant bacterial phylum/subphylum
found in aerosol samples was Firmicutes (49.66% of total
sequences), followed by Proteobacteria (48.17%). In the
phylum Proteobacteria, Alphaproteobacteria (10.72%),
Betaproteobacteria (2.23%), and Gammaproteobacteria
(35.21%) were detected. Cyanobacteria were only detected in the aerosol over the northern Pacific Ocean
(Fig. 4b). At the phylum/subphylum level, Firmicutes,
Gammaproteobacteria and Alphaproteobacteria were
detected in all aerosol samples. In comparison, the relative
abundance of Firmicutes was higher in the samples collected over the western Pacific aerosol than in other
samples, although this phylum was represented by different bacterial genera in the four aerosol samples (Fig. 4c).
Alphaproteobacteria mainly occurred in the Norwegian
Sea aerosol in April, while Gammaproteobacteria
dominated the Pacific aerosol in September (Fig. 4b).
In aerosol samples, 19 bacterial orders were present
(Fig. 5), although no bacterial order was shared by all
four aerosol bacterial communities. Bacillales was the
most common bacterial order in the Pacific Ocean
aerosol, while Sphingomonadales, Vibrionales, and
Lactobacteriales, which were rarely found in other
samples, were the dominant bacterial orders in aerosol
particles over the Norwegian Sea. In aerosol over the

FIG. 4. (a) Percentage of Gram-positive and Gram-negative bacteria in the four aerosol samples, (b) relative abundance of bacterial phyla
in these four aerosol samples, and (c) the genus-level composition of bacteria from the phylum Firmicutes.
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FIG. 5. (a) Relative abundance of different bacteria orders in the four aerosol samples and (b) the relationship between aerosol bacterial
communities at order level. An asterisk indicates an unclassified bacterial order.

western Pacific Ocean, in addition to Bacillales,
Burkholderiales was detected; this bacterial order had
higher relative abundance in July than in September. In
September, Xanthomonadales, Bacillales, Pseudomonadales, Rhizobiales, and Actinomycetales could be
detected in aerosols over both the western and northern
Pacific Ocean. In these two aerosol samples, Pseudomonadales was the second most abundant bacterial order. Enterobacteriales, which mainly dominated the
western Pacific aerosol in July, was also detected in the
air over the Norwegian Sea and the northern Pacific, but
with lower abundance.
At the genus level, 87.41% of total sequences were
assigned to 35 bacterial genera, of which Bacillus,
Pseudomonas, and Brevibacillus were the most abundant. Marine Pseudoalteromonas also was detected in
high abundance. Several genera were potential human
pathogens, such as Streptococcus infantis, Staphylococcus sp., and Propionibacteriom acnes (Fig. 6). Bacillus
firmus was the dominant bacteria in the Pacific aerosol,
especially in the aerosol over the western Pacific Ocean.
In the western Pacific aerosol, Brevibacillus sp. was the
second predominant bacteria in July, while its abundance

decreased and was replaced by Pseudomonas sp. in
September. In contrast to the bacterial community in
the Pacific aerosol, the most abundant bacterial genera in the Norwegian Sea aerosol were unclassified
Sphingomonadaceae (marine origin), Pseudoaltermonas
sp. (marine origin), and Streptococcus sp. (human pathogen).
Such bacteria were rare in the Pacific Ocean aerosol
(Figs. 6 and 7).
Figure 7 shows that in the top 100 abundant OTUs, two
bacillus species, B. firmus and B. flexus, were documented: 14 OTUs were affiliated with B. firmus, and 3
OTUs were affiliated with Bacillus flexus. OTU00001 was
the most abundant OTU detected in WP-J, NP-S, and
WP-S. Some OTUs affiliated with B. firmus, such as
OTU00016, OTU00017, and OTU00024, could only be
detected in WP-J and WP-S. Chloroplast could only be
detected in NP-S and consisted of five OTUs.

4. Discussion
Aerosol plays a vital role in the interaction between
terrestrial and marine ecosystems. Crustal materials
originating from land in aerosol form invade the marine
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FIG. 6. Relative abundance of bacterial genera (based on classification of top 100 most abundant OTUs). One asterisk indicates bacteria
originating from marine water and two asterisks indicate a human pathogen.

environment and influence its ecosystem (Iwamoto et al.
2011; Tan et al. 2013). Marine materials (including organic and inorganic particles and microorganisms), on
the other hand, are released directly into the air
(Gershey 1983; O’Dowd et al. 2004) and transported
into the terrestrial ecosystem by wind. Bacteria are the
most abundant and diverse organisms on Earth; they are
widely distributed in aerosol. However, based on traditional incubation methods and microscopy analysis,
both the diversity and abundance of marine aerosol
bacteria were thought to be relatively low (Pósfai et al.
2003; Hultin et al. 2011). However, our study using a
high-throughput next-generation sequencing technique
detected more than 600 OTUs and 40 genera of bacteria
in only four aerosol samples. This indicates that the
bacterial community in marine aerosols is more diverse
than previously thought.
If the outdoor aerosol bacterial community is affected
by the source and transport pathways of air masses, then
bacteria can be indicators for aerosol source (Jeon et al.
2011). In this study, we found the source of air masses
played an important role in shaping marine aerosol
bacterial community compositions (Figs. 3b, 6, 7). For
example, the general bacterial community in the aerosol

over the Pacific Ocean and the Norwegian Sea were
markedly different. This is consistent with our analysis
of airmass backward trajectories that showed aerosol
over the Pacific Ocean was mainly from air masses from
the adjacent continent, while aerosol over the Norwegian
Sea was mainly from air masses over marine environments. Crustal materials originating from northern
Asia were reported to be influencing the eastern coast of
China (Li et al. 2011), Korea (Ma et al. 2004), Japan
(Hua et al. 2007), the western Pacific Ocean (Bishop
et al. 2002; Uno et al. 2009), and North America (Smith
et al. 2013). Bacillus sp., which are typical soil bacteria,
were reported to be the major aerosol bacteria in marine
aerosol over Asia and could easily be transported to
Korea, Japan, and even farther to North America (Hua
et al. 2007; Maki et al. 2010; Smith et al. 2013; An et al.
2014). In this study, we also note that Bacillus sp. was a
core species in the aerosol bacterial community over the
Pacific Ocean (Figs. 6, 7), suggesting that bacteria from
the continent (Fig. 2) can reach the northern Pacific
Ocean, forming a major component of the Pacific
aerosol bacteria. In comparison with the abundance of
bacteria from crustal sources, bacteria from marine
sources were less abundant. Furthermore, soil bacteria
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FIG. 7. Neighbor-joining phylogenetic tree for the top 100 OTUs at the 97% similarity level. Bootstrap values (1000 replicates) greater
than 50% are indicated with size-proportioned black circles. The relative abundance of each OTU is indicated by the color bar.

dominated samples collected over the Pacific Ocean at
different times, indicating crustal materials from Asia
continuously influence the ecosystem of the northern
Pacific Ocean. Therefore, as a vector for long-range dispersion of microorganisms, aerosols may influence local
bacterial community composition.
In addition, airmass backward trajectory analysis
showed that air masses collected over the Pacific Ocean in
July and September mainly came from eastern and
northern China, respectively. The difference in aerosol
source may explain the temporal variation in aerosol
bacteria over the western Pacific Ocean observed in our
study. For example, Bacillus sp., Cupriavidus sp., and
Gluconacetobater sp. were common in July, while

Pseudomonas sp. was dominant in September. We propose
that these bacteria species could be indicators for variation in aerosol sources over the western Pacific Ocean.
In contrast, the aerosols over the Norwegian Sea contain a high abundance of microbial particle from marine
environments. Microbial aerosols from marine environment are dominated by Gram-negative bacteria (Pósfai
et al. 2003; Cho and Hwang 2011). Studies using molecular methods revealed that Sphingomonas sp. and
Pseudoalteromonas sp. are the main bacteria species in
air masses collected over marine environments (Fahlgren
et al. 2010; Cho and Hwang 2011). This study showed
that the Gram-negative bacteria occurring in aerosol
over the Norwegian Sea also were Sphingomonadaceae
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and Pseudoaltermonas sp. Our results suggest there is a
stronger marine influence on aerosol over the Norwegian
Sea than over the Pacific Ocean. This was supported by
the relatively higher wind speed documented during
aerosol sampling over the Norwegian Sea (Table 1). Please
note that analyses of chemical compositions of aerosol
samples are needed to support this hypothesis. Interestingly, our study showed that dominant marine
bacterial lineages, such as SAR11, Rhodobacteria, and
picophytoplankton, were absent in aerosol samples,
even though we used high-throughput deep sequencing.
Possibly, these species cannot tolerate the harsh environment of aerosols over the ocean, such as exposure to
high doses of UV light (Aller et al. 2005); most marine
bacteria could not survive and grow as aerosols
(Fahlgren et al. 2010).
Pathogens can be transported long distances as aerosol (Polymenakou et al. 2008). For example, pathogens
originating from Asia were detected in air samples collected in North America (Smith et al. 2012); pathogens
may also be transported from Africa to Europe by African dust storms (Polymenakou et al. 2008). In this
study, several potential human pathogens were detected
in marine aerosol samples, such as S. infantis, P. acnes,
and Staphylococcus sp. The former two pathogens occurred in air over the Norwegian Sea. Using backward
trajectory analysis, these pathogens appear to originate
from Greenland. Streptococcus sp. was only detected in
April, when air masses were from the Baltic Sea and
Russia (Fahlgren et al. 2010). The presence of potential
human pathogens in remote marine areas indicates that
aerosol transport is a vector for the spread of human
diseases. Further studies of marine aerosol bacteria in
different marine areas may show that long-distance
migration of human pathogens occurs as aerosols.

5. Conclusions
The development of new molecular technology in
recent years allows us to study bacterial diversity and
community composition in marine aerosols. This study
suggests that the marine aerosol bacterial community is
more diverse than previously thought. Its composition is
clearly shaped by the sources of its air mass. Our results
also suggest that aerosol bacteria could be indicators for
marine aerosols. Moreover, even in remote marine air
far from human activities, human pathogens were still
detected. Further research on the activity of marine
aerosol bacteria may help us understand global dispersion of bacteria through aerosol transport.
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